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Abstract: Carbon monoxide (CO) oxidation is considered an important reaction in heterogeneous
industrial catalysis and has been extensively studied. Pd supported on SiO2 aerogel catalysts exhibit
good catalytic activity toward this reaction owing to their CO bond activation capability and thermal
stability. Pd/SiO2 catalysts were investigated using carbon monoxide (CO) oxidation as a model
reaction. The catalyst becomes active, and the conversion increases after the temperature reaches
the ignition temperature (Tig). A normal hysteresis in carbon monoxide (CO) oxidation has been
observed, where the catalysts continue to exhibit high catalytic activity (CO conversion remains at
100%) during the extinction even at temperatures lower than Tig. The catalyst was characterized
using BET, TEM, XPS, TGA-DSC, and FTIR. In this work, the influence of pretreatment conditions
and stability of the active sites on the catalytic activity and hysteresis is presented. The CO oxidation
on the Pd/SiO2 catalyst has been attributed to the dissociative adsorption of molecular oxygen and
the activation of the C-O bond, followed by diffusion of adsorbates at Tig to form CO2. Whereas,
the hysteresis has been explained by the enhanced stability of the active site caused by thermal effects,
pretreatment conditions, Pd-SiO2 support interaction, and PdO formation and decomposition.

Keywords: CO oxidation; hysteresis; thermal stability; pretreatment; structure-activity

1. Introduction

Low-temperature carbon monoxide (CO) oxidation is considered a prototype reaction
for heterogeneous catalysis. It has garnered attention in recent years due to its interesting
catalytic behavior and the screening of new heterogeneous catalysts [1]. In recent years,
“metal oxide supported palladium catalysts” have been studied in detail due to their high
intrinsic activity, lower cost, metal-support interaction, and other non-linear dynamic
behaviors, which are beneficial for CO oxidation [2,3]. The properties of Pd catalysts
are affected by types of support, preparation conditions, and the dispersion of the Pd
particles [4]. Support materials are a crucial factor in the catalytic behavior of Pd toward
CO oxidation where the synergistic effect between Pd and the support depends on the
nature of support (i.e., reducible vs. non-reducible) [5]. Stabilization of the catalyst can be
attained by anchoring Pd particles on the surface of the support to resist sintering at high
temperatures and dispersion in metal oxides, such as silica (SiO2) [6]. Silica materials have
been widely explored as catalyst support owing to their unique morphologies, narrow
pore sizes, large surface areas, and thermal stability [6]. Despite being inert and irreducible,
SiO2 can exhibit a metal–support interaction with Pd, that affects the morphology, wetting,

Catalysts 2021, 11, 131. https://doi.org/10.3390/catal11010131 https://www.mdpi.com/journal/catalysts

https://www.mdpi.com/journal/catalysts
https://www.mdpi.com
https://orcid.org/0000-0002-9921-8987
https://orcid.org/0000-0002-6785-8293
https://orcid.org/0000-0002-0074-3504
https://doi.org/10.3390/catal11010131
https://doi.org/10.3390/catal11010131
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/catal11010131
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com/2073-4344/11/1/131?type=check_update&version=3


Catalysts 2021, 11, 131 2 of 18

and interdiffusion in the Pd/SiO2 catalyst, which is known to improve catalytic properties
and stability [7]. The heat treatment under oxidation and reduction conditions is crucial
for the preparation of supported Pd/SiO2 catalysts. Such treatment can induce morpho-
logical changes and affect the dispersion of Pd particles resulting from the sintering of the
Pd particles. Therefore, it is crucial to study the optimal preparation and pretreatment
conditions and activation of the Pd catalysts. Morphological changes due to sintering have
been reported wherein encapsulation, inter-diffusion, and alloy formation are found to be
highly dependent on heating conditions [8]. The thermal treatment can cause deactivation
of catalysts impacting the support, oxidation state, particle size, and the surface area of the
catalyst due to sintering at high temperatures, which can directly influence the catalytic
activity [2]. Palladium nanoparticles dispersion within a narrow pore size distribution
and high surface area mesoporous silica (SiO2) aerogel increases the catalytic activity of
supported Pd catalysts. Moreover, the formation of Pd intermediate has been reported to
influence the catalytic behavior and stability during ignition/extinction cycles [9]. The Pd
catalyst has a wide operating temperature range during CO oxidation and can exist in
two thermodynamically stable phases depending on the partial pressure of oxygen and
the reaction temperature, either as palladium oxide (PdO) or in its metallic form (Pd) [10].
Therefore, the Pd catalyst exhibits nonlinear dynamics such as hysteresis effects and self-
sustained oscillations due to the PdO decomposition and re-formation. This behavior could
be crucial for the future development of heterogeneous catalysts for a range of reactions in
addition to CO oxidation reactions [11].

Hysteresis is a complex phenomenon attributed to many factors such as surface cov-
erage, multiplicity, thermal inertia, exotherm, and catalyst oxidation states. The effects
of CO conversion hysteresis over supported and unsupported palladium catalysts were
investigated and reported by researchers, including our group [2,12]. Hysteresis loops
arise from the difference between the activity during the heating and cooling processes [13].
The reversible oxidation of Pd due to the dissociative adsorption of oxygen on the sub-
surface layer of the catalyst to form a surface layer of PdO leads to the hysteresis and
self-sustained oscillations in CO oxidation [12]. This phenomenon was observed in many
exothermic oxidation reactions in addition to CO oxidation and has been attributed to the
heat released at the surface of the catalyst during the exothermic oxidation, wherein the
surface temperature exceeds the reactor temperature [14]. “Normal” hysteresis observed in
CO oxidation when the catalytic activity during CO ignition takes place at a higher temper-
ature than the temperature during extinction, while inverse hysteresis is observed for some
gas mixtures, where the catalytic activity during ignition exceeds the activity during extinc-
tion [15]. This behavior has been realized and plays a crucial role in many applications,
including long-life carbon dioxide (CO2) lasers, partial oxidation in chemical synthesis,
and removal of pollutants in catalytic converters during prototype exothermic reactions
including CO oxidation [16]. Most of the reports in the literature focus on the CO hysteresis
as a function of inlet temperatures [15]. Although reasons for the hysteresis phenomena
are still unclear, some researchers associate its rise with the multiplicity of steady states,
oxidation of the catalyst, and temperature fluctuations. Due to the coexistence of PdO or
Pd states in the palladium catalyst and the strong interdependence of catalytic activity and
hysteresis on the support materials, palladium catalysts exhibit normal hysteresis during
CO oxidation due to the decomposition and reformation of PdO.

In our previous work, we have reported the synthesis and the catalytic activity of
the Pd/SiO2 catalyst. In continuation of this work, we provide detailed information on
the influence of pretreatment conditions on the catalyst microstructure and dispersion
of Pd, thermal stability, and catalyst performance. The mesoporous Pd/SiO2 aerogel
catalyst with well-dispersed Pd nanoparticles was evaluated for CO oxidation under
ignition/extinction conditions, wherein the possibility of using the hysteresis effect to attain
high conversions at lower reaction temperatures were explored. The Pd/SiO2 catalyst is a
CO oxidation catalyst with high catalytic activity at a temperature range of (150 to 250 ◦C).
It has excellent thermal stability, which could stabilize the active phase for CO oxidation by
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increasing the metal-support interaction and dispersion of Pd species. This study reports
the experimental data on the catalytic activity, hysteresis, and thermal stability during
the CO oxidation over the Pd/SiO2 catalyst, which is found to be intensely dependent
on the preparation, pretreatment conditions, and external parameters. The preparation
and treatment conditions’ effect under dynamic reaction conditions provide a correlation
between the catalyst structure and activity, as well as the role of thermal effects on the
observed hysteresis behavior.

2. Results and Discussion
2.1. Catalytic Activity and Hysteresis Behavior of Pd/SiO2 Catalysts
2.1.1. CO Conversion Efficiency and Light-Off Testing

Catalytic CO oxidation was performed under constant gas composition where the
concentration of CO is 3.5%, with a surplus of oxygen (20% concentration) balanced in
helium to allow for the complete CO conversion. The result was obtained under con-
trolled heating (heating rate is 10 ◦C/min), and subsequent normal cooling conditions
(ignition/extinction) as a function of the reaction (catalyst) temperature and not the feed
gas inlet temperature, as reported by other researchers in this field [17]. In this context,
we defined the ignition or light-off temperature (Tig) as the temperature at which the CO
conversion efficiency reaches 3% during heating and extinction or light-out temperature
(Text) as the temperature at which the CO conversion efficiency reaches 3% during cooling.
Furthermore, we define the hysteresis as the difference between the temperatures at which
the CO conversion efficiency is 50% during ignition and extinction.

Figure 1a presents the conversion efficiency and catalyst temperature during the
catalytic CO conversion test as a function of time, while Figure 1b shows the conversion
efficiency as a function of the catalyst temperature for two consecutive light-off cycles.
The figures show clearly the exothermic evolution as a function of time and the hysteresis
effect for oxidation reaction. During heating (ignition), three active conversion zones can be
distinguished in which the reaction takes place at varying catalyst temperatures. In Zone I,
when the catalyst temperature is below 214 ◦C, the reaction rate is slow, leading to low CO
conversion as it is kinetically controlled. In Zone II, intermediate conversion zone when
the temperature is above 214 ◦C, the reaction rate is slightly higher, leading to better CO
conversions as it is controlled by internal diffusion and mass transfer limitations in the SiO2
porous support [18]. In Zone III, the full conversion zone when the temperature increased
to above 276 ◦C, at which the CO conversion efficiency reaches 50%, the reaction rate is
high and controlled by external (gas phase) diffusion without any mass transfer limitations.

Catalysts 2021, 11, x FOR PEER REVIEW 3 of 19 
 

 

attain high conversions at lower reaction temperatures were explored. The Pd/SiO2 
catalyst is a CO oxidation catalyst with high catalytic activity at a temperature range of 
(150 to 250 °C). It has excellent thermal stability, which could stabilize the active phase for 
CO oxidation by increasing the metal-support interaction and dispersion of Pd species. 
This study reports the experimental data on the catalytic activity, hysteresis, and thermal 
stability during the CO oxidation over the Pd/SiO2 catalyst, which is found to be intensely 
dependent on the preparation, pretreatment conditions, and external parameters. The 
preparation and treatment conditions’ effect under dynamic reaction conditions provide 
a correlation between the catalyst structure and activity, as well as the role of thermal 
effects on the observed hysteresis behavior. 

2. Results and Discussion 
2.1. Catalytic Activity and Hysteresis Behavior of Pd/SiO2 Catalysts  
2.1.1. CO Conversion Efficiency and Light-Off Testing  

Catalytic CO oxidation was performed under constant gas composition where the 
concentration of CO is 3.5%, with a surplus of oxygen (20% concentration) balanced in 
helium to allow for the complete CO conversion. The result was obtained under controlled 
heating (heating rate is 10 °C/min), and subsequent normal cooling conditions 
(ignition/extinction) as a function of the reaction (catalyst) temperature and not the feed 
gas inlet temperature, as reported by other researchers in this field [17]. In this context, 
we defined the ignition or light-off temperature (Tig) as the temperature at which the CO 
conversion efficiency reaches 3% during heating and extinction or light-out temperature 
(Text) as the temperature at which the CO conversion efficiency reaches 3% during cooling. 
Furthermore, we define the hysteresis as the difference between the temperatures at 
which the CO conversion efficiency is 50% during ignition and extinction.  

Figure 1a presents the conversion efficiency and catalyst temperature during the 
catalytic CO conversion test as a function of time, while Figure 1b shows the conversion 
efficiency as a function of the catalyst temperature for two consecutive light-off cycles. 
The figures show clearly the exothermic evolution as a function of time and the hysteresis 
effect for oxidation reaction. During heating (ignition), three active conversion zones can 
be distinguished in which the reaction takes place at varying catalyst temperatures. In 
Zone I, when the catalyst temperature is below 214 °C, the reaction rate is slow, leading 
to low CO conversion as it is kinetically controlled. In Zone II, intermediate conversion 
zone when the temperature is above 214 °C, the reaction rate is slightly higher, leading to 
better CO conversions as it is controlled by internal diffusion and mass transfer limitations 
in the SiO2 porous support [18]. In Zone III, the full conversion zone when the temperature 
increased to above 276 °C, at which the CO conversion efficiency reaches 50%, the reaction 
rate is high and controlled by external (gas phase) diffusion without any mass transfer 
limitations. 
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(catalyst) temperature.
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On the other hand, during cooling (extinction), the reaction kinetics and diffusion
of gas molecules play a role due to temperature differences between the high exothermic
reaction heat generated at the catalyst surface and the reduced gas temperature at the
reactor inlet, when the reactor is below the ignition temperature (below 214 ◦C). This leads
to kinetic bi-stability, where the surface nanoparticles alternate between active (PdO) and
in-active (Pd) states [19]. The self-sustained oscillations and hysteresis appear during
cooling of the catalyst under the flow of the reaction gas mixture. The cycling experiments
for the first and second light-off were performed, where the first ignition was obtained
at 88.6 ◦C. These results confirm that the hysteresis effect could help attain and maintain
high CO conversions while oscillating between higher and lower temperatures. Upon heat-
ing/cooling, a significant hysteresis was observed at 121–296 ◦C. This effect can help in
reducing the temperature for the second light-off for CO conversions over a Pd/SiO2
catalyst by lowering the temperature along the extinction leg to a point below the ignition
temperature as a result of the convective heat transfer associated with the temperature of
the incoming gas, the CO oxidation reaction exotherm, and conduction of heat along the
catalyst. Table 1 summarizes and compares the catalytic ignition and extinction profile and
hysteresis width of the Pd/SiO2 aerogel catalyst during the first light-off (fresh catalyst)
and the second light-off (heat-treated catalyst in the CO/O2 mixture) cycles. The second
light-off demonstrated higher activity compared to the first light-off cycle, as shown in
Figure 1b. The temperature of the second light-off and hysteresis width were shifted to
lower values compared to the first light-off cycle. Reportedly, Pd0 metal particles are
preferably formed under a reducing CO atmosphere, whereas, under oxidizing O2 atmo-
sphere, Pd2+ or PdO particles should be formed [20]. The heating in the CO/O2 mixture
caused the CO conversion ignition temperature (Tig) of Pd/SiO2 to decrease from 214 to
195 ◦C, and the full CO conversion was achieved at (T100) of 272 ◦C rather than 296 ◦C,
while the hysteresis width decreased from 121 to 108 ◦C. The results might be attributed to
the removal of moisture and hydrocarbons from the surface of the catalyst, increasing the
metal-support interaction, as observed in XPS and XRD [2], the formation of palladium
silicide, reduction of metal hydroxide, and oxidation of metallic Pd lead to improving the
active site for the CO oxidation reaction.

Table 1. Comparison between the catalytic ignition and extinction profile, and hysteresis width of
Pd/SiO2 aerogel catalysts of the first and the second light-off (ignition) cycles.

Light-Off Cycle Tig (◦C) T50 (◦C) T100 (◦C) Tex (◦C) Hysteresis Width (◦C)

First light-off 214 276 296 138 121
Second light-off 195 247 272 123 108

Where Tig is the ignition temperature at 3% conversion in ◦C, T50 is the temperature at 50% conversion in ◦C,
T100 is the temperature at 100% conversion in ◦C, Tex is the extinction temperature at 3% conversion in ◦C,
and hysteresis width is at 50% conversion in ◦C.

Furthermore, the removal of silanol groups increases the metal dispersion and the
catalytic activity of the Pd/SiO2 catalyst [21]. Note that the conversion curve remained
the same even after four cycles. The effect of heating rate on the catalytic activity, hystere-
sis, and ignition/extinction profile of the Pd/SiO2 aerogel catalyst will be reported in a
future manuscript.

To further investigate the catalytic activity and hysteresis behavior of the catalyst
during the first and second light-off (or before and after catalytic conversion experiments),
changes in the catalyst’s porosity, surface area, Pd particle size, the oxidation state of Pd,
crystallography, and pore size were investigated before and after the CO oxidation reaction.
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The porosity of the catalyst assumes a role in the catalytic activity and the hysteresis
activity during the CO oxidation reaction. The N2 adsorption-desorption characteristics of
fresh (as prepared) Pd/SiO2 aerogel isotherms and pore size distribution before the CO
oxidation reaction was performed. The isotherms of the fresh sample with the N2 uptake
consistent with type IV (according to the IUPAC classification), and a narrow H2 type hys-
teresis loop at p/p0 > 0.75 are shown in Figure S1, suggesting mesoporous and microporous
characteristics due to capillary condensation in silica [22]. The increment of adsorption at
p/p0 = 1.0 was caused by larger mesopores, typical in mesoporous materials [23]. This wider
hysteresis loop is known to occur when the distributions of the pore radius are wide [24].
The effect of heat treatment in the CO/O2 atmosphere (after the first light-off) on the
morphologies, surface area, and pore volume distributions were investigated to clarify the
higher catalytic activity in the second light-off observed for CO oxidation on the Pd/SiO2
catalyst. The structural properties of both samples were shown in Table 2 and illustrated in
Figure S1. The fresh Pd/SiO2 aerogel catalyst shows continuous pore volume distribution
with diameters between 2 and 80 nm. However, N2 adsorption-desorption characteristics
of the Pd/SiO2 aerogel pore size distribution after CO oxidation (after the first light-off)
show a pore volume with continuous distribution of pore diameters (between 2 and 60 nm).
The higher temperature during the CO oxidation does not affect the integrity of the catalyst.
However, the quantity of large mesopores and macropores is eliminated due to the collapse
following the heat treatment, leading to a higher ratio of micropores and small mesopores,
as reported by Gage et al. [25]. BET results show that the average pore diameter of the
Pd/SiO2 aerogel slightly reduced to 15.6 nm and the pore volume slightly increased to
0.06 cm3/g, although the surface area reduced to ~940.9 m2/g. The decrease in the surface
area could be attributed to the sintering of the large excess palladium particles outside the
pores as found in electron microscopy, which will be discussed later.

Table 2. Structural properties of fresh Pd/SiO2 aerogel catalysts and after the first light-off.

Catalyst
Pd/SiO2

BET Surface Area
(gm−1)

Pore Diameter a

(nm)
Pore Volume a

(cm3g−1)

Fresh 1113.65 15.7 0.05
After the first light-off 940.86 15.6 0.06

a Calculated by the Barrett, Joyner, and Halenda (BJH) method from the desorption isotherm.

To study the effect of the particles size of the catalyst on the catalytic activity and
hysteresis width during the CO oxidation reaction, the TEM of the catalyst before (fresh)
(Figure 2a) and after CO oxidation (first light-off) (Figure 2b) was performed. The presence
of a large number of smaller Pd particles (2–5 nm) in the framework (marked by yellow
arrows) located inside the mesoporous framework of SiO2 aerogels homogeneously dis-
persed within the SiO2 network and a few large surface particles (20–40 nm) (marked by
magenta arrows). This unique texture is believed to occur due in the samples prepared
by the sol-gel synthesis resulting in a better catalytic activity and effectively hindering the
sintering of Pd particles [26]. The average size estimated from over 200 particles shows
a mean size of the Pd particles in as-synthesized particles as 6.1 nm. Figure 2d,e shows
the TEM micrographs of typical samples after CO oxidation. The mean size of Pd parti-
cles following the completion of the reaction was found to grow to ~7.8 nm due to the
sintering, as also observed from the X-ray diffraction (XRD) analysis, and reported in a
previous work [2].
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Figure 2. TEM micrographs and the corresponding estimated particle size distribution of Pd/SiO2

aerogel catalysts (a–c) before, and (d–f) after the catalytic CO oxidation.

The XPS spectrum of the core level Pd 3d peaks were obtained from the samples
at different points and verified by the NIST Standard XPS Database for PdOx/Pd and
Pd/SiOx. The deconvolution of the spectrum of Pd 3d shows two spin-orbital states,
3d5/2 and 3d3/2 [2]. The Pd 3d and O 1s XPS peaks located in the near-surface region
of freshly prepared Pd/SiO2 samples, at 250 ◦C (full CO conversion), and after catalytic
CO oxidation were investigated to understand the chemical environment, palladium
oxidation state, and active species before and after the CO oxidation reaction. The Pd
3d showed peaks for Pd 3d5/2 and Pd 3d3/2 and fitted with the mixed Pd(0) and PdO
combined spectrum. Table 3 summarizes the binding energies (BEs) of palladium Pd 3d5/2,
Pd 3d3/2, and the binding energy (BE) of the corresponding O 1s peak [27]. The O 1s
peak was fitted with three components due to the overlap of O 1s and Pd 3P3/2 peaks
following Zemlyanove et al. [28]. Figure 3 shows Pd 3d and O 1s spectra of the reduced
Pd/SiO2 catalysts along with the deconvoluted peaks. Figure 3a shows Pd 3d spectra
for the fresh (or as prepared) catalyst with two peaks at binding energies (BE) at 334.06
and 339.3 eV assigned to the metallic palladium Pd(0) and two peaks observed at 335.8
and 341 eV assigned to Pd2+ or PdO, respectively. This clearly indicates that most of Pd
exists in the form of Pd metal with only a small fraction in the Pd2+ form. Upon increasing
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the temperature to 250 ◦C (Figure 3b), the obtained spectrum of the sample shows that
the low energy doublet of 3d5/2 is shifted to 335.1 eV which could be assigned to the
photoemission of electrons from Pd2+ and the high energy doublet is shifted to 336.1 eV
due to the oxidation of smaller Pd particles (2–3 nm) or Pd2+ cations within the catalyst
structure [29]. The increase in BE of Pd 3d for the catalyst annealed at 250 ◦C affirms the
increase in formation of PdO, indicating that the surface of Pd is highly oxidized. After the
CO oxidation reaction (Figure 3c,f) the deconvolution of the Pd 3d peaks show Pd(0) and
Pd2+ (PdO) peaks with higher concentration of PdO compared to freshly prepared samples.

Table 3. List of the binding energies of palladium species (Pd and PdO) and the binding energy of
the corresponding O 1s peak located in the near-surface region of Pd/SiO2 catalysts.

Catalyst Binding Energy, eV
Pd 3d5/2 Pd 3d3/2 O 1s

Fresh 334.1 339.3 531.5
At 250 ◦C 335.13 340.23 531.6

After CO oxidation 334.8 339.9 531.8
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deconvolution of O 1s XPS spectrum: (d) Before CO oxidation, (e) at 250 ◦C, and (f) after CO oxidation.

To analyze the change in the concentration of Pd2+ before and after CO oxidation,
we compared the areas under the Pd 3d5/2 of Pd(0):Pd2+ peaks before CO oxidation
(Figure 3a) to the ratio of areas of the peaks after CO oxidation (Figure 3c). The ratio
of areas under the peaks of Pd(0):Pd2+ were 1.8:1 before and 1:1.6 after CO oxidation,
respectively, indicating that the PdO concentration increases after CO oxidation, suggesting
a lowering of the activation energy and confirming that the active phase for CO oxidation is
PdO [29]. The increase in surface oxygen concentration (Pd-O) after the reaction (Figure 3f)
could aid the activation of the C-O bond in the CO molecule for other oxidation reactions
as reported elsewhere [23]. This increase is also accompanied by a reduction of oxygen
concentration (O-Pd-O), which suggests that Pd interacts with the SiO2 support [30,31].
Oxygen in SiO2 loses electrons resulting in a shift and bending of the Fermi level. O2 initially
diffuses to the metallic Pd surface, where it is adsorbed to form an active adsorption state.
Following this, the oxygen atoms interact with the Pd atoms on the surface to form PdO.
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Results obtained from the XPS analysis show that the active sites and the state of Pd
can provide valuable information on the metal-support interaction in the Pd/SiO2 catalyst
through monitoring of the electronic modifications of the Pd surface before and after the
CO oxidation. This observation is consistent with the XRD [2] and TEM results. The XPS
of the freshly prepared Pd/SiO2 aerogel catalyst confirms that the Pd nanoparticles are
attached to the support material through oxygen atoms of either the free silanol or siloxane
groups present on the silica-network as oxygen is highly electronegative and can draw
more electrons from Pd nanoparticles, resulting in higher BE for the Pd atoms in the
Pd/SiO2 catalyst.

2.1.2. Effect of Annealing Atmosphere on Catalytic Efficiency and Hysteresis of Pd/SiO2
Aerogel Catalyst

The oxidation state of Pd alone cannot explain the change of the catalytic activity
and hysteresis behavior before and after the heat treatment. To examine the thermal
stability and catalytic performance of the catalyst aiming at optimizing the best condition
for Pd active sites, we conducted several experiments to support our results. It has been
reported that the catalyst support modification can contribute to the activity and hysteresis
behavior of the catalyst due to its binding to the catalyst metal. This metal–support
interaction modifies both the electronic and geometric properties of the catalyst support,
which influences the activity of the catalytic sites on the metal surface and enhances active
sites [23]. Reportedly, the hysteresis effect depended on the pretreatment of catalysts and
was attributed to the changes in the catalyst structure for CO oxidation on partially oxidized
Pd nanoparticles, where hysteresis effects were found to depend on the pretreatment of
catalyst samples [32]. Pretreatment conditions of the catalyst influence the catalytic activity,
and metal-support interaction motivated by the oxidation state of metal and the nature of
the reactions. The effect of the catalyst pretreatment on the hysteresis behavior was reported
and attributed to the changes in the catalyst structure [17]. Therefore, the pretreatment
atmosphere is an essential factor that influences the final state of the catalyst and metal-
support interaction. Oxidizing or reducing the atmosphere can yield oxide active or
metallic phases depending on the temperature of the treatment.

The effect of the pretreatment atmosphere on catalytic activities, hysteresis, and ig-
nition/extinction curves of Pd/SiO2 aerogel catalyst was studied, and the results are
summarized in Table 4 and Figure 4. The catalytic ignition/extinction curves and hysteresis
of Pd/SiO2 aerogel catalyst freshly prepared and annealed in different atmospheres have
been plotted. It is clear that under ignition, the catalytic activities of annealed samples
are higher, and the ignition temperatures are shifted to lower temperatures, which are
attributed to the efficient removal of adsorbents from the surface, improving the exposure
of active sites to fresh adsorbates possibly led by the decomposition of the metal complex
to metal or metal oxide. However, the best activity and highest increase in the hysteresis
width was observed for the sample treated in air. The results can be explained based
on the gas composition of the annealing atmosphere, the reactant gas mixture, and the
nature of gas used in the annealing atmosphere (reducing or oxidizing). Although, He and
N2 are inert gasses and do not affect the oxidation state of the freshly prepared Pd/SiO2
aerogel catalyst, the thermal treatment at high temperature can affect the physio-chemical
properties of the catalyst. The Pd/SiO2-air aerogel sample showed the best catalytic activity
compared to the untreated Pd/SiO2 and Pd/SiO2-N2 aerogel samples, a plausible reason
being that during the reaction, some of the metallic Pd nanoparticles converts to PdO as
observed in XPS results, and the interfaces between Pd and PdO act as active catalytic
sites. During extinction, the sample treated in N2 gas shows an extinction temperature
of 123 ◦C and hysteresis width of 104 ◦C, while the Pd/SiO2-air aerogel sample, on the
other hand, has an extinction temperature of 79 ◦C and a wider hysteresis width of 138 ◦C.
This may arise from the formation of PdO in the Pd/SiO2-air aerogel sample in the whole
bulk of the catalyst during heating in the presence of excess O2 through surface oxidation
of metallic Pd preceded by diffusion of oxygen atoms from the bulk of the catalyst [33].
During extinction, the surface PdO is reduced directly to metallic Pd. The appearance of the
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hysteresis loop can be associated with the slow transition from an oxygen-enriched surface
and surface palladium oxide formation, present during extinction, to a CO-covered surface
including Pd reduction, resulting in reversible formation of surface Pd oxide. Since Pd in
the Pd/SiO2-air aerogel sample was oxidized entirely, the reduction of Pd oxide will take a
longer time than in the Pd/SiO2 aerogel treated in N2 samples, resulting in the broadening
of the hysteresis curve [34].

Table 4. Catalytic ignition and extinction profile of Pd/SiO2 aerogel catalysts annealed in different
atmospheres.

Gas Tig (◦C) T50 (◦C) T100 (◦C) Tex (◦C) Hysteresis
Width (◦C)

Untreated 214 276 296 138 121
Air 212 223 225 79 138
N2 212 248 287 123 104
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Figure 4. Comparison between the catalytic activity curves of Pd/SiO2 aerogel catalysts annealed in
different atmospheres during ignition and extinction.

To investigate the thermal stability of Pd/SiO2 aerogel catalyst and the surface oxi-
dation and reduction of Pd/SiO2, TGA was performed up to 600 ◦C at a heating rate of
10 ◦C/min in air and N2 atmospheres, while the DSC of Pd/SiO2 aerogel was carried out
under heating (red) and cooling (black) at a heating rate of 10 ◦C/min in air and N2 atmo-
spheres up to 300 ◦C, which corresponds to the temperature where full CO conversion is
reached. TG-DSC spectra are shown in Figure 5. During heating, TGA and DSC studies for
samples treated in an air environment showed two exothermic peaks and one endothermic
peak, as shown in Figure 5a,c. The spectra indicate clearly that the catalyst is thermally
stable up to 600 ◦C. A weight loss of ~3 wt% occurs when the samples are heated from 50 to
100 ◦C due to the loss of physically adsorbed water and ethanol from the porous catalyst.
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These results are consistent with the DSC results, which show an endothermic peak
in the region from room temperature up to 125 ◦C. Furthermore, an exothermic peak
accompanied by an endothermic peak between 215 and 243 ◦C can be attributed to the
surface oxidation of palladium accompanied with the reduction of silica surface, indicative
of the formation of the interface between the palladium and silica support [35]. During the
cooling ramp, as shown in Figure 5c, two exothermic peaks at 315 and 225 ◦C accompanied
with an endothermic peak in between, could be attributed to the reduction of the small
domain PdO to Pd0 on the surface of PdO, leading to polycrystalline particles that easily
re-oxidize upon cooling due to the lack of Pd nucleation sites on the surface of the metal
particles. Moreover, this could be associated with the combustion of unreacted organics
such as Si–CH3 groups from the synthesis process. This behavior was observed previously
by Datye et al. on the surface of Pd/Al2O3 when the catalysts were heated in air [36]
and Colussi et al. at higher temperature on Pd/Al2O3 and Pd/CeO2/Al2O3, where they
reported re-dispersion of Pd on the surface of oxide and transformation between Pd and
PdO [37]. The temperature of this transformation was reported to strongly depend on
the characteristics of the oxide support [38]. The results agree with the XPS analysis and
catalytic tests of Pd/SiO2 treated in air under heating/cooling cycles. However, TGA and
DSC studies for samples treated in a nitrogen environment showed only well-resolved
steps, Figure 5b,d. The major weight loss (about 5 wt%) was observed between 50 and
125 ◦C as evident in the DSC, as the broad endothermic peak in the curve in Figure 5d
is attributed to the loss of water from the porous catalyst [39]. After 125 ◦C, the weight
loss until 600 ◦C is attributed to the condensation of silanol groups from the surface of
pristine silica aerogel, which was experimentally found to occur between 150 and 500 ◦C,
as reported by Mueller et al. [40]. No peaks were observed during the cooling cycle which
suggest that most of Pd in the sample is in the metallic state.

It is well known that the support nature and composition of SiO2 and pretreatment
conditions (oxidation or reduction treatments) have a direct impact on the metal-support
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interaction and ratio of oxidized and reduced forms of the supported palladium metal.
To investigate the thermal effect on the catalytic activities, hysteresis behavior, and surface
oxidation and reduction of Pd/SiO2 heated in air and N2 atmospheres, we preformed FTIR
spectroscopy of Pd/SiO2 aerogel catalyst annealed in different atmospheres (N2 and air)
and compared it to the untreated catalysts. Figure S2 compares FTIR spectra of freshly
prepared Pd/SiO2 aerogel catalysts and after the heat treatment at 450 ◦C in air and
nitrogen atmospheres. Room-temperature FTIR spectra of Pd/SiO2 samples measured in
spectral range (400–4000 cm−1) were recorded and compared to the untreated samples to
determine the changes after annealing in N2 and air atmospheres. The FTIR spectra of
both samples revealed several sharp, well-defined absorption bands within the measured
spectral range. The spectra show bands centered at 567, 794.5, and 1049.1 cm−1 with a
shoulder peak at 1162.9 cm−1 corresponding to stretching vibrations of siloxane groups
(Si–O–Si bonds), respectively [41], while the peak centered at 954.5 cm−1 corresponds
to the stretching vibration of silanol groups (Si-OH) in the silica lattice suggesting the
presence of a considerable amount of silanol groups on the silica surface or pores in
all the samples. A small peak observed at 2987.2 cm−1 is assigned to the vibrations
of the stretching vibration of -CH3 and -CH2 groups indicating the presence of a small
amount of Si–OC2H5 groups, which can be attributed to an incomplete condensation
during gelation [42]. The low-intensity peak at 3367.1 cm−1 is assigned to -OH stretching
vibrations [43].

The FTIR spectra of the Pd/SiO2 sample treated in air show that all peaks are shifted
to a higher wavenumber compared to the untreated sample indicating the interaction
between Pd and SiO2, which can affect the formation of the Si-O-Si network as observed
in Cu/SiO2 [44] leading to a stronger metal-support interaction. The intensity of the
peak at 958.45 cm−1 is considerably lower, while that at 794.5 cm−1 increases indicating
the formation of new Si–O–Si bonds via the reduction of Si-OH bonds as a result of the
condensation reaction between Si–O and the Pd metal. This reaction could shrink the SiO2
network, which might be responsible for decreasing the pore volume and, consequently,
surface area, as observed in N2 adsorption-desorption results suggesting that the SiO2
framework is formed by the Si–O–Si bonds [19]. Furthermore, the intensity of the peak at
3367.1 cm−1, which is assigned to -OH stretching vibrations decreases, suggesting removal
of the adsorbed OH or water. However, the FTIR spectra of Pd/SiO2 sample treated in a
nitrogen atmosphere showed similar spectra of the untreated sample (no shift is observed)
except for reducing the intensity of the peak at 1162.9 cm−1, which indicates the reduction
of the Si-O-Si bond. The results suggest that the heat treatment in N2 environment did not
affect the interaction between Pd and the SiO2 network.

2.1.3. Effect of Annealing Temperature on Catalytic Efficiency and Hysteresis of Pd/SiO2
Aerogel Catalyst

A further impact of annealing temperature on the catalytic activity, hysteresis, and ig-
nition/extinction of Pd/SiO2 treated in the air aerogel catalyst was studied by annealing
some samples at 450 and 750 ◦C in air as summarized in Table 5 and shown in Figure 6.
During the ignition cycle, the air-annealed catalysts demonstrated higher activity compared
to the freshly prepared catalysts mainly due to the removal of moisture and hydrocarbons
from the surface of the catalyst and the reduction of metal oxide to metallic Pd and improv-
ing the active site for the CO oxidation reaction. The catalyst treated at 450 ◦C in air shows
better activity than fresh catalysts due to the removal of silanol groups, which increases the
metal dispersion and the catalytic activity of Pd/SiO2 catalyst [21]. The results indicate
that the heat treatment in air does not probably affect the Pd clusters or particles as they
are pinned to the silica surface, and the diffusion of ions is difficult, preventing sintering.
The Pd clusters showed resistance to sintering upon calcination to 550 ◦C in air, which was
attributed to the confinement of Pd clusters within mesopores [45].
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Table 5. Catalytic ignition and extinction profile of Pd/SiO2 aerogel catalysts annealed in air for 1 h
at different temperatures.

Annealing
Temperature Tig (◦C) T50 (◦C) T100 (◦C) Tex (◦C) Hysteresis

Width (◦C)

Untreated 214 276 296 138 121
450 ◦C Air 212 223 225 79 138
750 ◦C Air 214 251 259 157 70
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The Pd/SiO2-air aerogel catalyst initially contained a considerable amount of metal
oxide; heating in air will ensure that the sample is fully oxidized at 450 ◦C. In studies on
the catalytic activities conducted in the CO/O2 mixture, PdO will undergo a reduction to
Pd, which in-effect would prevent any Pd particle growth (due to sintering) up to 700 ◦C,
except for outermost particles (outside the pores). Upon annealing at 750 ◦C, all PdO
will be reduced to metallic Pd and this will lead to the growth and sintering of metallic
Pd particles which would lower catalytic activity [46]. The presence of fully oxidized Pd
particles and well-defined active sites in the samples annealed at 450 ◦C in air ensures
higher activity and lower extinction temperature. The as-prepared samples contain a
considerable amount of metallic Pd, and most of the active sites are blocked, making it less
active even during extinction. For samples annealed at 750 ◦C, the growth and sintering of
the Pd particles lead to a lower activity resulting in narrower hysteresis width and lower
ignition temperature compared to the sample treated at 450 ◦C.

Based on the experimental results, the origin of the high thermal stability and catalytic
performance of Pd/SiO2 aerogel catalysts were attributed to their mesoporous structures
as confirmed by the N2 adsorption-desorption isotherm, XPS, FTIR, and TEM. The results
also confirmed that the catalyst structure could protect the Pd nanoparticles from sintering
during the thermal treatment and catalytic CO oxidation reaction. The thermal stability
of the Pd/SiO2 catalyst highly depends on the oxidative/reductive nature of the gas
environment. Under the CO oxidation reaction in the oxygen atmosphere, a small amount
of Pd is converted to PdO. However, under air atmosphere, the porous structure of the
silica is still stable, and the formation of small Pd particles inside the SiO2 pores and on the
surface increases as temperature increases.

Moreover, the absence of reducing gases in air leads to the oxidation of Pd particles,
which directly impacts thermal stability and catalyst performance. The same behavior
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was observed under air and H2 environment [47]. The FTIR results confirmed that the
interaction of Pd sites with -OH on the SiO2 stabilizes the catalyst surface resulting in
excellent thermal stability. Consequently, the Pd/SiO2 catalysts showed a much more
stable CO oxidation performance after annealing in air. These results agree well with recent
studies, suggesting that the thermal treatment by annealing and catalytic CO oxidation at
high temperatures (below 500) enhances the stability of Pd/SiO2 catalyst under catalytic
CO oxidation reactions due to its structure stability [48].

To understand the effect of annealing temperature on the catalytic activities, hysteresis
behavior, and surface oxidation and reduction of Pd/SiO2 catalyst heated in air atmosphere
at different temperatures. We performed FTIR spectroscopy of Pd/SiO2 aerogel catalyst
annealed at 450 and 750 ◦C in air atmospheres than the untreated catalyst. Figure S3
shows FTIR spectra of the freshly prepared Pd/SiO2 aerogel catalyst and after the heat
treatment at 450 and 750 ◦C in air, respectively. The infrared absorption is similar to the
discussion mentioned above in Figure S2 with bands centered at 567, 794.5, and 1049.1 cm−1

with a shoulder at 1162.9 cm−1 corresponding to stretching vibrations of siloxane groups
(Si–O–Si bonds), respectively. A peak centered at 954.5 cm−1 corresponds to the stretching
vibration of silanol groups (Si-OH) in the silica lattice which suggest the presence of a
considerable amount of silanol groups on the silica surface or the pores in all samples.
Small peaks observed at 2987.2 and 3367.1 cm−1 are assigned to the stretching vibration of
-CH3 and -CH2 to -OH stretching vibrations or water, as reported earlier. As the annealing
temperature increases, the peak at 958.45 cm−1 slowly disappears, the intensity of the peak
at 2987.2 cm−1 decreases, while that of the peak at 794.5 cm−1 increases. This suggests
the formation of additional Si–O–Si bonds by the condensation reaction. The peaks at
1710 and 3367.1 cm−1 that belong to vibrations of water molecules decrease with the
increasing annealing temperature due to the removal of water from the SiO2 network
structure [23]. The results suggest that heating to 750 ◦C could lead to the formation of
additional Si–O–Si bonds, which strengthens the SiO2 network structure [19]. The presence
of 958.45 cm−1, which corresponds to the stretching vibration of silanol groups (Si-OH) in
the sample heated at 450 ◦C, enhanced the Pd-silica interaction, facilitating the dispersion
of Pd particles.

2.2. Hysteresis Behavior during (Ignition/Extinction) Cycles

The reaction mechanism of CO oxidation during ignition/extinction cycles was re-
ported by many researchers. CO is strongly adsorbed onto Pd, inhibiting the formation
of active oxygen needed for low-temperature CO oxidation. Hence, low-temperature CO
oxidation over Pd catalysts proceeds via Langmuir–Hinshelwood. Such adsorption has
been shown to occur during CO oxidation on Pd metal catalysts under low O2 pressure,
wherein CO and O2 gas are adsorbed on free adsorption sites on the Pd metal surface,
followed by the interaction of the adsorbed CO and O, respectively, on the Pd active sites,
resulting in the palladium oxide (PdO) surface. However, the reduction of PdO proceeds
via the Mars-van Krevelen mechanism, where CO is adsorbed on the PdO surface [49].

The TEM results of large surface particles in the Pd/SiO2 catalyst suggest that the as
prepared catalyst contains Pd particles and a small amount of PdO particles on the surface,
as shown in Figure 7a, while at 250 ◦C, the surface is almost fully covered with oxide as
shown in Figure 7b, suggesting the formation of surface and bulk oxides. The TEM image of
the particles after the heating/cooling cycle (Figure 7c) shows that part of the Pd (0) surface
is restored, and the PdO surface is destroyed with a small island of 2D PdO observed.
Similar observations in the literature suggested the oxidation of Pd and the formation
of surface oxide during heating [12]. At higher temperatures, wherein the formation of
3D PdO is preferential on the catalyst surface while during cooling conditions, the 3D
PdO is reduced to the Pd surface. The TEM results agree well with the XPS peak fitting,
which show a shift of Pd 3d5/2 peak towards higher BE (Figure 3b) with respect to the metal
peak (Figure 3a) due to the interaction with atomic oxygen to form PdO during the CO
oxidation reaction. However, during cooling to room temperature (after heating/cooling
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cycle) and as a result of the reaction medium (Figure 3c), PdO particles are reduced, leading
to a decrease in the oxide intensity. In this region, the metallic palladium Pd(0) and the
PdO particles co-exist, which serve as intermediates causing the self-sustained oscillation
and hysteresis. A similar behavior was reported for Pd/Al2O3 systems [12].
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In our study, XPS and TEM results suggest that the oxidation state, morphology of
the Pd/SiO2 catalyst, and the large palladium surface particles, changed before, during,
and after the CO oxidation reaction. The presence of surface and subsurface Pd (0) and
PdO with 2D morphologies, and the interplay between the two phases (reversed oxidation
of Pd (0) and reduction or decomposition of PdO) causes the oscillatory behavior and
hysteresis during the CO oxidation reaction, which aid the catalytic activity by lowering
the activation energy after the first light-off.

3. Experimental Methodology
3.1. Catalyst Synthesis

The catalysts were prepared using the sol-gel method and dried under conditions with
supercritical ethanol at 260 ◦C. This synthesis method described in a previous study [26]
ensured the synthesis of well-dispersed Pd nanoparticles on a silica support. The silica gel
was impregnated with metal ions before the drying step to replace the pores previously
filled with the solvents used in the synthesis, which leads to hierarchical porosity. The ad-
vantage of this synthesis method is the possibility of producing highly dispersed and stable
Pd catalysts with controlled structures and catalytic performances. The resulting Pd/SiO2
catalyst is composed of accessible palladium particles located inside the pores or within
the network silica particles, which result in sinter-proof Pd particles. The active catalytic
sites are easily accessed by the reactants by diffusing through micropores and mesopores
with no mass transfer limitations [23].

In a typical synthesis with tetraethyl orthosilicate (TEOS, Sigma-Aldrich, St. Louis,
MO, USA, 98%) and ethanol, the resultant solution is aged overnight in a sealed container
to obtain a gel [18]. The wet-gel obtained is then transferred to a solution of palladium
precursor (PdCl2, Sigma-Aldrich, St. Louis, MO, USA) in ethanol. The silica aerogels
are dipped in the solutions of Pd ions in ethanol to ensure the exchange of ethanol in
the gel with the Pd ions in the solution, followed by the ethanol supercritical drying at
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260 ◦C. Dried Pd supported silica aerogels were annealed at a heating rate of 10 ◦C under
atmospheric pressure (1 atm) in two different ambient conditions: Air (Pd/SiO2–air),
nitrogen (Pd/SiO2–N2), each at a 100 mL/min flow rate. All catalytic experiments and
characterization were carried out using powdered aerogels.

3.2. Catalysts Characterization

The Pd/SiO2 aerogel catalysts were characterized by X-ray photoelectron spectroscopy
(XPS; Omicron Nanotechnology, Germany) with a monochromatic Al Kα radiation
(energy = 1486.6 eV) working at 15 kV, which was used to study the surface states of
the catalyst. The obtained XPS spectra were calibrated with respect to the C 1s feature at
285 eV [49]. The catalyst’s surface area and pore sizes were determined using a Rise 1010
surface area and porosity analyzer (Jinan Rise Science and Technology Co., Ltd., Jinan,
China). The Brunauer–Emmett–Teller (BET) and Langmuir models based specific surface
area were calculated from the nitrogen adsorption-desorption isotherms recorded at 77 K
at the relative pressure range of P/P0 = 0.05–0.2. Pore size distributions were calculated
using the desorption branches of the isotherms using the Barrett–Joyner–Halenda (BJH)
model [50]. Transmission electron microscopy (TEM) measurements were carried out using
a (JEM2100F field emission transmission electron microscope (TEM)) operating at a voltage
of 200 kV (JEOL Ltd., Tokyo, Japan). Fourier transform infrared (FTIR) spectroscopy was
performed using the FTIR650 spectrometer equipped with a LA-025-1100 universal ATR
unit (Labfreez Instruments (Hunan) Co., Ltd., Changsha, China). Thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC) were performed using the
TG 2100D (Analytical Technologies Limited, Shanghai, China) analyzer at a ramp rate of
10 ◦C/min to reach (from 23 to 800 ◦C) in air (flow rate of 100 cc/min).

3.3. Catalyst Activity Testing

Catalytic activities of the synthesized samples were carried out in a custom-built
fixed-bed continuous flow reactor placed inside a programmable tube furnace coupled to
an infrared gas analyzer (ACS-CO2 infrared analyzer) [2]. Twenty milligrams of powdered
metal loaded aerogel catalyst was placed in the middle of a quartz tube and sandwiched
between two pieces of glass wool to form a cylindrical pellet. The catalyst temperature
was recorded using an Omega K-type thermocouple inserted in the middle of the sample.
The reactant gas mixture containing 3.5 wt% CO and 20 wt% O2 in helium was flown
through the reactor at 100 mL/min (calculated weight hourly space velocity (WHSV) was
approximately 300,000 mL g−1h−1. CO conversion was assessed by measuring CO2 in the
outflow with an IR analyzer, and the catalytic activity was expressed by the CO conversion
in the effluent gas. The temperature and the concentration data were collected using a
National Instruments multifunction USB-6008 and NI-DAQmx (National Instruments,
Roscoe, IL, USA) data acquisition system and recorded using a custom-built LabVIEW
data acquisition software. The gas flow rate was controlled by a set of digital mass flow
controllers. The flow rate of the mixture was maintained at 100 mL/min, while the catalyst
was heated to different temperatures (25–600 ◦C). All the experiments were performed at
an atmospheric pressure (1 atm) with a heating rate of 10 ◦C/min (ignition or activation)
until the CO conversion reaches a full conversion (100%), then the furnace was switched
off, and the sample was left to cool naturally until the CO conversion became zero (0%)
(extinction or relaxation). Catalyst conditioning was achieved by calcination of the catalyst
at 450 ◦C in air atmosphere for 1 h. For the other experiments, the calcination temperature
was changed to 750 ◦C in air or N2 for 1 h. The process is capable of removing moisture
and improving the active sites. The ignition/light-off and extinction/light-out tempera-
tures denoted the temperatures where the CO conversion reaches 3% during ignition and
extinction curves. The CO conversion of the catalyst was measured as a function of the
catalyst temperature and calculated using the following relation:

CO conversion (%) =
[CO]invol.%− [CO]outvol.%

[CO]invol.%
× 100 (1)
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where [CO]in is the CO concentration in the reaction gas mixture and [CO]out is the concen-
tration in the product gas mixture.

4. Conclusions

In this work, the low temperature CO oxidation and hysteresis behavior as a function
of the catalyst temperature under optimum reaction conditions was investigated over
a range of pretreatment mixture/conditions and temperatures that directly affect the
nature of the active site. Carefully designed control experiments provide strong evidence
that the pretreatment temperature and medium, nature of the support (porosity, thermal
conductivity), the stability of the active site, and their formation were crucial factors in
enhancing the catalytic performance. The best low-temperature CO oxidation performance
was achieved by pretreating the catalyst in an air atmosphere at 450 ◦C. Recent studies
suggest that the catalyst activation and the CO conversion hysteresis is attributed to local
heating and heat dissipation by the support, respectively. However, the results presented
here suggest that pretreatment conditions in N2 or air, and the pretreatment temperature
have a direct impact on the catalyst activation and hysteresis behavior, in addition to the
structural and chemical effect of the catalyst. The active site formation is influenced by
the presence of oxidative or reductive pretreatment gas, and the surface morphological
and chemical changes of the Pd during the reaction due to CO and O2 adsorption to
achieve the lower activation energy. Therefore, the hysteresis arises from the stabilization
of these active sites by forming different oxidation states of Pd during the ignition and
alteration of PdO to Pd during the extinction. These results were realized by the XPS,
which suggest partial oxidation of Pd and the formation of different surface oxides reaching
full oxidation at 250 ◦C. These results were confirmed by TEM, which show the formation
and reduction of PdO during heating/cooling cycles. The TGA and DSC results confirm
the surface oxidation and reduction behavior of Pd/SiO2 in air for both the ignition and
extinction cycles. Furthermore, the catalyst structure including the particle size distribution,
the porosity of the sample, and thermal stability contribute to the catalytic activity and
hysteresis phenomenon. This study confirms that the structure-activity relationship is very
crucial for the design of a highly active and thermally stable catalyst for CO oxidation as a
model reaction, which could aid the design of next-generation catalysts for CO oxidation.
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