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Abstract: High activity of a catalyst and its thermal stability over a lifetime are essential for catalytic
applications, including catalytic gas sensors. Highly porous materials are attractive to support metal
catalysts because they can carry a large quantity of well-dispersed metal nanoparticles, which are
well-accessible for reactants. The present work investigates the long-term stability of mesoporous
Co3O4-supported Au–Pd catalyst (Au–Pd@meso-Co3O4), with a metal loading of 7.5 wt% and
catalytically active mesoporous Co3O4 (meso-Co3O4) for use in catalytic gas sensors. Both catalysts
were characterized concerning their sensor response towards different concentrations of methane
and propane (0.05–1%) at operating temperatures ranging from 200 ◦C to 400 ◦C for a duration of
400 h. The initially high sensor response of Au–Pd@meso-Co3O4 to methane and propane decreased
significantly after a long-term operation, while the sensor response of meso-Co3O4 without metallic
catalyst was less affected. Electron microscopy studies revealed that the hollow mesoporous structure
of the Co3O4 support is lost in the presence of Au–Pd particles. Additionally, Ostwald ripening of
Au–Pd nanoparticles was observed. The morphology of pure meso-Co3O4 was less altered. The
low thermodynamical stability of mesoporous structure and low phase transformation temperature
of Co3O4, as well as high metal loading, are parameters influencing the accelerated sintering and
deactivation of Au–Pd@meso-Co3O4 catalyst. Despite its high catalytic activity, Au–Pd@meso-Co3O4

is not long-term stable at increased operating temperatures and is thus not well-suited for gas sensors.

Keywords: catalytic gas sensor; pellistor; methane; propane; catalyst deactivation; mesoporous
Co3O4, Au–Pd nanoparticles

1. Introduction

Catalysts which are able to catalyze combustion reactions at lower operation tempera-
tures (≤400 ◦C) are of great interest for different application areas, e.g., for volatile organic
compound (VOC) removal or abatement of methane emissions from coal mines [1–4]. Par-
ticularly, the oxidation of highly stable methane (CH4) molecules requires catalysts with
high activity and/or high operation temperatures [4]. Supported palladium (Pd) is the
most active catalyst for methane combustion. Indeed, the structure of the Pd catalyst, e.g.,
the ratio between metallic Pd0 and PdOx phases, is essential for its catalytic performance at
given reaction conditions [5,6]. It was repeatedly reported that the catalytic performance
of Pd catalysts could be improved through Pd alloying with Au for different catalytic
reactions [7–10], including methane combustion [9,11–13]. Au, as an alloying component,
could have a positive effect on the regulation of the active phase of Pd particles or act as an
electronic promoter for Pd [7,10,14].
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The support also plays an important role in the control of the catalyst structure. Among
different metal oxides, spinel-type Co3O4 is an interesting compound as a support for noble
metals. Its structure with variable valence states (Co2+/Co3+) makes it also active for the
catalytic combustion of methane [15]. Furthermore, the strong interaction between Co3O4
and Pd2+ in Pd/Co3O4 catalysts is supposed to enhance the catalyst activity for methane
combustion [16].

An increase in the surface area and the optimization of the morphology of the support
materials, including Co3O4, has attracted increased attention in recent times. Thus, it
was demonstrated by several studies that the morphology of Co3O4 plays an important
role in catalyst activity [16]. The support materials with high surface area and porosity
offer an advantage for metal-supported catalysts in terms of improved dispersion of
metallic particles. Metal loading on the support is the decisive factor for the reaction
temperature [16,17]. A higher metal loading allows a lowering of the reaction temperature
for the effective oxidation of methane. However, the loss of specific activity is typically
observed for higher metal loading due to the metal particle agglomeration and reduced
dispersion [16,18]. Nevertheless, catalysts with high Pd loadings are currently applied to
ensure the proper oxidation of methane [19] for a required lifetime [20], mainly due to the
strong tendency of Pd-based catalysts to deactivate throughout the operation.

Three-dimensional ordered, mesoporous metal oxides are the focus of interest as
support material through the design of customized catalysts because the reactants have a
sufficiently accessible high surface area, and the metal particles are stable in a dispersed
state [11–13,21].

In this context, we examined in previous works mesoporous CO3O4-supported Au–Pd
nanoparticles (Au–Pd@meso-Co3O4) as catalysts for application in catalytic combustion
sensors [22,23]. Catalytic combustion sensors are essential devices for the early detection
of flammable and explosive gases in various applications, e.g., in coal mines, petroleum
drilling, landfills and domestic fields [24,25]. Among other target gases, the main com-
ponents of natural gas, methane and propane, are typical for detection with catalytic
combustion sensors [26]. One of the most common catalytic combustion sensors is the
so-called pellistor. The sensing principle is based on the detection of heat generated by
the oxidation of the target gas on the catalyst deposited on the sensor substrate [27]. For
pellistors, catalysts of high activity to methane oxidation are required to give a satisfying
output signal, reduce power consumption and avoid thermal aging effects [25,28,29]. The
Au–Pd@meso-Co3O4 catalyst, composed of three-dimensional ordered mesoporous Co3O4
synthesized by a template method, and alloyed Au–Pd nanoparticles prepared by colloidal
synthesis according to Zhixing [11], achieved a favorable gas sensing performance towards
methane and propane at low operating temperatures of 400 ◦C [23]. The improved gas
sensing characteristics of the catalyst were attributed to the ordered mesoporous Co3O4
with a large specific surface area, enabling a high load with uniformly dispersed Au–Pd
nanoparticles up to 7.5 wt% according to energy-dispersive X-ray (EDX) analysis.

The catalyst stability over the sensor lifetime is an important issue with respect to
the application. Especially the catalytic combustion sensor, as a safety device, must be
satisfactory in terms of catalyst long-term stability, which mainly defines sensor reliability
and lifetime. The catalyst deactivation under operation temperatures is one aspect of
catalyst stability. The previous works of other authors on related metal-supported meso-
porous oxide catalysts, e.g., 1.93AuPd/meso-CoCr2O4 [12], 2.9AuPd/meso-Co3O4 and
0.6Pt/meso-Co3O4 [11,30], reported no significant thermal stability problems for catalysts
in methane combustion investigated on a short time scale (between 24 h and 60 h on-stream).
Nevertheless, there are studies reporting a loss of performance of porous metal oxide cata-
lysts by thermal treatment, e.g., Chen, et al. [31], described the deactivation of hierarchically
structured NiCo2O4 spinel oxide observed after catalyst treatment at 500 ◦C for 2 h indicat-
ing the catalyst susceptibility to increased temperatures. The reason for deactivation was
the destruction of the catalyst microstructure because of the thermal treatment.
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Therefore, the focus of our investigations was the examination of the stability of
Au–Pd@meso-Co3O4 catalyst on long-time scales (624 h) under operating conditions of
the pellistor. The Au–Pd@meso-Co3O4 catalyst with high metal loading of 7.5 wt% was
characterized concerning its sensor response towards different concentrations of methane
and propane in a temperature range from 200 ◦C to 400 ◦C. The measurements were
repeated to compare the sensor response of the fresh and used catalysts. The identical
measurements were also performed using a meso-Co3O4 catalyst without metal loading
to investigate the effect of Au–Pd particles on catalyst aging. The morphological aging
of the catalysts was examined using a scanning transmission electron microscope (STEM)
equipped with a secondary electron detector to visualize the surface topography with a
lateral resolution of approximately 1 nm.

2. Materials and Methods
2.1. Materials

The synthesis process of mesoporous Co3O4 supported alloyed Au–Pd nanoparticles
(Au–Pd@meso-Co3O4) was introduced in our former work [22,23]. The synthesis was
performed according to Zhixing, et al. [11]. Shortly, mesoporous Co3O4 (meso-Co3O4) was
synthesized by mixing Co(NO3)2·6H2O (2 g, 10.9 mmol, Sigma-Aldrich, St. Louis, MO,
USA, purity ≥ 98%) in toluene (50 mL) with self-synthesized KIT-6 template (1 g) which
was used as a structured frame directing the metal oxide growth [32]. After being stirred
for 3 h, the solid mixture was filtered and calcined at 600 ◦C for 4 h in the air to decompose
the nitrate salt and to form Co3O4 according to the structure of the template. Next, hot
NaOH (2 mol L−1) was applied at 70 ◦C to remove the silica template. Subsequently, the
product was washed with DI water twice and then with ethanol twice. After overnight
drying in an oven at 80 ◦C, the mesoporous Co3O4 was obtained. XRD measurements
confirmed the crystalline structure of the meso-Co3O4 material [22].

Colloidal synthesis was used to prepare alloying Au–Pd nanoparticles with narrow
particle size distribution. Au–Pd particles were prepared as follows: gold (III) chloride
trihydrate (Sigma-Aldrich, purity ≥ 99.9%) and palladium (II) chloride (Sigma-Aldrich,
ReagentPlus, 99%) was mixed in DI water in an ice bath. The molar ratio of Au:Pd
was 1:2. A certain amount of surface stabilizer polyvinyl alcohol (PVA, Sigma-Aldrich,
Mw 9000–10,000, 80% hydrolyzed) was added into noble metal salt aqueous solution to
ensure that the mass ratio between noble metal and PVA is 1:1.5. Then, 0.1 mol L−1 of the
reducing agent sodium borohydride (Sigma-Aldrich, purum p.a., ≥96%) was added into
the reactor rapidly to keep the molar ratio between noble metal and NaBH4 1.5:1. A dark
brown solution containing Au–Pd particles was formed immediately.

For preparation of the Au–Pd@meso-Co3O4 catalyst, a desired amount of mesoporous
Co3O4 was mixed with Au–Pd alloy solution and stirred for 12 h. After filtration with
deionized (DI) water, the Au–Pd@PVA@meso-Co3O4 material was calcined at 400 ◦C for
6 h to remove the polymer surface stabilizer and to anchor the particles on the metal oxide
surface. Finally, an Au–Pd@meso-Co3O4 catalyst loaded with 7.5 wt% of Au–Pd particles
was obtained, as confirmed by EDX analysis [22].

2.2. Sensor Preparation for Gas Characterization

Ceramic micro-substrates with a size of 2.3 × 2.1 × 0.4 mm3 (IST AG, Ebnat-Kappel,
Switzerland) were used to set up a pellistor sensor. The substrates contain a platinum heater
which functions simultaneously as a temperature-sensing element. The advantage of the
used substrate is its robustness and the linear temperature coefficient of resistance (TCR) for
platinum. A pellistor sensor is made up of two substrates. The first one without any coating
acts as a non-active reference substrate, while the second one with catalyst coating is the
active sensor component responding to combustible gases. Pellistors measure the thermal
response of the catalyst produced by catalytic oxidation of target gases. The thermal reaction
of the catalyst is detected by measuring the output voltage from a Wheatstone Bridge,
arising from the temperature difference between both substrates. The thermal response
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corresponds directly to the concentration of oxidized gas in the environment [29,33]. The
experiments were carried out with both catalysts, meso-Co3O4 and Au–Pd@meso-Co3O4.
To deposit the catalyst on the active sensor substrate, both materials were dispersed in DI
water with a solid content of 15 g L−1. Then, the prepared dispersions were deposited on
the substrates with a micropipette. After deposition, the coated substrates were heated in
dry air at 400 ◦C for 12 h to stabilize the catalyst layer on the substrate. Finally, the coated
substrates were welded onto TO39 sockets for gas characterizations.

2.3. Gas Sensitive Characterization

Four equal sets of experiments were performed on meso-Co3O4 and Au–Pd@meso-
Co3O4 catalysts integrated into one sensor device. One set was composed of the mea-
surement series carried out sequentially for different gas concentrations and at several
operating temperatures (400 ◦C, 350 ◦C, 300 ◦C, 250 ◦C and 200 ◦C) firstly for methane and
then for propane. Methane is a representative compound for hardly oxidizing gases, while
propane is an easily oxidizing, flammable gas. The gas concentrations of methane and
propane were 1%, 0.75%, 0.5%, 0.3%, 0.1%, 0.07% and 0.05%. The important concentration
ranges for pellistor applications are between 1% and 0.3% or 0.1% for detection of methane
and propane, respectively.

All gas measurements were carried out in a closed gas chamber filled consecutively
with synthetic air (21% O2, 79% N2; Westfalen AG, Münster, Germany) and with the target
gas of the specified concentration; each measurement period lasted 1 h. To obtain the
defined target gas concentration, the gases (10.00 vol% CH4 or 10.00 vol% C3H8 in synthetic
air; Westfalen, Germany) were mixed with synthetic air as a gas carrier using calibrated
mass flow controllers (Vögtlin Instruments, Muttenz, Switzerland). The measurements
from the first set were referred to as the fresh catalyst measurements, and from the fourth
set as the measurements on the used catalyst. The overall duration of all experiments for
each catalyst was 624 h.

2.4. Electron Microscopy Investigations

The surface topography of the catalyst was investigated by a probe-corrected transmis-
sion electron microscope (Hitachi HF 5000) equipped with an in-lens secondary electron
(SE) detector and operated at 200 kV. The microscope was operated in scanning transmis-
sion electron microscopy mode, and the corresponding SE signal was recorded, which will
be referred to as SE-STEM.

SE-STEM investigations were performed on freshly synthesized Au–Pd@meso-Co3O4
catalyst and on Au–Pd@meso-Co3O4 catalyst after gas experiments to examine morphologi-
cal changes of the catalyst. To investigate the role of Au–Pd nanoparticles on the stability of
Au–Pd@meso-Co3O4 as an entire catalytic system, the investigations were also performed
on the pure meso-Co3O4 catalyst as a reference system after conducting gas experiments.

To directly investigate the surface of the catalyst on the sensor substrate without any
alteration by the sample preparation, bulk-like samples with a thickness larger than 500 µm
were prepared by a special sample preparation procedure. This procedure includes removal
of contact wires, fixing the sample (sensor substrate with catalyst) on a copper ring which
acts as sample support and the removal of protruding parts of the sensor substrate as well
as the reduction of its thickness by laser. The applied sample preparation ensures that the
sample surface is not influenced.

3. Results and Discussion
3.1. Characterization of Gas Sensors

A series of experiments with different concentrations of methane and propane was
carried out in a temperature range from 200 ◦C to 400 ◦C to investigate the long-term
stability of Au–Pd@meso-Co3O4 and meso-Co3O4 catalysts under operation conditions of a
pellistor. It has to be taken into account that the given temperature reflects the temperature
at the substrate and not at the surface of the catalyst. The temperature of the catalyst
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depends on the heat of the reaction. The more catalytic active Au–Pd@meso-Co3O4 catalyst
experienced a much higher temperature than the meso-Co3O4 catalyst.

In Figure 1, the gas sensor signal as the output voltage of fresh Au–Pd@meso-Co3O4
catalyst to different concentrations of (a) methane, and (b) propane at 400 ◦C is shown
in comparison to the signal of the used catalyst. When comparing the output voltages
of Figure 1a with that of Figure 1b, it is visible that the oxidation of propane induces a
considerably higher sensor signal than methane of the same concentration, e.g., five times
higher for 1% gas concentration. The reasons for that are the higher standard reaction
enthalpy for propane oxidation (2220 kJ/mol) compared to methane oxidation (890 kJ/mol)
and the higher reactivity of propane for catalytic oxidation as well [34]. Moreover, Figure 1
reveals a remarkable decrease in the sensor signal for the used Au–Pd@meso-Co3O4 catalyst
for both gases, although the baseline maintains stability.
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Figure 1. Concentration-dependent gas sensor signal of Au–Pd@meso-Co3O4 catalyst measured
at 400 ◦C for fresh and used catalyst towards (a) methane, and (b) propane gas mixture in dry
synthetic air.

The signal of the fresh pellistor decreases rapidly with increasing methane concentra-
tion, while the signal of the used one is almost linear with methane concentration. This
indicates a significant decrease in the number of active sites where catalytic reactions can
occur. Whereas the reduction in catalytic capacity is greatly reduced in the early stages
of the long-term stability test, i.e., for the fresh pellistor, the sintering and aging of the
mesoporous structure and the aggregation of Au–Pd are rapid. When the material has
degraded to a certain degree, the system reaches an energy minimum, i.e., the stabilization
point, after which the collapse of the mesoporous structure and the aggregation of the
alloy becomes more difficult. Thus, the signal of the used pellistor is proportional to the
concentration.

For propane (Figure 1b), on the other hand, we have observed that both show almost
a linear relationship. A possible explanation is that the formation process of reactants
becomes more complicated for propane due to the increase of its carbon chain. The
formation of these intermediates and the covering of the catalyst surface by continued
oxidation becomes, to some extent, a protection against the rapid collapse of the mesoporous
material. At the same time, the mesoporous material under propane combustion reaches
a steady state very quickly with the help of thermodynamics, as the exothermic heat of
propane combustion is much higher than that of methane, resulting in a fresh material that
exhibits the same linearity as the used material.

To simplify the data representation, Figure 2 illustrates the average gas sensor response
of fresh and used Au–Pd@meso-Co3O4 catalyst to various concentrations of both gases as
well as the concentration-dependent residual response measured at 400 ◦C. The residual
response (in %) was calculated from the relation between the average gas sensor response
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of the used and fresh catalyst. The pellistor demonstrates an almost linear concentration
dependency of average gas sensor response for fresh Au–Pd@meso-Co3O4 catalyst to
methane (Figure 2a) and propane (Figure 2b) in a concentration range between 0.1 and 1%.
The linearity of the concentration dependency is maintained for both gases after a long-term
operation, although an unexpectedly high decrease in the sensor sensitivity is observed,
indicating considerable aging of the catalyst. The output voltage is decreased from 11.1 mV
to 2.2 mV for 1% of methane and from 61.6 mV to 22.9 mV for 1% of propane, demonstrating
that the sensitivity of the sensor to methane is more impaired than to propane due to higher
signal drop. This evidences that the reaction sites of high activity, which are necessary
for methane oxidation, are more affected by the aging process than the sites of moderate
activity sufficient for propane oxidation [24,35]. That is confirmed by an examination
of the residual response (Figure 2c). For increased methane concentration, the residual
response of Au–Pd@meso-Co3O4 remains unchanged at the same low value of 20%. In
the propane measurement, as the concentration increases, the residual response reduces
from 56% for 0.1% C3H8 to 37% for 1% C3H8, indicating that the oxidation of high propane
concentrations becomes less effective on the used catalyst. Such an oxidation behavior of
the Au–Pd@meso-Co3O4 catalyst could be explained by a strongly decreased concentration
of highly active sites needed for methane oxidation in the process of catalyst aging. The
moderately active sites are less influenced; however, their activity is not enough for the
effective oxidation of high propane concentrations.

Next, the mesoporous Co3O4 support was investigated under the same operating
conditions to gain more insight into the role of the support and nanoparticles on the
catalytic performance of Au–Pd@meso-Co3O4 catalyst. Figure 3 illustrates the pellistor
average gas sensor response of meso-Co3O4 catalyst, in a fresh and used state, to various
concentrations of methane (Figure 3a) and propane (Figure 3b) along with calculated
residual response at 400 ◦C (Figure 3c). As expected, the average gas sensor response of
meso-Co3O4 is significantly lower than that of Au–Pd@meso-Co3O4 at all concentrations
of methane and propane (e.g., up to 8 times for methane and up to 17 times for propane)
indicating the substantial contribution of alloyed Au–Pd particles to the overall catalytic
activity of the catalyst. Moreover, Au–Pd@meso-Co3O4 has a higher activation effect for
propane than meso-Co3O4. The sensor signal of fresh Au–Pd@meso-Co3O4 and meso-
Co3O4 to 1% C3H8 are 5.5 times or 2.7 times higher than 1% CH4 (compare Figure 2a,b
and Figure 3a,b), respectively. It is noteworthy that the catalytic activity of meso-Co3O4
underwent a significant decline during sensor operation as well. However, unlike Au–
Pd@meso-Co3O4, meso-Co3O4 shows a higher decrease in activity to propane compared
to methane. Output voltage drops for 1% C3H8 from 3.57 mV to 1.13 mV compared with
1.34 mV to 0.92 mV for 1% CH4.

Additional information is given by residual response (Figure 3c). As the methane
concentration increases, the residual response of meso-Co3O4 rises from 26% to 70%,
suggesting that the conversion of methane on the remaining reaction sites becomes more
effective with higher gas concentrations. The residual response of meso-Co3O4 to different
concentrations of propane is at approximately the same low level of 35%. A reasonable
explanation is that highly active sites of meso-Co3O4 needed for CH4 oxidation are less
affected by catalyst aging than the sites in Au–Pd@meso-Co3O4. The higher residual
response of meso-Co3O4 at higher methane concentration results from a more effective
methane activation on the aged catalyst when more molecules are available for adsorption.
Since the catalytic activation of methane is impeded due to a limited ability to bind to the
catalytic surface [19]. In the case of propane, the activity of meso-Co3O4 was from the
beginning low and is more affected by aging. The reason is due to the complex oxidation
process of propane which includes more intermediate steps until the molecule gets totally
oxidized [36,37]. It seems that the oxidation of the propane molecule is not complete on
meso-Co3O4.
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Figure 4 provides results of residual responses of Au–Pd@meso-Co3O4 (a) and meso-
Co3O4 (b) catalysts to methane and propane obtained at four operation temperatures.

Figure 4a,b imply that the residual response of both materials depends only scarcely
on the operation temperature. The slight response fluctuation could partially be caused by
the measurement uncertainty and continued aging of the catalysts. The residual response
of Au–Pd@meso-Co3O4 to methane and propane is similar at all temperatures and is in
the range between 20% and 38%. The meso-Co3O4 exhibits an unusually high residual
response to methane in the range between 70% and 85% but a low residual response to
propane in the range between 20% and 35%.
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3.2. Morphological Characterization

The performed gas experiments revealed that the catalytic response is considerably
reduced for both kinds of catalyst systems (Au–Pd@meso-Co3O4 and meso-Co3O4) during
continuous gas measurements, which indicates degradation of the catalyst. Since we did
not perform any tests with catalyst inhibitors, the catalyst deactivation due to chemical
poisoning was not expected [38,39]. The decreasing number of active sites is often accom-
panied by a reduction of the active surface area and changes in morphology due to thermal
aging typically occurring at higher temperatures. Therefore, the surface morphology of
the catalyst system was investigated by SE-STEM. The Au–Pd@meso-Co3O4 catalyst was
investigated directly after synthesis and after 624 h of operation at varied concentrations of
methane and propane and at different temperatures, while the meso-Co3O4 catalyst was
only investigated after performing gas measurements.

Figure 5 shows the original morphology of the Au–Pd@meso-Co3O4 catalyst. It
could be noticed that the freshly synthesized material has a loose three-dimensional frame
structure, and the mesopores are evenly dispersed, building a well-defined symmetric
hollow network. The noble alloy nanoparticles seen as spheres are evenly distributed
over the surface. Moreover, Au–Pd nanoparticles are also observed inside the surface near
pores. In combination with previous investigations in transmission, we conclude that the
AuPd-nanoparticles are homogenously dispersed throughout the complete mesoporous
network [22,23]. Thus, the mesoporous system of Co3O4 provides a high specific surface
area for anchoring nanoparticles and a high number of active sites for catalytic reactions,
which explains the high activity of the catalyst. The average particle size of Au–Pd alloyed
nanoparticles was determined to be 5.6 nm with a size distribution between 4 and 8 nm.
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Figure 5. SE-STEM images of freshly synthesized Au–Pd@meso-Co3O4 at different magnifications
of the same ROI. (a) complete three-dimensional frame structure at low magnification (b) at higher
magnification, the evenly distributed mesopores are visible (c) the high magnification shows the
Au-Pd nanoparticles in the mesopores.

Figure 6a–c show the same material after the long-term operation of the sensor. In
comparison to the fresh catalyst, the images of the aged Au–Pd@meso-Co3O4 sample
surface reveal two effects implying sintering. Firstly, the mesoporous structure of Co3O4
support has collapsed at the surface, accompanied by shrinking and partial or complete
closure of mesopores. In some places, even the formation of completely closed surfaces
through advanced sintering was visible (Figure 6c). Thus, the porous network inside the
mesoporous structure of Co3O4 is less accessible by the gas, leading to a reduction of
the specific surface area. The second observation is the significant enlargement of Au–Pd
particles, which are of spherical shape with an average diameter of 11.5 nm. Simultaneously,
significantly smaller particles of 1–3 nm, as indicated by arrows, coexist with notably larger
particles. The increase in particle size means the reduction of the specific surface area of the
metal catalyst. Furthermore, the particles are situated preferably inside the shrunken pores,
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which is an energetically stable position for nanoparticles [40]. Therefore, the particles
inside the porous network are less accessible to gases [41].
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Figure 6. SE-STEM images of Au–Pd@meso-Co3O4 at lower magnification (a) and for two ROIs
with higher magnification (b,c) as well as of meso-Co3O4 at different magnification (d–f) after gas
measurements for 624 h at varied methane and propane concentrations at temperatures between 200
and 400 ◦C. Some small Au–Pd particles are indicated by arrows.

The Au–Pd particles are the main catalytic component in the Au–Pd@meso-Co3O4
catalyst, as seen by the comparison of catalytic activities with meso-Co3O4 (Figure 2
vs. Figure 3), although Co3O4 provides active sites for oxidation as well. The loss of
catalytic activity of Au–Pd@meso-Co3O4 is correlated with the corresponding Au–Pd
nanoparticle enlargement and the reduction of gas access to the nanoparticles inside the
mesoporous structure due to the closure of pores at the surface. However, the instability of
the mesoporous structure of Co3O4 contributes to common catalyst deactivation as well.
One of the tasks of the support is the local stabilization of metallic nanoparticles. When the
support itself is structurally not stable, it cannot sufficiently stabilize the particles, and an
accelerated catalyst deactivation through particle sintering is expected [42].

However, in contrast to the Au–Pd@meso-Co3O4, the meso-Co3O4 support exhibits a
lower degree of degradation (Figure 6d–f). The mesoporous structure is still intact, although
a slight degradation of the mesoporous structure at the surface is also observed. The
higher remaining specific surface area of meso-Co3O4 coincides with the higher remaining
oxidation activity to methane. The strong adsorption of intermediates of propane oxidation
(fouling) on the active sites explains well the higher degree of catalyst deactivation for
propane oxidation [40]. Fouling can happen by testing with propane at low operating
temperatures of 200 ◦C and 250 ◦C, where the catalyst is less active, and the oxidation
process is not complete [36]. The fouling is not recognizable by the SE-STEM examination.
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The morphology comparison of both aged catalysts (Figure 6) indicates that the
presence of noble Au–Pd nanoparticles on meso-Co3O4 speeds up its aging through a
sintering process. Accelerated aging of Au–Pd@meso-Co3O4 catalyst could be a result
of the hot spots generated by agglomeration of the active phase [4]. The catalysts could
be diluted with quartz to minimize the effect of hot spots initiating the sintering [11,12].
However, further factors could contribute to thermal aging. In the following, the reasons for
the accelerated aging of the investigated catalysts are discussed, along with the mechanisms
of sintering.

3.3. Mechanism of Thermal Deactivation of Catalysts

Thermal deactivation of supported precious metal catalysts by sintering process is
usually problematic first at higher temperatures providing sufficient energy for atom or
even crystallite mobilization, e.g., sintering of Pt/Al2O3 catalyst can start at 600 ◦C [43].
Therefore, the question arises why the investigated Au–Pd@meso-Co3O4 exhibited such
rapid sintering of both components, Au–Pd and meso-Co3O4 already at temperatures
below 400 ◦C, which is in contrast to other reports dealing with similar catalysts [11].

The sintering process is driven by force directed to the minimization of high surface
energy, which is typical for nanoparticles possessing a convex surface [19,44]. Additionally,
nanostructured materials can feature an excess of Gibbs free energy ∆G due to a large
proportion of interfaces and different defects [31,45]. The observed sintering reveals that
the investigated 3D-ordered mesoporous morphology of Co3O4 is thermodynamically
not stable as well. Apparently, there are many reasons for the lower stability of the Au–
Pd@meso-Co3O4 catalyst.

The relative thermal stability of metals or metal oxides can be correlated in terms of
the Hüttig (THüttig) or Tamman (TTamman) temperatures, which are related to the absolute
melting point (Tmp, in K). These temperatures can be used to estimate the vulnerability of
the materials to sintering. Temperature drives the dissociation and diffusion of atoms of
metals and oxides in the sintering process. The mean lattice vibration of atoms increases
with higher temperatures. When THüttig (0.3 Tmp) is exceeded, less strongly bound surface
atoms at defect sites can dissociate and diffuse easily across the surface. Above TTamman
(0.5 Tmp), atoms in bulk become mobile [39]. Thus, surface diffusion starts at significantly
lower temperatures than solid-state diffusion and materials with high surface area and
high defect density are more prone to sintering.

A specific characteristic of the actual mesoporous structure of Co3O4 is the high
surface-to-bulk ratio and a large proportion of interfaces and defects due to its nanocrys-
talline structure, causing a high surface energy [22]. Moreover, Co3O4 possesses a relatively
low melting point of 895 ◦C [46], although some authors refer to a phase transformation
of Co3O4 to CoO occurring at 900 ◦C [47–49]. Therefore, it is difficult to define THüttig and
TTamman for Co3O4. Nevertheless, the phase transformation taking place at quite low tem-
peratures correlates with the lower thermodynamic stability of the structure. An extremely
high amount of surface atoms and their high mobility make this structure prone to sintering,
which was also observed particularly for Au–Pd@meso-Co3O4, whereby Au–Pd particles
affected the sintering rate of meso-Co3O4. Simultaneously to support sintering, the sinter-
ing of metal particles was noticed. The presence of small and large Au–Pd particles at the
same time on Au–Pd@meso-Co3O4 evidence metal particle sintering by atomic migration
or Ostwald ripening, whereas larger particles grow at the expense of smaller ones by atom
surface migration across support surface [20,38,40]. Due to comparably low operation
temperatures applied during gas measurement experiments (≤400 ◦C), atomic migration is
more probable than crystallite migration which requires higher thermal energy to induce the
motion of larger crystallites. Moreover, mainly single particles of different sizes and hardly
two touched particles were observed for Au–Pd@meso-Co3O4. The Ostwald ripening is
also identified by other authors as the most important mechanism of sintering at moderate
temperatures (up to 750 ◦C) [50]. With regard to industrial applications, we investigated
the catalyst with considerably higher metal content (7.5 wt%) as usually reported in the
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literature (up to 3 wt%) [11]. Certainly, it is known that besides temperature and support
features such as surface area, texture and porosity, the sintering rates are affected by metal
type and metal loading on support [44]. The activation energy Eact for sintering decreases
with increased metal loading [6,39,50]. Additionally, the high Au–Pd metal loading in-
creases the surface temperature locally because of hot spot formation. Hot spots accelerate
the sintering rate of the Co3O4 support (kinetic effect), which stringent mobility of surface
atoms, in turn, intensifies the migration of metal atoms. The additional factor affecting
the sintering of Au–Pd particles is the alloying of palladium (Tmp = 1828 K) with gold,
which has a considerably lower Tmp (1336 K). To improve the stability of nanoparticles the
metal of higher Tmp should be used for alloying [10,51]. In addition, metal nanoparticles
melt at significantly lower temperatures than the respective bulk material. For example,
the melting point of 2 nm Au particles is about 600 K [44]. Regarding lower Thüttig it is
conceivable that alloying with Au affects the metal atom mobility, reducing the thermal
stability of Au–Pd particles and the entire long-term stability of the catalyst. In the work of
Bechelany, et al., Au demonstrated very high mobility on Si surfaces already at 400 ◦C [52].
Therefore, Au is due to the high atomic migration apparently less appropriate for alloying
for catalysts used at increased operation temperatures.

4. Conclusions

The investigation of the long-term stability of Au–Pd@meso-Co3O4 and meso-Co3O4
catalysts under sensor operation conditions reveals that both catalysts exhibit different
deactivation behavior towards methane and propane oxidation. The different activity of
both catalysts to methane and propane after performing long-term operations provides
an argument for the presence of different reaction sites on the catalysts and their different
susceptibility to deactivation processes taking place. The deactivation of Au–Pd@meso-
Co3O4 is mainly due to occurred sintering. Thus, Co3O4 in Au–Pd@meso-Co3O4 catalyst
lost to a high degree the access to its hollow mesoporous structure by the closure of pores
at the surface. Furthermore, the size of Au–Pd particles significantly increased through
Ostwald ripening when compared to their initial state. Since the nanostructure of Co3O4
in meso-Co3O4 support was less affected by the sintering process than in Au–Pd@meso-
Co3O4, which correlates with higher remaining oxidation activity, the promoting role of
Au–Pd nanoparticles in the degradation of mesoporous Co3O4 support was identified.
Nevertheless, the reasons for the high degradation of the Au–Pd@meso-Co3O4 catalyst
are both the instability of the mesoporous structure of Co3O4 and the low stability of
Au–Pd nanoparticles, owing to their high surface energy and low phase transformation
temperature of Co3O4 enabling high mobility of surface atoms at low temperatures. The
alloying of Pd with Au, which reveals even higher mobility, is an additional effect promot-
ing the Ostwald ripening of metal nanoparticles. In conclusion, it can be stated that an
Au–Pd@meso-Co3O4 catalyst is, despite its high catalytic activity, not suitable for long-term
catalytic application at operation temperatures higher than 300 ◦C, owing to its low thermal
stability. Thus, when designing new sustainable catalysts, the thermodynamical stability of
all components must be considered.
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