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Abstract: The structure and performance stability of a Pt-based catalyst for propane dehydrogenation
during its reaction–regeneration cycles is one of the key factors for its commercial application.
A 0.3% Pt/Al2O3 catalyst with a sub-nanometric particle size was prepared and two different
types of regeneration processes, long-term dichloroethane oxychlorination and a reaction–oxidation–
oxychlorination cycle, were investigated on this catalyst. The fresh, sintered and regenerated catalyst
was characterized by HAADF-STEM, CO-DRIFTS, XPS, CO chemisorption and N2 physisorption,
and its catalytic performance for propane dehydrogenation was also tested. The results show that the
catalysts tend to have a similar particle size, coordination environment and catalytic performance with
the extension of the regeneration time or an increase in the number of cycles in the two regeneration
processes, and a common steady state could be achieved on the catalysts. This indicates that structure
of the catalyst tends to approach its equilibrium state in the regeneration process, during which the
utilization efficiency of Pt is maximized by increasing the dispersion of Pt and its intrinsic activity,
and the structural robustness is secured. The performance of the catalyst is comparable to that of a
single-atom Pt/Al2O3 catalyst.

Keywords: propane dehydrogenation; supported Pt catalyst; regeneration; oxychlorination;
re-dispersion; sintering

1. Introduction

Propane dehydrogenation (PDH) is the preferred method for on-purpose propylene
production, in which a supported Pt-based catalyst is widely used [1]. However, these
Pt-based PDH catalysts still suffer from coking problems and require frequent regeneration
to restore their catalytic performance [2,3]. In the regeneration process, the catalyst is firstly
oxidized under a high temperature in an oxidation atmosphere to remove the accumulated
cokes, during which the Pt sintering problem occurs [4,5]. Then, the re-dispersion of Pt
through oxychlorination treatment using Cl2 or HCl as the chlorine source is carried out to
fully recover the catalyst’s performance [2,6]. Therefore, the oxychlorination process has a
great influence on the catalyst’s stability and the economics of the process.

For the oxychlorination of a Pt-based propane/butane catalyst, very few studies have
been reported [4,7–10] and this topic is not included in the recent reviews. A concise
summary of the oxychlorination of Pt-based catalytic reforming catalysts can be found
in the literature [7]. Choi et al. [7] introduced hydrochloric acid into a Pt-Sn/Al2O3 PDH
catalyst after coke burning and found that oxychlorination-like conditions could be formed
during calcination in the air, leading to the regeneration of the catalyst. The effectiveness
of regenerating a series Pt-Sn/Al2O3 PDH catalyst by dichloroethane oxychlorination
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has also been verified, and the performance of the regenerated catalyst was found to
be a function of the oxychlorination conditions, which suggests that the coordination
environment of Pt should be considered to optimize the catalyst [9]. Anstice et al. [10]
used 1,2-dichloropropane as a chlorinating agent to regenerate a γ-Al2O3 supported 3 wt%
Pt–4.5 wt% Sn catalyst for a butane/H2 reaction. The results suggested that the addition of
1,2-dichloropropane before the reduction of the catalyst could induce the formation of the
Pt1Sn1 alloy and increase the dehydrogenation selectivity. Masoudian et al. [8] investigated
the regeneration of a commercial Pt-Sn/γ-Al2O3 catalyst for isobutane dehydrogenation
using HCl and Cl2 as oxychlorination agents. The dispersion of the regenerated catalyst
was close to that of the fresh catalyst, as was its catalytic activity.

Recently, some highly dispersed (single-atom, cluster or subnanosized) Pt catalysts
with enhanced metal–support interactions were reported to be effective PDH catalysts,
showing low deactivation rates and good structural stability [11–17]. However, it should
be noted that these catalysts are usually tested under a reaction temperature below 600 ◦C,
which is lower than the industrial PDH reactor inlet temperature. This means that the
coking problem may be underestimated [18] and, as a consequence, so is the sintering
problem during coking oxidation due to the exothermic effect of this reaction. The necessity
of the re-dispersion of these highly dispersed catalysts by oxychlorination treatment needs
to be further verified, especially for those with the absence of promoters, to enhance metal
dispersion, e.g., Sn, etc.

The oxychlorination of supported metal catalysts involves complex physical and chem-
ical processes, such as metal species transformation, the detachment of metal atoms from
large particles, the migration and anchoring of metal species on the carrier surface and
metal aggregation [19–22]. From a kinetic point of view, the re-dispersion process can be
seen as the reversible process of microcrystalline growth, and the tendency to sinter or and
disperse in metals is related to the operating conditions [23–25]. When the equilibrium
of the process is reached, a limit of metal dispersion could be obtained under specified
treatment conditions for a given catalyst, which is the driving force of the re-dispersion
kinetics and affects the structural stability of the regenerated catalyst [24,26–29]. From a
thermodynamic point of view, the particle size of Pt in the equilibrium state is a function of
the metal/support adhesion energy, the surface energy of Pt and the metal’s bulk subli-
mation enthalpy [23,30], which measures the Pt–support, surface Pt–Pt/adatoms and bulk
Pt–Pt interaction, respectively. When the supported metal particle size decreases to the
sub-nanoscale, the metal—support adhesion energy and metal surface energy increase [31]
and then the equilibrium as well the dispersion kinetics of these catalysts may differ from
those of nanosized supported catalysts. Unfortunately, re-dispersion research in the early
years was usually carried out on catalysts with a particle size of several to tens of nanome-
ters. The re-dispersion behavior of highly dispersed catalysts by oxychlorination and its
influence on the catalyst structure and catalytic performance needs to be further addressed.

In this work, long-term oxychlorination treatment and multiple cycles of reaction–
oxidation–oxychlorination treatment of a highly dispersed Pt/Al2O3 catalyst were adopted
to examine whether the catalyst could approach to an equilibrium state, and then to verify
the effectiveness of the re-dispersion of the sintered supported Pt catalyst to regain its
sub-nanometer size without the help of a Sn promoter. The evolution of the structural
properties, e.g., particle size, electronic structure and coordination environment, etc., and
the PDH performance of Pt during the oxychlorination treatment were explored. These
results could be valuable for the development of high-performance Pt-based PDH catalysts
with high structural stability during repeated reaction–regeneration cycles and pave the
way for the application of highly dispersed supported metal catalysts by addressing the
concern regarding their structural robustness.
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2. Results
2.1. Characterization

The XRD results in Figure 1a show that all the catalyst samples exhibit obvious
diffraction peaks at 31◦, 32◦, 37◦, 40◦, 45◦ and 67◦, which are similar to those of typical
θ-Al2O3 (PDF NO#35-0121). No obvious Pt diffraction peak can be observed in any of the
samples, indicating that Pt is highly dispersed or exists in an amorphous state. Figure 1b
shows the nitrogen adsorption isotherms of the catalyst. It can be seen that all the samples
have type IV adsorption isotherms, with obvious H3-type hysteresis loops, indicating that
the pores are mesoporous and macroporous, with irregular shapes [32]. The specific surface
area, average pore size and total pore volume of the catalysts are listed in Table 1, and the
curves of the pore size distribution are shown in Figure 1c. It is obvious that, except for
the fresh catalysts, all catalysts have very similar textural properties and pore structures.
The slight difference in the fresh sample compared to the others may be due to the lower
calcination temperature used for the catalyst’s preparation. Figure 1d shows the SEM image
of the fresh sample, which shows that the morphology of the sample is irregular and the
chunks are composed of particles with different sizes adhering to each other. After sintering
or regenerating fresh catalysts, the morphological characteristics remain unchanged (the
images are not shown here). These results testify that, after sintering and two types of
regeneration treatment, the samples have a similar crystal phase, morphology and textural
properties, and changes in these properties have a minor effect on the supported catalysts.
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Figure 1. The characterization results of different samples: (a) XRD, (b) N2 physisorption isotherms,
(c) pore diameter distribution and (d) SEM images.

Figure 2 shows the HAADF-STEM images of different samples. It can be found that Pt
is evenly distributed on the carrier. The average particle size of Pt in the fresh catalyst is
0.91 nm and increases to 1.20 nm after sintering (as shown in Figure 2a,b). When gradually
extending the oxychlorination time, the Pt particle size decreases and approaches 0.95 nm
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after 4 hours of treatment (Figure 2e). After one, four and eight cycles of oxychlorination, the
average particle sizes of Pt are 1.04 nm, 0.95 nm and 0.93 nm, respectively. The amplitude
of the change in particle size gradually decreases and finally approaches a quasi-stable
state. The Oxy-4 h and Re-8 cycle samples have a similar particle size, indicating that,
despite the differences in the two regeneration processes, the Pt particles could achieve
similar dispersion.

Table 1. Textural and structural properties and catalytic performance of different samples.

Sample SBET
1

(m2/g)
Dpore

1

(nm)
Vpore

1

(cm3/g)

Pt
Dispersion 2

(%)

Pt4+ Ratio 3

(%)
TOF
(s−1)

Fresh 88.1 12.5 0.35 80.2 24.1 1.96
Sintered 78.9 14.8 0.36 48.3 35.3 1.58

Oxy-30 min 82.3 13.4 0.37 60.5 27.0 1.84
Oxy-1 h 85.1 14.0 0.36 70.8 23.3 1.88
Oxy-4 h 81.7 13.8 0.33 73.5 22.0 1.86

Re-1 cycle 87.5 14.3 0.39 59.5 28.0 1.42
Re-4 cycles 84.8 14.0 0.37 69.4 26.9 1.48
Re-8 cycles 83.4 14.2 0.39 72.4 21.1 1.84

1 Determined from N2 physisorption, 2 determined from CO chemisorption, 3 determined from XPS.

The dispersion of Pt in the catalyst determined from CO chemisorption characteriza-
tion is shown in Table 1. The gradual increase in dispersion can be observed, consistent
with the results obtained from HAADF-STEM, although the calculated average particle
sizes are slightly different from those determined by the HAADF-STEM characterizations.
The difference in the results obtained from these two methods has also been reported previ-
ously [9,33], and it may be caused by the unique morphology and/or local coordination
environment of the Pt [22,34]. The close dispersion of the Oxy-4 h and Re-8 cycles confirms
that a similar dispersion limit of Pt could be reached after both the regeneration processes.

The CO-DRITFS characterization results are shown in Figure 3. The absorption peak
around 2000–2100 cm−1 can be found on all the samples, which is caused by CO linear ad-
sorption on Pt with different coordination numbers [28,35–37]. The ~1820 cm−1 absorption
peak, attributed to the bridge adsorption of CO on Pt–Pt multiple sites [36], can be observed
on the fresh and sintered samples, which indicates that some aggregated Pt atoms exist on
these two samples, even though the fresh sample has a smaller particle size, determined by
the HAADF STEM results, than the Oxy-4 h and Re-8 cycle samples. This peak can also
be found on the Re-1 cycle sample, but not on Oxy-30 min, which underwent a similar
oxychlorination treatment. The temperature of the precedent oxidation process for these
two samples was identical, but some cokes accumulated on the Re-1 cycle sample before its
oxidation, and the actual oxidation temperature on the sample surface should be higher
due to the exothermic coke oxidation reaction, which will lead to the more severe sintering
of Pt [38]. With the extension of the Oxy process time or an increase in the number of recycle
processes, a more even distribution of Pt is achieved, as evidenced by the disappearance of
the peak around 1820 cm−1. The spectra of the Oxy-4 h and Re-8 cycles are very similar
according to the peak temperature and peak area ratio between different adsorption peaks,
which indicates that the distribution of Pt and the local coordination environment of Pt in
these two samples tend to approach a similar stable state.

The XPS characterization results are shown in Figure 4. The Pt 4d orbital signal is used
to characterize the electronic valence state of Pt due to the partial overlap between the Pt 4f
and Al 2p orbitals. The characteristic peaks in the regions of 316.8~318.5 eV, 314.6~315.6 eV
and 311.8~312.9 eV can be attributed to Pt4+, Pt2+ and Pt0, respectively [4,39]. The higher
content of Pt4+ in the sintered catalyst is consistent with the research results of Le Normand
et al. [29] and indicated that the surface of Pt is covered with PtO2. The content of Pt4+

significantly decreases after regeneration, which suggests that the Cl introduced in the
oxychlorination process interacts with Pt, and Pt-O-Cl species are formed to facilitate the
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migration and dispersion of Pt in the sintered catalyst [21,22,26,40]. As the regeneration
proceeds in both the Oxy process and recycle process, the peak area ascribed to Pt4+

decreases and finally achieves a quasi-steady state, reaching 22.0% and 21.1% of the total
peak area in the Re-8 cycle and Oxy-4 h samples, respectively. These results indicate that
the electronic structure of Pt tends to show some common features, although the samples
underwent different regeneration processes.
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Figure 2. HAADF-STEM images of different samples: (a) fresh, (b) sintered, (c) Oxy-30 min, (d) Oxy-1
h, (e) Oxy-4 h, (f) Re-1 cycle, (g) Re-4 cycles, (h) Re-8 cycles. The dotted circles indicate the presence
of Pt particles.
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purple, Pt4+; green, Pt2+; pink, Pt0 and red, summation of the three peaks. (a) Fresh and Sinter
catalyst, (b) catalysts after Oxy process, (c) catalysts after Recylce proess.
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2.2. Catalytic Performance

Figure 5 shows the results of the catalytic performance test. The initial conversion of
the fresh catalyst was 21.7%, which decreased to 9.9% after sintering. With the increase in
the number of cycles in the regeneration process, the PDH activity of the catalyst gradually
increased from 10.9% to 13.2% and tended to stabilize at 17.1% after eight cycles, which is
close to the 17.6% conversion obtained on Oxy-4 h. The selectivity over all the catalysts is
higher than 92% at the initial stage of the reaction and tends to increase and stabilize in the
range of ~92–96%, which is close to that obtained on an alumina-supported single-atom
Pt catalyst [41], indicating that the Pt is highly dispersed. The Oxy-4 h and Re-8 cycles
have the same selectivity of ~95.0%, apparently higher than those on fresh, sintered and
other samples. The coke amounts determined by TG in these two samples are also close,
at 2.17 wt% and 2.14 wt%, respectively. The similarity of the catalytic performance over
these two catalysts can be seen as a consequence of their similar structural properties, as
these results are sensitive to the catalyst’s structural properties and can be used for reactive
characterization [42].
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3. Discussion

The similarity in the structure and performance of the Oxy-4 h and Re-8 cycle samples
demonstrates that the highly dispersed Pt/Al2O3 catalysts tend to approach a quasi-
equilibrium state. This state corresponds to the ‘maximum allowable catalyst dispersion’ of
Pt/Al2O3 with a Pt particle size of several nanometers during the HCl oxychlorination re-
dispersion process [24], or the ‘equilibrium radius’ of nanosized metal particles during the
sintering process [43], which is the source of the driving force for the reversible sintering/re-
dispersion kinetics. This thermodynamic equilibrium state indicates that the structure of
the highly dispersed Pt catalyst for PDH could be fully restored if the catalyst is properly
regenerated and is robust during the reaction–regeneration cycles, although the sintering
of Pt could occur during oxidation in the coke process.

The gradual approach of the quasi-equilibrium state during the re-dispersion of the
supported Pt catalyst can also be used to boost its catalytic performance. After the re-
dispersion process, more Pt atoms could be exposed to the reaction atmosphere due to the
increase in metal dispersion. Moreover, the TOF for propane conversion (see Table 1) also
increases, which is calculated according to the following formula:

TOF =
C3H8,convsrion × FC3 H8

mcat × WtPt loading × DPt
Mpt

(1)

where C3H8,convsrion and FC3 H8 are the initial propane conversion (%) and inlet propane flow
rate (mol/s), respectively; mcat, WtPt loading, DPt and Mpt are the catalyst loading amount
(g), Pt loading on the catalyst (wt%), Pt dispersion (%) and molecular weight of Pt (g/mol).
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These results verify that the utilization efficiency of Pt could be maximized during
the re-dispersion process. Meanwhile, the selectivity to propene increases and the coking
reaction decreases due to the isolation of Pt atoms and diminishment of multi-Pt–Pt bonds
to catalyze the side reaction of PDH [44,45].

In the process of catalyst regeneration, the change in the particle size indicates that
Pt atoms can detach from large particles and migrate on the surface of the carrier, be
gradually anchored at different sites of alumina and, finally, reach a quasi-steady state after
long-term regeneration. The DFT results obtained by Zhou et al. [46] demonstrate that
the oxychlorination reaction can reduce the minimum temperature of Pt evaporation and
increase the maximum allowable temperature of the capture of Pt species, which leads
to a thermodynamically favored re-dispersion process. Further, Li et al. [47] show the
universal volcano dependence of the metal nanoparticle’s sintering kinetics on the metal–
support binding energy, which can be used as a single descriptor to predict nanoparticle
growth rates. A strong Pt–support interaction would be helpful for the dispersion of Pt,
and Pt tends to be anchored, during its migration on the support surface, on sites with
strong interaction, enhancing its structural stability [48,49]. The catalytic performance
could also benefit from the changing of the anchoring sites of Pt and metal–support
interaction, as verified by the above, as well as others’, experimental results [34,50,51]
and DFT calculation results [52,53]. Furthermore, the tendency for Pt anchoring on sites
with strong metal–support interaction during the oxychlorination process would ensure the
structural robustness of the catalyst during reaction–regeneration cycles, although sintering
may occur during the coke oxidation process.

The steady state of the catalyst after regeneration is influenced by several factors,
e.g., the loading of Pt, carrier properties and oxychlorination treatment conditions [54–57].
From a catalyst development point of view, special attention should be paid to the carrier
surface properties because these properties are key to determine the performance and
structural stability of the Pt-based catalyst for PDH [15]. Due the unavoidable coking
problem, the catalyst regeneration process is still needed for Pt-based PDH catalysts to
recover their performance. During repeated reaction–regeneration cycles, it is reasonable
to conclude that the catalyst structure tends to approach its equilibrium state, as shown
in this study. Then, the anchoring site for Pt and its local coordination environment are
largely determined by the carrier surface properties and Pt–support interaction. Given a
certain amount of Pt loading, tailoring suitable carrier surface properties can help Pt to
selectively reside on these sites with a strong Pt–support interaction and retain its structural
robustness and performance stability throughout its whole usage lifetime.

The influence of the oxychlorination conditions on the steady state of the regenerated
catalyst can be interpreted from a dispersion kinetics point of view. In a dichloroethane
oxychlorination process, the dichloroethane is dissociated in the oxidation atmosphere to
generate active chlorine species through various mechanisms [22]. Therefore, the reactant
concentration and temperature would influence the formation rate of the key species for
re-dispersion, Pt-O-Cl and the mobility of these complexes. The re-dispersion efficiency is
determined by the competitiveness between the sintering and dispersion rate. For example,
increasing the temperature promotes chlorine dissociation and may enhance re-dispersion.
However, it also decreases the metal–support interaction, increases the mobility of metal
species and may increase the sintering rate [22]. As a result, the final steady catalyst
structure may be a function of the oxychlorination conditions, and further study of the
detailed re-dispersion kinetics would be helpful for the application of highly dispersed
catalysts in PDH. Lastly, the calcination temperature also affects the re-dispersion efficiency.
On one hand, metal particles are mobile during the process, leading a change in the metal
structure; on the other hand, the surface and structural properties of the alumina support
may also be altered. The influence of this factor needs to be further addressed.
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4. Materials and Methods

The incipient wetness impregnation method was adopted to prepare the fresh Pt/Al2O3
catalyst using H2PtCl6·6H2O aqueous solution as the precursor and θ-Al2O3 obtained from
calcining a boehmite (PURALOX, Sasol Ltd., Oklahoma, OK, USA) at 1000 ◦C for 6 h as the
carrier. The precursor solution was adjusted to obtain different Pt loadings and added to
the carrier dropwise with continuous stirring. The impregnated sample was aged at room
temperature for 12 h, dried in a 120 ◦C oven for 8 h and then placed in a muffle furnace
to be heated to 500 ◦C at 10 ◦C/min, where it remained for 3 h to obtain the fresh catalyst
(referred to as fresh hereafter). The sintered catalyst (referred to as sintered hereafter) was
prepared by heating the fresh catalyst in a muffle furnace at a ramp of 10 ◦C/min to 650 ◦C,
where it remained for 4 h.

Two types of oxychlorination regeneration processes were adopted here. The first one
(Oxy process) was the regeneration of the catalysts under fixed conditions: temperature,
500 ◦C; oxygen concentration, 20 vol%; dichloroethane flow rate, 351 µmol/min; and var-
ious treatment durations. Ar was used as a balance gas to maintain a total flow rate of
80 mL/min. In each experiment, 0.1 g sample was loaded in the reactor. The obtained sam-
ple was called Oxy-* (* refers to different treatment times). The second one (recycle process)
was a cycling process: the sintered catalyst was firstly tested for its catalytic performance
under the following conditions: catalyst loading, 0.1 g; reaction temperature, 575 ◦C; inlet
flow rate of hydrogen, propane and argon, 16, 12.8 and 47.2 mL/min, respectively; and
reaction duration, 3 h. Then, an oxidation process (temperature, 500 ◦C; air atmosphere;
treatment time, 1 h) was carried out to remove the accumulated cokes, and finally the
oxychlorination treatment under the same conditions as Oxy-30 min was run. The recycle
process was carried out for different times and the samples after 1, 4 and 8 cycles were
denoted as Re-1 cycles, Re-4 cycles and Re-8 cycles, respectively.

An ASAP2020 instrument (Micromeritics Instrument Corporation, Norcross, GA,
USA) was used to carry out the nitrogen physical adsorption to obtain information on the
specific surface area, pore volume and pore size distribution of the catalysts. The samples
were degassed under a vacuum at 300 ◦C for 4 h before the measurement, which was
carried out under −196 ◦C. Carbon monoxide chemisorption (CO Chem) was carried out
on the AutoChem2920 chemisorption instrument (Micromeritics Instrument Corporation,
Norcross, GA, USA) to obtain the dispersion of Pt. The sample was firstly reduced in
10 vol% H2/Ar at 300 ◦C for 1 h and then cooled down to 30 in Ar. Afterwards, the CO
pulse was injected repeatedly until the saturation adsorption of the sample was reached.
X-ray diffraction (XRD) was performed on a D & advantage X-ray diffractometer (Cu
Kα radiation, λ = 1.5406 Å, Bruker Corporation, Billerica, MA, USA) operated at 40 kV
and 30 mA to characterize the crystal structure of the catalyst. The scanning speed was
5◦/min and the scanning angle was 10–80◦. Field emission scanning electron microscopy
(SEM) was used to observe the morphological characteristics of the catalyst on a S4800 field
emission scanning electron microscope (Hitachi Ltd., Tokyo, Japan). The SE2 detector was
used, with an acceleration voltage of 20 kV and a working distance of 6 mm. The X-ray
photoelectron spectroscopy (XPS) characterization was carried out on an ESCALAB 250Xi
spectrometer (Thermo Scientific, Waltham, MA, USA) to collect the full spectrum scanning
information at 0~1200 eV and the scanning spectrum of Pt. The particle size and distribution
of active metals were observed on a high-angle annular dark field scanning transmission
electron microscope (HAADF-STEM) and a Jem-2100F electron microscope (JEOL Ltd.,
Musashino, Japan) operated at a 200 kV accelerating voltage. The particle size distribution
of Pt was determined by the statistics of about 250 metal particles. Thermogravimetric
analysis (TG) was performed using a Pyris 1 thermogravimetric analyzer (PerkinElmer
Instruments Co., Ltd., Waltham, MA, USA) to characterize the coke content of the catalyst
after the reaction. The catalyst was heated from room temperature to 800 ◦C under an air
atmosphere. Carbon monoxide diffuse reflectance Fourier transform infrared (CO-DRIFTS)
was used to obtain the spectra of the adsorption of CO on the metal, using a PerkinElmer
Spectrum 100 FTIR spectrometer equipped with a liquid nitrogen-cooled MCT detector
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(PerkinElmer Instruments Co., Ltd, Waltham, MA, USA). The sample powder (~50 mg)
was reduced in pure hydrogen (20 mL/min) at 200 ◦C for 0.5 h and cooled down to 30 ◦C
in Ar (20 mL/min). Then, the background spectrum of the sample was scanned under
argon gas. After this, CO was introduced for 30 min and purged with argon (20 mL/min)
for 1 h; the FT-IR spectra were recorded in the scanning range of 4000–400 cm−1.

5. Conclusions

The regeneration of a sintered, highly dispersed Pt/Al2O3 catalyst by dichloroethane
oxychlorination treatment was verified to recover its catalytic performance. A quasi-steady
structure of the catalyst could be achieved through either long-term treatment or multiple
reaction–oxidation–oxychlorination cycles, which was evidenced by the similar particle
size distribution, coordination environment and electronic structure of Pt and the catalytic
performance of the catalyst. The steady catalytic activity (TOF for propane conversion,
~1.9 s−1) and selectivity to propene (~95%) were close to those of single-atom Pt/Al2O3.
The strong Pt–support interaction is the key to maintaining the steady structure and,
consequently, the catalytic performance of the catalyst during reaction–regeneration cycles.
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