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ARTICLE INFO ABSTRACT

Keywords: Propylene, a crucial component in the chemical industry, holds a prominent position as the second-largest
PtGa material within petrochemicals, serving as a foundational element for major synthetic materials and essential
Lanthanides . industrial chemicals such as acetone and isopropanol. Conventional propylene production methods confront
Propane dehydrogenation . . . s . .
X environmental challenges, promoting the investigation of alternative pathways, such as direct propane dehy-
Performance descriptors . . . .
. . drogenation. While commercial PtSn or PtGa-based catalysts have demonstrated success in propane dehydro-
Strong metal-support interactions . . " o . . -~
genation, further enhancements are imperative to mitigate operational costs. Therefore, this study utilizes four
lanthanum-group elements (La, Ce, Pr, and Nd) with varying loadings (1 wt%, 3 wt%, and 5wt%) to modify
PtGa/AlyO3 catalyst, resulting in improved conversion, selectivity, and stability. Furthermore, this research es-
tablishes a clear structure-activity relationship based on some key performance descriptors, underscoring the
effectiveness influence of reducibility, total acid concentration, and total coke content in conversion, selectivity,
and stability. The impact of strong metal-support interactions on conversion and stability should also be
considered, highlighting the complexities in accessing catalytic performances. The exploration of diverse per-
formance descriptors revealed in this study contributes to the rational design of catalysts for propane dehy-
drogenation, addressing ongoing efforts to refine and tailor catalysts for efficient propane dehydrogenation. This
study also offers valuable insights for optimizing catalytic performance across various industrial reactions,

further advancing the field of catalysis and promoting sustainable and efficient chemical processes.

1. Introduction

Propylene, a pivotal constituent in the chemical industry, ranks as
the second-largest starting material in petrochemicals [1]. It serves as a
foundational element for the production of three major synthetic ma-
terials: plastics, synthetic rubber and synthetic fibres [2]. Moreover,
propylene undergoes processing into other significant industrial chem-
icals, such as acetone and isopropanol [1,3,4]. Despite traditional pro-
pylene production methods, like fluid catalytic cracking (FCC) and
steam cracking (SC), constituting over 80 % of industrial propylene
production in 2016, they suffer from low atom-economy, involve toxic
reactants, and utilize non-renewable feedstocks, and require catalyst
regeneration rendering them less environmentally friendly and sus-
tainable [4-6]. In contrast, emerging processes like direct propane
dehydrogenation present a promising avenue, overcoming drawbacks
associated with toxic chemicals and minimizing side-product generation
under proper operation conditions [4]. Furthermore, the forecasted
annual growth of propylene demand at a rate of 2-3 % by 2030 and the
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surge in demand during the COVID-19 pandemic for polypropylene,
particularly in the production of surgical masks, underscore the need for
alternative propylene production routes, including propane dehydro-
genation [3,6,7].

Within the realm of propane dehydrogenation, despite its significant
environmental benefits, the inherently endothermic thermodynamics
mandate high operating temperatures (550 — 700 °C) [3]. These severe
conditions pose challenges to catalytic activity, selectivity and stability
[8]. Therefore, the development of a catalyst that is not only active but
also exhibits selectivity and stability. It is imperative for this process to
be sustainable. Currently, two main types of commercial cata-
lysts—Pt-based and CrOx-based-are commonly available for propane
dehydrogenation [6]. Beyond these, additional technologies have
emerged, such as ADHO, developed by the China University of Petro-
leum in 2016, which utilizes refectory oxides as dehydrogenation cata-
lysts. Similarly, in 2018, KBR’s K-PRO™ technology introduced a novel
catalyst system that are both non-Pt and non-Cr [6]. While CrOx-based
catalysts, owing to their low price and high catalytic activity, have been
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widely commercialized in FBD-4 and CATOFIN processes, but the high
toxicity and environmental hostility push the exploration of alternative
metal oxide catalysts with low or non-chromium content [6,8]. In
contrast, Pt-based catalysts show an excellent ability for C-H bond
activation coupled with a low tendency for C-C bonds breakage as well
as an eco-friendly character. However, their high tendency to coking and
sintering and high cost require the development of more selective and
stable Pt-based catalysts, particularly by using appropriate promoters
[4,6,9]. Among all the promoters, Sn and Ga have proven to be the most
successful ones in augmenting Pt catalysts in propane dehydrogenation,
as demonstrated by their application in catalysts for Oleflex
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(PtSn/Al,03), Dow FCDh (PtGa/Al;03), and other commercial processes
such as STAR and PDH [10]. The use of Sn or Ga promoters leads to
higher propane selectivity and increased diffusion of coke away from the
active Pt sites, explained by the well-known ‘“geometric effect”” and
“electronic effect”” [11,12]. Despite the significant enhancement in
catalytic performances using Sn or Ga promoters, the dehydrogenation
capabilities of PtSn or PtGa catalysts still require further improvement to
decrease the operating cost of catalysis and separation in industrial
production. Therefore, various other promoters have been explored to
enhance thermal stability, regulate the acid-base properties of support,
and manage metal-support interactions based on PtSn or PtGa catalysts.
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Fig. 1. (a) XRD patterns of all catalysts, (b) and (c) Ho-TPR profiles over different catalysts, (d) NH3-TPD profiles on PtGa/Al,03 and 3 wt% loading promoted
catalysts, (e) pyridine-IR profiles on PtGa/Al,O3 and 3 wt% loading promoted catalysts at 200 °C, and (f) CO-FTIR spectra on PtGa/Al,O3 and 3 wt% loading
promoted catalysts.
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These include alkaline earth metals like Mg [13], Ca [14], and numerous
transition metals, such as Zn [15,16], Co [16], In [17], Fe [17], La
[17-19], Ce [17,19], Y [19], and more. Among these, lanthanide pro-
moters stand out for their superior properties. Firstly, lanthanide oxides
possess a basicity comparable to that of alkali metal oxides, but without
the detrimental surface poisoning effects typically associated with alkali
ions. The incorporation of lanthanides helps to reduce the acidity of the
catalyst support, effectively minimizing coke deposition and enhancing
both catalyst stability and propylene selectivity [17]. Additionally,
lanthanide elements, such as La and Ce, play a crucial role in stabilizing
active sites by strengthening metal-support interactions, thereby inhib-
iting sintering and coke formation, which ultimately leads to improved
catalytic performance [17-19]. Despite advancements in catalytic per-
formance through the use of these lanthanide metals, the precise cor-
relation between the diverse microenvironments of active sites modified
by these promoters and their initial catalytic behaviours remains
insufficiently understood. This understanding is critical for the rational
design of heterogeneous catalysts. Although recent studies have begun
to address this correlation in reactions like ethylene hydrogenation [20]
and acetylene hydrochlorination [21], further investigation is war-
ranted in other industrial reactions and catalysts, such as PtGa catalysts
in propane dehydrogenation.

In this study, we briefly employ four lanthanum-group promotors
(La, Ce, Pr, Nd) with varying metal loadings (1 wt%, 3 wt%, and 5 wt%)
to modify the commercial PtGa/y-Al,Og catalyst for propane dehydro-
genation. All resulting catalysts exhibit improved conversion, selec-
tivity, and stability compared to PtGa/y-Al,Os3 catalyst. Furthermore,
the underlying principle of these promotors allows us to carefully
regulate microenvironments of active sites and facilitate exploration of
key performance descriptors, constructing dependent structure-activity
relationships based on PtGa/y-AlpO3 catalysts for propane
dehydrogenation.

2. Materials and methods
2.1. Materials

Boehmite was acquired from SCG Ltd., and a propane gas cylinder
(99.5 %) was sourced from BOC Ltd. Additionally, other chemicals,
including chloroplatinic acid hydrate (> 99.9 %), gallium (III) nitrate
hydrate (99.9 %), lanthanum (III) nitrate hexahydrate (99.99 %),
cerium (II) nitrate hexahydrate (99.99 %), praseodymium (III) nitrate
hexahydrate (99.9 %), and neodymium (III) nitrate hexahydrate
(99.9 %) were all ordered from Sigma-Aldrich. All chemicals were used
as received.

2.2. Catalyst preparation

The catalyst support, y-Al;O3, was synthesized by calcining boehmite

F
C3Hg selectivity(%) = [Pt o
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reported in literature [22]. Chloroplatinic acid hydrate, gallium (III)
nitrate hydrate, lanthanum (III) nitrate hexahydrate, cerium (III) nitrate
hexahydrate, praseodymium (III) nitrate hexahydrate, and neodymium
(III) nitrate hexahydrate served as precursors, pre-dissolved in deionized
water before impregnating the y-Al,O3 support into the solution at room
temperature for 5 h with stirring. Subsequently, the slurry was dried at
100 °C overnight, and the dried solid was calcined at 550 °C for 6 h in air

at a heating rate 5 °Cmin "

2.3. Characterization

Detailed methods for catalyst characterization, including X-ray
diffraction (XRD), Brunauer-Emmett-Teller (BET) surface area,
temperature-programmed desorption of ammonia (NHs-TPD),
temperature-programmed reduction of hydrogen (Hy-TPR), thermogra-
vimetric (TG) analysis, Raman spectra, Fourier transform infrared
measurement using carbon monoxide as the probe molecular (CO-FTIR),
pyridine as the probe molecular (pyridine-IR), and in-situ diffuse
reflectance infrared Fourier-transform spectroscopy (DRIFTS), X-ray
photoelectron spectroscopy (XPS), high-resolution transmission electron
microscopy (HRTEM) are comprehensively detailed in the Supporting
Information.

2.4. Catalytic tests

The propane dehydrogenation reaction was executed in a fixed-bed
reactor featuring an inner diameter of 3/8 in. and a length of 15 in. In
a standard experiment, 0.1 g of catalyst was loaded into the middle of
reactor, with quartz wool packed at both ends. The catalyst underwent
heating to 600 °C in 1 h and subsequent reduction in 20 mLmin ! pure
Hy flow for 2h. Two reactant gas mixtures were used: one with
hydrogen, comprising 10 vol% Hz and 20 vol% CsHg, balanced with Ny
at a total flow rate 25 mLmin~!; and one without hydrogen, comprising
20 vol% C3Hg, balanced with Ny, at a total flow rate 25 mLmin~'. The
weight hourly space velocity (WHSV) of propane was maintained at
5.4 h™! under both conditions. After introducing the reactant gas into
the reactor for 10 min, the gas products were analyzed using an online
Shimadzu GC-2014 gas chromatography equipped with a flame ioniza-
tion detector (FID). Long-term stability tests were performed under the
same reaction conditions with hydrogen-free gas mixtures. After each
14-hour reaction, the catalysts were regenerated by feeding 20 mLmin
air for 1 h at 600 °C, followed by reduction in 20 mLmin ™! H flow for
2 h before the next cycle. Propane conversion, propylene selectivity, and
carbon balance were calculated using the following expressions:

C3Hg conversion(%) = [F } x 100 % 1
C3Hs | i
a [FCH4 } out 3

Carbon balance(%) = [F ]
CsHs Jin

at 600 °C for 8 h in air. PtGa/y-AloO3 catalysts (Pt: 1 wt%, Ga: 3 wt%)
with varying loadings (from 0 wt% to 5 wt%) of promoters (La, Ce, Pr
and Nd) were prepared using a standard co-impregnation method. The
Pt and Ga loadings were selected based on optimal performance

x 100 %

The deactivation rate constant kg (h’l) and expected catalyst life t
(h) are determined by fitting the propane conversion to the first-order
deactivation model using the following equation:
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where, conggt and conepg represent the initial and final propane
conversion, respectively, and t denotes the reaction time; a higher kq
value and lower t value indicate a poorer stability [23].

3. Results and discussion
3.1. Physicochemical properties of catalysts

In Fig. 1(a), the XRD patterns of PtGa/y-AlO3 sample exhibits
prominent diffraction peaks at 37.7°, 45.8°, and 66.9°, corresponding to
(311), (400), and (440) planes of y-Al;03 [24]. Upon the introduction of
lanthanum-group elements into the PtGa system, a discernible shift of
the main diffraction peaks towards lower angles is observed in
all-modified catalysts, indicative of an expansion in lattice parameters
[25]. This expansion is ascribed to the larger size of the cations of these
promoters compared to AI>*, with some of these cations occupying the
position of Al in y-AlyOg lattice, leading to the structural lattice expan-
sion. Importantly, no diffraction peaks for Pt, Ga, and other promoters
are detected, suggesting that all these elements are well-dispersed over
the y-Al,O3 support. This conclusion is further affirmed by the HRTEM
image of PtGa/y-Al,O3 catalyst in Figure S1, revealing a relatively ho-
mogeneous distribution of metallic particles with an average particle
size around 1.7 nm. Further insights into the specific surface area and
pore size distribution of all catalysts are obtained through nitrogen
adsorption/desorption isotherms (Figure S2 and S3). Interestingly, all
catalysts exhibit similar patterns of adsorption-desorption isotherms and
pore size distributions. Notably, the introduction of different promoters
(La, Ce, Pr, Nd) up to 5 wt% does not significantly alter the specific
surface area, and pore characteristics for all catalysts (Table S1). These
findings collectively underscore the typical mesoporous properties of
v-Al,03 support, as evidenced by the type IV adsorption isotherms and
negative t-plot micropore volume.

To evaluate the reducibility of diverse supported catalysts, Hy-TPR
experiments are conducted, and the resulting profiles are depicted in
Fig. 1(b) and (c). In Fig. 1(b), when Pt is exclusively supported on the
y-Al,O3 support, a notable reduction peak emerges around 303 °C,
indicating the facile reduction of Pt oxides to metallic Pt over Al,Os3,
typically occurring below 400°C [22]. In contrast, the reduction of Ga
oxides over the same support presents more challenging than that of Pt,
as evidenced by the higher temperature of 466 °C (Fig. 1(b)). A similarly
intense reduction peak is observed over Ga/ZSM5 catalysts between
400°C and 600 °C, attributed to the first stage reduction of Ga>* to Ga™,
supported by TPR-microbalance studies and theoretical calculations
[26,27]. When Pt and Ga coexist on the AlyO3 support, two typical
prominent reduction peaks are observed at 317°C and 518°C, respec-
tively. Wang et al. (2016) noted two similar reduction peaks over
PtGa/Al,03 but at lower temperatures (239°C and 440°C), possibly due
to variations in Ga content, leading to distinct TPR profiles for bimetallic
catalysts [22], [28]. Notably, the lower peak within the temperature
range of Pt oxides reduction requires a slightly higher temperature
(317°C) than Pt alone (303°C). This suggests the simultaneous reduction
of Pt and a fraction of Ga in intimate contact, forming intermetallic PtGa
species [29]. The higher temperature reduction peak may result from
the reduction of a fraction of remote Ga physically separated from Pt,
but catalyzed by Pt [28]. It has been reported that Pt presence can
promote the reduction of remote Ga oxides, even when located on
separate grains [30-32]. According to this theory, Hy would be disso-
ciate on metallic Pt sites, and the resulting atomic hydrogen would be
responsible for the Ga reduction at this elevated temperature. Overall,
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the two reduction peaks signify two distinct types of Ga species physi-
cally located on the surface from Pt: one in intimate contact with Pt and
the other localized on the support [28].

The introduction of diverse promoters (La, Ce, Pr, Nd) at low loading
(1 wt%) in Fig. 1(b) induces a progressive shift in the first peak tem-
peratures to lower values (compared to PtGa) accordingly, while the
second peaks shift to higher values. The lower temperatures of the first
peaks, guided by their intrinsic nature, suggest that these promoters
contribute to facilitate the reduction of the intimate-contact Pt with a
fraction of Ga species, thereby facilitating the formation of PtGa species.
The increase in surface coverage of promotors could also reduce the Pt-
assisted reduction of remote Ga species hence raising the second
reduction temperature. Vu et al. (2011) observed a similar facilitation of
Pt species reduction with the addition of La and Ce to Pt/Al;03 [19].
This decrease in the first reduction peak is attributed to the
electron-pushing effect, wherein the increasing density conglomeration
of electron charge on the Pt surface, promotes electron transfer from Ga
to Pt. This phenomenon is observed in La-modified PtSn systems as well,
which is thought to be related to Lewis basicity of the ionic lanthanide
oxides as promotors [32]. In contrast to La, Pr, and Nd, Ce-promoted
PtGa catalyst not only attenuates the 1st reduction temperature but
also nearly doubles this reduction peak area with broader peak ranges,
indicative of a unique interaction between Pt, Ga, and Ce over the
support. Our recent work also identified comparable strong interactions
between Pt, Sn and Ce over amorphous SiAl support [33]. The decreased
reduction temperature over Ce-promoted catalyst not only suggests a
strong Lewis base interaction with PtGa but also a distinctive
metal-support interaction phenomenon, likely due to enhanced
hydrogen spillover from Pt to more remote Ga species via surface cerium
oxides. Additionally, the preferential interaction of Pt with ceria
compared to that with alumina may further reinforce this effect [34]. As
a result, the hydrogen consumption over the first reduction peak, at the
expense of second peak area, dramatically increases compared to the
non-promoted condition, indicating a greater degree of PtGa alloy
reduction and potentially enhancing catalytic performances with Ce as a
promoter. Unlike other promoters (La, Pr, and Nd), Ce oxides are also
partially reducible, which could contribute to the increased hydrogen
consumption in the first reduction peak. To access this possibility, we
conducted H2-TPR experiments on Pt5Ce/Al,03 and compare the results
with current Hy-TPR profiles. As illustrated in Figure S4, the
Pt5Ce/Al;03 sample indeed shows slightly elevated hydrogen con-
sumption within the 250-350 °C range compared to Pt/Al;,O3 alone,
suggesting only a partial reduction of cerium oxides even at 5 wt% Ce
loading. However, the increase observed in Ce-modified PtGa-based
samples is notably higher. These results strongly indicate that while
cerium oxide reduction may contribute to marginally to hydrogen con-
sumption within this temperature range, the significant increase in
Ce-modified PtGa samples primarily arises from the strong interactions
among Pt, Ga, and Ce on the Al:Os support, rather than cerium oxide
reduction alone.

Upon the further introduction of these promoters at 3 wt% and 5 wt
% in Fig. 1(c), the temperature shifts of the first peak temperatures
become more pronounced, suggesting a promotion of the reduction of
intimate-contact Pt and Ga. This affirms that both the types and loadings
of promoters are responsible for their reducible behaviors [19,35].
Similar to Ce’s strong interactions between Pt, Ga, and Ce at low pro-
moters loading (1 wt%), these interactions are reinforced at middle
(3 wt%) and high loadings (5 wt%), as evidenced by higher peak area
and broader peak ranges. Despite the broadest peak occurring at 5 wt%
Ce loading, indicative of the strongest interactions, the largest peak area
is observed over 3 wt% Ce loading. Interestingly, the introduction of Ce
loading from 3 wt% to 5 wt% shifts the first peak temperature to a
higher value, while the second one shifts to a lower value. This suggests
that excessive deposition of Ce impairs the intimate-contact Pt (a high
affinity of Pt coverage with Ce) and Ga but does not affect much on the
reduction of the remote Ga species. In contrast, the electron-pushing
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Table 1
Summary of acidity results from NH3-TPD and pyridine-IR at 200 °C.
Peak fraction LAS
Ty (°C) Total (%) concentration
area from pyridine-IR

Catalyst 1 1l 111 (a.u) I il I (umol g cat™ 1)

PtGa 143 212 379 28 19 32 49 576
PtGala 132 207 371 20 13 39 48 437
PtGaCe 132 204 361 20 14 38 48 434
PtGaPr 138 210 368 21 14 39 47 448
PtGaNd 141 207 375 24 13 37 50 527
PtGa3La 130 198 365 16 16 35 49 33.0
PtGa3Ce 130 206 359 18 15 35 50 409
PtGa3Pr 129 200 358 12 12 37 51 268
PtGa3Nd 139 206 370 16 15 35 50 332
PtGaSLa 135 201 370 14 14 34 52 304
PtGa5Ce 131 202 355 14 14 36 50 301
PtGa5Pr 132 202 363 16 16 34 50 338
PtGa5Nd 140 212 372 18 15 36 49 381

effects originating from other promoters (La, Pr, and Nd) are strength-
ened with further increase in these promoters’ loadings, confirmed by
higher hydrogen consumption of the first peaks at 5 wt% than that at
3 wt%.

NH;3-TPD is employed to meticulously examine the concentration
and strength of various acids sites, as illustrated in Fig. 1(d), Figure S5
and S6. Semiquantitative deconvolving of the resulting NH3-TPD pro-
files is conducted, and the fitting results are summarized in Table 1.
Within the temperature range of 50°C to 600°C, all catalysts exhibit
three distinct peaks, categorized as weak acid sites (red dashed lines),
medium acid sites (blue dashed lines), and strong acid sites (green
dashed lines) based on their desorption strengths. Upon introducing
different promoters, a discernible trend emerges: all promoted catalysts
showcase a decrease in the total concentration of acid sites and weak-
ening the strength for all three acid sites. This is corroborated by the
reduced total peak area and decreased desorption temperatures outlined
in Table 1. Intriguingly, the progressive introduction of promoters
consistently diminishes the strength and concentration of acid sites,
while each peak fraction remains unaltered. This implies that the impact
of these promoters is associated with the overall acidity rather than
targeting a specific acid site.

Due to the limitations of NH3-TPD in clarifying the nature of acid
sites, pyridine-IR analysis was conducted at 200 °C to evaluate the total
concentration of Brgnsted acid sites (BAS) and Lewis acid sites (LAS). As
shown in Fig. 1(e), the peaks around 1450 cm ! correspond to LAS in-
teractions with pyridine, while BAS is nearly undetectable (peaks
around 1550 em 1), indicating that the acidity of all catalysts originates
from LAS. Furthermore, LAS concentration was calculated using Beer-
Lambert-Bouguer law [36], with results summarized in Table 1. The
trends in LAS concentration from pyridine-IR align with NH3-TPD
findings, showing a gradual decrease in LAS concentration with the
introduction of promoters. Similar reductions in acidity concentration
were observed with the gradual increase in La content over ZSM-5
zeolite [37]. These reductions can be elucidated by the obstruction of
the ZSM5 pore entrance due to LapO3 deposition and the creation of new
basic sites on the support surface. However, in our study, the intro-
duction of various promoters up to 5 wt% does not notably affect the
specific surface area and pore distribution, as evidenced by adsorp-
tion/desorption isotherms and pore size distribution in Figure S2 and S3.
Thus, the sole reason behind this phenomenon is the generation of new
basic sites.

Previous studies have shown that the introduction of La can signifi-
cantly enhance the basicity of the ZSM5 support, as assessed by CO-TPD
[38,39]. A new peak around 70 °C was observed, reflecting the presence
of surface basic sites with the introduction of La promoters. Further-
more, the amount of CO, adsorbed calculated over the peak at 70 °C,
increased with the amount of La loading increase, indicating that the
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newly generated basic sites on the surface result from the introduction of
La promoters. As discussed, the bonds in the lattice of lanthanide oxides
are mainly ionic, which is a result of the elements’ electronegativity. The
typical properties of lanthanide oxides are basic oxides, and their ba-
sicity is known to be comparable to that of alkali metal oxides but
avoiding the surface poisoning by alkali ions. These newly formed basic
sites could impede the re-adsorption of the generated propylene and
suppress deep cracking, leading to higher propylene selectivity. Simi-
larly, the decreased concentration and strength of acid sites also confer
advantages for the overall catalytic performances. This is attributed to
the inhabitation of the side reactions, such as isomerization and poly-
merization, which are typically catalyzed by these acid centers, ulti-
mately preventing coke deposition [40].

The investigation of Pt interaction with various promoters extends to
the alternations of the electronic environment of Pt atoms, employed CO
as probe molecule for Fourier transform infrared (CO-FTIR) spectra
characterization, as depicted in Fig. 1(f). All tested catalysts showcase a
primary peak centered between 2057 cm ™! to 2070 cm ™}, indicative of
CO linearly bonded to a surface-exposed metallic Pt atom [41]. The
introduction of an appropriate amount of promoters could induce a red
shift in adsorption, moving from 2070 cm ™! over PtGa catalyst to the
lowest frequency of 2057 cm™! over PtGa3La catalyst. This shift sig-
nifies CO coordinated with Pt atoms, within the electrons of surface Pt
occupy 27 antibonding orbital of CO molecules, resulting in Pt-C bond
formation and weakening of C-O bond energy. Moreover, the addition of
these basic promoters augments the electron density of Pt particles,
further reducing the C-O bond energy and causing the red-shift in CO
adsorption. According to Blyholder’s classic model regarding the
bonding of CO molecules to metal surfaces [42], the average bonding
number of each Pt in smaller Pt particles is lower than that in larger
particles. Therefore, the lower bonding energy may also contribute to
the improved Pt dispersion facilitated by the introduction of these pro-
moters. Of particular interest is the observed frequency increase from
2057 cm™! over the La promoter to 2066 cm ™! over the Nd promoter.
This gradual transition may stem from the progressive rise in electro-
negativity from La to Nd, consequently diminishing the ability to in-
crease the electron density of Pt particles.

3.2. Catalytic performances over propane dehydrogenation

Fig. 2 presents propane conversion and propylene selectivity as
functions of time on stream (TOS) over various modified catalysts at
600°C under different reaction conditions. Using the first-order deacti-
vation model, we calculated the deactivation rate and expected catalyst
life for each catalyst under different reaction conditions, with results
summarized in Table S2. As shown in Fig. 2(a)-(d), catalysts promoted
by La, Ce, Pr, and Nd consistently demonstrate superior conversion,
selectivity, and stability compared to the commercial PtGa catalyst
under hydrogen cofeeding conditions. Notably, the PtGa3Nd catalyst
achieves an initial conversion of 43.6 %, significantly higher than the
unmodified PtGa catalyst (30.1 %). Interestingly, optimal conversion for
each promoter is typically observed at a moderate loading (3 %) of the
promoter, expect for Ce promoter, where the highest conversion is
associated with high Ce loading (5 wt%). This phenomenon may be
attributed to the gradually strengthened interaction between Pt, Ga, and
Ce as Ce loading increases, an effect less pronounced with other
promoters.

In terms of propylene selectivity, PtGa3Pr exhibits the highest
selectivity, exceeding 98 %, approximately 10 % higher than the com-
mercial PtGa catalyst. While PtGa3Pr demonstrates the best selectivity,
the modified catalysts show limited variation in selectivity across
different loadings or promoters. However, stability is significantly
influenced by the type and loading of promoters. According to Table S2,
PtGa3Ce emerges as the most stable catalyst, exhibiting a deactivation
rate of approximately 0.011 h™!, a 74 % reduction compared to the
commercial PtGa catalyst (0.042h™!) under hydrogen cofeeding
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Fig. 2. Catalytic performances of modified PtGa/Al,O3 catalysts with various lanthanum-group promoters under different conditions: (a)-(d) La-, Ce-, Pr-, and Nd-
modified catalysts under hydrogen cofeeding with varied promoter loadings, (e) La-, Ce-, Pr-, and Nd-modified catalysts under hydrogen-free conditions, and (f) PtGa

and PtGa3Pr catalysts under hydrogen-free conditions across four reaction-regeneration cycles. Reaction conditions for (a)-(d): 600 °C, total flow rate of 25 mL min~
containing 10 vol% Hj, 20 vol% C3Hg, balanced with N». For (e) and (f): 600 °C, total flow rate 25 mL min~

1

1 containing 20 vol% C3Hg, balanced with N,. The WHSV

of propane was maintained at 5.4 h™! for all conditions, with carbon balance exceeding 98 %.

conditions. Furthermore, compared to low loading of promoters, the
deactivation rate tends to decrease with gradual loading increases.
Notably, Ce-modified catalysts consistently exhibit better stability than
other promoters at equivalent loadings, suggesting a correlation be-
tween strong interactions and catalyst stability.

Although hydrogen cofeeding can effectively decrease the rate of
coke formation and increase catalyst stability, it restricts the conversion
equilibrium [43,44]. Therefore, harsher reaction conditions without
hydrogen cofeeding were tested to meet industrial production re-
quirements. As shown in Fig. 2(e), the same propane flow rate (WHSV =
5.4 h™1) without hydrogen was used to reevaluate the catalyst perfor-
mances. The initial conversion of propane increased slightly compared
to hydrogen cofeeding conditions across all evaluated catalysts, indi-
cating a restriction of reaction equilibrium under hydrogen conditions.
However, the stability of all catalysts was worse without hydrogen. The

PtGa/Al,03 catalyst exhibited nearly double the deactivation rate
compared to hydrogen conditions (see Table S2), while all modified
catalysts showed around a 30-40 % increase, demonstrating better
coking-resistance than the nonmodified PtGa/Al;O3 catalyst. Despite
the introduction of different promoters significantly improving the sta-
bility compared to the PtGa catalyst, deactivation still occurred over
time without hydrogen. It is widely acknowledged that coke deposition
and gradual deactivation over Pt-based catalysts in propane dehydro-
genation are inevitable, making periodic catalyst regeneration necessary
in industry to achieve sufficient total catalyst lifetime [45,46]. There-
fore, further long-term stability tests were conducted with frequent
regeneration cycles after 14-hours reaction periods, as illustrated in
Fig. 2(f). PtGa/Al03 exhibited significant losses in activity and selec-
tivity after regeneration cycles. In contrast, the PtGa3Pr/Al,;O3 catalyst
maintained activity and selectivity over four consecutive cycles,
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confirming its better stability during regeneration. The increased sta-
bility could effectively prolong the overall catalyst lifetime and reduce
the frequency of regeneration, thereby offering valuable slights for in-
dustry application.

In our PtGa-based catalysts, the role of Ga as an active site in propane
dehydrogenation has been investigated, primarily due to its capacity to
create LAS that facilitate hydrocarbon dehydrogenation [4,6,47,48]. Ga
sites, generally present in the Ga® * oxidation state, exhibit significant
Lewis acidity, which also activates C-H bonds in propane, thus pro-
moting the formation of propylene and hydrogen. Accordingly,
Ga-based catalysts have also been employed as active components
capable of catalyzing dehydrogenation even in the absence of Pt.
However, Ga-based catalysts often face notable limitations, such as
reduced stability and increased susceptibility to deactivation from coke
deposition and the sintering of GaOy species under elevated dehydro-
genation temperatures [4]. Furthermore, Ga-based catalysts demon-
strated considerably lower activity than Pt-based catalysts, validated by
our supplementary experiments performed under identical reaction
conditions with hydrogen cofeeding. As shown in Figure S7, our tests
reveal that although the pure Ga/Al;O3 catalyst can catalyze propane
dehydrogenation, its conversion is roughly an order of magnitude lower,
and its propylene selectivity is over 10 % lower than that of Pt-based
systems. These findings indicate that, within PtGa-based catalysts, Ga
primarily serves as a promoter, inducing well-established “electronic
and geometrical effects’” that enhance the activity of Pt in propane
dehydrogenation, rather than acting as a primary active site.

With regard to the active structures in PtGa-based catalysts, the
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formation of PtGa alloys results from the strong Pt-Ga interaction under
high-temperature synthesis conditions, which drives alloy formation.
Literature reports indicate that, during reduction at elevated tempera-
tures (e.g., 500 °C), Ga® * undergo partially reduced to Ga°, a process
facilitated by Pt serving as an active reduction site. The reduced Ga
atoms subsequently incorporate into the Pt lattice, leading to the for-
mation of the PtGa intermetallic phase [22,49]. Upon introducing
lanthanide elements such as La, Ce, Pr, and Nd as promoters, these el-
ements do not form intermetallic alloys with Pt; instead, their primarily
modulate the catalyst’s electronic and structural properties through
indirect interactions, as confirmed by H,-TPR and CO-FTIR in Fig. 1(c)
and (f). Thus, the active structure in our lanthanide-promoted PtGa--
based catalysts is proposed as a stabilized PtGa alloy, further enhanced
by the influence of lanthanide oxides.

3.3. Exploring the key catalytic performance descriptors

In the pursuit of enhancing the catalytic performance of the PtGa
catalyst for propane dehydrogenation, various promoters (La, Ce, Pr,
and Nd) at different loadings (1 wt%, 3 wt%, and 5 wt%) have been
systematically employed. However, the discernible correlations between
microenvironmental alterations over active sites and the resultant cat-
alytic enhancements remain elusive. Consequently, this section aims to
elucidate the key performance descriptors under these modified com-
mercial catalysts for this industrially significant reaction (see Fig. 3(a)).

Disper
sity

g

Metal-Support Electron
Interaction egativity
“] | | know who ™ 1,

is his friend />

. Selectivity

Stability
C S+ R
(c) PtGa3Nd 0% 2 Ga*
S | ptGaspr I |
s
2| ptcasce '@ |
7]
S ) |
PtGa Z :S\s'
32 30 28 26 24 22 20 18 16

Binding energy (eV)

Fig. 3. (a) the schematic objective of this research paper, (b) linear fitting of total acid concentration from NH3-TPD and propylene selectivity, and (c) XPS spectra of

Ga 3d over different PtGa catalysts.



H. Wang et al.

3.3.1. Exploring the key propane conversion descriptors

It is well-established that Pt nanoparticles serve as the active centres
for propane dehydrogenation, with the decorating effect of second Sn/
Ga promoter playing a determinative role in overall activity [22,50].
Thus, changes in the microenvironment over the generated PtGa alloy
can be effectively employed as key descriptors of conversion. As
observed in Fig. 2, the introduction of low loading (1 wt%) of promoters
significantly enhances the reducibility of intimate-contact PtGa species
compared to the commercial PtGa catalyst, evident in the increased
hydrogen consumption (peak area) for the first reduction peak in
Ho-TPR (see Fig. 1(b)). In the case of La, Pr, and Nd promoters, this
enhancement is attributed to the electron-pushing effect, where the
increasing density conglomeration of electron charge on the Pt surface
promotes electron transfer from Ga to Pt [51]. Upon further introduction
of these promoters (3 wt%), the push-effect is further strengthened, as
evidenced by the lower temperature or especially the increased
hydrogen consumption for the first reduction peak compared to low
loading conditions. Consequently, the improved reducibility of PtGa
species leads to better propane conversion than at lower loadings, as
shown in Fig. 2. While lanthanide elements contain partially filled
f-orbitals, these orbitals are typically localized and play a minimal role
in direct bonding interactions, unlike the more delocalized d-orbitals
commonly found in transition metals. In catalysis, the promotional ef-
fects of lanthanides are typically attributed to modulate the electronic
environment of the active metal sites, such as Pt, through indirect in-
teractions rather than through direct involvement of f-electrons. As
such, although f-orbitals are present, their direct contributions in this
catalytic system are minimal.

However, the introduction of high loading (5 wt%) of promoters,
while further enhancing the reduction of PtGa species, dose not translate
directly into improved conversion. This is attributed to the increasing
challenges in reducing other localized Ga species at high promoter
loadings. As indicated in Fig. 1(b) and (c), when La, Pr, and Nd loadings
are increased from 1 wt% to 3 wt%, the reducibility of other localized
Ga spices remains largely unchanged, judging from the similar tem-
peratures and hydrogen consumption for the second reduction peak in
TPR. Yet, with further introduction of promoters, especially at 5 wt% Pr
and Nd, temperatures of these peaks dramatically increase, reaching
around 540 °C. Considering the formation of PtGa alloy, literature
suggests a stepwise process: the fast formation of Pt clusters at low
temperatures from readily reducible isolated Pt oxides, followed by the
reaction of Pt nanoparticles with isolated Ga>* sites to generate alloyed
PtGa particles [8,52]. Hence, difficulties in reducing Ga>" by the pres-
ence of large quantity of promotors as physical barrier inhibit the for-
mation of PtGa species, leading to lower overall propane
dehydrogenation conversion. The even lower temperatures for the first
peak at high loading could be attributed to a lower amount of Ga species
participating in the formation of PtGa species.

Despite of the effectiveness of reducibility as a conversion descriptor
for La, Pr, and Nd promoters, Ce-modified catalysts exhibit distinct be-
haviors due to strong metal-support interactions. The reduction patterns
of Ce-modified catalysts differ from those of the other three promoters,
as depicted in Fig. 1(b) and (c). As Ce loading gradually increases up to
5 wt%, both reduction peaks widen, suggesting stronger interactions
between Pt, Ga, and Ce elements over the support. This continued
strengthening of interactions may be associated with higher dispersion,
ultimately leading to higher propane conversion. In summary, while the
reducibility proves to be an effective conversion descriptor in this re-
action, the influence of metal-support interactions should not be over-
looked, especially in the case of Ce-modified catalysts.

3.3.2. Exploring the key propylene selectivity descriptors

In the exploration of key propylene selectivity descriptors for pro-
pane dehydrogenation, we recognize the impact of major side reactions
- cracking, hydrogenolysis, olefin isomerization, and olefin polymeri-
zation [35,40]. As these reactions predominantly unfold over acid sites,
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our aim is to establish connections between total acid sites and pro-
pylene selectivity. Remarkably, by correlating total acid concentration
derived from NH;3-TPD profiles across various modified catalysts with
their propylene selectivity under hydrogen conditions, a robust linear
relationship emerges (Fig. 3(b)). This finding suggests that total acid
concentration serves as a key effective propylene selectivity descriptor,
wherein reduced acid concentration enhances propylene selectivity by
inhibiting side reactions occurring over acid centers. A similar obser-
vation was made by Mitran et al. (2009), who identified a direct rela-
tionship between surface basicity from CO,-TPD results and propylene
selectivity at both 500 °C and 550 °C [53]. The electron-donating
character of propylene, facilitating easier desorption from a less acidic
surface, likely explains this phenomenon and prevents further reactions
of propylene into other spices (as demonstrated later over in-situ diffuse
reflectance infrared Fourier-transform spectroscopy).

Despite of the effectiveness of total acid concentration in predicting
propylene selectivity, the well-known ‘geometric effect’ of the Sn/Ga
promoter can also partially obscure surface Pt species, resulting in the
generation of smaller Pt ensembles that minimize other side-reactions
[11,50,54]. Consequently, we delve into the surface chemical properties
of Ga via XPS to explore the relationship between Ga and propylene
selectivity (Fig. 3(c)). The semi-quantitative fitting results of XPS spectra
are summarized in Table S3. In Ga 3d spectra, an asymmetry peak
attributed to reduced Ga®* species (8 < 2) emerges at around 20.0 ev [3,
55]. The higher binding energy at around 25.0 eV is assigned to 0% 2s
peak, while the binding energy around 22.8 eV is attributed to the Ga>*
species [3,56]. Although the binding energy of Ga does not exhibit a
significant shift with the introduction of these promoters, the ratio of
each Ga compound undergoes a substantial change. With the exception
of PtGa3Ce/Al;,03 of highest Ga content, all other modified catalysts
exhibit a decreased ratio of Ga®* to reduced Ga®" with the Pr-promoted
catalyst showing the lowest ratio of Ga®* at around 52 % (see Table S3).
This phenomenon may be attributed to the strong interactions between
Pt, Ga, and Ce, influencing the extensive reduction of Ga®* species. As a
result, the consistently decreased Ga®' content over other promoted
catalysts aligns with the conclusion drawn from H,-TPR, indicating that
the introduction of these promoters facilitates the deeper reduction of
Ga species. More importantly, the lowest Ga®* content over Pr-modified
catalyst, with the lowest Ga>*/Ga®" ratio, indicates that more Ga species
are reduced, assisting in decorating the Pt species to give stronger
ensemble effect to give small Pt and illustrating its superior selectivity
compared to other promoters. In summary, while total acid concentra-
tion effectively predicts propylene selectivity, the surface chemical
properties of Ga can also characterize its trend.

3.3.3. Exploring the key stability descriptors

In the assessment of key stability descriptors, coke accumulation is
widely recognized as the primary factor contributing to catalyst deac-
tivation in propane dehydrogenation, particularly for Pt-based catalysts
[22,57,58]. During propane dehydrogenation, side reactions such as
deep dehydrogenation, hydrogenolysis, and polymerization promote
carbon deposition on active sites, forming a carbonaceous layer that
progressively obstructs access to these sites. This blockage reduces the
catalyst’s surface area and overall activity. Furthermore, the strong
adsorption of hydrocarbon species, combined with slow desorption
rates, accelerates coke build-up, further diminishing catalytic perfor-
mance. To quantify the coke content as an indicator, TG analysis is
conducted on all spent catalysts after a 14-hours reaction under
hydrogen conditions, as illustrated in Fig. 4(a). The TG profiles reveal
three distinct regimes. In regime I (room temperature to 200°C), weight
losses are observed across all spent catalysts, with minimal differences in
loss amounts, indicative of similar amount of moisture and
surface-adsorbed materials. Regime II (200°C to 350°C) sees almost
stable weight for all catalysts with only a slight change attributed to
surface dihydroxylation of the support. Importantly, regime III (350°C to
700°C) witnesses significant weight losses, varying among catalysts,
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Fig. 4. (a) TG analysis results over all spent catalysts, (b) Raman spectra over spent PtGa/Al;O3 catalyst, (c) linear fitting of coke content against the expected
catalyst life over all catalysts, (d) linear fitting of coke content against the expected catalyst life over all catalysts excluding Ce-modified catalysts, and DRIFTS of C3Hg
adsorption over (e) PtGa/Al,O3 catalyst, and (f) PtGa3Pr/Al,O3 catalyst at different temperatures.

with PtGa/Al,03 displaying the highest losses at approximately 9.5 %,
while PtGa3Ce/Al,03 exhibits the lowest at around 1.0 wt% (summa-
rized in Table 2). The introduction of promoters effectively reduces coke
accumulation, with increasing loading further diminishing coke content.
This reduction is partially attributed to the decreased acid concentration
upon gradual introduction, inhibiting the side-reaction-induced
cracking leading to coke formation [59]. Simultaneously, promoter
introduction facilitates propylene desorption, inhibiting deep dehydro-
genation and coke formation, as demonstrated later in DRIFTS.

To elucidate the nature of the coke, Raman spectra of all spent cat-
alysts are collected (see Fig. 4(b)). The Raman spectrum of spent PtGa/

Al,O3 catalyst exhibits 5 identical peaks located at 1320, 1600, 2604,
2921, 3199 cm™}, respectively. Peaks between 2600 and 3000 cm ™ *
(highlighted with blue dashed lines) are attributed to the vibration of C-
H bonds in aliphatic hydrocarbon (robust coke), while the peak at
3199 cm ™! (highlighted with an orange dashed line) represents the vi-
bration of C-H bonds in aromatics (graphitic coke) [60,61]. Therefore,
the Raman spectrum suggests that the presence of both aliphatic and
aromatic hydrocarbons in the coke. The Raman peaks between 1200 and
1650 cm™! are further deconvoluted to analyze the detailed coke
composition, as carbonaceous material Raman spectra overlap in this
range [62]. The deconvolution results over PtGa/Al,O3 and other
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Table 2
Summary of coke content from TG analysis and Raman fitting results over all
spent catalysts.

Raman band position (em™

Catalyst Coke content (%) D, G I6/Ip1
PtGa 9.5 1327.1 1598.4 3.7
PtGaLa 1.4 1324.6 1600.4 2.9
PtGaCe 2.3 1329 1601.1 3.1
PtGaPr 4.8 1325.9 1599.1 1.9
PtGaNd 5.3 1329.2 1600.3 2.7
PtGa3La 3.4 1324.3 1599.4 2.8
PtGa3Ce 1.0 1326.2 1598.4 3.5
PtGa3Pr 1.4 1328.2 1601 3.3
PtGa3Nd 5.2 1327.1 1600.7 3.5
PtGaSLa 1.2 1326.3 1598.9 3.5
PtGa5Ce 1.1 1330.9 1599.3 4.4
PtGa5Pr 2.5 1331.2 1596.2 3.9
PtGa5Nd 1.1 1330.3 1597.9 3.9

modified catalysts are shown in Fig. 4(b) and Figure S8-S10, respec-
tively, and the fitting results are summarized in Table 2. Four decon-
voluted bands are labelled as D4, D;, D3, and G bands, following
literature nomenclature [63]. The G band at around 1580 em ! is
attributed to an ideal graphitic lattice vibration with Ep; symmetry,
while the D; band at around 1350 cm ™" is the defect band assigned to
in-plane defects and heteroatoms (robust coke) [64,65]. In contrast, the
D3 Raman band can be attributed to amorphous carbon, and D4 corre-
sponds to the highly disordered graphitic lattice [66]. In Fig. 4(b), the G
band is located at 1598.4 cm ™!, which is higher than that of a perfect
large graphite crystal (1575 cm™1), suggesting that this coke could be
graphite-like carbon species. With the introduction of promoters, the G
band shifts to higher wavenumbers, suggesting a smaller crystal size of
this coke compared to that over PtGa/Al,O3 catalyst [67]. More
importantly, the introduction of promoters can also subtly reduce the
ratio of Ig/Ip;, indicating a lower graphitization degree of coke,
particularly for the low and moderate loadings [68].

Considering the diverse nature of coke types, the removal of coke
particularly graphitic coke typically necessitates higher temperatures,
attributing the weight loss in regime III of TG analysis to coke [69].
Establishing a relationship between coke content and the expected
catalyst life across different catalysts is essential, as depicted in Fig. 4(c).
A robust linear correlation is achieved by fitting coke content against
expected catalyst life, although it’s notable that Ce-modified catalysts
deviate the fitting line, exhibiting a longer expected life at similar coke
content compared to other promoted catalysts. This deviation is attrib-
uted to the unique strong and peculiar metal-support interactions over
Ce-modified catalysts, as demonstrated by Ho-TPR in Fig. 1(b) and (c).
While coke accumulation is widely recognized as the primary deacti-
vation mechanism in propane dehydrogenation, the sintering of Pt
active sites also plays a significant role [3,23,70]. High temperatures
encountered during dehydrogenation and regeneration cycles can
induce severe sintering of Pt nanoparticles, often via Ostwald ripening.
This results in the agglomeration of Pt particles into larger clusters,
reducing the overall surface area and altering electronic properties
essential for catalytic activity [6,71,72]. The resulting decrease in active
site density leads to a substantial reduction in catalytic performance.
HRTEM image of spent PtGa/Al»O3 catalyst (Figure S11) reveal a sig-
nificant increase in metallic particle size compared to the fresh catalyst,
confirming severe metal sintering at elevated reaction temperatures at
prolong time. In contrast, the strong interactions between Pt, Ga, and Ce
effectively inhibits Pt sintering because the robust Pt-O-Ce bond
weakens the Pt-Pt bond and strengthens the Pt-O, suppressing Pt species
sintering, as confirmed experimentally and theoretically [73,74].
Therefore, the presence of these strong interactions reduces Pt center
sintering, prolonging the expected catalyst life, as shown in Fig. 4(c). To
further explore the relationships between coke content and expected
catalyst life, we exclude the effects of strong metal-support interactions
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and refit coke content against the expected catalyst life without
Ce-modified catalysts (see Fig. 4(d)). Expectedly, a better linear corre-
lation is achieved, suggesting that coke accumulation leads to poor
catalyst stability.

Unlike intrinsic performance descriptors such as reducibility, and
acid concentration, coke content accumulates progressively during re-
action, should be viewed as an indicator of catalyst stability rather than
an intrinsic feature of the fresh catalyst. Intrinsic structural fac-
tors-including Pt dispersity, Pt alloying, reducibility, and acid concen-
tration-are central to defining initial catalytic properties, influencing
activity, selectivity, and stability. Coke content, in contrast, is a dynamic
characteristic arising from the interaction between these intrinsic fea-
tures with the reaction environment under propane dehydrogenation
conditions, serving as a downstream indicator of stability and durability
rather than a primary factor governing initial catalytic performance. As
coke accumulates over time, its development reflects the catalyst’s
inherent resistance to deactivation, especially through mechanisms
involving Pt alloying and surface acid interactions. Thus, while coke
content is indeed valuable as a stability metric, it is not a suitable pre-
reaction descriptor of catalytic efficiency. Furthermore, we acknowl-
edge that coke content is only one aspect of the catalyst’s overall
deactivation profiles. Additional factors such as Pt particle sintering and
the potential leaching or loss of active components also significantly
impact catalyst longevity and effectiveness. Overall, we continue to re-
gard coke content as an essential indicator of catalyst stability, heavily
influenced significantly by strong metal-support interactions, with its
primary role in assessing catalyst stability rather than defining initial
catalytic performance.

In delve into the mechanism for coke formation, DRIFTS measure-
ments employing propylene as a probe molecule are conducted to
examine propylene’s interaction over different catalysts, as depicted in
Fig. 4(e) and (f). Peaks around 1650 cm ! correspond to the charac-
teristic band of C=C bond stretching in propylene, while peaks around
1450 cm ™! represent the skeleton vibrations of aromatic rings [75]. The
desorption peak of C—=C bond stretching band over PtGa/Al,O3 catalyst
remains unchanged after reaching 250 °C, while the peak remains stable
at 150 °C over PtGa3Pr/Al,O3 catalyst. These temperature-dependent
desorption differences indicate the propylene desorption is more facile
over promoted catalysts than over PtGa/Al,03 catalyst. Moreover, the
intensity of skeleton vibrations of aromatic ring increases with the
gradual temperature increase, suggesting that the strong interaction
between Pt and n-electrons of propylene leads to deep dehydrogenation
of propylene to coke precursors [43]. Therefore, the easier desorption of
propylene from Pt particles improves propylene selectivity and inhibits
coke formation, resulting in superior catalytic performances.

4. Conclusions

In this work, we employed four promoters (La, Ce, Pr, and Nd) at
varying loadings (1 wt%, 3 wt%, and 5 wt%) to enhance the perfor-
mance of PtGa/Al;O3 catalyst in propane dehydrogenation. All resulting
catalysts demonstrated significant improvements in conversion, selec-
tivity, and stability when compared to the parent PtGa/Al;O3 catalyst.
Importantly, we establish clear structure-activity relationships based on
key performance descriptors. While reducibility proves to be an effective
conversion descriptor, the impact of metal-support interactions should
not be underestimated, particularly in the case of Ce-modified catalysts.
On the other hand, total acid concentration emerges as an effective
predictor of propylene selectivity, yet the surface chemical properties of
Ga also play a crucial role in characterizing the trend. Unlike intrinsic
descriptors for conversion and selectivity, coke content is valuable pri-
marily as a post-reaction stability metric and therefore unsuitable as a
pre-reaction indicator of catalyst stability. Nevertheless, it remains
essential in accessing catalyst stability, with strong metal-support in-
teractions heavily influencing its accumulation. Its role lies in gauging
catalyst stability over time rather than defining initial catalytic
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performance.

This exploration of diverse key performance descriptors in propane
dehydrogenation provides a foundational approach to the rational
design of catalysts and establishes a comprehensive framework for
deriving catalytic descriptors applicable across industrial processes. It is
believed that this work provides valuable insights into optimizing cat-
alytic performance and advancing our understanding of the intricate
relationships between catalyst composition, structure, and catalytic
activity.
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