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The strong promotion effects of alkali/alkaline earth metals are frequently reported for heterogeneous
catalytic processes such as propane dehydrogenation (PDH), but their functioning principles remain
elusive. This paper describes the effect of the addition of calcium (Ca) on reducing the deactivation
rate of platinum—tin (Pt—Sn) catalyzed PDH from 0.04 h~! to 0.0098 h™! at 873 K under a WHSV of

16.5 h™! of propane. The Pt-Sn-Ca catalyst shows a high propylene selectivity of >96% with

-1

a propylene production rate of 41 molc,y, (g h)™" and ~1% activity loss after regeneration. The

combination of characterization and DFT simulations reveals that Ca acts as a structural promoter
favoring the transition of Sn"* in the parent catalyst to Sn° during reduction, and the latter is an

Received 17th August 2023 . . ) .
Accepted 5th December 2023 electron donor that increases the electron density of Pt. This greatly suppresses coke formation from
deep dehydrogenation. Moreover, it was found that Ca promotes the formation of a highly reactive

DOI: 10.1039/d35c04310) and sintering-resistant sub-nano Pt-Sn alloy with a diameter of approximately 0.8 nm. These lead to
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Introduction

Propylene, a significant chemical feedstock, has encountered
mounting conflict between supply and demand in recent years.*
The propane dehydrogenation (PDH) process, which can
directly yield propylene, has attracted great attention due to its
economic viability>® and continues to increase in the share of
global propylene production.*® Pt-based catalysts are widely
utilized in the chemical industry for PDH.*® The key to their
success is the high stability realized by the addition of alkali
metal K.” A similar stabilization effect has also been observed
with alkaline-earth metals such as Ca for PDH.>*° In fact, both
alkali and alkaline-earth metals have been recognized as
“universal” additives in a variety of other processes, such as
Fischer-Tropsch synthesis,"** ammonia synthesis,">* etc.
Generally, these promoters are broadly classified into elec-
tronic or structural additives.'”*® Alkali/alkaline-earth metals
were found to be as electron donors that modify the electron
density of active sites and they consequently alter the
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high activity and selectivity for the Pt—Sn—Ca catalyst for PDH.

adsorption energy of reaction intermediates.”**" However,
alkali/alkaline-earth metals are known to appear in the ionic
state rather than the metallic counterpart due to their strong
metallic nature.” An alternate perspective postulates that alkali/
alkaline-earth ions interact with the active metal center profile
by binding with the surrounding oxygen atoms, thereby stabi-
lizing the active metal and preventing its sintering at high
temperatures.>*® Nevertheless, the exact working mechanisms
of their promoting effect as either electronic or structural
additives in catalysis continue to be the subject of ongoing
debate.

Herein, we demonstrate that alkaline-earth metals play
multiple roles in the catalytic dehydrogenation on platinum-
tin catalysts. Calcium can not only stabilize sub-nano Pt-Sn
clusters by binding to the AlY sites on the Al,O; surface to
inhibit the sintering of clusters, but also promote the transi-
tion from tin oxide species to Sn° species during reduction,
which leads to the formation of a highly reactive sub-nano
platinum-tin alloy with a diameter of approximately 0.8 nm.
The effects of the PtSn3Ca5/Al,0; catalyst are evidenced by its
highly active and stable performance in the propane dehy-
drogenation reaction. Specifically, the catalyst displays an
extremely low deactivation rate of 0.0098 h™" and propylene
selectivity exceeding 96% at 600 °C under a propane weight
hourly space velocity (WHSV) of 16.5 h~*, with a corresponding
propylene production rate of 41 molg i, (gpc h) ™", and shows
only ~1% activity loss after regeneration under an air atmo-
sphere. Such remarkable attributes hold great promise for
advancing the PDH process.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion

PtSn3/Al,0; and PtSn3Ca5/Al,0; catalysts were prepared first
via the incipient wetness impregnation method. The PtSn3Ca5/
Al,O; catalyst (Fig. 1a) exhibited high catalytic stability in the
PDH process with 14% C3Hg/14% H,/N, at 873 K. No apparent
loss in activity was observed after 1% O, regeneration under 773
K on the PtSn3Ca5/Al,0O; catalyst (Fig. 1b), which exhibited
better stability for regeneration compared with the catalyst
without the addition of calcium (Fig. S1t). Performance testing
(Fig. 1c and d) under industrial relevant conditions®” (873 K,
WHSV of C;Hg = 16.5 h™*, and C;Hg/H, = 2: 1) showed a high
C;3H production rate of 41 molc u, (gpt h)~! with a markedly
lower deactivation rate of 0.0098 h™' for PtSn3Ca5/Al,O;
compared to that of the commercial Pt-Sn-K/Al,O; catalyst
(0.04 h™") and reported Al,O; supported catalysts (Table S17).
To show the potential of the PtSn3Ca5/Al,0; catalyst activated
under the optimized conditions, we tested the catalytic perfor-
mance of the catalyst under a WHSV of ~100 h™" (Fig. S21). The
results show a low deactivation rate of 0.007 h™" in a course of
45 hours on stream with a stable propylene selectivity of >98%,
among the best performing catalyst in the literature (Fig. S3 and
Table S1t). Besides, the introduction of other alkaline-earth
ions (Mg and Sr) also shows enhanced PDH performance (Fig.
S47). These results altogether suggest that the addition of
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Fig. 1 Catalytic performance and stability test for propane dehydro-
genation. (a) Propane conversion and propylene selectivity as a func-
tion of reaction time over the prepared PtSn3/Al,O3 and PtSn3Ca5/
Al,O3 at 873 K. Catalytic conditions: atmospheric pressure, CsHg/H, =
1/1, with balance N, for a total flow rate of 50 mL min~%, WHSV of
propane = 8.25 h™! and 100 mg of sample. (b) Initial catalytic
performances on the PtSn3Ca5/Al,O3 catalyst for each of the five
dehydrogenation—regeneration cycles. Catalytic conditions: atmo-
spheric pressure, CsHg/H, = 1/1, with balance N; for a total flow rate of
50 mL min~, WHSV of propane = 8.25 h~* and 100 mg of sample. (c)
Stability test as a function of reaction time over the prepared Pt—Sn—K/
AlbO3 and PtSn3Ca5/Al,0O3 at 873 K. Catalytic conditions: 0.13 MPa,
CsHg/H» = 2/1, total flow rate 21 mL min™%, no N, dilution, WHSV of
propane = 16.5 h™! and 100 mg of sample. (d) Productivity of CsHg
versus deactivation rate for the Al,Oz supported catalysts described in
this work and the literature (see Table S17).
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alkaline-earth ions especially Ca greatly promotes the stability
and activity of the Pt-Sn catalyst for PDH.

The role of alkaline-earth ions was further investigated with
calcium as a representative. High-resolution >’Al solid state
MAS NMR spectra®® (see details in Fig. S51) indicate that Ca
atoms bind to the Alpema3+ sites at the Al,O; surface via oxygen
bridges. A previous study reported that Pt atoms also coordinate
to the same sites on Al,05.%°?° Thus, it can be inferred that the
Ca atoms are closely adjacent to the Pt atoms in PtSn3Ca5/
Al O3, consistent with the results from EDS mapping (Fig. S6T).
The dark-field electron microscopy images (Fig. 2a-d) of the
fresh catalysts show higher dispersion of Pt (~0.8 & 0.3 nm) in
the PtSn3Ca5/Al,0; catalyst compared to the Ca-free analog
(~1.0 £ 0.6 nm). Hy-chemisorption experiments of the fresh
catalysts suggest that Ca enhanced the exposure of platinum, as
evidenced by 1.3 times greater hydrogen adsorption on
PtSn3Ca5/Al,0; than that on PtSn3/Al, 05 (Table S27t). The study
of the used catalysts after three dehydrogenation cycles shows
that the dispersion of Pt-Sn NPs in PtSn3Ca5/Al,0; remained
intact with a negligible increase to 0.9 + 0.3 nm, while that for
the Ca-free material increased by 30% to ~1.3 = 0.5 nm. This
implies that the introduction of Ca into the catalyst resulted in
significant inhibition of catalyst sintering, and thus the size of
the sub-nanometer particle remains intact even after under-
going three cycling regeneration reactions. DFT calculations
(Fig. S71) indicate that the migration of CaO, has a higher
activation barrier than SnO, (2.14 eV for CaO, and 1.83 eV for
SnO,) on the alumina surface. The aggregation of SnO, and
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Fig. 2 (a) HAADF-STEM images of the PtSn3/ALOsz catalyst after
reduction in a flow of 18 vol% H,/N, at 873 K for 1 hour; (b) HAADF-
STEM images of the PtSn3/Al,O< catalyst after three dehydrogena-
tion—-regeneration cycles; catalytic conditions: atmospheric pressure,
CsHg/H, = 1/1, with balance N for a total flow rate of 50 mL min™?,
WHSV of propane = 8.25 h™* and 100 mg of sample; (c) HAADF-STEM
images of the PtSn3Ca5/Al,O3 catalyst after reduction in a flow of
18 vol% H,/N, at 873 K for 1 hour; (d) HAADF-STEM images of the
PtSn3Ca5/Al,O3 catalyst after three dehydrogenation cycles; catalytic
conditions: atmospheric pressure, CsHg/H, = 1/1, with balance N, for
a total flow rate of 50 mL min~*, WHSV of propane = 8.25 h* and
100 mg of sample. Coke concentration in the catalyst as a function of
time for different temperatures on (e) the PtSn3/Al,O5 catalyst and (f)
PtSn3Ca5/Al,Os3; catalytic conditions: 10 mg of catalysts, total flow
rate = 110 mL min~?, and CsHg/N, ratio = 1/10.
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CaO, could inhibit the migration compared with the aggrega-
tion of two SnO, clusters. The high migration barrier on CaSnO,
is preserved after loading of Pt. Further experiments indicate
that the catalyst's coke resistance is augmented with the
inclusion of calcium. As is shown in Fig. 2e and f, the carbon
generation on both catalysts increased rapidly at the beginning
and gradually stabilized at different temperatures. Both the
final coke content and the coke formation rate in the linear and
burst zones increased with temperature, which is similar to the
literature.* The apparent activation energy (Fig. S81) calculated
through the monolayer-multilayer coke growth model
(MMCGM)*** for both monolayer coking (70.85 kJ mol™ ') and
multilayer coking (178.94 k] mol ') on PtSn3Ca5/Al,0; is higher
than that on PtSn3/Al,0; (32.70 k] mol " and 119.60 kJ mol %,
respectively), suggesting that the coke formation on the former
catalyst was inhibited by the introduction of calcium. Alto-
gether, these results demonstrate that the addition of Ca pre-
vented the sintering of Pt-Sn nano-clusters as well as coking
deposits during dehydrogenation cycles under PDH conditions.

Next, the working principles of the aforementioned sintering
and coking resistance effects from Ca were comprehensively
investigated. The introduction of Ca into the catalyst shifted the
vibrational frequency of the linearly bonded CO band to
2076 cm~ ' (Fig. 3a), indicating the perturbation of the elec-
tronic structure of surface Pt atoms.**** The vibrational
frequency of the linearly bonded CO band can be attributed
primarily to the size of the Pt particles®® and the electronic state
of Pt.***%” Given that PtSn3Ca5/Al,0; and PtSn3/Al,0; possess
similar particle sizes (as shown in Fig. 2a and c), the difference
in the CO linear adsorption peak position primarily arises from
fluctuations in the electron density on Pt. The redshift of the
vibrational frequency of the linearly bonded CO band indicates
a strong backdonation of electrons from Pt atoms, suggesting
an increase in the electron density on the Pt atoms by the
addition of Ca on PtSn3Ca5/Al,0;.

However, the Ca 2p XPS spectra of reduced PtCa5/Al,0; and
CaO/Al,0; (Fig. S9T) show no shift of the Ca 2p peak, which
means that there is no significant electronic interaction
between this closely contacted platinum and calcium.**?® Quasi
in situ XPS results obtained from reduced PtSn3/Al,O; with
different Ca contents (Ca-free, 0.1 wt%, 0.2 wt%, and 0.3 wt%
Ca) in Fig. 3b show that the proportion of metallic Sn increases
linearly with the calcium content (Fig. 3c), consistent with
previous work.*® Further DFT calculations indicate that the
oxygen vacancy formation energies of Sn-O,—Sn and Sn-O,-Al
decrease obviously after the addition of CaO, (Fig. 3d and S107).
This corroborates the results from the XPS that the introduction
of calcium facilitates SnO, reduction. Additionally, the DFT
results (Fig. S10T) show direct interaction between Sn and Ca as
the Sn—-O-Ca species was observed in the Sn and Ca containing
catalyst in the reduction process. These results together with
CO-DRIFTS experiments demonstrate that the addition of Ca
benefited the reduction of Sn™ to Sn° which indirectly
increased the electron density of Pt, thus promoting the
desorption of the product propylene and inhibiting coke
deposition.***°
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Fig.3 (a) CO-DRIFTS of PtSn3/Al,O3z and PtSn3Ca5/Al,Os3; (b) Quasiin
situ XPS spectra of Sn 3d in a series of PtSn3/AlL,O3 catalysts with O wt%
Ca, 0.1 wt% Ca, 0.2 wt% Ca or 0.3 wt% Ca (from top to bottom); (c)
relationship between the Ca content and the ratio of sn®and SNiotat. (d)
Oxygen vacancy formation energies of different oxygen species in
SnO,/AlL,03 and SnO,/AlL,O3 with CaO,.

Further study was performed to analyze the impact of
structural changes on the reaction performance. C3;Hg-D,
temperature-programmed surface reaction (Cs;Hg-D,-TPSR)
analysis, which is widely used to determine the intrinsic ability
to activate the C-H bonds of propane,*** is carried on reduced
PtSn3/Al,0; and PtSn3Ca5/Al,0; (Fig. S117). The rise in C-H
activation temperature with increasing calcium content
suggests that the dehydrogenation barrier for PtSn3Ca5/Al,03
was potentially greater than that for PtSn3/Al,0;.** Detailed
kinetic investigations were carried out on these catalysts at
relatively low partial pressures of propane and hydrogen, in
order to gain deeper insights into the impact of Ca incorpora-
tion on the C-H activation process. The reaction orders in
propane and hydrogen on different catalysts were calculated
from the slopes of In(TOF) versus In(p) plots, as shown in Fig. 4a
and b. The reaction order for propane remained almost
constant (~1.0), regardless of the content of Ca, while that for
hydrogen differed greatly, changing from —0.21 to —0.01 with
the Ca content increasing from 0 to 0.3 wt%. The increase of the
reaction order for hydrogen with the Ca content potentially
indicated a shift in the rate-determining step (RDS), suggesting

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 TOF of propane as a function of (a) propane partial pressure and
(b) hydrogen partial pressure on PtSn3/AlL,Oz catalysts with different
Ca contents; catalytic conditions: atmospheric pressure, 873 K, and 5
mg of catalysts.

a modification in the active species present on the catalyst
surface. Note that the determination of the RDS is related to the
reaction order for propane and hydrogen.** For PtSn3/Al,O; with
a Ca content between 0 and 0.2 wt%, no obvious RDS can be
identified, and it seems that the first and second C-H bond acti-
vations would jointly dominate the overall reaction rate. As the
reaction order for hydrogen was close to zero on PtSn3Ca5/Al,03,
the first C-H bond activation was most likely the RDS on this
catalyst, which indicates that the active site on the PtSn3Ca5/Al,05
surface is relatively homogeneous. Besides, isotopic experiments*
(details in the ESIt) showed that a kinetic isotope effect (KIE) of
1.65 has been found on PtSn3Ca5/Al,O3, while the KIE was 2.39 for
PtSn3/Al, 03 (Fig. S127). Thus, the change in the KIE confirmed the
result obtained from the DFT calculation and kinetic analysis that
the structure of the catalysts changed while Ca was added to the
PtSn3/Al,0; catalysts.

Conclusions

In summary, we fabricated well-defined Pt-Sn/Al,O; catalysts
doped with Ca ions with a markedly improved propylene
production rate of 41 molc u, (gec )" as well as a slow deacti-
vation rate of 0.0098 h™', compared to the Ca free analog.
Characterization and kinetic analysis were employed to unravel
the underlying mechanism of the promotion effect for propane
dehydrogenation. It was found that Ca doping promoted the
reduction of Sn™" to Sn° species. The reduced tin species further
led to a pronounced electronic modification of platinum.
Subsequent kinetic analysis of the carbon accumulation clarified
that this electron-rich Pt surface greatly inhibited the carbon
accumulation process. Further kinetic analysis of the reaction
process revealed that the introduction of calcium affected the
surface hydrogen desorption process, and that the first C-H bond
activation is the rate-determining step of the propane dehydro-
genation process over the calcium-containing catalyst. The cata-
lyst design concept advanced in this study opens a new horizon
in the exploration of alkaline-earth metals in catalysis.

Data availability

The data that supports the findings of this study is available
from the corresponding author upon reasonable request.
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