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Assessment of Metal-Metal Interactions and Catalytic Behavior in Platinum—Tin Bimetallic
Subnanometric Clusters by Using Reactive Characterizations

Aaron Sattler*, Michele Paccagnini, Lichen Liu, Elaine Gomez, Henry Klutse, Allen W. Burton, Avelino Corma*

ABSTRACT

Several reactive characterizations were used to study the effect that reduction time has on propane
catalysis using PtSn-K/MF]I, including propane dehydrogenation, propane hydrogenolysis, and ethane
H/D exchange. Propane dehydrogenation results demonstrate that increased reduction time causes the
PtSn-K/MFI to have higher selectivity towards propylene, lower rates of catalyst deactivation, and lower
rates of dehydrogenation. Consistent with higher selectivity towards propylene with longer catalyst
reduction times, slower rates of hydrogenolysis are also observed over a large range of Ha:propane ratios.
H/D exchange experiments to assess rates of C-H activation were carried out on PtSn-K/MFI by using
ethane and D,, which demonstrated that longer reduction time significantly inhibits the rate of C-H
activation on PtSn-K/MFI. The substantial effects observed by using reactive characterizations were
difficult to be interpreted by more advanced characterization techniques such as EXAFS, because the
structural changes of the PtSn nanoclusters are quite subtle. Indeed, in a previous report on the PtSn-K/MFI
material, Pt and Sn EXAFS were statistically indistinguishable with different reduction temperatures,
illustrating that combining reactive characterizations, particularly with the application of H/D exchange,
provides the ability to differentiate fundamental effects that impact catalyst performance. The importance
of C-H activation was confirmed by isotopic experiments for propane dehydrogenation, which indicate that
the first C-H activation step is rate-limiting during dehydrogenation, with a kinetic isotope effect of ~2.5.
These results together show that increased reduction time gives a catalytic material with superior catalytic
properties (i.e. higher propylene selectivity and lower deactivation rates), and this is proposed to be due to
increased platinum-tin interactions, which modifies and weakens hydrocarbon adsorption, thereby limiting

strongly adsorbed intermediates that are precursors to hydrogenolysis products and coke.
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INTRODUGTION

There is an abundance of light paraffins in the world, and research to upgrade their value, for
example by conversion to olefins or oxygenates, is of significant interest. Catalytic alkane dehydrogenation,
a reaction that converts alkanes to olefins and H», is one conversion method that has been studied
extensively,! and is commercially practiced. For example, UOP23 uses a PtSn based catalyst supported on
alumina in a process known as Oleflex, and Air Products/Houdry Division developed a chromium oxide
based catalyst supported on alumina that is now licensed by CB&I Lummus, known as Catofin,! to produce
light olefins such as propylene and isobutene. Many important factors go into catalytic dehydrogenation,
including activity, selectivity, catalyst lifetime, and regenerability. Recently, a series of Pt and PtSn materials
supported on purely siliceous MFI were reported,* in which subnanometric Pt or PtSn clusters were shown
to form when K was introduced in the synthesis and the resultant materials (Pt-K/MFI and PtSn-K/MFI)

were stable in both reducing and oxidizing conditions. The small particles give optimal atom economy,5¢
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and their stability under oxidizing conditions may allow the material to be regenerated multiple times after
it inevitably is deactivated by coke that is produced during a dehydrogenation reaction. For the PtSn-
K/MFI material, additional work demonstrated that catalyst pre-treatment and specifically reduction
temperature and time played a crucial role in modifying the material, where longer reduction times at 600 °C
gave a catalyst that had increased stability and higher selectivity for propane dehydrogenation (PDH).”

It is well-known that Sn can modify Pt and has an effect on catalysis, which is why Sn is added. For
example, one class of interactions is the formation of distinct PtSn alloys, which have significantly different
adsorption, like low to zero H» chemisorptions, and poisoned catalytic properties.821011 Another class of
PtSn interactions is when Pt interacts with an oxidized Sn species (e.g. “Sn0”),1213141516 sometimes called
and eggshell surface, and in these cases often high H» dispersions are observed with high catalytic activities.
Notably, the structure of the bimetallic PtSn particles and the Pt-Sn interaction are also support
dependent.”17.18192021,22. These interactions above are examples; however, it is important to note that there
is a large range of the various types of interactions between Pt and Sn, and assessment of these interactions
is not trivial. While these interactions are often broken down into either geometric or electronic effects,
these categories are not mutually exclusive, and as the bimetallic particles get smaller, these effects become
more interrelated. Most notably, with the smaller subnanometric particles (~0.5 nm) reported for PtSn-
K/MFL*7 characterization of these Pt-Sn interactions become even more difficult by more standard
techniques (see below). Thus, we have implemented the use of the reactive characterizations, which indeed
can differentiate the materials, and is discussed herein.

The PtSn-K/MFI material of focus here was previously characterized using techniques such as CO
adsorption and FTIR spectroscopy, chemisorption, XANES, and EXAFS; it was proposed that the
modification of catalytic performance was due to changes in the Pt-Sn interactions.” Several techniques, like
Pt and Sn EXAFS were reported to be inconclusive for PtSn-K/MFI, and could not differentiate the materials
based on reduction time. For example, the authors state: “In summary, neither the Pt LIII-edge nor the Sn
K-edge EXAFS spectra show evidence of any kind of bimetallic interactions in this series of samples, in
contrast to literature reports in which the two metals form well-established alloys.”” Thus, Pt-Sn alloying is
not indicated by EXAFS. Furthermore, although minor differences were observed with high resolution TEM
imaging and FTIR spectroscopy, these techniques could not clearly identify substantial changes in the Pt-Sn
interactions, or the formation of Pt-Sn alloys. While EXAFS has had significant impact and value in catalysis
research, like any characterization technique, EXAFS has limitations and these have been reported,? often
arising from structural heterogeneity.2#?526 Thus, the work detailed herein follows up on these
aforementioned studies*” and use reactive characterizations?” to better understand the effect of reduction
temperature on the catalytic results observed for alkane dehydrogenation.? The results of these reactive
characterizations, and in particular H/D exchange to assess C-H activation, demonstrate their strong

sensitivity to assess changes in catalyst performance.

RESULTS AND DISCUSSION
The PtSn-K/MFI sample was prepared according to the previous work (containing ~0.4 wt% Pt, 0.9
wt% Sn and 0.6 wt% K), which comprises subnanometric Pt clusters located in the 10R sinusoidal channels

of MFI zeolite and atomically dispersed Sn species as extra-framework species, after being reduced by H» at
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600 °C.47 Two reduction times were studied in depth, 0 hr and 12 hr, both at 600 °C, and these materials
are labeled as PtSn-0Ohr and PtSn-12hr, respectively. Additionally, a sample containing no Sn, i.e. Pt-
K/MEFI,* which is labeled as Pt-only, was also prepared and analyzed. It was previously postulated that
during the course of a 12-hour reduction for PtSn-K/MFI, small amounts of Sn(IV) are reduced and
incorporate/interact with the Pt particles, which modifies their catalytic behavior resulting in higher
propylene selectivity for PtSn-12hr.” Higher propylene selectivity with PtSn-12hr is interpreted as
decreasing the relative rate of hydrogenolysis compared to the rate of dehydrogenation.

Here, the reactivity of propane and Hy at different Hy:propane ratios was studied on PtSn-12hr at
550 °C. These experiments were carried out in a well-mixed recirculating batch reactor, and the results are
shown in Figure 1 (circles), where hydrocarbon partial pressures are shown as a function of time at different
H>:propane ratios. Analysis of the batch reactor results allow us to assess the rates of dehydrogenation and
hydrogenolysis at a given process conditions. As can be seen in Figure 1, propylene formation (red) is
significantly faster than the formation of cracked products (i.e. methane, ethane and ethylene, blue). The
propylene yield decreases at higher Hx:propane ratios due to the decrease in thermodynamic equilibrium
conversion.

Similar propane reactivity experiments were studied with PtSn-Ohr at 550 °C, and these data are
indicated in Figure 1 with stars. Several aspects to note are that: (i) the rate of propane conversion is faster
on PtSn-Ohr, as seen with the faster rate of disappearance of propane, (ii) the rate of dehydrogenation to
form propylene is faster on PtSn-Ohr, and (iii) the rate of hydrogenolysis is also faster on PtSn-Ohr.
Experiments in a plug-flow fixed bed reactor were also carried out at a large range of Hx:propane ratios, and
are consistent with the observation of increased hyrogenolysis at constant residence time on PtSn-Ohr
(Figure S2). The observation of more facile hydrogenolysis with PtSn-Ohr is indicative of stronger
hydrocarbon adsorption, and thus weaker adsorption on PtSn-12hr, which is likely a consequence of the
increased Pt-Sn interaction with longer reduction time. The propylene selectivity is a function of the relative
rates of dehydrogenation and hydrogenolysis, and these selectivities are shown in Figure 2. Interestingly,
it can be seen that at high Hx:propane ratios, the propylene selectivities are nearly identical and within the
error of the experiments, indicating that reaction rates are more strongly controlled by H> adsorption rather
than hydrocarbon adsorption under these conditions. PDH processes typically operate at lower Ha:propane
ratios, and thus the higher propylene selectivity is relevant and important at these process conditions. The
different propylene selectivities are consistent with the reported PDH results,” where lower reduction times

give lower propylene selectivities for PDH.
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Figure 1. Propane reactivity on PtSn-12hr (circles) at PtSn-Ohr (stars) at 550 °C, at varying Hj:propane ratios (left: 2:1,

middle: 8:1, right: 16:1). Plots show hydrocarbon partial pressure (black: propane; red: propylene; blue: sum of ethane,
ethylene and methane) as a function of time.

Q1 = W PN

NoRENe BN [o)

10
11
12
13
14
15
16
17
18
19

100

90}

Selectivity (%)

50f

40

Figure 2. Selectivity towards PDH of PtSn-12hr (circles) and PtSn-Ohr (stars) at varying Ha:propane ratios (black: 2:1,

red: 8:1, blue: 16:1).

The Pt-only (i.e. no Sn) material (Pt-only), which was reduced at 600 °C for 1 hour, was also tested
for its reactivity towards propane. Significant hydrogenolysis is observed for Pt-only at 450 °C, 100 °C lower
than for the PtSn materials, as shown in Figure 3. For example, at a Ho:propane ratio of 2 (Figure 3, left),
PDH and hydrogenolysis occur at similar rates on Pt-only. At 550 °C, hydrogenolysis rates are also
comparable to PDH rates (Figure 4, left), resulting in low propylene selectivity (Figure 4, right). For
comparison purposes, the three materials are plotted next to each in Figure 5, clearly demonstrating that the
relative hydrogenolysis activity increases from PtSn-12hr < PtSn-Ohr << Pt-only at low Ha:propane ratios.?

These results clearly demonstrate that without Sn, hydrocarbon adsorption is significantly faster, resulting

in high rates of hydrogenolysis.
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Figure 3. Propane reactivity on Pt-only at 450 °C, at varying Ha:propaneratios (left: 2:1, middle: 8:1, right: 16:1). Plots
show hydrocarbon partial pressure (black: propane; red: propylene; blue: sum of ethane, ethylene and methane) as a
function of time.
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Figure 4. Propane reactivity on Pt-only at 550 °C at a Ho:propane ratio of 2:1. Plots show hydrocarbon partial pressure
(black: propane; red: propylene; blue: sum of ethane, ethylene and methane) as a function of time (left), and propylene
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Figure 5. Side-by-side comparison of propane reactivity on Pt-only, PtSn-Ohr, and PtSn-12hr, under the same process
conditions (550 °C, 0.05 atm propane, 0.1 atm H, 5 mg catalyst).

Fixed-bed reactors studies were also conducted to confirm the observations in the well-mixed batch
reactor, as batch-reactor studies for gas-phase dehydrogenation reactions are uncommon in the literature.

The catalytic tests were performed at high space velocity at 600 °C in the absence of H» in the feed gas in
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order to show the intrinsic activities of different types of species. As shown in Figure 6 (left), the Pt-only
sample shows the highest initial conversion of propane while PtSn-12hr gives the lowest, which is consistent
with the kinetic results shown in Figure 1. The initial selectivity to propylene obtained with the Pt-only
sample is the lowest while the PtSn-12hr sample gives the highest selectivity (Figure 6, center).
Consequently, the PtSn-12hr sample shows the slowest deactivation (Figure 6, right), and helps to support
the conclusion that PtSn-12hr has weaker hydrocarbon adsorption, which not only limits hydrogenolysis,
but also limits coke formation that causes deactivation, two reaction pathways that are often correlated

based on requiring strong adsorption.
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Figure 6. Catalytic results of PtSn-12hr (black), PtSn-Ohr (red), and Pt-only (blue) sample in fixed-bed reactor for
propane dehydrogenation. Reaction conditions: 5 mg catalyst, 20 mL/min propane and 60 mL/min N> as feed gas,
600 °C. The deactivation constants are obtained through the following formula: In[(1 - Xfina)/ Xfinal] = ka X T + In[(1 -
Xintial) / Xintial], where Xfinal and Xinitial are the final and initial propane conversions, respectively, T is the lifetime of the
catalyst measured in the catalytic test (1.5 h ) and kq is the deactivation constant. The products were analyzed with
online GC.

PDH necessarily involves C-H activation, as C-H bonds are broken to produce propylene, the study
of C-H activation should be informative. We have previously shown that hydrogen/deuterium (H/D)
exchange can serve as sensitive technique to differentiate Pt/SiO, catalysts that contain different levels of
sodium,® and H/D exchange in alkanes has been studied extensively in general over many different metal
catalysts.3132 Thus, PtSn-Ohr and PtSn-12hr were studied for their C-H activation behavior by using H/D
exchange. The experiments were carried out in the same well-mixed batch reactor, using mixtures of D
and ethane,?® and the reactions were monitored by GC-MS (gas chromatography-mass spectrometry).
Figure 7 and Figure 8 show individual H/D exchange experiments at several temperatures, on PtSn-12hr
and PtSn-Ohr, respectively, all at initial 20:1 D>:ethane ratios.3 It can clearly be seen that PtSn-12hr is slower
to undergo H/D exchange than PtSn-Ohr, at the same process conditions studied. These results indicate
that PtSn-Ohr more rapidly cleaves the C-H bond in ethane than PtSn-12hr, consistent with more Pt-Sn
interactions in PtSn-12hr weakening its hydrocarbon adsorption kinetics and with the results above.
Furthermore, we carried out a similar analysis as was done previously on a series of Pt/SiO; catalyst,30% to
assess the pressure dependences of ethane and D for H/D exchange. These results indicate that C-H
activation as assessed by H/D exchange are first order in ethane and negative first order for PtSn-Ohr
(Figure S3) and negative half order for PtSn-12hr (Figure S4) in D> (Table S1). A PtSn/SiO; catalyst,? in
which an alloyed phased was confirmed by XRD (Figure S11), was tested for comparisons and showed a D

dependence of approximately -0.3, in addition to the higher temperature required to obtain similar
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conversions. Itis important to note that the pressure dependency experiments were conducted at different
temperatures,3” which can effect H (or D) coverage,3® and thus the reaction orders in D> may also be affected
by the difference in temperature. Nevertheless, the slower rates of H/D exchange at the same temperature
and process conditions for PtSn-12hr indicate that the 12 hour reduction increases the interaction between
Pt and Sn, thereby weakening hydrocarbon adsorption and C-H activation, and the trends in D> pressure
dependency, albeit at different temperatures, are consistent with these results.
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The longer reduction time for PtSn-12hr increases the interaction between Pt and Sn, thereby
inhibiting C-H activation, multiple exchange, and hydrogenolysis, resulting in higher selectivities towards
dehydrogenation at the same process conditions as PtSn-Ohr. Additional support for this hypothesis is
obtained by examining the selectivity towards Dj-ethane, which occurs via stepwise exchange, versus the
heavier isotopologues, D+-ethanes, which are produced by a combination of stepwise and multiple
exchange (Figure S5). These selectivities are indicative of the relative rates of the first C-H activation and
successive C-H activations when compared at constant conversion,3! as depicted by a generic mechanistic
representation of propane reactivity on a catalyst surface in Figure 9.3 It can be seen that for PtSn-Ohr, there
is higher selectivity towards D»+-ethanes (red) at constant conversion and temperature, indicating that the
relative rate of the second C-H activation compared with the first is greater than with PtSn-12hr. The
greater propensity for multiple exchange has been proposed to be a consequence of the adsorption strength
of the hydrocarbon on the metal surface, where more strongly adsorbed species will undergo multiple
exchange 314041 Strongly adsorbed species (ak.a. deep dehydrogenation) which are heavily

dehydrogenated are also proposed as intermediates that lead to hydrogenolysis,?® and coke, as shown in



1  Figure 9. Thus, it is postulated that the longer reduction time for PtSn-12hr increases the interaction
2 between Pt and Sn, thereby inhibiting C-H activation, multiple exchange, and hydrogenolysis, resulting in
3 higher selectivities towards dehydrogenation at the same process conditions as PtSn-Ohr.
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6 Figure 9. Mechanism of successive C-H activations and C-C activation.
7
8 To further confirm the relevance of C-H activation during PDH, isotope experiments under PDH
9  conditions were tested. A 1:1 mixture of C3Hg and CsDs (0.1 atm each, no H> added) was allowed to react

10  onPtSn-12hr at 550 °C.#2 The reaction progress was analyzed by GC coupled with both a MS and FID (flame
11  ionization detector); the GC-FID chromatogram is shown in Figure S6, which clearly demonstrates the
12 disappearance of propane and appearance of propylene. Notably, the isotopologues of propane, C3Hg and
13 C3Ds, can be separated, shown in Figure S7. It can be seen that CsHs reacts faster than CsDs, based on the
14  faster disappearance of C3Hs in the GC, and integration of the chromatogram gives the reaction progress
15  plot shown in Figure 10. Based on the initial rates of disappearance of CsHs and C3Ds, an observed normal

16  kinetic isotope effect (KIE) of ~2.5. was obtained.
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22
23 Additional information is obtained by analysis of the mass spectra during the course of the PDH

24  reaction. The mass spectra of CsHs, C3Ds, CsHs and CsDs are shown in Figure S8.43 The mass spectra of the
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pure isotopologues are useful as a source of comparison when analyzing the mass spectra of the gas-phase
mixture (1:1 mixture of CsHs and CsDs at time zero) over the course of the reaction on PtSn-12hr at 550 °C,
in order to assess where C-H activation is occurring; these spectra are shown in Figure S9. There is little
isotope exchange between the propane isotopologues (i.e. CsHs and Cs3Ds) during early reaction times, based
on the chromatogram analysis, showing well-defined separation between C3Hs and CsDs. At later times,
the two signals merge, indicating isotopic scrambling between propane isotopologues, and is further
confirmed by analysis of the mass spectra (Figure S9). In contrast, the propylene exists as a mixture of
isotopologues at all times, and shifts more towards deuterated propylene with time, due to the KIE observed
above, where less C3Ds is reactive than C3Hg at early times. These results together indicate that C-H
activation is rate limiting during PDH, and experimentally irreversible at early times, which is consistent

with previously reported results for dehydrogenation.45

CONCLUSIONS

In conclusion, PtSn-K/MFI, which contains subnanometric PtSn particles inside MF]I, is a highly
active and selective catalyst for PDH. Increased reduction time at 600 °C modifies the material, to increase
its selectivity and limit catalyst deactivation during PDH catalysis. This modification is proposed to be due
to changes in the interactions between Pt and Sn, where longer reduction times increases their bimetallic
interactions, while not forming a PtSn alloy, and gives superior catalytic properties. Specifically, the
increased interaction in PtSn-12hr compared to PtSn-Ohr causes a slight decrease in the general adsorption
strength of the hydrocarbon species on the surface of the subnanometric clusters, which thereby limits the
rate of both hydrogenolysis and coking. These modifications are minor enough, such that they were not
observed by state-of-the-art characterization techniques like EXAFS and TEM,” but are readily seen by
reactive characterizations, such as H/D exchange, highlighting the strong sensitivity reactive
characterizations can have. These findings demonstrate the substantial effect that minor interactions can

cause on hydrocarbon catalysis.
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