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Abstract 

Catalyst stability, resistance to deactivation, and regeneration remain a challenge for high 

temperature reaction processes. For Pt alloys used in propane dehydrogenation (PDH), the 

primary pathways of catalyst deactivation include coke formation and metal nanoparticle 

sintering over time. Recent work shows that silica-supported catalysts provide excellent 

selectivity for this reaction, but the regenerability of silica-supported catalysts has not been 

established. In this work, we study a series of Pt alloys, including PtMn, PtZn, and PtSn, for the 

PDH reaction at 550 °C and 600 °C, and we subject the catalyst materials to regeneration over 

multiple cycles. While oxidation in air restores the reactivity completely with minimal catalyst 

sintering, it is surprising to find that these catalysts can also be regenerated in pure hydrogen. 

Here we explore the types of coke formed on these catalysts using in situ temperature 

programmed oxidation (TPO). Two types of coke are found: one on the metallic NP surface, and 

a second on the silica support. Our work shows that treatment in hydrogen causes redistribution 

of the coke between the metal and support, which can restore most catalytic activity lost during a 

reaction run. Periodic introduction of H2 during a reaction cycle may constitute an unexplored 

strategy for extending the lifetime of PDH catalysts. 

1. Introduction 

The “Shale Boom” has provided a large feedstock of hydrocarbon resources that have a 

high hydrogen to carbon ratio, and the extraction of shale gas in the U.S. is projected to increase 

until at least 2050 [1–3]. Conversion of the natural gas liquids obtained from shale, e.g. ethane 

and propane, involves dehydrogenation as the first step [4]. The product alkenes, ethylene and 

propylene, are precursors for a variety of useful compounds including chemical derivatives and 

liquid transportation fuels. However, methane, ethane, and propane, the major components of 

natural gas, are difficult to activate, and dehydrogenation is a highly endothermic, equilibrium-

limited reaction. Conventionally, Pt alloys or CrOx based catalysts supported on alumina have 

been employed for commercial dehydrogenation [5,6]. Pt catalysts are the most prominent 

materials for non-oxidative dehydrogenation. An additional element, called a promoter, is often 

added to form a Pt alloy in order to modify the geometric and electronic structure of the Pt 

surface ensembles to increase the selectivity of the catalyst. Conventionally, a Pt3Sn alloy 

supported on Al2O3 is used in the industrial process (UOP Oleflex process) [5,6]. Nevertheless, 
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the Pt3Sn catalyst deactivates and requires frequent regeneration [7]. The mechanisms for 

deactivation include sintering of metal nanoparticles, coking of catalyst active sites, and the 

transformation of the active surface phase by loss of promoters [6,8]. Methods for catalyst 

regeneration on alumina supported catalysts are well developed and, in fact, commercial 

processes are designed around a regenerative protocol involving fluidized beds (Dow FCDh© 

process), alternating reactors (Lummus Catofin© process), or a moving bed that undergoes 

continuous regeneration (UOP Oleflex© process) [5,9]. 

Commercial processes for PDH may operate anywhere from seconds to days before 

requiring oxidative regeneration to remove coke from the catalyst [5]. Across numerous periodic 

reductive/oxidative regenerative cycles at high temperatures, the industry standard Pt3Sn/Al2O3 

deactivates as Sn leaches out of the alloy, forming a separate SnOx phase elsewhere on the 

support [7,10]. Additionally, the rigorous regenerative cycles cause sintering of nanoparticles, 

which causes the loss of active sites as nanoparticles agglomerate [11]. Therefore, it is beneficial 

to explore strategies for prolonging or completely avoiding high temperature oxidative 

regeneration, which is one of the goals of this work. Previous studies, both computational and 

experimental, have shown that when hydrogen is co-fed for PDH over a Pt catalyst (and other 

materials), the catalyst exhibits higher activity and stability [12–20]. It is known that this strategy 

has been implemented commercially [21]. Propane dehydrogenation is an equilibrium-driven 

reaction so the reaction performed with cofed H2 has a lower maximum possible conversion that 

one without cofed H2. When operating below maximum possible conversion for a reaction, it is 

observed that  H2 actually increase selectivity which consequently improves stability and even 

the site time yield of the catalyst. This form of coke suppression attributed to the increase in 

hydrogen partial pressure leads to a lower coverage of deeply dehydrogenated precursors on the 

surface (i.e., CCH3 ethylidyne and CH methylidyne) by competing for active sites and preventing 

the readsorption of nascent propylene. Additionally, the higher the hydrogen coverage, the lower 

the propylene adsorption strength and the higher the energy barrier for further dehydrogenation 

of propylene [12].  Siddiqi et al. explore the role of hydrogen partial pressure on 

dehydrogenation activity and selectivity for a Pt-Ga alloy catalyst. The study compared PDH to 

ethane dehydrogenation (EDH) and experimentally determined that the rate of formation of 

propylene and ethylene, respectively, achieved a maximum with respect to 

hydrogen/hydrocarbon feed ratio. The authors propose, by analyzing coking rates of EDH and 
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PDH while co-feeding hydrogen, that for PDH most of the coke resides on the support with 

minimal coverage of the catalyst surface [13]. The remarkable and counterintuitive effect of 

increasing dehydrogenation catalyst stability and activity by co-feeding hydrogen is well-

established and suggests that a strategy could be developed whereby hydrogen can be used to 

regenerate Pt-alloy dehydrogenation catalysts. 

Here, we propose a strategy where harsh, high temperature oxidative catalyst 

regeneration treatments can be avoided to improve catalyst stability. Catalyst regeneration using 

hydrogen can circumvent conditions which lead to long-term catalyst deactivation such as 

sintering and phase segregation [5]. Alleviating the need for frequent oxidative regeneration also 

simplifies the design and operation of the process. Nonetheless, co-feeding hydrogen limits 

equilibrium conversion, so the ratio of hydrogen to alkane feed should be optimized to balance 

stability and high yield [13]. Our proposed strategy involves cofeeding hydrogen to the catalyst 

either continuously or in pulses, providing an alternative approach to industrial propane 

dehydrogenation. In addition to the industrial standard, Pt3Sn, we are studying two alloy 

catalysts, Pt3Mn and Pt1Zn1, to assess the new operational approach. An optimal alloy 

composition and synthesis procedure was formulated based on the groups’ previous experience 

synthesizing and characterizing these catalyst materials [22–29]. Pt3Mn was selected because of 

its stable performance for EDH where it lost no activity over the course of a week [26]. Pt1Zn1 

was selected because its body-centered cubic (BCC) structure forms site-isolated Pt atoms on the 

alloy surface. This results in a highly selective PDH catalyst which differs from the three-fold Pt 

ensembles characteristic of the face-centered cubic (FCC) Pt3Mn and Pt3Sn material surfaces 

[25]. Typically, catalysts used in commercial processes are supported on alumina due to thermal 

stability, high surface area, and the ability to regenerate the catalyst oxidatively [6,7]. However, 

recent work shows that silica supports may provide higher propylene selectivity for PDH as well 

as lower coke formation and catalyst deactivation rates [30–32]. Coking and cracking side 

reactions on alumina occur via C-C bond activation and C-H bond overactivation at Lewis acid 

sites on the alumina surface that can be formed at high temperature under reducing conditions 

[33–36]. Commercially, basic promoters such as Na, K, or Ca are commonly used to block sites 

on alumina that lead to coke formation, albeit at the cost of some catalytic activity [37]. Silica 

has fewer Lewis acid sites, and thereby has lower coking rates. Despite improvements in 
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selectivity and stability using silica supports, the regenerability of silica-supported 

dehydrogenation catalysts has not been well established. [16,20,30,36,38–42].  

Many studies assess PDH catalyst stability during a single reaction run, typically on the 

order of days, but often disregard the aspect of catalyst regeneration, which is important to the 

design of industrial PDH catalysts [25,36,43–46]. Other recent studies that explore catalyst 

regeneration often employ a high temperature oxidative treatment that irreversibly deactivates 

the catalyst [7,16,19,20,23,47,48]. A previous study by Deng et al. explores regenerating a 

PtSn/SiO2 catalyst using pure hydrogen at 800 °C [31]. However, PtSn nanoparticles supported 

on alumina are reported to sinter upon reductive treatment at significantly lower temperatures 

[49](above 600 °C), meaning that the catalyst likely sinters and irreversibly deactivates between 

reaction runs, making the treatment difficult to assess. Another previous study by Sun et al. 

reports regenerating a PtSn/γ-Al2O3 catalyst using pure hydrogen as a more effective method for 

catalyst regeneration compared to oxidative or inert regeneration. Nevertheless, the study only 

reports a decrease in catalyst activity after hydrogen regeneration treatment at 540 °C for each 

cycle [50]. This study will employ a highly selective and stable Pt-alloy material supported on 

silica as a PDH catalyst to probe the possibility of using hydrogen as an alternative regeneration 

treatment to oxidative conditions. We aim to address the role hydrogen plays in stabilizing and 

regenerating the catalysts by assessing reaction performance as well as the distribution of coke 

on the catalyst surface across multiple reaction cycles. 

 

2. Experimental Methods 

Catalyst Synthesis 

First, the method of strong electrostatic adsorption method (SEA) was used on 5 g of 

commercially available silica (Sigma- Aldrich, Davisil grade 646) to prepare Zn/SiO2. 0.68 g of 

Zn(NO3)2·6H2O (Sigma-Aldrich) was dissolved in 50 mL of deionized water (DI water) to 

obtain 3% Zn weight loading. Subsequently, ammonium hydroxide (NH4OH, Sigma-Aldrich) 

was added to a Zn(NO3)2 solution to adjust the pH to 11−12. SiO2 was added to the Zn solution 

and stirred for 10 min. The sample was vacuum filtered and washed with 50 mL of DI water 

three times. The wet powder was dried overnight at 125 °C and calcined at 300 °C for 3 h (10 

°C/min). Pt was then added to Zn/SiO2 by the pH adjusted incipient wetness impregnation 
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method (IWI) to give 2% Pt weight loading in the final PtZn/SiO2 catalyst. Its impregnation 

volume was calculated to be 1.16 mL/g by adding H2O dropwise to 1g of SiO2 until it was 

saturated. Here, 0.2 g of Pt(NH3)4(NO3)2 (Sigma-Aldrich) was dissolved in about 2 mL of DI 

water. Then, 1 mL of NH4OH was added to the Pt solution and stirred until all crystals dissolved. 

Water and NH4OH were added until the volume was sufficient to impregnate the pore volume of 

the SiO2 and the pH of the Pt solution was between 11−12. The solution was added dropwise to 

the Zn/SiO2 support while stirring. The catalyst was dried overnight at 125 °C, calcined at 200 

°C for 3 hr (5 °C/min ramp), and reduced at 225 °C in 5% H2/N2 at 100 cm3/min for 30 min 

[22,51,52]. A similar approach was used to prepare PtMn and PtSn catalysts on silica using 

Mn(NO3)2·4H2O (Sigma-Aldrich) and SnCl4·5H2O (Sigma-Aldrich), respectively. The weight 

loadings for PtZn/SiO2 (2 wt% Pt, 3 wt% Zn), PtMn/SiO2 (2 wt% Pt, 5 wt% Mn), and PtSn/SiO2 

(2 wt% Pt, 1.5 wt% Sn). Alloy formation was confirmed by in situ XAS. 

Brunauer-Emmett-Teller (BET) Analysis 

BET analysis of all samples was performed using a Micromeritics Gemini 2360 Surface 

Area Analyzer, using liquid nitrogen coolant, after a 24-hr degassing period at 120 °C under 

flowing nitrogen gas.  

X-ray Diffraction (XRD) 

X-ray diffraction data was collected using a Rigaku SmartLab powder x-ray 

diffractometer, equipped with a Cu-target X-ray source (40 kV, 40 mA), a D/TeX Ultra 1-

dimensional position sensitive detector, and a Ni-foil filter for reduction of the Cu-Kβ 

component of the diffracted radiation. Data was collected at 6 °/min from 3° to 150° 2θ (0.02° 

step size). Lattice parameters were obtained via Rietveld refinement using the MDI Jade 

software package. Lattice parameters, crystallite size, and micro strain values were refined, as 

well as sample height error. 

Transmission Electron Microscopy (TEM) 

Samples were dispersed in ethanol and mounted on holey carbon grids for examination 

the JEOL NeoARM 200CF transmission electron microscope equipped with a spherical 

aberration corrector to allow atomic resolution imaging and an Oxford Aztec Energy Dispersive 
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System (EDS) for elemental analysis. The microscope is equipped with two large area JEOL 

EDS detectors for higher throughput in the acquisition of X-ray fluorescence signals. Images 

were recorded in annular dark field (ADF) mode and in annular bright field (ABF) mode. 

 

 

X-ray Absorption Spectroscopy (XAS) 

In situ XAS experiments were performed at the MR-CAT 10-BM beamline at the 

Argonne APS and the 8-ID ISS beamline at the Brookhaven NSLS-II [53]. The catalyst materials 

were scanned at the Pt L3 edge (11.564 keV) for the PtSn/SiO2, PtMn/SiO2, and PtZn/SiO2 

samples. Samples were ground to a fine powder and packed into a sample holder. The sample 

holder was placed in an in situ cell in the middle of a quartz tube with leak-tight end caps 

containing X-ray-transparent Kapton windows. All the samples were placed into the same cell 

for simultaneous analysis. The samples were reduced in 5% H2/He at 550 °C for 30 minutes, 

then cooled to 25 °C in He and scanned. Sample measurement was accompanied by a Pt foil 

scan, used for energy calibration, which was obtained simultaneously using a third ion chamber. 

The X-ray absorption near edge structure (XANES) spectra were used to identify the oxidation 

state while the extended X-ray absorption fine structure (EXAFS) provided information about 

the number, identity, and distance of local scattering atoms. XANES and EXAFS data were 

obtained and interpreted using WinXAS v 4.0 software.[54] Feff6 calculations were performed 

using a single scattering atom of each type placed at a certain distance from a main Pt atom. [55] 

The type of atom and distance is as follows: Pt−Zn = 2.66 Å, Pt−Pt = 2.77 Å, Pt−Mn = 2.66 Å, 

Pt−Sn = 2.81 Å, Pt−O = 2.05 Å. The standard EXAFS fit was performed on the k2-weighted, 

Fourier-transform of the reduced (metallic) sample. 

In order to assess the local coordination at the surface of the nanoparticles, we employed 

difference-EXAFS (surface-EXAFS) analysis on the samples [26,56,57]. After scanning the 

reduced sample, we re-exposed the sample to air (oxidative treatment) at room temperature for 

30 minutes before scanning the sample a second time. At room temperature in air the surface 

layer(s) of Pt will oxidize. Upon subtracting the k0-weighted χ-space spectra of the reduced and 

surface-oxidized spectra, the core of the nanoparticles (the portion that did not change) is 
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subtracted out, meaning that only the contribution of the atoms near the surface remains. The 

data was fitted using the scattering paths listed above; however, the phase of the Pt-O scattering 

path was shifted π-radians out of phase compared to conventional EXAFS. 

 

 

Reaction Testing 

Reaction conditions are defined throughout the results section because of the variety of 

conditions used. The most common conditions, however, are termed as “coking conditions” and 

“non-coking conditions”. Coking conditions indicates 5% propane in balance Ar at 550 °C while 

non-coking conditions indicates H2 cofeeding in ratios that are typically 1:1 or 2:1 with respect 

to propane at 550 °C or 600°C. 

Results 

The samples prepared for this study were characterized using XAS.  The samples were 

pre-reduced in 5% H2/He at 550 °C for 30 minutes before cooling to room temperature in He and 

scanning in transmission mode.  Figures S1 and S2 show the XANES and the EXAFS for the Pt 

alloy catalysts, respectively. For the pre-reduced scans, the EXAFS shows no evidence of Pt-O 

features, which commonly appears lower than R = 1.8 Å, meaning that the alloy nanoparticles 

are fully metallic. The XANES energy, defined as the inflection point of the initial 

photoexcitation, increased with alloy formation by ~0.5 eV, listed in Table 1, compared to the Pt 

foil. This shift is consistent with alloy formation [25,26]. The EXAFS spectra show a noticeable 

difference in magnitude and peak position for each alloy compared to the Pt foil reference, which 

has three peaks. This suggests scattering paths other than Pt-Pt, and the small magnitude may be 

attributed to destructive interference between the scattering paths. EXAFS fitting results are 

reported in Table 1 and Figure S3. Upon fitting, the PtZn/SiO2 sample had a Pt-Zn scattering 

path present at a bond distance longer than a Pt-Pt scattering path, which is typical of a Pt1Zn1 

structure previously reported [22,25,58]. The ratio of Pt-Pt bonds to Pt-Zn bonds is 

approximately 3:1, suggesting the formation of Pt-rich nanoparticles, i.e., a Pt core and surface 

Pt1Zn1 phase. For the PtMn/SiO2 catalyst, the Pt-Pt:Pt-Mn coordination ratio is approximately 
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3:1, and the bond distance is the same between both scattering paths at a bond distance slightly 

shorter than that of Pt-Pt [26]. This suggests the formation of Pt-rich nanoparticles containing a 

Pt3Mn phase because the Pt-Pt:Pt-Mn coordination ratio, 3:1, is higher than the expected 2:1 

ratio for full-alloy Pt3Mn nanoparticles. Using similar logic for the PtSn/SiO2 sample, the Pt-

Pt:Pt-Sn coordination ratio is approximately 3:1, which points to Pt-rich nanoparticles containing 

a Pt3Sn phase. The bond distance found for Pt-Pt and Pt-Sn coordination in the PtSn/SiO2 sample 

is significantly longer (~0.1 Å) compared to monometallic Pt nanoparticles of this size (~2 nm in 

diameter), which is attributed to the formation of a Pt3Sn phase [59]. The bond distance 

extension is confirmed using XRD, as evidenced by a spectral shift to lower 2θ in Figure S5. 

Table 1. Pt L3 edge EXAFS fits for the PtZn/SiO2, PtMn/SiO2, and PtSn/SiO2 samples.  

 

To determine whether the alloy phase or the Pt-rich phase is on the surface of the 

nanoparticles, difference-EXAFS (surface-EXAFS) analysis was used. By subtracting a sample’s 

partially oxidized spectra from a fully metallic spectra, considering that the core stays the same 

and the atoms near the surface change, information about element-specific local coordination 

closer to the surface of the nanoparticles can be procured. The resulting fits are listed in Table 2 

and are illustrated in Figure S4. The difference between the reduced and oxidized spectra is 

represented as a loss of Pt-Pt and Pt-(Sn, Zn, Mn) coordination and a gain of Pt-O coordination. 

Both the gained coordination and lost coordination are accounted for in difference EXAFS fitting 

results. The results show that a large proportion of the PtZn/SiO2 sample oxidized upon exposure 

to air at room temperature, but the metallic coordination change near the surface has a Pt-Pt:Pt-

Zn coordination ratio of 3.5:1.9, which is lower than in the bulk fitting results above. This shows 

that there is more Zn near the surface of the nanoparticles meaning a Pt-Zn surface alloy phase. 

Sample 
Edge energy 

(keV) 

Scattering 

Pair 

CN  

(±10%) 

R 

(±0.02 Å) 
Δ σ 

2 (Å2) 
Shift in Eo 

(eV) 

Pt foil 11.5640 Pt-Pt 12.0 2.76 - 6.3 

re-2Pt-3Zn 11.5647 Pt-Pt 5.3 2.71 0.005 2.1 

  Pt-Zn 1.6 2.52 0.005 -2.0 

re-2Pt-5Mn 11.5644 Pt-Pt 6.0 2.68 0.004 2.9 

  Pt-Mn 2.0 2.69 0.004 3.4 

re-2Pt-1.5Sn 11.5647 Pt-Pt 6.1 2.77 0.004 0.1 

  Pt-Sn 1.9 2.75 0.004 5.2 
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The PtMn/SiO2 and even less so the PtSn/SiO2 sample were minimally oxidized upon exposure 

to air at room temperature. The metallic coordination change near the surface has a Pt-Pt:Pt-Mn 

and Pt-Pt:Pt-Sn ratio of approximately 2:1 for both materials. This is higher than the bulk ratio, 

and again conveys the formation of a Pt-Mn or Pt-Sn surface alloy phase. The ratio of 2:1 

specifically aligns with the formation of either a Pt3Mn or Pt3Sn phase, which coincides with 

expectations based on the chosen synthesis procedures. It should be noted that because this 

difference fitting analysis involves the subtraction of two EXAFS spectra, small structural 

differences are being assessed and the error is therefore higher compared to bulk EXAFS fitting. 

Table 2. Pt L3 edge surface-EXAFS fits for the PtZn/SiO2, PtMn/SiO2, and PtSn/SiO2 samples.  

Sample 
Scattering 

Pair 

CN  

(±20%) 

R 

(±0.04 Å) 
Δ σ 

2 (Å2) 
Shift in Eo 

(eV) 

re-2Pt-3Zn Pt-Pt 3.5 2.73 0.005 -3.5 

 Pt-Zn 1.9 2.50 0.005 4.0 

 Pt-O 1.8 1.98 0.001 0.1 

re-2Pt-5Mn Pt-Pt 2.1 2.73 0.004 -6.8 

 Pt-Mn 0.9 2.68 0.004 2.4 

 Pt-O 0.4 1.99 0.001 -3.4 

re-2Pt-1.5Sn Pt-Pt 1.1 2.81 0.004 -7.3 

 Pt-Sn 0.6 2.73 0.004 5.8 

 Pt-O 0.3 1.98 0.001 -2.1 

 

Figure 1A shows the propane dehydrogenation reactivity of the Pt-Zn catalyst for 5 

cycles involving ~1000 minutes of reaction. After each reaction cycle, oxidative regeneration 

was performed with air at 420°C for 1 hour. The role of added hydrogen (H2:C3H8 = 0,1, or 2) on 

the deactivation rate was studied for propane dehydrogenation (10% propane in Ar) on the 

PtZn/SiO2 catalyst using a WHSV of 11.4 g propane/g catalyst/hr at 550°C. As seen in Figure 

1A, without added hydrogen, the catalyst loses conversion and deactivates rapidly during the 

first three reaction cycles, which are each 18 hours long. The fact that the catalyst regains its 

initial conversion at the beginning of each cycle (after regeneration) implies that the catalyst can 

be regenerated oxidatively without sintering of the alloy NPs. Cycle 4 and Cycle 5 involve co-

feeding hydrogen in a ratio of H2:C3H8 = 1 and 2 respectively. Figure 1A shows the extent of 
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single-cycle deactivation during cycles 4 and 5 was much less pronounced than cycles 1-3. Cycle 

5 provided stable operation, achieving 84% of equilibrium conversion at the end of the 20-hour 

run. By contrast, in cycles 1-3 with no added hydrogen, the catalyst reached about 25% of 

equilibrium conversion at the end of ~ 20 hours of operation. These results demonstrate that co-

feeding hydrogen improves catalyst stability and achieves long-term operation closer to 

equilibrium. After 5 cycles, the catalyst was removed from the reactor for examination by 

electron microscopy. The HAADF STEM images in Figure 1B show that the catalyst particle 

size distribution remains, within experimental error, unchanged after 5 reaction/oxidation/re-

reduction cycles, indicating that the silica supported PtZn catalyst can be oxidatively regenerated 

without causing sintering of the NPs, implying that sintering is not the primary deactivation 

mechanism. Figure S6, S7, and S8 show EDS mapping of the PtMn catalyst after reaction, 

reduction, and oxidation showing both components in a homogenous mixture. The initial 

composition by SEM/EDS is 2.3% Pt and 3.2% Zn, by weight, as seen in Figure S9. Figure S10 

contains a similar plot demonstrating the regenerability of PtSn/SiO2 in air. 

Figure 1. A) % Conversion as a function of time on stream for PtZn/SiO2 in three sets of 

conditions: (1) 10% propane in Ar (cycles 1-3), (2) 10% propane and 10% H2 in Ar (cycle 4), 
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and (3) 10% propane and 20% H2 in Ar (cycle 5). The reaction was carried out isothermally at 

550 °C. At the end of each run (except the last), the catalyst was regenerated in air (40 mL/min) 

at 420 °C for 1 hr. B) HAADF STEM image of “as prepared” PtZn/SiO2 pre-treated in H2. C) 

HAADF STEM image of PtZn/SiO2 after five 18-hr cycles followed by 1-hr regenerations using 

air at 420 °C (after cycle 5 without regeneration). 

Next, we explored whether the activity could be recovered by in situ addition of H2 to the 

feed after the catalyst had partially deactivated. A stream of 5% propane in Ar (40 mL/min total 

flow) was used for PDH using PtMn/SiO2 (2%Pt, 5%Mn) at 550 °C. When H2 was introduced 

after 150 minutes on stream in a ratio of H2:C3H8 = 1, as shown in Figure 2A, the conversion 

increased with an accompanying shift in overall stability. A greater percentage, approaching 

100%, of the initial activity could be recovered by starting the H2 treatment at shorter times (60 

minutes) on stream, as seen in a similar experiment in Figure S14. Figure 2A also provides the 

conversion versus time, final conversions, and equilibrium conversions for the initial part of the 

run without added H2. Conversion and selectivity are defined in Equations S1-S3. There is a 

dramatic contrast for selectivity between the “coking” conditions, i.e. without H2, and the “non-

coking conditions”, i.e. co-fed H2. We achieve conversions closer to equilibrium upon the 

addition of cofed H2, which is consistent with literature [13]. Figure 2B depicts a “pulsing” 

experiment with PtMn/SiO2 which entails alternating periods of 20 min on stream in coking 

conditions (40 mL/min of 5% propane in Ar) and 20 min with pure H2 flow (40 mL/min). 20-

minute pulses were chosen based on the data in Figure S14 which suggest that H2 regeneration is 

more impactful after less time on stream. After two regenerations with pure H2, the high activity, 

gas phase selectivity, and total selectivity are comparable to those parameters for the fresh 

catalyst. During the H2 regeneration process, no gas phase products are observed via the 

MicroGC, suggesting either that the amounts of carbon deposited on the NPs are too small to be 

detected or that the coke cannot be reacted away in H2 presumably because most of it is located 

on the support [60]. 
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Figure 2.  A) % Conversion of propane (black), % propylene selectivity (blue), and H2/C3H6 

(red) as a function of time on stream for 60 mg of PtMn/SiO2. The reaction was carried out 

isothermally at 550 °C. The feed is initially 5% propane in Ar with a total flow rate of 40 

mL/min. At a time on stream of 150 min, 5% H2 was introduced, making the feed 5% propane, 

5% H2, and 90% Ar with a total flowrate of 40 mL/min. B) % Conversion vs time on stream for 

60 mg of PtMn/SiO2. Reaction cycles (green squares) of 20 mins on stream with 5% propane in 

N2 and 20 mins with pure H2 flowing over the catalyst with a total flow rate of 40 mL/min. The 

reaction and H2 pulsing were carried out isothermally at 600°C. 

To further investigate the nature of the coke on a fully deactivated catalyst, 60 mg of 

PtZn/SiO2 catalyst was run for 40 hours on stream under coking conditions of 5% propane in 

argon (40 mL/min total flow rate). In Figure 3, HRTEM images and the TGA profile of the spent 

PtZn/SiO2 catalyst that has nearly completely deactivated by coking are shown. Figure 4 shows 

that multi-layer graphitic carbon is present all over the support and possibly on the nanoparticles. 

Nevertheless, the surface of the nanoparticles cannot be directly imaged because of overlap with 

the silica support. Previous work done by Pham et al. [61,62] reported images of monolayers of 

carbon on a silica support. Comparing with those images, it becomes clear that we have 

multilayer carbon on this sample based on the crystalline lattice fringes at the edge of the silica 

that can be indexed to the graphite (002) planes. This multilayer carbon comprises about 23 wt % 

of the entire sample (PtZn/SiO2) based on TGA measurement in air. Redekop et al. [63] describe 

a similar situation with multilayer crystalline carbon that forms all over the catalyst and catalyst 

support for a Pt/Mg(Al)Ox catalyst material. 
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Figure 3. (A and B) HRTEM images of PtZn/SiO2 after 40 hours on stream with a 5% propane 

in Ar feed. (C) TGA profile of this deactivated PtZn/SiO2 catalyst when heated in air (black) and 

4% H2 in N2 (blue). 

Having established the role of cofed H2 on the PtMn/SiO2 and PtZn/SiO2 catalysts, 

conditions that would lead to longer lifetimes were investigated. Figure 4A depicts the 

performance of PtSn/SiO2 at 600 °C while feeding 100 mL/min of 55% propane 40% H2 and 5% 

N2. The catalyst is stable for 5 days on stream operating initially at 97% of equilibrium 

conversion and dropping after 120 hours to 77% of equilibrium. The fact that the total selectivity 

and the gas phase selectivity are similar suggests there is minimum coking or cracking side 

reactions under these operating conditions. It was found that, in the presence of sufficient H2, the 

PtSn/SiO2 catalyst effectively circumvents cracking and coking, leading to exceptionally good 



15 

 

stability near equilibrium conversion. Figure 4B shows that the PtMn/SiO2 catalyst achieves 

similar stable long-term performance in the presence of co-fed H2. 

Figure 4. % Conversion (black), % Gas phase selectivity (red), and % total selectivity (blue) as a 

function of time on stream for A) 250 mg of PtSn/SiO2 at 600 °C in 55% propane 5% N2 and 

45% H2. B) 60 mg PtMn/SiO2 at 600 °C (furnace set point) in 45% propane 45% H2 and 10% H2. 

To explore whether the coke migration from the Pt alloy NPs onto the SiO2 support was 

responsible for the stability observed with cofed H2, in situ temperature programmed oxidations 

(TPO) were performed. After the reaction, the catalyst is cooled to 40 °C, purged with N2, and 

then reacted in situ using 40 mL/min of 10% O2 in N2 while the furnace ramped to 650 °C at 10 

°C/min. Figure 5 shows the TPO profiles for PtMn/SiO2 catalysts that have seen a 0:1 and 1:1 

H2:C3H8 feed ratios for different amounts of time and reaction conditions (coking versus non-

coking). Figure 5A shows that coking conditions for 15 hours results in the largest amount of 

coke that is also the most difficult to remove as evidenced by the higher temperature required to 

fully oxidize the coke. The presence of two peaks in the spectra suggests that there are two types 

of coke, one which is oxidized at low temperature (~ 350 °C) and one at a higher temperature (~ 

450 °C). Applying coking conditions for less time (30 minutes) results in the formation of less 

coke, which can also be removed at a lower temperature. Under non-coking conditions, which 

includes co-feeding H2 for 30 minutes, we see the least amount of coke deposited. Both the low 

temperature coke as well as the high temperature coke is reduced as seen from the pink versus 

the black curves in Figure 5A.  Figure 5B illustrates that an additional H2 treatment for 30 

minutes after use in coking reaction conditions for 30 minutes results in the removal of some 
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coke, and the coke that remains is more easily removed by oxidation as evidenced by the lower 

temperature required. 

Figure 5. A) TPO profile of a PtMn/SiO2 catalyst after 15 hr in coking conditions (5% propane 

in Ar) at 550 °C, cooled in the reaction atmosphere, purged with nitrogen at room temperature, 

and then exposed to 40 mL/min of 10% O2 in N2 by heating at 10°C/min to 650 °C and then held 

for 30 min. The same procedure was performed for separate PtMn/SiO2 samples (60 mg) that had 

seen coking conditions for 30 min and non-coking conditions (45% propane 45% H2 & 10% N2) 

for 30 min. B) Direct comparison of the coke deposited on PtMn/SiO2 after coking conditions for 

30 min with and without an additional 30 min H2 treatment (also cooled in H2 instead of reaction 

conditions).  

3. Discussion 

Figure 1 shows that the PtZn/SiO2 catalyst can be oxidatively regenerated via treatment 

in air at 420°C for at least one hour. The loss of activity becomes more rapid with each 

successive reaction cycle, suggesting that the regenerated catalyst is different from the initial 

catalyst.  With each new reaction cycle, coke accumulation is seen to occur more rapidly, 

perhaps due to the residual coke left after incomplete burn-off.  The residual coke may cause 

more facile nucleation and growth of freshly deposited coke. The reactions in Figure 1 were run 

in 40 mL/min of 10% propane in inert, but at a lower partial pressure of propane, the 

deactivation is even more pronounced. For example, experiments at 5% propane in Ar show even 

more precipitous drops in conversion as a function of time as seen in Figure S18. Despite the 



17 

 

incomplete removal of coke species, the catalyst can be restored to its initial conversion and can 

even operate in a stable manner with co-fed H2, as is shown in cycle 4 and 5. The STEM image 

of the catalyst in Figure 1 showed no increase in particle size after the reaction cycles, suggesting 

that silica supported catalysts can be successfully regenerated by oxidation at low temperature. 

A study of this reaction with temporal analysis of products (TAP) [63] had elucidated 

many of the phenomena on a Pt/Mg(Al)Ox catalyst that we also see with Pt alloys on silica. The 

study concludes that the most active sites are rapidly covered by coke during the initial exposure 

of the catalyst to propane. It also concludes that graphene-like layers are formed on and near the 

catalyst support and that the TPO profiles can be interpreted in terms of coke present on the 

metal and coke present on the support [63]. When the reactants are passed over the catalyst in 

pulses, alternating with an inert gas, a modest increase in propylene production was observed for 

a short period of time. This increase in conversion is attributed to an additional transport process 

whereby coke precursors migrate away from the catalyst NPs. The increase in activity, by means 

of time on stream in inert, is short lived and not necessarily useful from an operational 

perspective. In this work, we show that the transport process that allows coke to migrate away 

from the surface is accelerated in the presence of pure H2 and that this can be used as a 

regeneration strategy to stave off the need for oxidative regeneration. 

Figure 2A shows that for a coke-deactivated catalyst, addition of H2 to the feed stream 

not only leads to a sudden increase in the conversion, but also leads to a much slower 

deactivation rate.  Thus, H2 not only leads to the recovery of active sites but slows the 

deactivation rate upon its continuous feeding thereafter. This closer approach to equilibrium for 

both ethane and propane has been reported in literature [12,13]. However, the spontaneous 

recovery of catalyst activity and selectivity of a coked catalyst accelerated by the presence of H2 

has not been reported in the literature for silica-supported catalysts. Figure 2B shows that if a 

catalyst is coked for a shorter time, the initial conversion can be nearly restored. Similar 

observations were reported in a TAP reactor study describing the pulsing of reactants and then 

waiting at the reaction temperature for the next pulse; nonetheless, the recovery in performance 

was not significant from an applied perspective [63]. There is also a comparative study detailing 

similar regeneration treatments using H2 and N2 for a PtSn/Al2O3 catalyst and arrived at the 

conclusions that the mobility of coke is “activated” in the presence of H2 [50].  In this work, we 
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show that initial activity can be recovered using H2 alone if done early and frequently enough on 

silica supported Pt alloys. It can be seen from Figure S16 that regeneration in N2 at the reaction 

temperature allows one to operate at the same conversion with each cycle because of a similar 

mechanism involving coke mobility from NP to support. However, the assessed coke mobility is 

not as pronounced because it is not “activated” like it is in the presence of H2. 

As shown in Figure 3 for a PtZn/SiO2 catalyst that was highly deactivated, we observe 

graphitic carbon (identified from the lattice fringes) in all regions of the catalyst including both 

the metal and the support. TGA in flowing air shows a weight loss indicating that about 23 wt% 

of coke had accumulated on the catalyst.  For the same sample, TGA in H2 surprisingly indicated 

that slightly less than half as much coke could be removed relative to the TGA done in air. It 

should be noted that a non-zero amount of weight loss is observed during TGA (dilute H2) at 

reaction conditions, suggesting that there is some degree of coke hydrogenation that is difficult 

to detect. Attempts to characterize the species that may be reacting via hydrogenation using 

TPR-MS or by MicroGC analysis are inconclusive. Nonetheless, the TGA conducted in dilute H2 

suggests some coke species may be liberated by hydrogenation depending on the type and 

location of said coke. This observation is also evidenced by the in situ TPO data discussed later. 

Figure 4 demonstrates the stability one can achieve by cofeeding H2 in large enough amounts 

(~1:1 with propane). The mechanistic aspects of mitigating coke deactivation (suppression) by 

cofeeding hydrogen for propane dehydrogenation have been well established. Saerens et al [12] 

proposed that H2 competes with coke precursors (i.e., CCH3 ethylidyne and CH methylidyne) for 

active sites, decreases the adsorption strength of propylene, and increases the energy barrier for 

coke producing side reactions. This explanation appears to agree with the findings from Figure 1, 

which illustrates the stabilization of the catalyst with co-fed H2; still, it should be noted that H2 

does not completely prevent coking, and coke mobility or location may also play a significant 

role in catalyst stability. Eventually, all catalysts deposit enough coke to lead to a loss of activity 

and require regeneration to restore activity. Therefore, the regenerability of the catalyst is 

paramount to successful implementation in industrial processes. 

In Figure 5, temperature programed oxidation of the coke shows that there are two types of 

coke, which oxidize at different temperatures.  Since Pt is a highly effective oxidation catalyst, it 
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is likely that the coke removed at a lower temperature is on or near the Pt alloy NPs while the 

coke removed at a higher temperature resides on the support. In Figure 5A, for a PtMn/SiO2 

catalyst run in propane alone (low concentration) for 30 min and 15 h, the amount of coke on the 

alloy NPs is very similar (compare both black curves in Figure 5), while there is much more coke 

on the support when reacted for a longer reaction time.  Although longer reaction times lead to 

more coke on the support, the increase is not linearly proportional with reaction time.  

Approximately as much coke is deposited in the first 30 min as the next 14+ hours (compare 

both black curves in Figure 5).  Thus, coke deposition on the metal NPs is rapid and doesn’t 

change much at longer times, while the coke on the support deposits quickly during the first few 

minutes and more slowly at longer times.  Treatment of this catalyst in H2, Figure 5B, suggests 

that a significant amount of coke on the metal NP is removed, which is consistent with an 

increase in conversion observed in Figures 2 and 5.  The amount of coke on the support, i.e., the 

high temperature coke, however, is little changed, see Figure 5A (blue and red squares, 30 min 

with and without H2) and Figure 5B. Thus, once the coke on the support has formed, it is not 

readily removed by H2. 

While Figure 2B shows that for short reaction times the initial activity can be restored by H2 

regeneration, the TPO in Figure 5 suggests that H2 regeneration is not a viable approach after a 

long-term reaction. This is because while H2 regeneration will remove coke from the metallic 

NPs, it is not able to remove coke from the support, which will accumulate over long periods of 

time on stream and eventually deactivate the active surface of the catalyst which necessitates 

oxidative regeneration. A more effective strategy may be to co-feed propane and H2 to limit the 

amount of coke on the metal NP and support and mitigate the deactivation obtaining longer on-

stream operation, as seen in Figure 4 or Figure S17. Low temperature oxidation effectively 

removes the carbon from the metallic NPs, but longer oxidative regeneration times or higher 

temperature are required to completely remove coke from the support. By co-feeding propane 

and H2, the amount of coke on the support can be suppressed; thus, low temperature oxidation 

will be effective at removing all the coke and restoring the catalyst performance. The low 

temperature regeneration will also lead to long-term operation since the NPs do not sinter at 

these lower temperatures (Figure 1B). With low coke on catalysts, it is also possible to use 

higher oxygen concentrations since the oxidation exotherms will be much less pronounced.   
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4. Conclusions 

The addition of H2 has a clear stabilizing effect on silica supported Pt alloys in PDH 

consistent with established literature. In the absence of co-fed H2, propane dehydrogenation leads 

to rapid coking of the metallic NPs and the silica support. Coke formation on the metallic NPs 

occurs in the first 30 min with little additional coke added at longer reaction times. Coking on the 

support also occurs rapidly during the first 30 min but continues to increase with increasing 

reaction time. Complete loss of conversion occurs at coke levels of about 25%.  Oxidative 

regeneration at 420 °C does not sinter the metallic NPs and restores the initial conversion; 

however, with each successive reaction cycle, the deactivation rate becomes more rapid, 

suggesting that not all the coke has been removed from the catalyst.  Treatment with H2 or co-

feeding H2 partially or fully restores coke-deactivated catalysts if applied after short reaction 

cycles. Co-fed H2 lowers the overall deactivation rate while allowing a closer approach to 

equilibrium and higher overall conversion. Analysis of the coked catalysts suggests there are two 

types of coke, i.e., on the metal NPs and on the support. The oxidation of the coke on the metal 

NPs occurs at a lower temperature compared to the coke on the support. Treatment in H2 lowers 

the coke on the metal NPs but does not reduce the amount of coke present on the support. High 

partial pressures of co-fed H2, however, are effective at significantly lowering the amount of 

coke on the support. Thus, by co-feeding H2 and propane, lower deactivation is achieved, and 

longer reaction cycles are possible. Maintaining low coke amounts on the support allows low 

temperature oxidative regeneration to effectively remove all the coke from the catalyst, restoring 

the initial activity and enabling long-term performance. 

In addition to being chemically inert, as we show in this study, silica provides a reservoir for 

coke species that appear to migrate away from the catalytically active metal nanoparticles, 

helping to maintain dehydrogenation activity for longer periods of time. 
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