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Abstract: Nonoxidative dehydrogenation of propane to propylene using Pt-based supported catalysts is an active research area in
catalysis because catalyst attributes of Pt sites can be controlled by careful design of active sites. One way to achieve this is by the
addition of a second metal that may impart a change in the electron density of active sites, which in turn affects catalytic performance.
In this study, bimetallic Pt and B sites were deposited on powder SiO, using atomic layer deposition (ALD). Boron was first deposited
on SiO, via half-cycle ALD using triisoproplyborate as the B source. Following calcination, Pt deposition was performed via half-cycle
ALD using trimethyl(methylcyclopentadienyl)platinum(IV) as the Pt source. The synthesized catalysts were reduced under H, at 550
°C and characterized using inductively coupled plasma optical emission spectroscopy for elemental analysis, diffuse reflectance infrared
Fourier transform spectroscopy of adsorbed CO to examine the properties of Pt, and time-resolved X-ray absorption near edge structure
spectroscopy to examine the changes in the reducibility of Pt sites. The samples were then tested for nonoxidative dehydrogenation of
propane at 550 °C using a fixed-bed plug-flow reactor to examine the role of B on the catalytic performance. Characterization results
showed that the addition of B imparted an increase in electron density and affected the reducibility of Pt sites. In addition, incorporating
B on SiO, created anchoring sites for Pt ALD. The amount of Pt deposited on B/SiO, was 2.2 times that on SiO,. Catalytic activity results
revealed the addition of B did not change the initial activity of Pt sites significantly, but improved propylene selectivity from 80% to
87% and stability almost threefold. The enhanced selectivity and stability of PtB/SiO, is most presumably due to favored desorption of
propylene and mitigating coke formation under reaction conditions, respectively.
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1. Introduction

With the advent of abundant shale gas resources and increasing demand for olefins worldwide, dehydrogenation of light
alkanes emerged as a viable alternative to naphtha cracking to produce olefins. Olefins are building blocks for the chemical
industry for producing many commodities, polymers, and chemicals. Among olefins, propylene is the second most
produced light olefin and is used to produce polypropylene, propylene oxide, acrylonitrile, etc. Demand for propylene
is increasing continuously, and on-demand production of propylene gains significance since conventional routes for
producing olefins are energy-intensive, have low selectivity, and are unlikely to meet the anticipated demand [1-3].

Alkanes can be dehydrogenated to alkenes via different routes including oxidative dehydrogenation using strong
oxidants such as O, or mild oxidants such as N O, H,O, or H,S [4-7], and nonoxidative dehydrogenation [1-3].
Oxidative dehydrogenation is a highly exothermic reaction, taking place at 425-475 °C. However, selectivity control in
oxidative dehydrogenation due to uncontrolled oxidation reactions at high rates (production of CO)) is difficult, and that
decreases the olefin yield. Nonoxidative dehydrogenation, on the other hand, is an endothermic and thermodynamically
limited reaction requiring high operating temperatures (550-600 °C) to obtain industrially relevant catalytic rates. At
these temperatures, catalysts suffer from sintering of active sites and coke deposition under reaction conditions [1-3].
Nevertheless, these issues could be overcome by catalyst design and engineering.

Nonoxidative dehydrogenation is performed over different catalysts including Pt-based catalysts, CrO -based catalysts,
and bulk metal oxide catalysts [8,9]. Among these, Pt-based catalysts have been studied extensively and preferred choice
of catalysts because of their ability to perform the dehydrogenation selectively by facile C-H activation over C-C cleavage,
despite the high cost and low abundance of Pt [3,10]. In addition, Pt-based catalysts are currently used in commercially
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employed dehydrogenation systems for on-purpose production of olefins: UOP Oleflex using PtSn/Al O,, Dow using Pt/
Ga/AlO,, Flotu Tsinghua using PtSn/SAPO-34, and Sabic using PtSnK/SAPO-34 [2,11].

Accessible Pt sites catalyze not only the desired dehydrogenation reaction, but also the undesired concomitant side
reactions such as cracking, isomerization, hydrogenolysis, and deep dehydrogenation. It has been reported that the
former reaction is structure insensitive and can be catalyzed by all accessible Pt sites, whereas the large Pt ensembles
catalyze the undesired side reactions, lowering selectivity and deactivating catalysts due to coke formation [12-15]. It
also has been reported that the electronic and geometric properties of Pt-based catalysts play a significant role in the
catalytic performance of the reactions involved in light alkane dehydrogenation, particularly, the side reactions [12,13].
These findings opened an avenue for catalysis researchers to obtain active, selective, and stable catalysts and to suppress
the undesired side reactions by modifying catalyst attributes of Pt-based catalysts. A plausible way to achieve this is by
synthesizing bimetallic catalysts via careful catalyst design. Many catalyst formulations have been tested for light alkane
dehydrogenation, including, but not limited to, PtCu [16-18], PtCo [19,20], PtFe [19,21], PtGa [22], PtIn [23,24], PtMn
[25,26], PtNi [19,27], PtZn [14,28-30], and found to improve catalytic performances.

Boron was previously used as an active support as well as a secondary element for bimetallic catalysts for the
dehydrogenation of light alkanes [31-34]. For example, hexagonal boron nitride materials that had been known to be
inert toward dehydrogenation showed catalytic activity for propane dehydrogenation with a high propylene selectivity
and conversion [35]. In addition, in our earlier study, we demonstrated that B sites supported on SiO, via liquid grafting
were found to improve the stability of Pt-based n-butane dehydrogenation catalyst [33]. The catalyst was synthesized via
sequential liquid grafting using organometallic B precursor B(OiPr), and Pt precursor ((MeCp)PtMe,) at room temperature
with an intermediate calcination step under dry air at 450 °C. Investigations over used catalysts using characterization
techniques such as X-Ray photoelectron spectroscopy and nuclear magnetic resonance showed that B sites deposited by
liquid organometallic grafting facilitate the diffusion of carbon from Pt sites to B. PtB catalyst after n-butane dehydrogenation
reaction was found to have less deposit of carbonaceous species than monometallic Pt catalysts. The main role of the B sites
was to scavenge the carbon that deactivates the catalyst and extend the lifetime of the catalyst [33].

In this contribution, Pt and B containing bimetallic catalysts were prepared via sequential ALD. ALD is a self-limiting
thin film growth technique that uses alternating exposures of pairs of precursor vapors on a solid surface [36,37]. At early
cycles, the growth takes place via the formation of nanoparticles that possess well-defined catalytic sites and interfaces
[38,39]. After ALD, the catalysts were characterized via in situ diffuse reflectance Fourier transform spectroscopy
(DRIFTS) of adsorbed CO to examine the changes in the metal properties of Pt upon boron introduction, and time-
resolved X-ray absorption near edge structure (XANES) spectroscopy-temperature programmed reduction (TPR) to
examine the changes in the reducibility of Pt sites. The samples were then tested for nonoxidative dehydrogenation of
propane at 550 °C using a fixed-bed plug-flow reactor to examine the role of B on the catalytic performance of propane
dehydrogenation.

2. Materials and methods

2.1. Materials

Boron and platinum were deposited on commercial silica in powder form using a homemade viscous flow ALD reactor
[38,40]. Prior to the deposition, silica was dehydroxylated at 200 °C for 2 h under a 0.06 torr vacuum. After the pretreatment,
the temperature of the deposition furnace was reduced to 150 °C. Owing to the design of the reactor, this temperature was
measured outside the deposition furnace with a thermocouple. The actual temperature at which the deposition takes place
was measured in a separate experiment and found to be higher than the furnace temperature by 19 °C. Triisoproplyborate
(B(OiPr),, Sigma) in a stainless steel bubbler at room temperature was used as a B source [41]. One half cycle and 30 doses
of B deposition were performed. After the B deposition was over, a sample was taken out from the furnace and calcined in
a tubular furnace under dry air flow at 450 °C to burn the ligands and obtain boron oxide.

After the calcination, B-incorporated SiO, was loaded into the ALD chamber and pretreated at 200 °C for 2 h. Then, the
temperature was reduced to 90 °C (furnace temperature, the actual deposition temperature is around 117 °C, as measured
in a separate experiment) for Pt deposition. Although the deposition of Pt using (MeCp)PtMe, occurs at appreciably
large growth rates between 200-300 °C, the deposition was performed with 30 doses of Pt precursor at 90 °C to slow
down the growth and deposit the Pt sites with high dispersion [42,43]. Trimethyl(methylcyclopentadienyl)platinum(IV)
((MeCp)PtMe,, Strem Chemicals) in a stainless steel bubbler at 70 °C was used as a Pt source. Half cycle and 30 doses of
Pt deposition were performed on B-incorporated SiO,. After the deposition, the sample was taken out from the deposition
chamber and used in characterization experiments after reduction under H, at 550 °C. The sample was denoted as PtB/
SiO,. Pt/SiO, was also synthesized without B-deposition, for comparison purposes.
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2.2. Characterization

DRIFTS of Adsorbed CO: The nature of Pt nanoparticles was examined using CO as a probe molecule through in situ
DRIFTS. Catalysts in fine powder form were loaded into the sample chamber of the in situ reaction cell (Harricks, Praying
Mantis) which can achieve a controlled gaseous environment and temperature. The reaction cell with its optical accessory
was placed in the sample compartment of an FTIR (Thermo Scientific Nicolet iS50 FTIR) instrument equipped with
a liquid-N, cooled MCT detector. The cell was first flushed with Ar at room temperature to sweep ambient air from
the system. Then, the temperature was increased to 500 °C for reduction under H, for 30 min. The sample was then
cooled to 40 °C under Ar flow and a background spectrum was collected. Then, CO adsorption was started for 1 h. After
the adsorption was over, the flow was switched back to Ar and sample spectra were acquired with respect to time and
subtracted from the background spectrum collected prior to the CO adsorption at the same temperature.

Time-Resolved X-ray Absorption Near Edge Structure (XANES) Spectroscopy- Temperature Programmed Reduction
(TPR): Pt LIIT edge (11564 eV) XANES measurements in fluorescence mode were performed on the insertion device
beamline of the Materials Research Collaborative Access Team (MRCAT-10ID) at Advanced Photon Source at Argonne
National Laboratory. A cryogenically cooled double-crystal Si(111) monochromator was used with a Pt-coated mirror to
minimize the presence of harmonics. XANES measurements were performed in quick-scan mode, with each scan taking
approximately three min. XANES of a Pt foil was collected simultaneously with each sample measurement for energy
calibration and alignment. The Pt edge energy was determined as the position of the maximum of the first peak in the first
derivative of the XANES region.

Pt/SiO, or PtB/SiO, was placed in an X-ray absorption fine structure (XAFS) reaction cell that can achieve controlled
gaseous environment and temperature. First, the spectrum reproducibility was checked by obtaining at least three scans
under air before the time-resolved reduction under H,. Then, H, flow was started, the temperature of the XAFS cell was
increased at a rate of 5 °C/min, and data acquisition was started. The temperature of the cell was registered in the data files
as well. Due to a communication problem in the reduction of PtB/SiO, experiment, five scans were missed. The average
oxidation state of Pt was obtained by fitting the XANES spectra as a linear combination of Pt foil and (MeCp)PtMe,.
ATHENA software was used for the analysis. [44].

Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES): Pt and B content of the synthesized catalysts
were obtained by ICP-OES using a Perkin-Elmer Optima 4300DV ICP-OES.

2.3. Catalytic activity measurements

Catalytic activity measurements were performed using a % in OD quartz fixed-bed plug-flow reactor. Catalysts in
powder form were placed inside the middle of the reactor and supported from both ends using quartz wool. The reaction
temperature is controlled via a K-type thermocouple located inside the reactor just above the quartz wool above the
catalyst bed. The reactor assembly was then placed in a tubular furnace and connected to the catalytic activity system. The
system was flushed with Ar to sweep the trapped air in the system and heated to the reaction temperature. Prior to the
reaction, catalysts were reduced in situ at 550 °C under 30 sccm H, for one h. The feed gas was then switched to 10 sccm
of 7.1% Propane/Argon and the reaction started. The separation, detection, and quantification of reaction products as well
as unconverted feed gas were performed with an online gas chromatography equipped with valves, a sulfated-alumina
column, and a flame ionization detector (FID). Carbon balance was calculated to ensure the mass balance of the system
and found to be accurate up to 97% or higher.

3. Results and discussion
Elemental Analysis: The table shows Pt and B content of the synthesized catalysts. The results revealed that the amount of
Pt on PtB/SiO, catalyst is significantly higher than that of Pt on Pt/SiO,. The higher loading of Pt on PtB/SiO, catalyst is
attributed to the creation of new anchoring sites associated with B deposition on SiO, surface. Byron et al. also observed
an increase on the amount of Pt sites grafted on SiO, upon B-grafting. [33]. The authors performed sequential grafting of
the same metals in hexane using the same precursors and found that Pt amount on B-grafted catalyst was 1.4 times that
on B-free catalyst, as compared to 2.2 times difference by the results of this study. The authors attributed the increase in
the Pt amount grafted on the surface to the improved anchoring on the B-sites. The authors supported their argument by
density functional theory calculations, considering the adsorption energy of different fragments of Pt sites (i.e. Pt, Pt,,
and MeCpPt) on a variety of boron-silica cage cluster models. They found that Pt sites have more affinity to interact with
B-containing surface sites, with tetrahedrally coordinated boron sites being the most favorable for these interactions [33].
The amount of B deposited on PtB/SiO, catalyst was found to be 0.68 wt%. This amount is slightly higher than the
reported loading of 0.59% when the sequential grafting was performed in the liquid phase using the same organometallic
precursor. Byron et al. stated that the amount of boron grafted on the surface did not change as the concentration of B
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in the grafting solution was increased and attributed this to surface saturation. Slightly higher loading of B of this study
is not surprising since the deposition methods and grafting phase and temperature are different (liquid grafting vs vapor
grafting), all of which could affect how much boron could be deposited on the surface. In addition, it is possible that
multilayer formation of B sites may occur in ALD, causing an increase in the amount of B deposited.

DRIFTS of adsorbed CO: The nature of Pt nanoparticles on Pt/SiO, and PtB/SiO, was examined using CO as a probe
molecule by infrared observation of vibrational properties of carbonyl species through in situ DRIFTS. These carbonyl
species that formed on Pt sites describe the properties of Pt on B-free catalyst and the effect of boron on the nature of Pt
[45-51]. To form carbonyl species, catalysts were first saturated with CO and purged with Ar in situ to remove weakly
bound carbonyl species. Shown in Figures la and 1b are how the infrared absorbance spectra evolve with respect to
the desorption of CO. The first spectrum collected just after the adsorption was over shows gas-phase CO IR band on
PtB/SiO,. This band is anticipated because it takes time to completely flush CO in the cell with Ar. The gas CO IR band
disappears with time, yet, the absorbance of other IR bands remains unchanged, indicating that carbonyl species remain
on the surface after desorption and stable at 40 °C.

The Pt/SiO, catalyst exhibited one band at 2086 cm™ (Figure 1c) which was ascribed to linearly adsorbed CO on Pt
sites [45]. In boron-containing catalyst, in addition to the IR band at 2087 cm™', a new additional IR band was observed at
2075 cm™, suggesting the formation of Pt sites with distinct properties than the ones in Pt/SiO,. This IR band observed on
PtB/SiO, with a red shift of 12 cm-! originated from increased back-donation of Pt’s d-orbital electrons to the antibonding
orbital of CO and attributed to an increased electron density of Pt sites [14,52,53]. Computational studies on PtB/SiO,
catalytic systems point out that the enhanced anchoring effect owing to the presence of B on SiO, occurs on tetrahedral
boron sites that are stabilized by Pt [33,54]. These BO, sites may act as Bronsted acid sites and cause an increase in the
stability of adsorbed species and electron density of Pt [33,54-56]. The increase of electron density is experimentally
evidenced in our study by DRIFTS of adsorbed CO. However, the determination of the exact origin of the redshift requires
further studies because other electronic and geometric effects may cause a similar shift in energy.

It should also be noted that the catalysts did not have any IR bands below 2000 cm™" due to bridged CO adsorption,
suggesting that Pt sites are highly dispersed without any major agglomeration [50,51].

Time-Resolved XANES TPR: Pt LIII edge (11.564 keV) XAFS measurements in fluorescence mode were performed.
Owing to low metal loading, the samples did not give XAFS data with high signal to noise in transmission mode. Therefore,
data were acquired in fluorescence mode. Measurements were performed under hydrogen while increasing temperature
to obtain a reduction profile of Pt/B/SiO, and Pt/SiO,. The temperature is increased at a ramp rate of 5 °C/min. The
normalized absorption vs. Energy plots (XANES plots) for Pt/SiO, and Pt/B/SiO, are given in Figure 2 and Figure 3,
respectively. Prior to the reduction, XANES of Pt/SiO, and PtB/SiO, were very similar to that of (MeCp)PtMe,, indicating
that adsorbed species on the surface resemble the organometallic precursor used for the deposition. Both Figures show
that XANES profile of the catalyst change from XANES of the precursor to that of Pt foil with respect to reduction time,
indicating that Pt sites are reduced.
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Figure 1. DRIFTS spectra of CO adsorbed on Pt/SiO, and PtB/SiO,. (a) and (b) the change of absorbance with respect
to desorption duration of Pt/SiO, and PtB/SiO,, respectively, (c) the comparison of the spectra collected at circa 30 min.
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Figure 3. XANES plot for PtB/SiO, (not all data shown
for clarity). The legend shows the reduction time and the
references used for XANES analysis.

Figure 4 shows how the average oxidation state of Pt changes with respect to temperature. The desorption duration
was converted to the reduction temperature, which was acquired during the experiment together with the spectra. XANES
spectra were fitted using (MeCp)PtMe, and metallic Pt foil. The first markers in Figure 4 indicate the average oxidation
state of the samples before the reduction. The average oxidation state of Pt in both samples is +4 and the same as that of Pt
in (MeCp)PtMe,. The XANES scans show that both samples reduce all the way to metallic Pt by 500 °C. The reduction of
Pt sites on Pt/SiO, underwent a large decrease (from 4 to 1) in the average oxidation state below 100 °C. The same extent of
reduction for PtB/SiO, did not occur until the reduction temperature of 180 °C. The rest of the reduction for both samples,
however, exhibited a similar reduction profile. The decrease in the average oxidation state of Pt sites at low temperatures
was observed on Pt-based catalysts synthesized via liquid grafting using the same organometallic precursor. Bunquin et
al. attributed this to hydrogenolysis of the Pt-Me groups, originating from the deposited precursor [14]. The authors also
observed an evolution of methane signal while the Pt-Me groups were hydrogenolyzed. [14]

The delayed reduction of Pt sites on PtB/SiO, was attributed to the presence of B which retards the decomposition of
intact precursor molecules after ALD. In other words, when B,O; is present on the surface, it takes higher temperatures to
hydrogenolyze the Pt sites. This is presumably due to the enhanced electron density of Pt sites, as evidenced by the red shift
observed in DRIFTS of adsorbed CO, which could make interactions of (MeCp)PtMe, with the B-containing SiO, surface
stronger. It is also possible that the presence of B on the surface may create new anchoring sites for ALD of (MeCp)PtMe,
and these sites may require larger energy for Pt-Me decomposition. The increase in Pt uptake (Table) is evidence that new
anchoring sites are created on the B/SiO,. Based on the DRIFTS of adsorbed CO, it can be claimed that the strength of the
platinum-support interaction of new sites is stronger.

Catalytic Activity Results: PtB/SiO, and Pt/SiO, were tested in a fixed-bed plug-flow reactor for nonoxidative
dehydrogenation of propane at 550 °C. The reactor was operated at low conversions and thus, can be considered as a
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Table. Elemental composition of and Pt/SiO, and PtB/SiO,*.

Pt (wt%) B (wt%)
Pt/SiO, 0.05 -
PtB/SiO, 0.11 0.68

*by ICP-OES

differential reactor. Figure 5 shows propane conversion and propylene selectivity with respect to reaction duration. Initial
propane conversions obtained over PtB/SiO, and Pt/SiO, (Figure 5a) were 11.2% and 5.4%, respectively. Examining the
change of conversion with respect to time shows that PtB/SiO, catalyst was more stable than Pt/SiO,. During the course
of the reaction, propane conversion over PtB/SiO, decreased from 11.2% to 9.1%, whereas propane conversion over Pt/
SiO, decreased from 5.4% to 1.7%, indicating that catalysts are under the influence of major deactivation causes. The
deactivation constant, K, (h"), calculated via Eq.1 (x is the fractional conversion calculated at the start and the end of the
reaction, and t (h-") is the reaction duration) [3,14] for Pt/SiO, (0.24 h™') was found to be approximately five times that of
PtB/SiO, (0.05 h™') catalyst, indicating remarkable resistance to deactivation achieved by the presence of B on the catalyst.

Kd = [ln((l - xend)/xend) - ln((l - xstart)/xstart)]/t Eq. 1

PtB/SiO, s selectivity to propylene, shown in Figure 5b, was found to be 87%, slightly higher than that of Pt/SiO, with
a propylene selectivity of 80%. Both selectivity profiles remained nearly unchanged during the reaction duration. Similar
selectivity profiles indicate that the presence of B does not alter the reaction mechanism of propane dehydrogenation
significantly.

Propane conversion profiles shown in Figure 5a were obtained in experiments where the catalyst amount was kept the
same at 200 mg. Pt loading of PtB/SiO, (0.05%) and PtB/SiO, (0.11%) is, however, different and could cause the observed
difference in propane conversion over the catalysts. To take the difference in Pt amount into account, the rate of propylene
production was calculated at equal amount of Pt and presented in Figure 5c. The results show that the initial rate of
propylene production over the catalysts is similar, indicating that the initial conversion difference shown in Figure 5a
stems from the different amounts of Pt present in each reactor. In other words, the activity of fresh catalyst per amount of
Pt is nearly the same. However, during the reaction, PtB exhibited a more stable profile than Pt. At the end of the reaction,
the rate of propylene formation achieved over PtB was found to be 2.7 times that of Pt, indicating remarkable enhancement
of catalytic performance by boron incorporation into the Pt/SiO, catalyst.

Elemental analysis was performed over the samples recovered from the reactor after the catalytic activity experiment
was over. Pt content of Pt and PtB/SiO, was measured using ICP-OES as 0.05% and 0.10%, respectively. B content of PtB/
SiO, was measured as 0.64%. Elemental analysis did not reveal any meaningful differences in metal content between the
fresh and used catalysts, indicating that the activity loss cannot be attributed to the loss of the metals, via leaching or
diffusion into the reactor material.
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Figure 5. Nonoxidative dehydrogenation of propane catalytic activity results
showing (a) propane conversion, (b) propylene selectivity, and (c) rate of
propylene formation at an equal amount of Pt. Temperature: 550 °C, Flow
Rate: 10 ccm of 7% Propane/Ar flow, Amount of catalyst = 200 mg. Bare
silica and boron-incorporated silica did not show any appreciable catalytic
conversion (< 0.18%) under the same conditions.

The results of this study showed that PtB catalyst is more selective and stable than Pt catalyst for nonoxidative propane
dehydrogenation. The enhancement in the propylene selectivity was attributed to the presence of electron-rich Pt sites that
favored desorption of propylene and prevented over-dehydrogenation, which in turn, affected the stability of the catalysts
[12]. The most likely cause of deactivation under the reaction conditions is the formation of coke that covers the active sites
and decreases the catalytic performance. The role of Boron is to alleviate this effect and improve the catalytic performance,
stability in particular. Boron modification of inorganic metal oxides was found to improve the stability of dehydrogenation
of other light alkanes by mitigating coke formation in butane dehydrogenation [31,33] and preventing the sintering of
active sites [31]. Byron et al. reported that the migration of carbonaceous deposits forming on Pt sites was facilitated
in the presence of tetrahedrally coordinated boron sites on the surface. In other words, boron scavenges carbonaceous
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deposits and improves the stability of the catalysts. Dadras et al. found that the presence of boron on the surface decreases
the adsorption of carbonaceous deposits on Pt sites by density functional theory calculations [31]. The same group also
reported that the presence of boron decreases the sintering of Pt sites by Ostwald ripening [31].

4. Conclusions

Sequential deposition of Pt and B on SiO, was successfully performed via ALD of organometallic precursors in a viscous
flow reactor with an intermediate calcination step between the depositions. The presence of B,O, on the surface created
new anchoring sites since more Pt sites were deposited on B/SiO,, as compared to bare SiO,. Characterization results
revealed that presence of B increased the electron density of Pt sites and retarded the hydrogenolysis step of Pt sites by
circa 100 °C by creating stronger interactions between the Pt precursor and B-incorporated SiO,. Nonoxidative propane
dehydrogenation catalytic activity measurements showed that B-incorporated sample performed better than Pt/SiO, with
higher selectivity and remarkable stability. The enhancement of catalytic activity was attributed to more facile propylene
desorption from the surface and a decrease in the formation of coke precursor/carbonaceous deposits. The resistance to
deactivation was improved, with an increase in the deactivation constant from 0.24 h™! to 0.05 h™'. All the investigations
presented in this study pointed out that boron could be an excellent choice for the second metal for bimetallic catalysts and
may be used to enhance catalytic performance, particularly stability.

Acknowledgements

This publication/paper has been produced benefiting from the 2232 International Fellowship for Outstanding Researchers
Program of TUBITAK (project no: 118C260). However, the entire responsibility of the publication/paper belongs to the
owner of the publication/paper. The financial support received from TUBITAK does not mean that the content of the
publication is approved in a scientific sense by TUBITAK. This study made use of the Materials Research Collaborative
Access Team’s (MRCAT) sector 10-ID-B. MRCAT operations are supported by the Department of Energy and the MRCAT
member institutions. This research used resources from the Advanced Photon Source, a U.S. Department of Energy (DOE)
Office of Science User Facility operated for the DOE Office of Science by Argonne National Laboratory under Contract
No. DE-AC02-06CH11357.

References
1] Docherty SR, Rochlitz L, Payard PA, Copéret C. Heterogeneous alkane dehydrogenation catalysts investigated via a surface organometallic
chemistry approach. Chemical Society Reviews 2021; 50 (9): 5806-5822. https://doi:10.1039/D0CS01424A

[2] Nawaz Z. Light alkane dehydrogenation to light olefin technologies: A comprehensive review. Reviews in Chemical Engineering 2015; 31
(5): 413-436. https://doi:doi:10.1515/revce-2015-0012

[3] Sattler JJHB, Ruiz Martinez J, Santillan Jimenez E, Weckhuysen BM. Catalytic dehydrogenation of light alkanes on metals and metal
oxides. Chemical Reviews 2014; 114 (20): 10613-10653. https://d0i:10.1021/cr5002436

[4] Zhou Y, Lin J, Li L, Tian M, Li X et al. Improving the selectivity of Ni-Al mixed oxides with isolated oxygen species for oxidative
dehydrogenation of ethane with nitrous oxide. Journal of Catalysis 2019; 377: 438-448. https://doi.org/10.1016/j.jcat.2019.07.050

[5] JiangX, SharmaL, FungV, Park S], Jones CW et al. Oxidative dehydrogenation of propane to propylene with soft oxidants via heterogeneous
catalysis. ACS Catalysis 2021; 11 (4): 2182-2234. https://d0i:10.1021/acscatal.0c03999

[6] Watanabe R, Hirata N, Yoda Y, Fukuhara C. dehydrogenation of lower alkanes using HS. Journal of the Japan Petroleum Institute 2022;
65 (2): 50-57. https://d0i:10.1627/jpi.65.50

[7] Carrero CA, Schloegl R, Wachs IE, Schomaecker R. Critical literature review of the kinetics for the oxidative dehydrogenation of propane
over well-defined supported vanadium oxide catalysts. ACS Catalysis 2014; 4 (10): 3357-3380. https://d0i:10.1021/cs5003417

[8] ZhangY, Zhao Y, Otroshchenko T, Lund H, Pohl M et al. Control of coordinatively unsaturated Zr sites in ZrO, for efficient C-H bond
activation. Nature Communications 2018; 9 (1): 3794. https://d0i:10.1038/s41467-018-06174-5

[9] Otroshchenko T, Jiang G, Kondratenko VA, Rodemerck U, Kondratenko EV. Current status and perspectives in oxidative, non-oxidative
and CO,-mediated dehydrogenation of propane and isobutane over metal oxide catalysts. Chemical Society Reviews 2021; 50 (1): 473-527.
https://d0i:10.1039/d0cs01140a

[10] LiC, Wang G. Dehydrogenation of light alkanes to mono-olefins. Chemical Society Reviews 2021; 50 (7): 4359-4381. https://d0i:10.1039/
D0CS00983K

173



(11]

(12]

[20]

(21]

[26]

(27]

(28]

174

CELIK / Turk ] Chem

Vora B V. Development of dehydrogenation catalysts and processes. Topics in Catalysis 2012; 55 (19): 1297-1308. https://d0i:10.1007/
s11244-012-9917-9

Chen S, Pei C, Sun G, Zhao ZJ, Gong J. Nanostructured catalysts toward efficient propane dehydrogenation. Accounts of Materials
Research 2020; 1 (1): 30-40. https://doi:10.1021/accountsmr.0c00012

Liu S, Zhang B, Liu G. Metal-based catalysts for the non-oxidative dehydrogenation of light alkanes to light olefins. Reaction Chemistry &
Engineering 2021; 6 (1): 9-26. https://d0i:10.1039/DORE00381F

Camacho Bunquin J, Ferrandon MS, Sohn H, Kropf], Yang Ce et al. Atomically precise strategy to a PtZn alloy nanocluster catalyst for the
deep dehydrogenation of n-butane to 1,3-butadiene. ACS Catalysis 2018; 8 (11). https://d0i:10.1021/acscatal.8b02794

Sun X, Han P, Li B, Mao S, Liu T et al. Oxidative dehydrogenation reaction of short alkanes on nanostructured carbon catalysts: a
computational account. Chemical Communications 2018; 54 (8): 864-875. https://d0i:10.1039/C7CC06941C

Marcinkowski MD, Darby MT, Liu J, Wimble JM, Lucci FR et al. Pt/Cu single-atom alloys as coke-resistant catalysts for efficient C-H
activation. Nature Chemistry 2018; 10 (3): 325-332. https://d0i:10.1038/nchem.2915

Ren GQ, Pei GX, Ren Y], Liu KP, Chen ZQ et al. Effect of group IB metals on the dehydrogenation of propane to propylene over anti-
sintering Pt/MgALO,. Journal of Catalysis 2018; 366: 115-126. https://doi.org/10.1016/j.jcat.2018.08.001

Sun G, Zhao ZJ, Mu R, Zha S, Li L et al. Breaking the scaling relationship via thermally stable Pt/Cu single atom alloys for catalytic
dehydrogenation. Nature Communications 2018; 9 (1): 4454. https://doi:10.1038/s41467-018-06967-8

Cai W, Mu R, Zha S, Sun G, Chen § et al. Subsurface catalysis-mediated selectivity of dehydrogenation reaction. Science Advances 2018;
4 (8): eaar5418. https://doi:10.1126/sciadv.aar5418

Cesar LG, Yang C, Lu Z, Ren Y, Zhang G et al. Identification of a Pt,Co surface intermetallic alloy in Pt-Co propane dehydrogenation
catalysts. ACS Catalysis 2019; 9 (6): 5231-5244. https://doi:10.1021/acscatal.9b00549

Wegener EC, Bukowski BC, Yang D, Wu Z, Kropf J et al. Intermetallic compounds as an alternative to single-atom alloy catalysts:
geometric and electronic structures from advanced X-ray spectroscopies and computational studies. ChemCatChem 2020; 12 (5): 1325-
1333. https://doi.org/10.1002/cctc.201901869

Siddigi G, Sun P, Galvita V, Bell AT. Catalyst performance of novel Pt/Mg(Ga)(Al)O catalysts for alkane dehydrogenation. Journal of
Catalysis 2010; 274 (2): 200-206. https://doi.org/10.1016/j.jcat.2010.06.016

Shen LL, Xia K, Lang WZ, Chu LE, Yan X et al. The effects of calcination temperature of support on PtIn/Mg(Al)O catalysts for propane
dehydrogenation reaction. Chemical Engineering Journal 2017; 324: 336-346. https://doi:https://doi.org/10.1016/j.cej.2017.05.058

Wegener EC, Wu Z, Tseng HT, Gallagher JR, Ren Y et al. Structure and reactivity of Pt-In intermetallic alloy nanoparticles: Highly
selective catalysts for ethane dehydrogenation. Catalysis Today 2018; 299: 146-153. https://doi.org/10.1016/j.cattod.2017.03.054

Wu Z, Bukowski BC, Li Z, Milligan C, Zhou L et al. Changes in catalytic and adsorptive properties of 2 nm Pt Mn nanoparticles by
subsurface atoms. Journal of the American Chemical Society 2018; 140 (44): 14870-14877. https://d0i:10.1021/jacs.8b08162

Fan X, Liu D, Sun X, Yu X, Li D et al. Mn-doping induced changes in Pt dispersion and PtxMny alloying extent on Pt/Mn-DMSN catalyst
with enhanced propane dehydrogenation stability. Journal of Catalysis 2020; 389: 450-460. https://doi.org/10.1016/j.jcat.2020.06.016

Yang X, Liu G, Li Y, Zhang L, Wang X et al. Novel Pt-Ni bimetallic catalysts Pt(Ni)—LaFeO3/ SiO, via lattice atomic-confined reduction for
highly efficient isobutane dehydrogenation. Transactions of Tianjin University 2019; 25 (3): 245-257. https://d0i:10.1007/s12209-018-0172-4

Cybulskis V], Bukowski BC, Tseng HT, Gallagher JR, Wu Z et al. Zinc promotion of platinum for catalytic light alkane dehydrogenation:
msights into geometric and electronic effects. ACS Catalysis 2017; 7 (6): 4173-4181. https://d0i:10.1021/acscatal.6b03603

Wang Y, Hu ZP, Lv X, Chen L, Yuan ZY. Ultrasmall PtZn bimetallic nanoclusters encapsulated in silicalite-1 zeolite with superior
performance for propane dehydrogenation. Journal of Catalysis 2020; 385: 61-69. https://doi.org/10.1016/j.jcat.2020.02.019

Sun Q, Wang N, Fan Q, Zeng L, Mayoral A et al. Subnanometer bimetallic platinum-zinc clusters in zeolites for propane dehydrogenation.
Angewandte Chemie International Edition 2020; 59 (44): 19450-19459. https://doi.org/10.1002/anie.202003349

Dadras J, Jimenez Izal E, Alexandrova AN. Alloying Pt Sub-nano-clusters with Boron: Sintering Preventative and Coke Antagonist? ACS
Catalysis 2015; 5 (10): 5719-5727. https://doi:10.1021/acscatal.5b01513

Ha MA, Baxter ET, Cass AC, Anderson SL, Alexandrova AN. Boron switch for selectivity of catalytic dehydrogenation on size-selected Pt
clusters on ALO,. Journal of the American Chemical Society 2017; 139 (33): 11568-11575. https://doi:10.1021/jacs.7b05894

Byron C, Bai S, Celik G, Ferrandon MS, Liu C et al. Role of boron in enhancing the catalytic performance of supported platinum catalysts
for the nonoxidative dehydrogenation of n-butane. ACS Catalysis 2020; 10 (2). https://d0i:10.1021/acscatal.9b04689

Ferrandon MS, Byron C, Celik G, Zhang Y, Ni C et al. Grafted nickel-promoter catalysts for dry reforming of methane identified through
high-throughput experimentation. Applied Catalysis A: General 2022; 629: 118379. https://doi.org/10.1016/j.apcata.2021.118379



(35]

[47]

(48]

(54]

(55]

[56]

CELIK / Turk ] Chem

Grant JT, Carrero CA, Goeltl F, Venegas J, Mueller P et al. Selective oxidative dehydrogenation of propane to propene using boron nitride
catalysts. Science 2016; 354 (6319): 1570-1573. https://doi:10.1126/science.aaf7885

George SM. Atomic layer deposition: an overview. Chemical Reviews 2010; 110 (1): 111-131. https://doi:10.1021/cr900056b

O’Neill BJ, Jackson DHK, Lee ], Canlas C, Stair PC et al. Catalyst design with atomic layer deposition. ACS Catalysis 2015; 5 (3): 1804-
1825. https://d0i:10.1021/cs501862h

Christensen ST, Elam JW, Rabuffetti FA, Ma Q, Weigand SJ et al. Controlled growth of platinum nanoparticles on strontium titanate
nanocubes by atomic layer deposition. Small 2009; 5 (6): 750-757. https://doi.org/10.1002/smll.200801920

Celik G, Kennedy RM, Hackler RA, Ferrandon M, Tennakoon A et al. Upcycling Single-Use Polyethylene into High-Quality Liquid
Products. ACS Central Science 2019; 5 (11). https://doi:10.1021/acscentsci.9b00722

Elam JW, Groner MD, George SM. Viscous flow reactor with quartz crystal microbalance for thin film growth by atomic layer deposition.
Review of Scientific Instruments 2002; 73 (8): 2981. https://d0i:10.1063/1.1490410

Garcia Alonso D, Potts SE, van Helvoirt CAA, Verheijen MA, Kessels WMM. Atomic layer deposition of B-doped ZnO using triisopropyl
borate as the boron precursor and comparison with Al-doped ZnO. Journal of Materials Chemistry C 2015; 3 (13): 3095-3107. https://
doi:10.1039/C4TC02707H

Wang C, Hu L, Poeppelmeier K, Stair PC, Marks L. Nucleation and growth process of atomic layer deposition platinum nanoparticles on
strontium titanate nanocuboids. Nanotechnology 2017; 28 (18): 185704. https://d0i:10.1088/1361-6528/aa688d

Erkens IJM, Mackus AJM, Knoops HCM, Smits P, van de Ven THM et al. Mass spectrometry study of the temperature dependence of Pt film
growth by atomic layer deposition. ECS Journal of Solid State Science and Technology 2012; 1 (6): P255. https://d0i:10.1149/2.006206jss

Ravel B, Newville M. ATHENA, ARTEMIS, HEPHAESTUS: data analysis for X-ray absorption spectroscopy using IFEFFIT. Journal of
Synchrotron Radiation 2005; 12 (4): 537-541. https://d0i:10.1107/S0909049505012719

Craciun R, Daniell W, Knézinger H. The effect of CeO, structure on the activity of supported Pd catalysts used for methane steam
reforming. Applied Catalysis A: General 2002; 230 (1): 153-168. https://doi.org/10.1016/S0926-860X(01)01003-1

Celik G, Ailawar SA, Sohn H, Tang Y, Tao FF et al. Swellable organically modified silica (SOMS) as a catalyst scaffold for catalytic treatment
of water contaminated with trichloroethylene. ACS Catalysis 2018; 8 (8). https://doi:10.1021/acscatal.8b01700

Celik G, Ailawar SA, Gunduz S, Edmiston PL, Ozkan US. Formation of carbonaceous deposits on Pd-based hydrodechlorination catalysts:
Vibrational spectroscopy investigations over Pd/Al O, and Pd/SOMS. Catalysis Today 2019; 323. https://doi:10.1016/j.cattod.2018.05.001

Celik G, Ailawar SA, Gunduz S, Miller JT, Edmiston PL et al. Aqueous-phase hydrodechlorination of trichloroethylene over Pd-based
swellable organically-modified silica (SOMS): Catalyst deactivation due to chloride anions. Applied Catalysis B: Environmental 2018; 239.
https://doi:10.1016/j.apcatb.2018.08.065

Celik G, Ailawar SA, Gunduz S, Miller JT, Edmiston PL et al. Aqueous-phase hydrodechlorination of trichloroethylene over Pd-based
swellable organically modified silica: Catalyst deactivation due to sulfur species. Industrial and Engineering Chemistry Research 2019; 58
(10). https://doi:10.1021/acs.iecr.8b05979

Sheu LL, Karpinski Z, Sachtler WMH. Effects of palladium particle size and palladium silicide formation on Fourier transform infrared
spectra and carbon monoxide adsorbed on palladium/silicon dioxide catalysts. The Journal of Physical Chemistry 1989; 93 (12): 4890-
4894. https://doi:10.1021/j100349a042

Pawelec B, Mariscal R, Navarro RM, van Bokhorst S, Rojas S et al. Hydrogenation of aromatics over supported Pt-Pd catalysts. Applied
Catalysis A: General 2002; 225 (1): 223-237. https://doi.org/10.1016/S0926-860X(01)00868-7

Yu C, Xu H, Ge Q, Li W. Properties of the metallic phase of zinc-doped platinum catalysts for propane dehydrogenation. Journal of
Molecular Catalysis A: Chemical 2007; 266 (1): 80-87. https://doi.org/10.1016/j.molcata.2006.10.025

Németh M, Somodi E, Horvith A. Interaction between CO and a coke-resistant Niln/SiO, methane dry reforming catalyst: A DRIFTS and
CO pulse study. The Journal of Physical Chemistry C 2019; 123 (45): 27509-27518. https://d0i:10.1021/acs.jpcc.9b06839

Rani S, Byron C, Teplyakov A V. Formation of silica-supported platinum nanoparticles as a function of preparation conditions and boron
impregnation. The Journal of Chemical Physics 2020; 152 (13): 134701. https://doi:10.1063/1.5142503

Sato S, Kuroki M, Sodesawa T, Nozaki F, Maciel GE. Surface structure and acidity of alumina-boria catalysts. Journal of Molecular Catalysis
A: Chemical 1995; 104 (2): 171-177. https://doi.org/10.1016/1381-1169(95)00105-0

Peil KP, Galya LG, Marcelin G. Acid and catalytic properties of nonstoichiometric aluminum borates. Journal of Catalysis 1989; 115 (2):
441-451. https://doi.org/10.1016/0021-9517(89)90048-1

175



	Nonoxidative dehydrogenation of propane using boron-incorporated silica-supported Pt Sites synthesized by atomic layer deposition
	Recommended Citation

	tmp.1709211962.pdf.94LC5

