
Transformation of Atomically Dispersed Platinum in SAPO-
37 into Platinum Clusters: Catalyst for Ethylene 

Hydrogenation 

Journal: Catalysis Science & Technology

Manuscript ID CY-ART-07-2021-001216.R1

Article Type: Paper

Date Submitted by the 
Author: 02-Aug-2021

Complete List of Authors: Perez-Aguilar, Jorge; university of california davis, Department of 
Chemical Engineering
Hughes, James; Dexcom
Chen, Cong-Yan; Chevron Energy Technology Company, 
Gates, Bruce; University of California, Department of Chemical 
Engineering

 

Catalysis Science & Technology



1

Transformation of Atomically Dispersed Platinum in SAPO-37 
into Platinum Clusters: Catalyst for Ethylene Hydrogenation 

Jorge E. Perez-Aguilar,a James T. Hughes,b* Cong-Yan Chen,a,c and Bruce C. Gatesa*
aDepartment of Chemical Engineering, University of California, Davis, CA 95616, United States
bZeolyst International, Conshohocken, PA 19428, United States
cChevron Technical Center, Richmond, CA 94802, United States

KEYWORDS: SAPO-37, ethylene hydrogenation, platinum complex catalyst, platinum clusters, molecular sieve.

Abstract

Atomically dispersed supported platinum catalysts were synthesized by the reaction of Pt(acac)2 (acac 

= acetylacetonato) with the silicoaluminophosphate molecular sieve SAPO-37, with infrared spectra 

showing that the reaction involved SAPO OH groups. Extended X-ray absorption fine structure (EXAFS) 

spectra show that, after heating in air to 623 K, each platinum atom on average was bonded to approximately 

two oxygen atoms of the SAPO support, with no evidence of platinum clusters. X-ray absorption near edge 

spectra (XANES) indicate a platinum formal oxidation state of approximately +2. These supported 

mononuclear species lacked catalytic activity for ethylene hydrogenation at 1 bar and room temperature, 

but activity arose during catalysis in a once-through flow reactor/X-ray absorption spectroscopy cell, as the 

XANES white line intensity decreased, indicating reduction of the platinum, and the EXAFS-determined 

Pt−Pt coordination number (CN) increased from essentially zero to 2.7 ± 0.5 after 2 h, indicating the 

formation of platinum clusters of only a few atoms each. The data indicate the almost instantaneous 

formation of the clusters and identify them as the catalytically active species. Subsequent exposure of the 

catalyst to ethylene as in-situ EXAFS and XANES data were recorded led to a decrease in the Pt−Pt 

coordination number to 1.6 ± 0.3 and an increase in the white line intensity, indicating partial oxidative 

fragmentation of the clusters by ethylene. Platinum clusters in SAPO-37 formed in separate experiments 

by exposure to H2 prior to catalysis were also catalytically active for ethylene hydrogenation. The data thus 

show how to dial in the catalytic activity by forming platinum clusters by exposure of mononuclear 
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platinum to H2 and how to dial back the activity by oxidative fragmentation of the clusters by reaction with 

ethylene, all under mild conditions; the ethylene:H2 ratio of the reactant gas determines the average 

platinum nuclearity and thus the catalytic activity. 

1. Introduction

Zeotype materials are widely used as acid-base catalysts for the production of fuels, petrochemicals, 

and fine chemicals,1–3 and they find wide applications as supports for catalytic metals, with applications 

including hydrocracking,4 hydroisomerization,5,6 reforming (aromatization),7,8 and vehicle exhaust 

abatement.9,10 Both support chemical properties such as acidity and physical properties such as aperture and 

cage dimensions affect the catalyst performance, as illustrated by data characterizing alkane 

hydroisomerization and reforming (e.g., in the Chevron Aromax™ process) catalyzed by platinum in 

zeolites.11,12 The physical properties of the crystalline zeotype supports offer numerous advantages, 

including high surface areas for high metal dispersions, structures that stabilize metals including iridium13 

and platinum14 in highly dispersed states by encapsulation,15–in pores that facilitate shape-selective 

catalysis16 and limit metal sintering at high temperatures.17 The crystalline nature of these supports also 

offers the prospective advantages of structural uniformity of the supported species to facilitate fundamental 

understanding of the structure and function of the catalytic species.18 Zeolite-supported platinum catalysts 

are used on a large scale in some of the aforementioned applications.19 Practical advantages include high 

hydrogenation selectivities observed for platinum nanoparticles encapsulated in MFI zeolites20 and high 

selectivity for isomerization of alkanes (n-pentane and n-hexane) observed for platinum clusters supported 

on micro/mesoporous ZSM-5.21 Recent work has been focused on highly dispersed (even atomically 

dispersed) platinum in zeolites,22,23 with part of the motivation being the advantages of high metal utilization 

efficiency, maximized influence of the support, and new properties of noble metals in the most highly 

dispersed state, when they are positively charged.24 Yet there are hardly any data allowing comparisons of 

zeolites with other zeotype materials as supports, and there is a lack of elucidation of the chemistry of metal 

cluster formation and its reverse in atmospheres other than H2 and O2, respectively. 
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Our goal was fundamental understanding of the role of a non-zeolite support for an atomically dispersed 

noble metal catalyst. We chose platinum supported on the silicoaluminophosphate molecular sieve SAPO-

37,25,26 because platinum is of wide importance in catalysis and because SAPO-37 has the same framework 

structure as zeolite Y and thus provides the opportunity for comparisons with that zeolite to help elucidate 

the role of the support composition on catalyst performance. Because SAPOs incorporate framework 

phosphorus atoms, they behave differently from their zeolite counterparts as supports, as illustrated for 

atomically dispersed rhodium catalyzing the conversion of ethylene in the presence of H2.27 

Our specific goals were to investigate highly dispersed platinum supported on SAPO-37 as a catalyst 

for the reaction of ethylene with H2; a working hypothesis was that the catalyst structures would be simple 

and uniform enough to yield to insights into the structure of the catalytic species and how to control them.

The precursor used for catalyst synthesis was bis(acetylacetonato)platinum(II), Pt(acac)2, chosen 

because it offers the prospect of making atomically dispersed platinum by reaction with support OH groups. 

Ethylene hydrogenation was chosen as the catalytic test reaction to take advantage of the smallness of the 

reactant molecules to allow access to catalytic sites within pores and of the identifiable spectroscopic 

signatures of the reactants and the adsorbed species derived from them.

2. Materials and Methods

2.1 Preparation of Catalysts by Reaction of Pt(acac)2 with SAPO-37 

Platinum complexes were anchored to SAPO-37 that was synthesized by a reported method,27 with the 

precursor Pt(acac)2 reacting with SAPO-37 powder that had been calcined at 873 K for 6 h in flowing air 

(Praxair, 99.5% purity) followed by 6 h under dynamic vacuum in a once-through plug-flow reactor. 

Sample handling and treatments were carried out with standard air-exclusion techniques. Under an argon 

atmosphere, the precursor Pt(acac)2 (6.0 mg, 98 wt%, Strem) was mixed thoroughly with 300.0 mg of the 

calcined SAPO-37 powder and placed in the flow reactor. The reactor tube was evacuated and then sealed 

under vacuum. The temperature was ramped up to 333 K at 1 K min-1 and held for 1 h, then ramped further 

to 353 K and held for 1 h, under vacuum (there was no flow through the reactor during this procedure). 
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After further ramping to 373 K, the catalyst was held at this temperature for 1 h as the Pt(acac)2 powder in 

the mixture with the SAPO-37 particles sublimed and was deposited onto the SAPO-37.28 If all the platinum 

in the precursor Pt(acac)2 were deposited in the SAPO-37, the platinum loading would have been 1.1 wt%. 

The resultant catalyst was then exposed to air flowing at 45 mL(NTP) min-1, and the temperature was 

ramped to 403 K at a rate of 1 K min-1 and held for 15 min, followed by a further temperature ramp (1 K 

min-1) to 623 K and a 2-h soak.29 The resulting sample was recovered and stored in an argon-filled glovebox. 

2.2. Elemental Analysis of Supported Platinum Catalyst 

The platinum content of the SAPO-37-supported platinum sample was determined at the University of 

California Davis Interdisciplinary Center for Plasma Mass Spectrometry with an Agilent Model 7500a, 

quadrupole-type, inductively coupled plasma mass spectrometer (ICP-MS) (Agilent Technologies, Santa 

Clara, CA). 

2.3. Infrared (IR) Spectroscopy

A Bruker IFS 66v spectrometer with a room-temperature DTGS detector and a spectral resolution of 2 

cm-1 was used to collect transmission IR spectra of the catalyst samples. Approximately 10 mg of powder 

was pressed between two KBr windows for optical optimization that allowed detection of minor peaks. IR 

spectra were recorded with samples at room temperature under vacuum, with each spectrum being an 

average of 128 scans. In some experiments, the sample was placed in a diffuse reflectance (DRIFTS) 

reaction chamber (Harrick Scientific) equipped with KBr windows, mounted in a Praying Mantis diffuse 

reflectance adapter (Harrick Scientific). The cell in the argon-filled glovebox was loaded with 

approximately 50 mg of dry KBr powder (Crystal Labs, 7758-02-3), along with 15 mg of catalyst sample 

on top of the KBr powder. This cell was connected into a flow system without exposure of the sample to 

air, and it allowed recording of spectra as reactant gases (CO, 13CO, O2, D2, H2, and/or ethylene) flowed 

through the cell at the desired temperature.

2.4. X-Ray Absorption Spectroscopy (XAS) 
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X-ray absorption spectroscopy (XAS) experiments characterizing the platinum-containing samples 

were carried out at beam lines 4-1 and 9-3 of the Stanford Synchrotron Radiation Lightsource (SSRL). In 

an argon-filled glovebox at SSRL, powder samples were loaded into a transmission fluorescence X-ray 

absorption spectroscopy cell/flow reactor30 or a Kapton capillary (1.0 mm OD) cell and held in place with 

quartz wool.31 The storage ring energies and currents were 3 GeV and 500 mA, respectively. X-ray energy 

scans from −250 to 1000 eV relative to the Pt LIII edge (11564 eV) were obtained by using a double-crystal 

Si(220) monochromator at each beamline. For calibration purposes, measurement of the absorption of a 

platinum foil mounted downbeam of the sample was carried out simultaneously. Transient fluorescence X-

ray absorption near edge spectra (XANES) and extended X-ray absorption fine structure (EXAFS) spectra 

were collected for samples in flowing reactive gases in a once-through flow system, with the effluent gases 

characterized with an online mass spectrometer (Hiden Analytical QGA) downstream of the cell. The 

following m/z values were used to identify the products: m/z = 28 for ethylene; 30 for ethane; and 41 for 

butenes.

Analysis of the EXAFS data was carried out with the Athena software of the Demeter package and with 

the software XDAP.32 Athena was used for edge calibration and deglitching and XDAP for background 

removal, normalization, and conversion of the data into an EXAFS function file. Reference files used in 

the fitting, with backscattering amplitudes and phase shifts for Pt–Pt, Pt–O, Pt–C, and Pt–Al contributions, 

were calculated with the software FEFF7.0 from crystallographic coordinates of the unit cells of the 

reference compounds platinum metal, PtO2, Pt(acac)2, and Pt-Al alloy.33,34 Each analyzed spectrum was the 

average of four spectra. Details of the data processing and analysis methodology are reported elsewhere.27 

The quality of each fit was evaluated by the goodness of fit, defined as follows:

𝐺𝑜𝑜𝑑𝑛𝑒𝑠𝑠 𝑜𝑓 𝑓𝑖𝑡 =
ν

𝑁𝑃𝑇𝑆(ν ― 𝑁𝑓𝑟𝑒𝑒)

𝑁𝑃𝑇𝑆

∑
𝑖 =  1

(χ𝑒𝑥𝑝,𝑖 ― χ𝑚𝑜𝑑𝑒𝑙,𝑖

𝜎𝑒𝑥𝑝,𝑖 )2

 

where χexp and χmodel are the experimental and calculated EXAFS functions, respectively; σexp the error in 

the experimental results; ν the number of independent data points in the fit range; Nfree the number of free 

parameters; and NPTS the number of data points in the fit range. The estimates of the (approximate) error 
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bounds are based on the reported results and statistical analyses. Best-fit models of each of EXAFS data set 

were fitted initially with various combinations of plausible absorber–scatterer contributions, which led to a 

list of candidate models. Then, a “difference-file” technique was applied to assess the candidate models, 

whereby the calculated EXAFS contribution from each individual Pt–scatterer contribution was compared 

with the data in R (distance) space. This iterative fitting was continued in R space for both overall and 

individual contributions with the Fourier-transformed EXAFS data (χ data) until the best-fit model was 

obtained, which is the one providing optimum agreement between the calculated k0-, k1-, k2-, and k3-

weighted EXAFS data and the model.

  2.5. Catalytic Activity Measurements 

Catalyst performance was tested with samples in a once-through temperature-controlled plug-flow 

reactor. The equipment and procedures have been described in detail.27 The feed gases helium, H2, and 

ethylene with the following partial pressures (in mbar) were as follows: 50 for ethylene; 50 for H2; 900 for 

helium or, alternatively, 10 for ethylene; 100 for H2; 890 for helium. The gas stream flowed through a bed 

of catalyst particles of mass typically 1.0–2.0 mg mixed with 0.5 g of particles of inert, nonporous α-Al2O3 

(Sigma Aldrich, 100–200 mesh) at atmospheric pressure, a temperature of 303 K, and a total feed flow rate 

of 100 mL(NTP) min-1. The effluent stream was analyzed periodically with an online gas chromatograph 

(Hewlett−Packard 6890N) equipped with a capillary column (PLOT Alumina “M,” 50 m × 0.53 mm) and 

a flame ionization detector. All the reported catalytic reaction rates were determined from differential 

conversions and expressed per platinum atom (turnover frequencies, TOF) recorded at various times on 

stream. The maximum activity, following an induction period of typically 2.5 h, was observed before the 

onset of substantial catalyst deactivation. The conversions were <10% and shown to be differential on the 

basis of the essentially linear dependences of conversion on inverse space velocity (e.g., Fig. S1 in the 

Supplementary Material, SM).

2.6 Summary of Characterization Experiments 
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Scheme 1 in the SM is a summary of the characterization techniques that were used to investigate the 

samples, including experiments done after treatments of the SAPO-37-supported platinum in various gas 

atmospheres. 

3. RESULTS

3.1. Synthesis of SAPO-37-Supported Platinum 

During the first step of the catalyst synthesis, as Pt(acac)2 (which is yellow) was thoroughly mixed with 

the SAPO-37 and vaporized, there was no observable color change in the SAPO-37. The subsequent 

oxidation treatment during the synthesis led to a change in color of the material from white to green. These 

observations are consistent with the incorporation of platinum in the SAPO-37. The elemental analysis data 

show that the SAPO-37 contained 1.1 ± 0.1 wt% platinum, consistent with the masses of Pt(acac)2 and 

SAPO-37 used in the synthesis and the inference that all of the precursor Pt(acac)2 reacted with the SAPO-

37  support. The lack of observation of any deposits formed from the precursor during the synthesis and the 

color change of the SAPO-37 bolster this conclusion. This platinum loading corresponds to approximately 

1 platinum atom per 25 supercages.   

Changes in the IR spectra of the samples indicate that SAPO Si–OH–Al sites (Brønsted acid sites) were 

converted by reaction with the platinum precursor. Spectrum A of Fig. 1 represents bare SAPO-37 calcined 

at 873 K in air followed by evacuation; spectrum B represents the sample after the synthesis that involved 

chemisorption of Pt(acac)2 and subsequent oxidation. The intensities of the bands at 3640 and 3578 cm-1 

corresponding to the SAPO Si–OH–Al sites (in supercages and sodalite cages, respectively)35,36 decreased 

as the platinum species evidently became bonded at these sites. IR spectra of the sample (Fig. S2 in SM) 

indicate that after the oxidation synthesis (details in Section 2.1), the acac ligands had been removed, 

presumably in the synthesis, as shown by the lack of νCOring, νC−C−Cs, and δCH vibrations expected if Hacac 

had remained on the support as a product of the chemisorption.27 Further, the data provide no evidence of 

acac ligands remaining on the platinum after this treatment. The bands corresponding to the SAPO Si–OH 

(3745 cm-1) and P–OH (3675 cm-1) sites and the hydroxyls in the minor extra-framework (3718 cm-1) 
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components of the support were too low in intensity to justify any conclusions about whether the precursor 

reacted with them.37–40

 3.2. EXAFS Spectra of Isolated Platinum Complexes and Clusters Formed from them on SAPO-

37 

EXAFS data recorded near the Pt LIII edge provide structural information about the platinum-

containing SAPO-37 sample. A substantial Pt LIII absorption edge intensity confirmed the presence of 

platinum in the sample. Fitting of the data (Table 1, Fig. 2a) demonstrated a lack of measurable Pt–Pt 

scattering (consistent with atomic dispersion of the platinum bonded to SAPO-37) and a Pt–light scatterer 

contribution, with a coordination number of nearly 4 at an average distance of 2.02 Å (a bonding distance, 

such as a Pt–O bonding distance). The IR data show that support OH groups were converted in the synthesis 

when the Pt(acac)2 was chemisorbed and the sample was subsequently oxidized; the data imply that the 

platinum was bonded through Pt–Osupport bonds. The EXAFS data also give evidence of another Pt–light-

scatterer contribution, with a coordination number of nearly 2 at a distance of 2.29 Å (longer than a typical 

Pt–O bonding distance) (Table 1). We suggest that the support provided two oxygen ligands for each 

platinum atom, comparable to HY zeolite as a support for atomically dispersed cationic rhodium and 

iridium, and that the other scatterers represent ligands formed in the oxidation step of the synthesis that is 

expected to have removed the acac.27,41 To check whether some platinum clusters might have formed in the 

synthesis, we investigated a candidate structural model in the EXAFS data fitting that included a Pt–Pt 

contribution. However, no satisfactory fit could be obtained with such a model. 

But fitting of the EXAFS data recorded after the sample (150 mg) had been exposed to flowing H2 (50 

mL(NTP) min-1) for 1 h demonstrates the formation of Pt–Pt bonds, implying the breaking of Pt–O bonds 

and unlinking of platinum from the support—that is, reduction, migration, and aggregation of platinum and 

the formation of platinum clusters. The EXAFS data characterizing the H2-reduced sample (Table 1) 

demonstrate that the Pt–Pt coordination number increased from a value indistinguishable from zero to about 

4, accompanied by a decrease in the Pt–light scatterer coordination number from about 4 to about 1 as more 
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platinum atoms were unlinked from the support. These clusters, on average, are several-atom clusters (Table 

1). 

Others have made similar observations of platinum clusters in zeotype materials; for example, Torigoe  

et al.42 and  Moliner et al.43 found CNs similar to ours after exposure of chabazite-supported atomically 

dispersed platinum to H2
 at 773 K and suggested cluster diameters in the range of 1.0–1.3 nm.43 We 

hypothesize that hydride ligands formed on platinum as clusters formed, but any gas-phase products formed 

in the reduction were evolved in concentrations too low to observe with the online mass spectrometer. 

Species comparable to the atomically dispersed platinum species present initially on the SAPO-37 

support have been reported to exist in zeolites KLTL, NaY, and NaX, with these supports typically acting 

as bidentate ligands that provide two oxygen atoms to anchor each platinum atom.22,44,45 A summary of the 

EXAFS data characterizing this family of samples is given in Table 1. 

Table 1. Structural Models Based on EXAFS Spectra Characterizing Initial Platinum Complexes 
Supported on SAPO-37 and on Various Zeolites.a   

Form of catalyst Shellb N R (Å) 103 × σ2 ΔE0 
(eV) Ref.

Pt−Os 4.0 2.02 5.9 -8.0
Pt−Ol 2.0 2.29 2.4 -1.0
Pt−Al 1.0 2.70 1.8 -8.0

Pt/SAPO-37, 1.1 ± 0.1 wt% 
platinum

Pt−Ol 2.5 2.99 5.0 2.8
Pt−Os 1.0 2.03 11.8 -8.0
Pt−Pt 4.0 2.71 3.8 -8.0
Pt−OL 1.0 3.43 6.8 -1.7

Pt/SAPO-37, 1.1 ± 0.1 wt% 
platinum, after exposure to 

H2
 for 30 min

Pt−Al 1.1 3.97 4.8 -4.0

this 
work

Pt−N 0.6 2.00 1.2 -1.8
Pt−Os 2.8 2.01 8.9 -3.8
Pt−Ol 5.9 2.64 10.5 8.0

PtOx/KLTL zeolite 
(oxidized), 1.0 wt% 

platinum Pt−Al 1.1 3.19 2.6 11.3

22

0.2 wt% Pt/NaY zeolite Pt−Os 2.3 2.01 8.67 4.1 44

Pt−Os 3.9 2.03 7.4
Pt−Ol 0.9 3.03 3.96 wt% Pt/NaY zeolite 

Pt−Al/Si 0.6 3.52 5.9
-3.93

45

Pt−Os 3.8 2.04 7.4
Pt−Ol 2.1 3.07 3.26 wt% Pt/NaX zeolite 

Pt−Al/Si 0.7 3.20 4.5
-3.30

45

0.33 wt% Pt/CHA zeolite Pt−Os 3.22 2.01 1.6 12.4 43

aNotation: N, coordination number; R, distance between absorber and scatterer atoms; σ2, disorder term; 
ΔE0, inner potential correction. Error bounds (accuracies) characterizing the structural parameters 
determined by fitting the EXAFS spectra are estimated to be as follows: N, ±20%; R, ±0.02 Å; σ2, ±20%; 
ΔE0, ±20 %. Details of the EXAFS fitting are provided in the SM. bThe subscripts s and l refer to short and 
long, respectively.
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3.3. XANES of Platinum Complexes on SAPO-37 and Clusters formed by their Reduction in H2 

XANES data recorded with the EXAFS data are compared with those of reference compounds: 

platinum metal foil (characterizing Pt0); solid Pt(acac)2 (characterizing Pt2+); and solid PtO2 (characterizing 

Pt4+) (Fig. 2b). The white-line intensity increased in the order Pt foil < SAPO-37-supported platinum 

clusters < Pt(acac)2 < SAPO-37-supported isolated platinum complexes < PtO2, consistent with the trends 

in the platinum formal oxidation states (but we refrain from assigning values of formal oxidation states of 

platinum in the supported samples on the basis of XANES data alone, as these data also depend on the 

platinum coordination). The data (Fig. 2) also indicate that the white line intensity characterizing each of 

the supported platinum complexes was slightly greater, and shifted to higher energy (eV), relative to that 

of the precursor Pt(acac)2, demonstrating that the platinum in the initial SAPO-37-supported species was 

cationic. A comparison of the magnitude of the Fourier transform of the initial SAPO-37-supported 

platinum complexes with that of platinum foil (Fig. 2b) shows a single major contribution at 2.0 Å and no 

evidence of Pt–Pt bonding, which would have been indicated by a contribution at 2.7 Å matching that in 

the spectrum of platinum foil. However, when the supported sample was exposed to H2, the magnitude of 

the Fourier transform characterizing the EXAFS spectra at 2.7 Å (indicating a Pt–Pt contribution) increased 

(Fig. 2b, Table 1). Thus, the initial platinum species on SAPO-37 were isolated cationic species that were 

reduced in H2 and converted to platinum clusters. 

3.4. Reactivity of Atomically Dispersed Supported Platinum Species Characterized by IR 

Spectroscopy 

To further investigate the reactivity of the platinum species on SAPO-37, samples (20 mg) in the 

DRIFTS cell were brought in contact first with N2 flowing at a rate of 50 mL(NTP) min-1 at atmospheric 

pressure and 298 K and then with a 12-min pulse of CO flowing at a rate of 50 mL(NTP) min-1 at 

atmospheric pressure and 298 K (2390 CO molecules per platinum atom). The sample in a flowing stream 
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of 10% O2 in helium (50 mL(NTP) min-1) was then heated at a rate of 5 K min-1 to 473 K as spectra were 

recorded. Spectrum A in Fig. 3, characterizing the sample in flowing N2 prior to exposure to CO, includes 

two sets of νCO bands (at 2123 and 2090 cm-1) characterizing the initially prepared sample (after the 

oxidation step). We infer that the CO present initially (Fig. S3 in the SM) had formed from the acac ligands 

in the Pt(acac)2 precursor that reacted to form CO on the platinum species. But such species were minor 

components, as confirmed by the EXAFS data (Table 1) demonstrating that, on average, platinum was 

bonded predominantly to ligands that we suggest incorporated light scatterers, including two oxygen atoms 

of the support characterized by the shorter Pt–O distance.46–48 Spectrum B (Fig. 3) shows that the same 

sample in N2 after exposure to a 15-min CO pulse included several new bands in the region of 2220–2090 

cm-1. These νCO bands characterizing the sample after reaction with CO indicate isolated platinum species 

characterized by various CO coordinations and/or platinum in various formal oxidation states, as indicated 

by results reported for platinum carbonyls on  zeolites.45,49,50 

As the temperature subsequently increased with the sample in flowing O2 at atmospheric pressure 

(Spectrum C), the intensities of the bands initially evident in the 2220–2090 cm-1 region decreased. This 

result is consistent with the expectation that the CO ligands were removed by oxidation, but the mass 

spectrometer used to analyze the effluent stream was not sensitive enough to detect any evolved CO2. 

Spectrum D, recorded after oxidation at 473 K with the sample in flowing N2 at room temperature, includes 

a remaining single νCO peak, at 2134 cm-1, indicating differing reactivities of the CO ligands. For 

comparison, Table S2 in the SM is a summary of data characterizing carbonyls of platinum in various 

formal oxidation states (0 to +3) and with various coordination numbers (1 to 3) on various zeolites. These 

data show that both the local coordination and formal platinum oxidation state influence the νCO values. 

The IR data are not sufficient by themselves to identify the platinum species,51 but the XANES spectra 

exclude the possibility that the initial supported species (after the oxidation step in the synthesis) 

incorporated zero-valent platinum (details in SM) and include the possibility of platinum bonded to 1 or 

more CO ligands.  
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To further investigate the reactivity of the supported platinum and its local environment on SAPO-37, 

samples (20 mg) in the DRIFTS cell were brought in contact with helium flowing at 50 mL(NTP) min-1 at 

atmospheric pressure and 298 K. The sample was then exposed to H2 flowing at 50 mL(NTP) min-1 at 

atmospheric pressure and 298 K for 30 min, and then the H2 was purged out of the cell with helium, and the 

sample was exposed to a 12-min CO pulse (2392 CO molecules per platinum atom). The νCO region of the 

spectrum (Fig. S4 in SM) includes a single band at 2092 cm-1 in the range expected for CO on platinum 

clusters.49 The results thus verify the EXAFS data characterizing the sample after the H2 exposure, which 

show that platinum clusters had formed (Table 1, Table S3 in SM). Correspondingly, they verify the 

XANES data demonstrating reduction of the platinum as clusters formed (Fig. 2b). 

The reduction was carried out separately with D2 instead of H2: the initially prepared platinum-

containing sample was exposed to helium flowing at 50 mL(NTP) min-1 at atmospheric pressure and 298 

K and then exposed to D2 flowing at 10 mL(NTP) min-1 at atmospheric pressure and 298 K (Fig. S5 in the 

SM). The SAPO-37 OH group bands shifted from 3718, 3640, and 3578 cm-1 to 2766, 2686, and 2642      

cm-1, and, consistent with the harmonic oscillator approximation, the new bands are assigned to surface OD 

groups.52 Thus, spillover occurred, with D2 evidently activated on the platinum clusters and D migrating 

and undergoing exchange with support OH groups.53,54 

When the Pt-containing sample containing OD groups was exposed to ethylene flowing at 10 mL(NTP) 

min-1 (Fig. S5 in the SM), ethylene adsorbed on the OD and OH groups; when the reactor was purged with 

helium, the ethylene desorbed, as shown by the full recovery of the OH and OD band intensities (Fig. S5 

in the SM). These results indicate adsorption of ethylene on the OH or OD groups, consistent with reported 

results.55 

3.5. Catalytic Performance of Supported Platinum: Evidence of Formation of Platinum Clusters 

as Catalytically Active Species 
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In experiments with a wide range of ethylene conversions in the presence of H2, ethane was the only 

observed product. There was no detectable conversion when the SAPO-37 sample was present without 

platinum: the platinum was responsible for the catalysis. 

The conversion initially increased with time on stream in the flow reactor, Fig. 4 (the catalyst mass  

was 1.0 mg, the feed flow rate 100 mL(NTP) min-1, and the C2H4 and H2 partial pressures 10 and 100 mbar, 

respectively). Catalyst break-in such as this is commonly associated with changes in the metal–ligand 

environment resulting from reaction with the reactants, as illustrated by data of Martinez-Macias et al.,56 

who characterized changes in zeolite-supported iridium complexes during the break-in period. These 

authors did not determine how the ligands changed during this period, but they systematically varied the 

ligands present before catalysis (Ir(CO)(C2H4) and Ir(C2H4)2 in HY zeolite) and demonstrated that the 

activity depended strongly on them, with the initial activities being in the order Ir(CO)2 << Ir(CO)(C2H4) < 

Ir(C2H4)2 and the induction periods decreasing in the order (Ir(CO)2 > Ir(CO)(C2H4) > Ir(C2H4)2).56 

Our results show that after an induction period of increasing activity (2.5 h), catalyst deactivation 

ensued, and, after about 172 h, the catalyst had lost essentially all of its activity (Fig. 4). The number of 

turnovers during this period was approximately 913,000. 

To test the hypothesis that the changes in the catalyst were associated with changes in the reactant-

derived ligands—that would be expected to proceed faster at higher reactant partial pressures—we did an 

experiment with the same catalyst mass and feed flow rate but feed partial pressures of C2H4 and H2 of 40 

and 400 mbar (instead of 10 and 100 mbar), respectively. Correspondingly, the induction time was 

markedly reduced (Fig. S6 in the SM), and the catalyst deactivated more rapidly (in about 144 h), consistent 

with the expectation. The results show that reactant-derived species caused the deactivation.

A summary comparison of the activities of these and related catalysts investigated under similar 

conditions is shown in Table 2. 

Realizing that atomically dispersed platinum on numerous supports is easily reduced and aggregated 

and that platinum clusters and nanoparticles are active for our reaction,43,57,58 we did complementary 

experiments with a catalyst incorporating preformed platinum clusters, made by pretreating the as-prepared 
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sample in H2 flowing at 50 mL(NTP) min-1 at room temperature for 1 h prior to the start of flow of ethylene 

+ H2 (Section 2.1). Thus, after a helium purge to remove H2, the catalyst was tested under conditions 

matching those stated above (1.0 mg catalyst; feed flow rate 100 mL(NTP) min-1 ; and C2H4 and H2 partial 

pressures of 40 and  400 mbar, respectively). The deactivation profile was similar to that observed with the 

catalyst that had not been pre-reduced, with the activities estimated by extrapolation to zero time on stream 

(ignoring the induction period) being approximately the same and indistinguishable from each other within 

the estimated error (Table 2, Fig. S6 in the SM). Comparable activity data for platinum nanoparticles 

supported on SBA-15 silica, SiO2, and Al2O3 are listed in Table 2. For comparison, data characterizing 

atomically dispersed rhodium and atomically dispersed iridium supported on DAY zeolite are shown with 

data characterizing SAPO-37 in Table 2.

Table 2. Comparison of Activities of Catalysts Incorporating Metal Complexes Supported on SAPO-
37, Alumina, DAY Zeolite, and Silica for Hydrogenation of Ethylene. 

Metal in 
catalyst 

Support Metal 
loading, wt%

initial form 
of catalyst TOF (s−1) ref.

0.12a,b

3.0a,c

Atomically 
dispersed 
platinum 
species 4.5 ± 0.5d

SAPO-37 1.1 ± 0.1 wt%

Platinum 
clusters 6.6 ± 2.0d

this 
work

SBA-15 silica 1.0 0.64e 57

0.05 1.3f 57

SiO2 0.5 17.5f 57

Platinum

Al2O3
9.2

Platinum 
nanoparticles

53.4f 57

Iridium Ir(C2H4)2 0.71g 56

DAY zeolite
Rh(C2H4)2 0.10h

Rhodium SAPO-37
1.0

Rh(C2H4)2 0.13h
27

aTOFs determined at maximum activity reached after induction period and before catalyst deactivation at 
respective conditions (Fig. 4). The errors in the TOF values are estimated to be ± 10%, determined primarily 
by the error in the platinum content of the catalyst. 
bTOFs determined at maximum activity at 303 K and 1.0 bar; feed partial pressures (mbar): C2H4, 50; H2, 
50; helium, 900; total flow rate 100 mL(NTP)/min; catalyst mass, 11.0 mg.
cTOFs determined at maximum activity at 303 K and 1.0 bar; feed partial pressures (mbar): C2H4, 10; H2, 
100; helium, 890; total flow rate 100 mL(NTP)/min; catalyst mass, 0.5–1.5 mg.
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dInitial TOFs determined from C2H4 conversions <5%; catalyst mass, 1 mg; feed partial pressures (mbar): 
C2H4, 40; H2, 400; helium, 560; total flow rate, 100 mL(NTP)/min.
eSteady-state TOF determined at 298 K; feed partial pressures (mbar): C2H4, 10; H2, 100; inert, 890; catalyst 
mass, 1.1 mg.
 fRates reported as calculated from reported data,57 which are corrected to 10 mbar C2H4, 100 mbar H2, and 
298 K; see reference for details.
gSteady-state TOF determined at 303 K; feed partial pressures (mbar): C2H4, 100; H2, 200; helium, 700.
hInitial TOFs determined from C2H4 conversions <5%; catalyst mass, 10−30 mg; feed partial pressures 
(mbar): C2H4, 50; H2, 50; helium, 900; total flow rate, 100 mL(NTP)/min.

3.6. XAS of Isolated Platinum Complexes and Platinum Clusters in Reactive Atmospheres 

XAS experiments were done to characterize the SAPO-37-supported platinum in various atmospheres 

at various temperatures and during catalysis. XANES and k3-weighted Fourier-transformed EXAFS data 

are shown in Figs. 5a and b, respectively, recorded as the catalyst underwent changes in structure influenced 

by changes in the flowing gas atmosphere, with the products measured by on-line mass spectrometry: 

spectrum A represents the initial atomically dispersed platinum in flowing helium and spectrum B the 

sample after subsequent exposure to flowing ethylene—which evidently caused the white line to decrease 

in intensity and shift to a higher energy, accompanied by a decrease in magnitude of the Fourier transform 

at approximately 2.0 Å. Spectrum C represents the sample after the feed stream had subsequently been 

switched to a mixture of ethylene + H2 (C2H4:H2 ratio = 1:10, molar), with catalysis occurring, and the data 

show a further decrease in the white line intensity and a slight shift of the white line to higher energy as 

well as a substantial increase in the magnitude of the Fourier transform at approximately 2.7 Å. Spectrum 

D was recorded after 2 h of exposure to catalytic reaction conditions followed by a switch of the feed again 

to ethylene, whereupon the white line increased in intensity and shifted to a lower energy; the Fourier-

transformed data show maxima at approximately 2.1 and  2.6 Å. 

In a continuation of the experimental sequence, transient data characterizing the transformation of the 

initial isolated platinum complexes into platinum clusters—and subsequent cluster breakup—were obtained 

with the catalyst in the XAS cell working as a flow reactor. Fig. 6a shows the ethane signal from the online 

mass spectrometer downstream of the reactor along with XAS data recorded as a function of time on stream. 

Fig. 6b shows transient white line and temperature data recorded during the experiments. Fig. 6c shows the 
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Pt−Pt distance and coordination number as a function of time onstream. When the sample was initially 

present in flowing helium, the magnitude of the Pt−light-scatterer contribution and the white line intensity 

were maximized, and no Pt−Pt contribution was observed. These data match the EXAFS data reported in 

Table 1. When the sample was later exposed to flowing ethylene at atmospheric pressure and room 

temperature (298 K), the magnitude of the Pt−light-scatterer contribution and the white line intensity 

decreased, and no Pt−Pt contribution was observed. We therefore conclude that the ligand sphere of the 

platinum had changed, consistent with the statements above and consistent with the adsorption of ethylene 

on the platinum. When the feed was then changed again to a reactive mixture of ethylene + H2 (C2H4:H2 

ratio = 1:10, molar), the magnitude of the Pt−light-scatterer contribution decreased; the white line intensity 

decreased slightly; and a Pt−Pt contribution became evident and grew in intensity. The Pt−Pt coordination 

number jumped from 0 to 1.8, and the ethane signal in the mass spectrum increased, all within the period 

of the first scan (which required 5 min). These results show that platinum clusters formed in the reactive 

atmosphere that included H2. As time progressed, the ethane signal in the mass spectrum increased and 

remained almost unchanged as the magnitude of the Pt−light-scatterer contribution decreased and the 

magnitude of the Pt−Pt contribution increased. We conclude from the increase in the Pt−Pt coordination 

number (from 1.8 to 2.7) that—as the catalytic reaction occurred—the average size and/or number of 

platinum clusters increased (Fig. 6c). 

In a further continuation of the series of experiments with the same sample in the XAS cell, after 2 h 

of exposure to catalytic reaction conditions, the feed was switched back to ethylene. The data show that the 

magnitude of the Pt−light-scatterer contribution and the white line intensity both increased (the latter only 

slightly), but the values did not revert to the initial values—those observed before exposure of the catalyst 

to reaction conditions with ethylene + H2 flowing. Concomitantly, the magnitude of the Pt−Pt contribution 

decreased, and the average Pt−Pt coordination number and distance also decreased, and—with H2 being 

absent—the ethane signal decreased to noise level in the mass spectrum of the effluent. 

This latter result indicates oxidative fragmentation of the platinum clusters by ethylene, which acts as 

an oxidizing agent59 (ethylene has been shown to oxidatively fragment zeolite-supported clusters of iridium 
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and of rhodium60). The inference is consistent with the slight increase in white line intensity (Fig. 6c) and 

the decrease in Pt−Pt coordination number (2.7 to 1.6). These values indicate that, under our conditions, 

ethylene caused platinum cluster fragmentation but did not fragment the clusters entirely—that is, it did not 

cause the white line intensity to return to its initial value observed before catalytic reaction started. Further, 

the contraction of the average Pt−Pt bond distance from 2.74 to 2.64 Å, as H2 was purged from the reactor 

and ethylene was present, matches results reported by Bus et al.61 showing that platinum clusters losing 

hydrogen by desorption are characterized by decreasing Pt–Pt bond distances.

In the above-mentioned work,59 it was shown that ethylene completely fragmented supported iridium 

clusters (consisting of approximately 4 atoms each) on a zeolite support when the sample was heated to  

353 K. To check whether ethylene could similarly completely fragment the platinum clusters,62 the same 

platinum-containing sample mentioned above was heated to 353 K in flowing ethylene; then it was cooled 

to room temperature in a period of 20 min, and the ethylene stream was replaced with helium. The white 

line intensity did not change during the temperature increase. Nor did purging of ethylene from the cell 

with helium lead to a change in the white line intensity. Consistent with these results, the average Pt−Pt 

coordination number was within error the same as that observed prior to the exposure of the sample to 

flowing ethylene as the temperature was increased and as the ethylene was later purged (Fig. 6c). We thus 

conclude the platinum clusters remained stable as the temperature increased 353 K with the sample in 

ethylene and did not undergo complete fragmentation comparable to that observed for the zeolite-supported 

iridium clusters.62 

We emphasize that the platinum clusters that formed in the partial fragmentation in ethylene were 

smaller than the ones formed by reduction of the initially formed catalyst in flowing H2 (Table 1), with 

average cluster diameters that we infer on the basis of earlier estimates43 to be in the range of 0.4–0.8 nm—

characterizing extremely small clusters, with Pt−Pt coordination numbers ranging from about 1 to 4. 

In summary, the EXAFS data (Table 1 and Table S2 in SM) show that the platinum complexes present 

initially in the catalyst were converted into clusters within the period of the first scan under catalytic reaction 

conditions with H2. As catalytic hydrogenation continued in the flow reactor, the average cluster size and/or 
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number of clusters increased. When these clusters were later exposed to ethylene in the absence of H2, they 

fragmented, and the products included smaller clusters (Fig. 6c). During subsequent heating in the presence 

of flowing ethylene, the clusters were stable and not fragmented further. 

 Thus, all the data are consistent with the hypothesis that the observed catalytic activity is associated 

with the platinum clusters.

3.7. Characterization of Deactivated Catalyst 

To gain insight into the catalyst activity loss, 20 mg of the catalyst following operation at room 

temperature, during which deactivation was essentially complete, were packed into the DRIFTS cell and 

exposed at 303 K and 1 bar to flowing C2H4 + H2 at a molar ratio of 1:10. IR spectra recorded in separate 

experiments as the catalytic reaction proceeded (Fig. S7 in SM) show increasing intensities of peaks 

assigned to C−H vibrations (2970−2860 cm−1), indicating carbonaceous deposits in the SAPO-37; similar 

results were observed for rhodium in zeolite catalysts.27 We infer from the similar spectra that essentially 

the same carbonaceous deposits formed and interacted with the platinum centers, causing catalyst 

deactivation. Under these conditions, the initial CO peak observed at 2123 cm-1 declined in intensity during 

operation at a C2H4:H2 molar ratio of 1:10, and the catalyst color changed from green to beige. After 24 h 

onstream, the reactants were purged from the cell with helium, and a CO pulse (50 mL(NTP)/min, 2390 

CO molecules per platinum atom) was injected to provide IR evidence of whether the platinum nuclearity 

had changed. Fig. S8 in the SM includes the νCO region of the spectrum, showing that the initial platinum 

species characterized by bands at 2123 and 2090 cm-1 (assigned to isolated platinum complexes and clusters, 

respectively) reappeared in greater intensity after the CO pulse. The results imply that the catalyst had 

begun to undergo aggregation under the catalytic reaction conditions (C2H4:H2 molar ratio of 1:10), caused 

by the reduction by H2. 

The experiment was essentially repeated with the catalyst in the DRIFTS cell, but with D2 instead of 

H2, with a C2H4:D2 ratio of 1:10 (Fig. S9). Again, during catalytic reaction, the Si−OH−Al groups of the 

SAPO-37 were replaced with Si−OD−Al groups. The rate of formation of Si−OD−Al groups under catalytic 

Page 18 of 35Catalysis Science & Technology



19

reaction conditions (C2H4:D2 ratio of 1:10) was lower than that observed when pure D2 flowed through the 

cell, corresponding to the lower D2 partial pressure (165 vs. 35 min, when the Si−OD−Al absorbance 

stopped changing). 

4. Discussion

4.1 Reaction of Pt(acac)2 with SAPO-37 Hydroxyl Groups to form Atomically Dispersed Platinum 

The characterization data all support the conclusion that Pt(acac)2 reacted with Si−OH−Al Brønsted 

acid sites of SAPO-37, with the platinum becoming bonded through Pt–O bonds in structures comparable 

to those of numerous zeolite- and metal oxide-supported atomically dispersed platinum with a formal 

oxidation state near +2.  

A remaining question is what ligands were bonded to the platinum in addition to the support. We 

postulate that the unidentified light scatterers could have been oxygen, with the results being similar to 

those reported for similarly treated atomically dispersed platinum on zeolites NaY,44,45 NaX,45 and 

chabazite,43 but the data are not sufficient to identify them. Candidates (Scheme 1 in the SM) could be 

peroxo, OH, acac, and CO, but the IR spectra rule out acac and CO; a discussion of these possibilities is 

presented in the SM. 

The IR spectra (Fig. 3) give evidence of a mixture of platinum-containing species formed when CO 

reacts with the initial atomically dispersed supported platinum (after the oxidation step in the synthesis), 

but, because CO can be a reducing agent and might have reduced platinum from its initial cationic state at 

room temperature, the data are not sufficient to assign CO peaks as various platinum oxidation states or CO 

coordinations based on reported work. Further interpretation of the CO region along with a comparison of 

the XANES spectra would benefit from simulations, which are beyond the scope of this work. 

4.2 Formation of Platinum Clusters in SAPO-37 

The XANES and EXAFS data (Fig. 2, Table 1) showing that H2 reacted with the SAPO-37-supported 

platinum species at room temperature to reduce the platinum and form clusters are broadly consistent with 

extensive literature demonstrating such behavior of platinum on numerous zeolite43,63 and metal oxide 
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supports.64 IR spectra in the νCO region characterizing these clusters after exposure to CO (Fig. S4 in SM), 

consistent with the XANES and EXAFS data shown in Fig. 2 and Table S3 in the SM, agree well with data 

characterizing platinum clusters on zeolite H-MOR and on Al2O3, with a single νCO band near 2095 cm-1 

assigned to CO ligands on platinum clusters.65,66 Thus, we assign the 2090 cm-1 band (Fig. S4 in SM) to CO 

on these clusters. 

The XANES data representing the SAPO-37-supported platinum clusters are characterized by 

significantly higher white line intensities than bulk platinum metal (Figs. 2b and 5a), indicating that the 

supported platinum species are small enough to have electronic properties significantly different from those 

of bulk platinum. This statement is consistent with the smallness of the clusters demonstrated by the EXAFS 

data. 

The observation of facile platinum cluster formation implies that platinum species were mobile and that 

Pt–O bonds were broken to form the mobile species; the data are not sufficient to identify them, but we 

consider it likely that they were platinum hydrides. Results characterizing other atomically dispersed 

metals, exemplified by iridium on HY zeolite,62  have led to a similar conclusion.

4.3 Reactivity of Platinum Complexes under Conditions of Ethylene Hydrogenation Catalysis 

Under catalytic reaction conditions (with the sample in the presence of ethylene + H2 or ethylene + D2), 

the ligands on the platinum changed, consistent with the change in ethylene conversion and incorporation 

of hydrogen and ethylene ligands on the platinum. The platinum cluster formation during catalysis evidently 

started immediately upon exposure of the sample to H2.61,67 The data are consistent with results of Bus et 

al.,61 who reported that platinum clusters on Al2O3 were characterized by an increase in the Pt–Pt 

coordination number and a changed Pt–Pt bond distance attributed to (co)adsorbed hydrogen resulting from 

exposure to ethylene + H2. A key result is that the clusters are catalytically active for ethylene 

hydrogenation, and there is no evidence that the atomically dispersed platinum is active. 

The only catalytic reaction product was ethane, so that there is no selectivity information for contrasting 

the isolated platinum sites and the platinum clusters—in contrast to what has been observed for supported 

rhodium68 and iridium69 catalysts. 
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Both atomically dispersed rhodium and rhodium clusters on HY zeolite catalyze ethylene 

hydrogenation,41,68 and an equivalent statement pertains to iridium.70 However, gold is different; MgO-

supported mononuclear gold was found to be active for ethylene hydrogenation, and gold clusters that 

formed under catalytic reaction conditions were inactive.71 Similar results were observed for hydrogenation 

of 1,3-butdiene on gold supported on ZrO2.72 

4.4 Platinum Cluster Formation and Redispersion and Stabilization of Clusters in SAPO-37 Pores

Recent reports of platinum at low loadings (0.1 wt%) in various zeolites14,43 demonstrate the reduction 

of atomically dispersed platinum in H2 to form clusters and the redispersion by exposure to O2 at high 

temperatures.73 The samples are robust, but the platinum species are nonuniform, with images, EXAFS, 

and XANES data giving evidence of structures ranging from atomically dispersed platinum to clusters in 

the pores to nanoparticles outside the pores. The work reported here, in contrast, involves a SAPO-37-

supported catalyst with an order of magnitude higher platinum loading and transformations under much 

milder conditions, and during catalysis—with evidence (Fig. 6) of how to tune the relative amounts of the 

catalytically active and catalytically inactive species by dialing in the composition of the reactive gas 

environment. The chemistry reported here takes place without the involvement of metal carbonyls as 

intermediates, in contrast to numerous reports characterizing the formation and fragmentation of rhodium 

and iridium clusters in zeolite Y.41,68,69

5. Conclusions

IR and EXAFS spectra characterizing samples formed by the reaction of Pt(acac)2 with SAPO-37 (after 

oxidation synthesis) show that the supported platinum was atomically dispersed, with each platinum atom 

initially bonded on average to two support oxygen atoms and other unidentified ligands. The atomically 

dispersed platinum rapidly transformed into clusters of only a few atoms each (with average diameters in 

the range of about 0.4–0.8 nm) upon exposure to H2. These platinum clusters catalyzed ethylene 

hydrogenation with 100% selectivity at 303 K. Subsequent exposure of the clusters to ethylene led to their 

partial oxidative fragmentation, and these were stable at elevated temperatures. The data support the 
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conclusion that the clusters are the catalytically active species, with no evidence of catalytic activity by the 

atomically dispersed platinum. The results are the first to provide a detailed picture of the structures SAPO-

37-supported metal complexes and clusters and show that the SAPO-37 has properties markedly different 

from those of the isostructural HY zeolite. 

Appendix A. Supplementary Material

Supplementary data associated with this article can be found in the online version, at DOI#....
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Fig. 1. IR spectra in the νOH region characterizing (A) calcined SAPO-37 and (B) sample formed by reaction 
of Pt(acac)2 with calcined SAPO-37. The spectra were normalized with respect to the 600 cm-1 band 
characteristic of the SAPO framework.
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Fig. 2. (a) k3-Weighted magnitude of the Fourier transforms of EXAFS data recorded at Pt LIII-edge 
characterizing SAPO-37-supported isolated platinum (blue), platinum clusters made from the isolated 
platinum species by exposure to H2 (orange), and platinum foil (green). (b) XANES data characterizing 
platinum oxide (PtO2, black), SAPO-37-supported isolated platinum (blue), Pt(acac)2 (red), platinum 
clusters supported on SAPO-37 (orange), and platinum foil (green).

180018501900195020002050210021502200
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Ku
be

lk
a-

M
un

k 
Fu

nc
tio

n

Wavenumbers (cm-1)

Fig. 3. DRIFTS data in the νCO region: (A) recorded with the initially prepared sample (after the oxidation 
synthesis) in N2 flowing at 50 mL(NTP)/min; (B) recorded after sample had been in contact with flowing 
10% CO in helium for 15 min, followed by a purge of the DRIFTS cell with helium for 30 min; (C) recorded 
after exposure to 10% O2 at 473 K of sample in helium flowing at 50 mL(NTP)/min; and (D) recorded 
following these treatments with sample at room temperature in flowing N2. 
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Fig. 4. Performance of  platinum supported on SAPO-37 for ethylene conversion catalysis in a once-through 
plug-flow reactor in the presence of H2 at 303 K and 1 bar (molar H2:C2H4 ratio = 10:1). The catalyst 
contained 1.1 ± 0.1 wt% platinum, and the TOF values were determined on the basis of the assumption that 
each platinum atom was exposed at each stage of the flow-reactor operation; see text for interpretation of 
how deactivation occurred and Table 2 for estimated error in TOF values.
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Fig. 5. (a) XANES data characterizing SAPO-37-supported platinum complexes under the following 
conditions: (A) initial  isolated platinum complexes (after oxidation synthesis) in flowing helium (30.0 
mL(NTP) min-1) (blue); (B) the sample subsequently exposed to flowing ethylene flowing at a rate of 2.4 
mL(NTP) min-1 (green); (C) the sample  subsequently under catalytic reaction condtions (C2H4:H2 molar 
ratio = 1:10) (red); (D) the sample after a subsequent 2-h exposure to ethylene flowing at a rate of 2.4 
mL(NTP) min-1 (black). (b) k3-Weighted magnitude of the Fourier transforms of the EXAFS data recorded 
at the Pt LIII-edge characterizing SAPO-37-supported platinum complexes under conditions stated in (a). 
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Fig. 6. (a) Changes in k3-weighted magnitude of the Fourier transforms of the EXAFS data and ethane 
signal observed during operation of the catalyst (1.1 ± 0.1 wt% platinum supported on SAPO-37) under 
ethylene hydrogenation conditions (molar H2:C2H4 ratio = 10:1) in the EXAFS cell at 303 K and 1 bar. 
Symbols: red ◆ , Pt−light-scatterer contribution at 2 Å; blue ▲ , Pt−Pt contribution 2.5−2.8 Å; green ■ , 
mass spectra of ethane (m/z = 30) in the effluent gas. (b) Changes in the white line intensity and temperature 
in various reactive gases. Symbols: purple •, white line intensity; black ■, temperature. (c) Changes in the 
Pt−Pt distance and coordination number with sample in various reactive gases. Symbols: gray •, platinum 
coordination number; orange ■, Pt−Pt distance. Details are presented in the text. 
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