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Highlights 

 Tin containing layered double hydroxides (LDH) synthesis. 
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 Propane and n-decane dehydrogenation on the platinum catalysts based on MgAl(Sn)Ox. 

 Electronic state of platinum in the Pt/MgAl(Sn)Ox catalysts. 

 

ABSTRACT 

The MgAl(Sn) layered double hydroxides (LDH) with the atomic ratios Mg/(Al+Sn) = 3 

and Sn/(Sn+Al) = 0, 0.002, 0.005, 0.01, 0.05, 0.1, 0.3, 0.5, 0.7, 1.0 were synthesized and the 

ratio Sn/(Sn+Al) ≤ 0.1 was shown to provide the formation of systems with uniform phase 

composition. Mixed oxides derived from LDH retain the high specific surface area of 150-200 

m2/g and the basic properties when some aluminium atoms are replaced with tin. It was found 

that the Sn-containing mixed oxides are able to restore the layered structure during rehydration 

and intercalate the anion precursors of platinum into the interlayer space of the formed LDH. 

The emerging platinum sites initiate the reduction of tin at temperatures below 723 K. TEM, 

EXAFS and XPS studies demonstrated that tin introduction in the support increases the 

dispersion of supported platinum. An extreme dependence of the activity of Pt/MgAl(Sn)Ox 

catalysts in propane and n-decane dehydrogenation on the tin content in the support was 

revealed. The active catalysts are characterized by the phase and elemental uniformity of the 

support, highly disperse state of Pt(0), and the absence of a noticeable amount of reduced tin and 

bimetallic particles. 

Keywords: tin containing layered double hydroxides, platinum catalysts, propane 

dehydrogenation, n-decane dehydrogenation, XPS, EXAFS 

 

1. Introduction  

Tin is one of the most used platinum modifiers in the catalysts for industrially important 

processes, such as gasoline reforming, CO oxidation, and selective hydrogenation of the 

carbonyl group in unsaturated aldehydes [1-3]. The platinum-tin composition is also used in the 

catalysts for dehydrogenation of alkanes [4-7]. This reaction is highly relevant today due to the 

possibility of selective production of high-purity alkenes that are necessary for organic synthesis 

and petrochemistry. The influence of tin on the catalytic properties of platinum catalysts is 

related to both the structural (“ensemble”) and electron effects [8-14]. The precise composition 

and structure of the PtSn catalytic sites remain debatable; nevertheless, it is believed that the role 

of tin in the composition of platinum-tin catalysts is closely associated with the degree of its 

oxidation. It is supposed that tin and platinum form bimetallic alloys of various compositions 

that provide the dissociative adsorption of alkanes and weaken the adsorption of the target 

products – alkenes. At the same time, it is established that Sn0 can serve as a catalytic poison, 

whereas Sn4+ or Sn2+ can act as promoters [13, 14]. It is worth noting that the state of tin depends 

on the content of supported metals, Sn/Pt ratio, nature of the support, pretreatment conditions, 

and method of the catalyst synthesis [8, 10, 11, 15-18]. 

The main method used to synthesize bimetallic platinum-tin catalysts is the consecutive 

or simultaneous impregnation of the support with solutions of metal precursors conventionally 

represented by hydrochloric acid solutions of H2[PtCl6] and SnCl2 [8-22]. These methods do not 
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provide a significant interaction between tin and platinum, and features of the solvent and the 

order in which the components are introduced can strongly affect the properties of the obtained 

catalysts. Anchoring of the previously synthesized PtSn complexes can strengthen the interaction 

of the metals. When bimetallic complexes are employed, both metals are deposited on the 

support surface as a single compound, thus making more probable the formation of an alloy after 

thermal treatment [20-23]. Such complexes are low stable in a water medium, so they are usually 

anchored in the presence of organic solvents. The approaches based on the chemistry of 

organometallic compounds, which allow a selective anchoring of tin on the surface of platinum 

particles, are also efficient for the preparation of PtSn catalysts because  they provide an accurate 

control of atomic arrangement. However, the preparation of bimetallic systems by this method is 

a complex multistep procedure, especially for practical application [24-26]. 

Features of the support also exert a significant effect on the properties of Pt-Sn catalysts 

[27, 28]. Many processes involve γ-Al2O3 as the catalyst support, including the commercial 

dehydrogenation of light alkanes, Oleflex (UOP) [4]. The typical Oleflex catalyst contains a 

platinum-tin composition. In addition, a basic promoter is introduced into the catalyst to inhibit 

coke formation initiated by the acid sites of the support. Among non-acid supports, most 

promising for dehydrogenation of alkanes are those containing aluminum-magnesium oxides, 

which are synthesized from the corresponding layered double hydroxides. Such oxide supports 

have moderate and controllable basicity, high thermal stability, and developed surface area [29-

31]. Layered double hydroxides (LDH) or hydrotalcite-like materials have the general formula  

and consist of brucite-like layers where bivalent M2+ cations are partially isomorphously 

substituted by trivalent M3+ cations with nearly equal ionic radii (in the case of MgAl-LDH, 

magnesium cations are substituted by aluminium cations). Therewith, the excessive positive 

charge of the layers is compensated by hydrated anions An- located in the interlayer spaces. After 

calcination at a temperature above 673-923 K, the layered structure is destroyed with the 

formation of the mixed oxide phase. 

Many works describe the dehydrogenation catalysts of various composition synthesized 

with this type of supports, particularly those containing the PtSn composition [32-40]. It was 

shown [32] that PtSn/Mg(Al)O catalysts are more active and stable than conventional 

PtSn/Al2O3 in dehydrogenation of light alkanes. In [33], the catalysts were obtained by 

impregnation of MgAl-LDH with a solution containing the previously synthesized complex 

[PtCl2(SnCl3)]
2-. In [34], in the first synthesis step, supported platinum particles were anchored 

on the surface of calcined MgAl-LDH using the acetylacetonate complex, and then tin was 

introduced as a solution of tetra-n-butyl tin in decane in an argon medium. In [40], to synthesize 

PtSn-catalysts, LDH was kept for a long time at 343 K in an aqueous solution containing K2PtCl6 
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and Na2SnO3 salts. The authors suggest that these conditions make possible the exchange of 

interlayer anions CO3
2- of the support with PtCl6

2- and SnO3
2- anions; however, the paper does 

not present data confirming such changes in the composition of interlayer space of LDH. 

As follows from the analysis of literature, Sn is usually introduced into platinum catalysts 

by impregnating the support with tin compounds. One of efficient methods for introducing the 

modifier is its incorporation into the structure of the oxide support precursor, LDH. Thus, in 

some studies [36-39, 41], the properties of platinum were modified by the introduction of 

indium, gallium and zinc cations into MgAl-LDH during coprecipitation of hydroxides. At the 

same time, the synthesis of Sn-containing LDH is described only in a few [42-44], and there is 

no information on the use of such systems for the synthesis of supported catalysts. 

Thus, our study was aimed to reveal the modifying effect of tin in the composition of 

aluminum-magnesium oxide support on the properties of supported platinum. The novelty of the 

work consists in the introduction of tin as the modifying agent via its incorporation into the 

structure of the support precursor, LDH. To provide the best interaction of platinum with the 

modifying cation, platinum was anchored by intercalation of the anionic Pt(IV) chloride 

complexes into the interlayer space of LDH, as it was made in [41, 45-47]. In addition, this 

method of synthesis allowed using aqueous solutions of the metal complex. In the study, Sn-

containing LDH were synthesized upon variation of the tin content; mixed oxides derived from 

LDH were characterized. The electronic state and dispersion of supported platinum and the 

properties of Pt/MgAl(Sn)Ox catalysts in dehydrogenation of propane and n-decane were 

studied. 

 

2. Experimental 

2.1. Catalyst preparation 

The synthesis of MgAl- and MgAl(Sn)-layered hydroxides was performed by 

coprecipitaiton. For this purpose, aqueous solutions of metal chlorides (MgCl2, AlCl3, SnCl4) 

with the concentrations providing the cationic ratios Mg/(Al+Sn) = 3 and Sn/(Sn+Al) = 0, 0.002, 

0.005, 0.01, 0.05, 0.1, 0.3, 0.5, 0.7, 1.0 were added to aqueous solution of sodium carbonate (C = 

1 mol/L) with the rate of 60 ml/min under vigorous stirring. The synthesis temperature was kept 

stable at 333 K with pH 10 (by adding NaOH with the concentration of 1 mol/L). The resulting 

precipitates of layered hydroxides with the carbonate interlayer anions MgAl(Sn)-CO3 were aged 

at the synthesis temperature, washed down to the neutral pH of rinsing water, and dried for 16 h 

at a temperature of 353 K. For the oxide phase MgAl(Sn)Ox, the obtained LDH were calcined at 

823 K. 
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The sorption of chloroplatinic acid (AURAT Co., specs 6-09-2026-87) was carried out 

from the excess of aqueous solutions using the MgAl(Sn)Ox support. The weight ratio of the 

support and solution was 1:25. When the mixed oxide contacted aqueous solution of the active 

component precursor, it rehydrated with reduction of the layered hydroxide structure (“the 

memory effect”) and simultaneous incorporation of [PtCl6]
2- anions into the interlayer space of 

LDH [41, 45-47]. The chosen method enabled the complete extraction of the metal complex 

from the impregnating solution. When using the solutions with the platinum concentrations of 

0.6 and 2.1 mol/L, the catalysts with the platinum content of 0.3 and 1.0 wt.% were obtained. 

Before studying by physicochemical methods, the hydroxide precursors of supports were 

calcined at a temperature of 823 K, while LDH with the supported (MgAl(Sn)-PtCl6) complexes 

were calcined and reduced by hydrogen at 823 K. The concentrations of magnesium, tin, 

aluminum and platinum in the initial solutions and solid samples after their dissolution were 

determined by inductively coupled plasma atomic emission spectroscopy on a Varian 710-ES 

device. 

 

2.2. Characterization 

X-ray diffraction (XRD) data on the phase composition of MgAl(Sn)-CO3 and 

MgAl(Sn)-PtCl6 layered hydroxides and the corresponding oxide phases were obtained on a D8 

Advance (Bruker) X-ray diffractometer (CuKα radiation, λ = 1.5418 Å) by scanning with a step 

of 0.05о and accumulation time of 5 s/step at 2θ diffraction angles between 5 and 80о. 

Conditions of the oxide phase formation were found with the use of TG-DTA 

(thermogravimetry – differential thermal analysis). The measurements were carried out on a 

STA-449C Jupiter (Netzsch) device in dynamic mode using an argon medium with a rate of 

sample heating of 10 degrees per minute. 

The nitrogen adsorption-desorption isotherms at 77.4 K were measured using an ASAP-

2020 (Micromeritics) static volumetric apparatus. Prior to measurements, the samples were 

evacuated at 573 K for 6 hours. A range of equilibrium relative pressures was between 10–3 and 

0.996 P/P0. The BET specific surface area (SBET) was calculated from the adsorption isotherm at 

equilibrium relative values of nitrogen vapor Р/Р0 = 0.05-0.25. The adsorption pore volume 

(Vads) was determined from the amount of nitrogen adsorbed at Р/Р0 = 0.990. The mean pore 

diameter was estimated as D = 4Vads/SBET. 

The measurements of carbon dioxide adsorption were made on a Sorptomatic-1900 

automated static vacuum apparatus. Before measurements, the samples were treated in a vacuum 

(10–2 mm Hg) at 573 K. The isotherm of carbon dioxide adsorption obtained at P = 1 atm and a 

temperature of 303 K was used to calculate the total capacity of a sample with respect to 
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physically and chemically adsorbed CO2. After that, the sample was evacuated to 10–2 mm Hg at 

the same temperature for 1 hour to remove physically adsorbed molecules, and the second 

isotherm was obtained. The difference between two isotherms in the amount of adsorbed CO2 

made it possible to determine the CO2 amount that was retained on the surface due to its 

chemical features [48]. To assess the strength of basic sites, they were evacuated at 373, 473, and 

573 K. 

The reduction dynamics of the oxidized platinum species supported on mixed oxides 

Pt/MgAl(Sn)Ox was studied by the temperature-programmed reduction (TPR) on an AutoChem-

2920 (Micromeritics) chemisorption analyzer. The samples obtained by calcination of LDH with 

the anchored platinum chloride complexes in air at 823 K were employed for TPR. TPR was 

carried out up to 823 K with a 10C/min ramp rate using a 10% vol. H2–Ar gas mixture (a flow 

rate of 30 mL/min). Platinum dispersion in the reduced samples was estimated by pulse 

chemisorption of H2 and CO probe molecules at room temperature assuming the stoichiometry of 

[Pt] : [Н] = 1:1, [Pt] : [CO] = 1:1. 

Samples of the platinum catalysts were examined by transmission electron microscopy 

(TEM). TEM images were obtained on a JEM-2100 (JEOL Ltd.) electron microscope. Local 

Energy Dispersive X-ray (EDX) microanalysis was made оn an Inca-Xact (Oxford Instruments) 

analyzer. Semi-quantitative calculations of the compositions were made using the software 

support of the analyzer. The samples were prepared by depositing the ethanol suspension of the 

powdered samples on a copper grid that was covered with a thin perforated carbon film. More 

than 100 different particles visible on the micrographs were employed to estimate the average 

particle size. The arithmetic mean particle diameter, d, was calculated by the following equation: 

,




i

ii

n

dn
d   

where ni is the frequency of the catalyst particles the diameter of size di. 

X-ray photoelectron spectra (XPS) were recorded using a SPECS (Germany) 

spectrometer equipped with several isolated vacuum chambers for fast loading of samples, their 

thermal treatment and analysis. Samples were transferred between the chambers so as to prevent 

air contact. Photoelectron spectra of the samples were reproduced in the analyzer chamber at a 

pressure of 510–9 Torr. For each sample, spectra were recorded using MgK (h = 1253.6 eV) 

and AgL (h = 2984.3 eV) irradiation. The binding energy scale of spectrometer was calibrated 

against the lines of metallic gold and copper, Au4f7/2 = 84.0 eV and Cu2p3/2 = 932.6 eV. For any 

irradiation, the spectra of non-conducting samples were calibrated against the C1s line whose 

binding energy was taken equal to 284.8 eV. Before measurements, the samples were pre-
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reduced in a hydrogen stream using a special quartz reactor and then transferred to a 

spectrometer in a short-term contact with air. 

X-ray absorption measurements were performed at the beamline BM20 of the European 

Synchrotron Radiation Facility (Grenoble, France). The energy of the X-ray incident beam was 

selected using the reflection from a pair of water-cooled Si(111) crystal monochromators. The 

rejection of higher harmonics was achieved by two Si mirrors with a Rh-coating for PtL3 edge 

measurements and a Pt-coating for SnK edge measurements. The energy calibration was 

performed using the Pt and Sn metal foil samples. The spectra at the PtL3- and SnK-edges were 

obtained in the transmission mode at room temperature. The local environments of Pt and Sn 

atoms were simulated for the data filtered by the Fourier method (ΔR = 1–3.8 Å for PtL3 and ΔR 

= 0.8–3.2 Å for SnK) with k2 weighting (k2χ(k)) within the wave vector range of Δk = 2 – 11 Å–1 

for PtL3 EXAFS spectra and Δk = 3 – 14 Å–1 for SnK EXAFS spectra using the EXCURV 98 

program. In data processing, the phase and amplitude characteristics were calculated in the von 

Bart and Hedin approximation. The Debye-Waller factors were equalized for O and Cl atoms 

and metal Pt and Sn atoms. The error in determining the interatomic distances was ± 1%, and 

coordination numbers, ± 10%. 

 

2.3. Condition of propane and n-decane dehydrogenation 

Dehydrogenation of propane was carried out in a flow-type reactor with a stationary 

catalyst bed (a 0.5 g loading) at a temperature of 863 K, atmospheric pressure, molar ratio 

Н2/С3Н8 = 0.25, and weight hourly space velocity of 8 g/(gcath). Conditions of the catalyst 

pretreatment included calcination in air at 823 K and reduction in flowing hydrogen at 823 K. 

The time of each experiment was 5 h. The composition of products was analyzed on-line using a 

Khromos GH-1000 gas chromatograph equipped with an Rt-Alumina PLOT column. 

n-Decane dehydrogenation was carried out in a flow-type reactor with a stationary 

catalyst bed (a 0.5 g loading) at a temperature of 733 K, 0.18 MPa pressure, molar ratio Н2/n-

decane = 7, and weight hourly space velocity of 17 g/(gcat h). The composition of products was 

analyzed on-line using a Tsvet-800 chromatograph equipped with a PONA/PIONA column and a 

flame ionization detector. In the course of n-decane conversion, the groups of products were 

monitored, which were represented by С1–С8 alkanes (cracking products), isodecanes (iso-С10), 

n-decenes (С10 olefins), and diolefins (С10 dienes). The n-decenes were a mixture of linear 

olefins with different double bond positions. No aromatic hydrocarbons formed under the above-

specified conditions. 

Before catalytic testing, all the samples were reduced at a temperature of the 

corresponding reaction. 
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3. Results and discussion 

3.1. Properties of MgAl(Sn) LDH and the corresponding mixed oxides 

Coprecipitation is conventionally used for the synthesis of LDH and provides high 

efficiency and purity of the resulting products [29-31]. In this study, coprecipitation of 

magnesium, tin, and aluminum hydroxides led to the formation of LDH with a variable tin 

content. The tin fraction in the cations with +3 and +4 charges (Sn4+/(Sn4++Al3+)) changed in a 

wide range, while the atomic ratios Mg2+/(Al3++Sn4+), which determine to a great extent the acid-

base properties of the supports based on LDH, were equal to 3. The elemental composition of the 

obtained samples is given in Table 1. 

According to XRD, the introduction of tin cations Sn4+ into aluminum-magnesium LDH 

does not destroy the layered structure: XRD patterns of all the obtained LDH samples have a 

series of the 003 and 006 basal reflections as well as the peaks of {0kl} family: 012, 015, 018; 

{hk0}: 110, and the 113 peak (Fig. 1a), which corresponds to hydrotalcite structure (# 22-700, 

ICDD, PDF-2). This structure is present in the entire range of Sn4+/(Sn4++Al3+) ratios, even with 

the complete replacement of aluminum with tin. However, at a high content of tin 

Sn4+/(Sn4++Al3+) > 0.1 and an additional phase of magnesium hydroxostannate MgSn(OH)6 

(HSM) appears. This phase is well crystallized, and the intensity of reflections grows with the 

increase in tin content. The incorporation of tin cations Sn4+ into the hydroxide layers is 

confirmed by changes in the structural characteristics of LDH, namely, in the lattice parameters 

a and c (Table 1). The replacement of some aluminum cations Al3+ (ionic radius 0.0535 nm) with 

larger Sn4+ cations (ionic radius 0.0690 nm) produces a monotonic increase in parameter a, the 

value of which is determined by the distance between cations in brucite-like layers (a = 2d110), 

from 0.3066 to 0.3143 nm. It is known that the lattice parameter c (c = 3d003) depends on the 

nature, size and concentration of the interlayer anions, and the hydration degree of the material. 

In the considered series of samples synthesized under identical conditions, the decrease in this 

parameter from 2.352 to 2.316 nm with the increasing content of tetravalent tin cation is caused 

by strengthening the interaction (attraction) between positively charged brucite-like layers and 

the interlayer space. Thus, the analysis of structural characteristics shows that under the chosen 

conditions of synthesis the samples containing the individual phase MgAl(Sn)-LDH can be 

obtained only at a limited tin content. At the same time, even in the absence of aluminum 

cations, the synthesis of LDH containing Mg2+ and Sn4+ cations is possible. 

In the formation of the oxide phase, thermal decomposition of the tin-containing LDH as 

well as the magnesium-aluminum samples occurs in two steps: the low-temperature region 

(below 473 K) corresponds to the removal of interlayer water, and the high-temperature region 

ACCEPTED M
ANUSCRIP

T



9 
 

(above 723 K) is related to dehydroxylation of the layers and removal of the interlayer anions 

(Fig. 1S). The appearance of additional weight loss peaks in the region of 533 K with increasing 

tin content is caused by decomposition of the HSM phase and agrees with the XRD data [44]. 

XRD patterns of the LDH samples calcined at 823 K (Fig. 1b) show the peaks that are 

often attributed in the literature to the periclase-like MgO phase with the face-centered cubic 

lattice [49]. At the same time, earlier it was found [50] that the structure of the obtained mixed 

oxide is a layered defective spinel (s.g. Fd3m). The lattice parameters were specified in [50] 

when examining the structure of the mixed oxide as the periclase-like one in the space group 

Fm3m. The analysis of lattice parameters of the calcined samples (Table 1S) revealed the 

monotonic growth of the lattice constant a from 0.4191 to 0.4460 nm with increasing fraction of 

Sn4+, the growth being related to the difference in the ionic radii of Sn4+ and Al3+ in the oxide 

structure. In addition, calcination of the LDH samples containing the impurity HSM phase with 

Sn4+/(Sn4++Al3+ > 0.1) leads to the formation of minor amounts of the tetragonal tin oxide SnO2 

(Fig. 1b, Table 1S). The presence of magnesium ions in this structure is hard to detect due to 

close sizes of the cations. 

It was found that tin introduction into the mixed oxides does not affect their unique 

ability to restore the layered structure during rehydration (“the memory effect”) [29-31, 51] (Fig. 

1c). When the mixed oxide contacts water (the formation of the “activated form” of LDH [31, 

47]), primarily the hydroxide ions are present in the interlayer space. This leads to a decrease in 

the interlayer distance in the obtained LDH as compared with LDH of the same cationic 

composition containing the interlayer carbonate-ions, and to the corresponding decrease in the 

lattice parameter c from 2.342 to 2.328 nm. 

The textural properties of the mixed oxides obtained by calcination of LDH are important 

for their further use as the catalyst supports. Investigation of the main parameters of the 

MgAl(Sn)Ox pore structure showed (Table 2) that the aluminum-magnesium sample has the 

largest specific surface area (230 m2/g). As the tin fractions increases, the specific surface area, 

adsorption volume and mean pore diameter decrease monotonically. This result is consistent 

with the data reported in [44]. However, when aluminum is completely replaced with tin, the 

obtained sample containing MgSnOx with the minimum SBET is characterized by higher 

adsorption volume and mean pore diameter as compared with the samples containing three 

cations. The analysis of pore size distribution curves (PSDC) showed (Fig. 2) that changes in the 

chemical composition of oxides lead to rearrangement of their porous space. The samples 

containing bimetallic systems MgSnOx and MgAlOx typically have a wide pore size distribution 

with a significant contribution of 10-80 nm mesopores, whereas at simultaneous presence of 

three metals a narrower pore size distribution is observed with the prevalence of pores with the 
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diameter less than 20 nm. It should be noted that the observed differences in the textural 

characteristics of oxide phases may be caused not only by different composition of the 

corresponding hydroxide precursors (LDH), but also by the presence of the thermal 

decomposition product of the impurity HSM phase, the amount of which grows with the tin 

content (Fig. 1b). 

Along with the textural characteristics, the acid-base properties of oxide supports are also 

important. In high-temperature dehydrogenation reactions, the use of non-acid supports 

decreases the intensity of coking and inhibits fast deactivation of the catalysts. The aluminum-

magnesium oxides are characterized by rather strong basic properties [30]; however, there such 

information is absent for the tin-containing analogs. Earlier [41, 52], we employed the static 

method for determining the adsorption capacity for carbon dioxide to evaluate basic properties 

[48]. The application of this method to estimate the effect of tin introduction on basicity of the 

tin-containing samples showed (Fig. 3) that partial or even complete replacement of Al by Sn 

does not lead to a decrease in basicity but, on the contrary, increases the number of basic sites, 

both weak, from which CO2 is desorbed at lower temperatures [48], and the sites of strong CO2 

chemisorption able to keep these test molecules even at 473 K. 

3.2. The formation and properties of supported platinum 

To synthesize platinum catalysts, MgAl(Sn)Ox mixed oxides were immersed in an 

aqueous solution of chloroplatinic acid. During rehydration, the formation of the activated LDH 

form containing the interlayer OH- ions was accompanied by intercalation of platinum complexes 

in the interlayer space of the forming LDH [29, 53-55]. As a result, at a constant cationic 

composition of hydroxide layers, the interlayer distance increased as compared to LDH without 

complex anions. For instance, for the sample with Sn/(Sn+Al) = 0.1 (Fig. 1c), the lattice 

parameter c changed in the following sequence: 2.342 nm (MgAl(Sn0.1)-CO3) – 2.328 nm 

(MgAl(Sn0.1)-OH) – 2.357 nm (MgAl(Sn0.1)-([PtCl6]+OH), 1 wt% Pt). This type of platinum 

anchoring provides the maximum interaction of metal complex with the support, and in the 

presence of Sn4+ in cationic layers, a stronger Coulombic interaction between anionic complexes 

and hydroxide layers. 

For the further formation of the Pt/MgAl(Sn)Ox catalyst, LDH samples with the anchored 

platinum complexes were oxidized and reduced. The data of temperature-programmed reduction 

of the samples after calcination at 823 K show (Fig. 4a) that the presence of tin in the support 

strongly affects the hydrogen consumption process. As Sn content grows, hydrogen consumption 

increases in the high-temperature area, which may be related to the partial reduction of tin. When 

Sn/(Sn+Al) = 0.7, this process gains intensity, the regions of tin and platinum reduction overlap, 

and the amount of adsorbed hydrogen significantly exceeds the value necessary for platinum 
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reduction from its oxides (Table 2S). It is likely that the presence of platinum (the reduction of 

which occurs at a lower temperature of 473-543 K) activates the process of tin reduction. This 

effect was noted earlier [56], when the onset temperature of tin reduction dropped from 823 to 

503 K in the presence of platinum. 

The partial reduction of tin is confirmed by the further detailed study of Pt/MgAl(Sn)Ox 

samples. Thus, the XRD pattern of the 1%Pt/MgAl(Sn0.7)Ox sample (Fig. 4b) shows the peaks 

of the metallic tin phase; structural characteristics of all the identified phases in the reduced 

samples are listed in Table 3S. Since the supported platinum is able to activate the reduction of 

adjacent tin ions, a part of tin is removed from the support structure, which is accompanied by a 

decrease in the lattice constant of the mixed oxide. For example, the reducing treatment of the 

1%Pt/MgAl(Sn0.7)Ox sample decreases the lattice constant of the mixed oxide phase from 

0.4239 to 0.4225 nm. The observed changes in the SnK-XANES spectra of 1%Pt/MgAl(Sn)Ox 

samples (Fig. 2S) agree well with the data of other methods on the tin reduction: the mean 

positive charge on Sn atoms decreases successively upon transition from the sample with 

Sn/(Sn+Al) = 0.1 to samples with Sn/(Sn+Al) = 0.3 and 0.7. Modeling of SnK EXAFS spectra 

(Fig. 4S) shows that an increase in the tin content is accompanied by a decrease in the number of 

Sn-O bonds and an increase in N(Sn) from 3.2 to 4.1 (Table 3). 

Analysis of the Sn3d5/2 line in XP spectra allowed us to identify the oxidized and reduced 

tin species and estimate their ratio. Deconvolution of the XP spectrum revealed the states with 

the binding energies of 485.0 and 487.0 eV (Fig. 5a, Table 4) corresponding to metallic and 

oxidized tin. Unfortunately, XPS cannot discriminate Sn(II) from Sn(IV) due to small 

differences in the binding energies [57]. It was found that noticeable amounts of the reduced tin 

species are formed at Sn/(Sn+Al) > 0.1, and their fraction in the total amount of tin on the 

surface of 1%Pt/MgAl(Sn-0.3)Ox and 1%Pt/MgAl(Sn-0.7)Ox samples reaches 50 at.%. It is 

known that the interaction of Sn(0) with reduced platinum can produce alloys of various 

compositions. The formation of Sn(0) upon reduction of PtSn catalysts under mild conditions 

indicates the interaction between the metals and is usually observed when the catalysts are 

synthesized using platinum-tin complexes. 

Despite the observed difference in the electronic states, tin is distributed quite uniformly 

in the reduced samples (Fig. 4S). Elemental analysis of the samples by energy-dispersive X-ray 

spectroscopy in the TEM study showed that the uniform distribution is typical also of the other 

components of the catalysts (O, Mg, Al, Pt). Only in the samples with Sn/(Sn+Al) ≥ 0.3 it is 

possible to find some areas enriched with tin; their formation may be related with the presence of 

the side HSM phase in the synthesized LDH. 
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Estimation of the platinum particle size by TEM revealed a noticeable decrease in their 

mean diameter upon introduction of tin; for example, a comparison of 1%Pt/MgAlOx and 

1%Pt/MgAl(Sn-0.1)Ox samples (Fig. 6) showed that their mean diameter diminished from 3.0 to 

2.2 nm. Unfortunately, we failed to obtain contrast images of platinum particles when analyzing 

the samples with high tin content. A similar effect was observed in our earlier study on the 

modifying effect of zinc introduced into the LDH structure [41]. In this case, the chemisorption 

method cannot be used as an alternative for determining the dispersion of the supported metal, 

since it is non-informative for investigation of Pt/MgAl(M)Ox catalysts due to modification of 

the electronic properties of platinum with the use of magnesium-containing supports [41, 58, 59]. 

The introduction of tin into the mixed oxide led to further deterioration of the adsorption 

properties of platinum with regard to the test molecules (Table 2S). Thus, the mean size 

calculated from the chemisorption data (by equation Dchem = 6V/S, where V is the volume of Pt 

atom, and S is the platinum surface) was 7.5 nm for the 1%Pt/MgAlOx sample and 28 nm for 

1%Pt/MgAl(Sn-0.1)Ox. Similarly, in [60] a decrease in the amount of chemisorbed H2 and CO 

molecules with increasing Sn/Pt ratio was observed; this effect is not related to changes in the 

size of platinum particles. 

At the same time, the TEM data on the growth of dispersion of supported platinum in the 

tin-containing catalysts agree well with the XPS data . As the tin content increases, the intensity 

of the Pt3d5/2 line in the XP spectrum also increases (Fig. 5b), which usually correlates with the 

number of available platinum atoms on the sample surface [61]. Therewith, the atomic ratio 

Pt/Mg grows monotonically (Table 4). 

The EXAFS study was carried out to determine the structural parameters of platinum 

particles in 1%Pt/MgAl(Sn)Ox catalysts. Figure 5S displays PtL3 EXAFS spectra and radial 

distribution functions of 1%Pt/MgAl(Sn)Ox samples with Sn/(Sn+Al) = 0.1, 0.3, 0.7. The local 

structure parameters (interatomic distances (R) and partial coordination numbers (N)) were 

determined in the simulation process by fitting of EXAFS data (Table 5) under the assumption 

that the platinum atoms are in contact with each other, with oxygen and chlorine atoms and 

possibly with tin atoms. Analysis of the obtained data (Table 5) shows that tin introduction in the 

support produces noticeable changes in the structure of the catalyst metal sites. First of all, as the 

tin content grows, the number of Pt-Pt bonds decreases monotonically, which agrees well with 

the TEM data on the decrease in the size of platinum particles in Sn-containing samples. In 

addition, tin atoms are present in the coordination sphere of all the studied samples. However, in 

the 1%Pt/MgAl(Sn-0.1)Ox sample, where the reduced tin species were not found, the 

coordination number of tin is only 0.5, whereas N(Sn) reaches 4 as the tin content in the support 

increases. It should be noted that the Pt-Sn distance obtained by simulation of EXAFS spectra 
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for platinum is higher  (0.303 or 0.311 nm) than the corresponding distance typical of the Pt-Sn 

solid solutions (0.273 – 0.286 nm) [63], which could be explained by the presence of oxygen and 

chlorine in the coordination sphere of platinum, and probably excludes the formation of PtSn 

solid solutions and alloys in the studied samples. The presence of the Pt-O bond with N(O) close 

to 1 may indicate both the the oxidized state of a part of platinum and the possible interaction of 

metal with the oxide support [64]. Chlorine in the coordination sphere of platinum in all the 

studied catalysts is the decomposition product of the precursor compound H2[PtCl6]. The 

increase in the number of Pt-Cl bonds with increasing the tin content in the samples can be a 

result of a stronger interaction of the anionic chloride complexes with the hydroxide layers, the 

charge of which increases with the growing number of Sn4+ cations in the LDH structure. 

XPS was used to obtain data on the state of supported platinum in the catalysts 

synthesized with the use of Sn-containing LDH. The study was performed using the AgLα source 

with hν = 2984.3 eV, which solved the problem of mutual overlapping of Pt4f and Al2p lines of 

the active component and support when using X-ray tubes with Al or Mg anodes. In the obtained 

XPS spectra, most intensive is the Al1s line with the binding energy Eb ≈ 1560 eV. Therewith, 

monochromatization strongly decreases the halfwidth of the initially broad AgLα line and allows 

a reliable interpretation of the electronic state of platinum: for metal Eb = 2121.8 eV; for Pt2+ 

(K2PtCl4) Eb = 2123.5 eV; and for Pt4+ (K2PtCl6) Eb = 2125 eV [65]. The atomic ratios of 

elements were calculated using the reference data reported in [66]. Analysis of the Pt3d5/2 line 

for the studied samples showed that at different tin contents the spectrum is identical to that 

obtained earlier for platinum deposited on the aluminum-magnesium support [41, 46,]; this 

indicates that all the samples contain mostly the metallic platinum. At the same time, a shift of 

the maximum of the Pt3d5/2 line to lower energies with increasing platinum dispersion admits the 

existence of electronic interactions accompanied by charge transfer from the Sn-containing 

support to platinum. Such interaction may lead to the observed decrease in chemisorption of the 

H2 and CO test molecules. The authors of [67] analyzed the Pt4f7/2 line and observed a 0.3-1.0 

eV shift of the binding energy towards lower energies with increasing tin content in PtSn/C 

bimetallic catalysts; this shift was attributed to differences in electronegativity of the elements, 

namely, to the charge transfer from less electronegative tin to more electronegative platinum. 

To reveal the effect of tin in the oxide support on the catalytic properties of supported 

platinum, the reactions of propane and n-decane dehydrogenation were used. The chosen 

reaction conditions (moderate temperature and high dilution with hydrogen) made it possible to 

avoid fast deactivation of the catalysts, evaluate the dehydrogenating activity of platinum, and 

compare the catalysts without approaching the equilibrium conversions of the selected alkanes 

[4, 6]. Platinum content in the catalysts, 0.3 wt%, was close to industrial values. As seen from 
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the dependences in Fig. 7, the introduction of tin into support exerts a substantial effect on 

dehydrogenating properties of the platinum sites: the conversion of both compounds extremely 

depends on the tin content in the support. 

Figure 7 displays the propane conversions and selectivities of propylene formation after 4 

h of the catalyst operation. The presented dependence suggests that the increase in the catalyst 

activity results from the tin addition within a narrow range of concentrations comparable with 

the content of supported platinum and corresponding to the ratio Sn/(Sn+Al) = 0.002-0.01. The 

introduction of the minimum amount of tin can produce more than a twofold increase in the 

propane conversion. It should be noted that the growth of conversion is not accompanied by a 

decrease in the selectivity of propylene formation. This effect is probably may be caused by an 

increase in the number of active sites of a similar nature. A higher tin content in the support leads 

to deactivation of the catalyst. 

A similar tendency is observed when the catalysts are tested in dehydrogenation of n-

decane. The activity of samples with the ratio Sn/(Sn+Al) = 0.005-0.05 significantly exceeds that 

of samples without tin. Analysis of the reaction products composition showed (Fig. 6S) that 

introduction of tin modifies the properties of both platinum and the support. A decrease in the 

catalyst activity toward the formation of cracking and isomerization products and agrees with the 

established (Fig. 3) higher basicity of the Sn-containing oxide support. The decreased yield of 

dienes results from weakening of the bond between platinum sites and the target products of the 

reaction – decenes, which promotes their desorption and prevents further dehydrogenation. 

 

CONCLUSION 

Although the catalytic system Pt/MgAlOx obtained with the use of aluminum-magnesium 

LDH is promising for dehydrogenation of alkanes and tin is considered to be one of the most 

efficient modifiers of the platinum properties in the existing dehydrogenation catalysts , there is 

no information on the application of Sn-containing LDH as the supports for catalysts for 

reactions of this type. First of all, this is related to the limited information on the synthesis and 

structure of Sn-containing LDH and their transformations at different steps of the catalyst 

synthesis. This is why in our study the emphasis was made on the synthesis of Sn-containing 

LDH with a wide variation of tin concentration. It was shown that the chosen conditions of the 

synthesis make it possible to obtain the phase-uniform systems with the Sn/(Sn+Al) ratio up to 

0.1. A partial replacement of aluminum atoms with tin does not change high specific surface 

areas of the mixed oxides equal to 150-200 mg2/g and basic properties of the surface. 

In addition, it was shown for the first time that the Sn-containing mixed oxides are able to 

restore the initial layered structure during hydration in water (“the memory effect”), which 
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allows intercalating the anionic platinum complexes into the interlayer space of the forming 

LDH and provides a strong interaction of the metal complex with the support. As a result, the 

platinum sites formed in the reducing atmosphere initiate the reduction of a part of tin at 

temperatures below 723 K.  

Independent TEM, EXAFS and XPS studies revealed increase in the dispersion of 

supported platinum with the introduction of tin into support. Therewith, no significant electronic 

effects were observed (positions of the Pt3d5/2 line for all Sn-containing samples are nearly 

identical and close to the binding energy for Pt(0)) although the absence of a noticeable amount 

of oxidized platinum species on the surface of highly dispersed particles may be caused by 

electronic interactions between platinum and MgAl(Sn)Ox support with donation of electron 

density to the particles of supported metal. 

It was established that the growth of alkane conversion at the retained high formation 

selectivity of the corresponding alkenes is observed within the narrow interval of Sn/Pt = 1-2. 

The high Sn/Pt ratio initiates the intensive reduction of tin and leads to a decrease in the catalyst 

activity.  

The growth of platinum dispersion and dehydrogenating activity upon tin introduction in 

the support may be caused by an increase in the interaction strength between metal complex and 

support at the step of anchoring the active component precursor. The introduction of Sn4+ cations 

in the hydroxide layers increases positive charge of the layers and strength of their electrostatic 

interaction with anion platinum complexes. This decreases mobility of the complexes in thermal 

activation processes, thus preventing the formation of large platinum particles. 

The presented information on the structure and phase composition of the supports and 

catalysts based on LDH with different content of Sn as well as on the conditions for the 

formation of reduced tin species can be useful for designing the catalytic sites of a specified 

composition and interpreting the observed catalytic effects in the Sn-containing catalysts. 
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Figure captions 

 

Fig. 1. XRD patterns of samples: (a) LDH MgAl(Sn)-CO3 with various tin content, 1 – 

MgAl, 2 – MgAl(Sn0.1), 3 – MgAl(Sn0.3), 4 – MgAl(Sn0.7), 5 – MgSn; (b) mixed oxides 

MgAl(Sn)Ox with different tin content obtained after calcination of LDH at 550°C, 1 – MgAl, 2 

– MgAl(Sn0.1), 3 – MgAl(Sn0.3), 4 – MgAl(Sn0.7), 5 – MgSn; (c) LDH MgAl(Sn0.1) – An- 

containing different interlayer anions An- = CO3
2- (1), OH- (2), [PtCl6]

2- (3). 

 

Fig. 2. Pore size distribution curves (PSDC) calculated by the BJH method from the 

adsorption branch for MgAl(Sn)Ox samples with the atomic ratio Sn/(Sn+Al) = 0, 0.1, 0.3, 0.7, 

1.0, curves 1-5, respectively. All the samples were synthesized from MgAl(Sn)-СО3 calcined at 

823 K. 
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Fig. 3. The adsorption with respect to CO2 for MgAl(Sn)Ox samples with the atomic 

ratio Sn/(Sn+Al) = 0, 0.1, 0.5, 0.7, 1.0, Mg2+/(Al3++Sn4+) = 3. Temperature of СО2 adsorption 

was 303 K, the desorption temperature was 303 (1), 373 (2) and 473 K (3). 

 

Fig. 4. TPR profiles of PtOx/MgAl(Sn)Ox (1 wt.% Pt) samples. T(O2) = 823 K with the 

atomic ratio Sn/(Sn+Al) = 0, 0.1, 0.3, 0.7, curves 1-4, respectively (a); XRD patterns of 

1%Pt/MgAl(Sn)Ox samples with the atomic ratio Sn/(Sn+Al) = 0.1, 0.3, 0.7, curves 1-3, 

respectively. The samples were reduced at 823 K (b). 
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Fig. 5. Tin Sn3d5/2 (a) and platinum Pt3d5/2 (b) XPS spectra of 1%Pt/MgAl(Sn)Ox 

samples with Sn/(Sn+Al) = 0.1, 0.3, 0.7, spectra 1-3, respectively. The samples were calcined at 

823 K and reduced at 823 K. 

 

Fig. 6. TEM images and particle size distribution for 1%Pt/MgAlOx (a) and 

1%Pt/MgAl(Sn0.1)Ox (b) samples. 
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Fig. 7. Dependence of propane conversion and formation selectivity of propylene on the 

fraction of Sn (a); and dependence of n-decane conversion and formation selectivity of n-decenes 

on the fraction of Sn (b) for samples of 0.3%Pt/MgAl(Sn)Ox catalysts. 
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Table captions 

 

Table 1. Chemical composition and calculated structural parameters of MgAl(Sn)-LDH 

samples with differents tin fractions. Before measuring the concentration, the samples were 

calcined at 823 K. 

 

Table 2. Basic textural characteristics of the studied samples according to nitrogen 

adsorption data. The samples were calcined at 823 K. 

 

Table 3. Parameters of samples microstructure obtained by simulation from experimental 

SnK EXAFS spectra for 1%Pt/MgAl(Sn)Ox. (Sn/(Sn+Al) = 0, 0.1, 0.3, 0.7) 

 

Table 4. Results of XPS study of 1%Pt/MgAl(Sn)Ox catalysts. Sn/(Sn+Al) = 0, 0.1, 0.3, 

0.7. 

 

Table 5. Parameters of samples microstructure obtained by simulation from experimental 

PtL3 EXAFS spectra for 1%Pt/MgAl(Sn)Ox. (Sn/(Sn+Al) = 0, 0.1, 0.3, 0.7) . 
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Table 1.  

Sample 

Data of chemical analysis, 

wt.% 
Atomic ratio 

Mg:Al:Sn 

Mg/ 

(Al+Sn) 
с, nm а, nm* 

Mg Al Sn 

MgAl(Sn0)-CO3 41.0 14.9 0 3:1:0 3.0 2.352 0.3066 

MgAl(Sn0.002)- CO3 42.4 15.7 0.14 3:0.99:0.001 3.0 - - 

MgAl(Sn0.005)- CO3 42.3 15.6 0.34 3:1:0.005 3.0 - - 

MgAl(Sn0.01)- CO3 40.0 13.8 0.68 3:0.9:0.01 3.2 - - 

MgAl(Sn0.05)- CO3 36.6 11.0 2.6 3:0.8:0.04 3.5 2.348 0.3070 

MgAl(Sn0.1)- CO3 40.0 13.4 5.3 3:0.9:0.1: 3.0 2.342 0.3074 

MgAl(Sn0.3)- CO3 32.9 7.9 14.9 3:0.6:0.3 3.3 2.334 0.3088 

MgAl(Sn0.7)- CO3 28.7 2.8 31.2 3:0.3:0.7 3.2 2.336 0.3122 

MgAl(Sn1.0)- CO3 27.3 0 38.9 3:0:1.0 3.0 2.316 0.3143 

* a, c (nm) – LHD lattice parameters 

 

Table 2. 

Sample SBET., m2 g-1 V ads, sm3 g-1 D, nm 

MgAlOx 230 0.747 12.99 

MgAl(Sn0.1)Ox 230 0.606 10.53 

MgAl(Sn0.3)Ox 173 0.322 7.47 

MgAl(Sn0.7)Ox
 146 0.285 7.80 

MgSnOx 127 0.598 18.82 

 

 

Table 3. 

 1%Pt/MgAl(Sn-0.1)Ox 1%Pt/MgAl(Sn-0.3)Ox 1%Pt/MgAl(Sn-0.7)Ox 

R Å N R, Å N R, Å N 

Sn-O 2.05 6.0 2.05 3.8 2.05 2.2 

Sn-Pt   2.84 2.4 2.84 1.0 

Sn-Sn   3.04 3.2 3.03 4.1 

(2σ2) – O 0.010 0.011 0.014 

(2σ2) – Mg, 

Pt, Sn 

0.025 0.026 0.024 

S0
2 0.97 

Ef -3.3 -5.9 -5.0 

fit 0.9 0.9 2.0 
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Table 4. 

Sample 
Pt 3d5/2 binding 

energy (eV) 
Pt/Mg 

Sn 3d5/2 binding energy (eV) 
Sn/SnO 

Sn SnO 

1%Pt/MgAlOx 2122.4 - - - - 

1%Pt/MgAl(Sn-0.1)Ox 2122.2 0.009 - 486.9 - 

1%Pt/MgAl(Sn-0.3)Ox 2122.3 0.031 485.0 486.9 1.0 

1%Pt/MgAl(Sn-0.7)Ox 2122.0 0.047 485.5 486.9 1.2 

Pto (black) 2121.8     

Pt2+ 2123.5     

 

 

Table 5. 

 1%Pt/MgAl(Sn-0.1)Ox 1%Pt/MgAl(Sn-0.3)Ox 1%Pt/MgAl(Sn-0.7)Ox 

R Å N R, Å N R, Å N 

Pt – O 1.97 0.8 1.94 0.5 1.97 0.8 

Pt – Cl 2.25 0.6 2.24 0.8 2.19 1.3 

Pt – Pt 2.74 3.0 2.81 2.3 2.71 1.1 

Pt – Sn 3.03 0.5 3.11 1.1 3.03 4.1 

(2σ2) – O,Cl 0.008 0.009 0.011 

(2σ2) – Pt, Sn 0.018 0.027 0.021 

S0
2 0.82 

Ef -6.8 -5.9 -3.2 

fit 2.8 1.9 2.5 

N – partial coordination numbers, R - interatomic distances, Å, 2σ2 - Debye Waller factors, Fit - 

an index characterizing the quality of fitting. EXAFS spectra and parameters taken from the 

Structure Database [62] 
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