Synthesis of Pt—Sn nanoalloy catalysts with enhanced performance
in the dehydrogenation of propane
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Platinum-tin (Pt-Sn) nanoalloy catalyst supported on Al,O; was prepared by carbonylation—impregnation method. The catalyst was
characterised by means of nitrogen adsorption—desorption, X-ray diffraction and transmission electron microscope, showing the existence
of Pt and Sn as Pt;Sn alloy. The analysis of particle size distribution revealed that Pt—Sn nanoparticles have high dispersion and narrow
particle size distribution with an average diameter of 1.7+0.4 nm. Its catalytic performance toward propane dehydrogenation was also
investigated. The propane dehydrogenation reaction showed that the as-prepared Pt—Sn/Al,O; catalyst exhibited good dehydrogenation
performance with the conversion of 27.1% and propylene selectivity of 93.3% after reacting 12 h owing to the close interaction between
Pt and Sn components. Coke deposition of the used catalyst was characterised by thermogravimetric and differential thermal analysis
method, revealing most of the carbon was on the surface of the support, which meant that more active sites to be accessible to maintain

catalytic stability.

1. Introduction: Propylene is an important chemical raw material
and intermediate. With the increasing demand for propylene
derivatives such as polypropylene, acrylic acid, acrylonitrile and
epoxypropane, the demand for propylene has also increased
quickly [1-4]. As petroleum gas and shale gas contain a large
amount of propane, the process of propane dehydrogenation has
become the third important source of propylene in recent years
[5, 6].

As an important commercial technology in propane dehydrogen-
ation, Oleflex technology of universal oil products (UOP) adopts
platinum (Pt)-based catalyst, of which Al,O5 is used as a support
with Pt as an active component and elements of tin (Sn), Ir and K
as promoters [5, 7]. Since propane dehydrogenation is an endo-
thermic reaction, the reaction temperature is normally above
550°C to achieve a considerable conversion. However, for
Pt/A1,05, the high temperature will quickly deactivate the catalyst
due to the sintering of Pt and carbon deposit [8]. Introducing addi-
tive Sn can improve the dehydrogenation performance of Pt-based
catalyst. On one hand, Sn can divide the large Pt atom clusters on
support surface into smaller ones, inhibiting the multi-point adsorp-
tion of hydrocarbon molecules on the Pt surface and reducing
hydrogenolysis and carbon deposit [9]. On the other hand, the elec-
tron from Sn?* (or metallic Sn) can be transferred to Ptsq orbital,
decreasing the interaction between Pt and hydrocarbon, which is
beneficial for the propylene stripping, reducing deep dehydrogen-
ation and decomposition of olefin [10].

Despite extensive research has been made, the state of Sn in
Pt—Sn catalyst is still under debate. Some researchers contend
that Sn existed on the catalyst as oxidic and chloridic Sn**/Sn**
species [5]. However, other researchers demonstrated that Sn and
Pt catalysts exist in the form of Pt—Sn alloy [11-13]. Kappenstein
et al. [11] prepared Pt—Sn/Al,O; catalyst and found that most
Sn was reduced into Sn° in the form of PtSn and Pt;Sn alloys.
Vu et al. [12] studied Pt-Sn/Al,O; and Pt-Sn/ZnAl,O4 and
found that the Sn of reduced Pt—Sn/Al,O; existed mainly in the
form of PtSn and Pt;Sn. Yang et al. [13] simulated the propane
dehydrogenation activities on the surfaces of three alloys
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(Pt3Sn, Pt,Sn and PtSn,) as well as the propylene selectivity
based on density functional theory. They found that the propylene
stripping on the surface of Pt—Sn alloy is favoured in dynamics.
By comparing catalytic activity and selectivity among three
alloys, Pt3Sn had the optimal propane dehydrogenation property.
However, the Pt—Sn/A1,0; catalysts are generally prepared by
using conventional impregnation method. Sn was introduced both
into the surface of Pt particles and support, and the alloy type
cannot be controlled, which led to the partial formation of Pt-Sn
alloys paralleling the metal Pt’. The low concentration of Pt-Sn
alloys may be one of the causes for the low selectivity owing to de-
structive hydrogenolysis [14]. The carbonyl synthesis route is one
of the ways to generate definite bimetallic catalysts, of which Pt
and Sn are in the same particle [15]. In this Letter, the Pt-Sn
carbonyl clusters were first synthesised by a carbonylation reaction
before impregnation in order to precisely control the Sn deposition
at the atomic level and increase the concentration of Pt—Sn alloys
and corresponding catalytic performance.

2. Experimental procedure: Pt-Sn/Al,O; catalyst (with Pt
loading of 0.5 wt%) was prepared by carbonylation—impregnation
method as follows: (i) certain amount of Na,PtCls6H,O,
SnCly5H,0 and CH3;COONa-3H,0 were dissolved in methyl
alcohol, with CH;COONa/Pt molar ratio of 8:1 and Pt—Sn molar
ratio of 3:1. The carbonylation reaction was performed at 50°C in
the atmosphere of CO, resulting in the formation of green Pt—Sn
carbonyl compound. (ii) Al,Os;was added for loading 12 h.
The catalyst can be obtained by decarbonylation at 200°C in the
atmosphere of N, for 1 h, denoted as Pt;Sn/Al,O3. For comparison,
non-supported Pt—Sn alloy sample was prepared with a similar
procedure, denoted as Pt;Sn. Pt—-Sn/Al,O; catalyst was also pre-
pared by the incipient-wetness impregnation method with Pt
loading of 0.5 wt% and Pt-Sn molar ratio of 3:1, assigned as
Ptfsn(im)/A1203 .

The physical structure of the prepared catalyst was charac-
terised by N, absorption—desorption (Micromeritics Instrument
Corporation, ASAP3020). The phase analysis of catalyst was
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performed by X-ray diffraction (XRD) (PANalytical Co.,
Netherlands, Model X’Pert Pro MPD), using Cu-Ka ray as a light
source, at a scan rate of 7°/min and scan range from 5° to 75°.
The grain size of Pt—Sn nanoparticles and surface topography of
catalyst were measured using transmission electron microscope
(TEM) (FEI Co., Model Tecnai G2F20) at a point resolution of
0.248 nm, line resolution of 0.102 nm and an accelerating voltage
of 200 kV. The samples were prepared by ultrasonically suspending
the catalyst powder in alcohol, and a drop of the solution was
placed onto a carbon film-coated Cu grid. The carbon deposit
was investigated by thermogravimetric and differential thermal
analysis (TG-DTA) on model WCT-2 thermo-balance apparatus
(Beijing Optical Instrument Factory). An ~10.0 mg catalyst was
heated from room temperature to 800°C at a rate of 10°C/min in
flowing air.

The propane dehydrogenation property of prepared catalyst was
evaluated at atmospheric pressure in an MRCS-8007 continuous
fixed-bed tubular reactor. The filling weight of catalyst was 1.0 g
and the reaction temperature was set to 580°C. Prior to reaction,
the temperature was increased from room temperature to 580°C
in the atmosphere of H,, with an increasing rate of 5°C/min. The
gases’ flow rate was 44 ml/min with H,/C3Hg molar ratio of 1:4
and weight hourly space velocity (WHSV) of 4.0 h™'. Online
analysis of the resulting product was conducted using an SP-2100
gas chromatograph. Propane conversion, propylene selectivity
and yield were calculated by normalisation method of a carbon
atom. The carbon balance calculated was 95 + 5%. The turnover fre-
quency (TOF) (s™") of C3Hg is shown in the equation below:

¢ x conv. x selec. x 195.08

TOF =

(M

Mgar X Wpy

In which, niC“SIEt is the flow rate of propane in the feed, mol/s; conv. is

the conversion of propane; selec. is the selectivity of propylene;
195.08 is the atomic weight of Pt, g/mol; m,, is the weight of the
catalyst, g; and wp, is a mass fraction of Pt on the catalyst.

3. Results and discussion: The N, adsorption and desorption
isotherms of Al,O; and Pt3;Sn/Al,O; were given in Fig. 1. From
Fig. la, a typical type-IV isotherm with H1 hysteresis loop for
Al,05 support indicates its mesoporous channel. This characteristic
is confirmed by the pore size distribution of Al,O5 in Fig. 15. The
calculation by the Barrett—Joyner—Halenda (BJH) method shows
the pore sizes of the support are mainly within 5-8 nm. Pt;Sn/
Al,0O5 sample has a similar feature to Al,O3 support, except the
peak intensity is decreased. After loading active components, the
Brunauer-Emmett-Teller (BET) of Al,Oj3 is decreased from 239.5
to 204.3 m?/g, the mean pore size is decreased from 7.02 to
6.23 nm and the pore volume is reduced from 0.53 to 0.45 cm’/g.
This is mainly due to that the active components blocked some
porous channels.

Fig. 2 shows XRD patterns of Pt;Sn, Pt;Sn/Al,O; (Pt loading
amount of 10 wt%) and Al,O3; samples. The diffraction peaks
located at 31.5°, 38.7°, 45.1° and 65.7° can be indexed to the
facets of (110), (111), (200) and (220) of Pt;Sn alloy [9-11].
Obviously, the locations are the same as the non-supported Pt;Sn
sample. For Pt3;Sn/Al,O; sample, these peaks overlap with the
peaks of alumina support, indicating the high metal dispersion on
the support. Compared to Al,O; support, the intensity of typical
Pt3Sn (111) crystal face peak shows an increase for Pt;Sn/Al,O5
sample, pointing out the possibility of the existence of Pt;Sn
alloy on the catalyst. The theoretical calculation [13] shows
that crystal face (111) of Pt;Sn has a relatively weaker adsorption
capacity for propane, and thus decreases the occurrence of deep
dehydrogenation of propane and other side reactions.

Fig. 3 shows TEM characterisation of Pt;Sn/Al,O; sample.
According to Fig. 3a, it can be seen the Pt—Sn particles are sub-
stantially uniformly distributed and have a narrow particle size
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Fig. 1 N, adsorption—desorption isotherms and pore size distributions of
Al,O3 and Pt3Sn/Al,O3 sample

a N, adsorption—desorption isotherms

b Pore size distribution
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Fig. 2 XRD patterns of Pt;Sn, Pt;Sn/Al,03 and Al,O3

distribution, ranging from 0.9 to 3.1 nm with a mean diameter of
1.7+£0.4 nm. Fig. 3b shows the high-resolution TEM (HRTEM)
image of Pt;Sn/Al,O; sample, indicating the presence of Pt—Sn
crystallite with clear lattice fringes. Fast Fourier transform (FFT)
was applied to calculate the lattice spacing. The FFT image inset
of Fig. 3b exhibits the lattice spacings of 0.23 and 0.20 nm
that match the (111) and (200) reflection planes of the Pt;Sn
alloy, respectively. The carbonyl pathway adopted in this work
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Fig. 3 TEM, size distribution and HRTEM images of Pt;Sn/Al,03 sample
a TEM image and size distribution (inset)
b HRTEM image

may allow the synthesis of bimetallic Pt,Sn, carbonyl cluster
(Pt=Sn—CO). The results of Shitova et al. [16] showed that the
Pt-Sn—CO cluster could strongly adsorb on Al,O; support and
did not change its composition. This made the preparation of sup-
ported catalysts with definite compositions possible. Moreover,
this method can help to bind Pt metal particles to the oxygen
atoms of Al,O; support and increase the dispersion attributing to
the oxophilic character of Sn [17].

Fig. 4 reveals the propane dehydrogenation performance of
Pt;Sn/ALL,O5 and Pt-Sngmy/AlLOs. It can be seen from Fig. 4a
that the initial propane conversion is 31.5%, selectivity is 88.0%
and propylene yield is 27.7% for the Pt;Sn/Al,O5 catalyst. With
the extension of reaction time in the early stage, the propane con-
version is slightly reduced, and propylene selectivity is increased.
After reacting 0.75 h, the propane conversion decreases from 31.5
to 29.2%, with the selectivity increasing from 88.0 to 94.3%
and the propylene yield of 28.0%. With the further extension
of reaction, the catalyst activity remains unchanged after 2.5 h,
showing high stability. Meanwhile, the TOF of propylene formation
reaches the maximum value of 0.29 s™' at 0.75 h and then shows
a similar trend as propane conversion and propylene yield, and
finally remains stable at 0.27 s~' after reacting 2.5 h. Fig. 4b
shows the Pt-Sng;my/Al,O5 catalyst exhibits low propylene sel-
ectivity. With prolonging the reaction, the propane conversion
reduces and propylene selectivity increases, while the propylene
yield and TOF of propylene formation increase gradually. After
12 h, the propylene yield of 18.8% and TOF of 0.19 s™' is attained.
On the basis of the results, it can be concluded that the catalytic
performance of Pt;Sn/Al,O; catalyst is better than that of
Pt—Snimy/Al, O3 catalyst. Particularly, both the propylene selectivity
and TOF of the former are higher than those of the latter. The
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Fig. 4 Propane conversion, propylene selectivity, propylene yield and TOF
versus time

a Pt3Sn/Al,O; catalyst

b Pt=Sn(imy/Al,O; catalyst

Table 1 Comparisons of evaluation conditions and catalytic performance
of Pt- or Pt—Sn-based catalysts

Sample T,°C Time,h WHSYV, h™' Conv. Selec. TOF,s™!
Pt/Al,03 600 0 3.8 032 085 0.42
[18] — 14 3.8 0.17 0.86 0.23
Pt-Sn/ALLO; 590 0 3.0 029  0.80 0.17
[19] — 6 3.0 023 093 0.16
Pt-Sn/1.5In 580 0 0.56 0.39 098 0.09
—-ALO3 [20] — — — — — —
Pt-Sn/SUZ 590 0 3.0 025 0.84 0.15
—4[21] — 10 3.0 022 093 0.14

formation of Pt3;Sn alloy has a significant promotion effect on
the catalytic performance in propane dehydrogenation for Pt—Sn/
Al,O5 catalyst.

Table 1 summarises the evaluation conditions for Pt- and Pt—
Sn-based catalysts in propane dehydrogenation as well as corre-
sponding TOF data in recent years. It indicates that Pt;Sn/Al,03
catalyst in this work has better dehydrogenation performance, and
the TOF of propylene formation over Pt3Sn/Al,O5 is higher than
that over some reported Pt—Sn-based catalysts, but lower than that
over Pt-based catalyst. Nevertheless, Pt-based catalyst has poor sta-
bility, of which the TOF was decreased from 0.42 to 0.23 s™' after
the reaction continued for 14 h. Therefore, the as-prepared Pt;Sn/
Al,O5 catalyst has better dehydrogenation performance. This
result could be attributed to the close interaction between Pt and
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Fig. 5 TG-DTA profiles of the catalysts after reaction at 580°C for 12 h

Sn components due to the directly adopting Pt,Sn,, carbonyl cluster
as a precursor, leading to a desired active centre and avoiding the
waste of Sn promoter.

Fig. 5 shows the TG-DTA curves of Pt;Sn/Al,O3 catalyst
after reaction of 12 h. There are three exothermic peaks on the
catalyst, each of which represents a particular type of coke
deposit [22-24]. The exothermic peak in 200-300°C represents
the carbon deposition on the metal surface, as metal can catalyse
the coke combustion process in a certain degree. The exothermic
peaks within 380-500 and 500-630°C are for the carbon and
the graphitised carbon on support [24], respectively. According to
the DTA curve, the second peak area of Pt;Sn/Al,O3 accounts
for the most proportion, indicating the most carbon deposits after
reaction are on the support. Therefore, the majority of Pt;Sn alloy
exposed on the catalyst after carbon deposit can maintain high
stability in propane dehydrogenation. According to the weight
loss curve of the catalyst after the reaction, the content of carbon
deposit was calculated to be 5.3% (from 200 to 800°C).
Dehydrogenation is a structure-insensitive reaction, meaning
that very small Pt or Pt-Sn clusters are preferred. However, un-
desired side reactions such as coke formation are sensitive to the
structure of the Pt particles and require relatively large ensembles
of Pt. Pt—Sn nanoalloy catalyst has a small particle size and effect-
ively kerb the structure-sensitive reactions. Additionally, it is
also favourable for the migration of coke precursors from the Pt—
Sn surface to the support, effectively reducing the effects of coke
deposition [13, 25].

4. Conclusion: In summary, a new Pt-Sn/Al,O3 nanoalloy catalyst
was prepared through a carbonylation—impregnation method. The
bimetallic Pt,Sn, carbonyl cluster compounds were synthesised
and used as a precursor for the achievement of small Pt—Sn bimet-
allic catalyst. In the impregnation process, this allows approaching
the precise control over composition in the active centre on the
surface of Al,O3 support instead of random anchoring of Pt or Sn
components. The N, adsorption—desorption isotherm test shows
the material has a mesoporous channel, with pore size distributed
within 5-8 nm. The structural characterisations demonstrate the ex-
istence of Pt;Sn alloy with exposing (111) and (200) facets. In the
propane dehydrogenation, the as-prepared Pt-Sn/Al,O; catalyst
exhibits good propane dehydrogenation performance and stability.
After the reaction proceeds for 12 h, a propane conversion of
27.1% and a propylene selectivity of 93.3% were achieved. The
carbon deposit of catalyst mainly existed on the support surface.
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