Applied Catalysis A, General xxx (xxxx) 118751

Contents lists available at ScienceDirect

Applied Catalysis A, General

;E,
ELSEVIER

journal homepage: www.elsevier.com/locate/apcata

Insights into catalyst structure, kinetics and reaction mechanism during
propane dehydrogenation on Pt-Ge bimetallic catalysts

Sajjad Rimaz ™", Mohammadreza Kosari * " Luwei Chen®, Shibo Xi *, Antonio Monzén°,
Sibudjing Kawi" , Armando Borgna®

a Institute of Sustainability for Chemicals, Energy and Environment (ISCE2), Agency for Science, Technology, and Research, 1 Pesek Road, Jurong Island, 627833, Singapore
b Department of Chemical and Biomolecular Engineering, National University of Singapore, 4 Engineering Drive 4, 117585, Singapore
¢ Department of Chemical and Environmental Engineering, Institute of Nanoscience and Materials of Aragén (INMA), CSIC-University of Zaragoza, Spain

ARTICLE INFO ABSTRACT

Keywords: In the present work, in-depth characterization techniques combined with kinetic analyses were used to develop a
Dehydrogenation deep understanding of the remarkable catalytic performance observed during propane dehydrogenation (PDH)
Pt CataIYSts over Ge-promoted Pt/SiO,. Following our previous work on Pt-Ge/Al,05, we found Ge to significantly affect Pt
ﬁ;r;tiilshc Pt-Ge catalytic performance, reaction mechanism and kinetics, regardless of the nature of the support. The synthesized
Alloy catalysts were characterized using XAS, XPS, TPR, TGA, C3Hs/C3Hg-TPD, HRTEM, CO-chemisorption, BET, and
Ensemble CO-DRIFT. Upon Ge promotion to Pt nanoparticles supported on a large, neutral, SiO, surface area, the bimetallic
Propylene samples showed higher activation energy, lower desorption energy of CsHg, lower coke formation rates, and

higher C3Hg selectivity as compared to the results from using the unpromoted catalyst. Ruling out the neutral
SiO,’s support effect, the kinetic study indicates the C3Hjg reaction order remains close to 1 for all the samples,
while the H, reaction order decreases from 0.04 to — 0.52 with increasing Ge loading from 0 wt% to 5 wt%. Ac-
cording to the kinetic analysis, the first C-H bond cleavage seems to be the rate-determining step. The addition of
Ge enhances the adsorption of hydrogen, which explains the change of the hydrogen reaction order and the ap-
parent activation energy exhibited by the bimetallic samples.

1. Introduction

Due to the widespread applications of propylene derivatives, there
is an increasing gap between the supply and demand of propylene
[1-4]. The most efficient technology for producing propylene to fill this
gap, among all available options, is direct propane dehydrogenation
(PDH) reaction [5,6]. The PDH reaction is an endothermic, equilib-
rium-limited reaction commonly carried out with CrO, or Pt as base cat-
alysts [7,8]. However, the CrO, catalyst suffers from severe deactiva-
tion due to the large amount of carbon deposition and must be fre-
quently regenerated when used in the PDH reaction [9]. This regenera-
tion step usually results in CrO, being incorporated into the Al,0; ma-
trix, resulting in the loss of active sites [10]. Additionally, CrOy cata-
lysts cause environmental concerns, which limits their large-scale appli-
cation. Supported Pt catalysts are more active in the PDH reaction than
CrO, catalysts are; however, supported Pt catalysts are susceptible to
the strong interaction between Pt and C3Hg, which causes deep dehy-
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drogenation, hydrogenolysis, accelerated coke formation, and, as a re-
sult, rapid catalyst deactivation [11-14]. Promoters such as Sn, Cu, Ga,
etc. are commonly used to weaken the interaction between Pt and
propylene without affecting the Pt-C3Hg interaction [10,15,16]. These
promotors can suppress side reactions, minimize sintering of Pt
nanoparticles, and accelerate the diffusion of coke species from Pt to
the support. It is worth mentioning that pure Pt clusters possess a high
number of isomers and unpaired electrons with very high activity to-
ward C-C bond cleavage. Promotors such as Si quench spins and cause
Pt clusters to become more globular with fewer valence-unsaturated
sites, resulting in better activity toward C-H bond activation and lower
activity for C-C bond cleavage, which improves selectivity [17].
Catalytic performance and catalyst deactivation using different pro-
motors have been widely investigated for the PDH reaction. For exam-
ple, recent research on the modification of Pt properties for the PDH re-
action have documented the use of Bi, Mn, Sb, Co, and In, among others
[18-22]. Concurrently, various characterization techniques have been
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used to clarify the interaction between Pt and the promoters, with the
possibility of modulating both geometric and electronic properties of
Pt-based catalysts by synthesizing intermetallic compounds and alloys
with different structures being highlighted [21]. The excellent propy-
lene selectivity (> 99 %) on these intermetallic structures originates
from the geometric effect, which minimizes side reactions such as hy-
drogenolysis [20]. This different catalytic performance could be attrib-
uted to the variation in the adsorption heat of the reactants. Thus, the
hydrocarbon and hydrogen’s lower adsorption heat results in higher se-
lectivity to propylene. Despite the high number of outstanding studies
in this ambit, many fewer efforts have been devoted to investigating the
kinetics and reaction mechanism of these novel and modified catalysts
in the PDH reaction.

In most of the reported kinetic data for propane dehydrogenation,
the reaction order with respect to H, varies from — 2-1, while the
propane reaction order remains close to 1 [23,24]. A detailed kinetic
model has been previously developed for different sizes of monometal-
lic Pt nanoparticles supported on a hydrotalcite-type support to corre-
late the variation in the hydrogen reaction order with the varying parti-
cle size [25]. It was reported that increasing Pt particle size leads to a
decrease in activity, resulting in a change in the reaction order with re-
spect to hydrogen and a different reaction mechanism [25]. The addi-
tion of promoters could also decrease the activity of Pt nanoparticles
and might have a similar effect on reaction order to the one observed
when increasing particle size [26,27]. However, understanding of the
effect of promotors on the hydrogen and propane reaction order on
bimetallic Pt-based catalysts is still lacking.

We have previously demonstrated the positive effect of Ge on en-
hancing propene selectivity and depressing coke formation in the PDH
reaction via the novel Pt-Ge/Al,03, CaO-modified Pt-Ge/Al,05, and Pd-
Ge/SiO, [26,28,29]. Nevertheless, the kinetics of the Pt-Ge catalysts in
the PDH reaction, especially the effect of alloy formation on the reac-
tion orders with respect to hydrogen and propane, remains to be under-
stood. Accordingly, in the present contribution (Scheme 1), a detailed
kinetic study is reported on Pt nanoparticles modified with GeO, sup-
ported on a high-surface-area SiO, as a neutral support, in which study
the kinetic parameters are correlated with the catalyst structure. To
rule out the support effect, a neutral SiO, support with a high surface
area has been selected to thwart the effect of acidic sites on catalytic
performance and catalyst deactivation, permitting a more accurate un-
derstanding of the impact of Ge/GeO, on the catalyst structure and on
the reaction mechanism and kinetics.

Pt:-Ge2/SiO: Pt:-Ges/SiO:
(] O o
Pt Ge GeOx« SiO:

Scheme 1. Illustration of the Ge effect on Pt-based catalysts supported on a
neutral and high-surface-area SiO, support for the PDH reaction on the impact
of alloy formation on the reaction mechanism and kinetics.
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2. Experimental
2.1. Catalyst preparation

The bimetallic samples, denoted as Pt,-Ge,/SiO,, were prepared via
the sequential incipient wetness impregnation (IWI) method using [Pt
(NH3)4] (NO3), and GeCly (Alfa Aesar, > 99.9 %) as precursors. All the
samples had 2 wt % Pt, while the Ge loading was between 0 wt% and
8 wt%. SiO, (Silica Gel 60, KANTO CHEMICAL CO, 751 m2/g and
1.2 ml/g pore volume) was used as the support. The support was first
calcined at 700 °C for 2 h before synthesizing the catalysts. For the cata-
lyst synthesis, GeCl, was initially dissolved in ethanol and added drop-
wise to the support. Then the sample was dried at 120 °C overnight and
calcined at 250 °C for 3 h. The impregnating of Pt was carried out by
dissolving [Pt (NH3),] (NO3), in water, and NH; was added to ensure a
pH of 11. Finally, the prepared samples were dried at 120 °C overnight
and calcined at 250 °C for 3 h with a heating rate of 5 °C/min. Prior to
the reaction and characterization, the catalysts were reduced at 300 °C
for 0.5 h and 600 °C for 1 h with flowing 40% H,/N, (50 ml/min).

2.2. Catalyst characterization

A Micromeritics ASAP 2420 apparatus was used to measure the
Brunauer-Emmett-Teller (BET) specific surface areas of the catalysts.
The reduced samples were pretreated at 200 °C overnight under vac-
uum prior to performing the isotherms at 77 K. Pore volumes were ob-
tained using the Barrett-Joyner-Halenda (BJH) method.

Morphology, particle size and chemical composition of the nanopar-
ticles were investigated using high-resolution TEM with energy-
dispersive X-ray spectroscopy (HRTEM/EDX, JEM-2100 F).

Dispersion and the metallic surface area of the samples were mea-
sured by CO-chemisorption using a Micromeritics ASAP 2020 auto-
mated adsorption analyser. Around 50 mg catalyst was reduced in situ
as indicated in Section 2.1. After evacuation at 350 °C, samples were
cooled down to room temperature for analysis. The CO stoichiometry to
Pt was 1:1, and actual loading of Pt obtained from ICP-OES was used for
the analysis.

An inductively coupled plasma optical emission spectrometer (ICP-
OES) was used to obtain the actual loading of Pt in the samples. Before
the measurements, 100 mg of catalyst was dissolved in a solution of sul-
furic and phosphoric acids assisted by microwave digestion, then di-
luted 400 times with water.

The desorption energy of the propylene was measured using a TPD
system equipped with a mass spectrometer (Hiden). A sample amount
of 50 mg was loaded in a quartz tube held by quartz wool. Prior to
analysis, the catalysts were reduced as described above. After reduc-
tion, the sample was cooled in flowing N, to room temperature (RT)
and purged for 1 h. Then it was saturated with C3Hg (5 % in N, total
flow rate: 50 ml/min) for 0.5 h. After saturation, the sample was again
purged with nitrogen (20 ml/min, 0.5 h). The temperature was ramped
up from RT to 500 °C at different ramping rates (2 °C/min, 5 °C/min,
8 °C/min, and 11 °C/min), and C3Hg desorption profiles were deter-
mined with a mass spectrometer. The following formula was used in the
calculations [11,30]:

B E,; E; x4
n( L) =-—4 41
”<T,,2> RxT, T "\ ®xC M

where f is the ramp rate (K/min), 7, is the desorption temperature
(K), £, is the desorption energy (kJ/mol), A is the total adsorbed gas at
saturation state (cm3/g), R is the specific gas constant (kJ/(mol.K)), and
C is a constant.

Temperature programmed reduction (TPR) profiles were measured
using a TPDRO 1100 system (Thermo Scientific) equipped with a TCD
detector. Before each analysis, around 100 mg of catalyst was outgassed
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in Ar at 150 °C for 1 h then allowed to cool to room temperature. The
measurements were carried out using a 5 % H,/95 % Ar mixture
(50 ml/min), while temperature was ramped up from 50 °C to 950 °C.

An FT-IR spectrometer (Frontier, PerkinElmer) equipped with a
mercury-cadmium-telluride (MCT) detector was used to perform a dif-
fuse reflectance infrared Fourier transform spectroscopy (DRIFTS)
analysis. The catalyst was placed in a drift cell fitted with ZnSe win-
dows and was reduced in situ. Temperature was cooled to 30 °C under
He. Then the catalyst was saturated with 2 % CO/He (50 ml/min) for
0.5 h, and physically adsorbed CO was removed before the spectra were
taken under He.

X-ray photoelectron spectroscopy (XPS) was performed using a VG
ESCALAB 250 instrument with an excitation source of Mg K, radiation.
Catalysts were reduced ex situ as previously indicated. After reduction,
samples were moved to a glovebox without contacting with air and
loaded in the XPS holder. With the protection of an inert gas, the holder
was moved to the XPS chamber and eveacuated for 2 h for removing
surface species. The spot size was 300 um X 100 um. To minimize the
beam-induced reduction of metal species, the beam was moved to a
new spot on the sample powder (vide infra) for each measurement. XPS
spectra were obtained in the normal emission geometry with a pass en-
ergy of 20 eV and a step size of 0.1 eV for C 1 s and 0.05 eV for Pt4f. Be-
tween 5 and 8 scans were recorded for each core level, and the duration
of the spectrum acquisition for each core level was almost 5 min. The
binding energies were corrected, and the spectra were normalized be-
fore applying a Shirley background. XPSPEAk41 software was used to
perform least-square fittings using Gaussian-Lorentzian profiles for
spectra deconvolution. The best optimization parameters were derived
using the following constraints: (1) a spin-orbit splitting of 3.35 eV for
Pt 4 f7/2 and 4 f5/2, (2) an area ratio of 4:3 for Pt 4f 7/2: Pt 4f 5/2,
and (3) an equal Gaussian-Lorentzian ratio for Pt 4f7/2 and Pt 4f5/2.

A value of 284.8 eV for C 1 s peak position was used as an internal
standard for the correction of binding energies.

In-situ X-ray absorption spectra (XAS) were performed at the
XAFCA beamline at the Singapore Synchrotron Light Source [31]. Af-
ter the sample wafers were reduced in situ under 40 %H, in He
(50 ml/min), the temperature was decreased to RT under He, and the
spectra were collected. WinXAS software was used for data analysis.

TGA analysis was used to study carbon deposition on the spent sam-
ples. Each sample was heated from 30 °C to 900 °C with a ramping rate
of 5 °C/min under a 40:60 air/N, mixture.

2.3. Catalytic test

The PDH reaction was performed in a fixed-bed quartz tube reactor
(5 mm ID, 600 mm length). A 50 mg amount of the sample diluted with
SiC was loaded into the reactor and held by quartz wool. Prior to the re-
action, the catalysts were reduced using the same protocol described
before. After reduction, the catalyst was purged with N, for 0.5 h and
cooled to the reaction temperature. The reaction temperature was var-
ied between 450 °C and 525 °C at a pressure of 1 atm. After temperature
stabilization, feed was introduced into the reactor at a flow rate of
80 ml/min. C3Hg and H, partial pressures of the feed was varied be-
tween 2 kPa and 12 kPa using an N, balance. Argon was used as the in-
ternal standard for calculating the outlet flow rate. Analysis of the prod-
ucts was performed by an online 2014 Shimadzu GC equipped with an
FID detector for hydrocarbon detection (Column: GS-GASPRO 30 m
length, 32 mm ID) and a TCD detector for detecting hydrogen (Column:
HayeSep D). The evaluation of the catalytic performance was per-
formed using the following equations:

Propane Conversion (Xp) (%)
_ (FPropwze)m - (FPropane)om 100 (2)
(FPrapane)i,,
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Product Selectivity (S;) (%) = ———————-100 3
% (%) (R,
Feyng
__22400x60 4
Propane rate (mol/ (gp,.5)) = Xy X,
Feymg
TOF (1/8) = —22300x0___ 195,084 )

Megr X Wpy X DPt

In these equations, Fj, n;, t, Xin, Xend> Mca, and wy, are hydrocarbon
flow rate (ml/min), number of carbon atoms, reaction time (h), initial
conversion, conversion at end of reaction, loading of catalyst (g), and
percentage of Pt, respectively.

3. Results and discussion
3.1. Morphological and physicochemical characterization

Mlustrated in Fig. 1(a), the HRTEM images of the as-synthesized
samples (in reduced form) demonstrate the formation of fine metal
nanoparticles on monometallic Pt,/SiO, and bimetallic PtGe in Pt,-
Ge,/Si0,, Pt,-Ges/SiO,, and Pt,-Geg/SiO, catalysts, with particle sizes
of 3.3 = 0.7,3.5 £ 0.4,3.7 = 0.9, and 3.9 = 0.9 nm, respectively. Ex-
pectedly, as Ge is added to the samples, the particle size is increased
slightly but certainly remains within the range of 3-4 nm, with an aver-
age of 3.6 nm. Concerning the alloy formation in bimetallic samples, for
example, the captured lattice fringes inserted in Fig. 1(a) and (d) of
monometallic Pt,/SiO, and bimetallic Pt,-Ge,/SiO, obviously exhibit
an elongated nanoparticle for the latter compared to the monometallic
sample, where Pt particles with a regular shape are clearly observable.
Such an elongated nanoparticle for the latter bimetallic Pt,-Ge,/SiO,
might indicate alloy formation, resulting in dilution of the Pt surface.
To confirm this, an HRTEM/EDX pattern of each sample was also cap-
tured. Firstly, the HRTEM/EDX elemental mappings of the monometal-
lic and bimetallic samples exhibit an even distribution of Pt and Ge over
the SiO, surface, with no localized aggregation of these elements (Fig. 1
(b), (e), (h) and (k)). Secondly, the HRTEM-EDX line-scan patterns of
individual particles, shown in Fig. 1(c), (f), (i) and (1), confirm that both
Pt and Ge are present in the nanoparticles, which might indicate surface
dilution or alloy formation. As seen in the line-scan patterns, the Ge sig-
nal (shown by a red line) over the Pt surface (shown by a cyan line)
starts to appear as Ge is added to the samples. Moreover, the Ge signal
intensifies as the Ge concentration is increased in the bimetallic sam-
ples. Based on these patterns, it might be reasonable to expect that
some Ge is present beneath the Pt atoms, forming a subsurface-
regulated PtGe nanoparticle, similar to the case of PtGa reported else-
where [32].

The textural properties of the samples, measured by N, physisorp-
tion, are reported in Table 1 and Fig. S1. The BET surface area and total
pore volume of the support material (SiO,) after calcination were
498 m2/g and 0.79 cm?3/g, respectively. After loading of Pt and Ge onto
the support, the BET surface area decreased. Alvarez-Galvan et al. re-
ported a similar observation after metal loading on the catalyst support
[33]. Long et al. also reported the blockage of support channels by the
impregnated metals, reducing the BET surface area [34]. Accordingly,
the decrease in the BET surface area of the samples was most probably
due to pore or channel blockage by the metal particles. It is also worthy
to stress that the co-addition of Pt and Ge results in only a slight change
in the BET surface are, showing a decreasing trend similar to what has
been previously reported for other supports [26].

Metal dispersion and metallic surface area were measured with CO-
chemisorption, and the results are presented in Table 1. As shown in
this table, metal dispersion and metal surface area of the samples exhib-
ited a decreasing trend with increasing Ge loading. As it is well demon-
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Fig. 1. HRTEM images and corresponding particle-size distribution of (a) Pt,/SiO,, (d) Pt,-Ge,/SiO,, (g) Pt,-Ges/SiO,, and (j) Pt,-Geg/SiO, samples in reduced form.
HRTEM-EDX (b, e, h and k) elemental mappings of a large sample area and (c, f, i and 1) line scans of an individual particle of corresponding samples shown in (a)
Pt,/Si0,, (d) Pty-Ge,/SiO,, (g) Pty-Ges/SiO,, and (j) Pty-Geg/SiO,. Note: inserted pictures in figures (a) and (b) are higher magnifications of a single nanoparticle.

strated, partial coverage of the Pt surface upon adding a second metal is
the main reason for the decrease of both dispersion and surface area of
Pt [26,35]. Accordingly, Ge partially blocks and covers Pt’s metallic
surfaces, resulting in a lower dispersion and metallic surface area.
These changes in Pt’s dispersion and metallic surface area clearly indi-
cate the existence of an interaction between Pt and Ge, which will be in-
vestigated thoroughly in the next sections.

3.2. Understanding electronic and structural properties of Pt-Ge bimetallic
catalysts supported on SiO,

In-situ infrared spectroscopy of adsorbed carbon monoxide (CO) is a
valuable technique for studying the interaction between metals to un-
ravel their modified geometric and electronic properties as compared to
their pristine counterparts. Accordingly, CO-DRIFT was used to study
electronic and geometric properties of the catalysts, and the results are
depicted in Fig. 2. For the Pt catalysts, the vibration band of bridge-
bonded CO appears between 1750 cm~! and 1900 cm~!, while the lin-
early bonded CO vibration band appears between 1900 cm~! and
2200 cm~! [36]. The spectrum of the monometallic Pt sample shows
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Table 1
Physiochemical properties of the catalysts.

Sample Pt Viotal BET BJH Metal Metal surface
loading (em3/  surface pore Dispersion area
(ICP) 2) area (m2/  size (%) (m2/8cap)
g) (nm)
Si0, - 0.79 498 3.0 - -
Pty/ 2.01 0.72 457.9 3.1 41.8 2.06
Sio,
Pt,- 1.95 0.79 477.4 3.3 22.1 1.2
Gey/
Si0,
Pty- 2.10 0.76 447.3 3.3 12.5 0.6
Ges/
Si0,
Pty- 1.96 0.74 441.2 3.2 10.4 0.5
Geg/
Si0,
Linear
| —— Pt,-Ge,/SiO,
— : — Pt,-Ge,/SiO,
: — H
3 ) Pt,-Ge,/SiO,
>
- 1
0 —
c
<]
<
- A Bridge
1
——/K
2200 2100 2000 1900 1800 1700

Wavenumber (cm™)

Fig. 2. CO-DRIFT spectra of the samples with different Ge loadings.

the presence of both bands, while the bridge-bonded CO has completely
disappeared upon Ge addition. This agrees well with the literature,
which ascribes the disappearance of bridge-bonded CO on the surface
of Pt upon adding a second metal to the surface dilution of Pt and the
breakage of the Pt ensembles [16]. Furthermore, after introducing Ge
onto the support, the intensity of linearly bonded CO decreases and
shifts to a higher wavenumber. In bimetallic Pt-based catalysts, when
electrons are transferred from Pt to the second metal, the electron trans-
fer from Pt to the antibonding 2x orbitals of adsorbed CO is diminished,
resulting in a decrease in the strength of the C-O bond and, therefore,
an increase in C-O frequency [26,37]. Accordingly, after adding Ge to
the samples, Pt becomes electron-deficient as pointed out by a redshift
in the spectra of the bimetallic samples. Such a shift in the CO-DRIFT
spectra of the Ge-modified samples indicates the existence of a close in-
teraction between Pt and Ge, which can be due to bulk and/or surface
alloy formation, resulting in a modification of geometric and electronic
properties [16]. This interaction will be further elaborated in the fol-
lowing sections.

XPS analysis was used to investigate the chemical state and elec-
tronic properties of Pt and Ge. For Pt, as is well known, the most intense
photo-emission line in the XPS spectra corresponds with the Pt 4 f core
level. Accordingly, the Pt 4 f XPS spectra of the samples were measured,
and the results are depicted in Fig. 3. Obviously, upon introducing Ge to
Pt, the binding energy has shifted to a higher value. For monometallic

Applied Catalysis A, General xxx (xxxx) 118751

Intensity (a.u.)

Binding Energy (eV)

Fig. 3. Pt 4 f XPS spectra of the samples: (a) Pt,/SiO,, (b) Pt,-Ge,/SiO,, (c) Pty-
Ges/Si0,, (d) Pty-Geg/SiO,.

Pt,/SiO,, the Pt 4 f binding energy is 71.04 eV, similar to the reported
BE for metallic Pt [16]. With adding 2 wt%, 5 wt% and 8 wt% Ge, the
binding energies have been shifted to 71.25eV, 71.32eV, and
71.36 eV, respectively. Ren et al. reported that upon gold being added
to Pt, electrons were transferred from Pt to Au due to the alloy forma-
tion, and as a result, the Pt 4 f XPS spectra shifted to higher binding en-
ergies [16]. Our results also indicate an electronic modification of Pt
upon the addition of Ge, which can be ascribed to the thermal diffusion
of Ge into the Pt structure, forming a Pt-Ge alloy and resulting in the
shift of the binding energies to higher values.

XAS measurements of the Pt Ly; and Ge K edges were carried out to
further elucidate alloy formation and the interaction between Pt and Ge
in the Pt-Ge catalysts. Pt Ly;; edge X-ray absorption near edge structure
(XANES) analysis of the samples is depicted in Fig. 4(a). The Pt,/SiO,
white line has the shape and intensity similar to that of the Pt foil, sug-
gesting that Pt atoms have been fully reduced and the environment of
the Pt atoms is similar to the one on bulk Pt metal [18]. XANES spectra
of Pt,-Ge,/SiO, and Pt,-Ges/SiO, are slightly different compared to
Pt,/Si0,, showing a noticeable increase in the intensity of the white
line and a slight shift to higher energy levels. Ye et al. also observed
similar shifts in the XANES spectra after adding Sb to Pt and at an in-
creasing Sb/Pt molar ratio. They correlated observed changes in the
XANES spectra to the increased energy level of empty Pt 5d states, in-
termetallic interaction and alloy formation between Pt and Sb [20]. Ac-
cordingly, the changes in the white line intensity and position of the
samples depicted in Fig. 4(a) imply alloy formation and electronic ef-
fects of Ge on Pt, in line with XPS and CO-DRIFT results. As shown in
this figure, in bimetallic Pt-Ge samples, Ge withdraws electrons from
neighboring Pt atoms, which is indicated by the increase in the inten-
sity of the white line. Borgna et al. also reported that upon alloy forma-
tion between Pt and Ge, Ge increases the electrophilic character of Pt,
resulting in an increase in the intensity of the white line [37].

Ge K edge XANES spectra of the samples are presented in Fig. S5.
These spectra suggest that Ge bulk remains mostly as an oxide, in good
agreement with the TPR profiles (Fig. S4) and XPS results (Figs. S2 and
S3) [21]. Recently, a similar behavior has been reported for Sb-Pt
bimetallic samples, where XANES spectra of the Sb K edge of the sam-
ples with different Sb/Pt ratios remain almost similar to those of the ox-
ide ones [20].

Extended X-ray absorption fine structure (EXAFS) spectra of the Pt
Li-edge are shown in Fig. 4(b). Three peaks indicating a typical metal-
lic Pt-Pt scattering were observed in the EXAFS spectrum of the
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(b) = = = Pt-foil
Pl-Ge & Pt-Pt —Pt,/SIO,
154 7, = Pt,-Ge,ISIO,
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[ Pt oxide

2 3
R (A)

Fig. 4. (a) Pt Ly edge X-ray absorption near edge structure (XANES) of the samples; (b) FT of the EXAFS spectra of the reduced samples.

monometallic Pt,/SiO, catalyst [22]. After adding Ge at increasing Ge/
Pt ratios, the positions and intensities of the peaks changed signifi-
cantly. Ye et al. reported that upon introducing other metals to Pt/SiO,
catalysts, the neighboring Pt atoms are no longer only Pt atoms, result-
ing in changes of both peak position and relative intensity in the EXAFS
spectra [20]. Accordingly, the changes in the EXAFS spectra of Pt after
introducing Ge clearly indicate the formation of Pt-Ge bonds.

Table 2 reports the EXAFS parameters, including bond distance (R),
coordination number (CN), and Debye Waller factor (¢2), which were
obtained via EXAFS fitting. According to the fitting results, it is obvi-
ous that Pt CN decreased as Ge was added to the samples. For exam-
ple, Pt CN is 8.9 for the Pt-Pt bond in the Pt,/SiO, sample, while it
changes to 5.8 and 3.5 for the Pt,-Ge,/SiO, and Pt,-Ges/SiO, samples,
respectively. On the other hand, from the EXAFS fitting, Pt-Ge coordi-
nations are clearly detected upon Ge being added to the samples, with
CN values of 1.5 and 3.1 for the Pt,-Ge,/SiO, and Pt,-Ges/SiO, sam-
ples, respectively. Thus, it is clearly demonstrated that: (i) alloy for-
mation between Pt and Ge readily occurs in both samples, and (ii) the
number of Ge neighbor atoms around Pt is higher in Pt,-Ges/SiO,
compared to Pt,-Ge,/SiO,. However, Pt-Pt and Pt-Ge bond distances
remain fairly constant with a slight decrease of the Pt-Ge distance in
the sample with the higher Ge loading. Besides, no Pt-O coordinations
are found during the fittings, highlighting the full reduction of Pt and
successful formation of a metallic alloy.

Finally, it is important to stress that the GeOx species spread out
onto the SiO, support can be considered as inert in propane dehydro-
genation. Hence, GeOx species are expected only to modify the size of
the metal particles and/or acid properties of the support. As shown by
HRTEM, the size of the metal particles is only marginally increased by
GeOx. Since we have previously reported that the addition of GeOx has
not led to a noticeable change in both total acidity and strength distrib-
ution on Al,Os3-supported catalysts [28], the modification acid proper-
ties can also be safely ruled out.

Table 2
Structural Parameters of Catalytic Samples Obtained via EXAFS Fittings.

No. Sample Bond R (A)® CNb o2 (A)e R-factor
1 Pt,/Si0, Pt-Pt 2.76(0.01) 8.9(1.0) 0.0061(0.0007) 0.012
Pt-Ge N.A. N.A. N.A.

2 Pt,-Ge,/SiO, Pt-Pt 2.75(0.01) 5.8(0.5) 0.0082(0.0006) 0.002

Pt-Ge 2.42(0.01) 1.5(0.3) 0.0076(0.0015)
3 Pt,-Ges/SiO, Pt-Pt 2.74(0.01) 3.5(0.8) 0.0094(0.0015) 0.001
Pt-Ge 2.37(0.01) 3.1(0.4) 0.0082(0.0008)

2 bond distance in Angstroms.
b coordination number.
¢ Debye-Waller factor.

Therefore, changes in the structural and electronic properties of Pt
atoms strongly modifies the interaction of Pt with the reactants and
products during the PDH reaction, thus significantly affecting the cat-
alytic performance. Since the desired product from the PDH reaction is
propylene, the effect of Pt-Ge alloying on the interaction between Pt
and propylene needs to be clarified. This interaction will be discussed in
detail in the next section.

3.3. Ge effect on propylene adsorption

C3Hg-TPD was employed to investigate the interaction between
C3Hg (the desired product from the PDH reaction) and Pt and to esti-
mate the desorption energy of C3Hg for Pt and the Pt-Ge samples. For
this purpose, desorption profiles of the samples were recorded with dif-
ferent heating rates. For example, the TPD profiles obtained with a
2 °C/min rate are depicted in Fig. 5(a), (profiles for the other heating
rates are shown in Fig. S6). Two peaks appeared in the C3Hg-TPD pro-
files of the catalysts. The first one, which appeared at a relatively low
temperature, is related to weakly adsorbed propylene on the Pt surface.
The second peak, desorbing at a higher temperature, corresponds to
C3Hg being strongly adsorbed on the metal surface. Interestingly, with
adding Ge at increasing loadings, propylene’s desorption temperature
decreases, clearly indicating that Ge weakens the interaction between
Pt and C3Hg, resulting in lower amount of C3Hg adsorbed on the Pt sur-
face. The significant decrease in the desorption temperature when the
Ge loading increases from 5 wt% to 2 wt% can be ascribed to the higher
degree of alloy formation, as clearly revealed by EXAFS analysis.

The C3Hg-TPD results in combination with Eq. (1) can be used to de-
termine the desorption energy of C3Hg from the samples. According to

. . 1 . .
this equation, the slope of Ln <%) versus 7~ plots gives the desorption
P P

energy (kJ/mol) of propylene. Fig. 5(b) shows the Ln <%) versus %
- »

plot, and the desorption energies have been calculated for samples with
0 wt%, 2 wt%, and 5 wt% Ge loading. Desorption energy for Pt,/SiO,
catalyst is 57 = 4 kJ/mol, while it decreases to 41 + 3 kJ/mol for Pt,-
Ge,/SiO, and to 32 = 3 kJ/mol for Pt,-Ges/SiO,. These results clearly
indicate that Ge decreases the strength of the Pt-C3Hg bond.

Indeed, if C3Hg adsorbs too strongly on the metal surface, it can be
involved in side reactions and deep dehydrogenation, resulting in in-
creased coke formation and poor catalytic performance [15]. Thus, a
lower desorption energy of propylene is expected to result in a better
catalytic performance and anti-coking effect in the Ge-promoted sam-
ples. Moreover, the C3Hg-TPD profiles (Fig. S7) indicate that propane
also adsorbs strongly on the monometallic Pt,/SiO, sample. Strong ad-
sorption of C3Hg could be invoked as the reason for the higher conver-
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Fig. 5. (a) Propylene TPD profiles of samples (Pt,/SiO,, Pty-Ge,/SiO,, and Pt,-Ges/SiO,) obtained with a heating rate of 2 °C/min; (b) Propylene desorption energy of

the samples derived using different heating rate.

sion of propane on the monometallic sample, especially at the begin-
ning of the reaction [38].

A detailed investigation into the impact of the catalytic performance
is presented in the following section.

3.4. Catalytic performance

3.4.1. Effects of Ge loading on catalytic performance

To precisely elucidate the Ge effect on modified Pt catalysts, cat-
alytic performance of the samples with different Ge contents was inves-
tigated in the PDH reaction at 798 K. The results of this investigation
are shown in Fig. 6. As indicated in this figure, the monometallic
Pt,/Si0O, sample exhibited a relatively high propane conversion
(32.5 %) at the beginning of the reaction. The initial conversion de-
creased to 27.1 % and 24.9 % upon adding 2 wt % and 5 wt % Ge, re-
spectively. However, selectivity increased from 40.2 % for the
monometallic Pt,/SiO, sample to 85.7 % and 97.9 % in Pt,-Ge,/SiO,,
and Pt,-Ges/SiO,, respectively. Obviously, increasing Ge loading re-
sulted in a better stability of the catalyst and an enhancement of propy-
lene selectivity. Moreover, as shown in Fig. S9, the coke formation rate
on Pt,/SiO, was 0.50 mg/(g.min), while it decreased to
0.365 mg/(g.,rmin) for Pty-Ge,/SiO,, and 0.32 mg/(g.,;min) for Pt,-
Ges/SiO,.

C3Hg-TPD results previously indicated that increasing Ge loading
contributes to a facile desorption of propylene. In fact, it has been re-

50 =y .
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=
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> *’ 40 o
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8 251 n
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Fig. 6. C3Hg conversion and C3Hg selectivity of the catalysts (798 K, 5.8 kPa
C3Hg, 5.8 kPa Hj, N, used as balance, total flow rate 80 ml/min).

ported that facile desorption of C3Hg from Pt surfaces decreases the
coke formation by preventing deep dehydrogenation of the produced
propylene for TiO,-Al,0O3-supported and copper-modified Pt catalysts
[11,27]. Likewise, a higher selectivity and lower coke formation rate
in Ge-modified Pt catalyst are ascribed to the promoting effect of Ge
on Pt, which effect causes rapid desorption of C3Hg due to the alloy
formation, inhibiting its participation in side reactions [26]. It should
also be highlighted that the existence of terrace and step sites in the Pt
structure will increase its capability for C-C bond activation, which
will produce undesired side products. According to the CO-DRIFT
data, adding Ge to the catalysts has also decreased the percentage of
these high-energy sites, which also has positive effects on enhancing
the selectivity.

The intrinsic activity of the samples was further evaluated by deter-
mining turnover frequency (TOF) values. For this purpose, reactions
were carried out at a lower conversion to ensure kinetic regime, and the
related data are presented in Fig. 7. Initial TOF of Pt,/SiO,, Pt,-
Ge,/Si0O,, and Pt,-Ges/SiO, are 0.28 1/S, 0.23 1/S and 0.30 1/S, re-
spectively. The Pty-Ges/SiO, sample shows the highest TOF and selec-
tivity among all the catalysts. The TOF of the monometallic Pt,/SiO, is
higher than that of the sample with 2 wt% Ge loading. However, the
Pt,/Si0O, sample exhibited a lower selectivity toward propylene and its
deactivation rate was much faster.

Ren et al. reported that upon alloying Pt with Au, an electronic
transfer from Pt to Au occurs. In line with this finding, a decrease in
TOF during the PDH reaction was observed [16]. Wegener et al. re-
ported an increased TOF for Pt-In catalysts in ethane dehydrogenation.

e — N — N — =100
0.48{ "—E—3—3—I—8—0—18
———3
0.44 4 L 80
——k =
&= Sk g
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I 0.364 ¥ —o—PtqGeysio,  [80 =
o o= Pt,/SiO, £
0.32+ L40 @
o
0.28 4 2]
20
0.24+
0.20 4—v . . v v 0
0 50 100 150 200
TOS (min)

Fig. 7. TOF of the samples with different Ge loading (723 K, 5.8 kPa C3Hg 5.8
kPa H,, N, as balance, total flow rate 80 ml/min).
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The increase in the TOF was ascribed to an electronic effect (it donates
electrons to Pt) and to the faster alkene desorption due to its weaker ad-
sorption on the Pt surface, resulting in faster turnover of active sites
[22]. It was also predicted that introduction of Sn into the structure of
Pt would lower the desorption barrier of propylene and its derivatives
from the surface of Pt to the gas phase. This faster desorption of propy-
lene and its derivatives from the Pt surface would facilitate their diffu-
sion away from the active sites, resulting in an enhancement of the
turnover rate of the active sites [12,39].

Upon introducing 2 wt% Ge, the TOF decreased due to the electron-
deficient state of Pt, which is in good agreement with the results re-
ported for Pt-Au [16]. However, due to the faster desorption of propy-
lene from the Pt surface, as clearly demonstrated by C3Hg-TPD results,
further increasing the Ge loading results in increasing TOF, which
aligns with the prediction of previous works that TOF would increase
when there is faster desorption of C3Hg from the surface [22,40].

It is important to highlight that our experimental results validate
previous theoretical simulations predicting a positive effect of Ge on
light alkane dehydrogenation reported by Jimenez-Izal et al. [41]. In
this work, it was reported that upon alloying Pt with Ge, the affinity of
Pt clusters toward alkenes decreases, enhancing alkenes desorption.
Moreover, it was also highlighted that Ge reduces the affinity of the cat-
alyst to carbon, enhancing the coke deactivation resistance of the cata-
lyst. Besides, the authors also predicted that Ge quenches unpaired elec-
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Fig. 8. Arrhenius plots of the samples with different Ge loading (723-798 K, 5.8
kPa C3Hg 5.8 kPa Hj, N, as balance, total flow rate 80 ml/min).
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trons of Pt, which are needed to activate the alkenes, suppressing side
reactions.

Accordingly, a contribution of electronic and geometric effects due
to alloy formation facilitates propylene desorption, enhances selectiv-
ity, and increases resistance to coke formation.

3.5. Kinetic study

3.5.1. Apparent activation energy

To further explore the effect of Ge addition on the catalytic perfor-
mance of Pt, apparent activation energies were determined from the Ar-
rhenius plots obtained by performing the PDH reaction at different tem-
peratures and fitting the reaction rate using the Arrhenius law. As de-
picted in Fig. 8, all the measured activation energies are between
70 kJ/mol and 90 kJ/mol, which are reasonable values according to the
reported activation energies for this reaction on different Pt-based cata-
lysts [1,42]. The activation energy for Pt,/SiO, is 71.5 kJ/mol, while it
increases to 81.1 kJ/mol and 87.5 kJ/mol with increasing the Ge load-
ing from 2 wt% to 5 wt%, respectively.

Wu et al. reported similar observations for the activation energy for
Pd-In bimetallic catalysts during ethane dehydrogenation [43]. They
reported that after incorporating In into the Pd structure, the activation
energy increased due to changes in the structure and surface properties
of Pd. Similarly, Wegener et al. reported that adding In to Pt at increas-
ing In loadings led to an increase in the activation energies for the PDH
reaction due to geometric changes in Pt ensembles [22]. Accordingly,
the difference in the activation energy of the samples also suggests that
upon introducing Ge into the samples, the surface structures changed.
This finding is in good agreement with our XAS, XPS, and CO-DRIFTS
data depicted in Figs. 2-4, which show that Ge both dilutes Pt surfaces
and simultaneously withdraws electrons from Pt due to alloy formation.
This alloy formation also decreases the activity of Pt, resulting in an in-
crease in activation energies [28].

These differences in the apparent activation energies of the samples
along with differences in the adsorption energies of propylene on the
samples (depicted in Fig. 5(b)) may also result in a different reaction
mechanism, which needs to be elaborated in detail.

3.5.2. Reaction orders

To determine the reaction orders with respect to H, and C3Hg, a
thorough kinetic study was performed using low partial pressures of hy-
drogen and propane (less than 12 kPa) in the feed flow. Prior to the
measurements, it was confirmed that there was no mass transfer or
equilibrium limitations under the experiment conditions used for this
study (Fig. S9) (propane conversion was kept to less than 10 % for all
the samples). In Fig. 9, Ln (TOF) versus Ln(P) plots are depicted to de-
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Fig. 9. TOFs of the samples as a function of partial pressures: (a) propane and (b) hydrogen (723 K, 2-12 kPa C3Hg 1-10 kPa H,, N, as balance and a total flow rate of

80 ml/min).
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termine the apparent reaction orders. According to these kinetic data,
the reaction order of C3Hg remains close to 1 regardless of Ge loading
(Fig. 9. (a)), while the reaction order of H, strongly depends on the Ge
loading (Fig. 9. (b)). For Pt,/SiO,, the reaction order of H, is almost 0,
while it decreases to — 0.38 when the Ge loading is 2 wt%. An addi-
tional increase in the Ge loading to 5 wt%, further decreases the reac-
tion order to — 0.52.

Cortright et al. reported a negative reaction order with respect to
hydrogen and a first reaction order to isobutane in isobutane dehydro-
genation [44]. The negative reaction order with respect to hydrogen
was attributed to the competitive adsorption of hydrogen on the metal
sites, which blocks the sites required for the adsorption of isobutane.
Accordingly, the changes in the hydrogen order were attributed to vari-
ations in the hydrogen coverage on the surface. On the other hand, the
first reaction order rate with respect to isobutane was related to a very
low surface coverage by adsorbed isobutyl species. Since the kinetic
study was carried out at low conversion and low isobutane partial pres-
sure, this constant first-order reaction rate was expected. In good agree-
ment with Cortright et al.’s results, Virnovskaia et al. also reported a
first-order reaction rate (~0.95) with respect to ethane and a negative
reaction order for hydrogen during ethane dehydrogenation reaction
[45]. The negative reaction order for hydrogen was ascribed to the
competitive coverage of active surface sites by a stronger hydrogen ad-
sorption [46]. Therefore, a negative reaction order of hydrogen for the
Ge-promoted catalysts (see Fig. 9) is the result of the modification of
the adsorption properties of the Pt surface by Ge. The changes induced
by the presence of the Ge species, boosting the hydrogen adsorption ca-
pacity of the catalyst, increase the metallic coverage by hydrogen and
consequently decrease the values of the observable kinetic orders [46].
On the other hand, since the reactions were carried out at a low conver-
sion and low partial pressure of propane, a constant first reaction order
is reasonable and in good agreement with the similar studies on light
alkane dehydrogenation [44,45]. These results will be further investi-
gated in the next section.

3.5.3. Insights into the reaction mechanism

Following the Langmuir-Hinshelwood-Hougen-Watson (LHHW) for-
malism [47], we have considered two plausible reaction mechanisms
for explaining the kinetics results presented in Figs. 8 and 9.

The first mechanism considered was proposed by Zhu et al. [25] for
the prediction of the reaction rate of Pt nanoparticles of different clus-
ter sizes in the PDH reaction and is described by the following elemen-
tal reactions: (i) propane adsorption; (ii) first C-H bond cleavage; (iii)
second C-H bond cleavage; (iv) propylene desorption; and (v) hydrogen
desorption [48,49]:

kg
) C3Hg + L+— C3HgL
Ky =ki/k_y =0c,n/Pcyn, 01
ey ke
C3HyL + L &5 CyH,L + HL
Ky=tky/k_y =0c,n,10m/ <0C3H3L0L>
ks
C3H,L + LS CyHGL + HL
Ky = k3/k_3 = Oc,p,1 001/ <9C3H7L9L)
ks
CyHgL +— C3Hg + L
Ky=ky/k_y=1/Keip, = Pe,u,01/0c,m 1

kyk_g
2HL «— H, + 2L
Ks = ks/k_s = 1/Ky, = Py,0; /67,

ii)

iii)

iv)

V)

For this mechanism with five steps, we have considered three cases
depending on the assumed “rate determinant step” (rds). Thus, in Case
A-1, the rds is the adsorption of propane; in Case A-2, the rds is the first
C-H bond cleavage; and in Case A-3, the rds is the second C-H bond
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cleavage. In all the cases, the rest of the steps are considered to be in
equilibrium [25,47].

The second mechanism considered assumes that propane adsorption
is dissociative, with the rest of the steps being the same as in the first
mechanism. Thus, the reaction network is:

. ky ok
D) CHy +2L &S CH,L+HL 3 Ky =k [k,
. Jey e
i) CGHL+LESCHL+HL ; Ky =hy/k_,
k3 k_
i) CHLES CH+L 1 Ky =ks/k_y=1/Kcp,

s kak_g
V) 2HL<SH, +2L ; Ky =ky/k s =1/Ky,

For this second mechanism, we have considered two cases. In Case
B-1, the rds is the dissociative adsorption of propane over two active
sites; and in Case B-2, the rds is the second C-H bond cleavage (step ii).
In both cases, the rest of the steps are considered in equilibrium [25,
47]. In addition to the kinetic expressions for each case, we have also
derived the relationship between the apparent kinetic orders with re-
spect to hydrogen and the hydrogen surface coverage. Table 3 summa-
rizes all these equations and the detailed derivation of all kinetic equa-
tions, and the non-linear regression calculations following the LHHW
formalism are reported in Supplementary Information.

Tables S13-S16 summarize all fitting results along with the statis-
tical parameters. From the statistics point of view, several models
could be adopted for both monometallic and Ge-promoted catalysts,
namely Case A-1, A-2, and B-1. However, the kinetic parameters de-
rived from the last two cases seem more meaningful. Thus, our ki-
netic analysis suggests the rds is either the first C-H cleavage in the
first mechanism, Case A-2, or the dissociative adsorption of propane
over two active sites in the second one, Case B-1. In addition, it is
clear the models based on the second C-H cleavage, Cases A-3 and B-
3, cannot satisfactorily describe the experimental data of the Pt/SiO,
catalyst, while significantly better fittings are certainly obtained for
the Ge-promoted sample, mostly when dissociative propane adsorp-
tion is considered as the first step. In the conditions used in this
study, the final equations for Cases A-1 and B-1, (see Table S12), are
the same, making the two cases indistinguishable. For the sake of sim-
plicity, Case A-2 is adopted. Table 4 summarizes the kinetic parame-
ters derived from the fitting of the experimental data for Case A-2,
along with the statistical parameters reported in Table S14.

Simulations using an extensive reaction network on Pt(111) showed
that increasing the H,/C3Hg ratio in the feed up to 3 increases the site
time yield (STY) of propylene, reaching a maximum. However, no fur-
ther increase in the STY is predicted at higher H,/C3Hg ratios [50]. On
the other hand, using DFT simulations, it was reported that the rate of
propylene production first increases then declines as the H,/C3Hg ratio
is increased, reaching a maximum at a H,/C3Hg ratio of 1.33. This maxi-

Table 3
Summary of reaction rates and hydrogen orders.

Case Reaction rate Hydrogen kinetic order (n)
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Table 4
Summary of the kinetic parameters for Case A-2 derived from the fittings of
experimental data.

Pt,/Si0, Pty-Ge,/Si0, Pt,-Ges/SiO,

Value Conf. Interv.  Value Conf. Interv.  Value Conf. Interv.
Kobs 0.0319 = 0.0020 0.01059 = 0.0219 0.2512 % 0.0950
Ky, 0 - 0.0709 + 0.0360 0.2090 + 0.1477
K, 0 - 0.0015 + 0.0056 0.0101 *0.0117

mum occurs when the negative effect of four-fold hollow sites overtakes
the positive effect of free step sites [51].

Indeed, a beneficial H, effect has been observed in the Pt-Ge
bimetallic samples used in this work, which is manifested by the in-
creased selectivity toward propylene and the dressed coke deposition as
compared to in the monometallic sample. This beneficial effect can be
certainly attributed to a reduced coverage of deep dehydrogenated
species, along with the gasification of coke deposited on the surface of
the Ge-promoted samples, in good agreement with a previous work
[50]. Moreover, our C3Hg-TPD and C3Hg-TPD data show that upon in-
troducing Ge, both propane and propylene desorb faster. Thus, stronger
adsorption of C3Hg on the monometallic Pt sample results in a higher
conversion, particularly at the beginning of the reaction when the cata-
lyst has not been yet deactivated by coke formation [38]. On the other
hand, stronger adsorption of CsHg on this sample allows for side reac-
tions to take place, resulting in lower selectivity. Accordingly, the bet-
ter catalytic performance of the bimetallic samples is also due to the in-
teraction of Pt and Ge, which modifies the adsorption energy of reac-
tants and products at the active sites.

Considering the results from the LHHW analysis, along with the ex-
perimental values of the reaction orders for propane and hydrogen ob-
tained for the Pt,/SiO, catalyst (1.10 = 0.17 and 0.165 * 0.173 re-
spectively), the first C-H bond cleavage is most likely the rate-
determining step for the monometallic sample. However, while the re-
action order for propane remains close to 1, for the bimetallic samples
(0.997 + 0.120 for Pt,-Ge,/SiO, and 0.943 + 0.207 for Pt,-Ges/SiO,),
the reaction order with respect to H, is negative and close to — 0.5 for
both samples (—0.379 = 0.135 and —0.495 + 0.225, respectively). As
shown by the LHHW modelling (see Table 4), higher hydrogen adsorp-
tion constants are obtained for both bimetallic catalysts. This fact,
along with the decrease in the adsorption strength of propylene clearly
shown by the C3Hg-TPD profiles, can satisfactorily explain the en-
hanced propylene selectivity and the change of the apparent activation
energy as experimentally observed. However, a changed in the reaction
mechanism for the bimetallic samples cannot be completely ruled out.

4. Conclusion

In this study, catalyst characterizations and kinetic analysis were
combined to study catalytic performance of Ge-modified Pt nanoparti-
cles supported on SiO, during propane dehydrogenation. A neutral SiO,
support with a high surface area was utilized to rule out the support ef-
fect, allowing for the establishment of a univocal structural/electronic
property-catalytic performance relationship and the impact of Pt-Ge al-
loy on the reaction mechanism. The interaction between Pt and Ge
modifies the geometric and electronic properties of Pt due to alloy for-
mation. The Pt-Ge alloy lowers the adsorption energy of propylene on
the Pt surface and decreases the activity for C-C bond cleavage, result-
ing in a lower coke formation rate and higher selectivity.

A detailed kinetic study reveals that the reaction order with respect
to propane remains close to 1 for all samples used in this work (i.e.,
Pt,/Si0,, Pt,-Ge,/SiO,, and Pt,-Ges/SiO,), while the reaction order
with respect to H, varies between 0 and — 0.5. The negative reaction or-
der with respect to Hj is due to the blockage of the active metal surface
by hydrogen. In addition, the kinetic analysis indicates that the first
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C—H bond cleavage is most likely the rate-determining step and the
addition of Ge strengthens the hydrogen adsorption of the Ge samples.
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