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Abstract

An oxalate-bridged Pt-Zn complex was utilized as metal precursor to improve an impregnation method,
producing size-controlled alloy nanoparticles on SiO; support for a propane dehydrogenation reaction. FTIR
verified the structure of Pt-Zn complex, and enhanced alloy formation was evidenced by TPR and CO-DRIFTS.
Compared with the sample prepared by conventional co-impregnation method, a 40% higher space time yield
of propylene was achieved over the complex-derived PtZn/SiO, catalyst. These findings suggest that using
molecular complexes as precursors could be a powerful tool in future pursuit of controlled alloy nanoparticle
synthesis, of application in catalytic processes such as propane dehydrogenation.
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Introduction

Alloyed nanoparticles have widespread applications in various catalytic processes, owing to the thorough
exposure of active metal species to reactants and promotional effects from additional elements, e.g., site
isolation,! electronic structure modification? and agglomeration inhibition.3> A conventional approach to
synthesizing alloyed nanoparticles involves impregnating metal precursors onto supports, followed by heat
treatment in reductive atmosphere to enable alloy formation.* > While the impregnation method is simple and
straightforward, it lacks control over the loading process of multiple metal species. Furthermore, the resultant
random distribution of elements sometimes results in insufficient alloy formation during reduction and particle
sintering at elevated temperatures.®

Non-oxidative dehydrogenation of propane (CsHs) to propylene (CsHs) is an important industrial process
that relies on alloyed nanoparticles, particularly Pt-based catalysts.” Pt is capable of activating C-H bonds, thus
facilitating the conversion of propane. The close proximity of Pt sites, however, may give rise to side reactions,
and failing to desorb products can lead to coke formation. The strategy of alloying is helpful in isolating Pt sites
in order to mitigate side reactions and induce charge transfer to Pt for preferential propylene desorption.?
Fortunately, it is not difficult to prepare Pt-based alloys from metal precursors for this purpose. The operating
temperature of the propane dehydrogenation process usually exceeds 500 °C, due to its highly endothermic
character (CsHs=CsHe+H2 AH=124 kJ/mol).” Prior to reaction, the metal species typically undergo H; treatment
at a temperature equal to or higher than the reaction temperature to allow alloy formation and to stabilize their
structures.” In addition, the reduction of promoters benefits from the hydrogen spillover effect of Pt sites,® so
that the alloying between Pt and promoter can be established, while some promoters loaded far away may not
get involved in the process.

The potential promoters for Pt have been intensively investigated, e.g., Sn,> Zn,* 1% 11 Ga'2 and La.'3 Notably,
Pt-Zn alloy nanoparticles are anticipated to exhibit outstanding propylene selectivity,'* which was affirmed by
the impressive catalytic performance of Pt-Zn catalysts reported in recent years.* 1% 11 Considering the feasibility
of catalyst synthesis, it would make Pt-Zn catalysts more applicable if the alloying between Pt and Zn could be
enhanced based on a simple impregnation process. Bimetallic complexes, recognized as promising precursors
for generating alloyed nanoparticles, offer well-defined structures that elevate the likelihood of interaction
between the two elements.> ¥ Constructing a linkage between Pt and Zn, rather than merely mixing the
precursors, is expected to augment alloy formation in heat treatment.

In this work, we used oxalate-bridged Pt-Zn complex as the precursor to refine the control over metal
species during the impregnation process. Spectroscopic characterizations confirmed complex formation and
improved alloying of Pt-Zn during H, reduction, compared with the control sample with simply mixed precursors.
While the size distribution of small particles appeared similar in both PtZn/SiO; catalysts, the enhanced charge
transfer from Zn to Pt contributed to the catalytic performance in the propane dehydrogenation reaction.
Consequently, a 30% higher conversion of propane was achieved over the complex-derived PtZn/SiO; catalyst.
The amount of co-feeding H; proved crucial for the reaction, as the facilitated propylene desorption needed to
be balanced with respect to the lowered thermodynamic limit.
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Results and Discussion

(2) [Pt-zn (b)
complex 300
. - PtZn/SiO,-O
= =
= &
z £
o; g
E =
Pt(NH,),Cl, 446 PtZn/SiO,-C
2000 1600 1200 800 400 100 200 300 400 500 600 700 800 900
Wavenumber (cm™) Temperature (°C)
(c) 2066 | (d)
PtZn/Si0,-O Pt,Zn,(111) PtZn/SiO,-C
E E
‘E g PtZn/Si0,-0
s PtZn/Si0,-C =
= =1
PIUTD) p(200) PY/SiO,
v/\\\ SlOZ
2050 2125 2100 2075 2050 2025 10 15 20 25 30 35 40 45 S0 55 60
Wavenumber (cm™) 20 (°)

Figure 1. (a) FTIR spectra of Pt(NHs)4Cl;, ZnC,04 and oxalate-bridged Pt-Zn complex. (b) TPR patterns of
PtZn/Si0;-0 and PtZn/SiO,-C catalysts. (c) CO-DRIFTS of reduced Pt/SiO,, PtZn/SiO,-C and PtZn/SiO-0 catalysts.
(d) XRD patterns of SiO2 support and reduced catalysts.

The oxalate-bridged Pt-Zn complex was synthesized following the method reported by Zadesenets et al.1®
The metal precursors and the bridging agent experienced repeated precipitation-redissolution processes in
aqueous solution, and the precipitates in each step, i.e., ZnC;04 and Pt-Zn complex, were collected for FTIR
analysis together with Pt precursor Pt(NH3s)4Cl> (Fig. 1a). In the spectra of Pt(NH3)4Cly, peaks at 1566 and 1325
cm™ could be assigned to 6(H-N-H). Another two peaks at 841 and 507 cm™ originated from p(H-N-H) and v(Pt-
N), respectively.” 18 The structure of ZnC204 was verified by the peaks at 1622, 1361, 1313 and 818 cm?,
corresponding to vas(C-0O), vs(C-0), 6(0-C-0) and vs(C-C), respectively.!® The pattern of Pt-Zn complex was
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comprised of the features belonging to ZnC,04 and Pt(NH3)4Cly, e.g., the peaks at 1615, 1363, 1313, 894, 861
and 798 cml, confirming the co-existence of Pt, Zn and oxalate in the precipitate.'® Notably, no precipitation
could be observed without the bridging agent oxalate. Therefore, the precipitation behavior and FTIR results
suggested the formation of oxalate-bridged Pt-Zn complex.

After redissolving the complex and loading it onto a SiO2 support through an impregnation method, the Pt-
Zn species underwent heat treatment in 20% Hy/Ar atmosphere to form the respective alloy. The reduction
process was characterized by TPR (Fig. 1b). PtZn/SiO,-C, the control sample prepared by a co-impregnation
method, displayed separate reduction processes of Pt (occurring before 200 ‘C) and Zn (peak centered at
446 C).2% 21 |n comparison, the complex-derived Pt-Zn/SiO,-O sample exhibited overlapping peaks, ranging
from 200 C to 400 ‘C, corresponding to oxalate decomposition and co-reduction of Pt and Zn. The reduction
temperature of Zn in PtZn/SiO,-O (peak centered at 300 ‘C) was significantly lower than that in PtZn/SiO>-C,
which could be ascribed to the enhanced intimacy between Pt and Zn within the oxalate-bridged structure.
Moreover, the relative intensity of the Zn reduction peak compared to the Pt reduction peak implied that more
Zn got reduced in PtZn/Si02-0 compared to PtZn/SiO,-C. The phenomenon was further verified by the CO-DRIFT
spectra of the catalysts after reduction (Fig. 1c). Since a larger portion of Zn was reduced in PtZn/SiO-0 than in
PtZn/SiO,-C, the increased charge transfer from Zn to Pt in the alloy structures led to a red shift of the linearly
adsorbed CO peak,* ?? from 2069 cm™ to 2066 cm™.

The as-synthesized Pt-Zn alloy structures were subsequently studied with XRD (Fig. 1d). Aside from the SiO;
peak, the features of ordered Pt could be identified in reduced Pt/SiO.* As for the reduced PtZn/SiO, samples,
the Pt peak shifted to higher degrees because of alloy formation (Fig. S1). Interestingly, though the predominant
Pt1Zn1 peak of PtZn/SiO,-C seemed to represent complete alloying between Pt and Zn, it was contradictory to
previous TPR and CO-DRIFTS results. The fraction of reduced Zn and the amount of electrons donated to Pt were
smaller in PtZn/SiO,-C than in PtZn/SiO,-O. Therefore, the actual Zn/Pt ratio in the nanoparticles should be
significantly lower than for PtZn/SiO,-C. This discrepancy could arise from structural variations in the
nanoparticles. With the decrease in size, nanoparticles were likely to become amorphous, rendering them
undetectable by XRD.?*> While the ordered structure of larger particles yielded XRD signals, they may contribute
minimally to catalytic activity due to limited Pt exposure. To discern the real status of the catalysts, electron
microscopy studies were subsequently carried out.

HAADF-STEM images and corresponding particle size distribution unveiled the morphology of metal
nanoparticles after reduction (Fig. 2 and Figs. $2-4). Across all the catalysts, the prevailing species were
amorphous particles with diameters around 1 nm, accompanied by a few 2-5 nm sized particles. EDS analysis of
individual particles confirmed the alloy formation between Pt and Zn (Fig. S5). Ordered structures started to
emerge when particle size exceeded 2 nm (Fig. S6). Occasionally, large particles (> 10 nm) could be found, which
were not included in the above statistical analysis. EDS and measured lattice spacing proved that large particles
could contribute to XRD signals (Fig. S7), but these features did not accurately represent the overall extent of
the alloying process.
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Figure 2. Representative HAADF-STEM images and corresponding particle size distribution of reduced catalysts.
(a-c) PtZn/Si02-0, (d-f) PtZn/SiO2-C and (g-i) Pt/SiO..

According to the size distribution of small particles in Fig. 2 and the frequency of encountering undesired
big particles, as shown by SEM-BSE images in Figs. $8-10, there was no significant difference in particle sizes
among the three samples, despite the introduction of Zn. Integrating the morphological information and spectra
in Fig. 1, the primary advantages of using oxalate-bridged complex as precursor lay in enhancing alloying and
promoting charge transfer from Zn to Pt.
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Figure 3. On stream CsHg conversion (solid lines) and CsHe selectivity (dashed lines) as a function of time. (a) Comparison
of catalytic performance between PtZn/SiO,-0, PtZn/SiO»-C, Pt/SiO, and Zn/SiO,. Reaction conditions: 20 mg catalyst, 20%
CsHs + 20% H» balanced by Ar, total flow rate 25 mL/min. (b) Influence of weight hourly space velocity (WHSV) on
PtZn/SiO,-0O catalytic performance. Reaction conditions: 20 mg catalyst, 20% CsHs + 20% H, balanced by Ar, total flow rate
15/25/50/75 mL/min. (c) Influence of H,/CsHs ratio on PtZn/SiO,-O catalytic performance. Reaction conditions: 20 mg
catalyst, 20% CsHs + 0%/20%/40%/60% H, balanced by Ar, total flow rate 25 mL/min. (d) Initial space time yield of C3Hs
measured with various H,/CsHs ratios.

Table 1. Initial propane dehydrogenation activity of the catalysts involved in this work. Reaction conditions: 20
mg catalyst, 20% CsHs + 20% H; balanced by Ar, total flow rate 25 mL/min.

Catalyst Pt (wt%) * Zn (wt%) * CsHs conversion (%) CsHs selectivity (%) Space time vyield
(mol CsHe gett h2)

PtZn/SiO2-0O 0.24 0.09 13.0 98.6 334

PtZn/SiO,-C 0.26 0.09 9.8 98.6 23.2

Pt/SiO2 0.26 - 8.5 95.8 19.7

Zn/SiO; - 0.12 0.9 81.3 -

* The loadings of Pt and Zn were determined by ICP-OES.

The properties of catalysts reflected in previous characterizations were in alignment with their catalytic
performance. Benefiting from the enhanced Pt-Zn interaction, the initial conversion of CsHg over PtZn/SiO2-O
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surpassed that over PtZn/SiO,-C by 30% (Fig. 3a and Table 1). The initial space time yield of CsHs, normalized by
Pt loading, turned out to be similar for PtZn/SiO,-C and Pt/SiO,, due to the limited Zn reduction. In contrast, the
initial space time yield was increased to 33.4 mol C3Hs gpe! h! for PtZn/SiO»-O, highlighting the distinctive
contribution from Zn at the same loading. Subsequently, the most effective catalyst PtZn/SiO,-O was then tested
under various reaction conditions. The first set of tests were to change gas flow rates without modifying the
composition (Fig. 3b). Despite a gradual decrease in C3Hg conversion with increased WHSV, the selectivity to
CsHe remained above 98%. In the second set of tests, the amount of co-feeding H, was adjusted while
maintaining a constant CsHs flow rate. The activity and stability of PtZn/SiO,-O in these catalytic processes were
presented in Figs. 3c and 3d. The introduction of H; significantly improved CsHs conversion, as product CsHs
could be effectively desorbed from the Pt sites, providing space for the next reactant.?* Furthermore, the
undesired coking process was suppressed, lowering the deactivation coefficient from 0.106 h! for H,/CsHs=2 to
0.068 h'* for Hy/C3Hs=3. However, excessive H; led to intensive reverse reaction, i.e., C3He hydrogenation to CsHs.
Constrained by thermodynamic equilibrium, the CsHs conversion dropped to 14.0% when the H,/CsHs ratio was
set at 3.

Conclusions

In summary, we used an oxalate-bridged Pt-Zn complex to improve the impregnation method, producing size-
controlled alloy nanoparticles on SiO, support for propane dehydrogenation reaction. During synthesis, the
formation of Pt-Zn complex was confirmed by FTIR spectra analysis. Furthermore, TPR and CO-DRIFTS results
provided evidence of enhanced alloy formation and charge transfer from Zn to Pt after reduction. HAADF-STEM
images showed the prevailing species were amorphous particle around 1 nm, accompanied by some 2-5 nm
sized particles. EDS analysis also verified the alloy formation in the nanoparticles formed. Consequently, the
complex-derived PtZn/SiO; catalyst exhibited a 30% higher conversion of propane and a 40% higher space time
yield of propylene compared to the control sample. Co-feeding H, was found also important for the reaction.
When H,/CsHs ratio was 2, facilitated propylene desorption led to the highest propane conversion. Further
increase in Hy concentration, however, lowered the thermodynamic equilibrium and finally limited conversion.
These findings highlight the important role of metal-metal interactions in the formation of alloy nanoparticles.
Using molecular complexes as precursors could thus be a powerful tool in future pursuit of controlled alloy
nanoparticle synthesis, of application in catalytic processes such as propane dehydrogenation.

Experimental Section

Catalyst preparation. PtZn/SiO,-O was synthesized by loading pre-formed oxalate-bridged Pt-Zn complex® onto
SiO2 support, followed by in situ 20% Ha reduction at 550°C for 1 hour before propane dehydrogenation reaction.
To prepare the oxalate-bridged Pt-Zn complex, Zn(NOsz),-6H,0 (Alfa Aesar, 98%), Pt(NH3)4Clo-xH20 (Sigma Aldrich,
98%) and (NH4)2C204-H,0 (Sigma Aldrich, 299%) were dissolved in deionized water separately. Then 0.2 mL
Zn(NO3)2 (0.064 M) solution was mixed with (NH4)2C204 (0.076 M) solution. If the molar amount of (NH4)2C204
equaled that of Zn(NOs),, a white precipitate (ZnC,04) would form, which was collected for FTIR analysis.
Alternatively, when two more folds of (NH4).C,04 was added, the mixture turned out to be clear solution.
Subsequently, 0.2 mL Pt(NHs)4Cl2 (0.064 M) was introduced to the mixture, and an oxalate-bridging process
immediately took place, leading to precipitation. Finally, 0.02 mL NHz-H,O solution (Sigma Aldrich, 28-30% NHs
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basis) and 0.4 mL deionized water were used to redissolve the oxalate-bridged Pt-Zn complex, so that it could
be loaded onto 0.8 g SiO; gel (pore size 60 A, 70-230 mesh) through impregnation and dried in an oven overnight
prior to reduction, reaction and characterizations.

PtZn/SiO,-C was prepared by a co-impregnation method followed by in situ 20% H, reduction at 550 C for
1 hour before the propane dehydrogenation reaction. The mixture for impregnation was made up of 0.2 mL
Zn(NO3); (0.064 M) solution, 0.2 mL Pt(NHs)4Cl; (0.064 M) solution, 0.92 mL deionized water and 0.8 g SiO; gel.
Similarly, Pt/SiO; and Zn/SiO, were obtained by impregnating only the Pt or Zn precursor onto SiO, support,
with total volume of solution kept constant. The catalysts were dried in an oven overnight prior to reduction,
reaction and characterizations.

Catalyst characterization. Fourier-transform infrared (FTIR) spectra of Pt(NH3)4Cl,, ZnC,04 and oxalate-bridged
Pt-Zn complex were acquired using an Agilent Cary 660 FTIR spectrometer equipped with attenuated total
reflectance accessory. The measurement range spanned from 400 to 4000 cm™.

Elemental composition of catalysts was determined by Perkin Elmer Avio 500 inductively coupled plasma
optical emission spectroscopy (ICP-OES). Solid samples were digested with a mixture of HCl, HNO3 and HF.

Temperature-programmed reduction (TPR) experiments were carried out on a Thermo Scientific TPDRO
1100. The dried catalysts underwent treatment by 5% H, from 50 °C to 900 °C with a ramp rate of 10 °C/min.

X-ray diffraction (XRD) patterns of SiO; and ex situ reduced catalysts were recorded on a Bruker D-8 Advance,
with 20 ranging from 10° to 90°.

CO diffuse reflectance infrared spectra (CO-DRIFTS) were acquired on a Nicolet iS50 FT-IR spectrometer. The
catalyst was ex situ reduced by 20% H; at 550 °C for 1 hour beforehand and in situ reduced by pure H; at 400 °C
for 1 hour to remove the passivation layer. After cooling the sample to 30 °C in H; atmosphere, the cell was
flushed with Ar to collect the background. Subsequently, 5% CO/He was flowed through the cell until CO
adsorption saturation according to the spectra. Finally, the cell was flushed with Ar again to record the signal
from residual adsorbed CO.

Images of Pt-based nanoparticles and elemental maps were acquired on a JEOL JEM-ARM200CF aberration-
corrected scanning transmission electron microscope (STEM) operating at 200 kV. The size distribution of
particles was determined from high-angle annular dark field (HAADF) images.

Backscattered electron images of Pt-based nanoparticles were obtained on a Zeiss Sigma 300 field emission
scanning electron microscope (FE-SEM) operating at 10 kV.

Catalytic property measurement. The catalytic performance in propane dehydrogenation reaction was
evaluated using a fixed bed downflow reactor built in-house. In a typical experiment, 0.02 g catalyst was mixed
with 0.98 g sand (Sigma Aldrich, 50-70 mesh), sandwiched by another two layers of sand, each weighing 0.5 g
each. The mixture was supported on quartz wool in a quartz tube with7 mm inner diameter.

Prior to reaction, the catalyst was heated to 550 °C at a 10 °C/min ramp rate and retained for 1 h under 10
mL/min Hz + 40 mL/min Ar flow. After reduction, the inlet gas was switched to 5 mL/min CsHg + 5 mL/min H; +
15 mL/min Ar (WHSV = 27.5 h'1). WHSV (weight hourly space velocity) was defined as the mass flow rate of C3Hs
divided by the mass of catalyst. The influence of WHSV was studied by varying the total flow rate with the
concentration of each gas component kept the same (20% C3Hg + 20% H; + 60% Ar). The effect of H,/CsHs ratio
was revealed by adjusting the flow rates of H, and Ar, while the flow rate of CsHs (5 mL/min) and the total flow
rate (25 mL/min) remained constant.

The composition of outlet gas was analyzed by online gas chromatography (Agilent 990 Micro GC) equipped
with parallel PoraPLOT Q and MS5A columns and corresponding thermal conductivity detectors, using He and
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Ar as carrier gas, respectively. Volumetric fractions of CsHs, C3He and potential by-products, including CHa, CoHs,
CyHa and CzH3, were determined through external standard calibration. Conversion of CsHg and selectivity to
CsHe were calculated by Egs. 1 and 2, where [Gas] represented the molar flow rate of the gaseous components.
Carbon mass balance was defined as the ratio of C atoms in outlet and inlet gas (Eq. 3). Throughout the analysis,
carbon mass balance was over 97%. Space time yield of CsHe was defined as the molar flow rate of CsHe in outlet
gas divided by the mass of Pt, as shown in Eq. 4. Deactivation of catalysts was characterized according to pseudo
first order model (Eq. 5), where X and Xo represented conversion at time t and the beginning of reaction,
respectively. Deactivation coefficient k4 was obtained by liner fitting.

3 X [C3Hglout + 2 X [CoHgloue + 2 X [CoHylour + 2 X [CoHpl e + [CHyl oyt

Conversion = (D
3 X [C3Hglour + 3 X [C3Hgloue + 2 X [CoHgloue + 2 X [CoHalour + 2 X [CoHp] g + [CHyloue
3 X |[C;H
Selectivity = LCsHelow 2
3 X [C3Hglout + 2 X [CoHgloye + 2 X [CoHyoue + 2 X [CoHp ] gy + [CHyl oyt
3 X [C3Hglout + 3 X [C3Hgloue + 2 X [CoHgloue + 2 X [CoHyloue + 2 X [CoHp]oue + [CHyloue
Carbon mass balance = 3)
3 X [C3H8]in
C3;H,
Space time yield = M (4)
Mpg
o 1-X 1-X,

Deactivation model k4t = In ( ) —In ( ) (5)

X X,
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