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Abstract

The semi-hydrogenation of acetylene (CoH, + Ha= CoHs, AH =172 kJ mol™') is a well-studied
reaction that is important for purification of ethylene, C2H4, feed used in polyethylene production.
Pd-based catalysts are most commonly used to remove acetylene from ethylene feed prior to
Ziegler-Natta polymerization because acetylene is a poison for Ziegler-Natta catalysts. New
applications of the analogous catalytic processes, with similar requirements on the conversion and
selectivity, are considered for the storage of H» within the context of the H> economy. Here, a
combination of experimental and theoretical studies was employed to explore the performance of
synthesized Pd nanoparticles and the feasibility of using computational modelling for predicting
their catalytic properties. Specifically, a model 5%Pd/Al,O; nanocatalyst was successfully
synthesized using high-throughput flame spray pyrolysis (FSP) method. As a catalyst for
acetylene semi-hydrogenation, the material shows high conversion of 97%, a modest selectivity
of 62%, and a turnover frequency of ethylene formation of 5 s'. The experimental data were
further supported by computational modelling of catalytic properties. Results of microkinetic
simulations, based on parameters obtained from DFT calculations, over a Pd3/Al,O3(100) model
system were correlated with experiments. The insights from this direct comparison of theory and
experiments provide indications for future improvements of the theoretical predictions and for

novel types of materials with improved catalytic properties.
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1. Introduction

An important industrial example of the semi-hydrogenation of acetylene, C>Ho, to ethylene, C;Hs
(CoHz + Ha = CoHy), is related to the need to reduce to a few ppm the acetylene concentration in
the ethylene feedstock for polyethylene polymerization, which is typically produced from steam
cracking of hydrocarbons and contains 0.5-2% of acetylene [1]. Without the catalytic semi-
hydrogenation, this minor amount of acetylene negatively affects the polymerization process
because acetylene poisons the polymerization Ziegler-Natta catalysts. Furthermore, to keep the
process economically viable, the catalyst should not further convert ethylene into ethane, meaning
that highly selective semi-hydrogenation of acetylene needs to be achieved [2,3]. Similar needs
for improving the selectivity of catalysts [4] also emerges from the recent advances in the H»
economy, whereby catalytic hydrogenation of unsaturated hydrocarbons, such as cyclohexane,

methylcyclohexane, decalin, etc. [5] offers a promising pathway to store/use renewable Ho.

Pd-based catalysts have been employed in semi-hydrogenation of C>H, to C,H4 due to their high
activity for acetylene conversion. Unfortunately, these catalysts typically exhibit low selectivity
because they subsequently convert C,Hs to unwanted C,Hg [6—8]. They also present limited
stability caused by the accumulation of oligomers, which is mostly attributed to the fact that these
catalysts provide active sites that enable side reactions [9—11]. An increase in the selectivity and
stability of Pd catalysts has been achieved by, for example, the addition of promoters to the
catalysts, or by mixing with other metals and metal oxides [12—17]. Despite the numerous studies
addressing the improvement of Pd-based catalysts, it is still not possible to increase their

selectivity and stability, a goal that requires understanding the catalytic reaction mechanism.

The reaction pathways of acetylene hydrogenation on Pd(111) surface have been investigated
using first-principles DFT calculations, and the results revealed that the hydrogenation of
acetylene to vinyl and vinyl to ethylene had similar activation barriers [18]. Later, using first-
principles-based kinetic Monte Carlo simulations, Me et al. reported that the simulated apparent
activation energy, ethylene selectivity and reaction orders were comparable with experiments
[19]. More recently, semi-hydrogenation of acetylene over Pd-doped Cu(111) surfaces at low-
temperature has been examined by DFT combined with microkinetic modeling [20]. It was found
that the ethylene selectivity on a single-Pd-doped Cu(111) surface was higher than that of a
monolayer-Pd-doped Cu(111), but the acetylene conversion exhibited inverse behaviors on these
two surfaces. Until now, most theoretical studies have focused on the hydrogenation of acetylene
over metal surfaces, while the investigations of Pd anchored on a supporting material remain a

considerable challenge [21,22]. Accordingly, to develop advanced -catalysts for semi-



hydrogenation of C,Ho, it is necessary to achieve a basic understanding of the catalytic reactions

on model systems.

Herein, we report new synthesis, characterization, and catalytic hydrogenation properties of a Pd
nanocatalyst supported on alumina, Pd/Al;Os. Moreover, we investigate whether a state-of-the-
art theoretical modeling can predict the catalytic behavior. The results of this study show a good
agreement between the performed experiments and theoretical simulations, which opens a

practical opportunity for computational screening of complex catalysts.

2. Experimental

2.1 Catalyst preparation

The flame spray pyrolysis (FSP) sample was produced employing a commercial FSP system
(NPS10, Tethis, Italy). The NPS10 is a bench top system that allows the production of FSP
nanopowder with laboratory mass-scale for R&D purposes. The burner where the pyrolysis
reactions take place is described, for example, by Madler et al [23]. In our work, a liquid solution
containing the metal organometallic precursors was injected, by a syringe pump (at a rate of
5 cm® min ') through a stainless-steel capillary, into a nozzle where it was dispersed by an oxygen
flow of 5 dm® min™' (at a pressure drop of 1.5 bar). A concentric flamelet ring was fed with a
premixed mixture of methane/oxygen (CHs 1.5 dm’ min™', O; 3.2 dm’ min™") for generating the
supporting flame. Additional oxygen (5 dm® min™') was supplied by an outer sheath flow to assure
enough oxidant for complete conversion of the reactants. The powder was collected on a
glassfiber filter (GF/A Whatman, Kent, United Kingdom), 150 mm in diameter. The filter was

placed in a water-cooled holder 400 mm above the nozzle.

The liquid precursor was prepared by dissolving Pd(II)-acetylacetonate (99% Strem Chemicals)
into acetonitrile (anhydrous, 99.8%, Sigma Aldrich) and then placing a suitable quantity of the
obtained solution into a premixed solution of Al(IIl)-sec-butoxide (98%, Strem Chemicals) and
Xylene (Carlo Erba) in order to form a final solution of 0.69 M of Al. This synthesized sample
will be referred to as Pd/AlL,O; as-synthesized. The obtained Pd loading was 5%, matching the
loading of the reference commercial catalyst, which has been previously comprehensively

characterized [11,24].

2.2 Catalyst Characterization

2.2.1 X-ray diffraction. Powder X-ray diffraction (XRD) patterns of the samples were obtained
using a X’ Pert PRO diffractometer (PANalytical) with a PIXcel 3D detector, set at 45 kV and
40 mA. The sample was grounded to a fine powder and placed in the sample holder. A Bragg

Brentano configuration was used in a 26 range from 20° to 80° with step size of 0.01° and a time



per step of 300s. Obtained data were analysed with High Score software (PanAnalytical),
matching the patterns to International Centre for Diffraction Data (ICDD) database.

2.2.2 Electron microscopy. A probe-corrected FEI Titan 80-200 Chemi-STEM microscope,
equipped with a high-brightness Schottky field emission electron gun, was operated at 200 kV to
carry out the structural and morphological analysis of the as-synthesized catalyst. The scanning
transmission electron microscope (STEM) images were collected by a high-angle annular-dark-

field (HAADF) detector in an angle range between 70 mrad and 200 mrad.

2.2.3 X-ray photoelectron spectroscopy. Supported-catalyst powders were analysed in an
ESCALAB 250 Xi system (Thermo Scientific). As-synthesized, oxidized, and reduced samples
were scraped onto Al foil substrates and measured using a non-monochromatic Al Ka X-ray
source (operating at 400 W power) to minimize charging artefacts. Peak fitting was performed in
Avantage instrument software (Thermo Scientific), choosing a minimal number of components
that produced random residuals consistently for all the samples. A convolution of Gaussian and
Lorentzian line shapes was used for most of the spectral components; Pd 3d peaks required small

asymmetric tails.

The binding energy (BE) scale is based on a BE shift (uniformly applied for all the samples) that
placed the aliphatic C 1s peak associated with the supported-catalyst material to 285.0+0.2 eV,
the value chosen based on previous measurements on non-metallic surfaces: polymer films [25],
adventitious carbon [26], and alkane chains in self-assembled monolayers [27]. This BE
correction places the (unresolved) Al 2p peak associated with the alumina of the catalyst support

particles at 74.6+0.2 eV.

Due to the apparent differential charging, there was a consistent (for all the samples) shift of
2.540.1 eV between the high-resolution elemental peaks corresponding to the supported-catalyst
particles and Al-foil substrate: aliphatic C 1s component as well as aluminum-oxide Al 2p and O
1s components. This differential charging shift enabled an unambiguous selection of the aliphatic
C 1s component associated with the supported-catalyst particles to be used as the above-

mentioned BE reference.

2.2.4 Nitrogen physisorption. The surface area, pore size, and pore volume of the samples were
calculated with the determination of the N, adsorption-desorption isotherms of the samples at —
77 K. The characterization was performed using a Quantachrome Autosorb 1Q2 multi-station
apparatus. Approximately 100 mg of sample was placed in the sample holder and outgassed under
vacuum at 423 K for 240 min before the analysis. The specific surface area of the samples was
determined according to the Brunauer—Emmett-Teller (BET) method in the range of

(0.05<P/Py<0.3), the pore size was determined by the Barrett—Joyner—Halenda (BJH) method and



the pore volume was determined using the amount of vapor adsorbed at relative pressure close to

unity (P/Py = 0.97).

2.2.5 Hydrogen Chemisorption. H> chemisorption experiments on the Pd catalysts were
performed on an AMI-200 Catalyst Characterization apparatus (Altamira) and using the pulsed
method, in which pulses of 58 uL of H, are injected in the carrier gas (Ar, 25 cm’® min™") that
flows through the sample, until the metal saturation, i.e., until the peak area becomes constant.
The adsorbed hydrogen quantity is calculated by the integration of each peak that comes from
each pulse, determined using a thermal conductivity detector (TCD). Before the analysis, the
sample was preheated to 473 K in a pure Ar flow and left for 1 h, next, the flow is exchanged to
a pure flow of hydrogen and the sample is reduced for 1 h. After the reduction, the system was
purged with Argon and cooled down to 308 K. The hydrogen adsorption stoichiometry was
assumed to be 0.5 H>:Pd [28].

2.3 Catalytic measurements on acetylene semi-hydrogenation reaction

Catalytic measurements were performed in a continuous-flow fixed-bed quartz reactor with
internal diameter of 7 mm, using quartz wool to trap the catalyst inside the reactor. The
temperature in the bed was measured using a Type K thermocouple connected to a thermocouple
data logger, and the gases, acetylene (2.6), hydrogen (5.0) and helium (5.0), were supplied using
Bronkhorst mass flow controllers. The reaction products were analysed by a GC-2010 Plus from
Shimadzu, equipped with a VP—Alumina column and a flame ionization detector (FID). The
reactor was loaded with 1 mg of catalyst diluted in 100 mg silicon carbide (SiC) (60—80 mesh)
and prior to each experiment, the catalyst was reduced in situ at 473 K for 30 min, under a

20 cm® min~! H, flow.

The conversion and selectivity of the catalysts were evaluated by isothermal and temperature-
programmed experiments at atmospheric pressure for both the prepared sample after reduction
(Pd/ALOs reduced) and a commercial 5%Pd/Al,O; catalyst (Pd/Al,Os_Ref reduced) (Alfa
Aesar), which was used as reference. In the case of the isothermal experiments at 473 K, after the
reduction treatment, the gas flow was changed to a mixture of 2% C;H, and 20% H. balanced
with helium at a total flow rate of 50 cm® min™' and the time on stream was 9 h to evaluate the
stability of the catalyst. For the temperature-programmed experiments, after reduction, the
temperature was reduced to 300 K in 20 cm® min™" helium flow and then the gas flow was changed
to the same composition as in the isothermal experiments. The temperature was increased in 50 K
steps at 10 K min™". In each step, the composition of the gas flow was analysed after 30 min of

stabilization.

The conversion on acetylene (Xcan2) was calculated using the following equation:



C2H2 Ueed) - C2H2
C,H,(feed)

Xean2(%) = (1)
Where C,H,(feed) is the concentration of acetylene on the feed and C,Hs is the concentration of
acetylene in the product stream. The selectivity in ethylene formation (Scoms) was calculated as
follows:

CoH,

Sc2na(%) = C,H,(feed) — C,H, (2)

where C,Hj is the concentration of ethylene in the product stream.

The Turnover Frequency (TOF) was calculated as:

TOF — No. of C,H, molecules formed 3
" No. of exposed Pd sites on catalyst X time )

The activation energy (E.) for acetylene hydrogenation under the established conditions for the

tested samples was calculated from the Arrhenius plot as:

E, = —slope(Arrhenius plot) X R (4)

where R is the gas constant.

2.4 Computational modeling details

The structures and energies of the reactant, transition, and product states in acetylene
hydrogenation over an alumina-supported Pd cluster were calculated using the density functional
theory (DFT) methods as implemented in the CP2K program package [29,30]. All calculations
were carried out spin-polarized within the generalized gradient approximation (GGA) using the
Perdew, Burke, and Ernzerhof (PBE) exchange-correction potential [31] and analytical
pseudopotentials of the type suggested by Goedecker, Teter, and Hutter (GTH) [32]. The Kohn-
Sham wave functions were expanded in a double-zeta valence polarized (DZVP) basis set [33]
which was optimized based on molecular properties. An auxiliary plane-wave basis with a 600
Ry kinetic energy cutoff was used to describe the electron density of valence electrons [34]. Only
the I'-point was employed for Brillouin zone integration as the model systems are laterally large
and the alumina substrate (slab) is an insulator. The DFT-D3 method with the standard parameters
suggested by Goerigk and Grimme was employed to correct the dispersion interaction [35]. Bader
analysis of effective charges on atoms was used to determine the charge transfer [36,37], and the
reaction paths were calculated using the climbing-image nudged elastic band (CI-NEB) method

[38].



A periodic slab model was used for the support by cleaving a bulk y—Al,Os model [39] in the
(100) direction. The Al,O3(100) support was chosen as a four-layer (4 x 3) slab (in total 480
atoms, lateral size 22.33 x 25.19 A?) and a vacuum spacing of at least 24 A thickness in the
vertical direction. The top two atomic layers were allowed to relax during the simulations while
the bottom two layers were fixed. Here, a Pd3o cluster with the square-base pyramidal structure
was chosen as a representative model catalyst structure. Previously, the same structure with 30
Pd atoms (fcc) was used for Pd and Pd—O clusters based on the correspondence with electron
microscopy analysis [40]. To justify the Pd3o/Al,O3 model as a representative choice, a larger
model catalyst composed of a pyramidal Pdss cluster and an Al,O3(100) support with (5 x 3)-four-
layer-slab (600 atoms, lateral size of 27.33 x 25.19 A?) has been tested. After optimization, Pdss
still displays the pyramid-like configuration with a base dimension of 10.71 x 10.78 A, The
nearest distances of cluster images are 16.6 and 14.4 A in lateral directions, large enough to avoid
interactions between cluster images, as imposed by periodic boundary conditions. The situation
is comparable to the Pd3o/Al,O3 model where the corresponding image distances are 14.3 and
17.2 A. For these two model structures, our DFT calculations reveal that the differences for
acetylene adsorption energy (0.06 eV) and Bader charge on acetylene molecule (0.01¢) are
marginal. Meanwhile, the computational cost of the larger Pdss/Al,O3 model is more than an order
of magnitude more expensive. Thus, we consider the Pd30/Al,O3 model structure both as feasible
and representative for reaction modelling. Here, we need to declare that a larger model catalyst
would need a much larger substrate to suppress cluster-cluster interactions due to periodic
boundary conditions. This would lead to model structures of several thousands of atoms (most of

them in the substrate) which is not feasible for DFT simulations in this context.

For acetylene hydrogenation over Pds)/ALO3(100) it was assumed that atomic hydrogen is
already available on the catalyst surface (See Supporting Information). Based on the co-
adsorption configuration of H* + H*, the adsorption sites of C,H, and C,H4 were optimized by
considering different sites on the cluster surface. Here, the adsorption energy (EZ2;;) was

calculated as
EafdS = FE(adsorbate) + E(Pd3o(H)»/Al,O3) — E(adsorbate(H), + Pd3¢/AL,O3) )
where E(Y) is the total energy of the corresponding system Y.

Microkinetic simulations were performed based on data (parameters) from DFT calculations over
the Pd3)/ALO3(100) model catalyst to study the acetylene hydrogenation under varying
conditions [41-43]. The full details of the microkinetic model have been explained by Ma et al.

[42]. The simulations were carried out at temperatures from 300 to 500 K, atmospheric pressure



and feed composition of 2% C,H, and 20% H,. The kinetic values were estimated once the

simulations were equilibrated to a steady state.

The acetylene conversion (Xc2m2) and ethylene formation selectivity (Scans) were calculated as

(Reana + Reane)
Xcan2 = Reara (6)

Reona
(Rezna + Rezne)

@)

Sconz =

where R refers to the reaction rate for the formation of the corresponding species.

3. Results

3.1 Characterization results

A 5% Pd on Al,Os sample (Pd/ALO; as-synthesized) was prepared by flame spray pyrolysis
(FSP), characterized, and tested for acetylene semi-hydrogenation reaction to achieve a basic
understanding of the catalytic semi-hydrogenation of acetylene to ethylene on basic model
systems. The powder XRD pattern of Pd/ALOs; as-synthesized (Figure 1) shows the
characteristic peaks of cubic Al,O; corresponding to the support, and the presence of PdO is

confirmed by the presence of a peak at 26 of ca. 34°.

Intensity (a.u.)

20
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Figure 1: XRD pattern of the as-synthesized Pd/Al,Os catalyst. Red lines: PdO; Black lines: Al2Os.

By imaging using high-angle annular-dark-field technique in scanning transmission electron
microscopy (HAADF-STEM), PdO nanoparticles are observed to be uniformly anchored on the
AL Os support (Figure 2a). Statistical measurements reveal that sizes of the crystalline PdO
particles on the Pd/Al, O3 as-synthesized sample are in the 1-5 nm range, and the Al>Os supports
have diameters in the 10-35 nm range. In Figure 2b, close inspection of the morphology reveals

that most of the PdO particles have elongated shapes and form agglomerates.



Figure 2: Low (a) and medium (b) magnification HAADF—STEM image of the as-synthesized Pd/Al2O; catalyst,

respectively.

In addition to the XRD pattern, analysis by X-ray photoelectron spectroscopy (XPS) also reveals
that the Pd/ALLO; as-synthesized material contains Pd catalyst particles in their terminal PdO
oxidation state. This conclusion is supported directly by the observed binding energy (BE) of the
Pd 3ds» component at 336.9 eV (Figure 3, top) [44]. The as-synthesized nature of this PdO
oxidation state is indicated by the minimal changes in the XPS signatures of Pd 3d and C 1s
produced by intentionally oxidizing the as-synthesized sample (Figure 3, middle). In order to
characterize the sample as it is used for the catalytic testing, XPS analysis was also performed
after the reduction of the sample (Pd/Al,O; reduced). In contrast to the as-synthesized sample,
under reducing conditions the dominant Pd 3ds» component shifts to 335.3 eV (purple in Figure
3, bottom), i.e., into the BE range of 335.1-335.4 eV previously reported [44,45] for metallic Pd.
Furthermore, the chemistry of the associated organic material (solid symbols in C 1s region,
Figure 3) also undergoes an apparent reduction from oxidized to aliphatic (red and blue C 1s

components in Figure 3, respectively) [25].
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Figure 3: High-resolution XPS data for Pd 3d and C 1s regions. Supported-catalyst powders were measured as-
synthesized (Pd/AL;O3 as-synthesized) and after oxidation or reduction treatments (Pd/ALO;3 reduced) (top-to-
bottom). Differential charging produced a consistent 2.5 eV shift between aliphatic C 1s components corresponding to
the supported-catalyst particles (blue lines, solid symbols) and Al-foil substrate (grey lines, open symbols, cf. top-right
inset). Binding energy is presented after a correction (uniformly applied for all the catalyst samples), which placed the
reference aliphatic C 1s peak (blue lines) at 285.0+£0.2 eV. Symbols: raw data; thick lines: overall fits; thin colored

lines: fits of individual components; dashed lines: background.

To characterize the active surface area of the catalyst, H, chemisorption was performed, on
Pd/AL; O3 reduced, and the results are summarized in Table 1. The average palladium particle
size (dm) determined by hydrogen titration is approximately 6 nm, while the particle size
determined by HAADF-STEM is 2.85 nm. The palladium dispersion (Dwm) is 19% and the
metallic surface area (Su) is 83 m* g”'. The BET specific surface area (Sger), total pore volume
(Vp) and pore width (d,) of the Pd/Al:O3 as-synthesized catalyst were determined by N
physisorption, and the results are summarized on Table 1. The sample presents a surface area of

118 m? geat !, a total pore volume of 0.3 cm® ge ' and a pore width of 2 nm.



Table 1: Textural properties of the as-synthesized Pd/Al.O3 sample.

Amount of Dy ? Svm ? dwv ? dw ® SBET ¢ Ve € dp ¢
surface- (%) (m? gear” (nm) (nm) m? g (cm? g (nm)
bound H,* 1y 1y 1y
(umol geac™)
AlLO3 — — — — — 108 0.4 2
Pd/ALO;3 43.5 19 83 6.2 2.85 118 0.3 2

2 Determined by Hz chemisorption

bDetermined by HAADF—STEM

¢ Determined by N2 physisorption

3.2 Catalytic measurements for acetylene semi-hydrogenation reaction

Figure 4 presents the catalytic measurements results, as a function of temperature and time on
stream, of acetylene semi-hydrogenation reaction on Pd/ALO; reduced and Pd/Al,Os_Ref
reduced, both reduced in-situ; in this sub-section, these samples will be denoted as Pd/AlO3 and
Pd/ALOs_Ref, respectively. Figure 4a presents the Arrhenius plot of ethylene formation turnover
frequency (TOF), from which the activation energy of acetylene hydrogenation is determined.
Figure 4b shows the variation of acetylene conversion (Xc2m2) and ethylene formation selectivity
(Scoms) with temperature for both samples tested and Figure 4c shows the same parameters as a

function of time on stream.

Both samples display an increase in acetylene conversion and ethylene selectivity with
temperature: In the case of the reference sample (Pd/ALO;_Ref), Xcom increases from 23% at
325 K to 92% at 500 K and Scons increases from 34% at 325 K to 56% at 500 K. For Pd/AL O3,
Xcomz increases from 12% at 325 K to 97% at 500 K and Scons increases from 42% at 325 K to
62% at 470 K. Pd/ALO; behaves similarly to the reference sample, with somewhat higher
selectivity for ethylene formation, for the tested temperatures. Regarding the stability, evaluated
with the variation of Xcou2 and Scong over time (Figure 4¢), both samples show similar Xconz values
at 473 K over the tested time on stream, which decreases from 99% to 83% in the case of
Pd/AL O3 and from 97% to 85% for Pd/ALLOs_Ref, after 9 h. In terms of Scons, the value remains
constant over 9 h of time on stream for both samples, with Pd/Al, O3 showing a higher selectivity

(=70%) than Pd/ALO;_Ref (=60%).

The turnover frequency of ethylene formation was determined experimentally for the different
temperatures tested and it increases with temperature, for both samples, reaching a value of 5 s~
and 3 s™' at 500 K for Pd/AlLOs and Pd/ALO;_Ref, respectively. From the Arrhenius plot (Figure
4a) it is possible to determine the activation energy (F.) for acetylene hydrogenation under the
established conditions for the tested samples. Sample Pd/ALO; exhibits an E, of
5.0 + 0.7 kcal mol ™", while Pd/ALOs_Ref exhibits an E, of 3.5 + 0.6 kcal mol .



T T T T T T T
E, (PA/ALO,) = 5.0:0.7 kealimol |
B E(PdiAI,C, Ref) = 3.520.6 kcal/mol

o
@
T

= Pd/ALD,

In (TOF _,,,,) (s™)
(=3
(=

o Pd/ALO, Ref 1
05— Ppa/aLO, 4
ol T PUALO, Ref .

T R NU R N R
0.0020 0.0022 0.0024 0.0026 0.0028 0.0030 0.0032

(b) 1T (K"
100 — 100
80 | - 80
— BO -60
) =
040 - 40 ©
x —a—X_,, (PA/ALO,) »
—e—5,,, (PJ/ALD,)
20 - -+ Xy, (PA/ALO, Ref)- 20
- <--8,, (PU/ALO, Ref)
0 " 1 1 L 1 " 1 O
350 400 450 500
T(K)
C
( )100 ; . . 100
80 | — 80

60 FC 200000000 C0000000000C000] gp

Xoanz (%)

—=—X_,,, (PA/ALO)

C2H2
—— S, (Pd/ALD,) 1
0r - 1+ = Xy, (PA/ALO, Ref) 720
- o -8, (PA/ALO, Ref)
0 L 1 L 1 i 1 L L
2 4 6 8

t (h)

Figure 4: Catalytic measurement results as a function of the temperature and time on stream of acetylene semi-
hydrogenation reaction on Pd/Al,O3 and Pd/Al,O3;_Ref. The Arrhenius plot of ethylene formation turnover frequency
(TOF) (a); acetylene conversion (Xc2m2) and ethylene formation selectivity (Scama), as a function of the temperature (b)

and time on stream (c).

3.3 DFT simulations and microkinetic modelling

3.3.1 Cluster-surface interaction. Figure 5 gives the optimized model catalyst structure of
Pd30/y—AL,03(100). Upon optimization, the Pdso cluster still shows the pyramid-like structure
with a base dimension of 8.03 x 7.95 A? and average height of 5.78 A. The optimized average
Pd-Pd bond length is 2.76 A, slightly larger than the 2.75 A value in bulk Pd. The bond distances
between the cluster base and support outermost layer vary in the range of 2.13-2.23 A (Pd-O).



The calculated cluster adsorption energy (El4¢) of Pds is 12.46 eV (0.195 eV A?). Here, EJ 4 is
defined as

El, = E(Pds) + E(A1,03) — E(Pds/AL05) 8)

where E(X) is the total energy of the related system X. The Bader charge analysis reveals that the
Pdso cluster gains 1.64e of electron density in total, originating from the Al,Os substrate, which

makes the negatively charged catalyst prone to attract reactant molecules.

Figure 5: Model structure (side-view and top-view) of a pyramidal Pd3o cluster on y—ALOs (100) surface. Color key:
Pd, dark green; O, red; Al, pink.

The projected density of states (PDOS) of electronic structure, charge density difference (CDD),
and HOMO-LUMO orbital distributions are displayed in Figure 6. PDOS (Figure 6a) shows the
projection of Kohn-Sham single-particle states onto atomic s-, p- and d-components in the catalyst
and support, respectively. At the Fermi energy, the weight of PDOS is significant on the cluster
(Pd d-orbitals), while the support (insulator) exhibits a band-gap structure. In addition, the d-band
center of Pdj cluster, relative to the cluster Fermi energy, is calculated to be —2.00 eV, close to
the experimental d-band centers in extended (bulk) Pd surfaces of —2.02 eV [46] and —2.09 eV
[47]. The CDD visualization (Figure 6b) displays a significant charge accumulation and depletion
at the interface between the Pdso cluster and Al,O; substrate, providing more insight for the
observed charge transfer. In particular, the accumulated charge is distributed around the cluster
perimeter. Furthermore, the HOMO and LUMO orbital distributions (Figure 6b) show that both
states that are relevant to chemical reactivity are mainly delocalized within the Pds cluster, with

very small weight on the Al,O3 support.
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Figure 6: The electronic properties of Pd30/Al203(100) system: (a) Projected density states (PDOS) on the atomic s-,
p- and d- orbitals in the cluster and support, respectively. The vertical line indicates the Fermi level. (b) Side view of
charge density difference (CDD) and HOMO-LUMO orbitals. The yellow and aqua colors for CDD represent charge
depletion and accumulation, respectively. For HOMO/LUMO these colors represent the different signs of the
wavefunction. The isosurface values are £0.002 e a0 for CDD and £0.01 e ao® for HOMO and LUMO.

3.3.2 Acetylene hydrogenation. The optimal adsorption site of the H, molecule was mapped by
testing H, on different sites of the Pdso cluster surface, and the results are presented in
supplementary material. Figure 7 displays the structures of the initial state (IS), transition state
(TS), intermediate state (IM), and final state (FS), and the energy diagrams along the
hydrogenation pathways of acetylene to ethylene (Figure 7a) and consecutive unwanted ethylene
to ethane (Figure 7b). At IS1, C,H, binds on the hollow site of the Pds, surface with
E2,,=2.11 eV. The adsorbed C2H, molecule receives 0.16¢ electron density from the catalyst.
During the acetylene hydrogenation reaction, C,H: is first hydrogenated to C,H4 by attaching two
H atoms through TS1, IM1, and TS2 along the reaction pathway as shown in Figure 7a. In the
first transition state (TS1), H atom moves to the adjacent Pd top site from its original hollow site
with a H-Pd and H-C bond of 1.57 and 1.65 A, respectively. At the same time, the orientation of
C,H> also changes slightly, and the activation barrier is 0.72 eV (TS1). After this, the first
intermediate state (IM1) of C,H3 is formed with an exothermic energy of 0.05 eV. The activation
barrier for the second H atom (TS2) is 0.75 eV with H-Pd and H-C bond lengths of 1.57 and
1.88 A, respectively. The first product molecule of C;Hy is formed in FS1 by the H atom binding
to C,H3 and the reaction energy is —0.36 eV.

Following the first-step hydrogenation of C,H» to C;Hs, two additional H atoms were placed on
the same hollow sites of the Pdso surface. C,H4 prefers to bind on a bridge site of the Pdso(H):
surface with the adsorption energy of 1.33 eV and a net charge of —0.05e. Next, C,Hy is
hydrogenated to the final product (FS2) of CoHe by attaching H atoms one-by-one. The reaction

pathway in Figure 7b includes two transition states with activation barriers of 0.92 eV (TS3) and



0.81 eV (TS4) and one intermediate (IM2, C,Hs) with reaction energy of 0.26 eV. The
corresponding higher activation barriers give the first indication for ethylene selectivity. The final
product of C,He (FS2) is generated with an exothermic energy of —0.10 eV. The C—C and C-H
bond lengths of the C>Hs molecule are 1.53 and 1.10 A (1.54 and 1.11 A in gas-phase),

respectively.
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Figure 7: Structures of the initial state (IS), transition state (TS), intermediate state (IM), and final state (FS), and the
energy diagrams along the hydrogenation pathways of (a) acetylene to ethylene (C.H2* + H* + H* — C;H4*), and (b)
ethylene to ethane (C.Hs+ H*+ H* — C2He¢) over Pds3o/AlLO3(100). The energy diagrams display the
reactants/products and a cluster (111)-facet (only fraction of the cluster). The geometrical parameters (in A) are also
given. The symbol * refers to the atom or molecule being adsorbed on the catalyst. Color key: Pd, dark green; H, aqua;
C, gray; O, red; Al, pink.

3.3.3 Microkinetic simulations. Figure 8 displays the microkinetic results for the temperature
dependence of the Arrhenius plot of ethylene formation turnover frequency (TOF), acetylene
conversion (Xcom2) and ethylene formation selectivity (Scams), and the surface coverages of
hydrogen (6u), and acetylene (6c2mz). The simulations show that the TOFs of ethylene increase
with temperature. The apparent activation energy (E.) of acetylene hydrogenation is

8.8+0.6 kcal mol™" by fitting the Arrhenius plot in Figure 8a. Here, we need to emphasize that this



apparent activation energy is different from the DFT-calculated activation barriers in the

elementary reaction steps, as shown in Figure 7.
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Figure 8: Microkinetic modeling results as a function of the temperature in acetylene hydrogenation over
Pd30/AlO3(100). (a) Arrhenius plot of ethylene formation turnover frequency (TOF), (b) Acetylene conversion (Xc2u2)

and ethylene formation selectivity (Scan4), and (c) surface coverage of hydrogen (6u) and acetylene (Ocanz).

The simulated results of Xcou2 and Scons as a function of temperature are plotted in Figure 8b.
Both increase with the temperature between 300 and 500 K; Xc2n2 increases from 80% at 300 K
to 100% at 400 K, and Scons increases from 90% at 300 K to 99% at 470 K. The formation of C4
and Cs byproducts are not included in the current simulations, which can lower the ethylene

selectivity at the lower temperature [48].



The surface coverages of all species were also examined, and those for hydrogen (u) and
acetylene (Hcomz) are plotted as a function of temperature in Figure 8c. They exhibit opposite
behavior with increasing temperature: 6y decreases from 0.11 ML at 300 K to 0.06 ML at 450 K,
while Oconn increases from 0.58 ML at 300 K to 0.70 ML at 500 K. Furthermore, the surface
coverages of vinyl, ethylene, and ethyl (not shown) are very low in the range of the temperatures

considered herein.

4. Discussion

Here, we present a combined approach using both experimental and theoretical studies to develop
and validate a theoretical model for predicting behavior of catalysts. Typically, it is possible to
find overlapping experimental and theoretical studies in the literature, however, combined
approaches are rather rare. A Pd/Al,Os catalyst (Pd/Al,O3 as-synthesized) was synthesized using
the flame spray pyrolysis method, a typical method for catalyst preparation, and it was used as
standard catalyst, after in situ reduction (Pd/Al:Os reduced), to test the theoretical model
obtained through computational simulations. The performance of a representative Pds, cluster was
simulated and it was compared with the real Pd catalyst on alumina to confirm the success of the

developed model.

The characterization of the Pd/AL:O3 as-synthesized sample by XRD showed that the Pd catalyst
nanoparticles are in the PdO state (Figure 1), which is expected due to oxidation of the catalysts
during synthesis because of high oxidation conditions present in the flame. This result was
confirmed by XPS analysis with the binding energy (BE) of the Pd 3ds, (Figure 3) which is in
excellent agreement with the BE of 336.8 eV previously reported by Brun et al. [44] for a
reference PdO powder. However, as shown from the XPS results, after reduction (Pd/ALO;
reduced), the dominant Pd 3ds, component is in the range of 335.1-335.4 eV, previously
reported [44,45] for metallic Pd, which means that the catalysts nanoparticles are metallic Pd after
in situ reduction and before reaction. XPS confirms the reduction of the associated organic
material from oxidized to aliphatic, thus, supporting the conclusion that both Pd and organic
constituents of the sample become oxidized during synthesis rather than due to the subsequent
exposure to air. We note that the 0.5-3 eV higher BE values reported for the metallic and oxidized
Pd supported on insulating (e.g., alumina [49] or zeolite [50]) particles may result from the
ambiguous nature of the C 1s component assigned as the aliphatic-carbon BE reference: The
possible artifacts due to differential charging are highlighted by the 2.5 eV separation explicitly
observed in this work between the spectral signatures derived from the Al-foil substrate and the

supported catalyst particles (open and solid symbols in Figure 3, respectively).

The HAADF-STEM shows, as expected, that the catalyst prepared using flame spray pyrolysis
(Pd/ALLO; as-synthesized) yielded spherical PdO particles with an average size of 2.85 nm



(Table 1), uniformly distributed on the supporting material (Figure 2). The obtained average size
and particle shape is similar to those reported, for example, by Strobel et al. [51] for a Pd on
alumina sample also prepared by FSP, which presents spherical shaped Pd nanoparticles with an
average size of 2.7 nm. The structure and morphology of the support were maintained after the
deposition of the Pd nanoparticles (Table 1). The specific surface area (Sger), pore volume (V)
and pore diameter (d,) are similar for the used Al,O; support and for the Pd/Al,Oj3 as-synthesized
catalyst, which confirms that the deposition of the Pd nanoparticles did not alter the microstructure
of the support. Similarly to the Pd particle size, the microstructure of our sample is comparable
to the properties of the catalyst prepared by Strobel et al. [51], which had a specific surface area
of 120 m? gear .

The particle sizes were determined both by HAADF-STEM, on the Pd/Al,O; as-synthesized
sample, and H, chemisorption on the Pd/ALO; reduced catalyst (Table 1): the particle size
obtained from H» chemisorption is higher. This discrepancy is due to the different weighting of
the two procedures: chemisorption determines the surface-area weighted diameter, while
HAADF-STEM determines the number-average diameter. Importantly, the value determined by
chemisorption provides valuable information for heterogeneous catalysis, as it is related to the
active metallic surface area. The values of Pd dispersion and particle size obtained by H:
chemisorption (Table 1) are comparable to those obtained by Strobel et al. [51] using CO

chemisorption.

The results obtained for the conversion and selectivity of the Pd/Al,O; reduced and
Pd/ALOs_Ref reduced samples (Figure 4) are similar, which confirms that Pd/Al,O3 reduced
can be used as a model catalyst since it behaves similarly to the commercial reference sample. In
addition, the obtained results agree with those found in the literature [12,48] in the range of the
tested temperatures. In this work, to simplify the theoretical simulations, a simplified gas mixture
was used, neglecting the large excess of ethylene common in the industrially relevant feed
composition (non-competitive conditions). Thus, the results were compared to studies where the
excess of ethylene was also omitted. Table 2 presents a comparison of the experimental results

obtained in this work with those reported in the literature for similar catalysts.

Table 2: Comparison of catalyst performance, determined experimentally (Exp) and theoretically (Theo).

Catalyst XC2H2 SC2H4 Ea Meat Feed Ref.
(%) (%) (kcal mol- (mg) Composition
at 450K at 450K D) (C:H;:H>y)
Pd/ALO3 80 75 — 0.5 1:2 Exp [12]
Pd foil — 941 9.6+0.1 - 1:1 Exp [48]
Pd (111) — 95 8.0+0.6 - 1:1 Theo [19]

! Determined for conversions <1%



Pd/AlLO3 95 60 5.0+0.7 1 1:10 Exp This work

Pd/AL,O;_Ref 90 51 3.5+0.6 1 1:10 Exp This work

Pd3o/ALO3 100 98 8.8+0.6 — 1:10 Theo This work
Osswald et al. [12] tested a Pd on Al,O; reference catalyst which achieved a maximum conversion

at 450 K, and a similar temperature dependence of activity was observed in the current work
(Figure 4). The activity reported by Osswald et al. at 450 K is lower (=80%) than that obtained
for both samples here (95% and 90%). The catalysts studied by Osswald et al. exhibit higher
selectivity in the 350-500 K interval, ranging from 60% to 80% [12]. Molero ef al. [48], tested a
palladium foil sample for acetylene semi-hydrogenation where the selectivity increased
drastically from approximately 30% at 300 K to 94% at 470 K. Considering the selectivity and
conversion results, the sample prepared and tested in this study exhibits an overall trend similar
to the results found in the literature, however, with slightly different selectivity [12,48]. We note
that these differences in the selectivity and conversion values can be due to differences in the
experimental conditions, i.e., different feed composition and mass of catalyst used. Osswald et al.
[12] used a feed composition of 2% acetylene and 4% hydrogen in helium and 0.5 mg of catalyst,

while Molero et al. [48] performed the reaction with a ratio of acetylene to hydrogen of 1:1.

In terms of stability, the selectivity values in Figure 4c agree with previous studies [12], but the
conversion rate has a smaller decrease compared to the study of Osswald et al. [12], where the
stability of a reference Pd on alumina catalyst was also tested and the conversion decreased from
100% to around 20% after 9 h, while the selectivity was approximately stable at 60% [12]. As

above, we note that the reaction conditions used in Ref [12] are different from ours.

Our computational studies suggest a comparable catalytic activity for acetylene hydrogenation on
a Pds cluster and on Pd surfaces, as expected based on the similar d-band centers of these systems
(Figure 6a). However, the microkinetic simulations (Figure 8) predict a higher activity and
selectivity for the Pdsp clusters, and the predicted trends agree with those obtained in the
experimental results (Figure 4). The selectivity for ethylene determined in the microkinetic
simulations agrees well with the previous results for simulations [ 19] and experiments for surfaces
[48] in the same range of temperatures. The quantitative differences between the experiments
(Pd/ALO3) and theory (Pd3¢/Al,03(100)) can be explained by the particle size: the clusters in
Pd30/Al:03(100) are considerably smaller than the Pd nanoparticles on Pd/AlOs, which explains
the lower experimental selectivity. The larger Pd nanoparticles favor the formation of the f—
hydride phase, which supplies active hydride species to surfaces resulting in full hydrogenation
of acetylene to ethane, thus decreasing the ethylene selectivity [52,53]. Furthermore, our

microkinetic model has been parameterized at low coverage limit which may affect the results.

The computed activation energy over Pdso/ALO3(100) (8.8 = 0.6 kcal mol™) is comparable to the

experimental value obtained by Molero et al. [48], of 9.6 = 0.1 kcal mol™ over a clean Pd foil,



and with the computed by Mei et al. [19] value, of 8.0 + 0.6 kcal mol™ over Pd(111), at the
conditions of P(H,) =P(C:;Hz) = 100 Torr and the temperature range of 300-500 K, but the
activation energy obtained experimentally for the Pd/ALOs reduced sample is slightly lower
(5.0 £ 0.7 kcal mol™). Again, these values are sensitive to the experimental conditions (feed

composition), catalyst itself (film, nanoparticle), as well as synthetic history.

Figure 9 shows the comparison between the acetylene conversion (Xc2m2) and ethylene formation
selectivity (Scan4) results, as a function of the temperature, determined experimentally and
theoretically. It can be observed that the results obtained experimentally with the Pd/ALO3
reduced catalyst qualitatively agree with the microkinetic simulations based on parameters from
extensive DFT calculations over a Pds/ALO3(100) model catalyst. The predicted and
experimental conversions agree well at temperatures above 450 K, while selectivities and
conversions at lower temperatures are different, apart from the agreement in the general trend of
increasing of activity and selectivity with temperature. In addition to the aforementioned reasons,
the mismatch between theory and experiment may be due to simplifications used in the modeling
where the dissolution of hydrogen and carbon in the Pd subsurface region were not considered
[52]. More expensive calculations where the structure of Pd cluster is flexible and can be refined
are required to improve the theoretical results. Nevertheless, the good agreement at high
temperatures show that the model used in this study can be used for fast screening of potential
catalysts, especially of intermetallic catalysts with covalent bonding where the dissolution of
hydrogen or carbon is suppressed [24]. Conversely, the high selectivity predicted by the theory
indicates that novel material designs that attempt to minimize the dissolution of hydrogen and

carbon in Pd should be considered for increasing the selectivity of the practical catalysts.
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Figure 9: Acetylene conversion (Xc2n2) and ethylene formation selectivity (Sc2n4), as a function of the temperature,

determined experimentally (a) and theoretically (b).

5. Conclusions

It has been shown that by high-throughput FSP method it is possible to prepare large quantities
of active and selective Pd catalyst for the acetylene semi-hydrogenation reaction. In particular,
the prepared catalyst, reduced in sifu, achieves a conversion of acetylene of 97% at 500 K and a
selectivity to ethylene of 62% at 470 K. Furthermore, these results correlate with the microkinetic
simulations based on parameters from extensive DFT calculations over a Pd3o/Al,O3(100) model
catalyst. The insights gained from this direct comparison can be applied to a parallel
computational screening of complex hydrogenation catalysts and synthesis and investigation of
the most promising candidates, in the context of both the industrial polymerization process and

the novel applications in the H, economy.
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