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Abstract

Cu-rich Pt-Cu bimetallic catalysts are among the most promising candidates for actively catalyzing
the hydrodechlorination of 1,2-dichloroethane (1,2-DCA) toward ethylene production. Combining
reaction kinetics experiments with density functional theory (DFT) calculations and mean-field
microkinetic modeling, we present a systematic mechanistic study for 1,2-DCA
hydrodechlorination on Cu-rich Pt-Cu alloy catalysts. Our DFT (PBE+(TS+SCS)) results suggest
that increasing Cu content in the Pt-Cu alloy destabilizes C>-species adsorption while stabilizing
the binding of atomic chlorine. The reaction energetics of all the elementary steps in the 1,2-DCA
reaction network were calculated on a Pt;Cuz(111) model surface. The DFT results were then used
to construct a microkinetic model, and the model-predicted reaction rates were compared with our
reaction kinetics experimental results on a Cu-rich SiOz-supported Pt-Cu alloy catalyst through a
parameter estimation procedure. Both the reaction kinetics experiments and the microkinetic
model after parameter adjustments yielded 100% selectivity to ethylene. The microkinetic model
pointed to a reaction pathway involving two sequential chlorine-removal steps on the Pt-Cu alloy
catalyst, a mechanism distinct from the one previously identified on pure Pt/SiO> catalysts, which
involved an initial hydrogen-removal step. Adjustments to the DFT-derived parameters indicate
the possible formation of chlorine-induced Cu-enriched surface sites during 1,2-DCA
hydrodechlorination conditions, sites that are more active than those encountered in the bulk

Pt3Cu(111) alloy surface. Our study offers valuable initial insights on the 1,2-DCA



hydrodechlorination reaction mechanism and the nature of the active sites on PtCu bimetallic

catalysts.
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Introduction

The contamination of soil and ground water by chlorinated hydrocarbon compounds
(chlorocarbons), many of which are highly toxic and carcinogenic species, poses serious adverse
effects to human health!. In the Substance Priority List published by the Agency for Toxic
Substances and Disease Registry (ATSDR) in 2019, many chlorocarbons appear in the top 100 in
terms of environmental hazard, including vinyl chloride at 4™, chloroform at 11%, trichloroethane
at 16", chlordane at 22", tetrachloroethylene at 33", and 1,2-dichloroethane at 91% . Because
chlorocarbons are extensively used as reactants and solvents in the chemical industry, industrial
leaks and emissions are the primary sources for these compounds in the environment. Incineration-
or combustion-based methods are commonly used for the removal of chlorocarbon species from
industrial waste streams™S. Besides the requirement of high energy input and the possible
formation of more hazardous side products (e.g., dioxins)’®, one major disadvantage of these
treatment methods is the complete destruction of any hydrocarbons when they are converted to
carbon dioxide. Therefore, extensive research has been devoted for an alternative approach for
chlorocarbon waste treatment. This approach should, on an industrial scale, effectively convert the

waste species to a valuable product which can be recycled and reused.

One promising method proposed for the treatment of chlorocarbons is the catalytic
hydrodechlorination process, which utilizes hydrogen to convert chlorocarbons to dechlorinated
hydrocarbon compounds and hydrogen chloride (R-Cl + H, — R-H + HCI)°’. Hydrodechlorination
can be operated over a heterogeneous catalyst under moderate reaction conditions (200 °C or lower
temperature), which makes it suitable for industrial operations. More importantly, the
dechlorinated hydrocarbon products from this process can be recycled and reused, thus allowing
the hydrocarbon value from the waste stream to be salvaged. Compared to incineration and
combustion, catalytic hydrodechlorination is an ideal approach for reducing the environmental
footprint of chlorocarbon-related industrial processes as well as improving their economic

efficiency. Among the many chlorocarbon compounds for which the hydrodechlorination
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chemistry has been studied (e.g., chloroaromatic compounds™ °, chlorofluorocarbons and
chlorinated aliphatic hydrocarbons®!!"!*15) 1 2-dichloroethane (1,2-DCA) has received extensive
research interest. 1,2-DCA is produced on a large scale as the precursor for the poly(vinyl-chloride)

industry. Additionally, the hydrodechlorination of 1,2-DCA poses a unique catalyst design



challenge which involves both activity and selectivity. The reaction may proceed through two
possible reaction paths which form either ethylene (CICH,CH>Cl + H» — CH>CH> + 2HCI,
AG®sk = -69.5 kJ/mol'®) or ethane (CICH,CH2Cl + 2H, — CH3CH3 + 2HCI, AG®0sk = -194.0
kJ/mol'®) as the dechlorinated hydrocarbon product. The ethylene formation path, though less
thermodynamically favorable, is the desired one due to the higher economic value of the

unsaturated product.

While many late transition metals have been experimentally studied for 1,2-DCA
hydrodechlorination, monometallic catalysts generally exhibited unsatisfactory performance.
Monometallic Cu catalysts can produce ethylene from 1,2-DCA hydrodechlorination with almost
100% selectivity but suffer from modest dechlorination activity!”!8. On the other hand, Pt!7-19-28
and Pd!'®23293¢ actively dechlorinate 1,2-DCA but are also effective catalysts for olefin
hydrogenation. Therefore, these monometallic catalysts produce only saturated products (ethane
or chloroethane). Previously, we examined the 1,2-DCA hydrodechlorination mechanism on pure
Pt catalysts using a combination of reaction kinetics experiments, density functional theory (DFT)
calculations, and mean-field microkinetic modeling®’. We demonstrated that 1,2-DCA
hydrodechlorination on pure Pt catalysts starts with a hydrogen-removal step and proceeds through

the following reaction pathway (Equation (1)):

CICH,CH,Cl—— CICH,CHCl—*— CICH,CH —"— CICH,C —“CH,C O
—* 5CH,CH—"-CH,CH, —*- CH,CH, —"—CH,CH,
Once ethylene is formed as a surface species, the strong binding of ethylene on Pt surfaces makes
its desorption highly unfavorable compared to its further hydrogenation to ethyl and ethane.
Therefore, our results confirm that ethane should be the dominant 1,2-DCA hydrodechlorination

product on pure Pt catalysts.

Alloying has been shown as an effective strategy for tuning the selectivity of transition-metal 1,2-
DCA hydrodechlorination catalysts. Bimetallic alloy catalysts are by far the most promising
candidate for 1,2-DCA hydrodechlorination which are both active and selective toward ethylene
production. A number of bimetallic catalysts have been experimentally studied, including Pt-
Cu!7:19-21.25.26 ' pq. A g29-33:35:3638 'pq.Cu!®3? Pt-Ag??, and Pt-Sn?’?8. Most of these alloy catalysts
involve the addition of a second metal (e.g., Cu, Ag, and Sn) to a Group VIII metal, which has

been shown to effectively modify the catalyst selectivity without inducing major changes in its
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activity. For example, Pt-Cu with Cu-to-Pt ratio of three or above was shown to exhibit high
ethylene selectivity (> 80%) and comparable activity to pure Pt catalysts'”. We previously
proposed a DFT-based catalyst-screening scheme, in which a free energy parameter describing the
competition between ethylene desorption and its further hydrogenation was used to efficiently
gauge the ethylene selectivity of a range of bimetallic alloys*®. This scheme allows for the
qualitative prediction of ethylene-selective 1,2-DCA hydrodechlorination catalysts. However, to
our knowledge, the full reaction mechanism for 1,2-DCA hydrodechlorination has not been
systematically examined in any theory-driven studies on alloy surfaces. The reaction pathway and

the nature of the active sites, therefore, remain to be elucidated.

In this work, we present a mechanistic study for 1,2-DCA hydrodechlorination on Cu-rich Pt-Cu
alloy catalysts, a widely studied alloy system proven to be both active and ethylene-selective!”!°-
21,2526 We adopt a synergistic approach combining reaction kinetics experiments with DFT
calculations and mean-field microkinetic modeling. We previously demonstrated the success of
this combined experimental and theoretical approach for the study of the same chemistry on pure
Pt catalysts®’. Using DFT calculations, we first studied the effect of Pt-Cu alloy composition on
the binding properties of surface reaction intermediates. The reaction kinetics of surface
elementary steps were then examined on Pt;Cuz(111), a Cu-rich alloy model surface for the Pt-Cu
catalysts used in our reaction kinetics experiments. Based on the DFT results, we proposed
possible 1,2-DCA hydrodechlorination pathways. The DFT results were then used to construct a
comprehensive microkinetic model. Reaction kinetics experiments were also performed using a
Cu-rich PtCu/SiO; catalysts. A parameter estimation was subsequently conducted to bridge the
gap between model and experiment. Using the microkinetic modeling results, we analyzed the
reaction fluxes and surface coverages under the experimental reaction conditions. In the end, we
examined the parameter adjustments to the DFT energetics and provided explanations and

justifications for these changes made to the DFT-derived values.
Methods
Experimental Methods

The procedures for catalyst preparation and reaction kinetics experiments were similar to those
described in reference 37. Pt-Cu alloy catalysts were prepared on SiO> (Davidson Gel 644, 280

m?/g, mesopore volume 1.1 cc/g) support using Pt and Cu in nitric acid solution (Engelhard Corp.)
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through incipient wetness impregnation. The final PtCu/SiO; catalyst consisted of 1.5 wt.% Pt and
4.1 wt% Cu, which corresponded to a Pt to Cu molar ratio of approximately 1:9. The PtCu/SiO2
catalyst was determined with a Pt dispersion of 2% based on CO chemisorption measurements
(Micromeritics 2020Chemi Plus) using the difference method. A 6 mm ID 316 stainless steel (SS)
reactor was used for the 1,2-DCA hydrodechlorination reaction kinetics experiments. Gases He,
Ar, N; (internal standard), and Hz (Airgas, research grade) and liquid 1,2-DCA (Aldrich, 99%)
were fed to the reactor without further purification. The reaction was operated at low conversion
of reactants (Hz conversions < 10%), and the proper correlations were used to ensure the absence
of heat and external mass transfer effects*’. The compositions of the reactant and product streams
of the reactor were measured by gas chromatography (Siemens MAXIM) using both thermal

conductivity detector (H2, N2 CH4, CoHs, C2H4) and flame ionization detector (Cz-chlorocarbons).
Density Functional Theory Calculations

All DFT calculations were performed using the Vienna Ab-initio Simulation Package (VASP)*4?,
a plane-wave total energy code. The electron-ion interactions were described by the projector
augmented-wave (PAW) potentials**** with the electronic wave functions expanded using plane

waves up to an energy cutoff of 400 eV. The generalized gradient approximation (GGA-PBE) was
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used to describe the exchange-correlation functional™. The long-range dispersive interactions,

poorly accounted for by GGA-PBE, were captured by the Tkatchenko-Scheffler method with self-

consistent screening (TS+SCS)*

to the conventional Kohn-Sham DFT energy. The PtiCus3(111), PtjCui(111), and Pt3Cui(111)

, in which an empirical correction term was evaluated and added

surfaces were modeled by three-atomic-layer slabs periodically repeated in a (2 x 2) supercell
geometry (Figure 1), i.e., 1/16 ML surface coverage for each adsorbate in the unit cell. During all
calculations, adsorption was allowed on only one side of the two exposed surfaces of each slab,
and the electrostatic potential was adjusted accordingly*’*®. The topmost layer of each slab and all
the adsorbate atoms were fully relaxed; the bottom two layers of each slab were fixed at their
truncated bulk lattice position. At least 12 A of vacuum was placed between any two successive
slabs in the vertical direction along the surface normal to avoid unphysical adsorbate interactions
with slab atoms in adjacent unit cells. The first Brillouin zone was sampled with a (4 x 4 x 1)

Monkhorst-Pack k-point mesh®. The calculated lattice constants of bulk Pt;Cu;, Pt;Cui, and



Pt;Cus are 3.878 A, 3.806 A, and 3.708 A, in close agreement with the experimental values of
3.849 A%, 3.777 A1, 3.689 A2, respectively.

Pt,Cu,(111) Pt,Cu,(111) Pt,Cu,(111)

Figure 1. Top views of the three Pt-Cu alloy surfaces with different compositions: Pt3Cu;(111), Pt;Cui(111), and
Pt;Cus(111). Yellow dash lines denote the (2 x 2) unit cells. Color code: grey — Pt; pink — Cu.

The binding energies (BE) of individual surface adsorbates were defined using Equation (2):
BE:Etot _Eslab _Egas (2)

where Eio 1s the total energy of the adsorbed species and the slab together, Egiab is the total energy
of the clean slab, and Egs is the total energy of the adsorbate in the gas phase. The transition-state
structures and activation energy barriers were computed using the climbing image nudged elastic
band (CI-NEB) method®, during which seven images were interpolated between the initial and
final states. The structures of the interpolated images were relaxed until the maximum force on all
images was smaller than 0.05 eV/A. We also performed vibrational frequency analyses, and the
calculated vibrational frequencies were used to (1) verify transition-state structures (each should
exhibit a single imaginary frequency along the reaction coordinate)’*, and (2) to compute the
entropies and heat capacities of adsorbates and transition states using procedures described in

references 55,56.
Microkinetic Modeling

Mean-field microkinetic modeling and parameter estimation analyses were performed using the
procedures described previously’’>’. Here, we describe the key equations used to model the

reaction kinetics. Interested readers may refer to the simulation details in reference 57.



A continuously stirred-tank reactor (CSTR) model was used for all microkinetic modeling
simulations. The rate equations and site balance were described by the following system of
differential algebraic equations (DAEs) (Equations (3) — (5)). To obtain the flowrates of all
reactants and products at the reactor outlet, we solved this system of DAEs to the steady state with

sufficiently long integration time (>5000 s) until we observed no notable change in any variable

with time.
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i and j are indices for species and elementary steps, respectively; /° and I° denotes the subsets for
gas-phase species and surface intermediates, respectively; Fj, and F; are the flow rates into and out
of the reactor, respectively; v;; is the stoichiometric coefficient of species 7 in reaction strep j, and
r; is the reaction rate for step j; 6; is the coverage of surface species /; 6, denotes the coverage of

vacant surface sites.

The rate constant of an adsorption step was calculated using collision theory (Equation (6)):
by = (6)
\2mmk,T
where 4 is the surface area per catalyst site; m is the mass of the adsorbate molecule; ks is the
Boltzmann constant; 7'is the reaction temperature. The rate constant of a surface step was
calculated using transition-state theory (Equation (7))*%:

I I I
kbl o (AGH) kT (AST) O AH @
h k,T ) h k, k,T

where AG*, AS*, and AH* are the difference in Gibbs free energy, entropy, and enthalpy,

respectively, between the initial and transition states; /4 is the Planck constant.

During the parameter estimation process, the following objective function Z, as defined in

Equation (8), was minimized:
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where C is the set of all the experimental conditions under which experimental data were collected,
y and yexpr are vectors containing the model-predicted and experimental rates, respectively, @ is a
vector containing all the adjustment to the DFT-derived binding energies and activation energy
barriers, and J is a prechosen constant to modulate the contribution of the penalty terms to the
overall objective. Although DFT errors should exist in both the calculated entropic and enthalpic
parameters, the enthalpic contribution should dominate®. To avoid overfitting issues, we only
applied adjustment to binding energies and activation energy barriers in our parameter estimation
study. To ensure that a thorough solution search was conducted across the entire parameter space,
a large set (> 300) of initial guesses for the adjustments to the DFT parameters (i.e., > 300 & vectors)
were generated using a Latin hypercube (LHC)®!'? sampling procedure. For each initial guess, the
value of Z was minimized with gradually increasing ¢ value unitl solutions with good model-
experiment agreement and minimal adjustments to DFT parameters were found. The optimization
was performed under an additional constraint that the activation energy barrier of any elementary

step, in both forward and reverse directions, should remain non-negative.
Results and Discussion

This section is arranged as follows: First, we discuss the effect of alloy composition on the binding
properties of reaction intermediates by detailing the calculated binding energies and structures on
Pt3Cui(111), PtiCui(111), and Pt;Cu3(111) surfaces. Second, we present the calculated activation
energy barriers for all the elementary steps on PtiCuz(111), which most closely resembles the
catalyst composition in our experimental study. Third, we analyze the possible reaction pathways
based on the DFT results on Pt;Cus(111). Lastly, we present the reaction kinetics experiments,
microkinetic modeling, and parameter estimation results and discuss the implications of parameter
adjustments made to the DFT-derived parameters in order to bridge the gap between model and
experiment. All the DFT and microkinetic modeling analyses were based on a comprehensive
reaction network for 1,2-DCA hydrodechlorination as described in reference 37, consisting of 29

surface species and 65 elementary steps (see Scheme S1 for a full list of elementary steps).
Adsorption of Reaction Intermediates on Pt,Cuy(111) Surfaces

The minimum-energy binding sites and the corresponding binding energies of all 29 surface
intermediates for 1,2-DCA hydrodechlorination on the three PtiCuy(111) surfaces are summarized

in Table 1. The calculated results on Pt(111) from reference 37 are also listed in Table 1 for
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comparison. The preferred binding structures for these 29 intermediates on PtiCus(111),
PtiCui(111), and Pt3Cui(111) are illustrated in Figures S1, S2, and S3, respectively. As shown in
Table 1 and Figures S1-S3, except the closed-shell saturated hydrocarbon species (CH3CH3,
CH;CH2Cl, and CICH2CH:Cl, which are weakly physisorbed on all surfaces), all the other
carbonaceous intermediates prefer to bind to the Pt-Cu alloy surfaces through one or both carbon
atoms, consistent with the previous results on Pt(111)*”. We also note that all these open-shell C»
species prefer to bind on the Pt site of the surface. The only intermediate that shows a strong

affinity toward the Cu sites is the atomic CL

Table 1: Minimum-energy binding sites and corresponding binding energies (BE) of reaction intermediates for 1,2-
DCA hydrodechlorination on Pt;Cus(111), Pt;Cu(111), Pt3Cu;(111), and Pt(111).

Species PtiCus(111) PtiCwi(111) Pt:Cwi(111) Pt(111)?

BE Site® BE Site® BE Site® BE Site®

(eV) (eV) (eV) (eV)
CH;CH; -0.39  phys -0.37  phys -0.35 phys -0.33  phys
CH;CHCI -0.73  phys -0.71  phys -0.69  phys -0.70  phys
CICH,CH,Cl -0.77 phys -0.76  phys -0.73  phys -0.74  phys
CH;CH; -2.04  tp -2.08  tp -2.19  tp 235t
CH;CHCI 2,13t -2.29  tp 243ty 249 t
CICH,CH, =226t 235ty 246 tp 259 t
CICH,CHCl  -2.18  tp 234 tp -2.48  tp 253t
CH,CH, -1.18  tp (m bond) -1.34  tpetp (di-0) -1.51  tpe-tpe (di-0) -1.70  t-t (di-o)
CH,CHCI  -1.12  te(nbond)  -1.41 teetp(di-0)  -1.59  tpetp (di-o)  -1.70  t-t(di-0)
CICHCHCI  -1.11 tp(abond)  -1.51 tpetp (di-0)  -1.68 tpetp (di-c)  -1.79  t-t (di-0)
CH;CH -3.70  hpucw -4.21 by -4.25  bp -436 b
CICH.CH -3.97  brcu -4.53 by -4.65  bp -4.65 b
CH;CCl -3.57  brcu -4.18 by -4.22  bp -438 b
CICH:CCl -3.37  bricu -3.94 by -4.06  bp 405 b
CH;C -5.25  hpucw -5.85  hppcul -6.29  hp -6.60 f
CICH,C -5.30  hpucw -5.85  hppcul -6.28  hp -6.57 f
CH,CH -2.76  hpucuw-teu -3.09  hppcui-tee -3.53  tpi-(h)-bp -3.82  t(f)-b
CICHCH -3.01  tp -3.26  hppcui-tee -3.73  tp-(h)-bp -3.97  t(f)-b
CH,CCI 270 frucuw-teu -3.02  frocui-te -3.55  tpi-(h)-bp -3.78  t(f)-b
CICHCCI 298 th 3.0t 378 tp(h)-bpy 3.95  t(f)-b
CH,C -3.96  hpucw -4.46 frocul-tcu -4.74  hp-tp -5.14 f-t
CICHC -4.52  hpucw -4.89 frocul-tcu -5.16 hp-tpy -5.53 f-t
CHCH 222 hpacw-fes 227  bpce-(h)-brca  -2.80  bp(h)-bpe 2.96  b-(f)-b
CHCCI 2.55  hpacuw-feu 2.57  bpcw-(h)-brca  -3.12 bp(h)-bpe 322 b-()-b
CICCCI 274 hpacw-feu .88 bpcu-(h)-bpca  -3.44  bp(h)-bpe 347 b-(H)b
CHC -5.01  hpucw-feu -5.05  fpucw-hpucwe  -5.09  hpe-bpy -543 fb
ClCcC -4.87  hpucw-feu -5.00  fpucw-hpucwe <522 hpetp -5.35 fb
H -2.80  hpucw -2.80  bp -2.76  bp 287 f
Cl -3.42  feu -3.20  fpucw -3.11  frocu 289 f

 From reference 37.

® The letters ‘t’, ‘b’, ‘, and ‘h’ denote top, bridge, fcc, and hcep sites, respectively. ‘phys’ denotes physisorption. The
subscripts indicate the nature of the surface atom(s) directly bound to the adsorbed species. E.g., hpiicuw represents an
hcp site consisting of one Pt atom and two Cu atoms. Letters inside the parentheses denote the nature of sites between
pairs of binding sites. E.g., tpi-(h)-bp; stands for a binding structure on a pair of adjacent top and bridge sites across an
hep site.
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Figure 2. Comparison of binding energies of selected 1,2-DCA hydrodechlorination intermediates on Pt;Cus(111),
Pt;Cui(111), Pt3Cui(111), and Pt(111). The values on Pt(111) are from reference 37.

In Figure 2, we compare the binding energies of 14 selected 1,2-DCA hydrodechlorination
intermediates on the three Pt-Cu bimetallic surfaces as well as the Pt(111) surface. Apart from the
saturated hydrocarbon species (CH3CH3, CH3CH>Cl, and CICH>CH>Cl) and atomic H, which bind
with similar adsorption strengths on all four surfaces, the binding energies of the other surface
intermediates vary significantly with the surface composition. Atomic Cl is the only species that
binds the strongest on the Cu-rich surface due to much stronger Cu-Cl than Pt-Cl interaction. On

Cu(111), the calculated binding energy of Cl is -3.47 eV, 0.58 eV stronger than that on Pt(111).
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The binding strengths of all the other C, intermediates decrease with increasing Cu composition

on the surface.

To identify the reason behind this trend in binding energy for the C; intermediates, we examined
the adsorption structures of these species on the four (111) surfaces with different compositions.
The preferred binding structures of six selected surface species are shown in Figure 3. The three
seven-atom intermediates (CH3CHz, CICH2CH,, CICH>CHCI) are adsorbed to the surface through
similar binding configurations regardless of the surface composition. These three species always
bind to the surface through the less coordinated C atom on a top site over a surface Pt atom. The
decrease in binding strengths of these three species with increasing surface Cu content are due to
the electronic effect; i.e., the electronic structure of the surface Pt atoms which directly bind to the

carbonaceous species are modified by the nearby Cu atoms as the surface composition varies.

Besides, the presence of different Pt ensembles on these four surfaces can affect the binding
structure of the surface intermediates directly. This effect can be seen for the other three Cz species
(CH2CH_, CH3C, and CH>CH) shown in Figure 3. The most stable binding structure for ethylene
on Pt(111) is through the di-o bonding on an ensemble comprised of two adjacent Pt surface atoms.
Such an ensemble is present on the Pt3Cui(111) and Pt;Cui(111) surfaces. On these two surfaces,
the di-o-bonding structure is still possible, and the decrease in ethylene binding strengths
compared to Pt(111) is likely due to the previously discussed electronic effect. On PtiCuz(111),
however, there exist only isolated Pt atoms on the surface. In this case, CH2CH: is only allowed
to bind through the n-bonding structure, which is less stable than di-o-bonding structure and leads
to further reduced binding strength. Similar behaviors are observed for the binding of CH>CH.
This species prefers a top-bridge configuration which requires a three-Pt surface atoms ensemble.
Such a Pt ensemble is present on Pt3Cui(111) but not on Pt;Cui(111) and Pt;Cus(111). Therefore,
on Pt;Cui(111) and Pt;Cu3(111), CH2CH binds through a different configuration (hollow-top)
which is less stable. Lastly, ethylidyne (CH3C) prefers to bind on the three-Pt hollow sites. Due to
the absence of three-Pt ensembles on the PtiCui(111) and Pt;Cus(111), CH3C is forced to bind on
three-fold hollow sites composed of a mixture of Cu and Pt surface atoms, and its binding is

significantly weakened.
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Figure 3. Comparison of minimum-energy binding structures (top views) of selected 1,2-DCA hydrodechlorination
intermediates on Pt;Cus(111), Pt;Cui(111), Pt3Cu;i(111), and Pt(111). Results on Pt(111) are from reference 37. All
BE values are in eV. Color code: grey — Pt; pink — Cu; black — C; green — Cl; yellow — H.

In summary, the binding strength of most carbonaceous surface intermediates decreases with
increasing Cu content on the surface. The weakened adsorption is due to a synergistic effect
between both the modification of the electronic structure of surface Pt atoms and a decrease in the
size of surface Pt ensembles. A similar synergistic effect has been identified in our previous study
for ethylene adsorption on other alloy surfaces®®. The weakening of Cz binding due to the increased
Cu composition is possibly a favorable effect for 1,2-DCA hydrodechlorination, as the desorption

of the desired product, ethylene, is more likely to occur compared to its further hydrogenation.
Reaction Kinetics on Pt;Cus(111)

Here, we present the calculated DFT energetics of each elementary step for 1,2-DCA
hydrodechlorination on Pt;Cuz(111), which is the most Cu-rich surface in this study and represents
a surface with the closest composition to our PtCu/SiO: (a Pt-to-Cu molar ratio of 1:9 based on

the amount of metallic precursors used in our experimental synthesis) catalyst used in the reaction
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kinetics experiments. The calculated reaction energies and activation energy barriers of all the 65
elementary steps in the reaction network are listed in Table 2. We assumed that the non-
dissociative adsorption steps of all the hydrocarbon species were not activated (i.e., barrierless).
The dissociative adsorption steps of H> and HCI on Pt;Cus(111) were explicitly studied using NEB
calculations, and zero activation energy barrier was observed. The initial, final, and transition
states of several key elementary steps are illustrated in Figure 4, with the kinetics of these steps
discussed in detail below. Note that these initial and final states refer to the ones used in the NEB
calculations and can differ from the “best” initial and final states (i.e., the preferred binding

structures of the reactant/product species).

Table 2: Calculated reaction energies (AE) and activation energy barriers (E, and E, ., for forward and reverse
reactions, respectively) of elementary steps for 1,2-DCA hydrodechlorination on Pt;Cus(111).

# Step® AE (eV)® E.(eV)® Eurev (eV)°
1 CH;CH; + * — CH3CH;3* -0.39 0 0.39
2 CH;CH,CI1 + * — CH3CH,CI* -0.73 0 0.73
3 CICH,CH,CI + * — CICH,CH,CI1* -0.77 0 0.77
4 CH,CH; + * — CH,CH,* -1.18 0 1.18
5 CH,CHCI + * — CH,CHCI* -1.12 0 1.12
6 CICHCHCI + * — CICHCHCI* -1.11 0 1.11
7 CHCH + * — CHCH* -2.22 0 2.22
8 CHCCI1 + * — CHCCI* -2.55 0 2.55
9 CICCCl + * — CICCCI* -2.74 0 2.74
10 | Hy +2* — 2H* -1.07 0 1.07
11 HCI + 2* — H* + CI* -1.62 0 1.62
12 | CH3;CHs* + * —» CH3CH,* + H* 0.06 0.89 0.83
13 | CH3CH,CI* + * — CICH,CH,* + H* 0.16 1.09 0.93
14 | CH;CH,CI* + * — CH3;CHCI* + H* 0.07 1.15 1.08
15 CICH,CH,CI* + * — CICH,CHCI* + H* 0.00 1.07 1.07
16 | CH;CHy* + * —» CH,CH,* + H* -0.14 0.67 0.81
17 | CH3CHy* + * —» CH3CH* + H* 0.34 1.00 0.66
18 | CH3CHCI* + * — CH,CHCI* + H* 0.15 1.09 0.94
19 CH;CHCI* + * — CH3;CCI* + H* 0.42 1.24 0.82
20 | CICH,CH,* + * —» CH,CHCI* + H* 0.06 0.98 0.93
21 CICH,CH,* + * — CICH,CH* + H* 0.49 1.15 0.66
22 CICH,CHCI* + * — CICHCHCI* + H* 0.22 1.20 0.97
23 | CICH,CHCI* + * — CICH,CCI* + H* 0.40 1.25 0.85
24 | CH,CHy* + * — CH,CH* + H* 0.51 1.29 0.78
25 CH,CHCI* + * — CH,CCI* + H* 0.34 1.12 0.78
26 | CH,CHCI* + * — CICHCH* + H* 0.31 1.10 0.79
27 | CICHCHCI* + * — CICHCCI* + H* 0.12 0.91 0.79
28 | CHsCH* + * — CH,CH* + H* 0.03 0.79 0.76
29 | CHsCH* + * — CH;C* + H* -0.24 0.93 1.17
30 | CICH,CH* + * — CICHCH* + H* -0.11 1.12 1.23
31 CICH,CH* + * — CICH,C* + H* -0.14 0.84 0.98
32 | CH;CI* + * —» CH,CI1* + H* 0.07 1.18 1.11
33 | CICH,CCl* + * — CICHCCI* + H* -0.05 1.17 1.22
34 | CH;C* + * —» CH,C* + H* 0.15 1.09 0.94
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35 | CICH,C* +* — CICHC* + H* -0.06 1.11 1.17
36 | CH,CH* + * - CHCH* + H* -0.35 1.11 1.46
37 | CH,CH* + * - CH,C* + H* -0.12 0.64 0.76
38 | CICHCH* + * — CHCI* + H* -0.33 0.67 0.99
39 | CICHCH* + * — CICHC* + H* -0.09 0.86 0.95
40 | CH,CCI* + * — CHCCI* + H* -0.36 0.50 0.85
41 | CICHCCI* + * — CICCCI1* + H* -0.20 1.13 1.33
42 | CH,C* + * —» CHC* + H* 0.11 1.05 0.93
43 | CICHC* + * — CICC* + H* 0.40 1.39 0.98
44 | CHCH* + * —» CHC* + H* 0.35 1.26 0.91
45 | CHCCI* + * — CICC* + H* 0.64 1.50 0.87
46 | CH3CH,CI* + * — CH;CH,* + CI* -0.94 1.19 2.13
47 | CICH,CH,CI* + * — CICH,CH,* + CI* -1.20 1.12 2.32
48 | CH3CHCI* + * — CH3CH* + CI* -0.66 0.22 0.88
49 | CICH,CH,* + * — CH,CH,* + CI* -1.23 0.30 1.53
50 | CICH,CHCI* + * — CH,CHCI* + Cl* -1.14 0.49 1.63
51 | CICH,CHCI* + * — CICH,CH* + CI* -0.72 0.29 1.00
52 | CH,CHCI* + * — CH,CH* + CI* -0.78 0.76 1.54
53 | CICHCHCI* + * — CICHCH* + Cl* -1.05 0.59 1.64
54 | CICH,CH* + * — CH,CH* + CI* -1.21 0.23 1.44
55 | CH;CCI* + * — CH3C* + CI* -1.32 0.09 1.41
56 | CICH,CCI* + * - CH,CClI* + CI* -1.20 0.25 1.45
57 | CICH,CCI* + * — CICH,C* + CI* -1.26 0.09 1.35
58 | CICH,C* +* — CH,C* + CI* -1.18 0.28 1.47
59 | CICHCH* + * — CHCH* + Cl* -1.45 0.63 2.08
60 | CH,CCI* 4+ * —» CH,C* + CI* -1.24 0.17 1.41
61 | CICHCCI* + * — CHCCI* + Cl* -1.50 0.98 248
62 | CICHCCI* + * — CICHC* + Cl* -1.27 0.38 1.65
63 | CICHC* + * - CHC* + CI* -1.01 0.53 1.54
64 | CHCCI* + * - CHC* + CI* -0.77 0.67 1.44
65 | CICCCI* + * — CICC* + CI* -0.66 0.72 1.38

2 For consistency, all the elementary steps listed in this table are presented in the bond-breaking direction. During 1,2-
DCA hydrodechlorination, some steps might occur with a net reaction flux in the reverse direction (e.g., the
hydrogenation of CH,CH,* to CH3CH»*, the reverse of Step 16).

Y Both AE and E, are defined with respect to the best initial state (BIS) and the best final state (BFS), in which the
reactants/products are located at their energetically preferred adsorption sites and at infinitely separation from each
other (zero interaction energy) when multiple reactant/product species are present. AE = E(BFS) — E(BIS); E, = E(TS)
— E(BIS); E4rev = E(TS) — E(BFS).
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CICH,CH,CI* + * - CICH,CH,* + CI* CICH,CHCI* + * = CH,CHCI* + CI*
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CICH,CH,* +* = CH,CH,* + CI* CICH,CHCI* + * - CICH,CH* + CI*

CH,CH,* + H* 3 CHyCH,* +*

CICH,CH* +* -3 CH,CH* + CI*

CH,CH,* + H* = CH,CH,* +* CH,CH* + H* 2 CH,CH,* + *

CICH,CH,CI* + * - CICH,CHCI* + H*

Figure 4. Top views of initial state (IS), transition state (TS), and final state (FS) for key elementary steps in 1,2-DCA
hydrodechlorination reaction network. The elementary steps are listed in the direction with net forward reaction fluxes
during 1,2-DCA hydrodechlorination as later determined in the microkinetic model. Therefore, several steps appear
in the bond-making directions, the reverse reactions of those listed in Table 2. IS and FS refer to the structures used
in the NEB calculations and may differ from BIS and BFS as defined in the footnote of Table 2. Color code: grey —
Pt; pink — Cu; black — C; green — CI; yellow — H.

CICH,CH,CI* + * — CICH,CH»* + CI* (Step 47 in Table 2). The initial Cl removal from 1,2-
DCA is exothermic by 1.20 eV on Pt;Cu3(111), with an activation energy barrier of 1.12 eV. The

reaction path of this elementary step is illustrated in Figure 4. In the initial state, the 1,2-DCA
molecule is adsorbed in its preferred binding structure, with one of its two CI atoms sitting close
to a top site on a surface Pt atom. During the reaction process, that Cl atom is broken away from
the 1,2-DCA molecule. In the transition state, the C-Cl bond distance is 2.82 A (compared to 1.82
A in the initial state). Once this bond is fully broken, the remaining CICH,CH,* fragment binds
through the less coordinated C atom on top of the Pt atom. The CICH>CH»* species is adsorbed
through its preferred “Cl-down” configuration with its Cl atom sitting on top of a surface Cu atom.
The CI* atom removed from 1,2-DCA moves to a nearby fcc site which is composed of three Cu

atoms.

CICH,CH* + * — CH,CH* + CI* (Step 49 in Table 2). After the initial Cl-removal step from

1,2-DCA, the CICH2CH>* species can undergo a second dechlorination step to form an adsorbed
ethylene (CH,CH>*). This elementary step is exothermic by 1.23 eV. The activation energy barrier
of this step is 0.30 eV, much lower than that of the previous dechlorination step (CICHCH>C1* +
* — CICH:CH:* + CI*, E, = 1.12 eV). As shown in Figure 4, the reaction step initiates with the

CICH2CHz* species in its preferred “Cl-down” configuration on a top (Pt) site. The CI atom in the
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initial state sits near a top site on a surface Cu atom. The C-Cl bond is stretched from an initial
length of 1.82 A in the initial state to 2.05 A in the transition state. In the final (dissociated) state,
the CI* atom is adsorbed on an fcc site composed of three Cu atoms, whereas the CH>CH>* species

is adsorbed in a slightly tilted n-bonding configuration on top of the surface Pt atom.

CH,CHo* + H* — CH3CHo* + * (reverse reaction of Step 16 in Table 2). On Pt;Cuz(111), the
hydrogenation of CH2CHz>* to CH3CH>* is activated with an energy barrier of 0.81 eV. The

reaction energy of this elementary step is 0.14 eV. This step starts with the CH,CH>* sitting on
top of a surface Pt atom through a tilted t-bonding configuration (Figure 4). The H* atom is located
right next to CH2CHz* in an hcep site consisting of one Pt and two Cu atoms. During the reaction,
the H* atom approaches the carbonaceous fragment. In the transition state, the C-H bond formed
in this step is at a distance of 1.42 A (compared to 1.10 A in the final state). Once the CH3CHx*

species is formed, it is adsorbed on top of the Pt atom in its preferred binding structure (Figure 4).

CH3;CH* + H* — CH3CH3* + * (reverse reaction of Step 12 in Table 2). The hydrogenation of
CH3CH>* to ethane on Pt;Cus(111) is mildly exothermic by 0.06 eV. This elementary step is

associated with an activation energy barrier of 0.83 eV, 0.02 eV higher than that of the previous
hydrogenation step (CH2CH>* + H* — CH3CH* + *, E, = 0.81 V). As shown in Figure 4, in the
initial state of this reaction step, the CH3CH>* species is adsorbed on top a Pt site in its preferred
binding structure, and the H* atom binds to an hcp site (consisting of one Pt and two Cu atoms)
immediately next to the carbonaceous species. The reaction occurs as the H* atom approaches to
CH;CH>* species; meanwhile, the entire reaction complex moves away from the surface. The
transition-state C-H bond distance is 1.54 A (compared to 1.10 A in the final state). After the

ethane product is formed, it binds to the surface in a weakly bound physisorbed state.

CICH,CH,CI* + * — CICH,CHCI* + H* (Step 15 in Table 2). Previously, we discussed the ClI-

removal from the 1,2-DCA reactant. Alternatively, 1,2-DCA can undergo an H-removal step to
form CICH,CHCI*. On Pt;Cus(111), this step is activated with an energy barrier of 1.07 eV, 0.05
eV lower than the 1,2-DCA dechlorination step (CICH.CH>C1* + * — CICH2CHz* + CI*). In the
initial state of this H-removal step, the 1,2-DCA molecule is adsorbed to the surface with one of
its Cl atoms sitting on top of a surface Cu atom (Figure 4). In such an adsorption structure, the H
atom closest to the surface is located near a top site on a Pt atom. As the reaction proceeds, this H

atom breaks away from the 1,2-DCA molecule. In the transition state, the C-H bond to be broken
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is stretched to a length of 1.53 A from 1.10 A in the initial state. Once the C-H bond is completely
broken, the remaining CICH,CHCI* fragment sits on top of the Pt atom through its less
coordinated C atom in a “Cl-down” configuration; the H* atom binds on an hcp site immediately

next to it, which is composed of one Pt and two Cu atoms.

CICH,CHCI* + * — CH,CHCI* + C1* (Step 50 in Table 2). For the CICH2CHCI* species formed

from the dehydrogenation step of 1,2-DCA, two subsequent Cl-removal steps can occur on
PtiCu3(111). The Cl-removal step of CICH>CHCI to form CH,CHCI* is exothermic by 1.14 eV.
The activation energy barrier for this elementary step is 0.49 eV. As shown in Figure 4, in the
initial state of this step, the CICH>CHCI* species is adsorbed on a top (Pt) site through its preferred
“Cl-down” configuration. The Cl atom to be broken away in this step is located near a top site on
a surface Cu atom. As the reaction proceeds, this C-Cl bond is elongated from an initial value of
1.80 A to 2.21 A in the transition state. In the final state, CH.CHCI* is adsorbed on top of the Pt
atom through its preferred n-bonding configuration. The CI* atom diffuses to a nearby hcp site

which is composed of one Pt and two Cu atoms.

CICH,CHCI* + * — CICH,CH* + CI* (Step 51 in Table 2). The dechlorination of CICH.CHCI*
to form CICH>CH* is characterized by an activation energy barrier of 0.29 eV. This is 0.20 eV
lower compared to that of the other CICH>,CHCI* dechlorination step (CICH,CHCI* + * —
CH>CHCI* + CI*, E, = 0.49 eV). The reaction path of this elementary step is illustrated in Figure
4. The initial state is the same as that of the other CICH,CHCI* dechlorination step: CICH,CHCI*

binds on top of a Pt atom through the “Cl-down” configuration. However, a different CI atom is
removed in this step. At the transition state, the C-Cl bond on the less coordinated C atom is
stretched to 2.63 A from 1.86 A in the initial state. In the final state, the remaining CICH,CH*
fragment binds through the less coordinated C atom on the top (Pt) site, and the C1* atom diffuses

to a nearby fcc site consisting of one Pt and two Cu atoms.

CICH,CH* + * — CH,CH* + CI* (Step 54 in Table 2). The dechlorination step of CICH2CH* to
form CH,CH* is exothermic by 1.21 eV. This elementary step is characterized by an activation
energy barrier of 0.23 eV, lower than any other Cl-removal steps on Pt;Cus(111) discussed
previously. The reaction starts with CICH,CH* adsorbed on a mixed bridge site (consisting of a
pair of Pt and Cu atoms). The Cl atom is located near a top site on a surface Cu atom. The C-Cl

bond is elongated during the reaction from 1.83 A in the initial state to 2.05 A in the transition-
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state. After the C-Cl bond is broken, the C1* atom continues to diffuse to a nearby hcp site which
is composed of one Pt and two Cu atoms. The remaining CH,CH* fragment is adsorbed in a tiled

orientation on a mixed fcc site (one Pt and two Cu atoms) through its less coordinated C atom

(Figure 4).

CH,CH* + H* — CHoCH)* + * (reverse reaction of Step 24 in Table 2). On Pt;Cusz(111), the

hydrogenation of CH>CH* to CH2CH>* is exothermic by 0.51 eV. The activation energy barrier
1s 0.78 eV. In the initial state (Figure 4), the CH,CH* species is adsorbed on a top (Pt) site through
its less coordinated C atom; the H* atom is located on an fcc site (consisting of one Pt and two Cu
atoms) immediately next to the CH>CH* species. As the reaction proceeds, the H* atom
approaches the carbonaceous intermediate. The transition state bond length of the C-H bond
formed during this step is 1.62 A. Once the CH2CH,* species is formed, it moves to the top of a
Pt atom and binds through its preferred n-bonding structure. The C-H bond formed in the final
state is 1.09 A in length.

Reaction Pathway Analysis on Pt;Cus(111)

Here, we analyze the 1,2-DCA hydrodechlorination reaction network based on the calculated
reaction energetics on Pt;jCus(111). The reaction pathways are proposed and compared with those
previously derived for the same reaction on Pt(111)*’. The reaction energies and activation energy
barriers of the key elementary steps on Pt;Cuz(111), which, based on DFT results, may be involved
in the product formation pathways, are summarized in the flow chart in Figure 5 (red numbers),

with the energetics on Pt(111) listed in blue for comparison.

We examine two different pathways for 1,2-DCA hydrodechlorination based on the nature of the
initial bond-breaking step: the dechlorination pathway (starting with the Cl-removal step
CICH2CH:CI* + * — CICH2CH2* + CI*) and the dehydrogenation pathway (starting with the H-
removal step CICH2CH>Cl1* + * — CICHCHCI* + H*). We first compare the energetics of these
two initial bond-breaking steps. On Pt;Cuz(111), the initial Cl-removal step from 1,2-DCA
requires an activation energy barrier of 1.12 eV; on the other hand, the activation energy barrier of
the initial H-removal step from 1,2-DCA is 1.07 eV, 0.05 eV lower than that of the Cl-removal
step. This is similar to the situation on Pt(111), where the initial H-removal barrier of 1,2-DCA 1is
1.01 eV, 0.08 eV lower than the initial Cl-removal barrier’’. Therefore, judged by the lower

calculated activation energy barriers between the two initial bond-breaking events, the

19



dehydrogenation pathway should be favored on PtiCus(111). This hypothesis, however, can be
affected by the energetics of subsequent steps, which are discussed below for both pathways. We
will make more definitive conclusions on the reaction pathway based on the reaction flux analysis

in our microkinetic modeling study.

Dechlorination pathway. After the initial bond-breaking step (CICH,CH2Cl* + * — CICH2CHx*

+ CI*), the dechlorination product, CICH,CH>*, can undergo a second dechlorination step
(CICHCH2* + * — CH2CH>* + CI*) to form adsorbed ethylene on the surface. On PtiCuz(111),
this dechlorination step is facile as it is characterized by a low activation energy barrier of 0.30 eV.
This is 0.38 eV lower compared to the barrier of the same step on the Pt(111) surface. Once the
adsorbed ethylene species (CH2CH»*) is formed, it can either be desorbed from the surface or
undergo a hydrogenation step (CH.CH>* + H* — CH3CH>* + *) to form CH3CH»>*. The barrier
of this hydrogenation step is 0.81 eV, 0.37 eV lower than the desorption barrier of ethylene
(BE-ethylene = -1.18 eV, Table 1). Note that on Pt(111), the ethylene desorption barrier is 0.70 eV
higher than its hydrogenation barrier (1.70 eV vs. 1.00 eV). Therefore, stronger competition
between ethylene desorption and hydrogenation is expected on Pt;Cuz(111). If the hydrogenation
step of CH,CH>* to CH3CH2* does occur, CH3CH>* can undergo a second hydrogenation step to
form the saturated hydrocarbon product, ethane. The second hydrogenation step is characterized
by an activation energy barrier of 0.83 eV on Pt;Cus(111), which is 0.15 eV lower than the

activation energy barrier of the same hydrogenation step on Pt(111).
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Figure 5. Reaction kinetics of key elementary steps for 1,2-DCA hydrodechlorination on Pt;Cus(111) (red numbers).
Energetics calculated on Pt(111) from reference 37 are listed in blue for comparison. Note that on Pt(111), we were
unable to determine any feasible reaction path from NEB calculations for the elementary step CICH,CHCI* + * —
CH,CHCI* + CI*; another dechlorination step for the same reactant species (Step 42: CICH,CHCI* + * — CICH,CH*
+ CI*) would always occur ahead of this step’. Next to each arrow, bold-faced number denotes the activation energy
barrier (£,), and number inside the parentheses denotes the reaction energy (AE); all numbers in eV. Orange arrows
denote dechlorination steps; green arrows denote dehydrogenation steps; blue arrows denote hydrogenation steps. Red
box denotes the reactant, 1,2-DCA. Purple box denotes the desired reaction product, ethylene. Blue box denotes the
unwanted reaction product, ethane.

Dehydrogenation pathway. This pathway was predicted to be energetically favored over the

dechlorination pathway. After the initial H-removal step from 1,2-DCA, the CICH.CHCI*

intermediate is formed on the surface. Four possible subsequent bond-breaking steps can occur on
Pt1Cus(111) (Figure 5): CICH2CHCI* + * — CH,CHCI* + CI* (E, = 0.49 eV), CICH2CHCI* + *
— CICHCH* + CI* (E, = 0.29 eV), CICH,CHCI* + * — CICHCCI* + H* (E, = 1.25 V), and
CICH2CHCI* + * — CICHCHCI* + H* (E, = 1.20 eV). Similar to the case on Pt(111), we observe
that the dechlorination steps of CICH,CHCI* are much easier than the dehydrogenation steps. On
Pt1Cus(111), the dechlorination of CICH,CHCI* can occur through both pathways to form either
CH>CHCI* or CICH,CH*, whereas on Pt(111), only the CICH,CH* formation step is possible.
Nonetheless, the CICH,CH* is still the preferred bond-breaking product of CICH,CHCI* on
PtiCus(111), characterized by a low barrier of 0.29 eV.
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Once CICH2CH* is formed, its dechlorination to form CH,CH* (CICH,CH* + * — CH,CH* +
CI*) is the lowest-barrier subsequent bond-breaking step on Pt;Cus(111). This is different from
the situation on Pt(111), where the dehydrogenation step (CICH,CH* + * — CICH>C* + H*) is
preferred. The activation energy barrier for the dechlorination of CICH>CH* on Pt;Cu3(111) is
0.23 eV. Subsequent bond-breaking events beyond CH>CH* on Pt;Cuz(111) are all associated with
high energy barriers and considered unlikely. Rather, the CH>CH* should be hydrogenated
towards the final product. The hydrogenation of CH,CH* to CH>CH>* requires an activation
energy barrier of 0.75 eV on Pt;Cu3(111). Note that on Pt(111), once CICH>C* is formed from the
dehydrogenation of CICH,CH* (E, = 0.20 eV), it is further dechlorinated to form CH,C* (E, =
0.52 eV), and then CH,C* 1s hydrogenated through a series of elementary steps to form the ethane
product. Subsequent reactions following the formation of CH>CH»* have already been detailed in
the previous discussion about the dechlorination pathway. The dehydrogenation pathway for 1,2-
DCA hydrodechlorination on Pt;Cu3(111) can be summarized in the following reaction sequence
(Equation (9)).
CICH,CH,Cl—"— CICH,CHCl—*— CICH,CH —%— CH,CH —"— CH,CH,

9
(—>CH,CH, —">CH,CH,) ©)

Note that this is distinct from the reaction pathway previously identified on Pt(111) (Equation (10)):

CICH,CH,Cl—— CICH,CHCl—*— CICH,CH —"— CICH,C —“—CH,C

H H H H (10)
— CH,CH—" CH,CH, (—"—CH,CH, —CH,CH,

Mean-Field Microkinetic Modeling and Parameter Estimation

The DFT values obtained on the PtiCus(111) surface were used to construct a mean-field
microkinetic model including all 29 surface intermediates and 65 elementary steps in the 1,2-DCA
hydrodechlorination reaction network. We chose PtiCus(111) as it represents a surface with the
closest composition to our PtCu/SiO» (a Pt-to-Cu molar ratio of 1:9 based on the amount of metallic
precursor used in our experimental synthesis) catalyst used in the reaction kinetics experiments. In
addition, Pt;Cu3(111) is the most promising surface model for ethylene formation due to the
weakened ethylene binding. We also studied the detailed reaction kinetics on the Pt;Cui(111)
surfaces (results summarized in Table S1). However, our microkinetic modeling study using the
DFT values on Pt;Cui(111) showed unsatisfactory results, as the model predicted almost exclusive

ethane production, and large adjustments were required in the parameter estimation process to fit
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our reaction kinetics experimental data. Therefore, all the following discussion is based on the
microkinetic model constructed using the DFT results obtained on Pt;Cus(111) as initial guesses.
The calculated temperature-dependent thermodynamic parameters for all the surface species and

transitions states on Pt;Cuz(111) are summarized in Tables S3 and S4.

Here, we report the only feasible microkinetic model solution from our parameter estimation study,
after rejecting all other solutions which either exhibited significant discrepancies from our
experimentally measured reaction rates or required substantial adjustment (>0.5 eV) to the DFT-
derived energetic parameters. We first compare the model-predicted reaction rates after parameter
adjustments with the those from our reaction kinetics experiments. The comparison is illustrated
in the parity plot shown in Figure 6, which demonstrates a good agreement between the model
predictions and the experimental data after parameter adjustments. Further comparisons of the
apparent activation energy barriers, reaction orders, and ethylene selectivity are shown in Table 3.
In our kinetics experiments on the PtCu/Si0O; catalyst, ethylene was produced as the only product
from 1,2-DCA hydrodechlorination, with all other hydrocarbon side products in negligible
amounts. Our microkinetic model, after parameter adjustments, predicted the same results with
ethylene as the exclusive hydrodechlorination product, indicating an effective modification of the
catalyst selectivity with the addition of Cu to the Pt catalyst. The model-predicted apparent
activation energy barrier is 75.5 kJ/mol, which is in excellent agreement with the experimental
value of 72.7 kJ/mol. The microkinetic model predicted reaction orders of -0.02 and 0.71 for 1,2-
DCA and H», respectively, which compared well with the respective experimental results of -0.02
and 0.85. The detailed temperature- and pressure-variation experiment results on the PtCu/SiO»
catalyst are shown in Figure 7 and compared with model predictions. In our reaction kinetics

experiments and up to 77 hours on stream, no notable loss of activity was observed.
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Figure 6. Parity plot showing the agreement between experimental and microkinetic model-predicted (after parameter
adjustments) turnover frequencies (TOF) starting with DFT parameters derived on Pt;Cus(111).
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Figure 7. Comparison between experimental and microkinetic model-predicted (after parameter adjustment) reaction
turnover frequencies (TOF) from (a) the temperature variation experiment at a constant feed composition of 21 mol%
1,2-DCA and 18 mol% H,, (b) the 1,2-DCA pressure variation experiment at a constant temperature of 190 °C and a
constant H, feed composition of 18 mol%, and (c) the H, pressure variation experiment at a constant temperature of
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190 °C and a constant 1,2-DCA feed composition of 21 mol% on PtCu/SiO,. The reaction pressure was kept constant
at 1.5 atm, and the reaction feed was always diluted with 22 mol% N, and balance He.

Table 3. Comparison between experimental and microkinetic model-predicted (after parameter adjustments) apparent
activation energy barrier (E,), reaction orders, and ethylene selectivity on PtCu catalyst.

Model Experiment
Apparent E, (kJ/mol) 75.5 72.7+£2.2
1,2-DCA reaction order -0.02 -0.02 £0.10
H, reaction order 0.71 0.85+0.04
Ethylene selectivity 100% 100%

With the agreement between model and experiment confirmed, we then examine the reaction
pathway and the surface coverage predicted by the microkinetic model. Our previous analysis of
the reaction network based on only the DFT results on Pt;Cus3(111) indicates that the
hydrodechlorination of 1,2-DCA proceeds through a dehydrogenation pathway as the activation
energy barrier of the initial H-removal from 1,2-DCA step is 0.05 eV lower than the dechlorination
barrier. This prediction, however, is falsified by our microkinetic modeling results, as 100% of the
reaction flux goes through the following dechlorination pathway towards ethylene formation:
CICH,CH,Cl—“— CICH,CH, —“— CH,CH,
We performed a generalized degree-of-rate-control (DRC) analysis using the definition by

Campbell®?

, which allowed us to probe the dependence of the overall reaction rates on the kinetic
parameter of each elementary step and the binding strength of each surface species. Among all the
elementary steps, we only observed a notable DRC value for the first dechlorination step
(CICH2CH2CI* + * — CICH2CH2* + C1*), suggesting that the initial Cl removal is the only rate-
limiting step. It should be noted that we did not observe any feasible model solutions (i.e., predicted
reaction rates in reasonable agreement with our experimental results) with the reaction flux going
through the pathway starting with H removal, the preferred one according to DFT analysis alone.
This highlights the importance of microkinetic modeling and parameter estimation, as DFT alone
may depict an incomplete picture of the entire reaction mechanism. Among all the surface
intermediates, a notable DRC value was only observed for the binding strength of C1*. This implies

that CI* should be the only dominant surface species, which was confirmed by our surface

coverage analysis.

Regarding the surface coverage on Pt;Cus(111), we observed in the microkinetic modeling results

after parameter estimation that the surface was almost entirely covered by CI (>0.99 monolayer
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surface coverage) under all reaction conditions studied. Neither C» species nor atomic H is present
on the surface with notable coverage. This result is consistent with the binding energy calculations
previously discussed in the “Adsorption of Reaction Intermediates on PtxCuy(111) Surfaces”
section: the adsorption of Cs species is weakened while that of the Cl atom is stabilized on the Cu-

rich surface as compared to Pt(111).

The required adjustments to the DFT-derived energetics during parameter estimation is
summarized in Table 4. For the adsorption of surface intermediates, the destabilization of the
binding of CH3CH>, CH2CH>, H, and Cl is required, by 0.10 eV, 0.06 eV, 0.26 ¢V, and 0.13 eV,
respectively. As discussed in the previous paragraph, the PtiCus(111) surface is predicted to be
almost entirely covered by Cl based on the microkinetic modeling study. Therefore, Cl is likely
present on the surface as a permanent spectator, likely leading to a destabilization of all surface
intermediates. On the other hand, the activation energy barriers of only two elementary steps
needed to be adjusted. The hydrogenation barrier of CH>CH>* to CH3CH»* is increased by 0.12
eV to further inhibit the formation of the saturated product, ethane. Additionally, the barrier for
the initial dechlorination step of 1,2-DCA needs to be lowered by 0.31 eV. While the former
adjustment is within the typical DFT error bar of 0.1-0.2 eV, the latter is not and cannot be
explained by the typically anticipated coverage effect (a bond-breaking barrier should increase

with surface coverage)®+®°.

Table 4. Adjustments to DFT-derived activation energy barriers (4£,) and binding energies (4BE) on Pt;Cus(111)
from the parameter estimation process to match the experimental data on the PtCu catalyst.

Activation energy barrier Binding energy
Elementary step AE, (eV) Species ABE (eV)
CH;CH,* + H* — CH3CH3* + * +0.12 CH;CH; +0.10
CICH,CH,CI1* + * — CICH,CHx* + C1* -0.31 CH,CH, +0.06

H +0.26

Cl +0.13

We offer a possible explanation for this decrease in the activation energy barrier of the initial CI-
removal step of 1,2-DCA. Due to the presence of high coverage of surface Cl as predicted by the
microkinetic model and the much stronger Cl-Cu interactions than Cl-Pt, surface segregation can
be induced, likely leading to further enrichment of the PtCu catalyst’s surface with Cu. Adsorbate-
induced segregation is a well reported phenomenon from both experimental and theoretical studies

of alloy catalysts®"°. A more representative model of the catalytic surface might be an alloy layer
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with higher Cu composition than 75% (or even a full monolayer of Cu atoms) on top of a bulk
Pt1Cus bimetallic substrate. This new surface model potentially provides active sites that further

facilitate the Cl-removal from 1,2-DCA.

To probe this hypothesis, we constructed an alternative active site model by replacing the topmost
layer of the Pt;Cus(111) surface with a full pseudomorphic layer of Cu atoms (Cumr/PtiCus(111)).
We calculated the activation energy barrier for the initial Cl-removal step (CICH2CH2CI* + * —
CICH2CH2* + CI*) and compared it with that on Pt(111), Cu(111), and Pt;Cuz(111) (Figure 8).
The transition-state energies for CICH.CH,CI1* + * — CICH>CH»* + C1* (ETs) relative to the gas-
phase 1,2-DCA energy can be used as a gauge for surface reactivity since this value is essentially
the difference between the desorption barrier of adsorbed 1,2-DCA and the activation energy
barrier of its dechlorination step. A lower E7s value indicates stronger tendency for 1,2-DCA to
undergo the dechlorination step rather than desorption. By comparing the Ets values in Figure 8§,
we observe a much-stabilized transition state for the initial Cl-removal step on Cumi/PtiCuz(111)
as compared to the three surfaces that preserve their bulk-composition (Pt(111), Cu(111), and
PtiCus(111)). The E7s difference between Cumi/PtiCuz(111) and Pt;Cus(111) is as large as 0.47
eV (5 orders of magnitude difference in rate at 190 °C, the typical 1,2-DCA hydrodechlorination
temperature), which indicates a much higher activity of this segregated surface towards the initial
Cl-removal step of 1,2-DCA. This result indicates that a more active Cu-enriched site might be
formed on Pt-Cu alloy catalysts due to Cl-induced segregation under the real reaction conditions

for 1,2-DCA hydrodechlorination.

We caution our readers that our analysis is based on DFT energetics derived on clean-surface
models. Although beyond the scope of this present study, more detailed insights about this surface
reaction can be derived on a catalytic surface which explicitly accounts for the presence of site-
blocking surface species (C1*, in this case). Using DFT calculations and ab initio thermodynamics,
we previously demonstrated that 1/3 ML of CI* coverage can be present on Pt(111) and Cu(111)
surfaces under 1,2-DCA hydrodechlorination conditions; we also showed that such a CI* coverage
can lead to significant destabilization of the adsorption of most reaction intermediates’!. We expect
that the reaction kinetics to be also affected at such a C1* coverage®*®°. Therefore, a catalyst surface
model with ~1/3 ML CI* coverage may serve as a good initial guess for future theoretical studies

of 1,2-DCA hydrodechlorination on Cu-rich PtCu catalysts, which can potentially lead to a
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coverage-cognizant microkinetic model and a more accurate description of the reaction

mechanism’?.

E (eV)

1,2-DCA*

1871 PH111)
Pt,Cuy(111)

-2.0

Cuy,/Pt,Cuy(111) cIchCHCr

-25

Reaction Coordinate

Figure 8. Calculated potential energy diagram for the initial Cl-removal from 1,2-DCA step on the clean Pt(111),
Pt;Cu3(111), Cu(111), and Cumi/PtiCus(111) surfaces. E, denotes the activation energy barrier for this elementary
step. E1s denotes the energy difference between the transition state to Cl-removal from 1,2-DCA and gas-phase 1,2-
DCA. “diff” denotes the energy difference (i.e., difference in Ets) between the transition states on Pt;Cus(111) and
Cumr/Pt:Cui(111). “** denotes adsorbed species. ‘|’ indicates infinite separation between the species on the surface.
The Ers values on Pt(111) and Pt;Cus(111) are almost identical, and therefore the red and blue lines are nearly
overlapping at the transition state (TS).

The microkinetic modeling and parameter estimation results on the PtCu catalyst are summarized
in the potential energy diagram shown in Figure 9. We conclude that the 1,2-DCA
hydrodechlorination on the PtCu catalyst proceeds through direct removal of the two Cl atoms
from 1,2-DCA, a different mechanism than that previous identified on the pure Pt catalyst *’. The
initial dechlorination step is associated with the highest activation energy barrier and is the rate-
limiting step in the entire process (as confirmed with the degree-of-rate-control analysis). After
the initial C-Cl bond-breaking step, the second Cl-removal step is facile, and the CH2CHz* species,

once formed, can be desorbed from the surface without further hydrogenation.
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Figure 9. Gibbs free energy diagrams for 1,2-DCA hydrodechlorination on Pt-Cu alloy at 190 °C. Red lines denote
the calculated DFT results without any parameter adjustment on Pt;Cus(111). Blue lines denote microkinetic model
solution after parameter estimation to capture experimental reaction kinetics over the PtCu/SiO; catalyst used in this
study. “*’ denotes adsorbed species. Red ‘|’ indicates infinite separation.

Conclusions

We present a mechanistic study for 1,2-DCA hydrodechlorination on Cu-rich Pt-Cu bimetallic
catalysts through a combined theoretical and experimental approach, using reaction kinetics
experiments, DFT calculations, and microkinetic modeling. The minimum energy structures and
energies of all adsorbed reaction intermediates were determined on Pt;Cus(111), Pt;Cui(111), and
Pt3Cui(111) using DFT. As the Cu content increases, the binding strengths of most C;
intermediates are weakened, while the adsorption of atomic Cl is stabilized. Transition states and
activation energy barriers for all the surface elementary steps involved in the reaction network
were identified on Pt;Cu3(111). The DFT results on Pt;Cuz(111) were then used to construct a
mean-field microkinetic model. In the reaction kinetics experiments for 1,2-DCA
hydrodechlorination, our PtCu/SiO; catalyst produced 100% ethylene. The model-predicted rates
after parameter adjustments agree well with the experimental outcomes. Although using DFT

results alone, the 1,2-DCA hydrodechlorination reaction is predicted to proceed via an initial
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dehydrogenation step on Pt;Cuz(111), the microkinetic model suggests that the dechlorination
pathway is preferred. Accordingly, the ethylene product is formed from two consecutive Cl-
removal steps from 1,2-DCA, which is different from the hydrodechlorination mechanism we
previously concluded as preferred on Pt/SiO> catalysts. The PtCu surface is predicted to be almost
entirely covered by Cl under the reaction conditions. The initial Cl-removal barrier of 1,2-DCA
needs to be reduced by 0.31 eV in the parameter estimation process, which might be accounted for
by alternative dispersion correction methods or by Cl-induced Cu surface-enrichment. In summary,
our study provides valuable initial insights into the 1,2-DCA hydrodechlorination mechanism on
PtCu bimetallic catalysts. The superior ethylene selectivity of the PtCu bimetallic catalysts
originates in the weakened ethylene binding compared to pure Pt, which allows for ethylene
desorption from the catalyst surface instead of its further hydrogenation to ethane. The insights
gained from this study can also be useful for the catalytic hydrodechlorination of other chlorinated
hydrocarbon compounds, particularly vicinal chlorocarbons (e.g., 1,2-dichloropropane) which also
involves the competition between olefin and alkane production. The strategy of alloying to weaken
ethylene binding, thus enhancing the selectivity toward its production, can be applied in the
catalyst design for the hydrodechlorination of other vicinal chlorocarbons, or even other
chemistries where the over hydrogenation of olefin products is undesired (e.g., the selective
hydrogenation of acetylene to ethylene). Further studies of this important catalytic reaction can
further increase the fundamental understanding of the reaction mechanism and aid with improved

catalyst design.
Supporting Information. The Supporting Information is available free of charge at [DOI address].

e List of elementary steps considered for 1,2-DCA hydrodechlorination; calculated
minimum-energy structures of 1,2-DCA hydrodechlorination reaction intermediates
adsorbed on PtxCuy(111); calculated reaction energies and activation energy barriers of
1,2-DCA hydrodechlorination elementary steps on Pt;Cui(111); and calculated Shomate
parameters for gas-phase species, as well as for adsorbed species and transition states on

Pt;Cus(111).
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Synopsis

A combination of experimental and theoretical studies elucidates the mechanistic nature of the
catalytic hydrodechlorination of 1,2-dichloroethane, which is essential for mitigating the
environmental footprint of industrial chemical processes involving chlorinated hydrocarbon
compounds.
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