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Abstract

Palladium has been shown to be an effective catalyst for chloroform hydrodechlorination, which
serves as a promising treatment method for industrial chloroform waste. To investigate the
structure sensitivity of this chemistry on Pd surfaces, we performed a density functional theory
(DFT, GGA-PWO1) study of the chloroform hydrodechlorination reaction on three distinct facets:
Pd(111), Pd(100), and Pd(211). Based on the DFT results, the binding strengths of most surface
intermediates generally increase in the following order: Pd(111) <Pd(100) <Pd(211). On all three
Pd facets, methane is formed as the preferred reaction product through a pathway in which CHCI3*
is fully dechlorinated to CH* first, and then hydrogenated to CH4. We constructed potential energy
diagrams (PED) and compared the reaction energetics for chloroform hydrodechlorination on the
three Pd facets. We propose that the competition between the desorption of chloroform and its
initial dechlorination to form CHCIl>* likely determines the hydrodechlorination activity of the

catalyst. On Pd(111), the desorption of chloroform is energetically favored over its dechlorination
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while the dechlorination barriers are lower than the desorption barriers on Pd(100) and Pd(211).
On the other hand, Pd(100) and Pd(211) bind atomic chlorine stronger and also catalyze the
formation of atomic carbon effectively; both are potential site-blocking species. Our results
suggest that the more open facets and step edge sites of a Pd nanoparticle may carry higher intrinsic
activity towards chloroform hydrodechlorination than the close-packed facets, yet these under-

coordinated sites are more prone to catalyst poisoning.

Keywords: chloroform, hydrodechlorination, density functional theory, palladium, structure

sensitivity.
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1 Introduction

Chlorinated hydrocarbon compounds are common soil and groundwater contaminants, which pose
serious environmental hazards. These species can affect human health adversely due to their high
toxicity and carcinogenicity [1-3]. The catalytic hydrodechlorination process has been proposed
as a promising treatment method for chlorinated hydrocarbon wastes [4]. Among these chemical
compounds, the hydrodechlorination of chloroform (CHCl3 + 3H, — CHs + 3HCI, AG®9sk
=-267.0 kJ/mol [5]) has been extensively studied in the literature [6—16]. Chloroform is commonly
used in the chemical industry as the precursor for the large-scale production of
polytetrafluoroethylene (PTFE) and as a solvent for other organic compounds. Therefore, effective
treatment for chloroform wastes from industrial effluent streams through hydrodechlorination is
highly desired. Due to its relatively simple molecular structure, chloroform may also serve as a
surrogate molecule for mechanistic studies of chlorinated hydrocarbon compounds with longer

carbon chains.

Late transition metals are the most widely used catalysts for the hydrodechlorination reaction.
Several of these metals have been evaluated experimentally for chloroform hydrodechlorination,
including Fe [6, 7], Ni [8, 9], Pt [9, 10], and Pd [9, 11-14]. Pd is proposed as the best-performing
monometallic catalyst due to its superior activity and stability; it has been shown to catalyze
chloroform hydrodechlorination reactions effectively even at ambient temperature and pressure
[15]. Velazquez et al. reported that a Pd-Au bimetallic catalyst, synthesized by dispersing Pd onto
an Au/Al,Os support, is even more active than pure Pd catalysts [15]. Theoretical mechanistic

studies are rare for this chemistry. To our knowledge, Chen et al. performed the only theoretical
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study for Pd-catalyzed chloroform hydrodechlorination; that work was focused on the Pd(110)
surface and used density functional theory (DFT) [14]. To probe the promotional role of Au in Pd
hydrodechlorination catalysts, we previously performed a comparative DFT study on Pd(111) and
Pdmi/Au(111) surfaces [16]. However, this study was limited to the (111) close-packed facet.
Catalyst particles synthesized through conventional preparation methods without shape control are
known to expose different facets, including the more open (100) facet as well as step edges and
kinks. To our knowledge, no evidence for structure dependence of this reaction has been provided
in the experimental literature. In order to advance the fundamental understanding of chloroform
hydrodechlorination, particularly its structure sensitivity on Pd surfaces, more detailed theoretical

investigations on different Pd facets are desired.

Here, we present a systematic DFT study for this chemistry on three representative facets of Pd:
Pd(111), the most stable, close-packed facet; Pd(100), a more open facet; and Pd(211), a surface
model for the step edges in a typical Pd nanoparticle. Using DFT calculations, we first examined
the preferred binding structures and corresponding binding energies of all the reaction
intermediates on these three Pd facets. Then, we identified the transition state of each elementary
step in the chloroform hydrodechlorination reaction network and evaluated the reaction energies
and activation energy barriers. Finally, based on the DFT-derived reaction energetics, we proposed
a reaction pathway for chloroform hydrodechlorination on Pd catalysts and constructed the
reaction potential energy diagram on all three facets of Pd. Our DFT study offers valuable insights
into the chloroform hydrodechlorination reaction mechanism on Pd catalysts. Moreover, through

a comparative study on different facets of the Pd metal, we provide evidence for the structure
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dependence of the activity of Pd catalysts, which should be beneficial for future catalyst design

and performance improvements.

2 Methods

All the DFT calculations were performed using the Vienna ab-initio Simulation Package (VASP)
[17, 18], a plane-wave total-energy code. The electron-ion interactions were described by the
projector augmented-wave (PAW) [19, 20] potentials, and the exchange-correlation functional was
described using the generalized gradient approximation (GGA-PWO91) [21]. The electronic wave
functions were expanded using plane waves with an energy cutoff of 400 eV. The energy of each
gas-phase species was evaluated in a (14 A x 15 A x 16 A) unit cell, with the first Brillouin zone
sampled at the gamma point. Convergence of the gas-phase energies with respect to the unit cell
size is observed. The calculated standard Gibbs free energy at 298 K for the gas-phase chloroform
hydrodechlorination reaction (CHCIl; + 3H, — CHs + 3HCI) is 276.5 kJ/mol, in reasonable

agreement with the handbook value of 267.0 kJ/mol [5].

The Pd(111) and Pd(100) surfaces were all modeled by periodically repeated (3 x 3) unit cells;
each slab consists of four Pd atomic layers; the bottom two layers were fixed at their bulk lattice
positions while the top two layers, as well as the adsorbates, were allowed to relax fully. The
Pd(211) stepped surface was modeled by a slab of 12 atomic layers in a (1 % 3) unit cell (Figure
1), with the bottom six layers fixed at their bulk lattice positions. Successive slabs were separated
in the z-direction by a vacuum layer of at least 12 A. The calculated Pd lattice constant is 3.957 A

based on bulk Pd calculations, in reasonable agreement with the experimental value of 3.890 A
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[22]. Adsorption was allowed on only one side of the slab, and the electrostatic potential was
adjusted accordingly [23, 24]. The site nomenclature for the Pd(211) surface is graphically
illustrated in Figure 1 and used consistently throughout this work. The first Brillouin zone was
sampled with a (4x4x1) gamma-centered Monkhorst-Pack k-point mesh [25]. Convergence of the
total energy with respect to the k-point set, energy cutoff and the number of metal layers included

was confirmed to 0.01 eV.

The activation energy barriers of all the elementary steps were evaluated using the climbing image
nudged elastic band (CI-NEB) method [26] with seven interpolated images in addition to the initial
and final states. The structures were relaxed until the maximum force on all images is smaller than
0.1 eV/A. For the hydrogen activation step (Hz + 2* — 2H*; * denotes an empty site or an adsorbed
species), a tighter convergence criterion (0.05 eV/A) was employed. The transition state was
confirmed by vibrational frequency calculations, yielding a single imaginary frequency along the

reaction coordinate.

The binding energies of all the surface adsorbates were calculated with respect to their gas phase

energy using Equation (1):

BE = EtOt - Eslab - E (1)

gas

where BE denotes the binding energy of the adsorbate, Etr denotes the total energy of the adsorbed
species and the slab together, Esiap denotes the total energy of the clean slab alone, and Egas denotes

the total energy of the adsorbate alone in the gas phase.
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The reaction energies and activation energy barriers were evaluated with respect to the energies of

the best (i.e., lowest-energy) initial and final states as defined in Equations (2) and (3):

AE = Epps — Eyig @)

E, = Ers—Eyg G)

where AE denotes the reaction energy, E. denotes the activation energy barrier, Eris and Egrs
denote the energies of the best initial and final states, respectively, and ETs denotes the energy of
the transition state. When two species are involved in an initial/final state, the best state is defined
as the one in which the two species are adsorbed at infinite separation, each at its preferred

adsorption site.
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Fig. 1 Site nomenclature for the Pd(211) slab. (a) Top and (b) side views of the Pd(211) surface are shown.
Grey spheres indicate the protruding row of the surface Pd atoms representing the step edge atoms; purple
spheres indicate the other (terrace) Pd atoms. Green dash lines indicate the unit cell

3 Results and Discussion

The reaction network for the chloroform hydrodechlorination reaction is illustrated in Figure 2,
where all possible dechlorination and hydrogenation steps after breaking the first C-Cl bond in
CHCl; are taken into consideration. We also include the CH dissociation step (pink solid arrow in
Figure 2) to form atomic hydrogen and carbon in order to probe potential routes towards coke
formation. We will show towards the end of Section 3.2 that the H removal steps from CHCls,
CHCl», and CHCI (pink dashed arrows in Figure 2) are not competing effectively with Cl removal
and H addition steps; therefore, no subsequent reaction steps following these dehydrogenation
steps are included in our proposed reaction network. Based on this reaction network, the adsorption
of reaction intermediates, the energetics of elementary steps, and the overall reaction potential
energy diagrams are presented in the following subsections. The DFT results on the Pd(111)
surface were already presented in our previous publication [16]. These results are discussed

alongside those on Pd(100) and Pd(211) in each subsection for better comparison.
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Fig 2 Chloroform hydrodechlorination reaction network. Orange arrows indicate dechlorination steps;
black arrows indicate hydrogenation steps; pink arrows indicate the dehydrogenation steps. Dashed arrows
denote those dehydrogenation steps that are later shown as energetically unfavorable against competing
steps. Red: reactant (CHCIl3); blue: product (CHa); green: by-products (CH2Cl» and CH3Cl)

3.1 Adsorption of Reaction Intermediates

The calculated binding energies of all reaction intermediates on their preferred binding sites are
summarized in Table 1, and the graphical illustrations of the minimum energy structures at the
preferred binding mode are shown in Figure 3. We did not observe stable binding structures for
H> on any of the three Pd facets; H> always dissociates spontaneously to adsorbed hydrogen (H*)
atoms. On the other hand, CH4 barely interacts with each Pd surface through physisorption (almost

zero binding energy). Therefore, these two species are not listed in Table 1 and Figure 3.

As shown in Table 1, we observe a strong correlation between the binding-site preference of the
carbonaceous intermediates and the number of valence electrons on the C atom available for

carbon-surface binding. All the closed-shell species (CHCl3, CH>Cl», and CH3Cl) cannot bind to
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the Pd surfaces through the C atom. Instead, they tend to bind to the surface through one or more

Cl and/or H atoms. The binding strengths of these species are also much weaker compared to the

other carbonaceous species. For the open-shell CHxCly intermediates, CH3, CH2Cl, and CHCL

tend to bind the strongest to the top site; CH> and CHCI prefer to bind to the bridge site; CH prefers

to bind to the three- or four-fold hollow site. The only exception is CH3 on Pd(211), which prefers

to bind on the b1 site on the step edge.

Table 1: Binding energies of reactants and reaction intermediates at their preferred adsorption sites
on Pd(111) (data reproduced from Ref. [16]), Pd(100), and Pd(211). Zero of binding energy
corresponds to infinite separation between adsorbate in the gas phase and clean slab.

Species Pd(111) Pd(100) Pd(211)
Binding Site® BE (eV)  Binding Site* BE (eV) Binding Site® BE (eV)

CHClI; tu-tei -0.20 te-ter-ten -0.27 tlc-tlal -0.50
CHxCl, tu-tei-tel -0.23 tci-tci-bu -0.31 tlc-tlc -0.48
CHsCl tu-tn-tal -0.24 tu-tu-tel -0.26 tla -0.41
CHCl, top -1.79 Top -1.95 tl -2.03
CHCl top -1.92 Top -1.97 tl -2.15
CH3 top -1.85 Top -1.82 bl -1.96
CHCI bridge -3.88 Bridge -4.08 bl -4.05
CH; bridge (tilted)  -4.00 Bridge -4.00 bl -4.14
CH fec -6.54 Hollow -6.59 h5 -6.40
HCl tu-b-tci -0.23 tu-b-tci -0.32 tlg-b-tla -0.21
H fcc -2.93 bridge -2.73 hl -2.83
Cl fee -3.18 hollow -3.33 bl -3.34
C fcc -6.86 hollow -7.88 h5 -1.72

2t and b denote the top and bridge sites, respectively. The subscripts denote the atom(s) through which the
adsorbate binds. All the open-shell CHCly species prefer to bind through the carbon atom.
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The results in Table 1 also allow us to compare the binding energies on different Pd facets. For all
the carbonaceous species, we observe that the binding strength generally increases in the following
order: Pd(111) < Pd(100) < Pd(211). On Pd(211), it is observed that the reaction intermediates
almost always prefer to bind on the step-edge sites (t1 and bl). These observations are consistent
with the general expectation that the adsorption strength of a surface should increase with
decreasing coordination number of the surface atoms [27, 28]. A notable exception is CH, which
binds the weakest on Pd(211). This is likely due to the strong binding preference of CH to three-

fold hollow sites, which is not present on the step edge of Pd(211).

Pd(111) Pd(100) Pd(211) Pd(111) Pd(100) Pd(211)

CHCl,

CH,Cl,

CH,Cl

CHCl,

CH,CI

CH,

CHCI

Fig. 3 Minimum energy structures of reactants, products, and reaction intermediates on Pd(111), Pd(100),
and Pd(211). The structures on Pd(111) were reproduced from Ref. [16]. Color code: Grey — step-edge Pd;
pink — other Pd; black — C; yellow — H; green — Cl

3.2 Reaction Energies and Activation Energy Barriers
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The calculated reaction energies (AE) and activation energy barriers (E,) for all the elementary
steps listed in Figure 2 on all three Pd facets are summarized in Figure 4. The initial, final, and
transition states of the lowest-energy path for each elementary step are summarized in Figure 5.
Here, we briefly discuss the other two elementary steps not shown in Figure 5: the dissociative
adsorption of H> (Hz + 2* — 2H*) and the formation of HCI (H* + C1* — HCI + 2%*). On all three
facets, we observed zero activation energy barrier for the dissociative adsorption of H; the reaction
energies of this step are -1.31 eV, -0.90 eV, and -1.11 eV on Pd(111), Pd(100), and Pd(211),
respectively. The reverse reaction of the HCI formation step, i.e., the dissociative adsorption of
HCI1 (HCI + 2* — H* + CI*), is also barrierless on all three Pd facets. The calculated reaction
energies for the HCI formation step are 1.45 eV, 1.39 eV, and 1.51 eV on Pd(111), Pd(100), and

Pd(211), respectively. The detailed reaction paths for the other elementary steps are discussed

below.
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Fig. 4 Activation energy barriers (numbers outside the parentheses) and reaction energies (numbers inside
the parentheses) of surface elementary reaction steps (red: Pd(111) (data reproduced from Ref. [16]); green:
Pd(100); purple: Pd(211)). Orange arrows indicate dechlorination steps; black solid arrows indicate
hydrogenation steps; pink arrows indicate the dehydrogenation steps. Dashed arrows denote those
dehydrogenation steps that are energetically unfavorable against competing steps. ‘X’ denotes a step for
which we were unable to determine any feasible reaction path from NEB calculations, and another
elementary step would always occur ahead of this step; for detailed description, please refer to the
discussion of individual elementary steps in Section 3.3

Pd(111) Pd(100) Pd(211)

CHCI;* +* 5 CHCL,* + CI*

CHCI* +* - CHCI* + CI*

CHCI* +* 5 CH* + CI*

CH* + H* > CH,* + *

CH,* + H* & CH,* +*

CH;* + H* > CH, + 2*

CHCL,* + H* = CH,ClL* +*

CH,CL* +* > CH,CI* + CI*

CHCI* + H* > CH,CI* +*

CH,CI* +* > CH,* + CI*

CH,CI* + H* - CH,CI* +*

CH,CI* +* 5 CHy* +CI*

CH* + ¥ > C* + H*

CHCI;* +* - CCly* + H*

CHCL* +* = CCl* + H*

CHCI* +* - cCI* + H*
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Fig. 5 Top views of the initial-state (IS), transition-state (TS) and final-state (FS) structures of each surface
elementary reaction step on Pd(111), Pd(100), and Pd(211). The structures on Pd(111) were reproduced
from Ref. [16]. Color code: Grey — step-edge Pd; pink — other Pd; black — C; yellow — H; green — Cl. ‘X’
denotes a step for which we were unable to determine any feasible reaction path from NEB calculations,
and another elementary step would always occur ahead of this step; for detailed description, please refer to
the discussion of individual elementary steps in Section 3.3. Several images for the structures on Pd(211)
are rotated by 90° so that all the reactive species can be captured in these images.

CHCI3* + * —» CHCL* + CI*

The first dechlorination step is highly exothermic on all three Pd facets; the reaction energies of
this step are -1.42 eV, -1.65 eV, and -1.52 eV on Pd(111), Pd(100), and Pd(211), respectively. On
Pd(111), this step initiates with the chloroform molecule adsorbed to the surface through all three
of its CI atoms; the center of the molecule sits on top of an hcp site. This structure is merely 0.01
eV less stable than the preferred configuration on Pd(111) binding through one H and one Cl
(Figure 3). As the reaction step proceeds through the reaction coordinate, one of the C-CI bonds
starts to stretch, until it reaches a bond length of 2.63 A at the transition state. The calculated
activation energy barrier to reach this transition state on Pd(111) is 0.44 eV. Once the C-Cl bond
is broken, the CI* atom moves to a nearby fcc site, while the CHCI>* fragment binds to the surface
through two Cl atoms instead of its C atom, a metastable binding structure 1.36 eV less stable than

the optimal binding structure of CHCIL>*, where CHCl>* binds through its C atom.

On Pd(100), the dechlorination of CHCI3* occurs through a similar path to that on Pd(111). In the
initial state, the adsorption of CHCI3* is characterized by two CI atoms binding to two adjacent
top sites, with the third Cl atom siting near a bridge site; this is a slightly rotated structure from its
preferred binding structure shown in Figure 3. During the reaction, one of the top-site Cl atoms is

broken away from the chloroform molecule. At the transition state, the C-Cl bond is stretched to a
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length of 2.38 A. In the final state, the CHCl,* fragment binds through a metastable state with two
Cl atoms binding to the surface, similar to that on Pd(111). The activation energy barrier of this
step is 0.19 eV on Pd(100), the lowest among all three Pd facets. We examined the reorientation
of CHCL* from the metastable final states to its preferred binding structures on both Pd(111) and
Pd(100). This step is highly exothermic and much less activated (barriers less than 0.10 eV) than
the bond-breaking event. Therefore, this reorientation process is not considered as a rate-limiting

factor in the dechlorination step.

On Pd(211), the activation energy barrier of the initial dechlorination step of CHCI3* is 0.35 eV,
0.09 eV lower than that on Pd(111), yet 0.16 eV higher than that on Pd(100). This step occurs on
the step edge of the Pd(211) surface. In the initial state, CHCI3* sits on its preferred binding site
with two of its Cl atoms on top of two adjacent t1 sites on the step edge. One of these two Cl atoms
moves away from the molecule as the reaction step proceeds. When the transition state is reached,
the C-Cl bond length is stretched to 2.83 A. Unlike the paths on Pd(111) and Pd(100), the final
state of this step on Pd(211) does not involve a metastable adsorption state of CHCIl>*. Rather,
CHCI: binds to its preferred t1 site on the step edge, with one CI atom tilting towards an adjacent
t1 site. The C1* atom broken away from the chloroform molecule sits on a nearby f2 site, which is

a three-fold hollow site right next to the step edge, in the final state.

CHCL* + * —» CHCI* + CI*

The dechlorination of CHCl>*, formed from the first dechlorination step of chloroform, is

exothermic by 1.07 eV, 1.26 eV, and 1.17 ¢V on Pd(111), Pd(100), and Pd(211), respectively. On
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all three Pd facets, this elementary step initiates with the CHCIL>* species adsorbed to its preferred
adsorption sites. It then proceeds with the elongation of one of the C-Cl bonds. The transition-state
bond lengths for the C-Cl bond being broken during this process are 2.60 A, 2.59 A, and 2.69 A
on Pd(111),Pd(100), and Pd(211), respectively. On Pd(111), this step is characterized by an energy
barrier of 0.38 eV; in the final state, CHCI* is adsorbed on its preferred bridge site through the C
atom, and CI* binds on a nearby fcc site. On Pd(100), the activation energy barrier of this step is
0.41 eV; the process is completed with CHCI* on the preferred bridge site and CI* on a hollow
site. On Pd(211), the final state of this elementary step consists of both the CHCI* and CI* species

on two adjacent b1 sites over the step edge; the activation energy barrier on Pd(211) is 0.33 eV.

CHCI* + * — CH* + CI*

Like the previous two dechlorination steps, the dechlorination of CHCI* to form CH* and CI* is
also exothermic on all three Pd facets. The reaction energies for this step are -1.36 eV, -1.36 eV,
and -1.21 eV on Pd(111), Pd(100), and Pd(211), respectively. On Pd(111) and Pd(100), this
reaction step starts with CHCI* on its preferred binding site. The C-Cl bond is stretched until it
reaches 2.15 A and 1.99 A at the transition state on Pd(111) and Pd(100), respectively. After the
C-Cl bond is fully broken, CH* binds on an hcp site, and the CI* atom binds on an fcc site on
Pd(111). In the final state on Pd(100), CH* binds on a hollow site while CI* binds on a nearby
bridge site. The initial state of this step on Pd(211) is different from the preferred binding
configuration of CHCI*; instead of the preferred b1 site on the step edge, the species is adsorbed
on a b2 site adjacent to the step edge which is 0.17 eV less stable. As this reaction step proceeds

on Pd(211), the C-Cl bond elongates, and the CH* species moves back to the step edge until it sits
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on the bl site. In the final state, the CI* atom broken away from CHCI* binds on a b3 site on the
terrace. At the transition-state on Pd(211), the C-Cl bond length is 2.06 A. The activation energy
barriers for this step are 0.16 eV, 0.07 eV, and 0.24 eV on Pd(111), Pd(100), and Pd(211),

respectively.

CH* + H* — CHp* + *

The hydrogenation of CH* to CH»* is endothermic by 0.69 eV, 0.54 eV, and 0.30 eV on Pd(111),
Pd(100), and Pd(211), respectively. On Pd(111), the activation energy barrier for this step is 0.96
eV. In the initial state, the CH* and H* species are adsorbed on two adjacent fcc sites. As the
reaction step proceeds, the H* atom moves closer to CH*. The transition-state distance of the C-
H bond being formed is 1.37 A on Pd(111). The CH»* species formed binds on a bridge site in the
final state. On Pd(100), this elementary step is associated with an activation energy barrier of 0.79
eV. The step initiates with CH* and H* on two adjacent hollow sites. The H* atom starts to diffuse
towards the CH* species until the C-H bond reaches a length of 1.47 A at the transition state. After
the CH>* species is formed, it binds to its preferred bridge site in the final state on Pd(100). The
activation energy barrier of this step on Pd(211) is 0.86 eV. Unlike most of the other steps that
occur over the step edge, this hydrogenation step occurs on the terrace of the Pd(211) surface. In
the initial state, CH* binds on the h1 site right next to the step edge while H* bind on the and h3
sites on the terrace, respectively. Similar to the other two Pd facets, the reaction step proceeds with
H* moving closer to the CH* species. At the transition state, the C-H bond length is 1.37 A. The
CH>* species formed on Pd(211) binds on a b2 site, instead of its preferred b1 site on the step edge,

in the final state.
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CHy* + H* — CH3* + *

The hydrogenation of CH>* to CH3* is almost thermoneutral on all three Pd facets, with reaction
energies of 0.07 eV, -0.10 eV, and 0.01 eV on Pd(111), Pd(100), and Pd(211), respectively. In the
initial state of this elementary step on Pd(111), the CH2* species is adsorbed on a bridge site in its
preferred tilted configuration, and the H* atom sits on a nearby fcc site. The H* atom diffuses
towards the hydrocarbon fragment as the reaction step proceeds. At the transition state, H* is
located near a top site, and the length of the C-H bond being formed is 1.71 A. Once the CH3*
species is formed, it is adsorbed on its preferred top site in the final state on Pd(111). On Pd(100)
and Pd(211), the initial states for this elementary step are similar in structure; both involve CH*
and H* on two adjacent bridge sites (on Pd(211), both species bind on adjacent b1 sites on the step
edge). The C-H bond is formed as the H* atom moves towards the CH>* species. At the transition-
state, the C-H distances for the bond being formed are 1.75 A and 1.79 A on Pd(100) and Pd(211),
respectively. In the final state on Pd(100), the CH3* species binds on its preferred top site, while
on Pd(211), it binds on the preferred bl site on the step edge. The calculated activation energy
barriers for this hydrogenation step are: 0.88 eV on Pd(111), 0.60 eV on Pd(100), and 0.67 eV on

Pd(211).

CHs;* + H* — CH4 + 2*

The formation of gas-phase methane from the hydrogenation of CH3* is almost thermoneutral on

Pd(111) and Pd(211) with reaction energies of -0.03 eV and -0.02 eV, respectively; the same
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elementary step is mildly exothermic on Pd(100) by 0.26 eV. This step occurs through similar
paths on all three Pd facets. In the initial state, CH3* is adsorbed on a top site (t1 site on Pd(211)),
and the H* atom sits on a hollow site right next to the CH3* species (fcc on Pd(111), h5 on the
terrace of Pd(211)). The hydrogenation process proceeds with the H* atom moving closer to the
CH3* fragment. The transition-state C-H bond lengths are 1.60 A, 1.64 A, and 1.62 A on Pd(111),
Pd(100), and Pd(211), respectively. Once the methane molecule is formed, it immediately moves
away from the surfaces. In the final states on all three Pd facets, methane is physisorbed with
negligible interaction energy. The activation energy barriers of this hydrogenation step are 0.76

eV, 0.42 eV, and 0.56 eV on Pd(111), Pd(100), and Pd(211), respectively.

CHCL* + H* — CH,Clp* + *

The hydrogenation of CHCIl* to the partially dechlorinated product, CH>Cl*, is mildly
endothermic by 0.23 eV, 0.11 eV, and 0.12 eV on Pd(111), Pd(100), and Pd(211), respectively.
The activation energy barriers of this hydrogenation step on the three Pd facets are 1.35 eV for
Pd(111), 1.06 eV for Pd(100), and 1.14 eV for Pd(211). On all three Pd facets, this step initiates
with similar co-adsorption configurations of the CHCL* and H* species: CHCL* binds on its
preferred top site (t1 on the step edge of Pd(211)), and H* binds on a nearby hollow site (fcc on
Pd(111), £2 on the terrace of Pd(211)). As the reaction step proceeds, the H* atom diffuses towards
the CHCL* species, and the entire reaction complex moves away from the surface. At the transition
state, the length of the C-H bond being formed is 1.46 A, 1.45 A, and 1.54 A on Pd(111), Pd(100),
and Pd(211), respectively. On Pd(111), the CH>Cl,* species is adsorbed to the surface through its

preferred binding structure, as shown in Table 1 and Figure 3, in the final state, while on Pd(100)
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and Pd(211), it binds through slightly different, yet almost isoenergetic, adsorption structure from

the preferred ones.

CH,CL* + * —» CH,CI* + CI*

The dechlorination of CH,CL* to CH2Cl* is exothermic by 1.21 eV, 1.32 eV, and 1.34 eV on
Pd(111), Pd(100), and Pd(211), respectively. The reaction paths for this elementary step are similar
on all three Pd facets. The CH>Cl,* and CH>CI* species bind on their preferred adsorption sites in
the initial and final states, respectively. During the reaction, one of the C-CI bonds is elongated.
In the final states, the CI* atom broken off of the chlorocarbon sits on the fcc, bridge, and f2 sites
on Pd(111), Pd(100), and Pd(211), respectively. On Pd(111), the transition-state C-Cl bond length
is 2.61 A, and the activation energy barrier for this step is 0.70 eV. The transition state on Pd(100)
is associated with an activation energy barrier of 0.70 eV, and the C-Cl bond distance at this
transition state is 2.66 A. On Pd(211), the C-Cl bond length is 2.72 A at the transition state; the

associated activation energy barrier is 0.39 eV.

CHCI* + H* —» CH,CI* + *

The hydrogenation of CHCI* to CH2>CI* is almost thermoneutral on all three Pd facets studied; the
reaction energies for this elementary step are 0.10 eV, 0.04 eV, and -0.06 eV on Pd(111), Pd(100),
and Pd(211), respectively. The activation energy barriers are 1.07 eV, 0.83 eV, and 0.83 eV on
Pd(111), Pd(100), and Pd(211), respectively. In the initial states, the CHCI* species always prefers

to bind on its preferred bridge site (b1 on Pd(211)) regardless of the surface facet. The H* atom in
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the initial state binds on a nearby fcc site on Pd(111), while it binds on the bridge and h1 sites on
Pd(100) and Pd(211), respectively. The reaction step proceeds with the migration of the H* atom
towards the CHCI* fragment. The transition-state C-H bond lengths are 1.64 A, 1.65 A, and 1.65
A on Pd(111), Pd(100), and Pd(211), respectively. The CH>CI* species formed in this elementary
step binds through its preferred adsorption structure on a top site in the final states on all the Pd

facets (t1 on Pd(211)).

CH,Cl* + * — CHy* + CI*

The dechlorination of CH>CI* is exothermic on all three Pd facets with reaction energies of -0.78
eV, -0.87 eV, and -0.85 eV on Pd(111), Pd(100), and Pd(211), respectively. Similar reaction paths
were observed on all three Pd facets. The reaction step starts with the CH>CI* species on its
preferred top site (t1 on Pd(211)), and finishes with the CH>* on its preferred bridge site (bl on
Pd(211)) and CI* on a nearby hollow site (fcc on Pd(111), h1 on Pd(211)). On Pd(111), stretching
of the C-CI bond leads to a bond length of 2.76 A at the transition state, which is associated with
an activation energy barrier of 0.67 eV. The activation energy barrier of this step on Pd(100) is
0.46 eV, and the transition-state C-Cl bond length is 1.88 A. On Pd(211), the activation energy
barrier for this dechlorination step is 0.38 eV; at the transition state, the C-Cl bond is stretched to

a length of 1.89 A.

CH,Cl1* + H* — CH;3Cl* + *
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The hydrogenation of CH,Cl1* to CH3Cl* is mildly endothermic by 0.13 eV and 0.09 eV on Pd(111)
and Pd(211), respectively, whereas it is slightly exothermic by 0.05 eV on Pd(100). On Pd(111),
this hydrogenation step initiates with the CH>CI* species on its preferred top site and the H* atom
on an adjacent fcc site. The H* atom starts to move towards CH>Cl1* until it reaches a transition-
state C-H bond length of 1.50 A. Once the C-H bond is formed, the CH3CI* species binds to the
surface through one Cl atom and two H atoms (its preferred binding structure). The activation
energy barrier for this step on Pd(111) is 1.04 eV. On Pd(100), the reaction starts with CH,CI* on
its preferred top site and H* on a nearby bridge site. As the H* atom moves closer to CH>CI*, the
transition-state is reached at a C-H distance of 1.53 A. In the final state, the CH3CI* species formed
binds through the Cl atom and one H atom, a binding structure almost isoenergetic as the preferred
one on Pd(100); see Table 1 and Figure 3 for details. The activation energy barrier for this step on
Pd(100) is 0.73 eV. In the initial state on Pd(211), the CH>C1* binds on its preferred t1 site on the
step edge, and H* sits on the f2 site right next to the step. The H* atom starts to move towards the
CH2CI1* fragment and the transition-state is reached at a C-H bond length of 1.54 A. In the final
state, the CH3Cl* species binds to the tl site on the step edge through its Cl atom. This

hydrogenation step is associated with an activation energy barrier of 0.97 eV on Pd(211).

CH;Cl1* + * — CH3* + Cl*

The dechlorination of CH3CI* to CH3* is exothermic by 0.84 eV, 0.92 ¢V, and 0.93 eV on Pd(111),
Pd(100), and Pd(211), respectively. The activation energy barriers for this step on the three Pd
facets are 1.38 eV on Pd(111), 0.91 eV on Pd(100), and 0.76 ¢V on Pd(211). On Pd(111) and

Pd(211), the reaction initiates and completes with the CH3C1* and CH3* species on their preferred
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binding sites in the initial and final states, respectively. The C1* atom removed from CH3;CI* binds
on an fcc site in the final state on Pd(111); it binds on an hl site right next to the step edge on
Pd(211). On Pd(100), this elementary step initiates with CH3CI* adsorbed on the surface through
the Cl atom and one H atom, a binding structure almost isoenergetic as the preferred one. Once
the Cl atom is broken off, CH3* binds on a top site, and CI* binds on a nearby hollow site in the
final state on Pd(100). The transition-state C-C1 bond lengths of this step are 2.58 A, 2.24 A, and

2.13 A on Pd(111), Pd(100), and Pd(211), respectively.

CH* + * — C* + H*

The formation of atomic C* and H* through CH* dissociation is endothermic on Pd(111) by 0.41
eV, whereas exothermic on Pd(100) and Pd(211) by 0.55 eV and 0.59 eV, respectively. The
activation energy barriers of this step are 1.38 eV, 0.51 eV, and 0.50 eV on Pd(111), Pd(100), and
Pd(211), respectively, which suggests that the dissociation of CH* is much more difficult on
Pd(111) compared to the other two less-coordinated facets. Despite the drastically different
energetics, the reaction paths share similar structural characteristics on all three Pd facets. In the
initial state, CH* always binds through the C atom to its preferred binding site with the C-H bond
pointing vertically upwards (see Table 1 and Figure 3). Throughout the reaction, the C atom stays
on the same binding site, while the C-H bond is elongated and bent towards the surface. Once the
C-H bond is fully broken, H* migrates to a nearby three- or four-fold hollow site. The C-H bond
lengths at the transition state are 1.44 A, 1.50 A, and 1.49 A on Pd(111), Pd(100), and Pd(211),

respectively. Although the product of this step, C*, is a ‘dead end’ in the reaction network and
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does not contribute to the reaction flux for any product, it is a potential route towards coke

formation, a well-known catalyst poison.

H removal steps from CHCIl3;, CHCl,, and CHCI

The last set of elementary steps discussed in this section are the following dehydrogenation steps:
CHCI3* + * — CCl3* + H*, CHCl* + * — CCl* + H*, and CHCI* + * — CCI* + H* (indicated
by the pink dashed arrows in Figure 4). Here, we demonstrate that, for each of these three
elementary steps, either we were unable to determine any feasible reaction path from NEB
calculations, or the activation energy barrier is much higher than its competing dechlorination step.
Therefore, we exclude these three dehydrogenation steps from further analysis of the reaction
network. The detailed reaction energetics and paths are discussed below and compared with those

for the competing dechlorination steps.

CHCI3* + * — CCl3* + H* (competing dechlorination step: CHCIl3* + * — CHCI,* + C1*)

On Pd(111), this dehydrogenation step initiates with the chloroform molecule in its preferred
adsorption configuration, characterized by one H and one Cl atoms binding to two adjacent top
sites. The C-H bond is stretched until it reaches a bond length of 1.48 A in the transition state;
meanwhile, the center of the entire molecule also moves closer to the surface. Once the H atom is
completely broken away from CHCI3*, it binds to a nearby hcp site. The remaining CCl3* fragment

is adsorbed on its preferred top site in the final state. This step is exothermic by 0.25 eV and
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associated with an activation energy barrier of 1.16 eV on Pd(111), which is 0.72 eV higher than

the barrier of the competing dechlorination step.

On Pd(100), the initial state of this step involves the adsorption of CHCI3* through two CI and one
H atoms. This adsorption configuration is merely 0.01 eV less stable than the preferred structure
through all three Cl atoms. Similar to the reaction path on Pd(111), this step proceeds with the
elongation of the C-H bond as well as the movement of the entire molecule towards the surface.
The transition-state C-H bond length is 1.42 A. In the final state, the CCl3* fragment binds to a top
site, its most stable binding site, and the H* atom binds to an adjacent hollow site. The reaction
energy of this step is -0.36 eV on Pd(100), and the activation energy barrier is 0.94 eV. On the
other hand, the competing dechlorination step of chloroform on Pd(100) is associated with an

activation energy barrier of merely 0.19 eV, which is 0.75 eV lower.

The initial state of this dehydrogenation step on Pd(211) is characterized by a titled geometry of
the CHCI3* molecule. In this configuration, the molecule binds to the surface through two Cl and
one H atoms, and the center of the molecule lies on top of an h1 site, which is a three-fold hollow
site right on the edge of the (211) terrace. This initial state is 0.12 eV less stable than the preferred
adsorption of CHCI3* on Pd(211) through two CI atoms on top of the step edge. As the reaction
proceeds, the C-H bond is stretched and eventually broken. The transition-state C-H bond length
is 1.46 A. In the final state, the CCl3* fragment binds to its preferred t1 site on the step edge; the
H* atom also binds on the step edge to an adjacent b1 site. This step is exothermic by 0.27 eV and
associated with an activation energy barrier of 1.05 eV, 0.70 eV higher than the barrier for the

competing dechlorination step on Pd(211).
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CHCL* + * — CCly* + H* (competing dechlorination step: CHCl>* + * — CHCI* + Cl*)

On Pd(111), the dehydrogenation of CHCI,* is exothermic by 0.20 eV. This step initiates with the
molecular fragment adsorbed in its most-stable top-site configuration. As the reaction proceeds,
the entire CHCl,* fragment first shifts slightly towards an adjacent bridge site; then, the C-H bond
starts to elongate. In the transition state, the C-H bond length is 1.60 A. After the C-H bond is fully
broken, the H* atom migrates to a nearby fcc site while the remaining CCl>* fragment binds to its
preferred bridge site. The activation barrier for this step is 1.03 eV, 0.75 eV higher than the barrier

for the competing dechlorination step CHCl,* + * — CHCI* + CI*,

On Pd(100), we were unable to determine any feasible reaction path for the dehydrogenation of
CHCL*. One of the C-CI bond is always broken (CHCI,* + * — CHCI* + CI*) before the C-H

bond scission can occur. We conclude that this step is not possible on Pd(100).

On Pd(211), the reaction energy and activation energy barrier of this dehydrogenation step
are -0.23 eV and 0.93 eV, respectively. Despite the different surface geometries, the reaction path
is similar to that on Pd(111). Initially, the CHCIl,* species binds to its preferred t1 site on the
Pd(211) step edge. The reaction starts with the migration of the entire molecular fragment towards
an adjacent bl site on the step edge, followed by the elongation of the C-H bond. The transition-
state C-H bond length is 1.60 A. When the final state of this step is reached, the H* atom binds to
an hl site next to the step edge while the CClb* fragment stays on the b1 site, which is also the

most stable binding site for this species. The activation energy barrier for the competing
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dechlorination step on Pd(211) is 0.33 eV, much less activated (by 0.60 eV) than this

dehydrogenation step.

CHCI* + * — CCI* + H* (competing dechlorination step: CHCI* + * — CH* + CI*)

The dehydrogenation of CHCI* is exothermic by 0.83 eV on Pd(111). The activation energy
barrier for this step is 0.38 eV. In the initial state, the CHCI* species binds through the C atom to
its preferred bridge site. In the early stage of the reaction, the entire molecular fragment diffuses
towards an adjacent fcc site. After that, the C-H bond is stretched and eventually broken. The
transition-state C-H bond length is 1.26 A. In the final state, the CCI* fragment stays on the fcc
site, its most stable binding site, while the H* atom migrates to an adjacent fcc site. Although this
dehydrogenation step is associated with a relatively low barrier of 0.38 eV on Pd(111), it is still

0.22 eV higher than that for the competing dechlorination step.

Similar to the case for CHCl* dehydrogenation, we were unable to determine any possible
reaction path for the dehydrogenation of CHCI* on Pd(100). The C-Cl bond is always broken

(CHCI* + * — CH* + CI*) before the C-H bond scission can occur.

On Pd(211), this step initiates with the CHCI* species adsorbed on its preferred b1 site on the step
edge. As the reaction proceeds, the entire species moves towards an adjacent h1 site at the top of
the (211) step. Then, the C-H bond is stretched and reaches a transition-state bond length of 1.45
A. Once the C-H bond is fully broken, the H* atom diffuses towards the foot of the (211) step until

it reaches an f2 site on the terrace while the remaining CCI* fragment stays on the hl site. This
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step is exothermic by 0.57 eV and associated with an activation energy barrier of 0.64 eV, 0.40 eV

higher than the barrier for the competing dechlorination step CHCI* + * — CH* + C1* on Pd(211).

3.3 Analysis of Reaction Network and Potential Energy Diagram (PED)

In this section, we first determine the reaction pathways for chloroform hydrodechlorination on all
three Pd facets based on the reaction energetics shown in Figure 4. One observation can be made
as we examine the activation energy barriers of all the elementary steps: the activation barriers of
the hydrogenation steps are much higher than those of the competing dechlorination steps.
Therefore, for any partially dechlorinated surface intermediates, the subsequent dechlorination
step is energetically favored over the hydrogenation step. For example, after the CHCI>* species
is formed from the initial dechlorination step of chloroform, the hydrogenation of CHCI>* to form
CHCl,* is much more activated than the dechlorination step to form CHCI*, by 0.97 eV, 0.65 eV,
and 0.81 eV on Pd(111), Pd(100), and Pd(211), respectively. The same observation can be made
for the CHCI* species: the activation barrier for its dechlorination step to form CH* is lower than
its hydrogenation step to form CH>CI* by 0.91 eV, 0.76 eV, and 0.59 eV on Pd(111), Pd(100), and
Pd(211), respectively. We thus conclude that the hydrogenation steps should occur after
chloroform is fully dechlorinated to the CH* species; the chloroform hydrodechlorination should

proceed through the following sequence of elementary steps on all three Pd facets:

CHCl, —%- CHCl, —“— CHCl—“- CH —"— CH, —"> CH, —"—> CH

4
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The proposed reaction pathway also suggests that the fully dechlorinated product, methane, should
be the preferred chloroform hydrodechlorination product on Pd catalysts. The formation of any
partially dechlorinated product (CH2Cl, or CH3Cl) is not energetically favorable. These
conclusions agree with the experimental findings by Velazquez and coworkers [15] that methane
was produced as the main chloroform hydrodechlorination product on Pd catalysts with over 90%

selectivity.

As the reaction pathway for chloroform hydrodechlorination was determined, we constructed the
potential energy diagrams along the proposed pathway on all three Pd facets, as shown in Figure
6. The PEDs allow for direct comparison among the reaction energetics of different Pd facets,
thereby elucidating the degree of structure sensitivity of this catalytic reaction. On each of the three
PEDs, the transition state of the initial dechlorination step (CHCl3* + * — CHCL* + CI*) is the
highest-energy transition state. After the initial bond-breaking step, the reaction goes energetically
downhill until the fully dechlorinated state (CH*|3CI1*|6H*) is reached. Therefore, the initial
dechlorination step likely limits the dechlorination activity. Among the three Pd facets, the initial
dechlorination barrier is the lowest on Pd(100) with an activation energy barrier of 0.19 eV,
followed by Pd(211) (0.35 eV) and Pd(111) (0.44 eV). The inset in Figure 6 illustrates the
competition between the initial dechlorination of chloroform and the desorption of chloroform
from the surface. This competition is essential for the activity of a hydrodechlorination catalyst, as
the adsorbed chloroform molecule should be dechlorinated readily before it is desorbed from the
surface. On Pd(111), the dechlorination barrier (0.44 eV) is 0.24 eV higher than the desorption
barrier (0.20 eV), suggesting a higher tendency for a CHCI3* molecule to desorb than to proceed

with further surface reactions (at room temperature, a difference of every 0.06 eV in activation
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barriers corresponds to an order of magnitude difference in rates). On both Pd(100) and Pd(211),
however, the dechlorination barriers are lower than the desorption barrier, by 0.08 eV and 0.15 eV
(which suggests that the dechlorination step is more likely to occur due to approximately 23-fold
and 344-fold difference in rates at room temperature), respectively. Therefore, we conclude that
the more open facets and the step edges of a Pd particle are more active than its close-packed facet

for chloroform hydrodechlorination.
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Fig. 6 Potential energy diagram for methane formation from chloroform hydrodechlorination through the
proposed reaction pathway on Pd(111) (red lines), Pd(100) (green lines), and Pd(211) (purple lines). Dash
lines indicate the formation of C* through CH* dissociation. The inset indicates the comparison between
the chloroform first dechlorination barrier and the chloroform desorption barrier. ‘*’ denotes adsorbed
species. ‘|’ indicates infinite separation with each surface species at 1/9 ML coverage. ‘-’ denotes the bond
made/broken in a transition state

3.4 Analysis of Site-Blocking Species
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We caution readers that our analysis of the reaction energetics in Section 3.3 is based on DFT
results obtained on clean surfaces. As shown in Figure 6, the fully dechlorinated state
(CH*|3CI*|6H*) corresponds to a deep energy valley on all three PEDs, which is 7-8 eV more
stable than the initial reactants in the gas phase. This strongly indicates that these atoms and
molecular fragments (CH*, CI*, H*) may be present on the surface at a certain coverage,
potentially significant, under realistic reaction conditions. Additionally, Pd(100) and Pd(211) can
effectively catalyze the formation of C atoms through CH dissociation. On both surfaces, the
activation energy barrier for the CH* dissociation step (CH* + * — C* + H*, E, = 0.51 eV and
0.50 eV on Pd(100) and Pd(211), respectively) is much lower that that for the CH* hydrogenation
step (CH* + H* — CHy* + *, E; = 0.79 eV and 0.86 eV on Pd(100) and Pd(211), respectively).
As a result, an even more stable atomic state (C*|3CI1*|7H*) can be formed. The presence of
strongly bound atomic species raises concerns for the steady state catalytic performance of the
under-coordinated sites on Pd(100) and Pd(211), predicted to be more active towards chloroform

hydrodechlorination based on the clean-surface DFT results, under realistic conditions.

Based on their respective binding strengths summarized in Table 1, we can make speculations
about which species might be responsible for the site blocking on different Pd facets. For example,
C* binds significantly stronger on the two under-coordinated facets than on Pd(111) (by 1.02 eV
and 0.86 eV for Pd(100) and Pd(211), respectively). Similarly, CI* binds 0.15 eV and 0.16 eV
stronger on Pd(100) and Pd(211), respectively, than on Pd(111). On the other hand, H* binds the
strongest to Pd(111) among the three Pd facets, likely due to its preference for three-fold hollow

sites. In order to further explore the tendency for C1* and C* poisoning the under-coordinated sites
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of Pd(100) and Pd(211), we studied the diffusion of these two atomic species. We observed that,
while the diffusion of C1* is always facile, the diffusion of C* on Pd(100) and Pd(211) is associated
with high activation energy barriers of at least 1.1 eV, indicating that C* may become a permanent
site-blocking species and hinder the activity of under-coordinated sites on a Pd catalyst particle
under steady state conditions. The calculated diffusion barriers and paths on all three Pd facets are
summarized in Table 2. The PEDs for C* and CI* spillover on Pd(211) from step edge to terrace

are shown in Figure 7 and discussed in details in the following paragraphs.
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Fig 7 Potential energy diagram for diffusion of (a) atomic chlorine and (b) atomic carbon on Pd(211). The
insets illustrate the side and top views of the stable binding structures and transition states. In each diagram,
the energy zero is chosen as the energy of the preferred adsorption structure (bl and h5 for C1* and C*,
respectively). The arrows and numbers (in eV) denote the activation energy barriers for diffusion from the
preferred adsorption structure. Color code: Grey — step-edge Pd; pink — other Pd; black — C; green — CL.

Table 2: Diffusion barriers and paths of CI* and C* on Pd(111), Pd(100), and Pd(211)

Diffusion barrier (eV)? Diffusion path®
Surface
CI* C* CI* c*
Pd(111) 0.17 0.64 fcc — (bridge) — hep fcc — (bridge) — hep
Pd(100) 0.16 1.13 hollow — (bridge) —hollow  hollow — (bridge) —hollow
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Pd(211)° 0.28 1.10 bl — (hl) —> f2 h5 — (b5) —f4

2 Only the lowest diffusion barriers and associated diffusion paths are listed. Parentheses in the diffusion
paths denote the transition states.
> On Pd(211), we studied the diffusion from step edge to terrace.

The calculated potential energy diagram (PED) for the diffusion of CI* on Pd(211) is illustrated in
Figure 7(a). On Pd(211), the most stable binding site for CI* is the bl site, which is a bridge site
on top of the step edge. The diffusion of C1* away from its preferred b1 site can occur through two
possible paths: the migration over the top of the step edge towards an f2 site, a three-folder hollow
site on the terrace; or migration downwards along the (211) step towards a t3 site, a top site at the
foot of the step. As shown in Figure S3(a), the bl — {2 path is the energetically favorable diffusion
path, which is associated with an activation energy barrier of 0.28 eV. The diffusion barrier for the
bl —t3 path is 0.17 eV higher. Nonetheless, both diffusion processes are associated with moderate
barriers comparable to the calculated activation energy barriers of the dechlorination steps (0.07 —
0.44 eV). Therefore, despite the strong binding of C1* on the Pd(211) step edge, it can readily
diffuse away from the step sites under chloroform hydrodechlorination conditions. On Pd(111)
and Pd(100), we observed low barriers for C1* diffusion (0.17 eV and 0.16 eV, respectively, Table

2), which suggests that C1* should be a mobile species on Pd regardless of surface facet.

The calculated PED for the diffusion of C* on Pd(211) is shown in Figure 7(b). On Pd(211), the
preferred binding site for C* is the hS site, a four-fold hollow site over the (100)-like step. Similar
to CI*, two paths exist for the diffusion of C* away from its preferred hS5 site: the C* atom can
climb over the top of the step edge and diffuse to an hl site, a three-fold hollow site on the edge
of the (211) terrace; or it can move downwards the foot of the step and reach an 4 site, another

three-fold hollow site on the terrace. In this case, both diffusion paths are associated with large
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activation energy barriers. The h5 — f4 path is the easier one among the two diffusion paths, yet it
still needs to overcome a diffusion barrier of 1.10 eV. The barrier of the other path (h5 — hl) is
even higher by 0.54 eV. Unlike CI*, C* has a strong tendency to stay on its preferred hS site on
Pd(211). On Pd(100), we obtained a similarly high diffusion barrier of 1.13 eV, while the barrier
is much lower on Pd(111) (0.64). The highly activated C* diffusion process on the open Pd(100)
facet and the Pd(211) step edge is likely caused by the strong affinity of C* to the four-fold hollow
sites present on these two surfaces. It is worth noting that the barriers of at least 1.1 eV for C*
diffusion on Pd(100) and Pd(211) are well above the activation energy barrier of any elementary
step along the preferred reaction pathway CHCl; — CHCl, — CHCI —- CH — CH; — CH3; —
CHg4 (all below 1 eV, see Figure 4). Due to the difficult diffusion of C* on Pd(100) and Pd(211),
we postulate that the under-coordinated sites on a Pd catalyst might be poisoned by C* under
steady state chloroform hydrodechlorination conditions. The accumulation of C* may eventually
lead to coking or carbide formation. Pd carbiding has been reported previously during the
hydrodechlorination of Dichlorodifluoromethane (CCl2F>) [29, 30] and tetrachloromethane (CCly)
[31]. Bonarowska and co-workers observed the formation of PdCx phases on their Pd/C catalysts
after CCls hydrodechlorination at reaction temperatures as low as 90°C [31]. Our results point to
the formation of C* on the under-coordinated Pd sites as a possible mechanism towards carbide

formation.

In the future, the investigation of the Pd-catalyzed chloroform hydrodechlorination reaction will
greatly benefit from the construction of a comprehensive microkinetic model, which has been
widely applied in heterogeneous catalysis research for probing reaction kinetics and mechanisms

[32-34]. For future microkinetic modeling studies, it is potentially desirable to repeat the DFT
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calculations for chloroform hydrodechlorination on Pd surfaces with suitable coverages of reaction
intermediates. Because strongly bound atomic species, particularly C*, were observed in our clean-
surface DFT calculations, it is expected that the surface coverages of these species will build up
during the reaction. The presence of site-blocking species has been shown to impact both the
reaction thermochemistry and kinetics, and therefore, coverage-dependent microkinetic models
are typically required for accurate description of the active sites [35, 36]. Nonetheless, the DFT
results presented in this work on clean Pd(111), Pd(100), and Pd(211) should serve as a good
parameter set for constructing an initial microkinetic model, which, in combination with parameter
estimation analyses (i.e., varying DFT parameters to match experimental kinetics results) [34, 37],
could provide valuable insights towards the nature of the active sites under realistic reaction

conditions.

4 Conclusions

Plane-wave DFT calculations (GGA-PW91) were performed to examine the reaction energetics
for chloroform hydrodechlorination on three Pd facets: Pd(111), Pd(100), Pd(211). The preferred
binding structures and energies of all the surface intermediates were identified on these three Pd
facets. The binding strength generally increases in the following order: Pd(111) < Pd(100) <
Pd(211). Transition states and activation energy barriers were then identified for all the elementary
steps in the reaction network. On all three Pd facets, the reaction proceeds through a pathway
towards methane formation, where CHCI3* is first fully dechlorinated in successive elementary
steps to CH* and then hydrogenated to CH4. Methane should be the preferred carbon-containing

hydrodechlorination product, as the production of any partially dechlorinated chloromethane
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product is energetically unfavorable. The competition between the desorption of chloroform and
its initial dechlorination to form CHCL* likely determines the hydrodechlorination activity of a
catalyst. The activation energy barrier for the initial chloroform dechlorination step is the lowest
on Pd(100) (0.19 eV), followed by Pd(211) (0.35 eV) and Pd(111) (0.44 eV). On Pd(111), the
desorption of chloroform is energetically favored over its dechlorination. However, the
dechlorination step is easier than desorption on Pd(100) and Pd(211). This observation suggests
that the more open facet and the edge sites of a Pd particle, if not poisoned under reaction
conditions, can be more active towards chloroform hydrodechlorination than its close-packed
facets. The reaction PEDs also indicate that strongly bound surface species (C*, CH*, CI*, and
H*) may be present under realistic reaction conditions. The under-coordinated sites on Pd(100)
and Pd(211) are more prone to poisoning by atomic C*. Although beyond the scope of this study,
future microkinetic modeling studies to determine the actual surface coverage, as well as DFT
studies on high-coverage surfaces, can facilitate further understanding of the chloroform

hydrodechlorination mechanism on Pd catalysts.
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