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The present work quantifies metal-contaminant interactions between palladium substrates and three salient chlorinated organic contaminants, namely trichloroethylene 1,3,5-trichlorobenzene (TCB), and 3,3′,4,4′-tetrachlorobiphenyl (PCB77). Given that Pd is one of the conventional catalytically active materials known for contaminant removal, maximizing catalytic efficiency through optimal adsorption dynamics reduces the cost of remediation of contaminants that are persistent water pollutants chronically affecting public health. Adsorption efficiency analyses from all-atom molecular dynamics (MD) simulations advance the understanding of reaction mechanisms available from density functional theory (DFT) calculations to an extractable feature scale that can fit the parametric design of supported metal catalytic systems and feed into high throughput catalyst selection. Data on residence time, site-specific adsorption, binding energies, packing geometries, orientation profiles, and the effect of adsorbate size show the anomalous behaviour of organic contaminant adsorption on the undercoordinated {110} surface as compared to the {111} and {100} surfaces. The intermolecular interaction within contaminants from molecular dynamics simulation exhibits refreshing results than ordinary single molecule density functional theory calculation. Since complete adsorption and dechlorination is an essential step for chlorinated organic contaminant remediation pathways, the presented profiles provide essential information for designing efficient remediation systems through facet-controlled palladium nanoparticles.
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1 INTRODUCTION
Chlorinated organic compounds (COCs) are organic compounds containing more than one covalently bonded chlorine atom. COCs usually have low conductivity and long thermal stability and have been extensively used in adhesives, capacitors, etc. Due to their volatility, persistent degradation, and lipophilicity, COCs can quickly spread and accumulate on biological surfaces. The associated health effects include but are not limited to damage to the liver and kidney, congenital disabilities, and reproductive disorders (Brown et al., 1984; Sharma and Bhattacharya, 2017). COCs are by far the most toxic among contaminants broadly categorized as Persistent Organic Pollutants (POPs) and have geographically widely distributed toxicity. Even COCs incorporated into arctic glaciers via water cycles (Wania and Mackay, 1996) may re-enter the atmosphere with rising global temperatures, potentially merging with drinking water (Nizzetto et al., 2010). The current study investigates trichloroethylene (TCE), 1,3,5-trichlorobenzene (TCB), and 3,3′,4,4′-tetrachlorobiphenyl (PCB77) as three representative COCs among those familiar in water and wastewater. Targeted adsorption of contaminants is critical in water remediation since the nature and range of organic contaminants in different geographies and at different remediation sites may widely differ (Drollette et al., 2015; Essaid et al., 2015; Postigo and Barceló, 2015).
Many methods have been applied to degrade and process COCs. Although biological dechlorination models have previously been reported, such as in the chlorophenol degradation in paper mill bleach (Zheng and Allen, 1996), physical adsorption and catalyst-based methods attract extensive attention because of their high efficiency during treatment. In this regard, zero-valent iron (Hozalski et al., 2001; Clark et al., 2003; Lookman et al., 2004; Parbs et al., 2007; Wang et al., 2018), copper (Hagenmaler et al., 1987; Huang et al., 2011), and zinc (Kim and Carraway, 2003; Bokare et al., 2013) have all been used to reduce chlorinated organics. During the past decade, the use of palladium (Pd) nanoparticles to degrade and process COCs has emerged as a versatile and practical means of removing COCs from water (He et al., 2007; Xu and Bhattacharyya, 2007; Li et al., 2011; Su et al., 2011). This is because Pd is one of the conventional catalytically active materials known for contaminant removal under varieties of conditions (Muftikian et al., 1995; Zhang et al., 1998; Zhang, 2003; Enache et al., 2006; Ji et al., 2010; Yang et al., 2011; Vijwani and Mukhopadhyay, 2012; Xie et al., 2014; Chen and Ostrom, 2015). The desired catalytic functions may include hydrodechlorination (replacement of chlorine atoms by hydrogen) (Muftikian et al., 1995), hydrogenation and dehydrogenation reactions via incorporation into binary alloy membranes (Huang et al., 2011; Mishra et al., 2015; Wang et al., 2018). Jiang and others reported the facet-dependent selectivity of hydrodechlorination reaction on Pd nanoparticles, which facilitate H* generation and phenol desorption on Pd {110} and Pd {111} respectively (Jiang et al., 2020). The high dechlorination activity of Pd Nanoparticles was imputed to significant {111} facets as well as a higher percentage of edge/corner sites by He (He et al., 2016).
The present work focuses on the adsorptive behavior of three commonly occurring Pd facets, namely {111}, {100}, and {110}. Knowledge of interfacial composition and interaction may guide the design of support systems where Pd nanostructures can be loaded, grown, or stabilized for various applications (Cheong et al., 2010; Mishra et al., 2015; Śrebowata et al., 2016; Wang et al., 2018). Relatedly, the effect of palladium support structures has previously been the subject of atomic-level investigations, where density functional theory (DFT) calculations are commonly used. A case in point involves a quantum mechanical study that measured the sensitivity of adsorption of hydrogen molecules on palladium clusters in the presence and absence of carbon support (Warczinski and Hättig, 2019; Warczinski and Hättig, 2020). Unfortunately, a considerable portion of DFT studies focused on single molecule or one molecular cluster, in which the contaminant-contaminant intermolecular interactions are ignored. The optimized geometry of an organic containment molecule reported by DFT calculation may not be successfully applied if an entire layer of containment molecules forming the interface is under study. A larger scale simulation is needed to reliably capture intermolecular effects. Although beyond the scope of the current investigation, there is an additional catalysis impetus for deploying Pd-based water remediation (Lowry and Reinhard, 1999; Enache et al., 2006; Chen et al., 2009; Ji et al., 2010; Tedsree et al., 2011; Yang et al., 2011; Xie et al., 2014).
In this study, we provide an assessment on potential effect of catalysis efficiency of the interfacial organization of TCE, TCB, and PCB77 as chosen adsorbates on three different substrates, namely Pd {111}, Pd {110}, and Pd {100} at various liquid temperatures. The reaction mechanisms in our recent work (Shenoy et al., 2021) and others (Lou et al., 2022; Pavloudis et al., 2022) using density functional theory (DFT) have provided an insight into how facet-specific optimal adsorption leads to efficient dechlorination, where molecular orientation will affect dechlorination mechanism and thus affect the catalytic efficiency. To tackle such problems, a system including hundreds of containment molecules using DFT or ab initio MD methods is longed for, but way beyond the capability of simulations. In the current study, to simplify the question into decent freedom, we would like to investigate not merely the single molecule adsorption preference from DFT calculation, but more attention to interface facilitated by a group of molecules. The analysis is provided within the context of adsorption site specificity, dynamics in the adsorption region, and the energy efficiency of surface area use. Our results should be helpful in the design and implementation of Pd nanoparticles for contaminant remediation.
2 METHODOLOGY
Molecular dynamics simulations were performed to investigate the non-reactive pure adsorption behavior of organic molecules on planar palladium facets. We used Material Studio software to build three different palladium (Pd) substrates of about 3 nm thickness corresponding to the {100}, {110}, and {111} crystal facets. Dimensions for the Pd supercell were 62.25 × 62.25 × 31.13 Å3 for {100}, 62.24 × 60.52 × 31.13 Å3 for {110}, and 55.02 × 57.18 × 26.95 Å3 for {111}. TCE liquid containing 2,100 molecules was placed on the Pd substrate with a minimum clearance of 3 Å from the top Pd layer to investigate the physical binding between Pd and organics without the presence of water molecule. A similar setup was used for TCB and PCB77 investigations.
All simulations were carried out under the canonical ensemble (NVT) with Nosé–Hoover thermostat using 1 fs timestep. Observation of equilibration stands within around 500 ps of running. A minimum of 3 ns of the additional run was performed beyond the initial equilibration for each system. We selected three temperature values at least 30 K above the experimental melting temperature (Domalski and Hearing, 1996; Van Der Linde et al., 2005) corresponding to each organic compound, which was 230 K–330 K for TCE, 360 K–430 K for TCB, and 500 K for PCB77. The effect of temperature on dynamics, adsorption, and packing has been quantified. While our detailed investigation mainly focuses on the smaller contaminants (TCE and TCB), results for the PCB77 case are also presented when understanding the effect of contaminant molecular size is essential.
All-atom simulations were implemented using LAMMPS (Plimpton, 1995) with Optimized Potentials for Liquid Simulations (OPLS-AA) (Jorgensen et al., 1996) force field parameters, where the INTERFACE Force Field (IFF) (Heinz et al., 2008; Heinz et al., 2013) is combined for neutral charged Pd substrates with discrepancy of <0.1% in lattice parameter and <5% in interfacial energies from the reported experiments (Heinz et al., 2008; Kanhaiya et al., 2021). For force field validity testing, bulk simulations were computed for TCE and TCB under the isobaric-isothermal (NPT) ensemble, where densities within 3% of reported experimental values were obtained. With the successful integration and validation of IFF with OPLS-AA FF, the interaction parameters of heavy metals that are used to require dedicated DFT calculations are simplified into Lennard-Jones (LJ) parameters. Though the charge neutrality of the surface may have the drawback of hiding or de-emphasizing potential local electrostatics, the short-range non-bonded interactions captured through LJ are likely to have addressed most of the relevant interactions given the very high aromaticity of all the adsorbates under study. The PPPM method is used for calculating absorbate-absorbate long-range interactions.
Adsorption energies were computed by taking the crosswise non-bonded interactions between the adsorbed first organic layer and the Pd surface. To investigate dynamic properties, mean squared displacement (MSD) and residence time calculations were carried out for molecules that are absorbed on the Pd substrate during the analysis period. Diffusion coefficients were computed from the time-averaged MSD slopes using the Einstein equation. Unless otherwise noted, averages over the last 1 ns were used for the analysis.
3 RESULTS AND DISCUSSION
3.1 Interface composition and packing
Surface-induced packing has been reported in the literature for several species from simple benzene to oligomers and peptides. Good nanostructure design requires an understanding of the interfacial packing, such as when thermodynamic barriers are readily overcome via surfactant induced templating to promote the growth of high-energy corrugated surfaces in Au nanorods (Meena and Sulpizi, 2016).
We begin with mass density profiles of the adsorbed films as a function of distance from the nearest interface with the Pd substrate along the perpendicular direction to the palladium surface (z-axis). Average mass density values were obtained over 0.5 Å bins and are shown in Figure 1 for all contaminant molecules. Note that sthe density profile at the liquid/vapor interface is not included in the figure since the effect of the substrate was not observed beyond ∼15 Å.
[image: Figure 1]FIGURE 1 | Mass density distribution as a function of distance from Pd surfaces for (A) TCE at 230 K, (B) TCB at 360 K and (C) PCB77 at 500 K. The cartoons show the molecular structures of the three organic contaminants studied. The TCB cartoon shows the molecule’s symmetrical isomer uniformly used in this study. Chloride, hydrogen, and carbon atoms are represented by green, white, and black, respectively.
All systems show similar layering on Pd {100} and {111} facets, significantly differing from what is observed on Pd {110} facet. The non-zero density values relatively very close to the Pd {110} facet for both TCE and TCB (within 1 Å from the interface in the case of TCB) is a result of the organics coming closer to the corrugated {110} surface through the flipped conformation along epitaxial grooves discussed below. In comparison, larger adsorbate-surface separations are detected on the {100} and {111} facets (Figure 1). Furthermore, the intermediate density peak observed around 4 Å on the {110} facet for TCE and TCB is completely absent for the case of PCB77. The density profiles of PCB77 on the three Pd facets are similar, except the density peak values are smaller for the case of {110} facet.
The characteristically diminished interfacial clearance on the Pd {110} surface can be seen in the snapshot views in Figure 2 (middle row). The observation from our recent DFT investigation (Shenoy et al., 2021) is that optimizing adsorption on the three facets is critical to dechlorination and thus provides us the basis to examine packing differences on {100} and {111} facets even though they appear similar from the density profiles. In addition, the first adsorption layers near the {111} facet for TCE and TCB show a high representation of face-flat adsorption exceeding that on {100} (Figure 2). As a direct consequence, much of the organic mass resides at a narrow z-axis mark corresponding to the highest first peak compared to adsorption on the other two facets (Figure 1). The proportion of face-flat molecules is much smaller on Pd {110} compared to the {100} and {111} facets. While a mixture of face-flat and standing conformations are registered on the {100} and {110} surfaces, a predominantly standing conformation is attained on the {110} surface by both TCE and TCB. It is important to note that the subtle difference between {100} and {111} that is visually apparent here from the MD simulations would be extremely challenging to observe through DFT calculations because of the large number of atoms involved. PCB77, however, shows a similar face-flat adsorption on both {100} and {111} facets. As for the catalytic efficiency, face-flat adsorption is preferred for a single molecule since it makes all chloride atoms closest to Pd directly which could be regarded as active sites for hydrodechlorination reaction. On the contrary, standing geometry could make the best of Pd substrate area but generally provide less (1 or 2) active chloride atoms.
[image: Figure 2]FIGURE 2 | Side view snapshots at the adsorbed state for TCE at 230 K (left panel), TCB at 360 K (middle panel) and PCB77 at 500 K (right panel) for three facets. Only the first three layers of Pd are shown. The size of the Pd atoms correspond to their respective distance from the organic interface. The following color code is used: Pd in red in all figures; (1) left panel: TCE carbon (blue) bonded to two chlorines (violet), the other TCE carbon (cyan) bonded to one chlorine (brown), TCE hydrogen (black); (2) middle panel: TCB carbons (blue), chlorines (cyan), and hydrogens (brown); and (3) right panel: PCB77 biphenyl carbon (purple), PCB77 carbon (peach) bonded to chlorine (pink), PCB77 carbon (cyan) bonded to hydrogen (green).
Distinctive for the {110} facet of TCE and TCB, at least two mass density peaks appear within z ∼ 5 Å (Figure 1) from the interface because of an overlapping layer of interdigitated packing conformation of the organic molecules. The overlap appears more pronounced for the TCE molecules. The interdigitated mass density peaks in the vicinity of Pd {100} and Pd {111}, on the other hand, are displaced further from the surfaces and are the result of a propagating layering effect arising from the relative conformational uniformity compared to the Pd {110} surface. In keeping with the mass density profiles, trajectory visualizations confirm that adsorbed molecules in the vicinity of the Pd {110} remain within 5 Å from the exposed surface. This boundary is therefore used for all systems to delineate the adsorption region in all subsequent centers of mass-based orientation, energetic and molecular mobility calculations, and comparisons.
The planar molecular structure of all contaminant compounds was taken advantage to devise an orientation descriptor in the form of a face-normal vector defined by the cross product of two vectors on the molecular plane (see cartoon insets in Figure 3). To quantify the observation garnered from the visualization in Figure 2, the angle distribution between the z-axis (direction normal to exposed Pd surface) and the molecular face-normal vector was calculated. Figure 3 corroborates the observations thus far: a narrow distribution of angles between 0 and 15 degrees is registered on Pd {100} and Pd {111} surfaces. In contrast, for TCE and TCB on the Pd {110} facet, most adsorbed molecules attain a preferentially standing configuration on the substrate (angle >45°) with a highly reduced face-flat population. The fact that the slightly bigger contaminant molecules, PCB77, are mostly adsorbed with face-flat orientation regardless of Pd facet type (Figure 3C) is a clear indication that the size and shape of the containment molecules may have a significant effect on their packing and orientation behavior near Pd nanoparticles.
[image: Figure 3]FIGURE 3 | Distribution of angles between the molecular face-normal vector (defined by the cross product of vectors v1 and v2) and substrate normal direction. Data for (A) TCE at 230 K, (B) for TCB at 360 K and (C) for PCB77 at 500 K. Zero degree implies average parallel orientation with respect to Pd surface (face-flat) while 90 degrees implies perpendicular (standing) orientation.
Figure 4 shows how the contaminant molecules’ first layer is ordered near Pd substrate. For TCE molecules, the placement of the double bond with respect to the Pd surface can be tracked to determine the packing coordination for the first layer. Similarly, for TCB and PCB77, the placement of the aromatic rings can be tracked to determine the soft networks in the first and subsequent adsorbed layers. TCE and TCB show a distinct horizontal spatial hexagonal packing on Pd {100} and Pd {111} facets, while PCB77 does not show any regular ordered packing in any of the facets. Further, dechlorination of TCE happens through the Langmuir–Hinshelwood mechanism, in which all adsorbates bind prior to dechlorination (Shenoy et al., 2021). As done in this work, a detailed analysis of the binding of TCE and TCB on various facets should guide the hydrodechlorination investigation of these molecules on Pd surfaces. We contrast these observations with the behavior of PCB77 (Figure 3C), where this dual-ring molecule prefers an even greater face-flat alignment with the substrate than the single-ring TCB driven by the increased aromatic-aromatic interactions between PCB77 molecules (see Supplementary Figure S3).
[image: Figure 4]FIGURE 4 | Top view snapshot of packing of adsorbate layers for TCE at 230 K (left column), TCB at 360 K (middle column) and PCB77 at 500 K (right column) for three facets: Pd {100} (top row) Pd {110} (middle row) and Pd {111} (bottom row). The color scheme is the same as in Figure 2. Black circles represent example patches of hexagonal packing. Enlarged snapshots for PCB77 molecules are also shown in Supplementary Figure S3.
To quantify the distinctive horizontal packing visualized for TCE and TCB, we sought to measure the molecular distribution in the first adsorbed monolayer via radial distribution function (RDF), g(r), where the x- and y-coordinates are used for a two-dimensional (surface) treatment. The calculations track the spatial center of the C=C double bond for TCE and the ring center for TCB (Figure 5). The RDF results show a visible ordering of TCE molecules on top of both Pd {100} and Pd {111} where the position of the first peak at around 6 Å (Figure 5A) corresponds to the first nearest intermolecular distance. The Pd {111} surface, with the highest uniformity of face-flat adsorption, showed a distinctly visible structure, also around 6 Å, for TCB (Figure 5A). In comparison, the g(r) of TCE on the Pd {110} facet barely indicates the formation of a well-ordered structure (Figure 5A). This lack of apparent packing behavior arose from the formation of the interdigitated layer characterized, as shown in the preceding discussions, by a mixture of face-flat and standing conformations. However, for the case of TCB on the Pd {110} facet (Figure 5B), the epitaxial grooves induce the ordering of a large number of standing TCB molecules, and as a result, several peaks are observed in the g(r). In contrast, the small number of standing TCB molecules on the Pd {100} facet disrupts the primary hexagonal packing ordering of the face-flat laying TCB molecules (Figure 4) resulting in a decreased positional order with fewer g(r) peaks (Figure 5B).
[image: Figure 5]FIGURE 5 | Molecular radial distribution g(r) in the adsorption region for (A) TCE at 230 K and (B) TCB at 360 K.
3.2 Thermodynamic properties
Adsorption energies have been computed for the various facets and molecular types in the adsorption region (within 5 Å of the facet surface). A focus on this region is warranted since it accounts for over 90% of adsorption energy in the current study. Temperature dependencies are shown in Supplementary Table S1; Figure 6, where larger negative magnitudes indicate stronger surface affinity. While the binding energy of TCE and TCB for the three facets at different temperatures are shown in Figure 6, the binding energy of PCB77 for the three facets at 500 K is shown in Supplementary Figure S5, S6. Binding energies in Figure 6 are plotted as bar charts in units per molecule. Corresponding per-unit area values are plotted as lines. These two energy formulations provide complementary information. The per-molecule energy values reflect the adsorption quality dictated by each molecule’s interaction strength with the metal surfaces. On the other hand, the per-unit area energy values indicate surface area utilization by the population of adsorbates. Energy differences across systems arising from adsorption region size variation are minimal (molecular counts in the adsorption region are provided in Supplementary Figure S1 of Supplementary Information).
[image: Figure 6]FIGURE 6 | Adsorption Energy in the adsorption region for (A) TCE and (B) TCB molecules for different facets and temperatures. Values are shown in units per molecule (bar chart, left vertical axis) and units per unit area (line plot, right vertical axis).
The average per molecule adsorption behavior (Figure 6, bar graphs) uniformly follows the surface affinity hierarchy Pd {110} < Pd {100} < Pd {111} across all systems and temperatures, mirroring the trend for proportion of face-flat adsorbates on top of each substrate. The group adsorption behavior is most clearly seen in the per-unit area energy values (Figure 6, line plot). First, the interdigitation on the {110} surface provides the strongest binding, followed by the energy from the predominantly face-flat adsorption on the {111} surface. The trend holds even with an expected increase in molecular mobility as the temperature is elevated (Figure 6A line plot). Second, these same two facets proved to be the most binding (Figure 6B line plot) during TCB adsorption with the following noteworthy difference from TCE adsorption. At the lowest studied liquid, TCB temperature of 360 K face-flat adsorption on the {111} surface provided a dominant energy effect. However, an increase in temperature resulted in a crossover where energy dominance shifts to the interdigitated adsorption on the {110} surface (Figure 6B line plot). PCB77 follows almost similar per molecule surface affinity hierarchy of Pd {110} < Pd {111} ∼ Pd {100} (Supplementary Figure S5). Nevertheless, the same surface affinity hierarchy is observed for both per-molecule and per-unit-area on account of the lack of interdigitation confirmation.
All told while face-flat adsorption (Pd {111}, likely majorly driven by aromatic forces in the case of TCB and PCB77) enhances molecule-substrate interaction for more available active chloride atoms. When they appear, standing molecules should be sufficiently interspersed (Pd {110}) in the mix for an energy-efficient surface utilization. The intermediate scenario (Pd {100}), where a relatively limited number of standing adsorbates exist among a preponderance of face-flat molecules, is the least energetically favored for the case of TCE and TCB. We hypothesize that the catalytic activity is a trade-off process between 1) maximizing active chloride utilization via an increased face-flat packing and 2) maximizing amount of adsorption via an increased count of molecules with standing geometry. We calculated the number of active chloride molecules and corresponding binding energy per chloride, reported in Supporting Information .Supplementary Table S4 The binding energy per chloride (E_b/Cl) follows {111} > {110} > {100}. The high binding energy on {111} facet is correlated with the high molecular size to TCB and PCB77 molecules involved in aromatic interaction. The relatively high dechlorination of phenol pollutants on Pd {111} is consistent with previous experimental results (He et al., 2016; Jiang et al., 2020).
It is important to note that first principles investigation using density functional theory (DFT) usually consider the adsorption properties of a single molecule on a small representative surface area of a catalyst and lack accurate estimation of dispersion interactions. Our recent DFT calculations of the adsorption properties of a single TCE molecule on Pd {111}, Pd {100}, Pd {211}, and Pd {110} have shown that the binding energy of TCE is the highest on the Pd {110} facet (Shenoy et al., 2021), which is consistent with our per-area but different from per-molecule result reported in Figure 6A. To make a direct comparison with the DFT results, the binding energies of a single TCE molecule on Pd {111}, Pd {100}, and Pd {110} facets were determined through MD simulations. The binding energy results from the simulations are −25.6, −29.7, and −26.3 kCal/mol for TCE on Pd {100}, Pd {110} and Pd {111}, respectively. A comparison of results between single TCE using MD and DFT is shown in Supplementary Figure S5. Both DFT and MD results clearly confirm that a single TCE molecule has the highest binding energy on the Pd {110} compared to the other Pd surfaces. Dispersion interactions included in classical force fields accurately estimate the behavior in packed geometries, which is not obtainable at the length and time scales through DFT, even when dispersion corrections are included.
Given that the adsorption behavior is dictated by the presence of other organic molecules and the interaction among them, the per area binding energy reported in Figure 6 should be more informative than the binding energy of a single molecule in determining the efficacy of a Pd surface for contaminant removal. The results reported here merely consider Van de Waals binding energy between Pd and organic molecules. The energy contribution from electrons hybridization and activation energy barriers for different molecular orientation on different facets should be considered in determining the efficacy of a Pd surface for contaminant removal.
3.3 Dynamics of TCE and TCB molecules on Pd surfaces
Surface residence, total diffusion, and directional diffusion of TCE and TCB molecules in the adsorption region were analyzed as a function of temperature for the three different facets. All dynamic calculations have been done using time averaging. The dynamics of PCB77 molecules in the adsorption region are observed to be very slow compared with those of TCE and TCB and are not discussed here since a much longer simulation time is needed to reach a meaningful conclusion about their dynamics.
The surface residence was determined as time autocorrelation for each time step in the last several nanoseconds of the production run. The resulting curves for select temperatures are illustrated in Figure 7 based on the relation: [image: image]. Here, [image: image] is adsorbed molecule count at reference time, and [image: image] is a binary descriptor specifying if the molecule of interest is inside the adsorption shell ([image: image] 1) or has migrated out ([image: image] 0) at a given time t.
[image: Figure 7]FIGURE 7 | Time autocorrelation of percentage of adsorbed molecules (Residence time, denote as R); TCE (solid line) at 230 K and TCB (dash line) at 360 K on the three Pd facets.
While a full decorrelation would require orders of magnitude longer simulations, we note that the rate at which the autocorrelation curves decay starting from a value of one largely influences the area under each curve, when fully extrapolated, equals residence time. Figure 7 shows that the {110} has the highest adsorbate retention capability than the other two facets for both TCE and TCB molecules. The adsorbate retention time shows {110} > {100} [image: image] {111}. The strongly interdigitated packing conformation on the {110} facet seems to limit the mobility of the molecules on this facet. Further, TCB molecules tend to reside relatively more than their TCE counterparts for each substrate type.
The relatively high adsorbate retention time of the Pd {110} facet is well correlated with a suppressed mobility of the molecules on this facet, as shown in Figure 8. This behavior is analogous to previously studied haloalkane adsorption on surfaces like graphite and α-quartz (Leuty et al., 2009; Leuty and Tsige, 2010; Leuty and Tsige, 2011), where the melting temperature at the adsorbed interface shifts by several degrees above the bulk value. At high temperatures, the {100} facet entertains the highest directional mobility of adsorbates among all facets (Figure 8). Generally, surface-perpendicular diffusion is much smaller than lateral diffusion favorably indicating that adsorbed molecules are more likely to remain in the adsorption region than to migrate away from the interface.
[image: Figure 8]FIGURE 8 | Directional diffusion coefficients in the adsorption region for TCB and TCE on three Pd facets as a function of temperature. XY refers to the planar diffusion parallel to Pd substrate. Z refers to the diffusion perpendicular to the Pd substrate.
3.4 Adsorption site specificity
To illustrate the detailed nature of local packing and simplify the quantification of the catalytic efficiency of containment removal, the palladium surfaces were divided into three different site types (see representative visualization in Figure 9). We assume molecules belonging to the same site should share a similar activation energy, binding energy and reaction energy when undergoing hydrodechlorination reaction. Under that condition, the energy calculation of entire system could be simplified into adsorption energy at each of the three sites. The adsorption site assigning strategy follows: The top layer Pd atoms are identified as ‘atop’ sites. Spaces between adjacent atop sites are considered ‘bridge’ sites. Pd atoms in the second (hcp hollow) and third (fcc hollow) layers are all named ‘hollow’ sites. The lowest z-coordinate of each organic molecule was projected on XY plane, and the distances to nearest Pd sites were determined. The site type with the shortest distance among three types was used to determine the adsorption type of the COC molecule in question. The decomposition of adsorption energies and angle distributions based on the adsorption site are given in Figures 10, 11. The energy values are tabulated in Supplementary Table S2, and substrate site schemes are shown in Supplementary Figures S1, S2.
[image: Figure 9]FIGURE 9 | Scheme of TCE adsorption on the different adsorption sites on the Pd {100} facet (top left), {110} (top right), {111} (bottom) at 230 K. The bright spots indicate the lowest z-coordinates used to assign adsorption site. Pd substrate coloring is based on the distance from the interface, namely light grey (first Pd layer), dark grey (second Pd layer), black (third Pd layer only for {111}). Hydrogen, chloride, and carbon atoms are represented by blue, green and matte black respectively.
[image: Figure 10]FIGURE 10 | Proportion of adsorbed molecules adsorbed on the different sites for (A) TCE at 230 K, (B) TCB at 360 K and (C) PCB77 at 500 K shown in bar chart and with left vertical axis. Corresponding binding energy values are shown in solid lines and with right vertical axis.
[image: Figure 11]FIGURE 11 | Adsorption site decomposition of distribution of angles between the molecular face-normal vector (defined by the cross product of vectors v1 and v2) and the surface perpendicular, or z-axis, for Pd {110} as a representative case. Data for (A) TCE at 230 K and (B) for TCB at 360 K. Zero degree implies average parallel orientation with respect to Pd surface while 90 degrees implies perpendicular (standing) orientation.
As shown in Figure 10, adsorption at hollow sites is highly represented on {100} and {110} facets for the three organics. On the {111} facet, both hollow and bridge sites serve as likely adsorption sites. Remarkably, the dominance of hollow site adsorption for TCE and TCB tracks well with the proportion of standing adsorbates with the {110} substrate at the highest end followed by {100}, then by {111}. It should be recalled from the mass density profiling in Figure 1 and from the side view snapshots in Figure 2, the adsorbates reach the closest to the substrate when adsorbing on Pd {110}, which is permitted by hollow site adsorption. Interestingly, similar behavior is observed for the PCB77 case even though the PCB77 molecules are preferentially lying flat on all the three Pd facets.
Adsorption on atop sites, in contrast, is minimal for all facets except for PCB77 on {100}, almost disappearing in the case of TCB molecules adsorbed on the {110} facet (0.03% of total adsorbed content). For PCB77, the atop-adsorbed population size exceeds that of TCB and TCE due to the higher tendency of face-flat adsorbed PCB77 molecules to cross over multiple hollow and bridge sites and be anchored to atop sites (Figure 10). It is instructive to note the catalytic significance of Pd atom density in the case of the {100} surface that seems to play a significant role in PCB77’s atop adsorptive performance (Figure 10C) relative to the behavior of TCE and TCB. The superior photocatalytic dichlorination efficiency of such surface configuration was recently reported for biphenyl surface retention, particularly for PCB77 (Guo et al., 2022).
Furthermore, for the case of TCE and TCB, atop adsorption is found to be quite distinct from hollow and bridge adsorptions both energetically and conformationally. Energetically, these sites see the highest per-molecule surface affinity on the {110} facet (grey line plots in Figure 10) and provides more active site of chloride for reaction. This matches a predominantly face flat orientation (small orientation angles) compared to the other two site types (orientation angles generally more extensive than 45 degrees), as shown by the representative angle decomposition in Figure 11, which further clarifies that the dominantly perpendicular orientation on the {110} facet for TCE and TCB reported above based on Figure 3 is due to the predominantly perpendicular orientation of the molecules on the bridge and hollow sites. For small molecules like TCE, the organic molecules tend to obey standing geometry on hollow sites to maximize the active chloride atoms. While for large molecular size, the standing geometry is less energy favorable which leads to a larger population of atop type.
Because of the much bigger size of PCB77 molecules compared with the separation distance between the Pd facet adsorption sites, many of the interfacial PCB77 molecules can be considered adsorbed on more than one adsorption site. The large error bars for the binding energy values in Figure 10C reflect that conclusion. The focus in interpreting the data in Figure 10C should be on the trend, not the absolute values. The mechanism of dechlorination reaction could also be changed by varieties of organics molecule orientation. Dedicated sites and corresponding activation energy should be carefully addressed in determining catalytic activity for COCs removal for molecules with large size and volume.
4 CONCLUSION
In conclusion, the molecular packing, templated ordering, energy preference, differential mobility for TCE, TCB and PCB77 on Pd surfaces point to a facet-dependent behavior that could be optimized for organic remediation.
The packing of TCE and TCB molecules on the Pd {110} surface shows a steric-influenced dynamic equilibrium that leads to interdigitated chain conformations. Along with a weak templating effect (Wandelt and Hulse, 1984; Dong et al., 1998) from the more corrugated Pd {110} surface, this surface is markedly different from the {100} and {111} surfaces. These Adsorbates were found to attain a standing formation most likely and to reach into hollow sites on Pd {110} surfaces compared to Pd {111} and Pd {100} counterparts. The interdigitated nature of adsorption on the Pd {110} is further manifested by a lack of clear surface structure relative to the other two facets, as seen by surface radial distribution functions. This packing and site-specific behavior were observed to set the stage for an exciting interplay between interdigitation and face-flat orientation during the adsorption process. Unlike the two small adsorbates, the packing of PCB77 molecules shows less dependence on the Pd facet type because of their relatively large molecular size and are observed to lay parallel to the Pd surface preferentially.
The per-molecule adsorption affinity is correlated to the proportion of face-flat adsorbates (Pd {111} > Pd {100} > Pd {110}). The surface area utilization of adsorbates, dictated by the per-area group energy, is enhanced when molecules either attain majority face-flat conformation (on Pd {111}) or when sufficient interdigitation occurs due to a grander number of interspersed standing adsorbates (on Pd {110}) and thus results the more informative affinity of Pd {110} > Pd {111} > Pd {100}. TCE and TCB molecules have reduced mobility near the adsorption region, although the latter tend to reside longer than their TCE counterparts. The mobility of PCB77 molecules near the adsorption region within the time window of the current simulation time is extremely slow compared with the mobility of TCE and TCB. Importantly, the away-from-the-surface diffusion is well suppressed on all substrates and for all adsorbing species. The effect of adsorbate size, especially regarding aromatic core size, was evident in the distinctly planar adsorption of PCB77. This is in keeping with the enhanced short-range molecule substrate attraction driven by aromatic ring multiplicity on other nano surfaces reported elsewhere (Li et al., 2019). The hydrodechlorination reaction mechanism would be divergent for varieties of molecular orientation of different adsorption sites on each facet. The Pd facet preference for containment removal should be concluded on a case-by-case basis taking activation energy, molecular geometry, reactive chloride atoms, adsorption site and facets into account. The results reported in this work proposed some limitations of traditional DFT calculations. The similarity and discrepancy between our MD simulations and DFT calculations bring refreshing insight into the necessity of applying QM/MM simulations to the research of catalytic removal of COCs from the microscopic view.
Such palladium adsorption preference effects have already been utilized in nano-catalysis for targeted therapeutics in cancer treatment and in increasing the yield from coupling reactions (Long et al., 2013; Wang et al., 2013; Wang et al., 2014) but are under-utilized for organic remediation. Based on our analysis, differences in size and facet distribution can be optimized in a matrix-based system to utilize the maximum contaminant retention efficiency of Pd nanoparticles. It should be noted that adsorption of mixtures of organics at varied desired concentrations may lead to additional design factors such as effects from hydration and interfacial displacement, as well as competitive adsorption, and will be the focus of the future investigation. Signatures from the adsorption profiles presented here provide features for high throughput optimization of catalytic and remediation systems.
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