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Abstract:  

Electrochemical reduction of organohalides provides a green approach  in the reduction of 

environmental pollutants, synthesis of new organic molecules, and many other applications. The 

presence of a catalytic electrode  can make the process more energetically efficient.  Ag is known 

to be a very good electrode for the reduction of a wide range of organohalides. Herein, we examine 

the elementary adsorption and reaction steps that occur on Ag and the changes that result from 

changes in the Ag-coated-metal, strain in Ag, solvent, and substrate geometry. The results are used 

to put forth an electrode design strategy that can possibly be used to further increase the catalytic 

activity of pure Ag electrodes. We have shown how epitaxially depositing one to three layers of 

Ag on catalytically inert or less active support metal can increase the surface electron donating 

ability, thus increasing the adsorption of organic halide, and the catalytic activity. Many factors, 

such as molecular geometry, lattice mismatch, work function, and solvents, contribute to the 

adsorption of organic halide molecules over the bilayer electrode surface. To isolate and rank these 

factors, we examined three model organic halides, namely, halothane, bromobenzene (BrBz) and 

benzyl bromide (BzBr) adsorption on Ag/metal (metal = Au, Bi, Pt and Ti) bilayer electrodes in 

both vacuum and acetonitrile (ACN) solvent. The different metal supports offer a range of lattice 

mismatches and work function differences with Ag. Our calculations show that the surface of Ag 

becomes more electron donating and accessible to adsorption, when it forms a bilayer with Ti, 

since Ti has a lower work function and almost zero lattice mismatch with Ag. We believe this 

study will help to increase the electron donating ability of Ag surface by choosing the right metal 

support which in turn can improve the catalytic activity of the working electrode. 
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Introduction:  

The reductive dehalogenation of carbon-halogen bonds plays a critical role in the catalytic 

abetment of environmental pollutants, organic synthesis, fundamental studies of electron transfer 

chemistry and in other fields1–4. Reductive dehalogenation approaches, for example, are quite 

promising for the removal of toxic and very harmful chemicals such as polychlorobiphenyls 

(PCBs)5, chlorinated aliphatic hydrocarbons (CAHs)6, volatile organic compounds (VOCs)7, 

chloronitrobenzenes (CNBs)8 etc. This has prompted the tremendous recent interest in the 

electrochemical reduction of organohalides which involves the cleavage of carbon-halogen bonds 

under electrochemical conditions 7,9–11. Current can be used as a green redox reagent or electron 

as a green reductant thus providing sustainable and clean avenues for organic 

electrosynthesis2,12,13, pollution remediation1,14 etc.  Electrochemical routes also help to avoid the 

use of hazardous reagents and the potential risk of secondary pollution1,2,15. The practical 

realization of direct, selective, and energy efficient electrochemical dehalogenation of 

organohalides (by defeating the competing processes such as hydrogen evolution reaction or HER) 

over inert electrodes is difficult and will likely require the use of catalytic surfaces.16,17  

The use of a catalytic electrode (e.g. Ag), in place of an inert electrode (e.g. Glassy Carbon or GC), 

can significantly reduce the intrinsic energy barrier associated with the electron transfer to 

organohalides1,16 and thus reduce the overpotential.  For example, the reported overpotential 

associated with the electron transfer for several aromatic bromide dehalogenations on Ag electrode 

is about 0.9 V lower than that on a GC electrode16. In a second example, associated with benzyl 

chloride reduction, there is a positive shift of 0.5 V in reduction potential reported for a Ag cathode 

with respect to the inert electrode18. This positive shift in potential also helps to suppress the side 

reactions. Thus, the design of electrodes with higher catalytic activity will help to enhance the 

applications of electrocatalytic dehalogenation. 

While many catalysts have been used to carry out organic halide reduction, Ag, Cu and Pd are 

typically found to perform better than other metals4,7.  Ag, in particular, shows remarkable catalytic 

activity both in terms of positive shift of reduction potential and current efficiencies for a vast 

range of organic halides3,4,7,8,10. An experimental study by Langmaier and Samec19, for example, 

shows that Ag sits at the top of the volcano plot for halothane reduction. Many efforts, such as 

structural or electronic modifications through engineering of size, morphology, doping, defect, 
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alloying, etc., have been made to further improve the catalytic activity for organohalide reduction 

in recent years20–24. Some of such recent studies on deposited Ag electrodes25,26, single atom 

catalyst surfaces27, and atomically thin Pt film epitaxially grown on graphene28 give rise to an 

interesting question: can deposited Ag thin films or clusters on inactive electrode surface enhance 

the reduction performance of an otherwise inert electrode or even surpass the catalytic activity of 

the pure Ag itself?  

The idea of electrodeposition of silver working electrode on a support material for improved 

catalytic performance is borrowed from previous research from Bard et al.29,30. who deposited Pt 

on Bi and examined changes in the hydrogen evolution reaction (HER) for various 

electrodeposited Pt sizes, ranging from a single atom to larger clusters. Various support electrode 

materials have been traditionally considered ‘inert’ as they are not expected to contribute directly 

to the reductive process of organic halides3,4. However, it has been demonstrated that changing the 

support electrode materials can indirectly lead to changes in the reduction potentials of substrates 

(what is to be reduced)29. Thus, depending on the different combinations of support and working 

electrodes, the substrate reduction potential may vary.  There are still many open questions that 

remain regarding the specific roles of the working and supporting electrodes, solvent effects and 

potential approaches to enhance the catalytic performance of the Ag electrode. In this regard, a 

more detailed understanding of the influence of the electrode and solvent on the electrocatalytic 

processes is critical to advance further improvements. 

Although limited, there are few experimental and theoretical studies that can be highlighted that 

attempt to deconvolute the multistep complex organohalide reduction processes11,19,31. Previous 

studies on the dissociative electron transfer (DET) mechanism of electrochemical reduction of 

organic halides have shown the overall process to be a two-electron reduction process where the 

first electron transfer step was found to be the rate-limiting step (RDS)4,19. The first step involving 

the carbon-halogen bond dissociation can either be stepwise or concerted in nature1,4,16,31. The 

radical and halide ion are produced at the end of this step irrespective of the intermediate pathway. 

All of these previous studies also indicate that the synergy between the thermodynamic effect and 

the kinetic (mechanistic) effect dictates the catalytic activity of a material. The effect of electrode 

surface on the catalytic activity is linked through the molecular and dissociative chemical 

adsorption of the reactants, intermediates, and products, respectively11,19,31–34. The sensitivity of 
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electrocatalysis on the surface adsorption has been confirmed via the volcano-shaped dependence 

of the catalytic activity for different materials obtained when plotted against the metal and relevant 

atomic (involving in creating the rate-determining critical bond) interaction19,35. For example, in 

the case of halothane reduction, Langmaier and Samec obtained the volcano plot of the measured 

half-wave potential (E1/2) of the reduction with respect to the Br-Metal bond strength14. Here we 

derived the half-wave potential, following Langmaier and Samec14, to be an explicit function of 

the equilibrium organic halide standard reduction potential,	𝐸!, the charge transfer rate, 𝑘!, and 

the surface adsorption coefficient, 𝛽. (More derivation details can be found in the Supporting 

Information, SI) 
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where, 𝑛 is number of electrons (n=1 for the first rate limiting electron transfer reaction), 𝑚 is the 

mass transfer number, 𝑐! is the bulk concentration of organic halide, 𝛼 is the charge transfer 

coefficient (which was reported as α=0.38, 0.73, 0.45, 0.19, 0.32 for Ag, Au, Cu, Ti, Hg 

respectively from measuring the halothane reduction on various rotating-disc electrodes in 1 M 

NaOH in methanol or water14), 𝑇 is temperature.  While 𝐸! can be predicted from first principles 

calculations36, the adsorption coefficient, 𝛽, is related to the standard Gibbs energy of adsorption, 

∆𝐺0!, which can be approximated to the first principles calculation predicted adsorption energy 

𝐸012.	  

𝛽 = 𝑒𝑥𝑝	(− ∆4%!

%&
)         (2) 

An understanding of the underlying mechanism and the influence of the atomic scale details on 

modulating the surface adsorption from first-principles calculations can thus be a very effective 

strategy to improve the catalytic activity.33,37 

In this context, the main objective of the current work is to isolate and understand the effects of 

molecular geometry, the lattice mismatch between the support and working electrodes, work 

function differences between the support and working electrodes, and the influence of explicit 

solvation in controlling the adsorption of specific organic halides on the electrode surfaces (hence 

the electron donating ability of the surface), and to provide the bi-metallic reduction reaction 

catalyst design rules. We will model Ag deposited on different metal electrodes, as epitaxial 
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Ag/metal (metal = Au, Bi, Pt and Ti) bilayer structures, as epitaxial growth is more likely when 

the deposited Ag films are only 1~3 atomic layers thick or the Ag clusters are small.  We propose 

ways to control the electrode reduction performance by varying the support metals for Ag. For this 

purpose, we have selected Au, Bi, Pt, and Ti as support metals. While Bi and Pt mismatch the 

lattice parameter of Ag and hence lead to more extended and compressed surfaces, respectively, 

when forming a bilayer with the working electrode; Au and Ti, on the other hand, have an almost 

negligible lattice mismatch with Ag. We can therefore begin to systematically probe the effect of 

lattice mismatch in different directions. We can also explore electronic differences as the work 

functions of Ti38 and Bi39 is lower than that of Ag40, whereas those of Au41 and Pt42 are larger than 

that of Ag. This enables us to explore the effect of the work function difference on the surface 

adsorption or the electron donating ability of the Ag layer coupled with various support electrodes. 

In an effort to generalize our findings to a range of different organic halides, we have chosen 

halothane, bromobenzene (BrBz), and benzyl bromide (BzBr) as the organic halides to reduce. 

Our molecular choices are motivated by the fact that these species have been extensively 

researched for their reduction on different electrode surfaces3,19,43,44. In addition, these three 

organic substrates take on different various geometric structures; halothane has a prismatic 

structure while bromobenzene and benzyl bromide possess an aromatic ring and can assume flat-

lying configurations when interacting with the electrode surfaces. Thus, we believe our choice of 

molecules can assist us in scrutinizing the effect of molecular structure on the adsorption and the 

easiness of the reduction process. 

 

Materials and Methods: 

 First principles cluster and periodic calculations were carried out to predict the reduction 

properties of the molecules (halothane, BrBz and BzBr) and their adsorption on metal electrode 

surfaces (pristine Ag, Au, Bi and Pt and Ag/metal; metal = Au, Bi, Pt and Ti; bilayers), 

respectively. Density functional theory (DFT) based molecular calculations, i.e., geometry 

optimizations of the three candidate molecules and the absolute reduction potential calculations 

were carried out using the Gaussian 09 package36,45,46.  The solvent effect was examined by using 

the SMD implicit solvent approach. Periodic calculations including the geometry optimizations of 

the pure metals and various bilayers, the adsorption energy of the three substrates, and work 
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function calculations were carried out using the plane wave DFT package VASP47–49. To model 

the explicit solvation calculations in the periodic systems we have first employed the MD 

simulation as implemented in the Forcite module of Materials Studio50 to determine the solvent 

structure of acetonitrile at 25°C. The optimized solvent structures were then used in the VASP 

calculations to calculate the adsorption energies of halothane on Ag surfaces. Further details 

regarding the calculation details can be found in the SI. 

 

Results and Discussions 

Choice of the Systems: 

 
Fig 1: Relaxed structures of the: (a) Halothane, (b) BrBz, and (c) BzBr organic halides that are 
reduced where the black, white, magenta, blue, and green balls represent C, H, Br, F, and Cl, 
respectively. (d) The computed work function for different electrode surfaces (orientations shown 
in Table 2). (e) Expected electron transfer direction between the working Ag electrode and the 
support electrode in different bilayers. 

 

To help advance the impact of our study, we have chosen alkyl halide (halothane), aromatic halide 

(BrBz) and benzyl halide (BzBr). Different organohalides can undergo different dehalogenation 
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mechanisms including stepwise as well as concerted dehalogenation depending on their molecular 

and electronic structures4,11. We diversified our choice of support electrode materials by choosing 

metals with larger and smaller lattice parameters and work functions than those of the working 

electrode. We discuss the implications of the choice of our systems in detail below. 

The organic halides and their reduction voltage: 

Table 1: DFT computed reduction potentials of organic species (vs. SCE). 𝐸5(&!  is close to the 
standard reduction potential 𝐸!  in Equation 1. Experimental data are based on Ag electrode in 
acetonitrile solvent.  

 𝐸5(&!  for the First 
Reduction (V) 

𝐸5(&!  for the Second  
Reduction (V) 

Experimental Reduction 
Potential (V) 

Halothane -1.11 -0.16 -1.1251  
BrBz  -2.14 -0.05 -1.813  
BzBr -1.24 -1.08 -1.0551  

Acetonitrile -3.02 - -3.00  
 

The DFT calculated first and second electron reduction potentials (See SI for computational 

details) which can be considered close to the standard reduction potential (𝐸5(&! ) as activity is 

treated as unity here are summarized in Table 1. The first reduction of the different halothane and 

BzBr substrates resulted in the direct cleavage of the C-Br bonds upon reduction to -1 state, 

resulting in the formation of CF3CHCl• and C7H7• radicals, along with Br- anions. This occurs as 

the electron that transfers to these species adds to the LUMO of these molecules which involve a 

σ* molecular orbital that is localized around the C-Br bond11. BrBz, on the other hand, does not 

undergo automatic C-Br bond breaking upon its initial reduction. The second reduction of these 

halides was calculated by starting with the optimized structures obtained from the first reduction 

calculations as the initial structures.  The second reduction potentials for halothane and BzBr were 

calculated starting with the free radical (R.) produced after the dehalogenation that occurred in the 

first reduction step to form the anion R- using the free energies of R. + e → R-.  The second reduction 

of BrBz was calculated instead using the -1 charged BrBz anion as the initial structure (Table 1). 

In the second reduction of BrBz, the C-Br bond dissociated to form BrBz anion. It is well-

documented that the first reduction step is the RDS for the dehalogenation of these halides4,19. Our 

results reported in Table 1 are fully consistent as all the second reduction potentials are less 

negative than the primary reduction potentials for these molecules.  As such, we can infer that the 
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second reduction steps are more thermodynamically ‘likely’ to occur. We have also calculated the 

first reduction potential for acetonitrile, which is generally the solvent used in organic halide 

reduction experiments. Upon reduction, the C-C≡N bond of the acetonitrile takes on a bent 

structure such that the ∠C-C≡N is reduced from 179.95° in its neural form to 128.52° in its reduced 

form. However, no bond breaking is observed in the acetonitrile molecule confirming the 

electrochemical stability of the solvent within the applied electrochemical potential window.  

The DFT calculated first reduction potentials are, in good agreement with experimental data.  The 

experimental values given in Table 1 are reported as peak potential, whose difference with the 

half-wave potentials (vs. SCE) is much less (~0.03V) than the DFT calculation error bars. As such, 

we approximate the peak potentials as the half-wave potential (𝐸"/$) in Equation (1). As discussed 

in the introduction, the half-wave potential contains both thermodynamic (equilibrium potential) 

as well as kinetic information. Since the Ag electrode is reported to demonstrate the fastest kinetics 

(closest values to the equilibrium potential), we selected it to carry out our current study19. The 

DFT-predicted reduction potentials for halothane are almost error-free compared to the 

experimental peak-potentials. While the value for BrBz is the farthest from its experimental 

counterpart with a difference of ~0.3 eV, it is in the reported range of errors for DFT-calculated 

free energies.52,53 The slightly higher discrepancy on BrBz may come from kinetic reasons as well. 

 

The metallic electrodes and their lattice mismatch and work functions: 

Table 2: List of the calculated parameters (viz. lattice parameters and work functions) of electrode 
materials that can influence the organic halide reduction performance. 

Bulk  Slab 
Symmetry a 

(Å) 
c (Å) orientation Supercell A (Å) B (Å) Ag Lattice  

Mismatch 
Work 
function 
(eV) 

FCC 4.07  Ag (111) 3√3 × 3 14.95 8.63 -  4.42 
FCC 4.10  Au (111) 3√3 × 3 15.08 8.70 +0.81% 5.3 

P63/mmc 4.53 11.69 Bi (001) 2√3 × 2 15.68 9.05 +4.61% 4.17 
FCC 3.93  Pt (111) 3√3 × 3 14.44 8.34 -3.41% 5.93 

P63/mmc 2.93 4.66 Ti (001) 3√3 × 3 14.96 8.64 +0.07% 3.96 
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In analyzing the influence of bilayer electrode catalyst structures where Ag is deposited on the 

surface of the support electrode, we need to consider two main factors: a) The lattice mismatch 

between the support and Ag; and b) the work functions difference between the support and Ag. 

Au, Bi, Pt, and Ti metals were chosen as different supports as they reflect a range of differences 

in both their lattice constants and work functions as compared to Ag as mentioned earlier. 

The DFT calculated lattice parameters for each metallic electrode material reported in Table 2are 

in excellent agreement with their experimental values (Tables S1 in SI). It can be assumed that Ag 

layers initially grow epitaxially when ultrathin deposition (one to three layers) on the support is 

considered. The Ag-deposited-metal electrodes were modeled here as Ag deposited on metal slabs 

with common supercell dimensions (3√3 × 3) as listed in Table 2 with the exception of Bi which 

is (2√3 × 2). The results show that the silver lattice undergoes an expansion when deposited onto 

Au as well as Bi, but contracts when deposited on Pt. The lattice mismatch between Ag (111) and 

Ti (001) is a minimum.  

Table 2 also listed the calculated work functions of pure metals. The calculated Ag (111) work 

function is larger than those for Ti (001) and Bi (001), and smaller than those for Au (111) and Pt 

(111). Thus, when Ag is deposited onto a Ti or Bi support, electron transfer is expected to occur 

from Ti or Bi to Ag. This would make the working electrode more electron donating. On the other 

hand, in the case of Ag on Au and Pt support electrodes, the electron transfer direction is reversed, 

where a less-electron donating silver electrode is expected to form (Scheme shown in Fig 1e). 

These expected trends were confirmed in computing the work functions for various 

heterostructures (see Fig 1d and more detailed discussions in Section 3.2.B). 

Adsorption and Decomposition of the organic halides on pristine metal surfaces: 
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Fig 2: Molecular and dissociative adsorption of (a) & (d) Halothane, (b) & (e) BrBz, and (c) & (f) 
BzBr molecules on pure Ag (gray balls) surface. 

 

The adsorption coefficient, β, in the analytical model for the half-wave potential in Equation 1 

depends on the electrode-molecule interactions (Equation 2), which can be calculated directly with 

DFT. The type/shape of the molecule, its adsorption mode/configuration, and packing density 

collectively determine the molecule’s adsorption energy. Here, we first discuss the adsorption 

energies in a vacuum. In the case of BrBz adsorption on Ag(111), the flat-lying configuration 

where the BrBz p-bonds to the Ag surface was calculated to be more stable than the upright 

configuration (with Br pointing towards the hollow surface site) by 0.52 eV (Figure S3 in SI). 

Therefore, multiple initial adsorption configurations have always been tested and only the lowest 

energy configurations are reported. Three different adsorption behaviors have been observed after 

DFT relaxation. On the Pt (111) surface, halothane undergoes physical adsorption with a calculated 

adsorption energy of Ead=0.96 eV. BrBz adsorption, on the other hand, undergoes chemisorption 

as reflected in the significant structural distortion on the surface and strong adsorption energy of  

Ead=2.17 eV. These molecules have never been observed to undergo automatic carbon-halogen 

bond dissociation under any condition. The adsorption of BzBr on Pt(111), however, differs from 

the halothane and BrBz adsorption in that the C-Br bond dissociates upon adsorption leading to 

the formation of both adsorbed Br and adsorbed benzyl group on the surface depending upon the 

strength of interaction between the molecule and the surface (distance from the surface) (Figure 



12 
 

12 
 

S4 in SI). We have also observed direct C-Br bond breaking upon adsorption for halothane on Ag 

(Figure S5 in SI). Although BzBr did not undergo spontaneous C-Br bond breaking upon its 

adsorption to Ag, manual dissociation of the C-Br bond resulted in a more stable adsorbed state 

(by 0.83 eV) (Figure S5 in SI). Doubling the simulation cell laterally effectively reduced the inter-

molecular adsorbate interactions on the surface and in turn increased the adsorption energies but 

did not change the adsorption states (such as the chemical, physical, or bond dissociated) 

configurations (further discussed in the SI).   

Therefore, for comparison, we examined two different types of adsorption states, namely, the 

molecular state in which the C-Br bond is intact, and the dissociative state where the C-Br bond is 

cleaved on different substrates. These results are collected in Table 3. The strongest binding for 

the molecular adsorption was for BrBz on Pt (2.17 eV) and the strongest binding for the 

dissociative adsorption was for BzBr also on the Pt surface (4.46 eV), due to the coupling between 

the adsorbate valence states and the metal d-states33. While a favorable binding energy is desired 

for the catalytic surface, too strong of binding can in fact ‘poison’ the electrode surface and limit 

catalytic activity (as per Sabatier principle54). Therefore, an intricate balance of the interactions is 

required for optimal adsorption energy at the electrode surface. Given the excessively strong 

adsorption of dissociative BzBr on Pt, this surface is very likely not an ‘ideal’ choice for promoting 

BzBr reduction process.  

One can think of molecular adsorption as the first step, followed by the dissociation of the C-Br 

bond corresponding to the first electron transfer reduction of the organic halides. The Br adsorbed 

on the metal surface is negatively charged (according to the Bader Charge analysis given in Table 

S2 in SI). While we have not explicitly separated out the electron transfer, the stronger dissociative 

adsorption can be viewed as a strong driving force for the first electron reduction and bond 

dissociation. Interestingly, Ag shows a large driving force for halothane and BzBr reduction while 

Bi shows just the opposite. Therefore, it can be expected that Bi would be a rather ‘inert’ electrode 

for these reduction reactions. The results for BrBz adsorption on the different metals indicate that 

the BrBz does not undergo spontaneous cleavage of the C-Br bond upon adsorption. This is 

consistent with the minimal increase in the adsorption energy for the dissociated state over the 

molecular state on all the metals. The calculated adsorption energy trends discussed are consistent 

with experimentally reported reduction voltages on different electrodes in general.51 
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Table 3: Adsorption energies for halothane, BrBz, and BzBr on different substrates (eV) (- means 
no intact configuration can be found). 

  Adsorption Energy (eV) 
  Halothane BrBz BzBr 

Electrode  molecular dissociative molecular dissociative molecular dissociative 

Pure metal 

Pure Ag 0.6 1.63 0.94 1.15 1.00 1.83 
Pure Au 0.56 0.89 0.96 0.70 1.03 1.35 
Pure Bi 0.41 0.33 0.52 0.46 0.52 0.16 
Pure Pt 0.96 2.76 2.17 2.31 1.21 4.46 

Strained Ag 
+0.81% (to Au) - 1.67 0.94 1.05 1.1 1.86 
+4.61% (to Bi) - 0.69  0.97 1.32  0.99 2.06  
-3.41% (to Pt) - 1.33  0.90 0.86  0.99 1.46  

Ti support  1L Ag on Ti - 2.79 1.22 2.16 1.05 2.89 

Au support 
1L Ag on Au - 1.76 0.97 1.19 1.07 1.97 
2L Ag on Au - 1.76 0.96 1.17 1.08 1.98 
3L Ag on Au - 1.66 0.99 1.26 1.10 2.1  

Bi support 
1L Ag on Bi - 1.24 0.78 0.67 1.53 1.75  
2L Ag on Bi - 1.13 1 0.94 -  2.57 
3L Ag on Bi - 1.80 1.07 0.55 1.14 2.24 

Pt support 
1L Ag on Pt - 0.53 1.06 1.24 1.26 2.04 
2L Ag on Pt - 1.24 0.96 1.09 1.07 1.85 
3L Ag on Pt - 1.55 0.99 1.01 1.09 1.84 

  

Strain Effect due to lattice mismatch  

To isolate the effects of lattice expansion and contraction on the adsorption energy, we have 

increased and decreased the lattice dimensions of the freestanding Ag slab to match those of Au, 

Bi, and Pt, and recalculated the adsorption energy of halothane, BrBz, and BzBr on each of those 

dimensionally modified Ag surfaces (Table 2). The changes in the molecular adsorption energies 

were found to be much less sensitive to lattice strain of Ag than dissociative adsorption energies. 

In all the cases, the spontaneous C-Br bond dissociation upon adsorption is restored. Overall, 

halothane was calculated to be much more sensitive to the change in the lattice dimensions than 

BrBz. For example, the dissociative adsorption energy of halothane was reduced by a factor of 2 

when the Ag lattice was expanded by ~5% (to match those of Bi). However, the same change in 

Ag lattice dimensions only resulted in an increase of  ~ 7-12% in the dissociative adsorption 

energies for BrBz and BzBr. On the other hand, compressing the Ag lattice dimensions by ~3.4% 

(to match those of Pt) resulted in a ~20% dissociative adsorption energy reduction for all. The Ag 

and Au lattice mismatch is < 1%. As such there is a negligible change of adsorption energy (less 

than ~0.04 eV) when Ag lattice is expanded to match with that of Au. As shown in Fig 2, for both 

BrBz and BzBr, the benzene ring lies flat on the metal surface (viz., molecular adsorption) and the 
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shared π-bond that forms between the aromatic and metal surface is not significantly affected by 

lattice strain. In comparison, the linear halothane interacts with the metal via a prismatic upright 

adsorption state on the surface before C-Br bond breaking. In this case, lattice strain alters both 

the bond length and bond angles and thus impacts the adsorption energy more significantly. This 

is another manifestation of the fact that the type/shape of the molecule plays an important role in 

the adsorption strength. 

Effect of work function (WF) change (via -BrBz and BzBr Adsorption): 

The electrodes work functions were found to be very sensitive to forming a bilayer with Ag. Even 

depositing a single monolayer of Ag significantly altered the WF of the electrode surface as 

compared to the pure metals, as shown in Fig 1d. While increasing the number of Ag layers tends 

to resemble a pure Ag-like behavior, the Ag-deposited-electrode surfaces still show differences in 

their WFs compared to pure Ag due to the formation of heterogenous metal junctions (shown in 

Fig 1e). Expanding the Ag lattice by ~5% (to that of Bi) and contracting Ag lattice by 3.4% (to 

that of Pt), lead to changes in the work function of -0.13 eV and +0.14 eV, respectively. Thus, the 

isolated straining effect due to lattice mismatch on work function is rather small. More dramatic 

changes come from the formation of bimetallic heterojunctions. Due to WF differences between 

Ag and the support, the Ag WF would decrease on Ti and Bi supports but increase on Au and Pt 

supports. Therefore, the Ag surface on Ti and Bi supports is expected to become more electron 

donating than pure Ag. The difference in work function between the working electrode and support 

electrode can be viewed as a pre-applied voltage on the working electrode. If the pre-applied 

voltage has the same direction as the external applied voltage (e.g., more negative for the reduction 

reactions), it will enhance the reaction with a lower applied voltage. The calculated WFs shown in 

Fig. 1 for a monolayer of Ag deposited on the different supports, however, do not necessarily 

always follow these trends. For example, one layer (1L)-Ag deposited Bi surface shows a higher 

WF than that of pure Bi and Ag (as shown in Fig 1d and Table S3 of SI). However, 1L-Ag 

deposited on a Ti surface was calculated to be lower than the WFs for Ti and Ag. Work functions 

have also been found to be affected by lattice mismatch. This may play a role in the 1L-Ag 

deposited Bi case. Now, as Ag and Ti surfaces are effectively mismatch-free, it is an ideal system 

to investigate the role of surface work function on the surface adsorption of organic halides. We 
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therefore only investigated the one Ti-containing heterostructure that has a significantly lower 

work function than pure Ag: 1LAg + Ti. 

The work function change on the Ag-deposited-electrode surfaces is likely to impact the reduction 

reactions. Since the adsorption of BrBz and BzBr has been found to be less sensitive towards lattice 

mismatch, both in their molecular and dissociated forms (as seen in Table 3), they are expected to 

serve as the best candidates to isolate the impact of the work functions on reduction reactions. 

 
Fig 3: Computed molecular (left, a & c) and dissociative (right, b & d) adsorption energies (starting 
with manual dissociation where needed) and side views of selected structures of BrBz (top panel, 
a & b) and BzBr (bottom panel c & d) on Ag deposited metal supports (heterostructures with Au, 
Bi, Pt and Ti). The gray colored Ag is pure silver, while Ag with other colors denotes the strained 
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silver (purple means Ag strained to Bi lattice parameter, golden means Ag strained to Au lattice 
parameter). The effect of dissociative adsorption energy enhancement is highlighted in the red 
rectangles. 

 

Fig 3 shows the molecular and as well as dissociative adsorption energies of BrBz and BzBr on 

one to three layers of epitaxially grown Ag film on pure metal supports (Au, Bi, Ti and Pt), and 

the same on both pure and strained Ag electrodes. Fig 3 also includes the adsorption energies for 

the pure support electrode metals (Au, Bi and Pt). The results show that even a monolayer of Ag 

can dramatically shift the adsorption energy of an otherwise ‘inert’ (e.g., Pt) or less active electrode 

to a more Ag-like electrode. For all supports an Ag-like behavior was observed up to 3 layers of 

Ag on different metal supports, especially the molecular adsorbed cases. The dissociative 

adsorption energies show more dramatic changes on Ag-deposited supports. In most cases, Ag-

deposited-metal surfaces further stabilize the dissociative adsorbed states compared to the 

molecular adsorbed states, indicating enhanced driving force for reduction and C-Br bond 

breaking. For all the Ag thicknesses the dissociative adsorptions are energetically more favorable 

than molecular adsorptions on these supports except BrBz on Ag-Bi surfaces. The molecular 

adsorption of the BzBr and BrBz on all the surfaces examined all result in p-bound state where the 

aromatic lies flat along the surface as seen in Fig. 3.  The resulting benzyl intermediate that formed 

upon the dissociative adsorption of the BzBr also lies parallel to the surface for all metals.  All the 

aryl radicals that formed, on the other hand, sit upright on the surface in order to complete the sp2 

bonding of the undercoordinated C atom in aryl ring.  

The change in the adsorption energies on the different Ag-deposited-metal supports are further 

correlated with the WFs of these bilayer structures with respect to pure Ag as shown in Fig 4. 

Although not a perfect correlation, an overall enhancement in the adsorption energetics is observed 

on surfaces with reduced work functions, such as on Bi and Ti, as the Ag surfaces become more 

electron donating upon the formation of heterostructures with these metals. Au-supported Ag 

bilayers were found to be the least sensitive to Ag thickness. This is due to the small change in 

work function upon the formation of heterostructures and the result of the minimal lattice 

mismatch between Au and Ag. 1L Ag-deposited-Ti support was used as a testing case since it has 

the lowest WF and almost perfect lattice match with Ag. As a result, there were significant 

increases in adsorption energies on 1L-Ag deposited Ti in the dissociative adsorption of BrBz 
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(2.00 eV vs. 1.15 eV on pure Ag), and BzBr (2.89 eV vs. 1.83 eV on pure Ag), and even in the 

molecular adsorption of BrBz (a 0.28 eV increase) compared to pure Ag. Again, this is attributable 

to the large work function differences between pure Ag and its heterostructure with Ti.  

 

 
Fig 4: Correlation of change of adsorption energy on Ag-deposited metal surfaces with work 
functions. The gray line is to guide the eyes. 

 

The combined strain and work function effect on Halothane reduction Ag-modified electrode 

surface:  

Next, we examined the adsorption of halothane on pure metal and modified surfaces. The results 

are shown in Fig 5. A few interesting observations can be made in these cases. Unlike the 

previously studied BrBz and BzBr aromatic molecules, halothane spontaneously resulted in C-Br 

bond breaking (activity) on the Ag-deposited heterostructures. The pure support metals, on the 

other hand, did not show any activity for halothane following the previous trend shown for the 

BzBr and BrBz substrates. Again, manual dissociation of C-Br bond in halothane leads to more 

stable dissociative adsorption energy than molecular adsorptions for pure Au and Pt, but not on 

pure Bi. Given the fact that lattice strain or lattice mismatch was larger for the halothane adsorption 

than the two aromatic halide and benzyl halide studied due to the molecular geometry as discussed 
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earlier, we believe, in case of halothane adsorption it is hard to isolate the staining and WF effect 

(as we did for BrBz and BzBr) and the observations made in course of halothane adsorption are 

the results of the combination of both the effects. 

Thus far, we have put forward three main factors that influence the strength of adsorption: 

shape/type of molecule, lattice strain, and WF. An intriguing question to be posed now is how do 

these factors operate in aggregate? To answer this question, we believe halothane is the ideal 

candidate for the reasons discussed in the previous paragraph.  

 

 
Fig 5: Computed dissociative adsorption energies (starting with manual dissociation where 
needed) and top views of selected structures of halothane on Ag-deposited metal supports 
(heterostructures with Au, Bi, Pt and Ti). The gray colored Ag is pure silver, while Ag with other 
colors denotes the strained silver (golden means Ag strained to Au lattice parameter). The effect 
of adsorption energy enhancement is highlighted in the red rectangle. 

 

 

In the case of Ti and Au heterostructures with Ag, we would expect that the adsorption 

phenomenon is primarily dominated by the metal’s WF, even in the case of halothane, as these 

two metals have very similar lattice constants with Ag and show minimal lattice mismatch. With 

a single layer of Ag deposited on Au, the work function difference indeed decreases the adsorption 
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energy. However, at 2 and 3 layers of Ag deposited on Au, the adsorption energy is as strong as 

free Ag. This is consistent with the fact that the work function of the heterostructure is very close 

to that of Ag (Fig 1d). This is also true for all heterostructures deposited with 3 layers of Ag. The 

greatest enhancement in the adsorption energy was observed for 1LAg + Ti, for which the 

adsorption energy is 2.79 eV, and is accompanied by C-Br dissociation. This stronger adsorption 

is due to the low work function for 1LAg + Ti heterostructure, which leads to enhanced electron 

donating ability of the bilayer electrode.  

Interestingly we found, for Bi support, two competing effects dictate the adsorption energy of 

halothane. On one hand, the Bi support lowers the work function of the heterostructure, thus 

making the deposited-Ag-surface more favorable for stronger adsorption. On the other hand, lattice 

mismatch effect (as shown in section 2.2.A.) decreases the tendency of Ag surface to bind the 

halothane. For 1 and 2 layers of Ag on Bi, the former effect dominates whereas for 3 layers of Ag 

the latter effect dominates. For the Pt support, both work function differences and lattice mismatch 

act unidirectionally, ruling for a weaker adsorption on 1 and 2 layers of Ag deposited on Pt. 

Whereas, at 3 layers of Ag deposition, the behavior begins to mimic that of free Ag. 

Solvation effects: 

Heretofore, all of the calculations were carried out in vacuum, in the absence of solvent. In practice, 

the electrocatalytic experiments conducted for organic halide reduction are generally carried out 

in organic aprotic solvents such as acetonitrile. The effect of solvation on the adsorption energies 

in this study was modeled with a thermodynamic cycle derived by Phongpreecha et al.55. The 

modified adsorption energy in solvent can be expressed as: 

𝐸0122678. =	𝐸012 −	(1 − 𝛿)	𝐸2678. − 	𝜃𝐸0127    (3), 

where 𝐸0122678. is the adsorption energy after including the solvent effects. 𝐸012 is the adsorption 

energy in vacuum (see equation S1 in SI). 𝐸2678. and 𝐸0127  are the solvation energy of the adsorbate 

and the adsorption energy of solvent on the adsorbent surface, respectively. Finally, δ is the 

fraction of solvation area retained and θ is the fraction of the surface area lost after the adsorption 

moves from a fully solvated state to an adsorbed state in the liquid phase55. Following this 

approach, we have recalculated the adsorption energetics of halothane on various heterostructure 

surfaces (as shown Fig 6).  
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Fig 6: Eads of halothane on Ag + Au (left), and on Ag + Bi and Ag + Pt (right) in vacuum and 
solvated environments. 

 

 

These additional calculations show that overall, adsorption energies are systematically reduced as 

compared to their vacuum counterparts. This is due to the attractive interactions between the 

solvent (acetonitrile) and the solute (halothane) and the solvent and the electrode surface (e.g., 

Ag), both of which act to counterbalance the attractive forces between the solute (adsorbate) and 

the electrode. Langmaier and Samec have shown that a less polar solvent makes the reduction 

process of halothane less energetically favorable19. Herein, we examined this effect by changing 

the solvent from acetonitrile (ε = 37.5) to THF (ε = 7.6). As a result, the adsorption energy of 

halothane on a freestanding Ag surface in acetonitrile (1.01 eV) was reduced to 0.74 eV on the Ag 

surface in THF. Given that the reduction process is surface mediated, the decrease in the adsorption 

energy that resulted in moving to a less polar solvent can lead to less electrocatalytic activity and 

ultimately a larger overpotential. This is in qualitative agreement with Langmaier and Samec’s 

findings. The systematic decrease in the adsorption energy also moves the adsorption energetics 

closer to a more ‘reasonably expected’ range of 1-2 eV per molecule, which is also evidence that 

a more realistic picture is provided through the lens of solvation. While the quantitative adsorption 

energies are weaker than those in the gas phase, the overall trends in the liquid phase remain the 

same as those in the gas phase. . We have therefore concluded that while including solvent effects 

changes the absolute values of adsorption energies, it does not alter the trends observed in vacuum 
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for benzyl bromide or bromobenzene as well. As such, we discontinued our investigations of the 

solvent effects at this point. 

Design Rules: 

Leveraging what we have learned so far, we propose here a set of design rules for constructing 

bilayer metal electrodes. Our primary focus is to establish an initial set of guiding principles to aid 

in systematically choosing the support electrode to tune the catalytic activity of the working 

electrode (Ag) as needed.  

I. Different organic halides show different responses to the changes in lattice. Alkyl halide 

molecules typically exhibit more sensitivity to the metal surface than aromatic molecules which 

lie flat and p-bond to the surface. The adsorption mode of the molecules also dictates their 

interaction strength with the surface where physiosorbed intermediates are more weakly bound 

than those that chemisorb and dissociate. 

II. Lattice mismatch between the working electrode and support electrode strongly affects the 

dissociative adsorption but does so in a complex way where the adsorption strength depends on 

the type/shape of the molecule and the nature of the tensile or compression strain. Minimizing the 

extent of mismatch is helpful in achieving a more controllable adsorption process. 

III. A more reductive electrode surface can be attained by using a support electrode with a 

work function that is smaller than that of the working electrode (e.g., Ti). The opposite effect can 

be used to obtain a less reductive surface (e.g., Pt).  

IV. Solvent effects systematically decrease the tendency of electrode surfaces to bind 

molecules. In order to predict the strength of adsorption on the surface in the presence of solvent, 

one should consider, at the least, using a scaling factor to account for this decreased tendency. 

Based on these rules, we have proposed Ti as one viable candidate. The (0001) plane of  Ti has 

almost no lattice mismatch (-0.04 %) with respect to our working Ag electrode (statement II). 

Furthermore, the Ti work function (3.96 eV) is significantly lower than that of Ag (statement III). 

We, therefore, expect the Ag surface to become more readily capable of donating electrons 

(adsorbing molecules) in the presence of Ti as the support electrode. As seen in Table S3 in SI, the 

addition of the first layer of Ag on the Ti support electrode results in an overall work function that 
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is significantly lower than that of free Ag. At three layers of Ag, however, the overall work function 

is closer to that of free Ag. This demonstrates why we would expect to see an increase in the 

adsorption energies, especially for a heterostructure with one layer of Ag on Ti. Compared to Ag, 

Ag + Ti adsorption energies are significantly stronger for dissociative cases. This shows that the 

difference in work function is ultimately the determining factor for Ag + Ti, as it makes the Ag 

surface far more electron donating than the freestanding Ag surface. Using the abovementioned 

criteria, we have been able to predict a stable support electrode (i.e., Ti) that can enhance the 

adsorption behavior of the Ag electrode. It is important to note here that in practice the catalytic 

activity of electrodes for organohalide reduction depends on a number of factors such as the 

strength of adsorption, the surface coverage, and the rate of desorption of reactant, intermediate, 

product, and solvent molecules as well as a range of other factors. .11,32,34,56 As a result, 

enhancement of the dissociative adsorption behavior of the Ag electrode cannot solely be a 

sufficient condition for achieving better catalytic activity but undoubtedly, it is an important and 

necessary criterion. We proposed Ti as one viable candidate to isolate the work function effect.  

Future support electrode selection may take advantage of both lattice mismatch and work function 

difference to control the reduction of organohalides with 3D structures. Our current work thus put 

forward a systemic approach to aid in guiding experimental efforts in the design of more 

electrocatalytically active electrode heterostructures for organohalide reduction.  

Conclusions: 

In this work, we have investigated the impact of surface adsorption on the two-electron reduction 

of halothane, bromobenzene, and benzyl bromide on Ag and Ag-coated electrodes. We first 

connected the half-wave potential with the molecular reduction potential and the overpotential 

induced by the charge transfer rate and surface adsorption coefficient. The DFT-calculated 

molecular reduction potentials, especially the first electron reduction process, which facilitates 

subsequent C-Br bond cleavage, are overall in reasonable agreement with the experimental values 

recorded for Ag surfaces due to the sufficient electrocatalytic activity of the silver electrode.  

To further design Ag-coated support electrodes, we examined support electrodes of Au, Bi, Pt, and 

Ti, both in their freestanding forms and heterostructures with various thicknesses of the deposited 

Ag layers. The results showed even a monolayer of Ag can dramatically shift the adsorption energy 

of an otherwise ‘inert’ (e.g., Pt) or less active electrode (e.g., Bi) to a more Ag-like. The adsorption 
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and dissociation energies and charge transfer of the halothane, bromobenzene, and benzyl bromide 

on these electrode surfaces were examined to establish key descriptors that control the adsorption 

energies of these species on the electrode surfaces. These specific descriptors include (i) molecular 

geometry, (ii) lattice mismatch between the support and working electrodes, (iii) work function 

differences between the support and working electrodes, and (iv) explicit solvation.   

The flat-lying aromatic molecules, bromobenzene and benzyl bromide, are much less sensitive 

(<0.1 eV and <0.3 eV change for molecular and dissociated adsorption energy, respectively) to 

lattice strains. Their adsorption energy change correlated well with the work function change on 

Ag-deposited metal surfaces compared to pure Ag electrodes. Thus, the maximum change (~1 eV) 

of dissociated adsorption energy was found on Ti support, which has a smaller work function than 

Ag, thus making the Ag surface more negative and electron donating by forming the heterogeneous 

interface. In comparison, linear halothane is more sensitive to the lattice strain of Ag due to its 

prismatic upright adsorption state, and simply stretching the Ag lattice by 4.61% can decrease 

halothane dissociative adsorption energy by ~1.0 eV. Thus, their adsorption energy on Ag-

deposited metal supports does not show a clear trend due to the combining influence of lattice 

mismatching and work function change. However, for the Ti support, which has almost no lattice 

mismatch (-0.04 %) with respect to our working Ag electrode, the work function effect will 

increase the adsorption energy of halothane by ~1.1 eV. Thus, it is reasonable to conclude that the 

surface of Ag becomes far more electron donating and vulnerable to adsorption when 

heterostructures are formed with Ti. We further show that solvent effects systematically decrease 

the tendency of electrode surface to bind molecules, thus conclusions related to lattice and work 

function mismatch between the support and working electrode should still hold. We believe, our 

proposed criteria and design rules for choosing support electrodes in the bilayer electrode format, 

can readily guide experimentalists to able to finetune the electron donating ability of the Ag surface 

which in turn can dictate the catalytic activity of the working electrode. 

Supporting Information:  

Methodologies and computational details; detailed re-derivation of half-wave potential (E1/2) as an 

explicit function of standard reduction potential (E0); study of surface coverage; Bader charge 

analysis; calculated work function of different Ag/metal bilayer electrodes. 
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