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ABSTRACT 

Acetic acid (CH3COOH) decomposition over Pd (111) surface is a good model system for 

decomposition of acids and small oxygenates common in biomass conversion. Here we present 

Density Functional Theory calculations of the energy landscape of CH3COOH decomposition on 

Pd (111), focusing on the reaction mechanism for acetic acid decarboxylation (DCX) and 

decarbonylation (DCN). Our results suggest that the most favorable DCX pathway proceeds 

through dehydrogenation of CH3COOH to acetate (CH3COO), followed by dehydrogenation of 

CH3COO to carboxylmethylidene (CH2COO), C-H bond cleavage of CH2COO to 

carboxylmethylidyne (CHCOO) and finally C-C bond cleavage to form CH and CO2.  The DCN 

pathway proceeds via the same initial dehydrogenation steps to CH2COO, followed by 

deoxygenation of the CH2COO to ketene (CH2CO). This follows dehydrogenation of CH2CO to 



ketyne (CHCO), and finally C-C bond cleavage to yield CH and CO. Carboxylmethylidene 

(CH2COO), which is formed in both mechanism, is a key reaction intermediate determining the 

branching to DCN or DCX but the free energy barrier difference between the DCN and the DCX 

route is DGa = 0.13eV, making the DCX more favorable than DCN. 

 

 
1. INTRODUCTION 

 

The decomposition of acetic acid on the Pd (111) surface is of both fundamental and applied 

interest. The interaction of acetic acid with Pd (111) is key to the production of vinyl acetate (a 

precursor to important industrial polymer such as polyvinyl acetate), biomass conversion to 

biofuels, and other industrial relevant reactions.1-3 Acetic acid is also a good model for selectivity 

studies of long fatty acid on Pd and Pt, which are among the major catalyst metals used in the 

production of bio-fuels.3  

In this study, we focused on the reaction mechanism of acetic acid decarboxylation (DCX) and 

decarbonylation (DCN) on Pd (111) but acetic acid decarboxylation and decarbonylation have 

been found to reduce the selectivity of acetic acid conversion to vinyl acetate on Pd (111).2 

Experimental studies of acetic acid decomposition on Pd (111) and Pd (100) catalyst in ultrahigh 

vacuum yielded CO, CO2, H2O, and H2,4-6 while over Pd (110), acetic acid decomposes to CO2 and 

H2, in which the H2 is converted to H2O in the presence of pre-adsorbed oxygen during acetic 

decomposition.7 The decarboxylation route, producing CO2, was found to be the preferred route 

on Pd(111) and the rate determining step was the activation of the C-H bond of the methyl group 

of the surface acetate.6  These observations suggest that OC-O and C-OH bond cleavages of acetic 



acid intermediates are less facile on Pd (110) and OC-O and C-OH bond cleavages are important 

elementary reaction steps in the formation of CO and H2O during acetic acid decomposition. 

Understanding the reaction mechanism of acetic acid decomposition on Pd (111) could also 

provide insight into other reaction pathways with similar intermediates such as hydrogenation of 

acetic acid to ethanol, which has been studied both experimentally and by different theoretical 

approaches on various transition metals and supported transition metals.8-14  

Here we present a DFT study of acetic acid decomposition on Pd (111) surface, in which all the 

elementary reaction steps involved in acetic acid decomposition to H2O, H2, CO2 and CO were 

investigated and the preferred reaction mechanisms for acetic acid decarboxylation and 

decarbonylation were proposed. Hansen and Neurock1 studied acetic acid decomposition on Pd 

(111) previously using DFT calculated reaction energies and stochastic kinetic algorithms. This 

study focused on modeling the trends observed in experimental temperature-programmed reaction 

experiments (TPR) for acetic acid decomposition over Pd (111) and included subset of elementary 

steps studied herein, specifically that study included elementary steps 2, 5, 16, 38, 39, 44, 45, and 

46 from Table 2. Previous experimental studies have shown that full decomposition of acetic acid 

on Pd (111) produces CO, CO2 and surface C via either decarbonylation or decarboxylation 

pathways.4 Here we focus on the interplay between these two decomposition pathways on Pd 

(111). In order to compare these different pathways, all elementary steps, except C=O cleavage, 

leading to the formation of CO and CO2 are included. The elementary steps involving C=O bond 

cleavage, for intermediates CHxCO; x=0-3 and CHyCOOH; y=0-3, were not included because they 

were previously found to have significantly higher activation barrier and reaction energy than C-

O, C-C and C-H bond scission.9, 15 The decomposition of CHx to surface carbon is the same for 

both pathways and therefore not included in the discussion of the two pathways. The energetic of 



CHx dissociation are included in Table 2 and an energy diagram for the dissociation is in the 

supporting information. 

 

2. METHODS 

 

Density functional theory calculations were carried out using the Vienna Ab initio Simulation 

Package (VASP).16-19 The Kohn-Sham equations were solved with a plane-wave basis set and core 

electrons were described using the projector augmented wave (PAW) method.20 Electron exchange 

and correlation were described within the PW91 generalized gradient approximation (GGA).21-23 

Spin polarization was used for all calculations, and the cutoff energy for the plane wave basis set 

was 400 eV. 

The calculated Pd lattice constant was 3.96 Å, in good agreement with experimental results of 

3.89 Å.24 The Pd (111) surface was represented by a four-atomic layer slab using a (3×4) unit cell, 

corresponding to surface coverage (θ) of 1/12 monolayer (ML) for each adsorbate (where ML is 

defined as number of adsorbates/metal surface atom), which is in good agreement with acetic acid 

coverage (0.1ML) in experimental studies of acetic acid decomposition on Pd (111).6 All 

adsorbates and the two topmost Pd layers were allowed to relax, the remaining layers were kept 

fixed. A total vacuum distance of 17 Å was used to separate the surface from its periodic slab in 

the direction along the surface normal. Zero-point energy (ZPE) is not included in reaction energies 

and activation barriers reported herein. A Monkhorst−Pack grid of 4 × 4 × 1 k-points was used for 

all calculations.  

Adsorption energies (Eads) of all the surface intermediates were calculated as 

 
          Eads = Es+ads - Es - Eref 



 

where Es+ads is the total energy of the slab with the adsorbate, Es is the total energy of the clean Pd 

slab and Eref is the total energy of the adsorbate in their most stable configuration in the gas phase, 

used as reference. The reaction energies (Erxn) for a reaction of the form A+B⟶AB is the energy 

difference between the reactants (ES+A+B) and the products (ES+AB) (Erxn = Es+A+B – Es+AB). 

In this notation, more negative adsorption energies equate to more favorable adsorbate 

configuration and negative reaction energies equate to exothermic reactions while positive reaction 

energies equate to endothermic reactions. The minimum energy path from reactant to product and 

the transition state for each elementary reaction step were calculated with the climbing image 

nudged elastic band (Cl-NEB)25-28 method. All transition states were confirmed by vibrational 

analysis to have only one imaginary frequency, these imaginary frequencies are listed in Table S1 

in supporting information. The convergence criteria for the maximum residual force for the 

adsorbate binding and CI-NEB calculations were 0.03 and 0.05 eV/Å, respectively. Standard 

statistical mechanics approach was used to the Gibbs free reaction and activation energies at 

300K.29 

 

3. RESULTS 

 

The elementary reaction steps investigated for decarboxylation (DCX) reaction pathways to CO2 

and decarbonylation (DCN) reaction pathways to CO of acetic acid decomposition on Pd (111) are 

shown in Figure 1. All reaction intermediates and activation barriers of all elementary reaction 

steps included in this study are described in sections 3.1 and 3.2. 

 



 

Figure 1. Reaction network of the decarboxylation (red arrows) and decarbonylation (blue arrows) 

pathways of acetic acid decomposition on Pd (111). Two arrows indicate that the decarboxylation 

and decarbonylation pathways go through the same elementary reaction step. 

 

    3.1. Reaction intermediates 

The most stable adsorption configurations of all reactants, products and intermediates of acetic 

acid decomposition on Pd (111) are shown in Figure 2.  The most stable binding modes and 

adsorption energies of the different intermediates are listed in Table 1, in agreement with previous 

literature.1, 9, 15, 30-33 Phatak et al.32 identified two isoenergic adsorption configurations for OH, which 

are linear OH on fcc site and a tilted OH on the bridge site. The latter was found to be the most 

favorable adsorption configuration herein. 

We use the nomenclature ηi𝜇j to represent i atoms of the adsorbates bound to j atoms of the 

metal surface. To clearly distinguish the different carbon atoms in this discussion, the carbon in 

the COOH functional group is referred to as C1 and the α-carbon as C2. Apart from CH3COOH, 

CO2 and H2O, ketene has the weakest binding to Pd (111) of all reaction intermediates and carbon 



atom have the strongest binding, in good agreement with experimentally reported coke formation 

on Pd (111) surfaces.4  

 
 



Figure 2. Side and top views of the most stable adsorption configurations of the reaction 

intermediates in acetic acid decomposition on Pd (111): (a) acetic acid (CH3COOH); (b) 

methylidene-1-ol-1-olate (CH2COOH); (c) acetate (CH3COO); (d) carboxylmethylidene 

(CH2COO); (e) methylidyne-1-ol-1-olate (CHCOOH); (f) carboxylmethylidyne (CHCOO); (g) 

acetyl (CH3CO); (h) ketene (CH2CO); (i) ketyne (CHCO); (j) CCOOH; (k) CCOO; (l) carboxylic 

(COOH); (m) CCO; (n) methyl (CH3); (o) methene (CH2); (p) methyne (CH); (q) water (H2O); (r) 

carbon dioxide (CO2); (s) carbon monoxide (CO); (t) hydroxyl (OH); (u) oxygen (O); (v) carbon 

(C); and (w) hydrogen (H). Pd surface atoms are shown in blue, oxygen in red, hydrogen in white 

and carbon in gray.  

 

Table 1. Binding modes, binding sites, and adsorption energies of all adsorbed intermediates 

investigated. In the ηi𝜇j binding mode nomenclature i atoms of the adsorbates are bound to j atoms 

of the metal surface. The adsorbate atom C1 represents the carbon in the COOH functional group 

and C2 represents the α-carbon. The adsorption energies do not include for zero-pointed energy 

correction. 

Species Stoichiometry Figure 3 
Species 

Binding mode Binding site Adsorption 
energy (eV) 

Acetic acid CH3COOH a η1𝜇1(O) O(atop) -0.48 

Methylidene-1-ol-1-
olate 

CH2COOH b η2𝜇2(C, O) C2(atop), 
O(atop) 

-2.07 

Acetate CH3COO c η2𝜇2(O, O) O(atop), 
O(atop) 

-2.34 

Carboxylmethylidene CH2COO d η3𝜇3(C, O, O) C2(atop), 
O(atop), 
O(atop) 

-1.49 



Methylidyne-1-ol-1-
olate 

CHCOOH e η2𝜇3(C, O) C2(bridge), 
O(atop) 

-4.00 

Carboxylmethylidyne CHCOO f η2𝜇3(C, O) C2(bridge), 
O(atop) 

-2.04 

Acetyl CH3CO g η2𝜇3(C, O) C1(bridge), 
O(atop) 

-2.22 

Ketene CH2CO h η2𝜇2(C, C) C1(atop), 
C2(atop) 

-1.16 

Ketyne CHCO i η2𝜇3(C, C) C1(atop), 
C2(bridge) 

-3.17 

 
CCOOH j η1𝜇3(C) C2(fcc 

hollow) 
-5.41 

 
CCOO k η2𝜇4(C, O) C1(hcp 

hollow), 
O(atop) 

-4.11 

Carboxylic COOH l η2𝜇2(C, O) C1(atop), 
O(atop) 

-2.38 

 
CCO m η1𝜇3(C) C2(fcc 

hollow) 
-5.01 

Methyl CH3 n η1𝜇1(C) C2(atop) -1.90 

Methene CH2 o η1𝜇2(C) C2(bridge) -4.02 

Methyne CH p η1𝜇3(C) C2(hollow) -6.54 

Water H2O q η1𝜇1(O) O(atop) -0.32 

Carbon dioxide CO2 r η2𝜇2(O, O) O(atop), 
O(atop) 

-0.09 

Carbon monoxide CO s η1𝜇3(C) C1(fcc 
hollow) 

-2.05 

Hydroxyl (bent) OH t η1𝜇2(O) O(bridge) -2.71 

Oxygen atom O u η1𝜇3(O) O (fcc 
hollow) 

-1.43 

Carbon atom C v η1𝜇3(C) C (fcc 
hollow) 

-7.06 

Hydrogen atom H w η1𝜇3(H) H (hcp 
hollow) 

-2.88 



 

The dehydrogenation of the α-carbon of CHXCOOH (x =1, 2, 3) decreases the adsorption energy 

of the product, similar to what was previously reported for dehydrogenation products of propanoic 

acid intermediates on Pd(111).31 Dehydrogenation of the α-carbon of CHxCO (x =1, 2) also 

decreases the adsorption energy of the products but dehydrogenation of CH3CO to CH2CO 

increases the adsorption energy.  Li et al.15 found a similar trend for dehydrogenation of CH3CO 

to CH2CO on Pd (111) as well as Lu et al.29 for dehydrogenation of CH3CH2CO to CH3CHCO on 

Pd (111). Dehydrogenation of the α-carbon of CHX (x = 1, 2, 3) decreases the adsorption energy 

of the product, similar to the trend reported by Li et al.14  

  
 

 3.2 Elementary reaction steps for acetic acid decomposition over Pd (111) 

The activation barriers and reaction energies for each elementary reaction step of the different 

reaction pathways are summarized in Table 2. For more complex minima energy pathways, an 

intermediate adsorption configuration was sometimes used to determine the activation barriers, 

these are noted in the description of the reaction step. These intermediate adsorption configurations 

were determined from the initial CI-NEB calculations. The configurations of the different 

transition states are shown in Figure 3 and Figure 4 while intermediate adsorption configurations 

used for Cl-NEB calculations for elementary reaction steps 2, 3, 6 and 15 are shown in Figure 5. 

These intermediate adsorption configurations were used to activate the various bonds involved in 

the bond cleavage during the different reaction steps. The reaction energies and activations barriers 

for the transition from the minima to these intermediate configurations are noted in the description 

of each individual elementary steps. All reaction energies and barriers heights are referenced to 

the most stable adsorbate configuration. 



In general, dehydrogenation of the α-carbon of CHXCOOH (x = 2, 3) increases the activation 

barrier for the dehydrogenation of the CO-H bond of CHXCOOH (x = 1, 2). Dehydrogenation of 

the α-carbon of CHXCO (x = 2, 3) and CHxCOO (x = 1, 2, 3) reduces the activation barrier for the 

C-C bond cleavage of CHxCO (x = 1, 2) and CHxCOO (x = 0, 1, 2, 3). These are in good agreement 

with previous calculations of CO-H bond and C-C bond cleavage on Pd(111).15, 31 The elementary 

reaction steps for C=O bond scission in these intermediate (CHxCO; x=0-3) and (CHxCOOH; x=0-

3) were not included because they were previously found to have significantly higher activation 

barriers and reaction energies than C-O, C-C and C-H bond scission.9, 15  

Table 2. Reaction energies and forward activation barriers for decomposition of acetic acid on Pd 

(111). The * indicates adsorbed molecule and available adsorption site and not the number of sites 

available or occupied by the adsorbates. The reaction energies and forward activation barrier were 

not corrected for zero-point energy. 

steps surface reactions Erxn[eV] Ea[eV] 

1 CH3COOH* + * → CH3* + COOH* 0.66 1.91 

2 CH3COOH* + * → CH3COO* + H* -0.07 0.69 

3 CH3COOH* + * → CH3CO* + OH* 0.83 1.23 

4 CH3COOH* + * → CH2COOH* + H* 0.30 1.06 

5 CH3COO* + * → CH2COO* + H* 0.79 1.37 

6 CH3COO* + * → CH3* + CO2* 0.36 1.92 

7 CH3COO* + * → CH3CO* + O* 1.02 1.56 

8 CH2COOH* + * → COOH* + CH2* 0.44 1.33 

9 CH2COOH* + * → CH2CO* + OH* 0.71 1.19 

10 CH2COOH* + * → CHCOOH* + H* 0.13 0.91 

11 CH2COOH* + * → CH2COO* + H* 0.45 1.33 



12 CHCOOH* + * → CHCO* + OH* 0.73 1.68 

13 CHCOOH* + * → CCOOH* + H* -0.20 0.64 

14 CHCOOH* + * → COOH* + CH* -0.09 1.00 

15 CHCOOH* + * → CHCOO* + H* 0.51 1.57 

16 CH2COO* + * → CH2* + CO2* -0.27 1.36 

17 CH2COO* + * → CH2CO* + O* 0.36 0.98 

18 CH2COO* + * → CHCOO* + H* 0.17 0.94 

19 CHCOO* + * → CCOO* + H* -0.08 0.79 

20 CHCOO* + * → CH* + CO2* -0.90 0.61 

21 CHCOO* + * → CHCO* + O* 0.20 1.21 

22 CH3CO* + * → CH2CO* + H* 0.29 1.08 

23 CH3CO* + * → CH3* + CO* -0.51 1.11 

24 CH2CO* + * → CH2* + CO* -0.65 1.02 

25 CH2CO* + * → CHCO* + H* -0.14 0.83 

26 CHCO* + * → CH* + CO* -1.04 0.51 

27 CHCO* + * → CCO* + H* -0.06 1.07 

28 CCOOH* + * → COOH* + C* 0.51 1.78 

29 CCOOH* + * → CCOO* + H* 0.63 1.25 

30 CCOOH* + * → CCO* + OH* 0.99 1.42 

31 COOH* + * → CO* + OH* -0.31 0.66 

32 COOH* + * → CO2* + H* -0.29 0.74 

33 CCOO* + * → CO2* + C* -0.46 0.31 

34 CCOO* + * → CCO* + O* 0.44 1.03 

35 CCO* + * → CO* + C* -0.36 0.90 

36 CH3* + * → CH2* + H* 0.16 0.87 

37 CH2* + * → CH* + H* -0.56 0.33 

38 CH* + * → C* + H* 0.45 1.44 

39 OH* + H* → H2O* + * -0.41 0.69 



40 CO* + O* → CO2* + * 0.02 1.63 

41 C* + O* → CO* + * -2.67 1.25 

42 OH* + * → O* + H* 0.07 1.06 

43 H*+ H* → H2(g) + 2* 1.20 
 

44 CO* → CO(g) + * 2.05  

45 CO2* → CO2(g) + * 0.09  

46 H2O* → H2O(g) + * 0.32  

 

Step 1: CH3COOH⟶ CH3 + COOH.  The overall endothermicity of this reaction is 0.66eV and 

it has a relatively high activation barrier of 1.91eV. Similar high activation barrier (3.53eV) was 

observed for the C-C bond cleavage of ethanol.15 In the transition state (TS), both CH3 and COOH 

sit above a top site and the C-C bond length changes from 1.49Å	(initial state (I.S) bond length) 

to 2.02Å. 

Step 2: CH3COOH⟶CH3COO + H. Before the O-H dissociation, the CH3COOH rotates to a 

configuration whereby the COOH group has both the O and H above a top site (see Figure 5(i) for 

this adsorption configuration). This configuration is 0.08eV higher in energy than the minima 

configuration and the rotation have no barrier. The reaction is exothermic by 0.07eV and has an 

activation barrier of 0.69eV, in reasonable agreement with Hansen and Neurock,1 who reported a 

0.55eV activation barrier for this reaction. The transition state (TS) is characterized by O-H bond 

elongation from 1.02Å	(I.S bond length) to 1.62Å, in which the H is over a bridge site.  

Step 3: CH3COOH⟶CH3CO + OH. In order to activate the C-OH bond, the acetic acid rotates 

from the most favorable configuration to a less favorable configuration in which the two oxygen 

atoms interact with the surface (see Figure 5(ii) for this adsorption configuration). This adsorption 

configuration is 0.08eV higher in energy than the minima and the rotation have no barrier. This 

reaction is endothermic by 0.83eV and has an activation barrier of 1.23eV, in reasonable agreement 



with  Pallassana and Neurock,9 who reported an activation barrier of 1.47eV for the same step.  

The TS is characterized by a C-OH bond elongation from 1.33Å	(I.S bond length) to 2.07Å, in 

which the OH is above a top site. 

Step 4: CH3COOH⟶CH2COOH + H. The α-carbon dehydrogenation of CH3COOH is 

endothermic by 0.30eV and has an activation barrier of 1.06eV, in reasonable agreement with the 

activation barrier for α-carbon dehydrogenation of ethanol (Ea=1.17eV).15 The TS is characterized 

by a C-H bond elongation from 1.1Å	(I.S bond length) to 1.59Å, in which the H is above a bridge 

site.  

Step 5: CH3COO⟶CH2COO + H. In this reaction step, the CH3COO reorients from a bidentate 

to tridentate adsorption mode (see Figure 5(iii) for this adsorption configuration) before activating 

the C-H bond cleavage. This reaction is endothermic by 0.79eV and has a comparatively high 

activation barrier of 1.37eV. Pallassana and Neurock9 previously reported an activation barrier and 

reaction energy for this reaction to be 1.19eV and 0.72eV, respectively. In the TS, the H is above 

a bridge site and the C-H bond distance changes from 1.09Å	(I.S bond length) to 1.57Å.  

Step 6: CH3COO⟶CO2 + CH3. The decarboxylation of the CH3COO follows two successive 

steps. A reorientation from bidentate to tridentate configurations, in which the CH3COO is lying 

down. This reorientation has a reaction energy of 0.70eV and no barrier. The C-C bond cleavage 

occurs after the reorientation. The overall endothermicity of the two-step reaction is 0.36eV and 

the activation barrier is 1.92eV based on the most stable initial state, but 1.22 eV from the 

intermediate state. At the TS, the CH3 sits above a top site and the C-C bond distance changes from 

1.51Å	(I.S bond length) to 2.02Å. 

Step 7: CH3COO⟶CH3CO + O. In the initial state, the bidentate CH3COO adsorbs with each 

oxygen atom on a top site. Before C-O bond scission, the CH3COO rotates so that one of the 



oxygen atoms is above a bridge site. The deoxygenation of CH3COO to CH3CO is endothermic by 

1.02eV and has a relatively high activation barrier of 1.56eV. The TS is characterized by a C-O 

bond elongation from 1.30Å	(I.S bond length)	to 1.97Å, in which the O sits above a hollow site 

and the α-carbon is above a top site.  

Step 8: CH2COOH⟶CH2 + COOH. The H2C-COOH bond cleavage of CH2COOH has an 

activation barrier of 1.33eV and is endothermic by 0.44eV. The TS is characterized by a H2C-

COOH bond elongation from 1.46Å	(I.S bond length)	to 2.29Å, in which the CH2 group is above 

a bridge site and the COOH group is above a top site.  

 Step 9: CH2COOH⟶CH2CO + OH. Dehydroxylation of CH2COOH is endothermic by 0.71eV 

and has an activation barrier of 1.19eV. The TS is described by a C-OH bond elongation from 

1.35Å	(I.S bond length) to 2.14Å, in which both OH and CH2CO are above a top site.  

Step 10: CH2COOH⟶CHCOOH + H. The dehydrogenation of CH2COOH to CHCOOH is 

endothermic by 0.13eV and has an activation barrier of 0.91eV. In the TS, the C-H bond length 

changes from 1.10Å	(I.S bond length) to 1.72Å and the α-carbon sits above the bridge site while 

the H sits above a top site.  

Step 11: CH2COOH⟶CH2COO + H. The dehydrogenation of CH2COOH is endothermic by 

0.45eV and its activation barrier is 1.33eV. In the TS, the activated H sits above a top site and the 

O-H bond length elongates from 0.98Å	(I.S bond length) to 1.76Å.  

Step 12: CHCOOH⟶CHCO + OH. Similar to step 5, the CHCOOH reorients from a bidentate 

to a tridentate form, so as to activate the C-OH bond. This reorientation has a reaction energy of 

0.47eV and no barrier. This reaction step is endothermic by 0.73eV and has a relatively high 

activation barrier, 1.68eV. The TS is characterized by the C-OH bond elongation from 1.35Å	(I.S 

bond length) to 2.02Å, in which the OH sits above a top site.  



Step 13: CHCOOH⟶H + CCOOH. The CHCOOH reorients from a bidentate to a monodentate 

form before C-H bond cleavage. The reaction is exothermic by 0.20eV and its activation barrier is 

0.64eV. In the TS, the H sits above a hollow site and the C-H bond length elongates from 1.10Å	

(I.S bond length) to 1.36Å. 

Step 14: CHCOOH⟶CH + COOH. The HC-COOH bond scission of CHCOOH has an 

activation barrier of 1.00eV and reaction energy of -0.09eV. The TS is characterized by a C-COOH 

bond length elongation from 1.46Å	(I.S bond length) to 1.92Å, in which the CH group sits above 

a hollow site.  

Step 15: CHCOOH⟶CHCOO + H. For the dehydrogenation of CHCOOH, the reaction follows 

two successive steps. A CHCOOH reorientation from a bidentate to tridentate configuration, in 

which the oxygen of the OH group sits above a top site (see Figure 5(iv) for this adsorption 

configuration). This reorientation has a reaction energy of 0.47eV and no barrier. The CO-H bond 

cleavage occurs after the reorientation. The overall reaction energy of the two steps is 0.51eV and 

the activation barrier is 1.57eV based on the most stable initial state, but 1.10 eV from the 

intermediate state. The TS is characterized by an O-H bond distance increase from 0.98Å (I.S bond 

length) to 1.61Å, in which the H sits above a top site. 

Step 16: CH2COO⟶CH2 + CO2. This reaction is exothermic by 0.27eV and the activation energy 

is 1.36eV. At the TS, the C-C bond distance elongates from 1.47Å	(I.S bond length) to 2.14Å and 

CH2 sits above a top site.  

Step 17: CH2COO⟶CH2CO + O. The deoxygenation of CH2COO is endothermic by 0.36eV 

and the reaction has an activation barrier of 0.98eV. The TS is characterized by a C-O bond 

distance that extends from 1.30Å (I.S bond length) to 1.99Å, in which the O sits above a fcc hollow 

site.  



Step 18: CH2COO⟶CHCOO + H. The CH2COO reorients from a tridentate to a bidentate 

configuration before C-H bond cleavage. The reaction is endothermic by 0.17eV and the activation 

energy is 0.94eV. In the TS, the C-H bond length elongates from 1.10Å (I.S bond length) to 1.71Å 

and the α-carbon sits above a bridge site, while the activated H sits above a top site. 

Step 19: CHCOO⟶CCOO + H. The dehydrogenation of CHCOO to CCOO is slightly 

exothermic with a reaction energy of -0.08eV and an activation barrier of 0.79eV. The TS is 

characterized by C-H bond elongation from 1.10Å	(I.S bond length) to 1.46Å, in which the H sits 

above a bridge site. 

Step 20: CHCOO⟶CH + CO2. The decarboxylation of CHCOO is quite exothermic by 0.90eV 

and has an activation barrier of 0.61eV. In the TS, the C-C bond length elongates from 1.50 Å (I.S 

bond length) to 1.96Å. In the final state, the CO2 is adsorbed on a top site and CH is adsorbed on 

the fcc hollow site. 

Step 21: CHCOO⟶CHCO + O. The deoxygenation of CHCOO to CHCO is endothermic by 

0.20eV and has an activation barrier of 1.21eV. In the TS, the O is above a bridge site and the C-

O bond length elongates from 1.23Å	(I.S bond length) to 1.97Å.  

Step 22: CH3CO⟶CH2CO + H. This reaction is endothermic by 0.29eV and the activation 

barrier is 1.08eV. The TS is characterized by a C-H bond elongation from 1.10Å	(I.S bond length) 

to 1.55Å, in which the H sits above a bridge site.  

Step 23: CH3CO⟶CH3 + CO. This reaction is exothermic by 0.51eV and the activation barrier 

is 1.11eV. In the TS, the C-C bond length extends from 1.58Å (I.S bond length) to 1.93Å. 

Step 24: CH2CO⟶CH2 + CO. The α-carbon of CH2CO reorients from a top site to sit above a 

bridge site before C-C bond cleavage.  This reorientation has no barrier and its reaction energy is 



0.29eV. This elementary reaction step is exothermic by 0.65eV and the activation barrier is 

1.02eV. Between the initial and the TS, the C-C bond length increases from 1.48Å to 2.01Å.  

Step 25: CH2CO⟶CHCO + H. The dehydrogenation of CH2CO to CHCO is exothermic by 

0.14eV and has an activation barrier of 0.83eV. The TS is characterized by a C-H bond length that 

extends from 1.10Å to 1.70Å	going from the initial to the TS. At the TS, the α-carbon is over a 

bridge site and the H is over a top site. 

Step 26: CHCO⟶CH + CO. The decarbonylation of CHCO is exothermic by 1.04eV and has 

an activation barrier of 0.51eV. The TS is characterized by an increase of C-C bond length from 

1.43Å (I.S bond length) to 1.91Å. In the TS, the CO sits above a top site and CH sits above a 

hollow site. 

Step 27: CHCO⟶CCO + H. The dehydrogenation of CHCO is close to thermoneutral with a 

reaction energy of -0.06eV and an activation barrier of 1.07eV, in reasonable agreement with 

previous findings from Li et al.15 In the TS, the H sits above a top site and the C-H bond elongates 

from 1.01Å to 1.69Å relative to the initial state. 

Step 28: CCOOH⟶C + COOH. The C-COOH bond scission of CCOOH is endothermic by 

0.51eV and has an activation barrier of 1.78eV. In the TS, the COOH sits above a top site and the 

C-COOH bond length is 0.52	Å longer than that of the initial state. 

Step 29: CCOOH⟶CCOO + H. The CCOOH dehydrogenation is endothermic by 0.63eV and 

its activation barrier is 1.25eV. In the TS, the H is above the bridge site and the O-H bond length 

extends from 0.98Å to 1.81Å	relative to the initial state.  

Step 30: CCOOH⟶CCO + OH. The dehydroxylation of CCOOH to CCO is endothermic by 

0.99eV and has an activation energy of 1.42eV. The TS is characterized by the C-OH bond 

elongation from 1.37Å	(I.S bond length)	to 2.46Å, in which the OH is above a top site.  



Step 31: COOH⟶CO + OH. The dehydroxylation of COOH is exothermic by 0.31eV and has 

an activation barrier of 0.66eV. The TS is characterized by an increase of the C-OH bond length 

from 1.34Å (I.S bond length)	to 1.88Å, in which the OH sits above a top site and the CO sits above 

a bridge site.  

Step 32: COOH⟶CO2 + H. The decarboxylation of the COOH is exothermic by 0.29eV and the 

reaction has an activation barrier of 0.74eV, in good agreement with finding from Scaranto and 

Mavrikakis,34 who calculated the activation barrier for this reaction to be 0.70eV. The TS is 

characterized by O-H bond elongation from 0.98Å (I.S bond length)	 to 1.51Å, in which the 

hydrogen atom sits above a top site. 

Step 33: CCOO⟶CO2 + C. Decarboxylation of CCOO is exothermic by 0.46eV and has low 

activation barrier of 0.31eV. The TS is characterized by C-C bond elongation from 1.53Å (I.S 

bond length)	to 1.95Å. 

Step 34: CCOO⟶CCO + O. The deoxygenation of CCOO is endothermic by 0.44eV and has 

an activation barrier of 1.03eV. The TS is characterized by a C-O bond elongation from 1.31Å (I.S 

bond length)	to 2.05Å.  

Step 35: CCO⟶CO + C. The decarbonylation of CCO is exothermic by 0.36eV and its 

activation barrier is 0.90eV. The TS is characterized by C-CO bond elongation from 1.34Å (I.S 

bond length)	to 1.87Å, in which the CO molecule sits above a bridge site.  

Step 36: CH3⟶CH2 + H. CH3 moves from a top site to a bridge site before C-H bond cleavage. 

The reaction is endothermic by 0.16eV and has an activation barrier of 0.87eV. The TS is 

characterized by a C-H bond distance elongation from 1.09Å (I.S bond length)	to 1.76Å, in which 

the C sits above the bridge site and H sits above a top site.  



Step 37: CH2⟶CH + H. Dehydrogenation of CH2 is exothermic by 0.56eV and has a relatively 

low activation barrier of 0.33eV. In the TS, both the CH and H sit on a hollow site and the C-H 

bond distance extends from 1.10Å (I.S bond length)	to 1.94Å.  

Step 38: CH⟶C + H. Dissociation of CH is endothermic by 0.45eV and its activation barrier is 

1.44eV. The TS is characterized by a C-H bond length elongation from 1.10Å	(I.S bond length) to 

1.76Å, in which the H sits on a top site and C sits on a hollow site.  

Step 39: OH + H⟶H2O. Formation of water on the surface is exothermic by 0.41eV and has a 

relatively low activation barrier of 0.69eV, in good agreement with findings of Scaranto and 

Mavrikakis.34 The TS is characterized by a H-OH bond extension from 0.98Å (I.S bond length)	to 

1.64Å, in which the OH and H sit on the top site and bridge site respectively.  

Step 40: CO + O⟶CO2. The oxygenation of CO is almost thermoneutral with a reaction energy 

of 0.02eV but has a relatively high barrier of 1.63eV, in reasonable agreement with calculation at 

slightly higher coverage (Ea=1.40eV).34 The TS is characterized by a C-O bond distance elongation 

from 1.18Å (I.S bond length)	to 1.85Å, in which both the O and CO sit above a bridge site.  

Step 41: C + O⟶CO. The oxygenation of carbon has a comparatively high exothermicity of -

2.67eV and has an activation barrier of 1.25eV. Jorgensen and Grönbeck,35 and Alfonso36 both 

reported higher barrier for this reaction step, 1.70eV and 1.74eV, respectively, but for different 

functional and coverage than herein. In the TS, the C-O bond length changes from 1.19Å (I.S bond 

length)	to 2.03Å, in which the C and O sits above a hollow and bridge site, respectively.  

Step 42: OH⟶O + H. Dissociation of the hydroxyl molecule is slightly endothermic with a 

reaction energy of 0.07eV and an activation barrier of 1.06eV, in reasonable agreement with 

findings of Phatak et al. 32 and Scaranto and Mavrikakis34, who calculated the activation barrier for 

this reaction to be 1.03eV and 1.12eV, respectively. The TS is characterized by O-H bond 



elongation from 0.98Å (I.S bond length)	to 1.44Å	relative to the initial state, in which both O and 

H sit above a hollow site.  

 

 



Figure 3. Side (upper panel) and top (lower panel) views of the transition states of elementary 

reaction 1-24 on the Pd (111) surface.  

 

 
 
 

 

Figure 4. Side (upper panel) and top (lower panel) views of the transition states of the elementary 

reaction 25-42 on the Pd (111) surface.  



 
Figure 5. Snapshots of various intermediated adsorption modes used for Cl-NEB calculations and 

referred to in the description of the individual elementary steps 2, 3 ,6 and 15.  

 
 

4. DISCUSSION 

 

    4.1 Decarboxylation (DCX) reaction pathways of acetic acid decomposition on Pd (111). 

Figure 6 shows the energy diagrams of the different DCX pathways of acetic acid decomposition 

on Pd (111). Eleven DCX pathways were identified (see supporting information S.1 for the 

reaction routes of the different DCX pathways). The DCX pathways are divided into three groups 

depending on the initial reaction step. Four pathways starting with the dehydrogenation of the acid 

group (the CH3COO-H bond) (DCX 1-4, Figure 6a), one pathway starting with C-C bond cleavage 

of CH3COOH (DCX 5, Figure 6a), and six pathways starting with α-carbon dehydrogenation (the 

H-CH2COOH bond) (DCX 6-11, Figure 6b). 

For the DCX pathways starting with dehydrogenation of the acid group (DCX 1-4), the 

dehydrogenation of the CO-H bond followed by double dehydrogenations of the CH3 group to 

CHCOO and finally a dissociation to CO2 + CH, has the overall lowest activation energies (this 



pathway is shown in green (DCX 3) on Figure 6a). While pathways DCX 1 and DCX 2, where 

CO2 is formed directly from CH3CO2 and CH2CO2 respectively have the highest barriers. For the 

reaction route where the methyl group is fully dehydrogenated (DCX 4), the C-C bond cleavage  

has a lower activation barrier than the C-C bond cleavage for the most favorable route (DCX 3) 

by 0.30eV but the activation barrier of the α-carbon dehydrogenation of CHCOO to CCOO 

(Ea=0.79eV; DCX 4) is higher than the barrier of C-C bond scission of CHCOO to CH and CO2 

(Ea=0.61eV; DCX 3). This suggest that dehydrogenation of CHCOO to CCOO (DCX 4) is a likely 

less favorable pathway than DCX 3.  

 
 

 

Figure 6. Energy diagrams for the DCX pathways of acetic acid decomposition on Pd (111). All 

values shown are with respect to gas-phase acetic acid and a clean Pd (111) slab and Erxn was 

calculated from dissociated intermediates that are infinitely separated. Example of an energy 

diagram, including adsorbate-adsorbate interaction can be found in the supporting information. H* 

reaction products are omitted from labels for simplicity. 

 

For reaction paths starting with dehydrogenation of the methyl group of CH3COOH (DCX 6-

11), route DCX 11, which proceeds through full dehydrogenation of the methyl group before C-C 

bond scission, has the lowest energy barrier height. While DCX 6, where the C-C bond scission 



occurs after the initial dehydrogenation step, has a high activation barrier (Ea = 2.00eV) for the C-

C bond scission, making it an unlikely pathway. Additionally, dehydrogenation of CH2COOH to 

CHCOOH reduces the C-C bond cleavage barrier from 2.00eV to 1.00eV (DCX 7), but further 

dehydrogenation of CHCOOH to CCOOH (DCX 8) increases the activation barrier of the C-C 

bond cleavage from 1.00eV to 1.78eV. For both route 8 and 9, the dehydrogenation of the acid 

group has the highest barrier, 1.32eV for CH2COOH to CH2COO (DCX 9) and 1.57eV for 

CHCOOH to CHCOO (DCX 10), making them unlikely to be competitive reaction pathways.  

In summary, DCX 3, DCX 4, DCX 7 and DCX 11 are the likely competitive reaction pathways 

for the DCX of acetic acid on Pd (111) of which the DCX 3 is the overall lowest energy pathway. 

 

    4.2 DCN reaction pathways of acetic acid decomposition on Pd (111). 

Figure 7 and 8 show the energy diagrams of the different decarbonylation (DCN) pathways of 

acetic acid decomposition on Pd (111). Twenty-two DCN pathways were identified (see 

supporting information S.2. for the list of the different DCN pathways). Similar to the DCX 

pathways, the DCN pathways are divided into four groups depending on the initial reaction step. 

In the first six pathways (DCN 1-6, Figure 7a), the first elementary step is dehydrogenation of the 

CO-H bond, and the next eleven pathways (DCN 7-17, split onto two Figures 7b and 8a, for 

clarity), the initial elementary step is α-carbon dehydrogenation. Four pathways (DCN 18-21, 

Figures 8b), start with the dehydroxylation of the C-OH bond and one pathway starts with the C-

C bond cleavage of CH3COOH (DCN 22 Figures 8b). 

 



   

Figure 7. Energy diagrams for the DCN pathways of acetic acid decomposition on Pd (111). All 

energies are in respect to gas-phase acetic acid and a clean Pd (111) slab. Erxn was determined from 

the dissociated intermediates that are infinitely separated. H* reaction products are omitted from 

labels for simplicity. 

   

Figure 8. Energy diagram for the DCN pathways of acetic acid decomposition on Pd (111). All 

energies are in respect to gas-phase acetic acid and a clean Pd (111) slab. Erxn was calculated for 

dissociated intermediates that are infinitely separated. H* reaction products are omitted from labels 

for simplicity. 

 

The lowest energy DCN pathway (DCN 6) starts with dehydrogenation of the acid group, 

followed by a-carbon dehydrogenation, deoxygenation of the carboxylate, a second 

dehydrogenation of the a-carbon and finally a C-C bond scission (DCN 6: CH3COOH→ 



CH3COO+H→ CH2COO+2H → CH2CO+O+2H→ CHCO+O+3H →CH+CO+O+3H). The 

highest energy step on this route is the dehydrogenation of CH2CO to CHCO with an activation 

energy of 0.83eV.  

Unlike the DCX pathways, further dehydrogenation of the a-carbon of CH3CO has little effect 

on the C-C bond cleavage to form CO. The barrier for C-C bond cleavage decreases from 1.10eV 

to 1.02eV when going from CH3CO to CH2CO (DCN 19) but further dehydrogenation of CH2CO 

to CHCO (DCN 20) substantially reduces the barrier for C-C bond cleavage from 1.02eV to 

0.51eV. Same trend was previously observed for a-carbon dehydrogenation of CH3CHCO to 

CH3CCO.31  Further dehydrogenation of CHCO to CCO (DCN 21) increases the barrier for C-C 

bond cleavage to 0.90eV. Additionally, the barrier for dehydrogenation of CHCO to CCO (DCN 

21) is more than twice the barrier for the decarbonylation of CHCO to CH and CO (DCN 6), 

making DCN 21 less favorable.  

The deoxygenation of CH3COO to CH3CO (DCN 1 and 2) has a relatively high barrier (1.56 eV) 

when compared to dehydrogenation of CH3COO (Ea = 1.37eV), which makes DCN 1 and DCN 2 

unlikely to occur. Dehydrogenation of CH3COO to CH2COO (Ea = 1.37eV) reduces the 

deoxygenation barrier to 0.98eV (DCN 4 and DCN 6). Unlike DCN 6, further dehydrogenation of 

CH2COO to CHCOO (Ea= 0.94eV) increases deoxygenation barrier to 1.21eV (DCN 3). 

Dehydrogenation of CHCOO to CCOO reduces the deoxygenation barrier of CCOO to CCO (Ea 

=1.03eV; DCN 4) but the dehydrogenation of CHCOO (Ea =0.79eV; DCN 4) has a higher barrier 

than the C-C bond cleavage of CHCOO (Ea =0.61eV; DCN 6). This observation suggests that DCN 

3 and DCN 4 are not one of the dominant pathways for DCN reactions due to relatively high 

barriers for the deoxygenation and dehydrogenation of the carboxylate.  



The dehydroxylation of CH3COOH has a relatively high activation barrier, 1.23eV, when 

compared to O-H bond cleavage of CH3COOH (Ea = 0.69eV), making DCN 18-21 an unlikely 

competitive pathway. Following the dehydrogenation of CH3COOH to CH2COOH (Ea = 1.07eV), 

the dehydroxylation of the C-OH bond is energetically most favorable (DCN 14) with 0.14eV 

lower barrier than the dehydrogenation step (DCN 11 and 13). Following the initial a-carbon 

dehydrogenation with C-C bond cleavage (CH2COOH → CH2 + COOH, DCN 7), has a high barrier 

(2.00eV), making it an unlikely favorable pathway. But further dehydrogenation (DCN 8) of 

CH2COOH to CHCOOH reduces the barrier of the C-C bond cleavage to 1.00eV. Like the DCX 

7 pathway, which has the same first three elementary steps as DCN 8, DCN 8 is likely a 

competitive pathway while DCN 9 is not a competitive pathway due to the high activation barrier 

of C-C bond cleavage of CCOOH (Ea = 1.78eV). After further dehydrogenation of the CH2COOH 

to CHCOOH, the dehydrogenation of the acid group (DCN 10) becomes more favorable than 

dehydroxylation of the C-OH bond (DCN 15). Both the dehydroxylation of CHCOOH to CHCO 

(DCN 15) and the dehydrogenation of CHCOOH to CHCOO (DCN 10) have a comparatively high 

barriers,1.68eV and 1.56eV respectively, making DCN 15 and 10 an unlikely favorable pathway.  

The three elementary steps following the CH3COOH adsorption in DCN 16 and DCN 17 are a-

carbon dehydrogenation to form CCOOH. The dehydrogenation of CCOOH (Ea = 1.25eV, DCN 

16) has a lower barrier than the dehydroxylation (Ea = 1.42eV, DCN 17), making the DCN 16 

slightly more favorable than the DCN 17 route.  

In summary, DCN 6, DCN 8, DCN 14, and DCN 16 could all be competitive pathways for the 

DCN route with the highest overall activation barrier of 1.37eV but DCN 6 is the overall lowest 

energy pathway, in which the CH3COO->CH2COO + H elementary step has the highest barrier of 

1.37eV. Figure 9 shows a Gibbs free energy diagram for the lowest energy pathways for 



decarboxylation and decarbonylation (DCX 3 and DCN 6) at 300K. Routes DCX 3 and DCN 6, 

share the same first two elementary steps: dehydrogenations of the OH group followed by a-

carbon dehydrogenation. The critical step which separates the two pathways, DCX 3 and DCN 6, 

are the deoxygenation of CH2COO to CH2CO (DCN 6) and the dehydrogenation of CH2COO to 

CHCOO (DCX 3), which have free energy barriers of 0.91eV and 0.78eV, respectively,  

suggesting that DCX 3 is more favorable than DCN 6.  Both decomposition pathways go through 

an acetate intermediate in good agreement with previous studies of the DCX pathway.1, 6  

 
 

Figure 9. Gibbs free energy diagram for the most favorable DCN and DCX pathways of acetic 

acid decomposition on Pd (111) at 300K. All values shown are with respect to gas-phase acetic 

acid and a clean Pd (111) slab. H* reaction products are omitted from labels for simplicity. 

 

 

 

  



    4.3 Ketene as a reaction intermediate. 

Experimental studies of acetic acid decomposition on Pd (111) have identified stable reaction 

intermediates exhibiting vibrational frequencies of 1730cm-1, 1735cm-1, 1745cm-1, and (1230cm-1-

1280cm-1).4, 37-38 Augustine and Blitz38 used DRIFTS to study Pd-catalyzed vapor phase synthesis 

of vinyl acetate and observed absorption bands at 1735cm-1  and 1230cm-1-1280cm-1,  in which 

they assigned the 1735cm-1 band to the C-O stretching mode of a monodentate acetate (Pd ester) 

on Pd. Similarly, Haley et al.4 tentatively assigned a vibrational frequency at 1735cm-1 to 

monodentate acetate in their HREELS study of acetic acid decomposition on Pd (111) in ultrahigh 

vacuum. 

In attempt to clarify the ambiguity regarding the acetic acid intermediate which exhibit these 

adsorption bands on Pd (111), we compared the calculated vibrational frequency of all reaction 

intermediates on Pd (111) to these experimentally observed frequencies. The lowest energy 

reaction intermediates along the two lowest energy reaction paths is adsorbed acetate with 

calculated C-O stretching mode of 1617cm-1 and 1428cm-1 for mono and bidentate acetate 

respectively or >100cm-1 below the experimental frequency. Of other reaction intermediates (Table 

3), only CO, CHCO and CH2CO exhibit C-O stretching modes between 1700cm-1 and 1780cm-1. 

Based on these vibrational frequency calculations, CH2CO seems to be the strongest candidate. 

CH2CO has a C-O stretching frequency of 1763cm-1 and a C-H stretch at 1309cm-1, in reasonable 

agreement with 1735cm-1 and 1230cm-1-1280cm-1 observed experimentally by Augustine and 

Blitz38 and Haley et al,4 but is higher in energy than the acetate intermediate. The other reaction 

intermediates with a C-H stretch in the 1230-1280 range are CH2COO and CH2, which lack the 

CO stretch in the 1700-1800cm-1 range.  



This analysis does not include coverage effects or the effects of other co-adsorbates which would 

affect the calculated frequencies. Interestingly, a CH2CO reaction intermediate has been suggested 

for acetic acid decomposition over other late transition metals (Cu and Pt).39 Takanabe et al.3 

observed CH2CO product on the surface in acetic acid decomposition on polycrystalline Pt and 

Pt/ZrO2, and Bowker and Madix39 observed CH2CO in acetic acid decomposition on single-crystal 

Cu (110). CH2CO has also been shown to be a precursor for C2 oxygenates formation (ethanol and 

aldehydes).40 Favre et al.41 found that CO/H2 on Pd/V2O3 starts to produce C2 oxygenates when 

CH2Cl2 is added to the feed gas, suggesting that C2 oxygenates formation initiates from CH2-CO 

insertion to form CH2CO on Pd/V2O3.  

 

Table 3. Vibrational frequencies of mono and bidentate acetate, CH2COO, CH2CO, CHCO, CH2, 

CH and CO on Pd (111). The frequencies are listed in units of wavenumbers, cm-1. Only 

frequencies higher than 1200cm-1 are listed. 

Adsorbed species ѵ(CH3), ѵ(CH2) or ѵ(CH) ѵ(CO) δ(CH3), δ(CH2) or δ(CH) 

Bidentate acetate 3102; 3067; 3000 1428 1355; 1333 

Monodentate acetate 3071; 3023 1617  

CH2COO 3123; 3034  1297;1237 

CH2CO 3051;2972 1763 1309 

CHCO 3011 1750 
 

CO 
 

1776 
 

CH2 3010; 2922 
 

1279 

CH 2981 
  

Experimental data4, 37-38 
 

1730;1735;1745 1230-1280 

 

    4.4 BEP relationship for C-H, C-O and C-C bond cleavage on Pd (111). 



The Brønsted-Evans-Polanyi (BEP) relationships have been used to understand trends in 

heterogeneous catalysis42-47 by illustrating a linear relationship between the transition state energy 

and final state energy.48-49 Figure 10 shows how the transition state energy vs the final state energy 

of the different C-C, C-O and C-H bond scissions follow linear trend, as expected, with slopes 

close to one, suggesting a late transition state.50 

The largest deviations for C-C bond scission, estimated as the absolute value of the difference 

between the calculated activation energy and BEP predicted activation energy, are the C-COO and 

the CH-CO bond cleavages. The C-COO activation energy has an error of 0.87 eV which likely 

stems from the relatively low decarboxylation activation barrier (Ea = 0.31 eV). For the CH-CO 

bond cleavage, which has an error of 0.64eV, likely stems from the relatively large exothermic 

decarbonylation reaction energy (Erxn = -1.04eV).  

For the C-O bond scission, the CHCO-O and CCO-OH bond scissoring have the largest 

deviations from the BEP relationship, 0.40 eV and 0.29 eV respectively. The CHCO-O error likely 

originates from the comparatively low endothermic deoxygenation reaction energy (Erxn = 0.35 

eV), while the CCO-OH error likely originates from the large endothermic dehydroxylation 

reaction energy (Erxn = 0.99 eV). For C-H bond scission, the largest deviation comes from the H-

CH2COOH bond scission, which has an error of 0.29eV. The H-CH2COOH error might result from 

the early transition state of C-H bond cleavage of CH3COOH but removing it from the BEP plot 

shifts the slope up from 0.86 to 0.94.  

The BEP relationships for C-C, C-H and C-O bond scission all have a slope close to unity, 

indicating that the electronic structure of the transition state is like that of the final state. 

Additionally, a large intercept (1.36 eV) is observed for the C-C BEP relationship but a smaller 

intercept for the C-H (0.56 eV) and C-O (0.59 eV) BEP relationship. Combining C-H, C-O, and 



C-C bond scission leads to a BEP relation of ETS = 0.88EFS + 0.76 eV (R2=0.92) with almost 70% 

larger Mean Absolute Error (MAE = 0.32) for the mixed data compared to the individual BEP 

relations. For instance, in the mixed data, C-C bond cleavage of CHCO has the largest error of 

0.82 eV, which is 0.12 eV larger than the error for C-C BEP relations. Using a BEP relations for 

a specific bond cleavage minimize these errors as has been proposed previously.51  

 

Figure 10. BEP relations for C−O cleavage (blue circle and line), C−H cleavage (green square and 

line), and C−C cleavage (red triangles and line) for the decarbonylation and decarboxylation of 

acetic acid on Pd (111). The energies of the final state (EFS) and transition state (ETS) are calculated 

relative to the energy of the corresponding reactant state in the gas phase. EFS is calculated from 

dissociated intermediates that are infinitely separated. 



 

5. CONCLUSIONS 

We used density functional theory (DFT) to investigate the decarbonylation (DCN) and 

decarboxylation (DCX) mechanisms for acetic acid decomposition on Pd (111). By analyzing the 

minima energy pathway for 33 different reaction routes, we propose the most favorable DCN and 

DCX pathways.  

The most energetically favorable DCN pathway proceeds via dehydrogenation of acetic acid 

(CH3COOH) to acetate (CH3COO), followed by α-carbon dehydrogenation of the acetate to 

carboxylmethylidene (CH2COO) and deoxygenation of CH2COO to ketene (CH2CO). This is 

followed by dehydrogenation of CH2CO to ketyne (CHCO) and C-C bond scission of CHCO to 

produce methyne (CH) and carbon monoxide (CO). The kinetically most relevant step at 300K is 

the dehydrogenation of the CH2CO to CHCO. 

The most favorable DCX pathway proceed via dehydrogenation of CH3COOH to CH3COO, 

followed by dehydrogenation of the CH3COO to CH2COO. This is followed by dehydrogenation 

of the CH2COO to CHCOO and C-C bond scission of CHCOO to produce methyne (CH) and 

carbon dioxide (CO2).  The kinetically most relevant step is the dehydrogenation of the CH2COO 

to CHCOO at 300K. The competition between DCN and DCX pathways depends on the 

deoxygenation of CH2COO to CH2CO (Ga = 0.91eV, DCN) and the dehydrogenation of CH2COO 

to CHCOO (Ga = 0.78eV, DCX), in which DCX is more favorable than DCN. 

   This study of competitive decomposition mechanism of a small oxygenate gives insight into the 

overall reaction network and how by process and/or catalyst design, different reaction routes can 

be affected differently. 
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