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Abstract: 
Current mechanistic paradigms in catalysis generally hold that a catalytic cycle is carried out by 
either a homogeneous or heterogeneous active species. Herein, we show that a prominent industrial 
process, palladium-catalyzed vinyl acetate synthesis, proceeds via interconversion of 
heterogeneous Pd(0) and homogeneous Pd(II) during catalysis, with each species playing a 20 
complementary role. Using electrochemical probes, we find that heterogeneous nanoparticulate 
Pd(0) serves as an active oxygen reduction electrocatalyst to furnish the high driving force required 
for corrosion to form homogeneous Pd(II), which then catalyzes selective ethylene acetoxylation 
with re-formation of heterogeneous Pd(0). Inhibiting the corrosion of Pd(0) to Pd(II) by galvanic 
protection results in reversible poisoning of catalysis, highlighting the essential role of phase 25 
conversion in this catalytic cycle. These results challenge the tacit assumption that catalysis 
proceeds via either homogeneous or heterogeneous modes, and instead highlights how dynamic 
phase interconversion can serve to harness and couple complementary reactivity across molecular 
and material active sites. 
 30 
One-Sentence Summary: 
Electrochemical analysis reveals that Pd catalyzed vinyl acetate synthesis proceeds via on-cycle 
interconversion of metallic Pd and homogeneous Pd(II), with each species playing a 
complementary role in the catalytic cycle.  
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Main text: 
Electrochemical Phase Interconversion Enables Homogeneous-Heterogeneous 
Bifunctionality in Pd-Catalyzed Vinyl Acetate Synthesis 
Mechanistic paradigms for catalysis have been broadly subdivided into two categories: 
heterogeneous catalysis and homogeneous catalysis. Heterogeneous catalytic mechanisms invoke 5 
chemical transformations at the interface between a solid catalyst and a liquid or gas phase that 
hosts the reactants. Homogeneous catalysis mechanisms instead invoke the action of soluble 
molecular species that bind and transform reactants. These distinct modes of catalysis engender 
distinct catalyst design principles. Ligand design is a cornerstone of homogeneous catalysis, while 
control of surface structure is central to heterogeneous catalysis.1,2 Correspondingly, distinct 10 
research communities have gathered around designing and investigating catalysis with either a 
homogeneous or heterogeneous mode of action in mind. 

It has long been appreciated that heterogeneous materials can serve as pre-catalysts for 
homogeneous active phases, and vice versa.3 For example, in the discovery of olefin 
hydroformylation, catalysis was initially ascribed to heterogeneous cobalt metal before it was 15 
realized that homogeneous Co(I) species form in-situ and catalyze the reaction.4 On the other hand, 
homogeneous Co(II) is a well-known precatalyst for heterogeneous cobalt oxide species that 
catalyze water oxidation.5–7 This question is particularly poignant for Pd catalysis, for which there 
is ongoing debate on the active phases responsible for the wide array of transformations.8–10 For 
example, in numerous Pd catalyzed cross couplings, heterogeneous metallic Pd catalysts have been 20 
employed, but growing evidence points to the metallic Pd serving as a pre-catalyst for 
homogeneous Pd(II) complexes that are responsible for catalytic turnover, as illustrated generically 
in Figure 1A.11–13 Similarly, it has been recognized that homogeneous Pd(II) species can serve as 
pre-catalysts to metallic Pd active phases (Figure 1B).14 Critically, in all of these examples, 
material-molecule or molecule-material interconversion is invoked to occur prior to steady-state 25 
turnover to generate the active phase. Consequently, catalysis is thought to proceed entirely via a 
homogeneous or heterogeneous mechanism, after the phase conversion, as illustrated in Figure 
1A and Figure 1B. Thus, while molecule-material transformations may be required for entry into 
the catalytic cycle, to our knowledge, these transformations are not invoked to be part of the 
catalytic cycle itself. 30 

 

https://doi.org/10.26434/chemrxiv-2024-1hvg3 ORCID: https://orcid.org/0000-0003-1016-3420 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-1hvg3
https://orcid.org/0000-0003-1016-3420
https://creativecommons.org/licenses/by-nc-nd/4.0/


3 
 

 
Fig. 1. Schematic models for the role of phase conversion in Pd catalysis. Top: phase conversion is 
external to the catalytic cycle and serves to form homogeneous (left) or heterogeneous (right) active 
catalytic species. Bottom: phase conversion is on-pathway in the catalytic cycle, and interconversion is 
required for catalysis, with each phase playing a complementary role. P and S represent generic product 5 
and reactant species, X represents a generic ligand species. 

As an alternative to the above legacy paradigms, it is possible that a catalytic sequence could 
proceed through the dynamic interconversion of homogeneous and heterogeneous active phases 
as part of the catalytic cycle, as depicted in Figure 1C. In such a sequence, catalyst speciation is 
dynamic and may take advantage of complementary functions provided by heterogeneous and 10 
homogeneous species. Evidence in support of the dynamic interconversion of homogeneous and 
heterogeneous species during turnover could serve to bridge these traditionally disparate 
subdisciplines of catalysis and expose new opportunities for mechanistic understanding and 
catalyst design.  

A prominent industrial catalytic process for which both homogeneous and heterogeneous 15 
mechanisms have been proposed is the aerobic oxidation of ethylene in the presence of acetic acid, 
to form vinyl acetate (VA).15 This reaction is performed with a vapor phase reactant feed over 
supported Pd or Pd alloy catalysts with alkali acetate promoters. Despite decades of industrial 
implementation of Pd catalysts for VA synthesis, and decades of academic research, the mechanism 
for this reaction remains poorly understood. Many insights into VA synthesis have been accrued 20 
from studies of model single crystal surfaces.16–19 Indeed, these spectroscopic and kinetic studies 
on model Pd surfaces have provided evidence for the formation of a surface acetoxyethyl 
intermediate which undergoes β-hydride elimination to form VA,18 paralleling the mechanistic 
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steps invoked for molecular Pd complexes in homogeneous catalysis. Further studies on model 
single-crystal catalyst surfaces have suggested that a pair of palladium atoms are required to 
furnish the active site.17 These findings have led to a heterogeneous mechanistic picture involving: 
surface adsorption, recombination of acetate and olefin adsorbates, β-hydride elimination, and 
scavenging of the generated surface hydrogen by O2.20,21 Importantly, this sequence invokes 5 
classical Langmuir–Hinshelwood, or Eley–Rideal mechanistic steps in an entirely heterogenous 
catalytic cycle.  
The conditions of industrial VA synthesis differ dramatically from the foregoing model studies. In 
particular, industrial VA synthesis occurs at much higher pressures, utilizes alkali acetate 
promoters, and is conducted on Pd nanoparticles hosted on hydrophilic supports. While the 10 
conditions of model surface science studies may inhibit the formation of liquid phases, the reaction 
conditions typically employed for VA synthesis are known to foster the formation of thin liquid 
films on the catalyst surface that consist of acetic acid, water, and alkali salts.22–25 Given the 
presence of a liquid phase during reaction conditions, and the well-established oxidative olefin 
functionalization chemistry of molecular Pd(II) complexes, some authors have proposed an 15 
entirely homogeneous mechanism for vinyl acetate synthesis.22,26 In this mechanism, soluble Pd(II) 
in the liquid film is invoked to couple ethylene and acetic acid to produce molecular Pd(0) and 
vinyl acetate. This proposed mechanism parallels the Wacker process,15,27,28 which is an industrial 
oxidation of ethylene to acetaldehyde by a homogeneous Pd(II) catalyst. For such homogeneous 
oxidative functionalization reactions involving Pd(II)/Pd(0) redox cycles, the molecular Pd(0) 20 
intermediate must be efficiently re-oxidized to minimize Pd(0) aggregation and subsequent 
deactivation.9,29 Rapid reoxidation of molecular Pd(0) is furnished by a Cu co-catalyst in the 
Wacker process,30 and benzoquinone has been employed as a oxidant in place of O2 in examples 
of homogeneous liquid phase VA synthesis.27,31 However, the conditions of industrial VA synthesis 
lack quinone or Cu-based oxidants that are effective for turnover of homogeneous Pd(II)/Pd(0) 25 
cycles. Thus, invoking a purely homogeneous cycle for aerobic VA synthesis requires that O2 
directly re-oxidize molecular Pd(0). However, re-oxidation of Pd(0) by O2 is known to be 
challenging, particularly relative to aggregation of molecular Pd(0) species to form bulk Pd metal 
precipitates (also referred to as Pd black).29,32,9 Consequently, the formation of metallic Pd is 
generally viewed as a catalytic dead end in aerobic oxidation reactions. Given the lack of classical 30 
co-oxidants critical for turnover of Wacker-type cycles, many mechanistic proposals have 
overlooked molecular Pd(II) species as relevant intermediates in VA synthesis. Rather, many other 
roles have been ascribed to Pd(II), ranging from Pd(II) being a spectator species correlated with 
catalyst deactivation, to Pd(II) causing nonselective ethylene oxidation to acetaldehyde, or Pd(II) 
serving to restructure the heterogeneous Pd surface to promote an entirely heterogeneous catalytic 35 
cycle.15,25,33,34 As the foregoing discussion highlights, legacy thinking in the context of VA 
synthesis has considered entirely homogeneous and heterogeneous mechanisms but has largely 
ignored the possibility of dynamic interplay or bifunctional synergy between the two. 

Herein, we employ electrochemical probes to analyze the role of homogeneous and heterogeneous 
catalysis in Pd catalyzed vinyl acetate synthesis. We find that thermochemical VA synthesis is 40 
driven by underlying spontaneous polarization of supported Pd nanoparticles by O2 to form Pd(II) 
acetate, which mediates selective oxidation of ethylene to VA, with re-deposition of Pd(0). In a 
model liquid phase acetic acid/acetate system, we find that exposure of Pd/C to O2 leads to 
corrosion to form Pd(II) acetate and subsequent exposure to C2H4 yields stoichiometric production 
of VA with precipitation of Pd black. We further find that electrochemical Pd corrosion, 45 
electrocatalytic VA synthesis in the absence of O2, and thermocatalytic aerobic VA synthesis, all 
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proceed at comparable potentials and display a common rate-potential scaling. Furthermore, the 
same catalyst potential range and rate-potential scaling is also observed during more industrially 
relevant vapor phase VA synthesis conditions. Finally, inhibiting Pd corrosion via galvanic 
protection serves to reversibly inhibit VA synthesis in both the bulk liquid and vapor phase. These 
observations point to a common mechanistic sequence in both bulk liquid and in the vapor phase, 5 
in which heterogeneous Pd catalysis of electrochemical O2 reduction provides the high driving 
force necessary to electrochemically oxidize Pd metal to form molecular Pd(II) acetate, which then 
carries out a homogeneous coupling of ethylene and acetic acid, with reformation of Pd metal. In 
this model, the net aerobic oxidation catalysis involves a bifunctional synergy between 
homogeneous and heterogenous components which are coupled electrochemically to each other to 10 
furnish the overall transformation. By highlighting the critical role of dynamic material-molecule 
interconversion in VA synthesis, these findings challenge the legacy paradigm that catalysis 
proceeds entirely through one modality or another, exposing the largely untapped opportunities for 
design that leverage synergies between homogeneous and heterogeneous catalysis. 

 15 
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Vinyl acetate synthesis proceeds via palladium corrosion 

 
Figure 2. Aerobic and electrochemical corrosion of Pd in acetic acid/acetate media. (A) UV-Vis spectra 
over time of a glacial acetic acid with 0.5 M KOAc solution during aerobic corrosion of Pd/C in an 
atmosphere of 0.2 atm O2 and 0.8 atm Ar (B) UV-Vis spectra (left) and photographs (right) of Pd(OAc)2 in 5 
glacial acetic acid with 0.5 M KOAc prior to and following exposure to ethylene. (C) Cell schematic (right) 
and rate vs potential plot (left) for electrochemical corrosion of Pd/C to form Pd(II) in glacial acetic acid 
with 0.5 M KOAc. All data collected at 80 °C. Each data point in (C) represents a single measurement, and 
the line represents a linear fit of all data points. The rate-potential scaling is reported as the slope of this 
linear fit with standard error.  10 

To study the chemistry of metallic palladium in an environment akin to the interfacial wetting layer 
formed during industrial catalysis, we employed a model bulk liquid phase medium consisting of 
glacial acetic acid with concentrated potassium acetate (0.5 M KOAc). We began our studies with 
Pd/C catalysts, to understand whether this carbon-supported nanoparticulate Pd metal phase could 
transform into solubilized Pd salts under these conditions. At 80 °C in the presence of 0.2 atm O2 15 
(balance Ar) we observe the gradual appearance of a yellow-orange colored species in solution 
over the course of 40 minutes with a UV-Vis peak absorbance at 365 nm (Figure 2A). The UV-
Vis spectrum of the formed species matches that of authentic Pd(II) acetate solubilized in the same 
medium, and is diagnostic of Pd(II) bridging acetate dimers, the dominant speciation in acetic acid 
media with concentrated alkali acetates.34 These findings are consistent with aerobic corrosion of 20 
Pd/C in the medium investigated. Exposure of these Pd(II) acetate solutions (formed from 
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corrosion, or prepared independently from commercial Pd(II) acetate) to ethylene results in a rapid 
loss of color within minutes, resulting in the precipitation of a metallic black solid (Figure 2B). 
1H NMR analysis of the resulting solution reveals the production of vinyl acetate from Pd(II) 
acetate with near quantitative yield (Figure S1), consistent with prior observations.27 Taken 
together, these two reactions represent – in net – the aerobic oxidation of ethylene to vinyl acetate. 5 
Moreover, this sequence demonstrates that it is possible to temporally separate VA synthesis into 
distinct components: a heterogeneous process for aerobic corrosion of Pd/C to form Pd(II) acetate, 
and the homogeneous reaction of Pd(II) acetate with ethylene to furnish vinyl acetate and metallic 
Pd0 in the form of Pd black. Indeed, when Pd/C is exposed to both ethylene and O2, catalytic VA 
synthesis is observed, producing 3.3 turnovers per Pd in 4 hours (Figure S2). In contrast, if we 10 
expose Pd black (obtained by exposing Pd(II) to ethylene in acetic acid/acetate medium) to the 
same conditions, only 0.6 turnovers per Pd are observed over the same time. (Figure S2). This 
observation suggests that Pd/C is subject to more efficient aerobic corrosion than the unsupported 
Pd black formed from reaction of Pd(II) with ethylene, leading us to further investigate aerobic 
corrosion of carbon-supported Pd in this medium. 15 

Aerobic corrosion processes occur via coupling of an anodic metal corrosion electrochemical half-
reaction, and a cathodic oxygen reduction electrochemical half-reaction (ORR).35 This coupling of 
opposing half-reactions serves to establish an electrochemical mixed potential that characterizes 
the corrosion reaction. To measure the electrochemical potential of Pd/C during aerobic corrosion 
in acetic acid, we employed a two-electrode setup. Pd/C deposited onto carbon paper served as our 20 
working electrode, alongside an Ag/AgCl reference electrode positioned in the same reaction 
solution. Under the same aerobic corrosion conditions that produced Pd(II) acetate in the above 
experiments (20% O2 in Ar, 80 °C) we observe the open circuit potential (OCP) of Pd/C 
equilibrates to ~0.90 V (Figure S3) (unless otherwise stated, all potentials are referenced to the 
reversible hydrogen electrode (RHE) potential under the conditions of the measurement). Upon 25 
varying the composition of O2 in the headspace, from 5% to 20%, we observe the potential of Pd/C 
monotonically increases from approximately 0.84 to 0.90 V (Figure S4). This observation is in 
line with a classical corrosion mechanism, in which elevated O2 pressure enhances the rate of 
oxygen reduction, resulting in a more oxidizing (higher potential) surface that drives more rapid 
conversion of Pd metal to Pd(II) acetate.  30 

In order to individually investigate the constitutive ORR and Pd oxidation half-reactions of overall 
aerobic Pd corrosion, we constructed a three-electrode electrochemical cell, adding a Pd wire 
counter electrode to the existing two-electrode setup. Under a 20% O2 in Ar headspace, we observe 
reductive current upon sweeping negatively from the OCP of 0.90 V diagnostic of oxygen 
reduction catalysis, and we observe anodic current above the OCP both in the presence and the 35 
absence of O2 (Figure S5). Constant potential electrolysis under Ar at 0.81 V leads to steady-state 
anodic current of 12 µA cm−2, which rises to 96 µA cm−2 at an applied potential of 0.89 V (Figure 
2C). Subsequent analysis of these solutions following electrolysis reveals near quantitative 
formation of Pd(II) acetate, equivalent to 2 electrons passed per Pd(II) ion formed (Figure S6). 
Importantly, the potential range over which we observe steady-state electrochemical corrosion of 40 
Pd(II) is in line with the potential range that the Pd/C electrode experiences over the span of O2 
partial pressures examined above (0.84–0.90 V). Notably, steady state corrosion currents 
(normalized by geometric electrode area) on a polycrystalline Pd foil are substantially lower by a 
factor of ~200 relative to a Pd/C electrode at the same potential (Figure S7). While much of this 
attenuation likely results from the lower Pd surface area on polycrystalline Pd relative to Pd/C, it 45 
is also possible that the specific rate of Pd nanoparticle/nanocluster corrosion for Pd/C is enhanced 
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relative to bulk Pd.36 Irrespective of precise cause, the attenuated rate of Pd corrosion half-reaction 
on Pd foil relative to Pd/C would be expected to shift the OCP during net aerobic corrosion to more 
positive values (see SI Section 4.1 for further discussion). Yet, we observe the opposite; the OCP 
of a Pd foil under O2 is ~100 mV negative of that for a Pd/C electrode (Figure S3). This 
observation implies that the attenuation in the rate of the Pd corrosion half-reaction for low surface 5 
area Pd foil is also accompanied by an even greater attenuation in the rate of O2 reduction, relative 
to Pd/C. These findings, taken together, establish that the dominant oxidative process at a Pd 
surface under O2 in this medium is Pd corrosion to Pd(II) acetate and suggest that more facile 
aerobic corrosion on Pd/C relative to bulk Pd accrues from a combination of enhanced O2 reduction 
and Pd oxidation rates. Furthermore, these electrochemical measurements also return a quantitative 10 
relationship between the applied potential and the rate of Pd(II) acetate formation; this log-linear 
relationship has a slope of 71 ± 11 mV dec−1 (decade in rate) at 80 °C (Figure 2C), demonstrating 
a sensitive potential dependence for the Pd oxidation half-reaction. 
The foregoing observations highlight several key attributes of Pd/C corrosion in acetic acid/acetate 
electrolytes: First, Pd/C is an active ORR catalyst under these conditions, providing a high driving 15 
force for Pd oxidation. Indeed, the observed potentials are ~200 mV positive of the estimated 
thermodynamic potential of the O2/H2O2 couple of 0.70 V,37 suggesting that the Pd/C is principally 
carrying out four-electron O2 reduction, in stark contrast to the aerobic oxidation of molecular 
Pd(0), which typically couples to the two-electron reduction of O2 to H2O2.29 Second, the high 
dispersion of Pd on Pd/C serves to promote both ORR and Pd corrosion relative to bulk Pd foils, 20 
allowing for efficient aerobic corrosion for supported Pd/C. These findings rationalize why VA 
synthesis is sluggish on the unsupported Pd black formed from the reaction of Pd(II) with ethylene. 
Third, the Pd surface is immune to oxidative passivation in the acetic acid/acetate medium. Indeed, 
in aqueous media, Pd is not subject to substantial anodic corrosion to Pd(II) ions and instead self-
passivates via the formation of insoluble oxide surface layers.38 The foregoing data indicate that 25 
this passivation is inhibited in acetic acid/acetate, likely due to the lower water activity in the 
concentrated acetic acid electrolyte. The finding that Pd/C is subject to both aerobic and 
electrolytic corrosion at comparable potentials led us to consider the entire reaction sequence of 
vinyl acetate synthesis from an electrochemical perspective. 
 30 
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Electrolytic VA synthesis and thermochemical VA synthesis share a common corrosion-
driven mechanism

 
Figure 3. Electrochemical and thermochemical vinyl acetate synthesis exhibit common rate-potential 
scaling. (A) Comparison of experimental setup for electrolytic vinyl acetate synthesis (black box) and 5 
thermochemical vinyl acetate synthesis (red box) in glacial acetic acid with 0.5 M KOAc. (B) Rate vs 
potential plot and linear fit for electrolytic (red) and thermochemical (black) vinyl acetate synthesis in a 
common potential window, conducted at 80 °C. Each data point represents a single-point measurement of 
rate by measuring the amount of vinyl acetate formed following reaction via 1H NMR. (C) Proposed 
mechanistic model for vinyl acetate synthesis, consisting of coupled oxygen reduction and Pd corrosion 10 
half-reactions at heterogeneous Pd sites followed by ethylene acetoxylation catalyzed by homogeneous 
Pd(II) species in solution.  

Given that Pd(II) is a competent intermediate for VA synthesis and Pd/C is subject to electrolytic 
corrosion, we posited that VA could be produced electrocatalytically, in the absence of O2. Indeed, 
a 1982 patent claimed electrochemical vinyl acetate synthesis at moderate FE, but with minimal 15 
experimental details and supporting data.39 We set out to investigate the possibility of VA synthesis 
in the absence of O2 by constructing an electrochemical cell and anodically polarizing a Pd/C 
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working electrode under a headspace of Ar and ethylene, and measuring VA formation rates by 1H 
NMR (Figure 3A, left). Positive polarization of the Pd/C electrode in the presence of an C2H4/Ar 
atmosphere led to steady state production of VA. At an applied potential of 0.72 V, we observe a 
VA formation rate of 0.045 mmolVA/(s molPd) which rises to 0.22 mmolVA/(s molPd) at an applied 
potential of 0.78 V (Figure 3B, black). Across this range of applied potentials, we observe FE 5 
values >80% as quantified by 1H NMR (Figure S8), in line the high FEs observed for 
electrochemical corrosion and the quantitative selectivity of Pd(II) for ethylene acetoxylation. 
These findings establish that there is no necessity for O2 in VA synthesis, and that externally-driven 
electrochemical polarization is sufficient for selective VA synthesis. Furthermore, we find that the 
logarithm of the rate of electrolytic VA synthesis is linearly correlated with applied potential, with 10 
a rate-potential scaling of 80 ± 13 mV dec−1. Importantly, this scaling agrees with the rate-potential 
scaling of 71 ± 11 mV dec−1 observed for electrolytic Pd/C corrosion to Pd(II) acetate in the 
absence of both ethylene and O2. This agreement suggests that during electrolytic VA synthesis, 
the active Pd(II) species is a homogeneous, solvated species, as observed during corrosion to form 
bulk Pd(II) in the liquid phase. This agreement also suggests that electrolytic VA synthesis 15 
proceeds through rate-controlling Pd corrosion followed by fast acetoxylation of ethylene by Pd(II) 
acetate. 
To further probe this emerging mechanistic picture, we measured the open circuit potential of the 
Pd/C catalyst in the presence of both ethylene and O2. We employed the same electrochemical cell 
and quantified VA production rates at 80 °C across a range of O2 partial pressures while monitoring 20 
the OCP of the Pd/C catalyst (Figure 3A, right). We observed the OCP of the catalyst increase 
from 0.72 V to 0.78 V vs RHE, upon increasing the O2 concentration in the headspace from 5% to 
20%. As the measured potential of the catalyst rose with each increment in pO2, we also observe a 
concomitant increase in the rate of VA production from 0.0080 mM min−1 at 0.72 V, to 0.039 mM 
min−1 at 0.78 V (Figure 3B, red). The data returns a rate-potential scaling of 87 ± 10 mV dec−1 at 25 
80 °C, for thermochemical O2-driven VA synthesis. Remarkably, this value agrees well with the 
rate-potential scaling of 80 ± 13 mV dec−1 for electrolytic VA synthesis, in which the oxidative 
driving force is provided by the external circuit rather than via the presence of O2 (Figure 3B, red 
vs black). The absolute magnitudes of the rates are slightly higher during thermochemical VA 
synthesis, which we attribute to internal resistance within the thick Pd/C catalyst film on the 30 
electrode that serves to reduce the effective activity of VA electrocatalysis relative to 
thermochemical aerobic VA synthesis, since the latter requires no bulk current flow through the 
Pd/C film (see SI Section 4.2 and Figure S14 for further discussion). Notwithstanding, the strong 
similarity in the polarization slopes implies that an electrochemical mechanism is operative in both 
cases and that the role of O2 in thermochemical VA synthesis is to polarize the catalyst to a 35 
sufficiently high potential to elicit Pd corrosion. 

Furthermore, this finding informs us that the kinetically relevant mode of Pd re-oxidation is a 
heterogeneous process, and not homogeneous re-oxidation of Pd(0) atoms or clusters in solution 
by O2. Unlike for a heterogeneous corrosion, homogeneous re-oxidation of molecular Pd(0) by O2 
does not involve interfacial electron transfer, and thus should not give rise to an appreciable rate-40 
potential scaling for the reaction. However, we observe the full rate-potential scaling for aerobic 
VA synthesis relative to electrolytic VA synthesis (Figure 3B), informing us that the heterogeneous 
corrosion of Pd coupled to ORR is the kinetically relevant mode for Pd re-oxidation in VA 
synthesis. These data provide strong evidence against an entirely homogeneous, Wacker-type cycle 
for VA synthesis. Taken together, the foregoing studies point to the critical role of bifunctional 45 
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homogeneous-heterogeneous catalysis by Pd/C and Pd(II) acetate in the net thermochemical 
synthesis of VA, as illustrated in Figure 3C.  

In such a sequence, heterogeneous Pd/C is positively polarized by O2 via efficient electrocatalysis 
of the oxygen reduction reaction (Figure 3C, green). This half-reaction is coupled to, and provides 
the driving force for, conversion of Pd nanoparticles on carbon to Pd(II) acetate via corrosion 5 
(Figure 3C, orange). Notably, there is no necessity for the same Pd sites to both activate O2 and 
corrode to Pd(II); the presence of an ionically-conductive medium (acetic acid/acetate) and 
electronic conductivity (either through carbon, or through a single Pd nanoparticle) allows for 
these half-reactions to occur at disparate sites, akin to a local galvanic cell. In such a sequence, 
mixed-potential theory provides a framework to describe the rate of corrosion, and has been 10 
employed recently to describe a variety catalytic redox processes as well.40–47 In such a local-cell 
mechanism, the heterogeneous Pd sites undergo spontaneous electrochemical polarization in the 
presence of O2 to reach a steady-state potential (the "mixed potential"). At this potential, the rates 
of the coupled electrochemical half-reactions, oxygen reduction and Pd corrosion, are exactly 
balanced. The overall vinyl acetate synthesis involves additional steps after corrosion: the soluble 15 
Pd(II) produced via half-reaction coupling undergoes a homogeneous reaction with ethylene to 
form vinyl acetate and molecular Pd(0), which deposits on the surface to replenish the 
heterogeneous Pd (Figure 3C, violet). If the rate of the homogeneous reaction of Pd(II) was 
limiting in such a sequence, one would not observe a rate-potential scaling as the homogeneous 
reaction pathway does not involve interfacial charge transfer. The observation of a rate-potential 20 
scaling for thermochemical VA synthesis matching that of corrosion suggests that the overall rate 
of VA synthesis is controlled by the rate of corrosion. 

 
 

 25 
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Vapor phase vinyl acetate synthesis maintains the rate-potential scaling observed in the 
liquid phase  

 
Figure 4. Potential and rate measurements in vapor phase synthesis conditions demonstrate 
comparable scaling to liquid phase measurements. (A) Scheme illustrating potential measurement of 5 
Pd/C during vapor phase vinyl acetate synthesis at 120 °C by solid electrolyte potentiometry. (B) 
Measurement of potentials of Pd/C as a function of gas composition; 75% ethylene, 5–20% O2, balanced 
with Ar to 1 atm. Each condition was maintained for at least 45 minutes to ensure a stable potential was 
measured and to make at least three measurements of the vinyl acetate synthesis rate via online gas 
chromatography. (C). Rate vs potential plot for vinyl acetate synthesis in vapor phase conditions on a solid-10 
electrolyte reference probe. Measurements were conducted with a gas stream consisting of 75% ethylene, 
5–20% O2, balanced with Ar to 1 atm. Prior to being introduced to the reactor, the gas stream was bubbled 
through glacial acetic acid held at a constant temperature of 50 °C, introducing 0.076 atm acetic acid in the 
gas phase. The three colors (blue, red, and green) represent three replicate catalyst coated reference probes 
prepared with the same procedure, and each point represents a single-point measurement after reaching 15 
steady-state vinyl acetate synthesis rates. The reported rate-potential scaling is an average value of the rate-
potential scaling values of the three replicate reference probes with one standard deviation. 

The forgoing data implicate an electrochemical corrosion mechanism for VA synthesis in our 
model system employing a bulk acetic acid/acetate liquid phase. However, industrial Pd catalyzed 
VA synthesis does not occur in a bulk liquid phase, but instead employs a feed of acetic acid vapor 20 
that supports the formation of thin wetting layers on the catalyst surface.22–25 Thus, the foregoing 
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findings raise the question of whether bifunctional homogeneous-heterogeneous catalysis and 
material-molecular interconversion are also operative under industrially relevant, higher 
temperature conditions. To probe this possibility, we sought to measure the potential of a Pd/C 
catalyst under the conditions of vapor phase catalysis. We employed a solid electrolyte 
potentiometry technique that allows us to measure the open circuit potential of a Pd/C catalyst film 5 
and relate this potential to bulk liquid phase potential measurements by referencing to RHE (See 
SI section 4.3 and Figure S9 for further discussion). Briefly, we applied a coating of a NaOAc-
promoted Pd/C catalyst onto the surface of a Na-β″ alumina solid electrolyte cylinder that houses 
an internal Na/Na+ reference electrode (Figure 4A). This catalyst/solid electrolyte/reference 
electrode combination was enclosed in a reactor and exposed to a vapor input stream of the reactant 10 
gases. Under reaction conditions, we postulated that acetic acid could form a thin wetting layer 
akin to that which is formed on industrial catalysts, allowing us to measure the electrochemical 
potential of the Pd/C|HOAc/NaOAc interface. This HOAC/NaOAc wetting layer provides an 
electrolyte contact between the Pd/C catalyst and the solid electrolyte, providing a continuous 
pathway for ionic conduction between the catalyst and Na/Na+ reference electrode. Upon 15 
introducing acetic acid vapor, ethylene and oxygen over a catalyst previously exposed to hydrogen 
(to measure the RHE potential) and argon, we observe a rapid polarization of the catalyst from 2.4 
V to 3.05 V vs Na/Na+, corresponding to a jump from 0.15 V to 0.8 V vs RHE under these 
conditions (Figure S9). Upon varying O2 partial pressure at constant ethylene and acetic acid 
pressures (Ar balance), we observe rapid changes in the measured OCP of the catalyst. The OCP 20 
systematically increases with increasing pO2, ranging from 0.76 to 0.84 V for a 0.05 atm to 0.2 
atm pO2 range (Figure 4B). Notably, this range of potentials is similar to the 0.84 to 0.90 V range 
observed in bulk liquid phase experiments over the similar pO2 range, despite the higher 
temperature employed for vapor phase catalysis (120 °C vs 80 °C). This suggests that the Pd/C 
sites experience similar interfacial environments when exposed to either bulk liquid electrolyte or 25 
a vapor feed, due, presumably, to the spontaneous formation of a thin acetic acid film on the Pd/C 
film, as depicted in Figure 4A. These data evince that under the conditions of vapor phase vinyl 
acetate synthesis, the Pd catalyst experiences spontaneous polarization with respect to oxygen 
partial pressure with remarkable similarity to that observed in the presence of a bulk liquid phase.  
The foregoing findings led us to further examine the possibility of a similar electrochemical 30 
mechanism for VA synthesis under vapor phase conditions. We measured the rate-potential scaling 
for vapor phase VA synthesis by varying the O2 partial pressure, as we did when measuring the 
rate-potential scaling for thermal VA synthesis in the liquid phase (Figure 3B). Using the same 
Pd/C on Na-β″ alumina probes that were used to previously measure polarization of the catalyst 
film, we quantified the rate of VA synthesis. As the catalyst potential (due to increases in pO2) 35 
increases from 0.76 to 0.84 V, we observed a concomitant increase in the average rate of VA 
synthesis increases from 470 nmol hr−1 to 2640 nmol hr−1 (Figure 4C). This corresponds to an 
average rate-potential scaling of 103 ± 10 mV dec−1 at 120 °C which when scaled to a reaction 
temperature of 80 °C by the Nernst equation, corresponds to a scaling of 93 ± 9 mV dec−1, within 
error of the corresponding scale factors observed in the liquid phase for aerobic VA synthesis 40 
(Figure 3B, red), electrolytic VA synthesis (Figure 3B, black), and near the scale factor for 
electrolytic Pd corrosion (Figure 2C). Additionally, when the carbon film is removed from the β″ 
alumina probe, a grey metallic color remains on the surface of the β″ alumina which we attribute 
to Pd corrosion and redeposition under reaction conditions (Figure S10). Taken together, these 
data suggest a similar corrosion-mediated bifunctional mechanism is operative under both vapor 45 
phase and bulk liquid phase conditions. 
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Galvanic poisoning of palladium with aluminum inhibits catalysis  

 
Figure 5. Galvanic protection of palladium by aluminum during vinyl acetate synthesis. (A) 
Experimental setup schematic for liquid phase galvanic protection in 0.5 M KOAc in glacial acetic acid at 
80 °C. (B) Comparison of the open-circuit potential for Pd/C exposed to thermochemical vinyl acetate 5 
synthesis conditions of 75% ethylene, 10% O2 and balance Ar (grey) and the same catalyst contacted to a 
strip of Al foil (red). (C) Comparison of the amount of vinyl acetate formed by Pd/C with and without 
contact to Al foil over the course of 1 hour, as determined by post-reaction analysis of the solution via 1H 
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NMR. (D) Rate measurements at five time points for a Pd/C catalyst exposed to vapor phase vinyl acetate 
synthesis conditions (black) and under the same conditions following the addition of Al pellets (red). (E) 
Rate measurements before (left) and after (right) removing Al pellets from Pd/C catalyst under vapor phase 
vinyl acetate synthesis conditions. (F) Proposed mechanistic model for poisoning of vinyl acetate synthesis 
by galvanic protection with Al, with current flowing from Al to reduce O2 at the Pd surface without 5 
concomitant oxidation of Pd to Pd(II). Vapor phase VA synthesis rates were measured at 120 °C with a gas 
stream consisting of 0.75 atm C2H4, 0.1 atm O2, and balanced with Ar to 1 atm. This gas stream was bubbled 
through glacial acetic acid held at constant temperature of 50 °C, introducing 0.076 atm acetic acid in the 
gas phase. All data points and bars shown are the average of three measurements, with error bars 
representing one standard deviation. 10 

While the results presented thus far have ruled out an entirely homogeneous pathway for Pd 
catalyzed aerobic VA synthesis, they cannot rule out the involvement of a purely heterogeneous 
pathway concurrent with the electrochemical mechanism proposed above. So-called 
“heterogeneity” tests have been widely employed to examine whether a particular Pd-catalyzed 
reaction is catalyzed by a heterogeneous Pd surface or a homogeneous molecular Pd catalyst.8 15 
These tests, which poison one catalytic phase or the other as part of a mechanistic analysis, have 
proven critical for assessing the active species in both Pd catalysis and other examples of 
catalysis.48,49 However, in the electrochemical corrosion-based mechanism proposed here, both 
heterogeneous Pd and homogeneous Pd are explicitly required for catalysis, necessitating a 
different type of test than those previously employed that inhibit either heterogeneous or 20 
homogeneous Pd catalysis. We sought an experimental test that would not inhibit the catalytic 
activity of heterogeneous Pd, nor that of homogeneous Pd(II), but instead inhibit the 
interconversion of heterogeneous Pd to homogeneous Pd(II). Such a test, if successful at 
“poisoning” the catalyst, would serve to rule out a purely heterogeneous mechanism, taken 
together with our prior observations. 25 

To establish such a test we employed galvanic protection, a classic strategy for corrosion inhibition, 
to selectively poison VA synthesis proceeding via heterogeneous Pd corrosion and subsequent 
homogeneous olefin acetoxylation. During galvanic protection, a thermodynamically (and 
kinetically) more corrodible metal is contacted with a more noble metal, and the more corrodible 
metal is oxidized in place of the noble metal during oxidative processes. This results in a cathodic 30 
shift of the mixed potential, and an attenuation in the oxidation rate of the more noble metal. We 
chose aluminum as the galvanic protectant, as it corrodes but not too rapidly in this medium, over 
the timescale of our experiments. We carried out thermochemical VA synthesis and measured 
catalyst potential while contacting the Pd/C catalyst electrode to a strip of high purity aluminum 
foil (Figure 5A). The Al foil was connected electrically to the Pd with minimal direct contact, so 35 
as to minimize physical blocking of Pd sites by the foil. The electrical contact to the Al foil 
manifests in an average decrease in catalyst potential from 0.74 V to 0.22 V, and a simultaneous 
depression in VA production by ~7-fold, as shown in Figure 5B and Figure 5C respectively. 
Further analysis reveals that the small amount of VA produced during the galvanic protection 
experiment is formed in the initial 15 minutes of the experiment, as the potential of the working 40 
electrode is still decreasing; afterwards, the steady state rate of VA production falls below the 1H 
NMR detection limit (Figure S11). These observations are best explained by a galvanic poisoning 
of Pd/C by aluminum, illustrated in Figure 5F. The Pd/C in electronic contact with Al can still 
catalyze ORR, but the generated holes now go towards oxidizing the Al instead of the Pd, leading 
to lower mixed potential and complete attenuation of steady state VA synthesis rates. The lack of 45 
observable steady state VA production upon galvanic protection of Pd/C suggests that not only is 
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an electrochemical mechanism operative, but that it is indeed the dominant mechanism of VA 
synthesis. These data provide strong evidence against non-electrochemical mechanisms and 
indicate that entirely heterogeneous pathways are not significant contributors to VA production in 
the liquid phase under these conditions.  

Aluminum is an effective galvanic poison for Pd catalyzed vinyl acetate synthesis not only in our 5 
bulk liquid phase model system, but also in the vapor phase reaction as well. In the liquid phase, 
the negative polarization provided by aluminum is achieved in a straightforward fashion by 
electrically connecting aluminum foil and a Pd/C electrode, both in contact with a common acetic 
acid electrolyte to furnish ionic conductivity. We envisioned that the spontaneously formed acetic 
acid/acetate wetting layer would also furnish conductivity between Al pellets and the Pd/C under 10 
vapor phase conditions. For vapor phase catalysis galvanic poisoning studies, we employed a 
carbon paper electrode impregnated with Pd/C, as this provided a conductive medium on which to 
also disperse aluminum pellets. With Pd/C on carbon paper alone, we observe stable VA synthesis 
over the course of 1 hour, with an average rate of 1.2 mmolVA/(s molPd) (Figure 5D, black). Next, 
we removed the carbon paper from the reactor and added aluminum to the catalyst in the form of 15 
macroscopic pellets (~1 mm diameter) sprinkled on top of the Pd/C film, and placed the carbon 
paper back into the reactor. Immediately, we observe the steady state rate of vapor phase VA 
synthesis decrease by an order of magnitude to 0.1 mmolVA/(s molPd) for Pd/C with aluminum 
pellets (Figure 5D, red). Remarkably, this rate reduction is reversible; upon scraping off the 
macroscopic Al particles, we observe the VA synthesis rate recover to the original value (Figure 20 
5E). This demonstrates that under the conditions of vapor phase vinyl acetate synthesis, aluminum 
is a potent and reversible galvanic poison. These observations are most readily explained by 
invoking that the corrosion of Pd is required in the catalytic cycle. 
Taken together, our observations are inconsistent with mechanisms for Pd catalyzed VA synthesis 
that invoke entirely homogeneous or heterogenous catalytic cycles. Rather, these results point to a 25 
mechanism in which catalyst phase conversion is an on-pathway process, required to furnish a 
bifunctional catalyst system in which heterogeneous Pd and homogeneous Pd(II) carry out 
complementary roles of oxygen reduction and olefin functionalization, respectively. These 
findings suggest a rich untapped opportunity to distribute the disparate burdens of a catalytic 
sequence across homogeneous and heterogeneous catalysts that act in concert to carry out efficient 30 
and selective catalysis.  
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