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Abstract: 25 

Potassium-promoted, oxide-supported PdAu is catalytically active for the gas-phase acetoxylation 26 

of ethylene to form vinyl acetate monomer (VAM), in which the potassium improves long-term 27 

activity and VAM selectivity. The alkali metal is incorporated into the catalyst via wet 28 

impregnation of its salt solution, and it is generally assumed that this common catalyst preparation 29 

step has no effect on catalyst structure. However, in this work, we report evidence to the contrary. 30 

We synthesized a silica-supported PdAu (PdAu/SiO2, 8 wt% Pd, 4 wt% Au) model catalyst 31 

containing Pd-rich PdAu alloy and pure Au phases. Impregnation with potassium acetate (KOAc) 32 

aqueous solution and subsequent drying did not cause XRD-detectible changes to the bimetal 33 

structure. However, DRIFTS indicated the presence of Pd3(OAc)6 species, which is correlated to 34 

up to 2% Pd loss after washing of the dried KOAc-promoted PdAu/SiO2. Carrying out the 35 

impregnation step with an AcOH-only solution and subsequent drying caused significant 36 

enlargement of the pure Au grain size and generated a smaller amount of Pd3(OAc)6. During co-37 

impregnation of AcOH and KOAc, grain sizes were enlarged slightly, and substantial amounts of 38 

K2Pd2(OAc)6 and Pd3(OAc)6 were detected by DRIFTS and correlated to up to 32% Pd loss after 39 

washing. Synchrotron XAS analysis showed that approximately half the Pd atoms were oxidized, 40 

corroborating the presence of the Pd-acetate species. These results indicate wet-impregnation-41 

induced metal leaching can occur, and can be substantial during catalyst preparation.  42 

 43 

44 
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1. Introduction 45 

Since the early 1900s, industrial vinyl acetate monomer (VAM) production has been a major 46 

contributor for the manufacture of products (e.g. paints, adhesives, and plastics) derived from 47 

polyvinyl acetate, polyvinyl alcohol, ethylene-vinyl acetate copolymer, ethylene-vinyl alcohol 48 

copolymer, and other polymers.1,2 In the 1960s, Moiseev and Smidt3 reported the liquid-phase 49 

acetoxylation of ethylene with acetic acid (AcOH) to produce VAM using a Pd2+ salt (typically 50 

Pd(OAc)2 or PdCl2) as catalyst and CuCl2 as co-catalyst.4,5 During the late 1960s and 1970s, an 51 

alternative industrial process was developed by the Hoechst and Bayer companies, which involved 52 

the heterogeneous gas-phase version of this reaction. It is the main process used to this date, due 53 

to increased selectivity to VAM as well as the avoidance of  chloride salts which can lead to reactor 54 

corrosion.6  55 

 The typical catalyst is a PdAu composition supported on silica- and alumina-based supports 56 

and promoted with alkali salts, namely potassium acetate (KOAc).6–13 PdAu alloys have enhanced 57 

catalytic properties in relation to monometallic Pd, not only for industrial-scale VAM synthesis,8 58 

but also for H2O2 formation,14–16 glycerol selective oxidation,17,18 and other reactions.19,20 The 59 

enhancement has been attributed to both to electronic21–23 and ensemble effects.24–26 Once alloyed 60 

with Au, Pd loses s- and p-electrons to Au and gains d-electrons, shifting its d-band center away 61 

from its Fermi level (Ef).
21 This leads to weaker interaction between Pd sites and adsorbates. In 62 

VAM synthesis, Au is able to support isolated Pd surface atoms, and pairs of such atoms 63 

appropriately spaced apart have been implicated as the ideal active site.26  64 

 The addition of alkali promoters (e.g. KOAc) has been shown to profoundly enhance 65 

activity and selectivity to VAM for PdAu catalysts while also suppressing catalyst deactivation.9 66 

This has been attributed to the electronic influence of alkali metals on Pd. Hybridization of the 67 

alkali metal’s s- and p-bands transfers electrons to Pd, lowering its d-band and, thereby, altering 68 

adsorption energies for acetate and ethylene.27,28 It has also been claimed that KOAc suppresses 69 

ethylene combustion by reacting with AcOH to form KH(OAc)2.
29,30 Evidence for the presence of 70 

a physisorbed AcOH multilayer over the catalyst surface under reaction conditions has been 71 

reported.5,6,31,32 Pd is known to be soluble in these AcOH multilayer films as either trimeric 72 

Pd3(OAc)6 or dimeric Pd2(OAc)4 species.5 In the presence of alkali acetates (MOAc), Pd-acetates 73 

can take the form of dimeric M2Pd2(OAc)6 or monomeric M2Pd(OAc)4,
33–35 which was shown to 74 
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form under reaction conditions by Lercher and coworkers in the observed PdAu metal 75 

restructuring.9–11  76 

In the preparation of PdAu catalysts for vinyl acetate synthesis, alkali acetate promoters 77 

are incorporated via wet impregnation. However, the catalyst structure should not be considered 78 

immutable during this preparation step. Given its affinity to form Pd-acetates in liquid 79 

environments as well as under gas-phase VAM reaction conditions,5,9–11 we speculate that Pd-80 

acetates could form during KOAc impregnation, leading to Pd leaching and metal restructuring 81 

prior to catalytic reaction, which has not been considered by prior reports. In this work, we 82 

synthesized SiO2-supported PdAu catalysts and impregnated them with KOAc aqueous solution. 83 

We additionally carried out wet impregnation using a AcOH solution and KOAc/AcOH solution 84 

to understand the impact of AcOH on Pd-acetate species formation. We analyzed structural 85 

modifications through XRD, XPS, and XAS, surface species formation through DRIFTS, and 86 

metal leaching after catalyst washing via ICP-OES. Collectively, our findings emphasize that 87 

common wet impregnations methods may alter catalyst structure and composition prior to 88 

introduction to the reaction environment. 89 

 90 

2. Experimental 91 

2.1 Materials 92 

Sodium tetrachloropalladate (Na2PdCl4, ≥98%), gold chloride trihydrate (HAuCl4∙3H2O, ≥99.9%), 93 

silica gel (SiO2, 40 – 63 μm particle size, ≥480 m2/g surface area), sodium carbonate (Na2CO3, 94 

≥99%), and potassium acetate (KOAc, ≥99%) were purchased from Sigma-Aldrich. Glacial acetic 95 

acid (AcOH, ≥99.7% w/w) was purchased from Fisher Scientific. Nitrogen (N2, 99.999%), 96 

hydrogen (H2, 99.999%), and 10% oxygen (10% O2/bal. He) gases were purchased from Airgas. 97 

All experiments were conducted using deionized (DI) water (≥18 MΩ∙cm, Thermo Scientific 98 

MicroPure). 99 

 100 

2.2 Synthesis of SiO2-supported PdAu Nanoparticles 101 

PdAu nanoparticles supported on silica (SiO2) were prepared with a Pd:Au weight ratio of 2 by 102 

methods previously reported in the literature.36 Briefly, Na2PdCl4 and HAuCl4 metal precursors 103 

were added to SiO2 powder by incipient wetness impregnation. After drying overnight at 80 °C, 104 

the powder was mixed with 0.4 M Na2CO3 solution (25 mL per 5 g of sample), followed by drying 105 
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overnight at 80 °C. The sample was repeatedly washed with DI water (~1 L water per 5 g of 106 

sample) and dried once more overnight at 80 °C. Samples were placed in a furnace with a tubular 107 

quartz cell and reduced under flowing H2 gas atmosphere at 150 °C for 1 hr. Target metal loadings 108 

of 8 wt% Pd and 4 wt% Au were confirmed by ICP-OES.  109 

The as-synthesized PdAu/SiO2 sample was then loaded with various amounts of KOAc by 110 

incipient wetness impregnation to achieve K loadings of 0, 5, or 10 wt% K. The KOAc solution 111 

also contained varying concentrations of AcOH (water-only, AcOH-only, and 50% v/v AcOH in 112 

water). The treated samples were then dried at 80 °C overnight.  113 

After all characterization was performed, 250 mg of each sample was washed and vacuum-114 

filtered with 45 mL of DI water. The filtrate was collected and analyzed by ICP-OES to quantify 115 

Pd, Au, and K metals recovered in the filtrate. 116 

 117 

2.3 XRD Characterization 118 

X-ray powder diffraction (XRD) profiles were collected using a Philips X’Pert Pro diffractometer 119 

equipped with a Cu Kα radiation source (1.540598 Å) generated at 45 kV and 40 mA. XRD 120 

analysis was conducted in a 2θ range of 30 – 70° with a step size of 0.0050° s-1. The XRD (111) 121 

peaks for Pd, Au, and PdAu were analyzed using OriginLab by deconvoluting the 111 planes with 122 

a Voigt function. The obtained XRD maximum peak intensity and FWHM were then used to 123 

calculate the phase composition and grain size by applying Vegard’s37 (Eqn. 1) and Scherrer’s38 124 

(Eqn. 2) equations, respectively: 125 

 126 

                                                𝑎𝑃𝑑𝑥𝐴𝑢(1−𝑥)
= 𝑥𝑎𝑃𝑑 + (1 − 𝑥)𝑎𝐴𝑢                                                (1) 127 

                                                                    𝑑 =  
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
                                                                  (2)  128 

 129 

where 𝑎𝑃𝑑𝑥𝐴𝑢(1−𝑥)
 is the lattice parameter of the PdAu alloy, 𝑎𝑃𝑑 and 𝑎𝐴𝑢 are the lattice parameters 130 

of the pure constituents, 𝑥 is the Pd mole fraction, 𝑑 is the mean grain size, 𝐾 is the proportionality 131 

constant, 𝜆 is the X-ray wavelength, 𝛽 is the peak full width at half maximum (FWHM) in radians, 132 

and 𝜃 is the Bragg angle in radians.  133 

 134 

2.4 XPS Characterization 135 
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X-ray photoelectron spectroscopy (XPS) was performed on a PHI Quantera SXM (ULVAC-PHI. 136 

Inc) spectrometer equipped with an Al monochromator. PdAu/SiO2 samples were analyzed under 137 

UHV conditions at the Pd 3d and Au 4f core levels. The Si 2p core level was also measured and 138 

used to normalize all binding energy values to Si 2p = 103.5 eV for pure silica.39 XPS peak fittings 139 

and surface metal compositions were calculated using Multipak (ULVAC-PHI. Inc) XPS fitting 140 

software. 141 

 142 

2.5 DRIFTS Characterization 143 

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) experiments were 144 

performed on a Thermo Scientific Nicolet iS10 FTIR spectrometer equipped with a liquid-N2-145 

cooled HgCdTe (MCT) detector. A high-temperature reaction chamber equipped with ZnSe 146 

windows, mounted on a Praying Mantis diffuse reflectance accessory (Harrick Scientific), was 147 

used for in situ gas-phase analysis of PdAu/SiO2 samples at 25 °C under N2 atmosphere at 10 torr 148 

total pressure. Temperature was monitored by positioning a type-K thermocouple in the sample 149 

cup and controlled using an ATK temperature controller (Harrick Scientific). The as-synthesized 150 

PdAu/SiO2 sample was used to collect a background spectrum for all samples. All spectra are 151 

reported in Kubelka-Munk units by averaging 128 scans at 4 cm-1 resolution. Peak locations and 152 

integrated intensities were determined for each vibrational mode by fitting with a Voigt function 153 

in OriginLab.  154 

 155 

2.6 XAS Characterization 156 

In situ X-ray absorption spectroscopy (XAS) experiments were performed at the 10-ID beamline40 157 

at the Advanced Photon Source (APS), Argonne National Laboratory (ANL), at the Au LIII edge 158 

(11.919 keV) and the Pd K edge (24.350 keV) in transmission mode with an energy resolution of 159 

0.5 eV and edge energy precision greater than 0.1 eV. All samples were ground into a fine powder, 160 

pressed into a six-shooter sample holder, and placed in a quartz sample cell with X-ray transparent 161 

Kapton end caps. The end caps seal the sample cell and permit the connection of gases to flow 162 

through the cell. Each scan was accompanied by simultaneous acquisition of either a Au or Pd foil 163 

absorption spectra obtained via a third ion chamber used for energy calibration. All PdAu/SiO2 164 

samples were scanned at both the Au LIII and Pd K edge under flowing 10% O2/He at 30 °C.  165 
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XAS data was fit using winXAS 3.1 software.41 X-ray absorption near edge structure 166 

(XANES) was used to determine the edge energy of each sample at the Pd and Au edges. Least-167 

squares regression fits of the k2-weighted Fourier transform data from 2.4 to 12 Å-1 for Pd and 2.6 168 

to 11 Å-1 for Au in k-space were used to obtain the extended X-ray absorption fine structure 169 

(EXAFS) coordination parameters. The first shell was used to fit all spectra. All samples were fit 170 

using theoretical scattering paths using FEFF6.42 An S0
2 value of 0.79 at a fixed coordination 171 

number of 12 and bond distance of 2.75 Å was determined using the Pd foil, and an S0
2 value of 172 

0.83 at a fixed coordination number of 12 and bond distance of 2.88 Å was determined using the 173 

Au foil. 174 

 175 

2.7 Multivariate Analysis 176 

Multivariate analysis was performed using a three-level full factorial experimental design with 177 

AcOH vol% and K wt% as the two factors (i.e. 32 full factorial experimental design). Each factor 178 

had a low level (-1), center level (0), and high level (+1), which are outlined in Table 1. Triplicate 179 

samples were synthesized at the level-(0,0) center point, leading to 11 total samples.  180 

 181 

Table 1. Factors and levels for 32 full factorial experimental design 182 

Factor Level 

 -1 0 +1 

AcOH (vol%) 0 50 100 

K (wt%) 0 5 10 

 183 

 Response variables describing metal structure and surface species were selected from 184 

XRD, XPS, XAS, DRIFTS, and ICP-OES data. Least-squares linear regression fits of the 185 

responses were calculated using Minitab software to generate response surface plots considering 186 

the effects of AcOH vol% and K wt%. The linear regression model is described by the following 187 

equation:  188 

 189 

                              𝑦(𝑥1, 𝑥2) = 𝐶0 + 𝐶1𝑥1 + 𝐶2𝑥2 + 𝐶11𝑥1
2 + 𝐶22𝑥2

2 + 𝐶12𝑥1𝑥2                               (3) 190 

 191 
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where 𝑦 is the estimated response as a function of the factors, 𝑥𝑖 is the ith factor (i.e. AcOH vol% 192 

and K wt%), 𝐶0 is the constant coefficient, 𝐶𝑖 is the linear coefficient of the ith factor, 𝐶𝑖𝑖 is the 193 

quadratic coefficient of the ith factor, and 𝐶12 is the interaction coefficient.  194 

Analysis of variance (ANOVA) tests were performed to evaluate which effects in the 195 

regression model had statistically significant (95% confidence level, α = 0.05) contributions for 196 

each response variable. The results are presented as Pareto charts of the standardized effects 197 

generated by Minitab software. Further details on the statistical analysis methods are provided in 198 

the Supporting Information.  199 

 200 

3. Results and Discussion 201 

3.1 Effects of KOAc Impregnation on PdAu Nanostructure 202 

The bulk PdxAuy alloy composition in the as-synthesized PdAu/SiO2 sample was determined by 203 

analyzing the (111) peaks in its XRD pattern (in the 2θ region from 36° to 42°, Figure 1a). The as-204 

synthesized PdAu/SiO2 consisted of two distinct phases: one Au-rich phase, and one Pd-rich phase. 205 

Using the pure Au(111) (gold line) and Pd(111) (blue line) peaks at 38.2° and 40.2°, respectively, 206 

as references43,44 and applying Vegard’s law, the two phases are calculated to be a pure Au phase 207 

and a Pd-rich Pd75Au25 alloy phase.  208 
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 209 
Figure 1. XRD profiles of the (a) as-synthesized PdAu/SiO2 (8 wt% Pd, 4 wt% Au), (b) water-210 

treated PdAu/SiO2 (PdAu-0K), and KOAc-impregnated PdAu/SiO2 containing (c) 5 wt% K 211 

(PdAu-5K) and (d) 10 wt% K (PdAu-10K). Blue line represents Pd(111) reference, and the gold 212 

line represents Au(111) reference. Green curve represents the Pd-rich PdAu alloy phase, and the 213 

gold curve represents pure Au phase.   214 

 215 

From Scherrer’s equation, the grain sizes (d) of the pure Au phase and Pd75Au25 phase were 216 

8.3 and 13.8 nm, respectively (Table 2). Since particles with grain sizes smaller than 3 nm and 217 

metal acetates are not detectible via XRD using a standard Cu Kα X-ray source, atoms within these 218 

domains are considered “XRD-invisible.” Utilizing the relative amounts of each phase and 219 

assuming all Au atoms are observed in the XRD pattern, we estimated that 45% of Pd atoms are 220 

XRD-invisible on the as-synthesized PdAu/SiO2 sample.  221 

 222 
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Table 2. Phase compositions, grain sizes, and Pd:Au surface ratio of as-synthesized, water-treated, 223 

and KOAc-treated PdAu/SiO2. 224 

Sample 
Phase compositiona 

 (at%) 

Grain sizeb 

(nm) 

Pd:Au surface ratioc 

(at%) 

PdAu/SiO2 Au 13.8 80:20 

 Pd75Au25 8.3  

PdAu-0K Au 13.4 80:20 

 Pd76Au24 8.3  

PdAu-5K Au 13.4 79:21 

 Pd76Au24 8.1  

PdAu-10K Au 14.4 77:23 

 Pd76Au24 8.1  
aCalculated from XRD data using Vegard’s equation. 225 
bCalculated from XRD data using Scherrer’s equation. 226 
cCalculated from XPS data at Pd 3d and Au 4f core levels. 227 

 228 

XRD analysis was performed after wet impregnation of various loadings of KOAc (water-229 

only, and 5 and 10 wt% K) on the PdAu/SiO2 samples (herein labeled “PdAu-0K,” “PdAu-5K,” 230 

and “PdAu-10K,” respectively) in order to investigate any changes to the bulk PdAu nanostructure. 231 

No significant changes to the bulk PdAu structure were observed due to KOAc loading as detected 232 

by XRD (Figure 1b-d). All samples maintained a pure Au phase and a Pd-rich PdAu alloy phase 233 

containing 76 at% Pd, consistent with the as-synthesized PdAu/SiO2 (Table 2). Grain sizes of the 234 

pure Au and PdAu alloy phases were calculated to be 8.1 – 8.3 nm and 13.3 – 14.4 nm, respectively 235 

(Table 2). The amount of XRD-invisible Pd was also calculated to be 42 – 44%. The wet 236 

impregnation procedure (with and without KOAc) had negligible (within ±10% error) effect on 237 

the metal crystal structure. 238 

XPS was performed at the Pd 3d and Au 4f core levels in order to confirm complete 239 

reduction of Pd and Au on the as-synthesized PdAu/SiO2. A single asymmetric peak was observed 240 

at 334.6 eV in the Pd 3d5/2 region coupled with a Pd 3d3/2 peak located 5.3 eV higher due spin-241 

orbit splitting (Figure 2a). Likewise, a single asymmetric peak was also observed at 83.0 eV in the 242 

Au 4f7/2 region coupled with a Au 4f5/2 peak located 3.7 eV higher (Figure 2b). These peaks are 243 

characteristic of reduced Pd0 and Au0 found in PdAu alloys,45 confirming complete reduction of 244 

both Pd and Au.  245 

 246 
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 247 

Figure 2. XPS spectra at the (a) Pd 3d and (b) Au 4f core levels of the as-synthesized PdAu/SiO2 248 

(8 wt% Pd, 4 wt% Au), water-treated PdAu/SiO2 (PdAu-0K), and KOAc-impregnated PdAu/SiO2 249 

containing 5 wt% K (PdAu-5K) and 10 wt% K (PdAu-10K). BE values are ±0.1 eV. 250 

 251 

Both the observed Pd 3d5/2 and Au 4f7/2 peaks are shifted to lower binding energies 252 

compared to expected binding energies of monometallic Pd0 (Pd 3d5/2 = 335.0 eV) and Au0 (Au 253 

4f7/2 = 84.0 eV),46 suggesting greater electron density at those respective core levels. These 254 

observations are consistent with findings from Lee et al. who suggested Pd gains d-electrons from 255 

Au, while Au gains overall electron density via s- and p-electron donation from Pd.45 The Pd:Au 256 

surface ratio was calculated to be 80:20 at% (Table 2), consistent with the expected bulk ratio for 257 

a PdAu sample with 8 wt% Pd and 4 wt% Au.  258 

XPS analysis was also performed on the PdAu-0K, PdAu-5K, and PdAu-10K samples in 259 

order to investigate changes in metal oxidation states caused by KOAc wet impregnation. No 260 
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additional peaks were observed after addition of KOAc to the as-synthesized PdAu/SiO2 sample 261 

(Figure 2), indicating both Pd and Au remained reduced. No significant binding energy shifts or 262 

changes to Pd:Au surface ratio were observed for the PdAu-0K and PdAu-5K samples (Figure 2, 263 

Table 2). However, a slight binding energy shift of the Pd 3d5/2 core level to 334.8 eV occurred on 264 

the PdAu-10K sample with high KOAc loading (Figure 2a), indicating loss of electron density on 265 

the metal surface. We speculate this is due to acetate adsorption where some d-electrons of surface 266 

Pd would be donated for Pd-OAc bond formation. While interactions between surface Pd and 267 

potassium cannot be completely discounted, their contributions would instead cause the Pd 3d 268 

binding energy to shift to lower values since alkali metals are reported to donate electrons to Pd 269 

and other transition metals through hybridization of their s- and p-orbitals.27,28,47–50 The observed 270 

binding energy shift also corresponded to a slight decrease in Pd content on the surface when 271 

compared to the samples without KOAc or with lower concentration (i.e. Pd:Au surface ratio = 272 

77:23 at% vs 80:20 at% for PdAu-10K and PdAu-0K, respectively, Table 2).  273 

 274 

3.2 DRIFTS Analysis of KOAc-treated PdAu/SiO2 275 

DRIFTS was performed on the water-treated and KOAc-impregnated samples in order to detect 276 

surface acetate species. Figure 3 shows DRIFTS spectra and peak deconvolution of the PdAu-0K, 277 

PdAu-5K, and PdAu-10K samples from 2000 – 1100 cm-1, highlighting species in the acetate 278 

region.   279 

 280 
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 281 

Figure 3. Deconvoluted DRIFTS spectra in the 2000 – 1100 cm-1 acetate region of the water-282 

treated PdAu/SiO2 (PdAu-0K) and KOAc-impregnated PdAu/SiO2 with 5 wt% K (PdAu-5K) and 283 

10 wt% K (PdAu-10K) loadings. ν(C=O) peaks are located between 1800 – 1670 cm-1. νas(COO) 284 

peaks are located between 1670 – 1500 cm-1. νs(COO) peaks are located between 1450 – 1390 cm-285 
1. δ(CH3) peaks are located between 1390 – 1300 cm-1. ν(C-O) peaks are located between 1300 – 286 

1250 cm-1. As-synthesized PdAu/SiO2 was used as background for all samples.  287 

 288 

Peak deconvolution of the DRIFTS spectra (Figure 3) reveal many peaks in the ν(C=O) 289 

and νas(COO) regions characteristic of distinct acetate species. The PdAu-0K sample showed no 290 

peaks in the acetate region, as expected. The most prominent species present on both PdAu-5K 291 

and PdAu-10K is located at 1580 cm-1 and attributed to ionic acetate (i.e. KOAc).9 A second 292 

species present on both samples located at 1540 cm-1 is likely acetate adsorbed on SiO2 in a 293 

bridging mode.51,52 This species is also associated with a negative peak at 3750 cm-1 attributed to 294 

hydroxyl stretching (ν(OH)) of isolated silanols on the SiO2 surface,53 indicating conversion of 295 

surface silanols to either silyl acetates or alkali silanolates (Figure S1a). Interestingly, the PdAu-296 

10K sample containing the highest KOAc loading contains two additional peaks at 1680 and 1610 297 
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cm-1. We attribute the peak at 1680 cm-1 to be the ν(C=O) vibration of acetate adsorbed on surface 298 

Pd in a terminal, monodentate mode, which pairs with a ν(C-O) peak at 1270 cm-1.54 The peak at 299 

1610 cm-1 is characteristic of the νas(COO) vibration of Pd3(OAc)6 trimers.9 The presence of these 300 

two species at high KOAc loading indicates that KOAc directly interacts with surface Pd to form 301 

either surface Pd-acetates or molecular Pd3(OAc)6 trimers. Additional peaks located between 1450 302 

– 1300 cm-1 are attributed to symmetric carboxylate stretching (νs(COO)) and CH3 deformation 303 

(δ(CH3)) vibrational modes characteristic of acetate.  304 

Since Kubelka-Munk units have previously been reported to scale linearly with surface 305 

species concentration,55 integrated peak intensities are used to quantify relative amounts of acetate 306 

species in the absence of known IR extinction coefficients. Figure S2a provides the quantification 307 

of concentrations for different acetate species based on the integrated intensities of the ν(C=O) and 308 

νas(COO) vibrational modes versus K wt%. The PdAu-0K sample shows no intensity for any 309 

acetate species, as expected. The ionic acetate species (i.e. KOAc) roughly doubles as KOAc 310 

loading also doubles, showing a linear trend. The PdAu-5K sample initially contained similar 311 

quantities of ionic acetate and silyl acetate; however, the silyl acetate quantity only marginally 312 

increased when 10 wt% K was added in the PdAu-10K sample, suggesting that the addition of 5 313 

wt% K is sufficient to convert available surface silanols to silyl acetates. Figure S2a also indicates 314 

small amounts of surface Pd-acetates and Pd3(OAc)6 trimers were present on the PdAu-10K 315 

sample.  316 

After DRIFTS identification of the formation of Pd-acetate species at high KOAc loadings, 317 

we washed and filtered the samples with water. We then analyzed the collected filtrate by ICP-318 

OES to quantify recovered metals (Pd, Au, and K). The amount of each metal that was recovered 319 

in the filtrate for each sample is presented in Table 3 as a percentage of initial metal loading (initial 320 

loadings of Pd = 8 wt%, Au = 4 wt%, and K = 0, 5, or 10 wt%).  321 

 322 

Table 3. ICP-OES analysis of metals recovered in filtrate after washing KOAc-treated samples 323 

with water. 324 

Sample 
Pd recovered 

(% of initial) 

Au recovered  

(% of initial) 

K recovered 

(% of initial) 

PdAu-0K 0.7 0 - 

PdAu-5K 1.7 0 90 

PdAu-10K 2.1 0 95 

 325 
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For all samples, no Au was detected in the filtrate, indicating no Au leached from the 326 

samples. We were also able to achieve >90% recovery of K for the PdAu-5K and PdAu-10K 327 

samples, confirming initial loadings of 5 wt% and 10 wt% K, respectively. Small amounts of Pd 328 

were detected in the filtrate ranging from 0.7 – 2.1% of initial Pd loading. Interestingly, while the 329 

total Pd amount leached was relatively small, there is a noticeable trend that increasing KOAc 330 

loading led to greater Pd loss in the filtrate (Table 3). This Pd loss is due to Pd-acetate species 331 

leached out during the wash, which was further confirmed by DRIFTS analysis of the washed 332 

samples via the absence of IR peaks typical of KOAc and Pd-acetate species (Figure S3a).  333 

 334 

3.3 Effects of Impregnating with AcOH and AcOH/KOAc Solutions on PdAu Nanostructure 335 

In the previous section, we showed that high KOAc loadings led to the formation of Pd-acetate 336 

species. To further explore the formation of Pd-acetate species and metal nanoparticle 337 

restructuring, we replaced aqueous KOAc wet impregnation solutions with glacial AcOH as a 338 

possible acetate source to prepare one sample labeled “PdAu-0K-100AA.” No noticeable changes 339 

in phase composition were observed, i.e., the metals retained the pure Au phase and a Pd-rich 340 

PdAu alloy phase of 75 at% Pd (Figure 4a). The grain sizes of the pure Au and Pd-rich phases 341 

were calculated to be 20.2 nm and 8.6 nm, respectively (Table 4). Whereas the PdAu grain size 342 

only slightly grew compared to the as-synthesized PdAu/SiO2, the Au grain size enlargement was 343 

more pronounced. This suggests Au nanoparticles tend to aggregate under acidic conditions, 344 

possibly due to surface charge effects on the support.56–58 Approximately 45% of Pd atoms were 345 

“XRD-invisible.”  346 



 16 

 347 

Figure 4. XRD profiles of the (a) PdAu/SiO2 treated in glacial AcOH (PdAu-0K-100AA) and 348 

KOAc-impregnated PdAu/SiO2 treated in glacial AcOH containing (b) 5 wt% K (PdAu-5K-349 

100AA) and (c) 10 wt% K (PdAu-10K-100AA). Blue line represents Pd(111) reference, and the 350 

gold line represents Au(111) reference. Green curve represents the Pd-rich PdAu alloy phase, and 351 

the gold curve represents pure Au phase.   352 

 353 

Table 4. Phase compositions, grain sizes, and Pd:Au surface ratio of AcOH-treated and 354 

AcOH/KOAc-treated PdAu/SiO2. 355 

Sample 
Phase compositiona  

(at%) 

Grain sizeb  

(nm) 

Pd:Au surface ratioc 

(at%) 

PdAu-0K-100AA Au 20.2 79:21 

 Pd75Au25 8.6  

PdAu-5K-100AA Au 18.1 76:24 
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 Pd73Au27 8.3  

PdAu-10K-100AA Au 14.9 68:32 

 Pd73Au27 8.4  
aCalculated from XRD data using Vegard’s equation. 356 
bCalculated from XRD data using Scherrer’s equation. 357 
cCalculated from XPS data at Pd 3d and Au 4f core levels. 358 

 359 

To explore the effect of wet impregnation using combinations of AcOH and KOAc, we 360 

prepared two samples, labeled “PdAu-5K-100AA” and “PdAu-10K-100AA," containing 5 wt% 361 

and 10 wt% K dissolved in glacial AcOH, respectively. Their phase composition and PdAu alloy 362 

grain sizes were essentially the same as those of “PdAu-0K-100AA,” however, the Au grain size 363 

decreased considerably as K content increased (Figure 4b-c, Table 4). We hypothesize the addition 364 

of KOAc neutralized AcOH creating a buffer solution and, thus, inhibited Au nanoparticle growth. 365 

The amount of “XRD-invisible” Pd was calculated to be 48 – 50%. 366 

XPS analysis was also performed on the PdAu-0K-100AA, PdAu-5K-100AA, and PdAu-367 

10K-100AA samples. Pd and Au remained reduced as no additional peaks were detected (Figure 368 

5). A binding energy shift of the Pd 3d5/2 core level to 335.0 eV on the PdAu-5K-100AA and 369 

PdAu-10K-100AA samples compared to the as-synthesized PdAu (Pd 3d5/2 = 334.6 eV) suggests 370 

further interaction of acetate with surface Pd (Figure 5a). This also led to a decrease in surface Pd 371 

content to 68 at% in the PdAu-10-100AA sample (Table 4). Interestingly, the PdAu-0K-100AA 372 

sample without KOAc did not show such a shift, indicating that acetate, rather than acetic acid, 373 

interacts with surface Pd.  374 

 375 
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 376 

Figure 5. XPS spectra at the (a) Pd 3d and (b) Au 4f core levels of the PdAu/SiO2 treated in AcOH 377 

(PdAu-0K-100AA) and KOAc-impregnated PdAu/SiO2 treated in AcOH containing 5 wt% K 378 

(PdAu-5K-100AA) and 10 wt% K (PdAu-10K-100AA). BE values are ±0.1 eV. 379 

 380 

3.4 DRIFTS Analysis of PdAu/SiO2 treated with AcOH and AcOH/KOAc Solutions 381 

DRIFTS was performed on the AcOH/KOAc-treated samples in order to detect surface acetate 382 

species. Figure 6 shows DRIFTS spectra and peak deconvolution of the PdAu-0K-100AA, PdAu-383 

5K-100AA, and PdAu-5K-100AA samples in the acetate region from 2000 – 1100 cm-1. Similar 384 

to the KOAc-treated samples, numerous carbonyl stretching (ν(C=O)) and asymmetric carboxylate 385 

stretching (νas(COO)) peaks associated with acetates are located between 1800 – 1500 cm-1 for the 386 

AcOH/KOAc-treated samples. As expected, a large ionic acetate (i.e. KOAc) peak located at 1580 387 

cm-1 is present on the samples containing KOAc. The sample treated with only AcOH (PdAu-0K-388 

100AA) also shows a small ionic acetate peak, likely in the form of NaOAc due to residual Na+ 389 

remaining from the Na2PdCl4 precursor during synthesis. All samples show the bridged silyl 390 

acetate peak at 1540 cm-1, paired with a negative ν(OH) peak at 3750 cm-1 (Figure S1b) attributed 391 

to conversion of isolated silanols to either silyl acetates or alkali silanolates. The ν(COO) peak of 392 

Pd3(OAc)6 trimers at 1610 cm-1 is also present for all samples. The samples containing KOAc 393 
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(PdAu-5K-100AA and PdAu-10K-100AA) show peaks at 1680 cm-1 indicating acetate adsorbed 394 

on surface Pd in a monodentate mode. 395 

 396 

 397 

Figure 6. Deconvoluted DRIFTS spectra in the 2000 – 1100 cm-1 acetate region of the PdAu/SiO2 398 

treated in glacial AcOH (PdAu-0K-100AA) and KOAc-impregnated PdAu/SiO2 treated in glacial 399 

AcOH containing 5 wt% K (PdAu-5K-100AA) and 10 wt% K (PdAu-10K-100AA). ν(C=O) peaks 400 

are located between 1800 – 1670 cm-1. νas(COO) peaks are located between 1670 – 1500 cm-1. 401 

νs(COO) peaks are located between 1450 – 1390 cm-1. δ(CH3) peaks are located between 1390 – 402 

1300 cm-1. ν(C-O) peaks are located between 1300 – 1250 cm-1. As-synthesized PdAu/SiO2 was 403 

used as background for all samples. 404 

 405 

 406 

Interestingly, we observe two additional peaks not previously identified on the KOAc-407 

treated samples in earlier sections located at 1715 cm-1 and 1640 cm-1. The peak at 1715 cm-1 is 408 

likely attributed to the ν(C=O) vibration mode of KH(OAc)2 since KOAc and AcOH are known to 409 

form a dimeric salt when in solution.30 This is also paired with multiple v(C-O) peaks present 410 

between 1300 – 1250 cm-1. The peak at 1640 cm-1 falls between the terminal, monodentate Pd-411 
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acetate peak at 1680 cm-1 and the bridging Pd3(OAc)6 trimer peak at 1610 cm-1, suggesting this is 412 

a Pd-acetate species with a mixture of bridging and terminal acetates. We therefore attribute this 413 

peak at 1640 cm-1 to dimeric K2Pd2(OAc)6, which is known to form in solutions of Pd3(OAc)6, 414 

KOAc, and AcOH.5,9,34 Various νs(COO) and δ(CH3) acetate peaks located between 1450 – 1300 415 

cm-1 are also present on all samples.  416 

Figure S2b provides a relative quantification of the concentration of different acetate 417 

species based on the integrated intensities of the ν(C=O) and νas(COO) vibrational modes as a 418 

function of added K. Although the AcOH-only-treated (PdAu-0K-100AA) sample shows small 419 

amounts of acetate species, it is clear that KOAc must also be present in order to produce acetate 420 

species in significant quantities. The ionic acetate species (i.e. KOAc) once again shows a linear 421 

correlation with KOAc loading. Generally, high amounts of KOAc lead to significant quantities 422 

of bridged silyl acetates. Figure S2b also indicates the large amount of surface Pd-acetates, 423 

K2Pd2(OAc)6 dimers, and Pd3(OAc)6 trimers present on samples with high KOAc loading.  424 

 The three AcOH/KOAc-treated samples were washed with water and filtered in order to 425 

separate any water-soluble metals from the powder, and the collected filtrate was analyzed by ICP-426 

OES to quantify recovered metals (Pd, Au, and K). The amount of each metal recovered in the 427 

filtrate for each sample is presented in Table 5 as a percentage of initial metal loading (initial 428 

loadings of Pd = 8 wt%, Au = 4 wt%, and K = 0, 5, or 10 wt%).  429 

 430 

Table 5. ICP-OES analysis of metals recovered in filtrate after washing the AcOH-treated and 431 

AcOH/KOAc-treated samples with water. 432 

Sample 
Pd recovered 

(% of initial) 

Au recovered  

(% of initial) 

K recovered 

(% of initial) 

PdAu-0K-100AA 7.4 0 - 

PdAu-5K-100AA 11.6 0 90 

PdAu-10K-100AA 28.4 0 100 

 433 

As in the case for the KOAc-only treated samples, no Au was detected in the filtrate of the 434 

AcOH-treated and AcOH/KOAc-treated samples, indicating no Au leaching. We were also able 435 

to achieve >90% recovery of K for all samples containing K, confirming initial loadings of either 436 

5 wt% or 10 wt% K. The sample without KOAc showed 7.4% Pd loss in the filtrate, indicating 437 

treatment in AcOH alone is able to leach noticeable amounts of Pd. However, mixing KOAc with 438 

AcOH in the wet impregnation solution caused Pd loss in the filtrate to increase approximately 439 
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ten-fold from 1.7 to 11.6% and 2.1 to 28.4% for the 5 wt% and 10 wt% added K, respectively. The 440 

Pd loss comes from leaching of these Pd-acetate species, further confirmed by the lack of acetate 441 

peaks in the DRIFTS spectra of the washed samples (Figure S3b) as well as the presence of brown-442 

colored particles suspended in the collected filtrate (Figure S4). 443 

 444 

3.5 XAS Analysis of PdAu/SiO2 Treated in KOAc, AcOH, and AcOH/KOAc Solutions 445 

X-ray absorption spectroscopy (XAS) was conducted at the Au LIII and Pd K edges. The XANES 446 

energy of the Au LIII edge, defined here at the only inflection point of the initial photoexcitation, 447 

is lower for all of the samples compared to the Au foil, indicating the formation of Pd-Au bonds 448 

(Figure 7, Table S1).  449 

 450 

Figure 7. Au LIII edge XANES for the Au foil (black) and KOAc-impregnated PdAu/SiO2 samples 451 

containing 0 (red), 5 (blue), and 10 (green) wt% K treated in either (a) water or (b) AcOH solution.  452 

 453 

Figure 7 shows that all samples are identical from the Au LIII edge regardless of treatment. 454 

EXAFS fitting shows the existence of both Au-Au and Au-Pd scattering paths with no evidence 455 

of a Au-O scattering path, indicating the Au is completely metallic (Table S1). In a perfect Pd3Au 456 

intermetallic phase, no Au-Au bonds are expected to form. However, the fitting results illustrate 457 

that there are approximately 5 Au-Au bonds for every 6 Au-Pd bonds, supporting the XRD data 458 

which shows both a ~Pd75Au25 alloy phase and pure Au phase for all samples.  459 

At the Pd K edge, the XANES of the PdAu/SiO2 samples treated with KOAc/water 460 

solutions (Figure S5a) shows no change compared to the Pd foil whereas samples treated in 461 

KOAc/AcOH solutions (Figure S5b) show a flattening of the XANES profile, indicating formation 462 
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of Pd-O bonds. The EXAFS in Figure 8 shows the formation of an alloy with peaks at 2.1 Å and 463 

2.6 Å in R. For some samples, a Pd-O peak forms at lower R. Upon fitting the EXAFS spectra 464 

(Table S2), the as-synthesized sample has a Pd-Pd to Pd-Au coordination number ratio of 465 

approximately 3:1. Since a pure Pd3Au intermetallic phase has a Pd-Pd to Pd-Au coordination 466 

number ratio of 2:1, the as-synthesized PdAu/SiO2 must either be a PdAu alloy with a  Pd:Au 467 

atomic ratio greater than 3:1 or a Pd3Au alloy containing a separate Pd-only phase. This is 468 

consistent with the XRD results showing a pure Au phase, Pd75Au25 alloy phase, and a significant 469 

amount of XRD-invisible Pd (~45%).  470 

 471 

 472 

Figure 8. Pd K edge EXAFS for the Pd foil (black) and KOAc-impregnated PdAu/SiO2 samples 473 

containing 0 (red), 5 (blue), and 10 (green) wt% K treated in either (a) water or (b) AcOH solution. 474 

 475 

The samples that were treated with KOAc/water solutions (Figure 8a, Table S2) remain 476 

metallic, as there is no evidence of Pd-O bonds, and were identical to the as-synthesized 477 

PdAu/SiO2 sample. The samples treated with KOAc/AcOH solutions (Figure 8b, Table S2) reveal 478 

partial oxidation of the Pd, indicated by the decrease in the metallic peaks at 2.6 Å in R and the 479 

growth of an oxide peak at less than 2 Å in R. Additionally, the sample treated with 10 wt % K in 480 

AcOH solution (PdAu-10K-100AA) contained the highest degree of Pd oxidation (Figure 8b, 481 

Table S2). In this sample, over half of the Pd atoms are oxidized at room temperature under 482 

ambient gas conditions as estimated from the Pd-O coordination number as a fraction of total 483 

possible Pd-O coordination in a bulk oxide structure (i.e. Pd-O CN = 4). Interestingly, this differs 484 

significantly from the XPS results (Figures 2 and 5) which suggests only metallic Pd is present on 485 
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all the samples. However, Pd-acetate species are known to volatilize under UHV conditions,59 486 

indicating they may not be detectible when performing an XPS analysis at standard UHV 487 

conditions. The absence of any bulk PdO peaks in both XPS and XRD data provides further 488 

evidence that any Pd-O coordination detected by XAS is associated with Pd-acetate formation.  489 

 490 

3.6 Multivariate Analysis 491 

To better understand the changes induced by the wet impregnation of KOAc and/or AcOH, we 492 

employed a Design of Experiments (DOE) approach to identify statistically significant trends and 493 

relationships regarding metal structure and surface species as functions of K wt% and AcOH vol%. 494 

In order to complete the 32 full factorial experimental design presented in Table 1, additional 495 

samples were prepared by impregnating the as-synthesized PdAu/SiO2 with KOAc in a solution 496 

of 50 vol% AcOH (v/v in water) to achieve KOAc loadings of 0, 5, or 10 wt% K (herein labeled 497 

“PdAu-0K-50AA”, “PdAu-5K-50AA”, and “PdAu-10K-50AA”, respectively). Triplicates of the 498 

PdAu-5K-50AA sample were prepared to represent the level-(0,0) center point. XRD, XPS, 499 

DRIFTS, XAS, and ICP-OES data were collected and analyzed for these samples (Figures S6-S9, 500 

Tables S1-S4), and had similar structures and surface species as the previous samples.  501 

 Figure 9 shows the response surfaces for Au and PdxAuy alloy grain size determined from 502 

XRD data. There is a clear trend that higher AcOH concentration in the wet impregnation solution 503 

leads to larger grain sizes in both the Au and PdxAuy nano-domains. Analysis of the response 504 

surfaces reveals that effects from AcOH vol% are indeed statistically significant for changes in 505 

both Au and PdxAuy grain sizes (Figure S10 and S11). Interestingly, the addition of KOAc to 506 

impregnation solutions containing high AcOH concentrations diminished the enlargement effect 507 

on Au grain size, indicating interactions between AcOH and KOAc could be a major contributor 508 

to the Au grain size response (Figure S10), which is likely due to pH neutralization when KOAc 509 

is added to AcOH. 510 

  511 
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 512 

Figure 9. Response surfaces for (a) Au grain size (R2 = 0.82) and (b) PdAu grain size (R2 = 0.85) 513 

determined from XRD versus K wt% and AcOH vol%. 514 

 515 

Figure 10a shows the response surface for Pd surface content determined from XPS data. 516 

It is evident that increasing both AcOH and KOAc concentrations in the wet impregnation 517 

solutions reduces Pd content on the nanoparticle surface, likely due to the leaching of oxidized Pd 518 

species. The response surface for total Pd2+ content determined from XAS data (Figure 10b) 519 

strongly supports this finding since a significant percent of Pd2+ is present after wet impregnation 520 

when high concentrations of AcOH and KOAc are used. The response surfaces for monodentate 521 

acetate adsorbed on surface Pd (Figure 10c), Pd3(OAc)6 trimer (Figure 10d), and K2Pd2(OAc)6 522 

dimer (Figure 10e) show a strong positive correlation with the Pd2+ response surface. The response 523 

curve for Pd loss detected by ICP-OES (Figure 10f) also shows a strong positive correlation with 524 

these Pd-acetate species.  525 

 Collectively, the response surfaces in Figure 10 reveal that a considerable amount of Pd 526 

leached from the washed catalysts, as various Pd-acetate species formed during impregnation with 527 

KOAc in AcOH solutions. Pareto charts of the standardized effects for all the responses (Figures 528 

S12-S17) confirm that the effects from both factors (AcOH vol% and KOAc wt%) and their 529 

interactions are statistically significant. 530 
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 531 

Figure 10. Response surfaces for (a) Pd surface content (R2 = 0.92) determined from XPS, (b) 532 

Pd2+ content as percent of total Pd (R2 = 0.83) determined from Pd-O CN at Pd K edge, (c) 533 

monodentate acetate adsorbed on surface Pd (R2 = 0.88), (d) Pd3(OAc)6 trimer (R2 = 0.93), (e) 534 

K2Pd2(OAc)6 dimer (R2 = 0.91) reported as DRIFTS integrated intensities, and (f) Pd loss in filtrate 535 

(R2 = 0.91) versus K wt% and AcOH vol%. 536 
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 537 

3.7 Implications for VAM Catalysis 538 

Early characterizations by Nakamura and Yasui first reported the presence of leached Pd-acetate 539 

on Pd catalysts after exposure to VAM reaction conditions.60,61 The existence of this species during 540 

the VAM reaction was later confirmed by Augustine and Blitz using in situ DRIFTS 541 

characterization.62 It has been proposed that the loss of Pd as leached Pd-acetate species occurs 542 

due to the adsorption of an AcOH multilayer film on the catalyst surface,6 ultimately leading to 543 

catalyst deactivation.63 However, Kragten et al. reported that Pd-acetate in the presence of KOAc 544 

exists as dimeric K2Pd2(OAc)6 and is catalytically active for the liquid-phase VAM reaction.5 545 

Lercher and coworkers later identified this dimeric K2Pd2(OAc)6 and corresponding PdAu 546 

nanoparticle restructuring via in situ characterizations during the gas-phase VAM reaction.9  547 

 Our findings suggest a similar pathway for metal loss and restructuring of PdAu/SiO2 548 

catalysts simply during the wet impregnation of KOAc in presence of AcOH. Spectroscopic 549 

characterization of these samples revealed substantial quantities of leached trimeric Pd3(OAc)6, 550 

which would presumably lead to decreased catalyst activity due to Pd loss.63 However, 551 

catalytically active K2Pd2(OAc)6 dimer5 was also present on the same samples. Furthermore, we 552 

identified by DRIFTS acetate adsorbed on surface Pd in a monodentate mode, which participates 553 

in the surface reaction mechanism by coupling with ethylene adsorbed on a neighboring Pd site 554 

followed by β-hydride elimination to form VAM.64–66 Although it is currently unclear whether 555 

these combined contributions will increase catalyst activity or cause deactivation, we nevertheless 556 

show that standard catalyst preparation procedures have the potential to drastically alter the 557 

catalyst structure and composition even before exposure to VAM reaction conditions.   558 

 559 

4. Conclusions 560 

In this work, a PdAu/SiO2 model catalyst was successfully synthesized containing pure Au and 561 

Pd-rich PdAu phases. This catalyst was impregnated with varying loadings of KOAc (0, 5, and 10 562 

wt% K) using wet impregnation with varying concentrations of AcOH (0, 50, and 100 vol% AcOH 563 

in water). Samples were characterized to detect changes in metal nanoparticle structure (XRD, 564 

XPS, and XAS) and surface species formation (DRIFTS). XRD-detectable compositions remained 565 

unchanged after all impregnation treatments. Impregnation using solutions containing KOAc 566 

without AcOH formed Pd3(OAc)6 trimers, while no XRD-detectible changes were observed. 567 
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Impregnation of only glacial AcOH caused significant enlargement of Au grain size and minimal 568 

Pd-acetate formation detected by DRIFTS. However, addition of KOAc to the AcOH solution 569 

caused substantial leaching of Pd from the nanoparticle surface as K2Pd2(OAc)6 and Pd3(OAc)6, 570 

leading to up to 32% Pd loss after washing with water. Multivariate analysis confirmed the effects 571 

from KOAc and AcOH were statistically significant. Ultimately, these findings suggest care 572 

should be taken during the wet impregnation process of salt promoters as we demonstrate that 573 

metal leaching and structural modifications can occur.  574 

 575 
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