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Abstract  

Ethylene oxide (EO) is industrially produced by epoxidation of ethylene on Ag-based 

heterogeneous catalysts. Electrophilic oxygen species are assumed to be active key species in the 

EO production. This study explores the possibility to electrochemically produced these oxygen 

species in a solid oxide electrochemical cell. Two series of Ag based cermet electrodes were 

prepared either with Yttria Stabilized Zirconia (YSZ), a pure oxygen ionic conductor, or with 

Gadolinia-Doped Ceria (GDC), a mixed ionic and electronic conductor. Ag/YSZ cermet layers 

were deposited on planar and tubular YSZ dense substrates by using a conventional chemical 

method while Ag/GDC cermets were coated on GDC dense pellets by reactive magnetron 

sputtering. We evidenced a self-redispersion of Ag in the ethylene/oxygen mixture in Ag/YSZ 

cermet layers leading to the formation of small Ag clusters in close interaction with YSZ which 

are selective for epoxidation. However, the sintering process of these small Ag clusters is too fast 

even at 260°C to maintain the EO selectivity. On the other hand, the selectivity towards EO and 

the ethylene conversion of Ag/GDC cermet coatings were found to linearly increase with the 

applied current, demonstrating for the first time, the direct electrooxidation of ethylene into EO.  
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1. Introduction 

Ethylene oxide (EO) is nowadays a chemical intermediate of paramount importance. As one of the 

highest volume petrochemicals, it serves as a precursor for the further production of added value 

molecules, including plastics, polyester and ethylene glycol [1–3]. EO is industrially produced by 

the partial oxidation (epoxidation) of ethylene with air (or oxygen) on Ag/α-Al2O3 catalysts at low 

reaction temperatures (around 220 oC) and high pressures (10-30 bar) [3,4]. Silver is the only one 

known active heterogeneous catalyst for the epoxidation of ethylene. The epoxidation is in 

competition with the combustion side reactions of both ethylene and EO, leading to the production 

of CO2 and H2O. α-alumina is commonly selected as a support since this oxide exhibits a low 

specific surface area (below 10 m² g-1) and a rather small surface concentration of OH groups, in 

order to avoid undesired reactions [5]. In the absence of any chemical promoters, the selectivity 

towards EO is in the range of 35-50 % at 220 °C depending on the O2/C2H4 ratios [6,7]. Few ppm 

of chlorinated hydrocarbons (e.g. ethyl chloride or vinyl chloride) are introduced in the gas phase 

to improve the selectivity to values ~ 90 % at  around 10% ethylene conversion [3]. Despite 

intensive research efforts, the reaction mechanism and the exact role of these promoters are still 

unclear [3]. One of the most accepted ideas is that Cl- anions weaken the Ag-O interaction, leading 

to the production of reactive electrophilic oxygen species [1], which are assumed to be active in 

the EO production [3,8]. Such active oxygen species can also be electrochemically produced by 

using an oxygen ionic conductor as a support [9]. Pioneer studies [10–13] on Ag interfaced on 

Yttria Stabilized Zirconia (YSZ), an oxygen ionic conductor, evidenced that electrochemically 

produced electrophilic oxygen species on Ag can act as electronic promoters to enhance the 

ethylene conversion [9]. The catalytic rate increase was found to be much higher than that predicted 

by the Faraday law (Faradaic efficiencies of around 3000% [13]) as the enhancement mainly 

depends on the lifetime of the ionic oxygen promoters on the Ag surface according to the concept 
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of Electrochemical Promotion of Catalysis (EPOC) [9]. The ionic promoters weaken Ag-O bonds 

but strengthen Ag-EO bonds rendered EO more susceptible to further oxidation towards CO2. All 

in all, these EPOC studies concluded that the ethylene conversion on Ag films deposited on an O2- 

conducting solid electrolyte can be significantly electrochemically promoted, but not the EO 

selectivity. All these studies dealt with pure Ag coatings which were poorly dispersed (micrometric 

Ag agglomerates) with a weak interaction between Ag and the solid electrolyte. This study 

proposes to investigate Ag based cermet coatings in which Ag is intimately mixed with the oxygen 

ionic conductor aiming to boost electrochemical performances and then the migration rate of active 

electrophilic oxygen species from the solid electrolyte toward Ag active sites.  

We have prepared two kinds of Ag/ionic conductor cermet coatings. The first series 

involved YSZ, a pure oxygen ionic conductor, while the second used Gadolinia-Doped Ceria 

(GDC), a mixed ionic and electronic conductor (MIEC). Ag/YSZ cermet layers were deposited on 

planar and tubular YSZ dense substrates by using a conventional chemical method. On the other 

hand, Ag/GDC cermets were coated on GDC dense pellets by reactive magnetron sputtering. The 

nanostructure of these layers and in particular the local arrangement between Ag and ionically 

conducting grains were ex-situ characterized by SEM, TEM, XPS, XRD and SIMS as well as by 

in-situ Environmental-SEM (ESEM) and TEM (ETEM). We have explored the catalytic activity 

for ethylene epoxidation of these cermet coatings with and without electrical polarisation at 

atmospheric pressure between 220 and 320°C in an ethylene/oxygen feed.   

 

2. Experimental 

2.1. Preparation of Ag/YSZ cermet coatings 
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YSZ dense disks (18.7 mm diameter and 1 mm thick) and bottom-closed tubes (300 mm length, 22 

mm external diameter, 1 mm thick) were prepared by sintering a commercial YSZ powder (Tosoh, 

ZrO2-8 mol % Y2O3) at 1350 °C for 2 h in ambient air (densification higher than 98%). Ag/YSZ 

cermet coatings were prepared from a commercial Ag organic ink (Metalor ® HPS-FG32) and a 

Tosoh YSZ powder (mean grain size= 40 nm and specific surface area = 16 m² g-1) according to a 

previously reported procedure [14]. The Ag ink was mixed with the YSZ powder in ethanol, 

deposited with a brush on one side of a YSZ disk (electrode area = 2.7 cm²) and calcined at 600 oC 

for 2 h in static air (heating ramp of 2 °C min-1). The cermet loading was ~ 10 mg (~ 3.7 mg.cm-

2), with an Ag/YSZ weight % ratio of 75/25 to ensure the Ag percolation. The same coating was 

also deposited on the external side of a YSZ dense gauge (Fig. S1). An external area of 14 cm2 was 

covered with ~ 51 mg of the Ag/YSZ cermet (~ 3.6 mg.cm-2, Ag/YSZ weight ratio = 75/25). For 

comparison, we have also prepared a pure Ag coating (~ 20 mg, i.e. ~ 7.4 mg.cm-2) from the 

commercial Ag ink with the same calcination procedure.  

For electrocatalytic experiments, a symmetrical counter-electrode (CE) made of Au was deposited, 

as for Ag/GDC layers, on the other side of the planar buttom cells (YSZ disks) by magnetron 

sputtering. On the other hand, a symmetrical Pt electrode, always exposed to ambient air, was 

deposited from a Pt paste (Engelhard-Clal 6926) annealed at 800°C for 2 h in air in the inner side 

of the YSZ tubular YSZ cell as described in ref. [15] and in Fig. S1. 

 

2.2. Preparation of Ag/GDC cermet coatings 

Ag/GDC cermet coatings were prepared by reactive magnetron sputtering (Fig. S2a) without 

thermal assistance using reactive magnetron co-sputtering of a Ce-Gd alloyed target containing 20 

at% Gd and a silver target (target purities 99.99 %) in an Ar/O2 reactive gas mixture. Catalysts 
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were first deposited on (001) silicon pieces for characterization purposes. The synthesis parameters 

were adjusted to reach a Ag/(Ag+Ce+Gd) mass ratio close to 71%, as measured by EDS, to have 

an electronic percolation of Ag. Prior to deposition, the deposition chamber was evacuated thanks 

to a primary mechanical pump and a turbomolecular pump allowing a base vacuum of 10-4 Pa. The 

target-to-substrate distance was fixed at 5 cm. The argon and O2 gas flow rates were fixed at 83 

and 2.5 sccm, respectively, and the pumping speed was adjusted to 20 rpm in order to obtain a total 

working pressure of 4 Pa. The Ce-Gd target was sputtered by applying a discharge current of 0.8 

A using a pulsed direct current Pinnacle+ 5 kW Advanced Energy supply operated at a frequency 

of 50 kHz and an OFF time of 4 µs, while the Ag target was sputtered by applying a discharge 

current of 70 mA with a direct current MDX 500 Advanced Energy supply. The substrates-holder 

was put in rotation and all the substrates were positioned on the substrates-holder at the 

circumference facing the targets axis. This allows the simultaneous deposition of films with a 

reproducible and homogeneous chemical composition [16]. 

Aiming to perform electrocatalytic experiments on ethylene epoxidation, solid oxide buttom cells 

were prepared from GDC (containing 20% mol. of Gd2O3) dense membranes (18.7 mm diameter, 

1 mm thickness), a well-known oxygen ionic conductor [17]. Ag/GDC cermet coatings were 

deposited as working electrode (W) on one side of GDC membranes by reactive sputtering as 

described before, followed by a calcination step at 350 °C for 2 h. A symmetrical counter-electrode 

(CE) made of Au was deposited on the other side of the disks by magnetron sputtering. Gold was 

selected due to its negligible catalytic activity for ethylene epoxidation, as verified via blank 

experiments under our experimental reaction conditions. The Ag/GDC loading was measured to 

be 0.16 mg.cm-2, i.e. a Ag concentration of 0.11 mg.cm-2. 
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2.3. Characterizations of the electrocatalytic coatings 

The structure of all coatings was analyzed by X-ray diffraction (XRD) analysis using a D8 Advance 

Bruker diffractometer using the Cu-Kα1 radiation in θ/2θ configuration.  

Ag/GDC coatings were deeply characterized by the following techniques. A Secondary ion mass 

spectrometry (SIMS) was used to collect depth profile chemical analysis using a Cameca IMS 7F 

spectrometer equipped with a Cs+ ion source. In addition, the core level electronic structure was 

measured using X-ray photoelectron spectroscopy (XPS) at the C 1s and Ag 3d levels. The surface 

morphology of the porous films was analyzed before and after annealing using a Zeiss Gemini 500 

scanning electron microscope operated in secondary electron mode under 2 kV accelerating 

voltage. A video has also been recorded using a Quanta 200 ESEM FEG environmental scanning 

electron microscope during a thermal ramp at 12°C/min from room temperature up to 350 °C and 

a plateau of 7200 s at 350 °C in 120 Pa of air. The cross-section morphology and chemical contrast 

were observed after the thermal ramp and plateau using the same microscope operated at 5 kV in 

backscattered electron detection mode. Details of the structure, microstructure and Ce, Ag and O 

composition maps were collected on a Ag/GDC sample after catalytic test using cold FEG JEOL 

ARM200 high resolution transmission electron microscope. Cross-section TEM samples of films 

were prepared using MEB-FIB Helios NanoLab 600i of FEI company.  

Ag/YSZ cermet layers were observed ex-situ by Transmission Electron Microscopy (TEM) using 

a JEOL 2010 microscope operated at 200 kV and equipped with an UHR pole-piece (point 

resolution: 0.196 nm) and an energy-dispersive X-ray (EDX) Spectrometer Pentafet-LinK from 

Oxford Instruments™). The catalyst coatings were scratched and dispersed in dry ethanol using an 

ultrasound bath. One drop of solution was then deposited on a copper grid for TEM measurements. 

An Environmental Transmission Electron Microscope (ETEM, Titan G2 80–300 kV from FEI™) 
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was used to observe in situ the nanostructure of the Ag/YSZ cermet under the reaction conditions 

typical for ethylene epoxidation. First, the sample was heated up to 300 oC in N2 (4 mbar). Then, 

the reaction mixture (3.8 % C2H4 /1.1 % O2) was introduced. Images were captured every 20 

seconds for 1 h and 45 minutes. This ETEM microscope was equipped with an objective lens 

aberration corrector (measured resolution : 0.08 nm under UHV; 0.09 nm under 0.5 mbar N2), an 

energy-dispersive X-ray EDX spectrometer (SDD X-MaxN 80 from Oxford Instruments™), a 

OneView® high speed (capable of acquiring 100 frames per second at 2kx2k) and high dynamic 

range (beyond 16-bits) camera. The scanning transmission electron microscopy (STEM) mode was 

also used in association with an annular-dark field (ADF) detector for atomic number (Z) contrast 

imaging. The sample was deposited on titania grids covered with a 200 silica film and placed into 

a Gatan™ furnace-type holder. The ETEM was operated at 80 and 300 kV accelerating voltages to 

evaluate the effect of the electron beam energy. 

2.4. Electrocatalytic activity measurements 

The electrocatalytic activity of buttom planar solid oxide cells was measured in a U-shaped quartz 

reactor, described in reference [18], operating under continuous flowing conditions at atmospheric 

pressure. Catalytic tests were performed with two reactive mixtures: 3.8% C2H4 /1.1% O2 (ethylene 

rich, O2/C2H4=0.29) and 1% C2H4 / 2% O2 (oxygen rich, O2/C2H4=2). The overall flow was 3 L h-

1.  

The catalytic properties of Ag/YSZ cermet coatings were evaluated in ethylene rich conditions at 

three different temperatures (260, 300 and 320 °C) by using a new sample for each test. The tubular 

solid oxide cell was inserted into a quartz tube to ensure the gas circulation (Fig. S1). The flow 

passed between the YSZ tube and the quartz tube (very low gap volume of 8 cm3) and licked the 

Ag/YSZ cermet layer as described in ref. [19]. Torr-Seal adhesive (Varian Vacuum Products) was 
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applied between the top of YSZ and quartz tubes in order to insure the sealing. This extremity part 

of the reactor was kept out of the furnace. The Ag/YSZ cermet coating was exposed to the reactive 

mixture (ethylene rich conditions) whereas the symmetrical Pt counter-electrode was under air. 

The reactants and products were analyzed by an on-line micro gas-chromatograph (µGC-R3000, 

SRA) composed of a BF PPU 8m/PPQ 1m column (CO2 analysis) and a VAR PLOT Q 8m column 

(EO and acetaldehyde analysis). The detection limit for EO analysis was ~ 2 ppm. In addition, an 

infrared CO2 analyzer (HORIBA VA-3000) was used for faster resolution CO2 analysis. The 

concentration of acetaldehyde was found to be negligible for all measurements. CO2 and EO were 

the only two detected products. Working (W) and counter electrodes (CE) of the solid oxide cells 

were connected to a potentiostat/galvanostat PGZ402 (Radiometer Analytical).  

Electrocatalytic experiments were mainly performed on Ag-GDC/GDC planar solid oxide cells.  

Pulses of current intensity were applied for 1 h starting from 100 µA up to a maximum of 1000 µA 

with an increment of 100 µA, within the limit of a maximum cell voltage of 4 V, corresponding to 

less than 1.8 V ohmic free voltage. The minimum value of the ohmic drop was found to be 2.3 V 

at 300°C in ethylene rich conditions. Between each current pulse, the electrocatalyst was 

maintained at OCV (Open Circuit Voltage) for 1 h. The gains of EO selectivity and ethylene 

consumption rate upon current imposition were calculated according to equations 1 and 2. 

EO selectivity gain (%) = 100 x (SEO,p – SEO,o)/SEO,o    (1) 

with SEO,o and SEO,p are the EO selectivity at OCV and under polarization (promoted state), 

respectively. 

Ethylene consumption rate gain (%) = 100 x (rp-ro)/ro    (2) 
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with ro and rp are the ethylene consumption rate at OCV and under polarization (promoted state), 

respectively. The Faradaic efficiency corresponding to the production of EO upon polarization was 

calculated according to this equation: 

FEEo (%) = 100 x [(rEO,p – rEO,o)/ (I/2F)]      (3) 

Where rEO,p and rEO,o are the production rates of EO expressed in mol O/s under polarization 

(promoted state) and at OCV, I the applied current (A) and F the Faraday constant (F=96500 C). 

We have considered 2 electrons exchanged in the Faraday law according to the electrochemical 

oxidation of C2H4 into EO (2).  

C2H4(g) + O2-(GDC) → C2H4O(g) + 2 e-(Ag)     (4) 

 

3. Results and discussion 

3.1. Characterizations and catalytic activity of Ag/YSZ cermet coatings 

Ag/YSZ cermet layers, of around 3 µm thick, are composed of micrometric Ag agglomerates 

surrounded by YSZ grains (Fig. S3 and Fig. S4a). Comparatively, the morphology of pure Ag films 

(Fig. S3) are denser and thicker (ca. 10 µm), as previously observed [20]. These latter coatings 

exhibit a poor catalytic performance (not shown here), with ethylene conversions lower than 0.01 

% at 300 oC and a null production of the product of interest (EO). This indicates that large 

micrometric Ag agglomerates are not active for ethylene epoxidation. In addition, the application 

of positive currents (± 500 µA) at 300°C had no impact on the catalytic performances. On the other 

hand, Ag/YSZ cermet layers exhibit improved catalytic performances (Fig. 1). We have recorded 

the time evolution of the EO selectivity and the intrinsic ethylene consumption rate at three 

different reaction temperatures (260, 300 and 320 oC). Whatever the temperature, the catalytic 
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activity is initially negligible but increases with time to reach a steady state after ca. 6 h on stream. 

The EO selectivity follows an opposite trend, passing trough a maximum, to finally decrease and 

stabilize at a low value. As expected, the steady state value of the EO selectivity decreases with the 

temperature while that of the ethylene consumption rate increases.  This is due to the temperature 

activation of the complete oxidation of ethylene to CO2 [21]. However, the most interesting part of 

these experiments was observed before reaching the stabilization of the catalytic activity. For 

instance, at 300 oC, after an induction time of ca. 25 min, the ethylene consumption rate gradually 

increases while the EO selectivity reaches an optimum close to 40 % after 50 min on stream. After 

this maximum, the selectivity gradually decreases down to 20% and then abruptly drops after 3 h 

on stream, coinciding with a sudden increase of the ethylene consumption rate. A similar trend was 

observed at 320 °C but the process was much faster as the optimum of selectivity (26 %) was 

obtained after only few min on stream. At 260°C, the time variation of the selectivity was similar 

to that at 300°C, except the decay after 2.5 h on stream which was more gradual like the 

concomitant increase of the catalytic rate. All these results emphasize a temperature dependent 

operando rearrangement of the Ag/YSZ cermet coating. At 300°C, an intermediate “selective” state 

of the electrocatalyst can be maintained for ca. 2.2 h with selectivity higher than 20 %.  

 The catalytic properties of the tubular Ag/YSZ cell were also investigated at 300 °C in 

ethylene rich conditions (Fig. 2). We observed a similar dynamic process on stream of the Ag/YSZ 

cermet. After an induction time of ~ 25 minutes, the EO selectivity increases progressively reaching 

an optimum value of 55% after 2.5 h on stream, following by a slow decay down to 48 % after 8.8 

h. During the same period, the ethylene consumption gradually increases up to 0.07 mmol.g-1.h-1. 

After 8.8 h, a drastic drop of EO selectivity takes place, together with a fast increase of CO2 

production and of the ethylene consumption rate. The system reaches the “steady-state” after ~ 

12.8 h on stream, corresponding to an EO selectivity of 9.2% and a catalytic rate of 0.16 mmol.g-
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1.h-1. These catalytic properties are similar to those of the planar Ag/YSZ cells, except the duration 

of the intermediate “selective” state which can be extended for more than 7 h. It is worth noting 

that the stabilized intrinsic catalytic rate at 300°C of the tubular cell is 3.3 times lower than that of 

the planar samples, probably explaining the slightly higher optimal EO selectivity values (55% 

instead of 37%). Hence, under the same gas composition and total flow, a higher amount of 

Ag/YSZ cermet (around 5 times) has a larger capacity to produce active sites for ethylene 

epoxidation, enhancing the durability of the intermediate “selective” state.  

Representative TEM images of Ag/YSZ cermet coatings after the catalytic experiments (Fig. S4 b 

to d) evidence the on-stream production of Ag nanoparticles supported on YSZ grains. To get more 

insights, a Ag/YSZ cermet layer was exposed to the reactive mixture at 300°C for only 45 min, 

period required to reach the optimal EO selectivity (Figs. 1 and 2). After a fast cooling in He, the 

sample was analyzed ex-situ by high-resolution STEM (Fig. 3). We found that the surface of YSZ 

was covered with Ag nanoparticles (Fig. 3a-b). Very small Ag clusters (~ 2-5 nm) in strong 

interaction with YSZ can be clearly detected (Fig. 3c-d). These results suggest the operando 

formation of Ag clusters growing epitaxially on YSZ crystallites. However, the YSZ surface is 

rapidly fully covered by Ag clusters (Fig. 3a-b) which start to coalesce for producing larger Ag 

nanoparticles, mainly active for ethylene combustion.  
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Figure 1: Time-variation of the catalytic properties of the planar Ag/YSZ cermet coatings in 

ethylene rich conditions: a) EO selectivity and b) intrinsic catalytic rate of ethylene consumption 

expressed per g of Ag. 
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Figure 2: Time evolution of the EO selectivity and the intrinsic ethylene consumption rate 

(expressed per g of Ag) of the tubular Ag/YSZ cell. Reaction conditions: 3.8 % C2H4, 1.1 % O2 

(He balance, 3 L h-1). Temperature: 300oC. 
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Figure 3: Representative ex-situ STEM images of the Ag/YSZ cermet coating in the intermediate 

“selective” state. The sample was subjected to ethylene epoxidation reaction conditions (3.8 % 

C2H4 + 1.1 % O2, He balance, 3 L h-1, Temperature = 300oC) for 45 min, and then cooled down in 

He.   

 

In-situ TEM experiments were performed to observe the Ag/YSZ cermet coatings at 300°C in the 

reactive mixture (Total pressure: 4 mbar). Figure 4 shows a selection of in-situ TEM images 

obtained at different times under the ethylene epoxidation reaction atmosphere. A full accelerated 

a) b)

c) d)
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video (video S1) is shown in the supporting information. We selected a catalyst zone where some 

YSZ crystallites can be easily observed and near micrometric Ag agglomerates (Fig. S5). No 

significant modification of the catalyst was observed after 17.5 min in the reactive atmosphere, in 

good agreement with the induction time (Figs 1 and 2) required to activate the catalyst. However, 

isolated Ag clusters (white circles such as at top right) can already be observed on the carbon film 

(covering the microscopy copper grid) near a YSZ crystallite. After 21.5 min on stream (Fig. 4b), 

small Ag clusters now appear on the surface of YSZ crystallites (white arrows) and are more 

numerous on the carbon film (white circles). Figs. 4c-f highlight the in-situ formation of new Ag 

clusters, their coalescence and growing with time. For instance, the isolate Ag cluster size on the 

carbon film (white circle at top right) increases from ca. 3-4 nm after 17:30 on stream up to around 

15 nm at the end of the observation (after around 1.5 h). Similar observations can be made on Ag 

clusters supported on YSZ such as the example of the arrow marked with a star. To confirm that 

these phenomena were not caused by the electron-beam, the sample was cooled down to room 

temperature under N2 after the in-situ experiment. Then, a different area of the sample, not 

previously exposed to the electron beam at 300°C, was analyzed by TEM at room temperature 

(under vacuum, no gas). TEM images confirm the in-situ formation of small Ag nanoparticles (2-

15 nm) on YSZ (Fig. S6). These in-situ TEM study confirm that the time variation of the catalytic 

activity is linked to the operando formation, ripening and coalescence of Ag clusters on YSZ. This 

implies a self-redispersion of Ag from micrometric Ag agglomerates into small Ag clusters on 

YSZ. This phenomenon has been already observed during high-temperature thermal treatments in 

oxygen (500-800°C) and used to re-disperse Ag on supports such as CeO2 [22], SBA-15 [23], 

antimony-doped tine oxide [24] and Al2O3 [25] to produce active catalysts for CO and soot 

oxidation. Volatile AgOx species produced at high temperatures in oxygen are trapped by defects 

on the supports such as oxygen vacancies which act as acceptors of Ag+ ions. The surface of 
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micrometric Ag agglomerates of Ag/YSZ cermet was probably oxidized during the calcination step 

at 600°C, forming volatile AgOx species which were trapped on surface oxygen vacancies of YSZ. 

Indeed, this oxide is well-known to contain oxygen vacancies to keep its electrical neutrality after 

the partial substitution of Zr4+ cations by Y3+ ones. In reducing conditions (ethylene rich conditions) 

at low temperatures (260 – 320°C), Ag+ cations are reduced, rapidly diffuse and coalesce to first 

form small clusters and then larger Ag nanoparticles. Our results indicate that only small Ag 

clusters initially formed on YSZ are selective for epoxidation as observed during the intermediate 

“selective” state (Figs. 1 and 2). This assumption is corroborated by similar results obtained on 

propylene epoxidation [26]. Nevertheless, the sintering process of these small Ag clusters is too 

fast even at 260°C to keep selective Ag species on YSZ.  

Positive currents (+ 500 µA) were applied at 300°C in ethylene rich condition to supply 

electrophilic oxygen species onto the Ag/YSZ cermet. However, we did not observe any impact on 

the catalytic properties most probably because active Ag nanoparticles supported on insulating 

YSZ grains were not affected by the current.  

This finding of the oxidation/evaporation/trapping/diffusion process could be further applied to 

prepare Ag/oxide catalysts with highly dispersed Ag clusters on the oxide. A short reduction phase 

at low temperature (probably lower than 100°C) after an initial high temperature calcination step 

could produce highly efficient Ag/oxide catalysts and electrocatalysts for applications in oxidizing 

conditions for avoiding the fast sintering process. 

To go further, we decided to prepare a Ag/GDC cermet as GDC is a MIEC, able to transport both 

electrons and oxygen ions even at low temperatures. Therefore, Ag clusters on GDC will be 

affected by the polarization of the cermet. In addition, the ionic conductivity of GDC is a least 10 

times higher than that YSZ below 400°C [17]. For instance, the catalytic activity for propene 



18 
 

oxidation of a Pt film deposited on a GDC dense membrane was electropromoted at 190 °C upon 

the application of a positive current of + 500 µA [27]. Furthermore, the electronic conductivity of 

GDC is enhanced by a reducing atmosphere, as the ethylene epoxidation one, due to the partial 

reduction of Ce4+ into Ce3+.  

 

Figure 4: (a-f) in-situ TEM images of the evolution of Ag/YSZ cermet layer under ethylene 

epoxidation reaction conditions at different times (specified in each image in hh.mm.ss). Reaction 

conditions: 3.8 % C2H4 + 1.1 % O2 (4 mbar). Temperature: 300°C. (circle: isolated Ag cluster; 

arrow: Ag cluster apparition on YSZ). 

 

a) b) c)

d) e) f)

YSZ

* *

*
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3.2. Characterizations of Ag/GDC cermet coatings 

We used the reactive magnetron sputtering method to optimize the nanostructure of Ag/GDC 

cermet. The X-ray diffractogram of the as-grown state on silicon substrate (Fig. S2b) is strongly 

dominated by Ag2CO3 contributions. We decided to anneal the films in air at 350 °C for 2 h to 

trigger the thermal decomposition of Ag2CO3 [28] and the formation of crystalline metallic silver 

with fcc structure. In addition, small (111), (200) and (220) peaks, consistent with GDC, confirm 

the crystallization of the ionic conductor. The porosity of Ag/GDC cermet coatings increases 

substantially during the annealing treatment (Figs. S2c and d). This was confirmed by in-situ 

observation of the catalyst surface by environmental scanning electron microscopy during a 

thermal ramp from room temperature to 350 °C, followed by a 2 h plateau at 350°C under 120 Pa 

of air (video S2). Considering the molar volume of Ag2CO3 and Ag0 (22,68 and 10,28 cm3/Ag, 

respectively), the thermal decomposition of Ag2CO3 can explain the observed structural opening 

of the catalytic coatings. This is supported by the cross-section SEM image (Fig. S2e) taken in 

Backscattered-Electron (BSE) mode which evidences metallic silver nanoparticles (observed 

bright spots) and a coatings thickness of ca. 1450 nm. Furthermore, SIMS analysis (Fig. S7) 

highlights that the intensities of metallic elements constituting the film are of the same order of 

magnitude before and after annealing. On the other hand, those of carbon and oxygen drop by one 

order of magnitude. XPS analysis of the electronic structure at the C-1s and Ag-3d core levels (Fig. 

S8, Tables S1 and S2) indicate that nearly 30% of surface carbon atoms are involved in CO3
2- 

species and ca. 47% of silver atoms are of Ag(I) state such as in Ag2CO3 before annealing. On the 

other hand, after annealing, only 6% of surface carbon atoms are involved in CO3
2- species and 

only Ag(0) can be detected, confirming the presence of metallic Ag nanoparticles.  
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We have measured the sheath resistance of the Ag/GDC cermet coating of 544 000 Ω/□ at room 

temperature before annealing. This sheath resistance dropped after annealing to a value of 62 Ω/□, 

corresponding to a low resistivity of 7,38.10-3 Ω.cm. This indicates that the Ag network percolated 

in the whole volume of the coating to ensure a good electronic conductivity. Therefore, the 

Ag/GDC cermet coating after calcination at 350°C is highly porous and electronic conductor. 

 

3.3. Electrocatalytic activity of Ag/GDC cermet coatings. 

The catalytic activity of Ag/GDC cermet coatings for the ethylene epoxidation was investigated at 

atmospheric pressure at three constant temperatures: 220, 250 and 300 °C and for two reactive 

mixtures, i.e., ethylene rich (O2/C2H4=0.29) and oxygen rich (O2/C2H4=2). Prior to the 

electrocatalytic experiments, the catalytic performances were stabilized in the ethylene rich 

reactive mixture at 300°C for 43 h. During this activation period, the ethylene conversion gradually 

increased from 0.3 up to 1.8% while the EO selectivity reaches a steady-state at around 8% after 

20 h on stream. It is worth noting that, contrary to Ag/YSZ cermet, no intermediate “selective” 

state was observed on Ag/GDC cermet coatings. This is due to the low temperature of the 

calcination step (350°C), which is too low for AgOx species evaporation. After 43 h on stream, the 

intrinsic ethylene consumption rate reached a stable value at 4.73 mmol g-1 Ag min-1, which is ca. 

8 times higher than the best activity of a Ag/YSZ cermet layer (Fig. 1).   

Fig. 5 displays a typical experiment performed at 220 °C, showing that small positive currents 

(from 100 up to 800 µA) abruptly and reversibly enhance the selectivity towards EO and the overall 

catalytic rate of ethylene consumption. These two parameters, as well as the cell voltage (ΔVWCE), 

rapidly reach a steady-state value during the 1 h applied current plateau. Furthermore, the 

magnitude of the activation gradually increases with the intensity of the current. This demonstrates 
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that small applied currents can promote both the ethylene conversion and the EO selectivity. For 

instance, upon the application of +800 µA, the catalytic rate increases by 15% while the EO 

selectivity raises from 16.5% at OCV up to 19.5%. It is worth noting that these levels of EO 

selectivity are rather low, which is probably due to the fact that these experiments were performed 

at atmospheric pressure, in contrast with 10-30 bars commonly used for industrial catalysts. In 

addition, ceria-based supports such as GDC are active for the undesired combustion reactions [29]. 

Therefore, a part of the electrochemically produced EO is most probably consecutively oxidize to 

CO2, then lowering the magnitude of the electrocatalytic activation. Furthermore, the catalytic 

activity of the nanostructured Ag/GDC coating is rather high, since the intrinsic ethylene 

consumption rates calculated per gram of Ag are in the range 0.7 – 2.5 mmol g-1 min-1 at 220-

250°C (Fig. 5b and S9b) while much lower values (≈ 10-3 mmol g-1 min-1) [30] are reported in 

literature at 237°C on Ag-supported α-Al2O3 catalysts. Fig. S9 gives an overview of the impact of 

the applied currents under different temperatures and reactive mixtures. Whatever the temperature 

and the O2/C2H4 ratios, positive currents enhance both the EO selectivity and the ethylene 

consumption rate. On the contrary, negative currents have no effect on the catalytic properties.  
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Figure 5:  Impact of the applied currents on the catalytic activity of the Ag/GDC cermet coatings 

at 220 °C. (a) EO selectivity and (b) overall catalytic rate of ethylene consumption. Ethylene-rich 

reactive mixture: 3.8% C2H4 /1.1% O2. 
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We have calculated the gain in EO selectivity (eq. 1) and in ethylene consumption rate (eq. 2) as a 

function of the applied current (Figs. 6 and S10). For ethylene-rich conditions, the EO selectivity 

gain increases with the current and is clearly temperature dependent, decreasing with the 

temperature. At 220 °C, the EO selectivity gain is already significant upon 100 µA (6.5%) and 

raises up to more than 18% for 800 µA as does the ethylene consumption rate gain. In oxygen-rich 

conditions (Fig. S10), gains are smaller at 220°C most probably because the lower GDC electronic 

conductivity in oxidizing conditions inhibits the activation process.   
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Figure 6: Impact of the applied current on a) the EO selectivity gain and b) on the ethylene 

consumption rate gain of the Ag/GDC cermet coating in ethylene-rich conditions. 

Whatever the temperature and the reactive mixture, the EO selectivity gain linearly increases with 

the intensity of the applied current (Fig. 7). We assume that the selectivity enhancement is linked 

to an electrochemical process involving the direct electrochemical oxidation of ethylene to EO (4), 

which competes with the electrochemical oxygen evolution reaction (5).   

   O2-(GDC) → ½ O2(g) + 2 e-(Ag)    (5) 

The slopes, extracted from the linear curves (Fig. 7), with determination coefficients R² larger than 

0.95, show that the linear enhancement of the selectivity at 220 °C with the current is twice larger 

in the ethylene-rich conditions than that under the oxygen-rich ones (Table S3). On the other hand, 

at 250 °C and 300 °C, slopes are rather similar whatever the reactive mixture and the temperature. 

This can be attributed to the kinetics of the competitive oxygen electrode reaction (5) on Ag0 which 

are known to increase with the temperature and the oxygen partial pressure [31]. In addition, the 
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rate of the subsequent oxidation of EO into CO2 also increases with the temperature, lowering the 

positive impact of the current on the EO selectivity. The Faradaic efficiency corresponding to the 

EO production (FEEO, eq. 3) was found to be in the range 7-25% (Fig. S11). Therefore, contrary to 

EPOC, the enhancement of the EO production rate is smaller than that predicted by the Faraday 

law. The observed promotional effects on the EO selectivity upon polarization is attributed to the 

direct electrochemical oxidation of ethylene into ethylene oxide (4). Electrophilic oxygen species 

directly react with ethylene to produce EO and are not spectator promoting agents as in case of 

EPOC processes. Only a small part of the applied current (7-25%) is utilized to produce EO, the 

rest being used for the oxygen evolution. Nevertheless, a low FEEo value of around 7% was 

sufficient to achieve the greatest EO selectivity gain of +18% at 220 °C upon +800 µA in ethylene 

rich condition. These results highlight the potential for improvement of this new electrocatalytic 

route of EO production. 

 

Figure 7: Linear relationship between the EO selectivity gain and the current intensity for the 

Ag/GDC cermet coating. 
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To deeply characterize the nanostructure of the Ag/GDC cermet coating, a FIB lamella was 

extracted after the electrocatalytic tests and was observed by HR-STEM and HRTEM (Figs. 8 and 

S12). The catalytic coating nanostructure is composed of parallel nanofibers of diameter ranging 

between 40 and 100 nm and length of ca. 1 µm. Fig. 8a shows the O, Ag and Ce composition 

mapping in the coating. The surface feature of the GDC membrane is visible underneath the film. 

Nanofibers are mainly composed of GDC partially covered by Ag. Fig. 8b evidences that the space 

between parallel nanofibers (20 – 70 nm width) is filled at the interface with the GDC substrate by 

Ag agglomerates which are connecting the nanofibers to each other. Furthermore, HR-TEM images 

evidence the presence of Ag nanoparticles (2-5 nm size) on the nanofibers surface. FFT diffraction 

patterns at the nanoscale (Fig. 8c) confirm the strong interaction of Ag nanoparticles and GDC. 

Large Ag domains connecting the nanofibers are certainly responsible for percolation of electrical 

paths enabling the electronic conductivity and the electrochemical reactions. This emphasizes the 

dual function of the Ag/GDC cermet coating, able to combine high electrochemical and catalytic 

performances. Despite low values of Faradaic efficiencies, the EO selectivity and the ethylene 

conversion can be increased at 220 °C with the application of small positive currents that 

correspond to an energy consumption of around ~ 1 mW/cm². This proof-of-concept opens the way 

for a new environmentally-friendly route (without utilization of chlorinated hydrocarbons) for the 

epoxidation of ethylene in a solid oxide cell via direct electrooxidation of ethylene. These results 

also underline the key role of O2- species in the mechanism of ethylene epoxidation on Ag. 

However, many factors have to be optimized before considering an industrial application of this 

new concept. The first issue will be to optimize the composition of the Ag electrode in order to 

hinder or remove the combustion reactions. As already mentioned, ceria-based supports such as 

GDC (Gadolinia-Doped Ceria) are active for ethylene and EO deep oxidation [29]. GDC was used 

in this present study because this is the state-of-the-art mixed ionic and electronic conductor 
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(MIEC) material in solid oxide electrochemical cells. However, an alternative MIEC material 

which is not an oxidizing agent has to be used to further improve the electrocatalytic process for 

EO production. The improvement of the electrode nanostructure is also crucial to enhance the 

Faradaic efficiency by hindering the direct electrochemical oxidation of O2- into O2 at the triple 

phase boundaries. Key factors such as the length and diameter of the MIEC parallel nanofibers and 

the distance between them have to be tailored to find the best compromise. Furthermore, these 

factors also control the surface area of the electrode. For scaling-up the process, optimised 

nanostructured Ag-based electrodes could be implemented in commercial SOFC-type reactors. 

Long-term experiments coupled with characterizations have to be performed in these SOFC-type 

reactors to assess the durability of the Ag-based electrodes upon polarisation. Nevertheless, the 

Ag-based electrodes were annealed at 350°C for 2 h before electrocatalytic tests. This much higher 

temperature compared to that of the operation (typically 220°C) suggests a good thermal stability 

of the electrodes.  
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Figure 8: (a) O, Ag and Ce composition maps and composite map collected by HR-STEM of a 

Ag/GDC cermet coating deposited on a GDC pellet after electrocatalytic tests. (b) HRTEM image 

of the same film showing the local architecture inside and between two nanofibers (c) FFT of image 

b showing diffraction spots aligned on rings characteristic of crystalline fcc silver and fluorite 

GDC. Red circles : GDC and white circle : Ag nanoparticles. 

 

4. Conclusions 

We have investigated the catalytic activity for ethylene epoxidation at atmospheric pressure of 

Ag/YSZ and Ag/GDC cermet coatings in solid oxide electrochemical cells.  Environmental-TEM 

evidenced an operando self-redispersion of Ag in Ag/YSZ cermet layers leading to the formation 

of small Ag clusters, selective for epoxidation, in close interaction with YSZ. However, the 
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sintering process of these small Ag clusters is too fast even at 260°C to maintain the EO selectivity. 

Nevertheless, this finding, based on an oxidation/evaporation/trapping/diffusion process, could be 

further applied to prepare Ag/oxide catalysts and electrocatalysts with highly dispersed Ag clusters 

on the oxide. A short reduction phase at low temperature (probably lower than 100°C) after the 

initial high temperature calcination step could produce efficient Ag/oxide electrocatalysts for 

applications only in oxidizing conditions to avoid the fast sintering process.  

The reactive magnetron sputtering method was used to optimize the nanostructure of Ag/GDC 

cermet coated on GDC pellets. We found an unprecedent linear increase of the selectivity towards 

EO and of the ethylene conversion with the applied current, demonstrating for the first time the 

direct electrooxidation of ethylene into EO. Despite low values of Faradaic efficiencies, the EO 

selectivity and the ethylene conversion can be enhanced at 220 °C of around 18%. This proof-of-

concept opens the way for a new environmentally-friendly route (without utilization of chlorinated 

hydrocarbons) for the epoxidation of ethylene in a solid oxide cell via direct electrooxidation of 

ethylene. 
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Figure captions 

Figure 1: Time-variation of the catalytic properties of the planar Ag/YSZ cermet coatings in 

ethylene rich conditions: a) EO selectivity and b) intrinsic catalytic rate of ethylene consumption 

expressed per g of Ag. 

Figure 2: Time evolution of the EO selectivity and the intrinsic ethylene consumption rate 

(expressed per g of Ag) of the tubular Ag/YSZ cell. Reaction conditions: 3.8 % C2H4, 1.1 % O2 

(He balance, 3 L h-1). Temperature: 300oC. 

Figure 3: Representative ex-situ STEM images of the Ag/YSZ cermet coating in the intermediate 

“selective” state. The sample was subjected to ethylene epoxidation reaction conditions (3.8 % 

C2H4 + 1.1 % O2, He balance, 3 L h-1, Temperature = 300oC) for 45 min, and then cooled down in 

He.   

Figure 4: (a-f) in-situ TEM images of the evolution of Ag/YSZ cermet layer under ethylene 

epoxidation reaction conditions at different times (specified in each image in hh.mm.ss). Reaction 

conditions: 3.8 % C2H4 + 1.1 % O2 (4 mbar). Temperature: 300°C. (circle: isolated Ag cluster; 

arrow: Ag cluster apparition on YSZ). 

Figure 5:  Impact of the applied currents on the catalytic activity of the Ag/GDC cermet coatings 

at 220 °C. (a) EO selectivity and (b) overall catalytic rate of ethylene consumption. Ethylene-rich 

reactive mixture: 3.8% C2H4 /1.1% O2. 

Figure 6: Impact of the applied current on a) the EO selectivity gain and b) on the ethylene 

consumption rate gain of the Ag/GDC cermet coating in ethylene-rich conditions. 
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Figure 7: Linear relationship between the EO selectivity gain and the current intensity for the 

Ag/GDC cermet coating. 

Figure 8: (a) O, Ag and Ce composition maps and composite map collected by HR-STEM of a 

Ag/GDC cermet coating deposited on a GDC pellet after electrocatalytic tests. (b) HRTEM image 

of the same film showing the local architecture inside and between two nanofibers (c) FFT of image 

b showing diffraction spots aligned on rings characteristic of crystalline fcc silver and fluorite 

GDC. Red circles : GDC and white circle : Ag nanoparticles. 

 

 

 

 


