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Executive Summary  

In Task 3.5, a paired co-electrolysis cell will be built where CO2/H2O are converted to syngas at the cathode and polyols 

are selectively oxidised to their hydroxycarboxylic acids (HCAs) at the anode. Before performing co-electrolysis, the 

anodic and cathodic reactions are studied separately in a H-cell type three electrode setup. Electrocatalysts will be 

prepared by various methods such as a wet chemical approach, solvothermal synthesis and electrodeposition and 

should contain less than 0.15 wt% noble metals. At the anode, highly selective glycol oxidation (yield > 80%) is desirable. 

The final cell should be efficient and stable. This means it should have a Faraday efficiency of > 85% and the cell should 

run for longer than 100 h at a current density of at least 10 mA/cm2. This task has two deliverables:  

• Development and optimisation of the anodic compartment (D3.10, due M24); 

• Design and optimisation of the paired co-electrolysis cell (D3.11, due M32).  
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1. Introduction 

As the deliverable regarding the glycol oxidation is due first, we focused on that. At the anode, the oxidation of ethylene 

glycol was studied. The product of interest for this electro-oxidation is glycolic acid (Figure 1). The setup used is shown 

in Figure 2 where the working electrode (electrode of interest) is studied in a separated cell setup. The reference 

electrode used is a saturated calomel electrode (SCE). The counter electrode is a platinum gauze and the two 

compartments are separated by a membrane (we used a Nafion 117 cation exchange membrane for the cyclic 

voltammetry measurements with the TM/NF electrodes. A Fumasep FAA-3-50 anion exchange membrane was used for 

all other experiments to keep the pH in the working cell stable.) 

 

Figure 1: Selective ethylene glycol electro-oxidation to glycolic acid. 

 

 

Figure 2: Electrochemical three electrode H-cell setup. 

 

2. First row transition metals on Nickel foam 
For the electrode synthesis, we chose electrodeposition. This method is an easy, quick and highly scalable. We plated a 

series of transition metals (TM) on nickel foam (Cu, Ni, Co, Fe, Mn, Cr). Transition metals are inexpensive alternatives to 

precious metals. Electrodes were prepared by electrodepositing 2 mg TM on a clean 1 x 1 cm2 piece of nickel foam (we 

refer to the nominal geometric surface area). To confirm that material was plated, the electrodes were studied under 

an optical microscope. In Figure 3 three photos of electrodes are shown at 50x magnification. On the left (a) bare nickel 

foam is seen, in the middle (b) freshly electrodeposited copper on nickel foam is shown and on the right (c) is the same 

copper on nickel foam electrode but after an hour of ethylene glycol electrolysis. Copper is indeed deposited on the 

nickel foam, but unfortunately the electrode is not stable as Cu migration is seen after electrolysis. Before performing 

selectivity experiments, the electrodes were tested for their activity by cyclic voltammetry (CV) measurements. 

b a 
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Figure 3: Optical microscope photos at 50x magnification of (a) nickel foam, (b) electrodeposited copper on nickel 
foam and (c) electrodeposited copper on nickel foam after ethylene glycol electrolysis. 

Figure 4 shows the CVs in absence and presents of ethylene glycol of the prepared electrodes. CVs for the oxygen 

evolution reaction were measured first in a 1.0 M KOH in Milli-Q water solution. We see a redox couple between 0.1 V 

and 0.5 V vs SCE for all electrodes. This couple belongs to the oxidation of nickel hydroxide to nickel oxyhydroxide and 

the reduction back to nickel hydroxide. Oxygen starts evolving at around 0.45 V vs. SCE. Because nickel activity is 

observed, we know that the electrodeposition method used does not fully cover the nickel foam surface. However, the 

different metals do influence the activity of the support as different currents are reached. When CVs are run with 0.5 

M ethylene glycol (1.0 M KOH in Milli-Q), we see that ethylene glycol oxidation (EGO) occurs before OER takes place at 

around 0.3 V vs SCE. We also see that the worst-performing OER catalyst (Cu/NF) is the best-performing EGO catalyst 

and vice versa. 

 

  

Figure 4: Cyclic voltammograms of 1x1 cm2
geometric electrodeposited first row transition metals on nickel foam 

electrodes for (a) the oxygen evolution reaction and (b) ethylene glycol oxidation. OER was performed in a 1.0 M 
KOH in Milli-Q water solution. Ethylene glycol oxidation was performed in a 0.5 M ethylene glycol, 1.0 M KOH in 
Milli-Q water solution. For both reactions a separated cell three-electrode setup was used with a SCE reference 

electrode, a platinum gauze counter electrode and a Nafion 117 cation exchange membrane. 

Selectivity tests were performed by running ethylene glycol electrolysis for 1 h at 0.6 A. The electrolyte was analysed 

afterwards by HPLC to determine the products produced. The reaction time was chosen so that after 1 h we would still 

have ethylene glycol present. With HPLC we screened for ethylene glycol, glycolate and formate (Figure 5). Table 1 

shows the product scope per electrode. All the electrodes show highly similar results to the support, nickel foam. We 

also see very small amounts of the target molecule (glycolate) and high concentrations of formate in the analyte. 

a c b 

a       b 
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Figure 5: Ethylene glycol electrolysis products. 

Table 1. Product distribution of ethylene glycol electrolysis measured by HPLC. 

Electrode 
Ethylene Glycol in 

analyte (%) 
Glycolate  

in analyte (%) 
Formate 

in analyte (%) 
Carbonate 

calculated (%) 

Nickel foam (NF) 32 3 38 28 

Copper on NF 34 3 40 23 

Nickel on NF 35 4 38 23 

Cobalt on NF 42 3 31 25 

Iron on NF 42 3 33 21 

Manganese on NF 37 3 40 20 

Chromium on NF 32 4 43 21 

 

2.1. Conclusions and next actions 
 

The electrodeposition method we used shows that there is still some nickel exposed at the nickel foam surface after 

electroplating. After using the electrodes for ethylene glycol electrolysis at a very high current density we observe 

migrated metal on the surface. The CV measurements show that ethylene glycol oxidation occurs more readily than 

water oxidation. We also see that small amounts of the plated metals influence the activity of nickel foam. From the 

selectivity experiments we learn that all electrodes indeed show nickel-like behaviour and predominantly produce 

formate and carbonate.  

Our work with the various first-row transition metals on nickel foam has now been accepted for open-access publication 

as a full paper, “The Influence of Metal Impurities on NiOOH Electrocatalytic Activity in the Oxygen Evolution Reaction” 

(ChemElectroChem, 2024, in press). We discuss how the different metals affect the performance of NiOOH in the oxygen 

evolution reaction, as well as how different methods can be utilised to validate electrochemical results. 

To complete the deliverables our focus will be on improving the selectivity and stability of the nickel foam electrodes 

for ethylene glycol to glycolic acid. We aim to improve this by running electrolysis at a lower current density but we will 

also perform electrolysis at a fixed potential. Besides our transition metal electrodes we will study a palladium/silver 

catalyst. The literature shows that a PdAg/NF material has potential for selective ethylene glycol oxidation (DOI: 

10.1016/j.checat.2021.08.001). 
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3. Palladium-silver on Nickel foam 
For the palladium-silver electrodes we stuck with electrodeposition for the synthesis method for reasons previously 

stated. We opted for a nickel foam support as this is material has a much lower cost compared to either palladium or 

silver. Having nickel foam as the support also limits the amount of noble metals used (6 wt% for these electrodes). 

Electrodes were prepared by plating 2 mg palladium and/or silver on a cleaned 1 x 1 cm2 piece of nickel foam in various 

ratios (we refer to the nominal geometric surface area). To confirm that material was plated, the electrodes were 

studied under an optical microscope, and analysed by cyclic voltammetry and energy-dispersive X-ray spectroscopy 

(EDX). The ratios mentioned between Pd and Ag are the ratios obtained from EDX measurements. 

In Figure 6 optical microscope images of nickel foam (NF) and plated electrodes are shown at 50x magnification. On the 

top left (a) cleaned nickel foam is seen, top right (b) shows silver on nickel foam. On the bottom left (c) palladium on 

nickel foam is shown and on the bottom right (d) Pd75Ag25/NF. Where NF has a shiny smooth surface, the plated 

electrodes have a mattified and rougher surface. Silver coats he nickel surface very homogeneously, resulting in an 

overall grey matte surface. This is in contrast to palladium plating. Pd/NF shows islands of black palladium particles on 

the nickel support. Most interestingly, when both metals are plated simultaneously, a mixture of silver and palladium 

plating is observed where the surface is coated in silver but the islands of palladium are present as well, giving the 

electrode an overall blackened look. 

 

 

Figure 6. Optical microscope images at 50x magnification of (a) cleaned nickel foam (NF), (b) Ag/NF, (c) Pd/NF and (d) 
Pd75Ag25/NF. 
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To properly assign redox events related to palladium and/or silver in the plated electrodes, reference CVs 

were taken with Ag and Pd wires (see Figure 7). In Figure 7a, CVs of Pd wire are shown with and without 

ethylene glycol present. We observe that the oxygen evolution reaction (OER) occurs from 0.5 V vs. SCE and 

a Pd reduction is seen from -0.35 V vs. SCE. Most importantly, ethylene glycol oxidation (EGO) takes place at 

much lower potentials than OER, starting from -0.5 V vs. SCE. Figure 7b shows CVs for Ag wire with and without 

the presence of the substrate. Within the measured window, we solely observe redox phenomena related to 

silver oxidations and reductions, no OER or EGO is seen. 

 

 

Figure 7.  Cyclic voltammograms for electrode analysis of (a) Pd and (b) Ag wire in both 1 M KOH and 0.1 M ethylene 
glycol + 1 M KOH electrolytes. A separated three-electrode setup with a SCE reference electrode, a platinum gauze 

counter electrode and a Fumasep FAA-3-50 anion exchange membrane was used. 

 
Looking at the CVs of the nickel supported electrodes without the presence of ethylene glycol (Figure 8a) we see an 

additional redox couple related to NiII/NiIII oxidation and reduction between 0.1 and 0.45 V vs. SCE. After NiII to NiIII 

oxidation OER takes place. Considering Ag/NF, we see much less OER in comparison to both cleaned NF and Pd/NF, 

suggesting that Ag indeed inhibits this reaction. Figure 8b shows CVs of these electrodes with ethylene glycol present in 

the system. Here we see that EGO in nickel species takes place from 0.3 V vs. SCE, followed by OER starting from 0.5 V 

vs. SCE. Again, EGO on Pd happens at lower potentials (from -0.5 V vs. SCE onwards). From these experiments we 

confirm that palladium and silver electrodeposition was successful. 
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Figure 8. Cyclic voltammograms of of 1x1 cm2
geo plated Pd/NF, Ag/NF and cleaned NF in (a) 1 M KOH and (b) 0.1 M 

ethylene glycol + 1 M KOH electrolytes. A separated three-electrode setup with a SCE reference electrode, a 
platinum gauze counter electrode and a Fumasep FAA-3-50 anion exchange membrane was used. 

From the literature we learned that having silver present in addition to palladium for EGO has a positive effect on 

activity. Therefore we prepared electrodes containing various ratios of Pd and Ag plated on NF. The activity results for 

EGO on the palladium species are shown in Figure 9a. We find that there is an optimal ratio between Pd and Ag. Moving 

from 100% Pd to only 25% Pd, we see that the maximum current reached for EGO initially increases with an increasing 

amount of Ag, before the activity lowers. Of the prepared electrodes, Pd75Ag25/NF has the highest activity. In Figure 9b 

electrochemical impedance spectroscopy (EIS) results are shown, taken at -200 mV vs. SCE. We see that the solution 

resistance for all electrodes is comparable and low (< 1 ohm). Moreover, the addition of silver has a great positive effect 

on the charge transfer resistance. The presence of only 7% Ag lowers this resistance by almost 90%. Here we also 

observe that from our prepared electrodes, Pd75Ag25/NF has the lowest charge transfer resistance, making it the best 

electrode of the set. 

 

Figure 9. Electrochemical experiments with various plated PdAg on NF electrodes (1x1 cm2
geo). (a) Cyclic 

voltammograms of ethylene glycol oxidation on palladium species in 0.1 M ethylene glycol + 1 M KOH. (b) 
Electrochemical impedance spectroscopy at -0.2 V vs. SCE in 0.1 M ethylene glycol + 1 M KOH. For all experiments a 
separated three-electrode setup with a SCE reference electrode, a platinum gauze counter electrode and a Fumasep 

FAA-3-50 anion exchange membrane was used. 
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For all electrodes we observe an additional oxidative current response starting from -0.35 V vs. SCE and we see electrode 

deactivation after -0.1 V vs. SCE. This response corresponds to additional EGO. As this happens only after Pd reduction 

takes place, it suggests that EGO on Pd happens on reduced Pd. In Figure 10a EGO is shown on a Pd wire excluding OER. 

Here we see that on the reductive scan, EGO current is almost fully restored after Pd reduction which starts from -0.15 

V vs. SCE. To confirm that indeed EGO on Pd happens on Pd0, we performed a CV starting with the oxidised form (Figure 

10b). Starting from the red line at -0.325 V vs. SCE, we scan to oxidising potentials and do not observe EGO. Only after 

Pd is reduced again, EGO is present. This confirms that the deactivation of our electrodes is related to the oxidation 

state of Pd. 

 

 

Figure 10. Cyclic voltammograms of (a) EGO on a palladium wire, excluding OER from the scan range and (b) two 
cycles of EGO on palladium starting from the oxidised material. For both experiments a separated three-electrode 

setup with a SCE reference electrode, a platinum gauze counter electrode and a Fumasep FAA-3-50 anion exchange 
membrane was used. 

 

Product selectivity test were performed by chronoamperometry measurements, otherwise known as constant potential 

electrolysis. Before the electrolysis run we performed a CV in 100% target product, glycolate / glycolic acid, to observe 

the product oxidation activity (Figure 11a). Here we see that in the potential window where EGO takes place, glycolic 

acid oxidation (GAO) also occurs but the activity is much lower. The potential chosen for electrolysis (-0.325 V vs. SCE) 

satisfies both the Pd0 requirement as well as EGO activity and low GAO activity. Electrolysis was performed at -0.325 V 

vs. SCE in a separated cell configuration for 24h, the data is shown in Figure 11b. We observe a current drop in this time 

frame. To check if the electrode used was deactivated, we performed a CV in fresh electrolyte after the run (Figure 11c). 

Here we see that the deactivation is not because of removal of palladium species. During the electrolysis, anolyte 

samples were taken at time intervals and measured for HPLC. The chromatograms are shown in Figure 11d. Over time 

we see that the ethylene glycol peak decreases while a glycolic acid one arises. Moreover, even with the severe current 

drop glycolic acid was produced. This suggests that the deactivation might have been caused by a high local glycolate 

concentration. For this reason we want to perform the electrolysis again, but in a flow cell for better mixing. Faraday 

efficiencies are yet to be calculated, but this electrode is promising. 
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Figure 11. (a) Cyclic voltammograms of Pd75Ag25/NF in both 0.1 M ethylene glycol + 1 M KOH and 0.1 M glycolic acid 
+ 1 M KOH. (b) Chronoamperomogram of Pd75Ag25/NF at -0.325 V vs. SCE in 0.1 M EG + 1 M KOH. (c) Cyclic 

voltammograms of Pd75Ag25/NF in 0.1 M ethylene glycol + 1 M KOH before and after chronoamperometry. (d) HPLC 
chromatograms of samples taken at different times during constant potential electrolysis showing both the 

ethylene glycol and glycolate peaks. 

 

3.1. Conclusions and Next Actions 
The method used for Pd and Ag plating on nickel foam shows that silver coats nearly all of nickel the surface, whereas 

Pd plating results in palladium “islands” on the surface. Simultaneous deposition leads to a mix of the two. CV 

measurements show that EGO on Pd occurs at a much lower potential than water oxidation, therefore lowering the 

overpotential of the half cell. The addition of silver (we expect up to a ratio of 50:50) leads in an increased EGO activity 

on Pd. From CVs on palladium we learn that EGO takes place in the presence of reduced Pd species. And the electrolysis 

results show that we can produce the target product glycolate with these electrodes. 

To complete the deliverables, our focus will be on improving the stability of the EGO electrolysis current. We will work 

in a flow cell to achieve this. The KPI of a maximum amount of 0.15 wt% noble metals is very ambitious, our promising 

PdAg/NF electrodes are currently utilising 6 wt% noble metals. We expect this technology to fail if this KPI has to be 

achieved and we will therefore continue our work with the PdAg catalysts. In a flow cell setup, we will also perform long 

term electrolysis and do product analysis at high product concentrations. Additionally we will study the specific effect 

Ag has on Pd, and why its presence leads to higher EGO activity.  

  



 
 
 

 

 15 

 

The CO2SMOS project has received funding from the European 

Union’s Horizon 2020 research and innovation programme 

under grant agreement No 101000790 

 


