
1 

 

Electrochemical reduction of CO2 to ethylene with 32% lower 1 

energy at 80% lower cost via coproduction of glycolic acid  2 

 3 

 4 

M.A. Khan1*, Shariful Kibria Nabil1*, Tareq A. Al-Attas1, Soumyabrata Roy2, M.M. Rahman2, 5 

Stephen Larter,3 Pulickel M. Ajayan2, Jinguang Hu1+, and Md Golam Kibria1+ 6 

*Equal contribution 7 

 8 
1Department of Chemical and Petroleum Engineering, University of Calgary, 2500 University 9 

Drive, NW, Calgary, Alberta T2N 1N4, Canada. 10 
 11 
2Department of Materials Science and NanoEngineering, Rice University, 6100 Main St., Houston, 12 

TX 77030, USA. 13 

 14 
3Department of Geosciences, University of Calgary, 2500 University Drive, NW, Calgary, 15 

Alberta T2N 1N4, Canada. 16 

 17 

Abstract 18 

We are in a race against time to implement technologies for carbon capture, conversion, and 19 

utilization (CCU) to create a closed anthropogenic carbon cycle. Renewable energy powered 20 

electrochemical CO2 reduction (eCO2R) to fuels and chemicals is an attractive technology in this 21 

context. Here, we demonstrate a strategy to drive economic feasibility of eCO2R to ethylene 22 

(C2H4), the largest produced organic chemical, by coupling with glycerol oxidation on anode. Our 23 

gold nano-dendrite anode catalyst demonstrated very high activity (J ~377 mA/cm2 at 1.2 V vs 24 

reversible hydrogen electrode) and selectivity (~50% to glycolic acid (GA)) for glycerol oxidation. 25 

The co-electrolysis process demonstrated record high selectivity of ~60% for C2H4 production at 26 

a very low cell voltage of ~ 1.7 V, translating to 32% reduction in required energy compared to 27 

conventional eCO2R with water oxidation reaction on anode. The experimental results were 28 

complemented with a detailed technoeconomic analysis that indicated economic feasibility will 29 

depend on several factors such as price of organic feed, selectivity of anode electrode, market 30 

value of chemicals produced and most importantly cost of separation and purification. Our results 31 

indicate that C2H4 produced via conventional eCO2R would require electricity price to plummet to 32 

<1 cents/kWh to be cost-competitive, while a co-electrolysis process to produce C2H4 and GA will 33 

help reduce C2H4 production cost by ~ 80% to ~1.08 $/kg, reaching cost parity at electricity price 34 

of 5 cents/kWh. This study may trigger research efforts for design of electrochemical processes 35 

with low electricity requirement using cheap industrial waste streams.  36 
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Introduction 1 

Electrochemical reduction of CO2 (eCO2R) to fuels and valuable chemicals has gained 2 

traction as a solution to store renewable electricity, reduce net carbon emissions and generate 3 

feedstock for chemical industry.1-3 CO2 can go through a 2, 4, 6, 8, 12, or even an 18-electron 4 

reduction pathway to produce products such as carbon monoxide, methane, ethylene, formic acid, 5 

methanol, ethanol, and propanol.4 The field has seen a marked increase in research activity over 6 

the past few years and many products such as CO and formic acid can now be produced at high 7 

current density, faradaic efficiency (FE) and energy efficiency (EE).5-8  The question arises: What 8 

are the near-term target products to achieve market and cost competitiveness? Obviously, this is 9 

dictated by market demand and growth of the product of interest as well as the technology 10 

readiness level (TRL). This is a question that has recently been addressed by several 11 

technoeconomic analysis and perspective reports.4,9-11 The wide consensus is that based on current 12 

economic conditions and catalyst performance, products requiring two electron transfer, such as 13 

CO and formic acid, would be profitable and feasible in near-term.4,12  This is because these 14 

products offer highest value per electron and thus reap the economic benefits of low power 15 

requirement, which reduces electrolyzer size (capital costs) and electricity use (operating costs).4 16 

However, today’s small market (0.6 Mtons/year global production) of formic acid and the 17 

difficulty associated with storing and transporting CO warrant the need to look at alternatives.4,12  18 

Of all eCO2R products, ethylene (C2H4) has the largest market of ~ $230 billion and 19 

worldwide production of ~150 Mtons/year, which exceeds that of any organic chemical 20 

compound.12 C2H4 is widely used in a range of industries and applications with the largest outlet 21 

being the polymer industry for synthesis of the world’s most heavily used plastics such as 22 

polyethylene (116 Mtons/year), polyvinyl chloride (38 Mtons/year), and polystyrene (25 23 

Mtons/year).12  The next largest consumer of C2H4 is ethylene oxide (EO) which is primarily used 24 

to make ethylene glycol, the compound is used to produce antifreeze, detergents, textiles etc. C2H4 25 

production from CO2 could potentially reduce 862 Mtons of CO2/year; suggesting that ethylene is 26 

the most attractive target for meaningful CO2 emissions reductions.12,13 In recent years there has 27 

been lot of focus on electrochemical conversion of CO2 to C2H4, mostly using Cu based catalysts, 28 

with reported FE > 50%.14-16 The challenge with eCO2R to C2H4 is the 12-electron process, large 29 

ΔGo = 1331.4 kJ/mol. Based on a cathodic and anodic overpotential of 0.6 V and FEC2H4 of ~90%, 30 

an electricity requirement of ~ 22.3 kWh/kgC2H4 can be calculated.13 This results in highest capital 31 
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and operating costs/kg of C2H4 versus other products.4,12 These high costs, along with a large CO2 1 

feedstock requirement (3.14 kgCO2/kgC2H4), impedes the eCO2-to-C2H4 pathways to be cost 2 

competitive with current market price (US $1000-1300/ton C2H4).
4,10,12   3 

Recently, there have been growing interest in replacing the anodic half of the eCO2R reaction 4 

i.e., oxygen evolution reaction (OER) by oxidation of cheap and abundant organic materials to 5 

decrease required overpotential.17,18 In this context, glycerol is of interest as it is a cheap byproduct 6 

of biodiesel and soap manufacturing and is produced at industrial scales (4.3 Mtons/year) with 7 

80% purity at a low cost of about US $200/ton.18 Thermodynamic data indicates that the use of 8 

glycerol as anodic reactant in an electrolysis cell could be more energetically favorable over OER. 9 

This is due to lower theoretical cell voltage for glycerol electrolysis (U0
cell = 0.003 V, n = 14 for 10 

the complete oxidation of glycerol into CO2) compared to water electrolysis (U0
cell = +1.229 V, n 11 

= 2), where n is the number of electrons generated per molecule oxidized.19 However, complete 12 

oxidation of glycerol to CO2 impedes environmental and economic prospects and the overall 13 

process will only be viable if one can achieve partial oxidation to selectively produce valuable 14 

chemicals.  Recent reports on co-electrolysis of CO2 and glycerol  demonstrated its potential to 15 

reduce overall electricity consumption, however the reported C2H4 selectivity was low at ~ 23% 16 

without analysis of the oxidation products.18 Moreover, there are no reports on the technoeconomic 17 

feasibility of such a process to identify feasible glycerol oxidation products and establish 18 

electrolyzer performance targets.  19 

In this study, we report co-electrolysis process, with eCO2R to C2H4 on Cu cathode coupled 20 

with glycerol oxidation reaction (GOR) on Au nano-dendrite anode (Au-ND) to selectively make 21 

valuable chemicals. Our Au-ND anode catalyst demonstrated record high activity (J ~377 mA/cm2 22 

at 1.2 V vs RHE) and selectivity (~50% to glycolic acid) for glycerol oxidation. The co-electrolysis 23 

experiments were carried out in a zero gap electrolyzer which helped us achieve high FE of ~60% 24 

to C2H4, and upon addition of glycerol to anolyte feed we were able to reduce the required voltage 25 

for reaction by ~ 0.8 V that translates to a reduction in required electricity by ~ 32%. Lastly, we 26 

carry out a detailed technoeconomic analysis (TEA) of an electrochemical process to produce C2H4 27 

via eCO2R and formic acid (FA)/glycolic acid (GA) via GOR. Our results indicate that a co-28 

electrolysis process to produce C2H4 and GA will help reduce the production cost of C2H4 by ~ 29 

80%. In contrast, FA is not a suitable target as the market price is not enough to offset the cost of 30 

separation and glycerol feed.  31 
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1. Results and discussion 1 

Fig. 1(a) shows the cyclic voltammetry (CV) curves of Au nano-dendrites (Au-ND) as well 2 

as nickel foam (NiF) with (glycerol concentration of 0.05 M) and without glycerol in 3M KOH 3 

electrolyte. The details of catalyst synthesis and electrochemical testing are provided in SI. The 4 

electrochemical behavior of nickel in alkaline conditions is well understood where the peak 5 

centered at ~1.3 V vs. RHE can be ascribed to the oxidation of β-Ni(OH)2 to β-NiOOH with the 6 

onset of the oxygen evolution reaction (OER) at ~1.45 V vs RHE.20 With the addition of 0.05 M 7 

glycerol, a dramatic increase in current is observed with the onset potential at ~1.3 V vs RHE, by 8 

virtue of β-NiOOH being the electrochemically active phase towards GOR.20,21  In contrast, on 9 

Au-ND catalyst, GOR begins at much lower potential at ~0.6 V vs RHE, peak current occurs at 10 

1.2 V vs RHE and the increase in current at 1.3 V vs RHE can be assigned to gold oxidation.22 A 11 

detailed assignment of different regions in CV scan of Au-ND catalyst is shown in supplementary 12 

Fig S1. In the backward scan, reactivation of catalyst surface causes the formation of the anodic 13 

peak at ~1.1 V vs RHE. This peak is primarily related to the removal of intermediate species not 14 

completely oxidized in the forward scan.23,24 The glycerol concentration was optimized for Au-15 

ND catalyst based on current density at 1.2 V vs RHE (Fig. 1(b)), since there is negligible current 16 

from gold oxidation or OER at this voltage. Similarly, the glycerol concentration was optimized 17 

for NiF, based on current density at 1.5 V vs RHE (Fig. S2). The scans revealed that 0.5 M glycerol 18 

concentration was optimum, as higher glycerol concentrations led to rapid drop in current density 19 

and deactivation of both catalysts. This can be attributed to the saturation of active sites with 20 

glycerol that inhibits the OH- adsorption and causes decrease in current.23 The CV curve of Au-21 

ND catalyst at 0.5 M glycerol concentration (Fig. 1(c)) revealed a maximum current density of 22 

~377 mA/cm2 for GOR at 1.2 V vs RHE which represents a significant improvement from reported 23 

current densities in alkaline conditions (Fig. 1(d)). The references for Fig. 1(d) are tabulated in 24 

supplementary information (Table S1).  We also observed the disappearance of anodic peak in the 25 

backward scan which could possibly be due to removal of the intermediate species in forward scan, 26 

owing to the higher current densities.  27 

The high activity achieved is due to combination of the strong base (3M KOH), and use of 28 

stable and high surface area catalyst.  In alkaline media, the kinetics of alcohol electro-oxidation 29 

is faster than in acidic ones, as the base catalyzes the first deprotonation step for the electro-30 

oxidation of alcohols to form alkoxide species, while the second deprotonation step depends on 31 
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the catalyst.25 The trade-off of working in alkaline conditions is the limited choice of catalyst for 1 

GOR. While Pt and Pd based catalysts have the lower overpotential for GOR than Au, they suffer 2 

from low current density and stability due to formation of surface poisoning oxides in alkaline 3 

conditions.19,23,26 In contrast, Au and Ni are less prone to poisoning by adsorbed species such as 4 

CO, which improves the activity and stability for GOR as also observed in earlier reports.19,27 As 5 

a comparison, the electrochemical results of Pt/NiF for GOR is presented in the SI (Fig. S3), which 6 

showed much lower stability versus Au-ND catalysts.  7 

Figure 1. (a) CV curves for Au-ND and NiF catalysts for GOR in 3 M KOH at a glycerol 8 

concentration of 0.05 M. (b) Current density at 1.2 V vs RHE for Au-ND catalyst as a function of 9 

glycerol concentration. (c) CV curves for Au-ND catalysts for GOR in 3 M KOH at a glycerol 10 

concentration of 0.5 M. (d) Highest peak current densities reported in literature for GOR in alkaline 11 

conditions at ≤ 1.5 V vs RHE. References are tabulated in Table S1 of SI.21,23,24,28-34 (e) SEM 12 

images showing presence of Au-ND structures. (f) Ni L-edge soft XAS spectra for on Au-ND and 13 

NiF catalysts.  14 

 15 

The high electrochemical current achieved for GOR is also a function of high surface area 16 

Au-ND structures (Fig. 1(e), S4), formed due to galvanic replacement (GR) process used for 17 

synthesis. The GR process is a redox reaction between two metals where the lesser noble metal 18 

(Ni) has the tendency to reduce the more noble metal (Au) cation having a higher redox potential 19 
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without application of an external current and generally leads to nanomaterials displaying a high 1 

surface to volume ratio and large pore volumes.35,36 In the case of Au and Ni, the following 2 

galvanic replacement reaction is expected to occur spontaneously in aqueous solution:35  3 

3Ni0
(s) + 2Au3+

(aq.)   2Au0
(s) + 3Ni2+

(aq.) 4 

To confirm the galvanic replacement process, we measured soft X-ray absorption 5 

spectroscopy (XAS) on the Ni L2,3-edges. Metal L-edge XAS is a powerful probe of the local 6 

electronic structure that is sensitive to the valency, spin, and symmetry of the metal atom. The 7 

main features in the spectrum (Fig. 1(f)) are the two maxima at 852.6 and 870 eV corresponding 8 

to edges L3 (2p3/2 → 3d, ∼853 eV) and L2 (2p1/2 → 3d, ∼870 eV) and a small peak at ∼859 eV 9 

called the satellite feature (due to the ligand orbitals mixing with the Ni orbitals).37,38 The fine 10 

splitting in both L3 and L2 is due to the crystal feld effect and are sensitive to the electronic and 11 

oxidation state of the metal, and to the local geometry. Based on previous Ni L-edge XAS studies 12 

of nickel oxides, intensity ratio of the double-peak features in the Ni L3 region fingerprints the 13 

oxidation state of the Ni atoms in the catalyst.37,39 From the overall shape of the L3 edge, it is 14 

evident that fresh NiF is composed of metallic nickel.37 In contrast, Au-ND sample shows 15 

increased intensity of peak at 855 eV indicating the presence of Ni2+.  16 

To gain more information about surface electronic state and chemical composition, the 17 

surface was characterized using X-ray photoelectron spectroscopy (XPS). XPS spectra for Au4f, 18 

Ni2p and O1s are presented in supplementary Fig. S6. The presence of metallic gold is seen by the 19 

peaks centered at 84.1 and 87.7 eV. The peak positions, spin–orbit splitting (SOS) of 3.6 eV and 20 

full width at half maximum (FWHM) (Au4f7/2 = 0.7 eV; Au4f5/2 = 0.7) are characteristic of metallic 21 

gold. For the Ni2p spectra, the peak at 852.71 eV with a FWHM of 1.2 eV is characteristic of Ni0. 22 

The contribution of this metallic Ni peak decreases in the Au-ND catalyst versus NiF catalyst, 23 

again indicative of the galvanic replacement process. The same behavior has earlier been observed 24 

with XPS for Au/Ni samples, indicating a suppression of Ni0 peak along with the development of 25 

a more pronounced NiO peak, while Au was present in its metallic form.40 26 

After optimization of catalysts and conditions for GOR, the co-electrolysis experiments were 27 

carried out in a zero-gap membrane electrode assembly (MEA). Of late, MEA setup has been the 28 

preferred choice for CO2 electrolysis due to the inherent carbonate formation and catalyst 29 

poisoning in alkaline flow cells as described in recent reports.15,41,42 A schematic of the MEA setup 30 

is shown in Fig. 2(a) where we used 3 M KOH with (0.5 M glycerol) and without glycerol as 31 
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anolyte. A 250 nm thick sputtered copper on polytetrafluoroethylene (PTFE) gas diffusion layer 1 

(GDL) was used as cathode. Our previous work demonstrates that sputtered Cu on PTFE based 2 

GDL enables high stability and selectivity.14  Further details on the MEA setup are available in the 3 

supplementary. Fig. 2(b) shows the current-voltage behavior of the CO2 electrolyzer with (0.5 M 4 

glycerol) and without glycerol using NiF and Au-ND catalysts. With the addition of glycerol in 5 

the anode feed, there is a significant reduction of ~0.85 V in onset potential for the reaction, with 6 

significantly higher current densities at any given voltage.  7 

Product analysis of the cathode outlet gas stream using gas chromatography (GC), indicated 8 

C2H4 as the major product with H2 as major by-product and small amounts of CO, like previous 9 

reports for Cu-based catalysts (See supplementary Fig. S7 for detailed product quantification).14-10 

16 Fig. 2(c) summarizes the electrochemical performance of co-electrolysis experiments. When 11 

using 3 M KOH as anolyte feed, we achieved high FEC2H4 of ~60% at voltages in the range of 2.5-12 

2.7, which is on par with the best reports on eCO2R to C2H4.
14,15 Upon addition of 0.5 M glycerol 13 

to the anolyte feed, the required voltage to reach the same current density and FEC2H4 decreased by 14 

0.4 V to 2.1-2.3 V. Replacing the NiF anode with Au-ND further reduced the required voltage by 15 

0.4 V to 1.7-1.9 V, without compromising current density or FEC2H4, suggesting that anode catalyst 16 

and anolyte do not affect the selectivity of cathode electrode. Thus, we were able to reduce ~ 0.8 17 

V or 32% required electricity using co-electrolysis approach versus conventional CO2R while 18 

maintaining record high (60%) selectivity towards C2H4. At higher current densities, the 19 

competing hydrogen evolution reaction (HER) was more dominant. This could be optimized by 20 

reconstructing the surface of sputtered copper using carbon or other surface treatment methods, as 21 

we have demonstrated in earlier reports.10,16,43,44 Fig. 2(d) summarizes the FEC2H4 reported in 22 

literature from CO2 electrolysis, suggesting that high FE has generally been reported at > 2.5 V, 23 

while our co-electrolysis experiments show similar FEC2H4 (60%) at a much lower voltage (1.7 V).  24 

 25 

 26 

 27 



8 

 

Figure 2. (a) Schematic of MEA setup used for co-electrolysis experiments with eCO2R on cathode 1 

and GOR on anode. (b) LSV curves for co-electrolysis using different anode electrodes with (0.5 2 

M) and w/o glycerol in anolyte. (c) Cell voltage (left y-axis) and FEC2H4 (right y-axis) as function 3 

of current density when using different anode electrodes. All experiments were run under identical 4 

conditions i.e., sputtered copper as cathode and 3 M KOH + 0.5 M glycerol as anolyte. (d) Reported 5 

C2H4 FE as function of full cell voltage for electrochemical CO2R. References are tabulated in 6 

Table S2 of SI.14-16,18,42,45-47 7 

 8 

The anodic products formed during the co-electrolysis experiments of Fig. 2, were 9 

determined by 1H NMR as shown in Fig. 3(a). The CO2 electrolyzer was run at a constant current 10 

~ 65 mA/cm2 using 0.5 M glycerol in 3 M KOH as anode feed and displayed good stability for 11 

more than 4 hours (Fig. S8). In all reactions in alkaline conditions, the products were obtained as 12 

salts, but they were marked as the acid forms for simplicity and comparison. The NMR results 13 

indicated the presence FA and GA when using the NiF electrode while the Au-ND electrode 14 

showed presence of FA, GA and glyceric acid (GLY). Quantification of the products (Fig. 3(b)), 15 
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revealed that the NiF is highly selective to FA while Au is more selective to GA. This has been 1 

observed in earlier reports as well where Au was shown to be more selective to GA compared to 2 

Pd catalysts.25,48 GOR on gold surfaces has been well studied whereby glycerol is first oxidized to 3 

glyceraldehyde (GLAD) by the coordination of the catalyst and base.49 In this step, glycerol is first 4 

deprotonated (Hα in the R-CHHβ-OHα) which is catalyzed by base, followed by the second 5 

deprotonation depending on the ability of the catalyst to abstract the Hβ.
49 The resulting GLAD 6 

further undergoes a metal-catalyzed oxidation reaction to GLY but in the case of the Au, GLAD 7 

production is not observed, because of the low overpotential on gold, which makes GLAD an 8 

unstable intermediate.49 As a next step, GLY is further oxidized via C-C cleavage to products such 9 

as GA, FA or Oxalic Acid. The selective oxidation of glycerol via an electrochemical process is 10 

very attractive due to simplicity of reactor, and mild operating condition, which has the potential 11 

to decrease the operating costs compared to those of conventional routes.  12 

 13 

Figure 3. (a) 1H NMR spectra of products before and after 4 h anodic glycerol oxidation on NiF 14 

and Au-ND electrode. The experiments were conducted at constant current ~ 65 mA/cm2 using 15 

0.5 M glycerol in 3 M KOH as anode feed. Dimethyl sulfoxide (DMSO) was used as the internal 16 

standard. (b) Product distributions from anolyte feed during co-electrolysis experiments upon 17 

using different anode electrodes: NiF and Au-ND.  18 

 19 

To gain a better understanding of the consequences and feasibility of co-electrolysis process, 20 

we carried out a detailed techno-economic analysis (TEA) based on the performance achieved in 21 

our experiments. While there are several TEA studies for electrochemical reduction of CO2, none 22 
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important to analyse the effect of feed price and cost of separation of anodic products on the 1 

process economics. Fig. 4. shows the schematic of a co-electrolysis process in which concentrated 2 

CO2 stream is fed along with water + glycerol mixture to the CO2 electrolyzer, where liquid and 3 

gas products are formed. The electrolyzer operating conditions in the model was taken from the 4 

experimental results as discussed in Figure 2, i.e., current density of ~ 100 mA/cm2, voltage 5 

between 1.9-2.7 V depending on the anodic reaction, FEC2H4 ~60% and FEGA/FA ~50%. Since long 6 

term catalyst stability is yet to be tested, it was assumed on the lower end at 1 year for all cases.  7 

The liquid products are fed to a separation system (distillation) to extract the liquid products, while 8 

the electrolyte is recycled back to the electrolyzer. The gas products, along with unconverted CO2 9 

and by-product hydrogen, are separated in a gas separation unit, from which the CO2 is recycled 10 

back to the reactor.  11 

To provide an estimate for the capital costs of an alkaline CO2 electrolyzer system, an 12 

alkaline water electrolyzer stack with a cost of $450/kW was used as a representative model.50,51 13 

The auxiliary systems that is the balance of plant (BoP) was also taken at $450/kW and represents 14 

~ 50% of electrolyser system (stack+BoP) cost in an alkaline electrolyser.50,51 The separation 15 

process was modelled using Aspen Plus V10.0, and capital and utility costs were estimated using 16 

the Aspen Process Economic Analyzer V10.0. To estimate the return on capital investment for the 17 

development of a co-electrolysis facility, a discounted cash flow spreadsheet was developed to 18 

estimate the capex, yearly operating costs and revenue over the project lifetime. It was assumed 19 

that capex allocation and construction of the plant was completed in the first three years, with plant 20 

operation beginning in the fourth year. A standard nominal interest rate (NIR) of 10%, 21 

compounded annually, and a total effective income tax rate of 38% was assumed.4 Further details 22 

of the process, financial and reaction parameters used in the analysis are listed in supplementary 23 

Tables S3-S5.  24 

  25 
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Figure 4. Schematic of co-electrolysis process combining CO2R and GOR for coproduction of 1 

C2H4, H2 and GA/FA.  2 

 3 

Fig. 5(a) shows the sensitivity analysis of the base case scenario where CO2R-to-C2H4 is 4 

coupled with OER on anode, and each parameter was varied by ± 50%. We estimated the minimum 5 

selling price (MSP) of C2H4 (MSPC2H4) is ~ 5.2 $/kg which is almost three times higher than current 6 

market price (MP) of ~ 1.0-1.3 $/kg.10,12 It is important to note that as H2 compression and storage 7 

was not modelled in the study, the H2/O2 produced were not considered as revenue streams. Among 8 

all parameters, FEC2H4, voltage, and electricity price have the biggest effect on the MSP. These 9 

observations are in line with previous reports and is attributed to the 12-electron process, leading 10 

to high capital and operating costs as shown in the supplementary Fig. S9-11.4,10,12 Upon addition 11 

of glycerol (250 $/ton) to the anode feed, in conjunction with the separation unit for anode products 12 

leads to some very interesting observations. The analysis was done for both cases observed in our 13 

experiments (Fig 2-3) i.e., FA and GA production, with ~0.4 V and ~0.8 V reduction in voltage 14 

respectively, without compromising on FEC2H4 and current density. It is important to note that we 15 

also assume that the addition of glycerol does not affect stability of catalysts and membrane versus 16 

the base case scenario.  17 

GA/FA, H2O, Glycerol, O2

H2

C2H4

CO2

H2O
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C2H4, H2, CO2

GA/FA
GA/FA + H2O
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The production of FA (85% purity), at a FE of ~50% and which sells at a market price of ~ 1 

980 $/ton52, has an adverse effect on the MSPC2H4 which increases to ~ 6.6 $/kg. FA and water 2 

form a maximum‐boiling azeotropic mixture whose boiling point is 107.6 °C at 101.3 kPa, making 3 

it difficult to separate using distillation.53 At the same time, reactive distillation provides an 4 

alternative approach for separation of multicomponent azeotropic mixtures.54 By changing 5 

substance properties through chemical reaction with appropriate reactants, thermodynamic 6 

limitations like azeotrope formation can be avoided, but still requires significant energy. Therefore, 7 

the revenue generated by FA will not be able to compensate for the additional operating cost due 8 

to glycerol feed and separation of products. A detailed breakdown of capex and opex in different 9 

cases is provided in supplementary Fig S8-10. On the other hand, GA has very high market selling 10 

price of ~3000-4000 $/ton55, which helps decrease the MSPC2H4 to ~1.08 $/kg. GA is a valuable 11 

chemical for the cosmetic industry, household and industrial cleaning industry and is touted to play 12 

a key role in future of bioplastics in the form of Poly (glycolic acid) (PGA) or poly(lactic-co-13 

glycolic acid) (PLGA).56 14 

With the effect of voltage reduction being addressed in different cases of FA and GA 15 

production, we moved to analyze the effect of two other important parameters i.e., FEC2H4 and 16 

electricity price. Fig. 5(b) shows a contour plot for the base case i.e., OER on anode which indicates 17 

that it will be very difficult to make an economically feasible process for CO2R to C2H4 coupled 18 

with OER. Even at very low electricity prices of ~ 0.01 $/kWh along with high FEC2H4 > 70%, 19 

conventional eCO2R will find it difficult to bring the MSPC2H4 down to current market price. It 20 

will need several factors such as electrolyzer performance (current + voltage + selectivity + 21 

stability), capex costs, electricity price, to fall into place together for the process to be economically 22 

competitive. For co-electrolysis setups, the economic feasibility depends on several factors such 23 

as cost of organic feed, selectivity to make valuable chemicals on anode, market value of those 24 

chemicals and cost of separation and purification. For the case of anodic GOR to FA (Fig. 5(c)), 25 

the process will not make economic sense at any electricity price or FEC2H4. In contrast if one can 26 

make valuable products such as GA at high selectivity (Fig. 5(d)), this could make the eCO2R to 27 

C2H4 economically feasible even with an electricity price of ~0.05 $/kWh. Further reduction in 28 

electricity price or improvements in FEC2H4 could lead to significant reduction in C2H4 cost, 29 

making the process very profitable.  30 

 31 
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Figure 5. (a) Sensitivity analysis to illustrate the impact of ±50% changes in key parameters for 1 

the co-electrolysis process. The dash lines indicate market price (purple), calculated MSPC2H4 with 2 

FA (blue) or GA (red) as anodic product.  Contour plots of FEC2H4 versus electricity price for eCO2 3 

to C2H4 coupled with different anodic reactions: (b) OER to produce O2 (c) GOR to produce FA 4 

and (d) GOR to produce GA. Red dash lines indicate current market price of C2H4 at 1.3 $/kg. 5 

 6 

 7 

2. Conclusion and perspective  8 

In summary, we demonstrated the replacement of anodic water oxidation with glycerol 9 

oxidation as a strategy to drive economic feasibility for CO2R to C2H4, a reaction which requires 10 

significant energy. In the process we synthesized highly active Au-ND catalysts for GOR which 11 

demonstrated high current densities and low overpotential. The co-electrolysis experiments with 12 

Au-ND as anode for GOR and sputtered copper as cathode for CO2R helped us achieve high FE 13 

of ~60% to C2H4, with ~ 0.8 V reduction in voltage, translating to ~32% reduction in required 14 

electricity. In addition, we have an added benefit of producing GA at anode with high FE > 50%. 15 

Lastly, we carry out a detailed TEA of co-electrolysis process to produce ethylene via CO2R and 16 
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GA/FA via GOR. Our analysis indicated that the economic feasibility depends on several factors 1 

such as cost of organic feed, selectivity to make valuable chemicals on anode, market value of 2 

those chemicals and most importantly cost of separation and purification. Our results indicate that 3 

while a co-electrolysis process to produce C2H4 and GA will help reduce the MSPC2H4 by ~ 80% 4 

to ~1.08 $/kg which is below market price.  5 

While the results presented in this study are a step forward for eCO2R, it is important to 6 

present a perspective on other key aspects.  While glycerol could be a promising feedstock, many 7 

other organic reactions could be and should be explored to replace OER on anode. Many factors 8 

such as the cost of organic material, its scale of production, value and demand of products formed 9 

will have to be considered for practical application. There is a lot of scope for researchers to 10 

contribute into development of electrocatalysts, membranes and systems for co-electrolysis 11 

processes where anodic organic reactions are coupled with H2 production or CO2R on cathode. In 12 

this context, we believe development of catalysts for electrocatalytic oxidation of a renewable 13 

feedstock such as raw biomass with high activity (current density), selectivity and stability could 14 

be a breakthrough.  15 
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