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CO2 electroreduction to chemical feedstocks has suffered from CO2 reactant loss

and a severe energy consumption/production penalty associated with carbonate

formation. We divided the process into two cascading steps—CO2 reduction to

CO in a solid-oxide electrolysis cell (SOEC) and CO reduction to multi-carbon

products in a membrane electrode assembly (MEA) electrolyser. In the full SOEC-

MEA cascade approach, we achieve CO2-to-C2H4 with no loss of CO2 to carbonate

and a ~48% reduction in energy intensity compared with the direct route.
Ozden et al., Joule 5, 1–14

March 17, 2021 ª 2021 Elsevier Inc.

https://doi.org/10.1016/j.joule.2021.01.007

mailto:ted.sargent@utoronto.ca
mailto:sinton@mie.utoronto.ca
https://doi.org/10.1016/j.joule.2021.01.007


ll

Please cite this article in press as: Ozden et al., Cascade CO2 electroreduction enables efficient carbonate-free production of ethylene, Joule
(2021), https://doi.org/10.1016/j.joule.2021.01.007
Article
Cascade CO2 electroreduction enables
efficient carbonate-free production of ethylene

Adnan Ozden,1,5 YuhangWang,2,5 Fengwang Li,2,5 Mingchuan Luo,2 Jared Sisler,2 Arnaud Thevenon,3

Alonso Rosas-Hernández,3 Thomas Burdyny,4 Yanwei Lum,2 Hossein Yadegari,1 Theodor Agapie,3

Jonas C. Peters,3 Edward H. Sargent,2,* and David Sinton1,6,*
Context & scale

CO2 electroreduction offers a

route to net-zero-emission

production of C2H4—the most-

produced organic compound.

However, the formation of

carbonate in this process causes

loss of CO2 and a severe energy

consumption/production penalty.

Dividing the CO2-to-C2H4 process

into two cascading steps—CO2

reduction to CO in a solid-oxide

electrolysis cell (SOEC) and CO

reduction to C2H4 in a membrane

electrode assembly (MEA)

electrolyser—would enable

carbonate-free C2H4

electroproduction. However, this
SUMMARY

CO2 electroreduction provides a route to convert waste emissions
into chemicals such as ethylene (C2H4). However, the direct transfor-
mation of CO2-to-C2H4 suffers from CO2 loss to carbonate,
consuming up to 72% of energy input. A cascade approach—
coupling a solid-oxide CO2-to-CO electrochemical cell (SOEC) with
a CO-to-C2H4 membrane electrode assembly (MEA)—would elimi-
nate CO2 loss to carbonate. However, this approach requires a
CO-to-C2H4 MEA with energy efficiency well beyond demonstra-
tions to date. Focusing on the MEA, we find that an N-tolyl
substituted tetrahydro-bipyridine film improves the stabilization
of key reaction intermediates, while an SSC ionomer enhances CO
transport to the Cu surface, enabling a C2H4 faradaic efficiency of
65% at 150 mA cm�2 for 110 h. Demonstrating a cascade SOEC-
MEA approach, we achieve CO2-to-C2H4 with a ~48% reduction in
energy intensity compared with the direct route. We further reduce
the energy intensity by coupling CO electroreduction (CORR) with
glucose electrooxidation.
cascade approach requires CO-

to-C2H4 with energy efficiency

well beyond demonstrations to

date. Here, we present a layered

catalyst structure composed of a

metallic Cu, N-tolyl-tetrahydro-

bipyridine, and SSC ionomer that

enables efficient CO-to-C2H4 in a

MEA electrolyser. In the full

SOEC-MEA cascade approach,

we achieve CO2-to-C2H4 with no

loss of CO2 to carbonate and a

total energy requirement of ~138

GJ (ton C2H4)
�1, representing a

~48% reduction in energy

intensity compared with the direct

route.
INTRODUCTION

The global annual ethylene (C2H4) production reached to 185 Mt in 2018, exceeding

that of any other organic chemical production.1 The production of C2H4 involves

steam cracking of fossil fuel-derived long-chain hydrocarbons—a process that re-

leases 2–3 tons of CO2 per ton of C2H4 produced before the in-plant CO2 capture.
2

The net process releases ~200 Mt of CO2 annually,
1 accounting for 0.6% of the total

anthropogenic emissions.3

CO2 electroreduction (CO2RR) using renewable electricity holds promise for low-

carbon C2H4 production.
4 The present day CO2RR has reached faradaic efficiencies

(FEs) of 70%–80% toward C2H4
5–7 and energy efficiencies (EEs) over 30% at current

densities over 100 mA cm�2.5 However, due to the formation of carbonate during

CO2RR (Figure S1), concerns regarding the consequent penalty in energy consump-

tion and production cost have risen.8,9

To assess the energy and cost associated with CO2 reactant loss to carbonate, we per-

formed energy and techno-economic assessments (TEA) for benchmark neutral and

alkaline CO2RR systems from literature, with the ideal and base case scenarios (Notes

S1 and S2; Figures S2–S5; Tables S1–S3). Electrolyte regeneration, system operation,

and anodic product separation associated with carbonate formation significantly in-

crease energy consumption and cost. The regeneration of alkaline electrolyte induces
Joule 5, 1–14, March 17, 2021 ª 2021 Elsevier Inc. 1
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a penalty of ~278 GJ per ton C2H4 produced, accounting for 60%–70% of the total en-

ergy requirement (Figures 1A and 1B). Membrane electrode assembly (MEA) electrolys-

ers result in less carbonate formation. However, 6 mol CO3
� for every mole of C2H4 is

produced, leading to a 43 increase in membrane resistance,10 pH-gradient induced

high voltages,11 and 60–90 GJ of additional energy consumption per ton C2H4—a pro-

cess energy penalty of ~35% (Figures 1A and 1B; Tables S1–S3).

Encouraged by recent advances in CO electroreduction,8,9 we took the view that car-

bonate-free conversion of CO2 to C2H4 could be realized through two cascading steps

(Figure 1C): (A) CO2 reduction to CO in a high-temperature CO2-to-COelectrochemical

cell (SOEC), which avoids carbonate formation12 and (B) CO reduction to C2H4 (CORR-

to-C2H4) in an MEA electrolyser (Figure S6). Despite the cascade approach requiring an

additional energy input for separation and heating, as well as two separate systems, the

cascade route could be competitive with the direct route (employing best-reported

metrics in literature as inputs and assuming capital costs fixed to $/kW, Tables S1 and

S2). The cascade approach benefits from high process efficiency in the SOEC step, as

well as the use of an alkaline electrolyte in the CO-to-C2H4 step, without suffering car-

bonate formation (Tables S1 and S2). For both electroproduction routes, operating

potential, FE, and current density are themost important parameters influencing the en-

ergy intensity of C2H4 production (Figure S7).

RESULTS AND DISCUSSION

CO2-to-CO conversion in an SOEC

We first established the performance of CO2-to-CO in an SOEC. The SOEC was

operated at 800�C. We achieved a 95% CO FE and an 89% CO EE at 815 mA

cm�2 and at a CO2 flow rate of 20 sccm (Figure 2A). This is equal to a CO2-to-CO sin-

gle-pass efficiency of ~36%. Utilization can be further improved by lowering flow

rates or increasing current to the limit imposed by the CO disproportionation reac-

tion, also referred to as the Boudouard reaction.13,14 Here, a maximum CO2-to-CO

single-pass efficiency of ~55% was obtained (Figure 2B) at a CO FE of ~77% and cur-

rent density of 1.25 A cm�2. At lower flow rates, considering both CO selectivity and

CO2 single-pass conversion, the current density versus CO2 flow rate ratio of 815:15

(mA cm�2:sccm) was confirmed to be the best condition under which we observed a

constant CO FE of ~91% and CO2-to-CO single-pass conversion of ~45% (Fig-

ure 2C). The energy input requirement for this SOEC step was 13.49 GJ/ton CO.

CORR MEA for C2H4 electroproduction

For C2H4 production, our analysis shows that the success of this two-step approach re-

lies on CO-to-C2H4 in an MEA electrolyser (Figures S3–S5). A high C2H4 FE (> 60%) is

required in concert with a high current density (>150 mA cm�2) and low operating

full-cell potential (< 3 V). To date, the highest FE for CO-to-C2H4 in MEA electrolysers

remains below 40%, and the corresponding C2H4 partial current density (jC2H4) is less

than 60 mA cm�2.8 We therefore sought to develop a high-performance CO-to-C2H4

MEA electrolyser that is essential for efficient, cascade CO2-to-C2H4 conversion.

We first electrodeposited copper (Cu) catalysts under CO2-rich conditions as MEA

cathodes. A CO2-rich environment increases Cu(100) exposure,15 which enhances

the selectivity toward C2H4 in CO2RR.
8,16 However, a simple Cu surface has large re-

gions that do not have ready access to CO on the hydrophilic surface (Figure S8).17

We assembled the MEA—using electrodeposited Cu as the cathode electrode,

anion exchange membrane as the solid-state electrolyte, and iridium oxide sup-

ported on a titanium mesh as the anode electrode—and investigated the CORR

performance. This catalyst consequently favors H2 production, allowing C2H4
2 Joule 5, 1–14, March 17, 2021
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Figure 1. Carbonate-formation-free CO2-to-C2H4 production through cascade CO2RR

(A) Comparison of energy consumption for C2H4 production in various systems.

(B) The carbonate penalty (i.e., the fraction of energy consumption due to carbonate formation) in

the various systems. TEA calculation details are provided in the Supplemental information.

(C) A schematic illustration of renewable CO2-synthesized C2H4 in a combined system consisting of

a CO2-to-CO SOEC and a CO-to-C2H4 MEA.
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production with a maximum FE of only 50% at a low partial current density (jC2H4) of

60 mA cm�2 (Figure S8).

Modifying the Cu surface with hydrophobic aliphatic molecules or ionomers has

been demonstrated to increase reactant availability at the catalytic interface17–19

and improve the selectivity and activity toward C2H4 electroproduction.
20 We there-

fore added a (C4HF7O4S.C2F4)x short-side-chain (SSC) ionomer coating on the Cu

surface.21 We found that H2 selectivity was suppressed by 10%–30% across the

screened cell potential window, and that the highest jC2H4 increased to ~155 mA

cm�2 (Figure S9). However, the maximum C2H4 FE remained at ~50%.

The strategy we pursued to promote C2H4 at lower potentials was to alter the

adsorption of the key CO* intermediate via a molecular tuning strategy.6 We there-

fore introduced an N-tolyl substituted tetrahydro-bipyridine (labeled Py) interlayer

between Cu and SSC by an electro-dimerization method.6 This metal:molecular fil-

m:ionomer combination (labeled Cu:Py:SSC), in which SSC improves the CO diffu-

sion at the outer layer and Py provides more atop-bound CO* on the Cu surface (Fig-

ure 3A), enabled the highest C2H4 FE of 65% G 1% at a 2.5 V full-cell potential, and

provided a jC2H4 of 130 mA cm�2 at 2.6 V (Figure 3B). A detailed CORR-to-C2H4 per-

formance of the Cu:Py:SSC, Cu:SSC, and bare Cu is summarized in Tables S4–S6. To

gain an insight into the enhanced CO-to-C2H4 selectivity and productivity, we inves-

tigated the catalysts using scanning and transmission electron microscopy (SEM and

TEM, respectively). We observed a dendritic Cu fully covered by the Pymolecule and

SSC ionomer (Figures 3C and S10). The Cu catalyst had high crystallinity, confirmed
Joule 5, 1–14, March 17, 2021 3



Figure 2. CO2-to-CO conversion in an SOEC

(A) CO2-to-CO Faradaic efficiency, single-pass conversion, and energy efficiency in a commercial

2.5-cm NiO-YSZ/YSZ/GDC/LSC at various CO2 flow rates. (B) CO2-to-CO Faradaic efficiency,

single-pass conversion, and energy efficiency in a commercial 2.5-cm NiO-YSZ/YSZ/GDC/LSC at

various current densities. The increase in the CO2 single-pass conversion by lowering CO2 flow

rates or increasing current density was caused by the CO disproportionation reaction, which is also

known as the Boudouard reaction.

(C) The CO2-to-CO Faradaic efficiency, single-pass conversion, and cell voltage profiles during the

55-h test at 815 mA cm�2 and a CO2 flow rate of 15 sccm. The operating temperature is 800�C. The
error bars correspond to the standard deviation of three independent measurements.
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by the grazing-incidence wide-angle X-ray scattering (GIWAXS) (Figure S11). We

conclude that there was full coverage of Py and SSC on the Cu surface.

We then conducted in situ Raman spectroscopic studies on the catalytic interface.22–25

We observed a stabilized atop-bound CO*,6 known to favor the key CO–CO dimeriza-

tion step,16,26,27 evidenced by the transformation of CO* adsorption configurations

(Figure S12): the fraction of the area of atop-bound CO* at the wave number of

~2,080 cm�128 increased to 33% when Py molecule was electrodeposited onto the

Cu surface. By contrast, bridge-bound CO* at 1,980–2,020 cm�128–30 dominated the

adsorption configurations on the bare Cu.

We then sought to optimize the full-cell EE by increasing the alkalinity of the anolyte

(Figure 3D; Tables S7–S9). With increasing KOH concentrations, the C2H4 FE peak

increased to ~65% (Figure 3D), an example of alkalinity favoring C2+ produc-

tion.5,31,32 The ionic conductivity was also improved by high alkalinity, and the

jC2H4 at each C2H4 FE peak increased from ~47 to ~100 mA cm�2, and the full-cell

potential reduced from 2.8 to 2.5 V in the range of 0.1 to 3 M KOH (Figures 3D

and S13; Tables S6–S8). However, 5 M KOH lowered the jC2H4 to 81 mA cm�2 at

all applied potentials (Figure S14; Table S9), which we attribute to a low CO concen-

tration at the catalyst layer under this condition (Figure S15). Considering C2H4 FE,

jC2H4, and full-cell potential, the 3 M KOH is the best anolyte for CO-to-C2H4 conver-

sion in this system.
4 Joule 5, 1–14, March 17, 2021



Figure 3. CO-to-C2H4 electroreduction in an MEA

(A and B) Introducing additives to improve CO diffusion and stabilize CO* intermediates leads to enhanced C2H4 selectivity and activity.

(C) Cross-sectional SEM images of the Cu:Py:SSC catalyst. The scale bar is 2 mm.

(D) The C2H4 FE and full-cell voltages in different anolytes.

(E) Comparison of the CO-to-C2H4 EEs obtained using the Cu:Py:SSC catalyst and controls in MEAs with 3 M KOH. (F) Comparison of the C2H4

concentrations obtained using the Cu:Py:SSC catalyst and Cu control in MEAs with 3 M KOH.

(G) C2H4 FE and full-cell voltage of the MEA equipped with a Cu:Py:SSC cathode for 110 h at 150 mA cm�2. The error bars correspond to the standard

deviation of three independent measurements.
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Further comparisons in 3 M KOH revealed that the Cu:Py:SSC combination outper-

formed the Cu:SSC and bare Cu in terms of both jC2H4 and C2H4 full-cell EE (Fig-

ure 3E). Importantly, we achieved—when compared with bare Cu—a 53 increase

in the peak jC2H4 (from 26 G 2 to 129 G 1 mA cm�2) and a 1.43 increase in the

peak full-cell EE (from 21% G 2% to 29% G 1%) using the Cu:Py:SSC combination

(Tables S4 and S6). We observed typical CORR gas and liquid products in the current

density range of 25 to 250 mA cm�2, with the peak C2+ FE of ~85% at 160 mA cm�2

(Table S10; Figure S16). A stable 28% C2H4 full-cell EE for the Cu:Py:SSC system was

achieved in the current density range of 80 to 170mA cm�2, whereas the Cu:SSC and

bare Cu systemswere limited to EEs of <20% in this current density range (Figure 3E).

Further optimization of the CO coverage on the Cu:Py:SSC catalyst—through co-

feeding CO with N2—improved the C2H4 full-cell EE to 30%G 1% at a constant cur-

rent density of 100 mA cm�2 (Table S11).
Joule 5, 1–14, March 17, 2021 5
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We investigated the C2H4 production rate (RC2H4) and its concentration in the prod-

uct stream. The Cu:Py:SSC combination produced C2H4 at almost 0.68 mmol cm�2

h�1 and 1.5 and 6 times faster than the Cu:SSC and bare Cu, respectively (Fig-

ure S17). Using an inlet CO flow rate of 4 sccm, we obtained a ~36% C2H4 concen-

tration in gas products (Figure 3F; Table S12). This translated to a ~26% CO-to-C2H4

single-pass conversion and is ~3 times higher than that of bare Cu.

We confirmed the stability of theMEAwith theCu:Py:SSC catalyst using 3MKOHat 150

mA cm�2. The system maintained a constant C2H4 FE of 61% G 2% and a full-cell po-

tential of 2.73 G 0.02 V for 110 h with no performance degradation (Figure 3G). We

analyzed the cathode electrode after 110-h continuous electrolysis using electronmicro-

scopy, X-ray photon spectroscopy, and soft X-ray adsorption spectra (sXAS) at the N K-

edge. The Cu morphology and Py:SSC coating as well as associated features were re-

tained (Figures S18–S20). TheMEA equippedwith the Cu:Py:SSC catalyst—when taking

the carbonate formation penalty into account—outperformed literature bench-

marks,6,8,11,33–35 including both CO2RR and CORR, in C2H4 FE, jC2H4, C2H4 full-cell EE

and operation duration (Table S13).

Cascade CO2-to-C2H4 electroreduction in the integrated system

We built an integrated system for carbonate-free CO2-to-C2H4 electroproduction

(Figure 1C) by combining the high-performance CO-to-C2H4 MEA with the CO2-

to-CO SOEC. The SOEC was operated at 800�C and a current density of 550 mA

cm�2, yielding a ~95% CO FE, ~86% CO full-cell EE (for electricity only), and

~48% single-pass utilization (Figure S21). The inlet CO2 flow rate was set at 10

sccm to ensure the optimal 815:15 (mA cm�2 versus sccm) ratio of current density:

CO2 flow rate and an outlet CO production of ~4.5 sccm for a high CO-to-C2H4 sin-

gle-pass conversion utilization. The products of the SOEC were purified using CO2

capture solution containing 30% ethanolamine before feeding into the CO-to-C2H4

MEA. The temperature of the purified gas supplied to the MEA electrolyser was

measured to be 25�C. The system had a peak CO2-to-C2H4 EE (for electricity only)

of 20% (Figure 4A) and a maximum single-pass conversion of ~11% for CO2-to-

C2H4 with no loss of CO2 to carbonate formation in electrolytes (Figure 4B). The

combined system produced C2H4 at a peak rate of 1.3 mmol h�1 at 120 mA cm�2

(Figure 4C), along with a C2+ FE of ~76% (Table S14). The system maintained the

peak single-pass conversion and productivity in CO2-to-C2H4 at 120 mA cm�2 for

40 h of uninterrupted operation (Figure 4D). The full cascade system achieved a car-

bonate-free electroproduction of C2H4 with an energy intensity of 138 GJ

(ton C2H4)
�1, a major savings relative to the direct route (~267 GJ (ton C2H4)

�1).

Having established the system performance in a side-by-side comparison with pre-

vious on-step CO2R processes, we took the MEA in the cascade system a step

further. We replaced the oxygen evolution reaction (OER) with the glucose electro-

oxidation reaction (GOR) for which the thermodynamic potential is ~1 V less than

that of OER.36 We detected gluconate, glucuronate, glucarate, and formate—all

products with values higher than that of glucose—as the major GOR products in

the current density range of 40 to 200 mA cm�2 (Table S15; Figure S22). We found

that coupling the CORR and GOR in alkaline media reduces the potential require-

ment approximately by 1 V at industrially relevant current densities (Figures 4E

and S23; Tables S16–S19). At a current density of 120 mA cm�2, we obtained a

C2H4 FE of ~55% and a C2+ FE of ~90% at an MEA full-cell potential of 1.27 V (Fig-

ure 4E; Tables S18 and S20). This voltage reduction enables a total energy require-

ment of ~89 GJ (ton C2H4)
�1, which represents a 35% reduction in the energy con-

sumption compared with the MEA cell using OER anode at the same current density
6 Joule 5, 1–14, March 17, 2021



Figure 4. C2H4 production performance in the cascade CO2RR

(A) The C2H4 FE and cell voltage of the CO-to-C2H4 MEA in the cascade CO2RR, and the C2H4 EE of

the cascade CO2RR.

(B) CO2-to-C2H4 single-pass conversion of the cascade CO2RR at different operating current

densities for the CO-to-C2H4 MEA. (C) C2H4 production rates of the cascade CO2RR at different

operating current densities for the CO-to-C2H4 MEA.

(D) Extended CO2-to-C2H4 single-pass conversion performance of the MEA in the cascade CO2RR.

(E) Effect of anodic reaction on the CORR performance metrics of the MEA in the cascade CO2RR.
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(~138 GJ (ton C2H4)
�1) (Table S21). All earlier comparisons involve OER only, both in

the cascade system and in all reference cases. This additional GOR result highlights

the potential to reduce the energy intensity of C2H4 production further. Here, we

also note that although the anodic products—gluconate, glucuronate, glucarate,

and formate—are more valuable than the glucose input, making a full economic

case for the anode-side upgrading would require a detailed assessment of multiple

separations, which is beyond the scope of this work.

Despite the gains demonstrated here, profitable C2H4 electroreduction with

cascade CO2RR will require further improvements in performance metrics, including

selectivity, current density, single-pass utilization, and energy efficiency—in both

the first step (CO2-to-CO in SOEC) and second step (CO-to-C2H4 in MEA) (Note
Joule 5, 1–14, March 17, 2021 7
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S3; Table S21). Further reductions in the capital and operational costs of both sys-

tems will also bring the C2H4 electroproduction closer to viability (Note S3; Table

S21).
Conclusions

We developed a cascade approach to CO2-to-C2H4 conversion that avoids the for-

mation of carbonate and the associated energy penalties, combining an SOEC

with a high-performance CORR MEA system designed here. We designed a

layered catalyst structure composed of a metallic Cu, N-tolyl-tetrahydro-bipyri-

dine, and SSC ionomer to achieve a high-rate and efficient CO-to-C2H4 conversion

in a MEA electrolyser. The combined functions of each layer raised the device

C2H4 FE to 65%, at a full-cell C2H4 EE of 28% across a broad range of current den-

sities, versus the <50% FEs of the bare and single-layer catalyst structures. To drive

an end-to-end CO2 conversion process without the loss of CO2 to carbonate, we

paired our MEA electrolyser with a SOEC for CO2-to-CO conversion. With the

CO stream produced from the SOEC, the MEA system generated C2H4 at a

peak rate of 1.3 mmol h�1 and maintained continuous operation for 40 h. The

full cascade system required ~138 GJ (ton C2H4)
�1, achieving significant savings

over the directly comparable one-step CO2-to-C2H4 route (~267 GJ (ton C2H4)
�1). Having established the direct comparison with existing systems on the basis

of OER anode reactions in all cases, we devised an approach to reduce the energy

consumption of the MEA further, switching the OER anode to GOR. With this

enhancement, the cascade SOEC-MEA system requires a total energy requirement

of ~89 GJ (ton C2H4)
�1. These results demonstrate the potential to electrocatalyti-

cally convert CO2 to C2H4 without carbonate production and the associated en-

ergy penalties. The result is a record-low energy requirement for the production

of the world’s most-produced organic compound.
EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and materials should be directed to

and will be fulfilled by the lead contact, David Sinton (sinton@mie.utoronto.ca).

Materials availability

This study did not generate new unique materials.

Data and code availability

The data presented in this work are available from the corresponding authors upon

reasonable request.
Materials

All solvents and reagents, unless otherwise stated, were obtained from commercial

sources (Sigma-Aldrich and Merck) and used without further purification. D2O (D

99.5%), d-chloroform (D 99.8%), and d6-DMSO (D 99.8%) were purchased from

the Cambridge Isotope Laboratories.
Molecule synthesis

The tolylpyridinium triflate additive was synthesized according to previous

report.22,37 Before usage, the additive was recrystallized two times from a mixture

of MeOH:ether (1:5) and metal traces impurities were removed using activated Che-

lex resin.38
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Electrode preparation

The gas-diffusion electrode (GDE) developed was composed of two catalyst layers:

the sputtered Cu layer and the electrodeposited Cu layer. We first magnetically

sputtered a 150-nm Cu seed onto the polytetrafluoroethylene (PTFE) substrate

with a mean pore size of 450 mm and a sputtering rate of 0.50 Å s�1 under 10�6

Torr. We then electrodeposited the Cu catalyst onto the 15-nm Cu-sputtered

PTFE substrate. The solution prepared for the electrodeposition was composed of

0.1 M copper bromide (98%, Sigma-Aldrich), 0.2 M sodium tartrate dibasic dehy-

drate (purum p.a., R98.0% [NT]), and 1.0 M potassium hydroxide (KOH, Sigma-Al-

drich). We performed the electrodeposition at �400 mA cm�2 for 90 s under the

continuous flow of CO2. We carried out the electrodeposition in a flow electrolyser

composed of anode and cathode flow compartments, separated by an anion ex-

change membrane (AEM, Sustainion X37–50 grade 60, Dioxide Materials). During

the electrodeposition, pure CO2 with the constant flow rate of 80 standard cubic

centimeters per minute (sccm) was supplied to the cathode compartment while

1 M KOH was being circulated through the anode compartment. A nickel foam

with a geometric area of 9 cm2 and an Ag/AgCl (3 M KCl) were used as the counter

electrode and reference electrode, respectively.
N-arylpyridinium-derived film deposition

The surface of the Cu catalyst was modified by electrodepositing a 10–20 nm-thick

N-tolyl-tetradihydro-bipyridine (Py) film from a solution containing 0.1 M KHCO3

and 10 mM N-tolyl-pyridinium triflate precursor. The electrodeposition was per-

formed in a three-electrode configuration, in which Ag/AgCl (3 M KCl) was the refer-

ence electrode, the electrodeposited Cu was the working electrode, and platinum

(Pt) foil was the counter electrode. The electrodeposition was performed via a cyclic

voltammetry method in a potential range of�0.6 and�2.0 V, with a scanning rate of

50 mV s�1.
SSC ionomer deposition

The Py-molecule-coated Cu catalysts were then modified by spray deposition of 10–

15 nm-thick ionomer layer with a solution containing 16.88 ml cation exchange

perfluorosulfonic acid (PFSA) ionomer with SSC (Aquivion D79-25BS) and 3 mL

methanol (99.8%, anhydrous, Sigma-Aldrich). Prior to the spray deposition, the so-

lution of SSC ionomer and methanol was sonicated for 1 h to ensure homogeneous

dispersion of polymeric binder in the solvent. The resulting electrode was then dried

overnight under room conditions prior to performance testing.
Materials characterization

SEM imaging and energy dispersive X-ray (EDX) elemental mapping of the elec-

trodes were carried out using a high-resolution scanning electron microscope (HR-

SEM, Hitachi S-5200). X-ray photoelectron spectroscopy (XPS) measurements

were performed in electron spectroscopy for chemical analysis (ESCAC) system

(PHI 5700), equipped with Al Ka X-ray energy source (1,486.6 eV). Transmission elec-

tron microscopy (TEM) images were collected by using a field emission transmission

electrode microscope (Hitachi HF3300). GIWAXS measurements were performed at

beamline Spring-8 BL-12B2 of the National Synchrotron Radiation Center (NSRRC).

X-ray adsorption spectroscopy (XAS) measurements were performed at the high-res-

olution spherical grating monochromator (SGM) 11ID-1 beamline of the Canadian

Light Source. Athena and Artemis software incorporated into standard IFEFFIT pack-

age was employed to process the XAS data.
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In situ Raman measurements

In situ Raman measurements were carried out via inVia Raman Microscope equipped

with a water immersion objective (63x, LeicaMicrosystems), a 785 nm laser, and amodi-

fied flow electrolyser with an Ag/AgCl (3 M KCl) reference electrode and a platinum (Pt)

counter electrode. Raman signals were processed with certain considerations. The ratio

of atop *CO and bridge *CO was calculated by the integration of the corresponding

Raman intensity within one spectrum. Only atop/bridge ratios (equivalent to intensities

relative to a reference), instead of absolute intensities, were compared for different sam-

ples. Further, to ensure the quality of the Raman spectroscopic signal, in the measure-

ments, we averaged 10 scans per spectrum and smoothed and baseline corrected all

spectra using the Renishaw WiRE (version 4.4) software. The assignment of the Raman

shift is based on cross-referenced literature23,25,39 and on our prior study of a library of

Py-based molecules for CO2 conversion.
6

Electrocatalytic measurement of CO-to-C2H4 conversion

The electrocatalytic measurements of CO-C2H4 conversion were performed in a MEA

electrolyser (Dioxide Materials, 5 cm2 geometric active surface area). Cu:Py:SSC elec-

trodes were used as the cathodes.

To fabricate the Ti-IrO2 anode electrodes for OER, commercially available titanium

(Ti) meshes (Fuel Cell Store) were first etched in a boiling solution of 6 M HCl for

30 min. The etched Ti screens were then immersed into a solution composed of

iridium (IV) oxide dehydrate (Premion, 99.99% metals basis, Ir 73 min, Alfa Easer),

isopropanol (Sigma-Aldrich), and HCl (ACS reagent, 37%, Sigma-Aldrich), and

were sequentially dried and sintered. The last two steps of the procedure were

repeated until the total Ir loading of 2 mg cm�2 was achieved. AEM membranes

(4 3 4 cm2, Sustainion X37–50 grade 60, Dioxide Materials) were used in all the per-

formance experiments. The AEMmembranes were activated in 1 M KOH solution for

at least 24 h before testing.

To fabricate the Pt–C anode electrodes for GOR, commercially available platinum on

graphitized carbon powder (Sigma-Aldrich, Pt-C, 40 wt % Pt on Vulcan XC72) was

first physically mixed with SSC ionomer (Aquivion D79-25BS) in a glass beaker and

then sonicated for 1 h. The resulting catalyst ink was then spray coated on both sides

of the hydrophilic carbon cloth until the Pt loading of 0.5 mg cm�2 achieved.

During the performance testing, KOH solutions (for OER) or KOH + glucose solu-

tions (for GOR) were supplied to the anode flow field with a flow rate of 10 mL

min�1, and humidified CO was fed into the cathode flow field with the constant

flow rate of 80 sccm. The reaction was initiated by applying a negative potential.

The voltage increments were made with sufficiently small increments upon comple-

tion of at least 15 min stable operation. The gas products were analyzed by injecting

the gas samples collected in 1 mL volumes via gas-tight syringes (Hamilton) in a gas

chromatograph (GC, PerkinElmer Clarus 580) equipped with a flame ionization de-

tector (FID) and a thermal conductivity detector (TCD).

For the extended CORR operations, the MEA electrolyser was operated at constant

current densities of 150 mA cm�2 (for MEA only) and 120 mA cm�2 (for cascade

SOEC-MEA system). For the extended CORR operation, AEM membranes (4 3

4 cm2, Fumasep FAA-3-50, FuMA-Tech) were used due to their high stability under

alkaline conditions. The AEM membranes were activated in 3 M KOH solution at

25�C for at least 48 h before testing. The gas products were collected at frequent

time intervals, and for each data point, three independent injections were made,
10 Joule 5, 1–14, March 17, 2021
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and thus each selectivity point presented was calculated by averaging the FE values

obtained from three consecutive injections.
CO2-to-C2H4 measurements in the cascade SOEC-MEA system

An open flanges solid-oxide electrolysis cell (SOEC) setup (Fiaxell SOFC Technolo-

gies, Switzerland), equipped with a 25 mm electrode-supported cell (Fuel cell mate-

rials, USA), was used to convert CO2 into CO. The cell possessed a geometric active

area of 1.2 cm2. The SOEC setup was operated at 800�C and 815 mA cm�2 with a

CO2 inlet flow rate of 15 sccm. The outlet of the SOEC setup was connected to a

CO2 capture solution containing 30 wt % aqueous ethanolamine solution. The puri-

fied CO at 25�C was then supplied to the MEA electrolyser for C2H4 electroproduc-

tion from CO. In the MEA electrolyser, 3 M KOH was used as the anolyte, and the

CO-to-ethylene conversion was performed at current densities in the range of 20

and 200 mA cm�2.
Faradaic efficiency and energetic efficiency calculations

FE toward any gas product was calculated using the following equation:

Faradaic Efficiency =
FnaVgasca
ioverallVm

(Equation 1)

where F stands for the Faraday constant, na stands for the number of electron trans-

fer needed for the production of 1 mol of product a, Vgas stands for the flow rate of

supplied gas, ca stands for the detected concentration of product a via GC (ppm),

ioverall stands for the overall current measured, and Vm stands for the unit molar vol-

ume of supplied gas.

The full-cell EE of the MEA electrolyser toward ethylene production was calculated

using the expression given below:

EE =
EC2H4�thermoFEC2H4

Efull�cell
(Equation 2)

where EC2H4�thermo represents the thermodynamic cell potential for C2H4 (�1.06 V

for CO-to-C2H4), FEC2H4 represents the FE toward C2H4, and Efull�cell represents

the full-cell voltage applied.

Liquid products of CORR and GOR were analyzed by nuclear magnetic resonance

spectrometer Agilent DD2 600 MHz) by using dimethylsulfoxide as an internal

standard.
CO diffusion modeling

The concentration of CO in the electrolyte and that present at the catalyst’s surface

was determined using a 1D reaction-diffusion model. The model is adapted from a

previous report,5 which modeled the diffusion of CO2 across a gas-diffusion layer for

various electrolytes, current densities, and pressures. Unlike the CO2 model, CO

diffusion into the electrolyte at 0 mA cm�2 does not directly affect the local pH or

change the concentration of CO or OH� as a function of distance into the electrolyte.

The governing equations for the simulation are shown below and extend from the

gas-liquid interface of the gas-diffusion layer at x = 0 mm to an assumed diffusion

layer boundary thickness of x = 500 mm into the electrolyte.

v½CO�
vt

= DCO
v2½CO�
vx2

� RCO (Equation 3)
Joule 5, 1–14, March 17, 2021 11



ll

Please cite this article in press as: Ozden et al., Cascade CO2 electroreduction enables efficient carbonate-free production of ethylene, Joule
(2021), https://doi.org/10.1016/j.joule.2021.01.007

Article
v½OH��
vt

= DOH�
v2½OH��

vx2
+ ROH (Equation 4)

where RCO and ROH account for the consumption of CO in the reduction reaction

and the production of OH�, respectively. These reactions are assumed to occur ho-

mogeneously throughout the catalyst layer such that the source and sink of CO and

OH� are spatially dependent:

RCO =
j

F

�
FEethlyene+ enthanol

nethylene
+
FEacetate

nacetate
+
FEn�propanol

nn�propanol

�
1

εLcatalyst
; 0%x % Lcatalyst

(Equation 5)
ROH =
j

F

1

εLcatalyst
;0%x % Lcatalyst (Equation 6)

where F is Faraday’s constant and taken as 96,485 Cmol�1 and j is the geometric cur-

rent density. As was done previously, a catalyst layer porosity, ε, of 60% was

assumed. Based upon the experimental results, product selectivities of 15%

hydrogen, 50% ethylene + ethanol, 10% acetate, and 25% n-propanol are assumed

for all simulations to approximately account for the number of electrons transferred

per CO molecule consumed. A reaction thickness of 100 nm was assumed for the

catalyst layer (Lcatalyst = 100 nm). The maximum solubility of CO in the electrolyte

was modeled using Henry’s constant at 1 atm and 298 K as well as taking salting-

out effects into account via the Sechenov equation.

A no-flux boundary condition was imposed at the left-hand boundary for OH� while

the concentration of CO was initially described by the solubility of CO in the

imposed KOH concentration and partial pressure conditions. Both CO and KOH

were fixed to their bulk electrolyte concentrations at the boundary layer thickness

of 500 mm. The concentration profiles of CO and OH� were then found at steady

state for a variety of KOH concentrations, partial pressures, and current densities.
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