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Résumé

L'augmentation rapide de la concentration de CO> due a la consommation de ressources fossiles constitue une
grande menace pour l'environnement écologique de la planéte et le développement durable de la société humaine.
Pour réduire la concentration de CO; tout en assurant son recyclage, la réduction électrochimique est considérée
comme une approche prometteuse et a attiré l'attention du monde entier au cours des derniéres décennies. Le
cuivre, qui est I'un des rares métaux de transition, peut catalyser 1'électrolyse du CO> en produits multi-carbone
tels que I'éthyléne, I'éthanol, l'acétate, le propanol, qui ont des valeurs marchandes plus élevées et sont plus
concentrés en énergie. Par conséquent, des efforts intenses ont été consacrés a 'amélioration de la sélectivité de
la réaction vers la production de molécules Cz+, y compris l'alliage, le dopage de surface, la modification des
ligands et 1'ingénierie des interfaces.

Des recherches antérieures ont montré que les sites de cuivre partiellement oxydés (Cu®’, 0<8<1) a la surface
des catalyseurs de cuivre peuvent faciliter la conversion du CO; en multicarbures en diminuant la barri¢re
énergétique associée a la dimérisation du CO et a la formation de l'intermédiaire *OCCOH via un transfert de
charge efficace entre les sites d'étape de surface et les intermédiaires réactionnels. Néanmoins, l'instabilité des
espéces Cu®’, en particulier aux potentiels cathodiques élevés pendant 1'électrosynthése de multicarbones, rend
I'étude du role de Cu®" fastidieuse, et peut éventuellement se conduire a une perte rapide de la performance. C'est
pourquoi le contrdle précis de I'état d'oxydation du Cu et de la présence d'especes Cu' a la surface des électrodes
a récemment été au centre des préoccupations dans le domaine de la CO2RR notamment via I'oxydation contrdlée,
la polarisation pulsée ou fonctionnalisation.

Dans cette thése, nous avons cherché a affiner le comportement des sites actifs a la surface des catalyseurs de
cuivre via des stratégies d'ingénierie moléculaire. Nous avons tout d'abord modifié la surface du catalyseur
bimétallique argent-cuivre avec des hétérocycles aromatiques tels que des dérivés de thiadiazole et de triazole
afin d'améliorer la conversion du CO: en molécules d'hydrocarbures. Nous avons observé que la nature
¢lectrophile des groupes fonctionnels oriente la réaction vers la production d'especes Ca+ (éthanol et éthyleéne) et
augmente la vitesse de réaction a la surface du catalyseur. En conséquence, nous avons obtenu une efficacité
faradique (FE) élevée pour la formation de Co+ de = 80 % et une efficacité énergétique en cellule complete de
20,3 % avec une densité de courant spécifique de 261,4 mA c¢cm pour le C,+ en utilisant des électrodes Ag-Cu
fonctionnalisées. Nous anticipons que notre stratégie peut encore étre étendue pour améliorer la sélectivité de la
réaction vers la production de molécules multi-carbones spécifiques.

Par conséquent, sur la base de ces expériences de preuve de concept, nous avons ensuite exploré une
bibliothéque de sels d'aryl diazonium avec différents degrés d’¢lectrophilicité pour fonctionnaliser le catalyseur
de cuivre. En combinant calculs de théorie fonctionnelle de la densité (DFT) avec les spectroscopies Raman et
d'absorption des rayons X (XAS) en mode operando, nous avons mis en lumiére le réle de 1'état d'oxydation de
surface de Cu®" avec 0<8<1 sur la sélectivité et le taux de formation de C2Ha. En conséquence, nous avons obtenu
une FE et une densité de courant spécifique pour le CoHs aussi grandes que 83+2% et 212 mA cm a partir d’une
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électrode a base de cuivre partiellement oxydé: Cu’2¢*, Cela correspond a une efficacité énergétique de 26,9 %
et a une consommation électrique (CE) de 61,4 kWh N-! m™. En couplant avec une cellule membrane-électrode
a base d'Ag pour générer du CO a partir de CO2, nous avons obtenu un processus d’¢lectrolyse en cascade avec
une efficacité énergétique de ~40 % et un FEcons de 86+ 2 %, ce qui correspond a une CE record de seulement
25,6 kWh N'! m?. Globalement, les résultats de cette thése ouvrent la voie a des développements pratiques pour

la réaction de conversion du CO> en CoHy en utilisant 1'ingénierie de la valence des sites Cu.



Abstract

The rapid increase of CO2 concentration due to fossil energy consumption poses a great threat to the ecological
environment of the planet and the sustainable development of human society. To reduce the concentration of CO»
while achieving carbon recycling, the electrochemical reduction of COz is considered a promising approach and
has attracted worldwide attention in recent decades. So far, copper, which is one of the few transition metals, can
effectively catalyze the electrolysis of CO; into multi-carbon products such as ethylene, ethanol, acetate, propanol,
which have higher market values and are more energy concentrated. Therefore, intensive efforts have been
devoted to improving the selectivity of the reaction towards the production of C2+ molecules, including alloying,
surface doping, ligand modification and interface engineering.

It has been reported that partially oxidized copper (Cu®’, 0<8<1) sites on the surface of copper catalysts can
facilitate the conversion of CO; to multi-carbons by decreasing the energy barrier associated with the CO
dimerization and the formation of *OCCOH intermediate via efficient charge transfer between the surface step
sites and the reaction intermediates. Nevertheless, the instability of Cu®" species, especially the high cathodic
potentials during the electro-synthesis of multi-carbons, made the study of the role of Cu®* tedious, and it may
eventually lead to a rapid loss of the performance. Therefore, the control of the oxidation state of Cu and the
presence of Cu’ species on the surface of the electrodes has recently been a central focus in CO2RR notably via
controlled oxidation, pulse polarization, or molecular doping.

In this thesis, I sought to fine-tune the behavior of the active sites of copper-based catalysts surfaces through
molecular engineering. I firstly modified the surface of the bimetallic silver-copper catalyst with aromatic
heterocycles such as thiadiazole and triazole derivatives to increase the conversion of CO: into hydrocarbon
molecules. We identified that the electron withdrawing nature of functional groups orients the reaction pathway
towards the production of Ca+ species (ethanol and ethylene) and enhances the reaction rate on the surface of the
catalyst. As a result, we achieve a high Faradaic efficiency (FE) for the C»+ formation of = 80% and full-cell
energy efficiency of 20.3% with a specific current density of 261.4 mA c¢cm for C»+ using functionalized Ag-Cu
electrodes. We anticipate that our strategy can further be extended to improve the selectivity of the reaction
towards the production of specific multi-carbons molecules.

Therefore, based on this proof of concept experiments, we then explored a library of aryl diazonium salts with
different electron-withdrawing ability to functionalize copper. By combining density functional theory (DFT)
calculations with operando Raman and X-ray absorption spectroscopy (XAS), we identified the role of the surface
oxidation state of Cu®" with 0<3<1 on the selectivity and the formation rate of C2Ha. As a result, we obtained a
FE and a specific current density for CoHs as large as 83+2% and 212 mA cm, respectively on partially oxidized
Cu%26", This corresponds to an energy efficiency of 26.9% and an electrical power consumption (EPC) of 61.4
kWh N-'m™. When coupled with an Ag-based membrane electrode assembly (MEA) cell to generate CO from

CO; in a cascade flow process, an energy efficiency of ~40 % with a FEcons of 86+ 2% was achieved,



corresponding to a record low EPC of 25.6 kWh N-'m™. Overall, this thesis provides a route towards practical

developments for the CO»-to-C,H4 conversion reaction using valence engineering of the Cu sites.
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Chapter 1. General introduction

1.1 Motivation for Electrochemical CO: reduction

Energy crisis and climate change on a global scale have made scientists increasingly enthusiastic about the
research in the field of sustainable development!. Carbon dioxide (CO.), made of carbon and oxygen elements,
plays a critical role in the carbon cycle in earth's ecological system. The release of CO» by organisms and human
industrial activities, and the fixation by green plants and ocean make the carbon cycle reaches a balance in nature?.
However, the concentration of CO; in the atmosphere is continuously rising year by year, and global warming is
increasing due to the rapid development of human industrialization in recent years. It is therefore very important
and urgent to reduce the impact of greenhouse gases on the natural ecosystems. One of the most effective and
economic methods to mitigate the side effects of CO, brought is to fix it and make it convert to the useful and
sustainable fuels.

The current solutions to fix CO: can be classified into two main categories: (1) capture CO> and store it in the
earth's crust, (2) chemically convert CO, molecules into carbon-based energy materials that can be reused*.
Obviously, the latter is a faster and more sustainable solution, which may also be economically viable. Generally
speaking, CO: can be converted by chemical methods such as photocatalytic or (electro-) catalytic reduction of
CO,™!'!. However, in the process of carbon dioxide catalysis, a large amount of energy is consumed, and the low
conversion rate of CO2 cannot obtain obvious economic profits in the short term. Therefore, decreasing the energy
consumed while improving the (1) catalytic efficiency and (2) selectivity and (3) conversion rate of CO» are
critical to close carbon cycle at practical levels.

In recent years, the electrochemical conversion of CO; to carbon-based products has received much attention
due to the many advantages of the electrocatalytic CO> reduction reaction (CO2RR), such as mild reaction
conditions normally operating at room temperature and atmospheric pressure, recyclable electrolytes, as well as
reactions that are easily scalable to industrial-level development. (Fig.1)'?>!¢ Furthermore, electrocatalytic CO;
reduction uses electric energy as driving force, which can be obtained from wind energy, solar energy and water
energy that do not generate CO; again, thus lowering the carbon footprint.
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Fig.1 Surface average atmospheric CO, concentration (ppm) and statistics on the numbers of publications related to CO»

reduction in the last few decades. (Data obtained from Web of Science, collected May 10, 2020) (left). Diagrammatic

illustration of the carbon cycle (right)'*'*16,

1.2 Electrochemical CO; reduction

1.2.1 Mechanisms for Electrochemical CO; reduction

The electrochemical reduction reaction of CO; is complex and involves multiple proton-coupled electrons
transfer reactions depending on the products”!”. It mainly includes successive reaction steps as shown below:
first, CO; is adsorbed on the surface of electrodes; second, electrons transfer and protons coupling with the
dissociation of C=0 bond and the formation of C-H and C-O bonds; third, the desorption of products from the
electrocatalysts surface. Due to the linear chemical bonds, COz is a rather chemically inert molecule and difficult
to be activated. This explains why it is challenging to transform CO; into desirable products due to the high
energy of 750 kJ/mol for the C=O bond. However, when carbon dioxide molecules adsorbed on the surface of
the catalyst, its molecular configuration can be changed and the activation energy of its molecules can be reduced
during electrocatalytic processes.

There are several configurations for the adsorbed CO; on catalysts (Fig. 2), which change depending on the
applied potentials. The thermodynamic electrochemical half-reactions of CO> reduction and their associated
standard electrode potentials are summarized and listed in Table 1. Although the thermodynamic potentials for
different reactions are high, the experimental electrode potentials are usually much higher than theoretical values
because of the relatively high overpotentials for activating CO> into *CO;" intermediate.

. . 5- 5-

¢ & Qo
0 0 0o o

Fig 2. The different configurations of CO; adsorbed on catalysts.

Tablel. Selected standard potentials of CO; in aqueous solutions (V vs. RHE) at latm and 25 °C, calculated according to

the standard Gibbs energies of reactants in reactions’.
14



Thermodynamic reactions Electrode potentials (V vs. RHE)

under standard conditions

CO, +e” - CO; -1.9V

CO, +2H* + 2e~ - HCOOH (aq) -0.12V
CO, +2H* 4+ 2e~ - CO(g) 0.1V
CO,+ 6H" + 6e~ - CH;0H(aq) 0.03V
CO, + 4H* + 4e™ > C(s) 021V
C0O,+8H* +8e~ - CH,(9) 017V
2C0, +8H* +8e~ - CH3;CO0H (aq) 011V
2C0, + 10H* + 10e~ > CH;CHO(aq) 0.06 V
2C0, + 12H* + 12e~ - C,H,(9) 0.08 V
2C0, + 12H* + 12e~ - C,H;0H(aq) 0.09V
2C0, + 14H* + 14e~ - C,Hy(g) 0.14V
3C0, + 18H* + 18e~ — C3H,0H(aq) 0.1V

The catalytic reactions follow different pathways and generate different products depending on the different
catalysts. In general, CO; is usually reduced to formic acid on Pb, Hg, Ti, In, Sn, Cd and Bi, while it is converted
to CO on Au, Ag, Zn, Pd and Ga’. Copper (Cu), as one of the few transition metals, can efficiently form
multicarbon products such as ethylene, ethanol, acetate, propanol, which make it particular interesting to obtain
higher market value chemicals from COx.

The origin of the different selectivity on these four groups of transition metals has been explained to be the
result of their respective binding energy of the key CO2RR and HER intermediates, including *H, *OCHO (bound
to the surface through O), *COOH (bound to the surface through C), and *CO (* refers to the binding site). The
unique ability of Cu to reduce CO: to multi-carbon products is attributed to the fact that it is the only metal that

has a negative adsorption energy for *CO but a positive adsorption energy for *H, as illustrated in Fig. 3'%.
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Fig 3. CO; reduction metal classification'®.

Since only copper has shown potentials for producing hydrocarbon products, such as ethanol, ethylene, n-
propanol and so on, many researches have explored the possible reaction mechanisms. Fig. 4!2 shows the different
pathways of multi-carbon products and the corresponding predicted activation energy of the intermediates.
During the conversion of CO; to multi-carbon products, CO has been identified to be the most critical
intermediate, which is involved in the formation of many hydrocarbons via C-C coupling reactions. We note that
CO can eventually be protonated to form *CHO or *COH prior the C-C coupling step. For example, in the process
of producing ethylene, there are two proposed pathways:

(1) 2*Co- *coco, *CcoCO+ "H- "COCOH
(2) *CO+ *H- *CHO, *CHO+ *CO - "COCHO
Ethylene would be produced by further deoxidation and hydrogenation of both *COCOH and *COCHO

intermediates.
S il <
| E
n Y L BB BT
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Fig. 4. The possible reaction roadmap of electrochemical CO, reduction reaction'?.
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1.2.2 Evaluation indexes of Electrochemical CO; reduction
To evaluate and compare the performance of electrochemical CO; reduction, several indexes are usually
considered and presented as follows:

(1) Faradaic efficiency (FE, %), represents the percentage of electrons really involved in the formation of a
target product in the total electrons consumed by the reaction, which reflects the selectivity of a product on a
catalyst.

The Faradaic efficiency (FE) of each gas product was calculated as follows:

Z.
FEjqs = gi X v ><—lFPO X

X 100% 1
rri P W

The Faradaic efficiency (FE) of each liquid product was calculated as follows:

Zj

FEliquid == li X F X 100% (2)

Qtotal

where g; represents the volume fraction of gas product #; v represents the gas flow rate at the outlet in sccm; z;
represents the number of electrons required to produce one molecule of product 7; Ji.ta represents the total current;
l; represents the number of moles of liquid product i; and Qora represents the charge passed while the liquid
products are being collected. Pop=1.01 x 10 5 Pa, T=273.15K, F = 96,485 C mol ! and R = 8.314 J mol 'K .

(2) Current density (j, A em2), as the total current measured at a particular potential divided by the
geometric area of the working electrode, is used to measure the reaction rate of the electrocatalytic reaction. It is
of great significance to evaluate whether a catalyst or reaction system meets the requirements for large-scale
production. The partial current density for a specific product represents the current density involved in the
formation of a specific product and is also an important index for evaluating the catalyst performance. The
specific current density can be used to extrapolate the Tafel slope and gained additional information about the
reaction mechanism. The current density depends on the number of active sites on the catalyst, the mass transfer
rate of the reaction system, and the impedance of the system (the rate of electrons transfers to the reactants on the
electrode surface).

(3) Overpotential (1), is the additional driving force required to drive a reaction at a particular rate, and it
can be calculated as follows,

N = Ecq — E° 3)

where E represents the standard electrode potential of a specific product, and E.. represents the potential
applied to the working electrode. When evaluating the performance of the catalyst, the smaller the onset potential,
the better the performance of the catalyst at a constant Faradaic efficiency. The overpotentials at both the anode
and the cathode are important contributions to the cell voltage and strongly affect the energy efficiency (EE) of

the conversion process, as shown below:
1.23 —E;) X FE;
EEL — ( l) l
(1.23 — Eqgpp)

(4)
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Where E; represents the thermodynamic potential (vs. RHE) for CO2RR to species i; FE; represents the Faradaic
efficiency of species i; Eqpp refers to the applied potential (vs. RHE)

(4) Tafel slope, is obtained from the linear fit of the logarithm of overpotential and current density. It is also
used to analyze electrochemical reaction mechanism and kinetics, and it can be calculated as follows,

n=a+b*10g(jproauct) ()

Where b represents Tafel slope; a represents a constant which has some relationships with the interface structure
between electrolyte and electrode; 7 is the overpotential; j,roquc: represents the specific current density for specific
product. The rate determine step of CO2RR can be deduced by calculating the Tafel slope.

(5) Electrochemically active surface area (ECSA), As the loading amount of catalyst on electrode and the
specific surface area have big influences on the geometrical current density, the electrochemically active surface
area (ECSA) is introduced to gauge the intrinsic activity of the catalyst. In electrochemical reactions, there are
several methods to measure the ECSA, including the electrochemical double-layer capacitance (Ca);
underpotential deposition method (UPD) of hydrogen, copper or lead; hydrogen, oxygen or CO stripping and
Redox peak calibration. Both electrochemical double-layer capacitance method (Ca#) and underpotential
deposition method (UPD) are two common methods to examine the ECSA in CO2RR.

(6) Stability, is an important parameter to evaluate the catalyst’s practical performance. Generally, we can
evaluate its stability by observing the change of the current with the increased time by cyclic voltammetry and

galvanostatic or potentiostatic methods.

1.3 Current state of Electrochemical CO2 reduction reaction

Recently, more and more attention has been given to CO2RR, as it offers several advantages such as controllable
temperature and pressure, moderate reaction potentials, and the ability to scale up. In addition, CO2RR is powered
by electrical energy, which can be obtained from a renewable source such as wind, solar and hydro power,
reducing the CO; footprint of the process. However, the biggest challenge for CO2RR is the modest Faradaic
efficiency and instability for specific products together with a low energy efficiency.

The electrocatalytic reduction of carbon dioxide has been studied for decades, and scientists are committed to
develop and improve the activity of electrocatalysis to overcome various challenges in the electrocatalytic process.
So far, catalysts with excellent electrocatalytic performance for the CO> reduction mainly include transition
metals and their oxides, nitrides, sulfides, phosphating derivatives. Nanostructured metal catalysts usually show
high specific surface area and abundant active sites on the specific facets, twin boundary or low coordination
sites. Therefore, various nanostructured compounds based on metals and their alloys, sulfides, carbides have been
synthesized with the controlled morphology, composition and exposed crystal planes, such as nanoparticles,
nanosheets, nanorods, and so on. Ag, Au, Zn, Sn, Pb, Bi and Cu based nanomaterials have been widely

investigated for the electrochemical CO: reduction. Taking Copper (Cu), as one of the few transition metals that
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can efficiently produce valuable multi-carbon products, the selectivity toward one single product on Cu remains
poor (below 50%) because of the inappropriate adsorption energy of intermediates.

According to the Sabatier principle, an ideal catalyst should bind with the intermediates appropriately, not too
strongly, nor too weakly!”. In general, the binding energy of chemical species on a catalyst highly depends on the
structure and composition as well as the environment of the surface?. By tuning the binding energy of the
intermediates, the surface’s catalytic performance and the products can be consequently modified?!. Ideal catalyst
should optimize the binding energy of CO: and the multiple intermediates involved in the reaction. Therefore,
intensive efforts are devoted to control the binding energies between catalysts and reaction intermediates by
tailoring the Cu-based nanomaterials to improve CO2RR selectivity and activity. This imposes the development

of advanced physical and chemical strategies for tuning the electronic properties of Cu.

1.3.1 Controlling the size of catalyst

Nanostructured copper-based catalysts show excellent performance in CO: reduction. Engineering the size of the
nanocrystals can effectively change the coordination number of the surface atoms and the adsorption behavior of
active species, which are considered as an effective way to regulate catalytic selectivity?2. In order to study the
relationship between catalyst size and electrochemical performance, many researchers have synthesized a series

2324 nanoparticles®-?’, nanowires?’,

of nanostructured copper-based catalysts, including copper single atom
nanosheets?®. By embedding copper single atom into hollow carbon nanofibers, a Faradaic efficiency of 44% for
methanol was achieved®®. The authors attribute the remarkable performance to the synergistic effect between
copper single atom and hollow carbon nanofibers®*. The interaction between copper and hollow carbon nanofibers
strengthens the adsorption energy of *CO intermediates, while the further protonation leads to the formation of
*CHOH, a key reaction intermediate for methanol formation. It is generally believed that CO; electroreduction
to multi-carbon products such as ethanol or ethylene may be catalyzed with significant yield only on metallic
copper surfaces, implying large ensembles of copper atoms. Therefore, copper single atoms can only selectively
catalyze CO, CHs and methanol. However, Fontecave et al*® found that single copper atoms with a CuN4
coordination environment in a nitrogen-doped conductive carbon matrix achieves aqueous CO; electroreduction
to ethanol with a high Faradaic efficiency of 55 % under optimized conditions (electrolyte: 0.1 M CsHCOs,
potential: -1.2 V vs. RHE and gas-phase recycling set up), as well as CO electroreduction to C2-products (ethanol
and ethylene) with a Faradaic efficiency of 80 %. Operando X-ray adsorption (XAS) analysis shows that the
copper single atom is converted into copper metal particles during the catalytic reaction, which can then return
to the original single atom dispersion state when the voltage is stopped. Strasser group reported the effects of
catalyst size on activity and selectivity of CO2RR (Figs. 5-4a and b). They revealed that the smaller the catalysts’
size, typically below 5 nm, the selectivity of H» and CO are increased, while the generation of multi-carbon
products is inhibited. This is due to the strong adsorption capacity of *CO and *H at low coordination conditions
that decreases the chance of *CO-*CO coupling. However, Alivisatos ef al *°. reported that a monodispersed Cu
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nanoparticle with the size of 7 nm exhibited 76% CHy selectivity at -1.35 V. At the same time, the nanoparticles
gradually merged to 25 nm during the reduction process. This however did not affect the Faradaic efficiency of
CHs ?°. In contrast, the size of 20 nm Cu,O cube nanocrystals will be gradually reduced into 2-4 nm while
Faradaic efficiency of C,Hs was increased from 27% to 57.3% during the reduction process®’. Cuenya group?!
found that the diffusion of CO; and the re-adsorption of intermediates influence the selectivity of final products.
To do so, they studied the ratio of particle spacing to particle size IP/d based on experimental and first principal

investigations (Figs. 5-4c, d and e).

1.3.2 Regulating the crystal facets of catalyst

Regulating nanocrystalline orientation is another effective way to regulate the specific product’s selectivity.
Studies have shown that different Cu crystal planes show different activity and selectivity during the CO2RR
process (Fig. 6), and the ratio of CHs and C>Hs is closely related to the orientation of Cu crystal facets®”%. The
Cu (111) crystal facet is favorable for CHs formation, while the Cu (100) crystal facet contributes to C>H4
formation®2. According to the crystal structure of copper, each copper atom on the surface of Cu (100) is
surrounded by four nearest atoms with the distance of 2.57A and four sub-neighboring atoms (3.64 A), while the
copper atom on the surface of Cu (111) is surrounded by six nearest atoms (2.57 A). This means that Cu (100)
surface has a lower coordination number than Cu (111) surface, which determines its selective adsorption
intermediates and transition states**. Density Functional Theory (DFT) calculations have pointed out that *CHO
intermediate is more easily adsorbed on Cu (100) crystal plane at lower overpotential so that the C-C coupling
from two *CHO intermediates to produce C>Hy is more favorable than on Cu (111) surface**. This phenomenon
was also observed by Hori et al. in his seminal experiments*>-*¢, More recently, Sargent's group synthesized a 70%
Cu (100) facet exposed catalyst with a Faradaic efficiency of 90% Ca,+ products by electrodepositing Cu under
CO; assisted condition. This enhanced selectivity was attributed to the adsorption of specific intermediates on
Cu (100) facet (Figs. 6a to 6d)*’. Furthermore, the introduction of Step or Terrace defects on flat catalyst’s
surfaces would further affect the catalytic activity and reaction pathways. For example, Jaramillo et al*® found
that an improved selectivity toward oxygen-containing multi-carbon product can be achieved at low potential by
introducing Cu (751) crystal facet through physical vapor deposition (PVD) epitaxy growth, Cu(S)-[n (110) x
(100)] (n =2 ~ 7). In this work, the authors proposed that at low potential, C-C coupling is a chemical reaction
process, rather than an electrochemical process of proton coupled electron transfer. Compared with Cu (111) and
(100), which have 6 and 4 adjacent copper atoms on the surface respectively, Cu (751) has only 2 nearest surface
neighbors. Therefore, *CO is unlikely to be coupled with adjacent H*, which means it is difficult to achieve the
hydrogenation of C-C, and therefore more oxygen-containing products will be produced (Figs. 6e and 6f) 3.
Alternatively, the control of the morphology can direct the reaction pathway. Porous three-dimensional copper

dendrites also show good ethylene selectivity, while they do not have obvious crystal facets orientation. This

20



suggests that the surface roughness and the high-density defects are the most important factors for producing

multi-carbon products3#°.
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Fig 6. Crystal facets effects. a, Surface energy changes with the surface coverage of the CO,RR (assuming the same
coverages for all of the four intermediates) and HER intermediates. b, Adsorption energies of four intermediates on three
facets of copper. c, two-dimensional GIWAXS patterns of the Cu-CO; catalysts with respect to the deposition time. d, a
comparison of the Faradaic efficiencies of C2Ha, Co+ and CO on Cu-CO»-60 and Cu-HER-20 catalysts in 7 M KOH?". e, X-
ray pole figures for Cu (200) on Ti/Al,03(0001) (left top), Cu (200) on Si (100) (right top), Cu (111) on Si (111) (left

bottom) and the Cu (751) on Si (111) (right bottom). f, Oxygenate/hydrocarbon ratio for>2e™ reduction products as a
function of potential for Cu (111), (751), and (100)*,
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Fig 5. Nanoparticles size effect. (a) Particle size dependence of (a) the composition of gaseous reaction products (balance
is CO») during catalytic CO; electroreduction over Cu NPs, (b) the Faradaic selectivity of reaction products during the CO,
electroreduction on Cu NPs?, (c) Ball models of spherical Cu NPs with 2.2 and 6.9 nm diameters. Surface atoms are color-
coded according to their first neighbor coordination number (CN), CN < 8 (gray), CN = 8 (blue), CN =9 (red), CN > 9
(green). (d) Population (relative ratio) of surface atoms with a specific CN as a function of particle diameter. (¢) Simulation
results of the CO, concentration distribution based on diffusion equations. The red arrows show the reactant flux toward
the NPs. The color scale shows the concentration of CO> at a given distance from the NPs, as a percentage of its value in
the bulk of the electrolyte. A diffusion layer thickness of 100 nm was assumed. (f) CO; flux obtained for NPs with different
size and IP distances based on diffusion equations. The data are normalized by the corresponding flux obtained from a flat
Cu foil. (g) Experimental current density obtained at —1.1 V (vs RHE) during the electrochemical reduction of CO; over

7.4 nm Cu NPs with distinct average IP spacing’'.

1.3.3 Interface effects
As both the electronic structure and the surface state of the heterogeneous catalyst would affect the adsorption
free energy and the adsorption modes of CO: and the reaction intermediates, controlling the interfaces becomes

important for the CO,RR*' The interface between two different components, including active/active and
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active/inactive interfaces, promotes synergies between them. Metal oxides are usually unstable under CO2RR,
and the synergistic effect of the metal/metal oxide interface generated by partial reduction tends to produce highly
active and high selective catalytic sites. The different valences of metal is also known to change the adsorption
free energy of intermediates and promote water dissociation and C-C coupling Figs. 7a and 7b #2. Furthermore,
the metal/carbon-based material interface can make full use of the conductive skeleton and defects of graphene,

nanotubes and nano-diamond and promote the formation and the stability of CO; .

(1) The interface of metal/metal oxide

The metal/metal oxide interface form a highly active region and important connection points during the
activation process of catalyst, which can improve the selectivity and the activity of the CO.RR. Buonsariti et al**.
synthesized a Cu/CeOz-x heterodimer catalyst and demonstrated an excellent synergistic effect in CO2RR. The
Cu/CeO7.x heterodimer showed good selectivity towards CO> reduction (over than 80% FEo1) with a FE for CH4
as high as 54% at -1.2 V (vs. RHE) by using sol-gel method to combine two different sites (Cu and CeOz-)
through the interface connection. DFT shows that the combination of oxygen vacancies site with intermediates
binding to both Cu and Ce atoms at the same time was the lowest free energy pathway, which results in the
breaking of the linear relationship between the *CHO and the *CO intermediates. The continuous formation of
*CO at the interface and the high density of Cu sites effectively inhibits HER*. Sargent group reported a
complementary approach in which they utilized hydroxide and oxide doping of a catalyst surface to tune the
adsorbed hydrogen on Cu**. Density functional theory studies indicate that doping accelerates water dissociation
and changes the hydrogen adsorption energy on Cu. The authors synthesized and investigated a series of metal-
hydroxide-interface-doped-Cu catalysts, and found that the most efficient, Ce(OH)x-doped-Cu, exhibits an
ethanol Faradaic efficiency of 43% and a partial current density of 128 mA cm 2. Mechanistic studies, which
combined investigation of hydrogen evolution performance with the results of operando Raman spectroscopy,
showed that adsorbed hydrogen hydrogenates surface *HCCOH, a key intermediate whose fate determines

branching to ethanol versus ethylene.

(2) The interface of metals/carbon-based materials

Compared with the noble catalysts, carbon-based materials have the advantages of low cost, high electrical
activity, large specific surface area and good chemical stability, and can be used as the second component of the
ideal catalytic interface. Nanodiamond (Nd) is one of the few catalysts that produce multi-carbon products in CO,
reduction so far®. In addition, the N-doped nanodiamond (N-Nd) has a dominant N-sp3C component, which
plays an important role in improving the electrocatalytic performance*. Cui et al. synthesized heterogeneous
electrocatalysts by rational tuning of an assembly of nitrogen-doped nanodiamonds and copper nanoparticles*’.
High resolution transmission electron Microscopy (HRTEM) shows that a direct interface between N-Nd and Cu
can be obtained in agreement with previous observations of the interface between Cu and N-doped carbon
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nanomaterials. The catalyst exhibits a Faradaic efficiency of ~63% towards C, oxygenates at an applied potential
of only -0.5 V vs. RHE. Moreover, this catalyst showed excellent stability for 120 h and only 19% activity decay.
Density functional theory calculations show that CO binding is strengthened at the copper/nanodiamond interface.
This suppresses the desorption of CO and promotes the formation of C by lowering the barrier for the CO
dimerization. Importantly, the inherent compositional tunability and electronic tunability of the catalyst assembly

provide an unparalleled degree of control over the catalytic interface, and thus the energetics and kinetics of the
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1.3.4 Alloying

Alloy nanoparticles can offer superior catalytic selectivity than single component nanoparticles in CO2RR. To
improve the selectivity and stability of copper catalyst, and decrease the overpotential for producing multi-carbon
products, many researches focused on copper-based double metal catalysts*®. The addition of a second metal to
copper is considered to be an effective method for regulating the binding strength of the intermediates on catalytic
surfaces, thereby modifying the selectivity and the reactivity **. A series of bimetallic catalysts, such as Cu-Au,
Cu-Pd, Cu-In, Cu-Zn, Cu-Ni and Cu-Sn, have been shown to improve the surface activity of CO, reduction #°-33,
Studies on Cu-Ag alloy or Cu-modified Ag electrocatalysts show that Cu can improve the surface activity of CO»
reduction to hydrocarbons. Especially, the adjustment of d-band structure and geometric effect of Cu-Au and Cu-
Ag alloy catalysts allow the identification of several factors that affect the performance of the catalysts such as:

surface adsorption energy of the bonded intermediates and the orientation of intermediates.
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Alloying can be advantageously be used to tune the electronic structure of the catalyst surface through
introducing another metallic element. According to the theoretical model of d-band, both the width of the d band
center and the distance of the Fermi level would change the surface adsorption energy of the bonded intermediates
(Fig. 8a). Alloying or bimetallic phase formation can induce surface recombination, change the binding energy
of the target intermediate (and thus the reaction pathway), and improve reaction kinetics and selectivity. When a
metal strongly bonds to Cz+ intermediates (e.g., *CO, *COH, *COOH), the introduction of a second metal may
weaken the metal-CO interaction while synergistically improve the production of multi-carbon products (Figs 8b
and 8c). Indeed, *CO is an important intermediate in the formation of hydrocarbons and alcohols in CO2RR, and
the optimization of *CO binding energy by adjusting the composition of the alloy may contribute to the formation
of C-C bond. Electrolyzing CO- to multi-carbon products such as ethylene, ethanol, acetate, propanol is thought
to be more promising than C; products, since multi-carbon products possess higher market values and are more
energy concentrated. Since CO, is the key intermediate to form Cz+ products, a metal type with moderate CO
adsorption energy is an important criterion when designing a CO2RR active metal catalyst to promote the C-C
coupling step. Au and Ag, for instance, have suitable CO binding energy. Conversely, copper (Cu) is one of the
few transition metals to catalyze the electrolysis of CO, to multi-carbon products at acceptable current density.
Alloying copper with other metals, which have the low CO adsorption energy is an effective method to tailor and
obtain multi-carbon products. Sargent et al developed a bimetallic Ag/Cu catalyst that implements the proposed
design toward an improved ethanol catalyst. It achieves a record Faradaic efficiency of 41% toward ethanol at
250 mA ¢cm and —0.67 V vs RHE, leading to a cathodic-side (half-cell) energy efficiency of 24.7%°.

Alloying may also affect the way the reaction intermediates binds and interact collectively. Different binding
modes of atoms (order, disorder and phase separation) show different selectivity for C; and Co+ products. The
geometrically separated phases tend to selectively generate Co+ compounds. However, the catalytic performance
determined by the geometric and structural effects or electronic effects usually depends on the different bimetallic
systems. Many Cu-M bimetallic electrodes (where M refers to another metal) show high selectivity and high
intrinsic activity in the production of CO. Experiments show that a variety of bimetals can convert CO2 to CO
with the FEco over than 80%. For example, Kenis> et al synthesized a range of bimetallic Cu—Pd catalysts with
ordered, disordered, and phase-separated atomic arrangements (Cu.:Pda = 1:1), as well as two additional
disordered arrangements (CusPd and CuPd3; with Cuai:Pda = 3:1 and 1:3). When compared with the disordered
and phase-separated CuPd catalysts, the ordered CuPd catalyst exhibits the highest selectivity for C; products
(>80%) (Fig. 8d) Phase-separated CuPd and CusPd achieve higher selectivity (>60%) for C>+ products than CuPd;
and ordered CuPd, which suggests that the probability of dimerization of C; intermediates is higher on surfaces
with neighboring Cu atoms. Based on surface valence band spectra, geometric effects rather than electronic
effects seem to be the key in determining the selectivity of bimetallic Cu—Pd catalysts. This observation implies

that the selectivity towards two different products can be tuned by geometric arrangements (Figs. 9a-c).
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It is well known that strong interactions between two different types of metal nanoparticles can dramatically
change their electrocatalytic properties. For instance, Au is well known to convert CO; to CO, but the selectivity
for CO was decreased when combining Au with Cu nanoparticles together. Wang group®® reported that the
selectivity for formic acid is greatly enhanced when coupling Au with Cu, although Au by itself is neither high
selective nor high active for electrochemical CO, reduction to formic acid. Cu/Au catalyst successfully produced
formic acid at —0.4 V vs RHE in a near-neutral electrolyte and achieved a partial current density of 10.4 mA cm-
2 with a Faradaic efficiency of 81% at —0.6 V. This was notably 15 times more active and 4 times more selective
than the bare Cu catalyst derived in the same way (Figs. 9d and 9e). Electrochemical and spectroscopic
investigations revealed that the interactions between the Cu and the Au catalyst lead to the disappearance of Au’
characteristic electrocatalytic activity for reducing CO> to CO, while it contributes to oxidize CO and stabilize
Cu'* species on the Cu surface during CO,RR. The high selectivity for formic acid production on Cu-Au
bimetallic system opens up vast opportunities to improve the electrocatalytic reactivity using metal-metal

interactions.

1.3.5 Tailoring the valence of catalyst

Numerous studies have shown that the valence of copper in copper oxides or copper-based catalyst plays a central
role in the formation of multi-carbon products (Fig. 10)%° Xie et al evaluated the role of two different catalytic
sites by fabricating two kinds of four-atom-thick layers: pure cobalt metal, and co-existing domains of cobalt
metal and cobalt oxide. They found that at lower overpotentials, the surface cobalt atoms of the atomically thin
layers have higher intrinsic activity and selectivity towards formate production than surface cobalt atoms on bulk
Co. Partial oxidation of the atomic layers further increases their intrinsic activity, allowing them to demonstrate
stable current densities of about 10 mA cm™ over 40 hours, with approximately 90% formate selectivity at an
overpotential of only 0.24 V. These findings pointed to new opportunities for manipulating and improving the
CO; electroreduction properties of metal systems, by controlling the structure down the atomic-scale and by the
presence of metal®!. Kanan group prepared Cu electrodes by annealing Cu foil in air and electrochemically
reduced the resulting CuO layers®?. The CO,RR activities of these electrodes exhibited a strong dependence on
the initial thickness of the CuxO layer. Thin Cuy0O layers formed by annealing at 130 °C showed indistinguishable
activities from those of polycrystalline Cu. In contrast, the electrode of CuzO layers formed at 500 °C exhibited
the selectivity of 40% CO and 33% HCOOH®2. Roldan group developed oxidized copper catalysts which
displayed lower overpotentials and a record selectivity towards ethylene (60%) through facile and tunable oxygen
plasma treatments®?. Operando X-ray absorption spectroscopy and cross-sectional scanning transmission electron
microscopy showed that copper oxides are surprisingly resistant to be reduced and Cu* species remain on the
surface of copper electrode during the reaction. Their results demonstrated that the roughness of oxide-derived
copper catalysts only plays a partial role in determining the catalytic performance, while the presence of Cu* is
the key for lowering the onset potential and enhancing ethylene selectivity. To control the valence of copper,
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Sargent group introduced boron atom into copper catalysts. Both C>+ products selectivity and stability were found
to be improved by tuning the valence of Cu®" (0<8<1) through controlling the loading amount of boron .
Simulations showed that the ability to tune the average oxidation state of copper enables control over the
adsorption of CO and its subsequent dimerization allowing the formation of Cz+ products. As a result, a Faradaic
efficiency of 79 = 2% for C,+and a great stability of ~40 hours were achieved on boron-doped copper catalysts.
These finding illustrate that the positive valence of copper can boost the conversion of CO; to carbon products

and called for additional investigations®*.
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Fig 10. Oxide state effect. (a) Copper K-edge XANES spectra of Cu (B) after electrochemical reduction. (b) Schematic of
the process to synthesis Cu(B). (c) CO2RR performance on Cu(B)*.

1.3.6 Spillover effects
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CO is widely regarded as an indispensable and important reaction intermediate to generate multi-carbon products
in CO2RR. Regulating the coverage of *CO on the catalyst surface has been considered an effective strategy to
obtain deeply reduced C»+ products. In other words, the introduction additional catalytic sites to specifically
produce CO can be advantageously coupled to copper for the electrocatalysis CO to C> products in a two-step
process (Fig. 11). For example, macrocyclic complexes and silver are regarded as good catalysts for the
conversion of CO2 to CO. Based on this, Jaramillo et al. deposited gold on the surface of polycrystalline copper
by using plasma vapor deposition, which resulted in a high selectivity towards ethanol. The team believed that
the high concentration of CO produced from CO; on the gold clusters contributes to favor the C-C coupling on
the surface of copper®.

Sargent et al proposed a cooperative catalyst strategy consisting of a molecule—metal catalyst interface in order
to form a reaction-intermediate-rich local environment for the electrosynthesis of ethanol from CO; and H>O.
They implemented the strategy by functionalizing the copper surface with a family of porphyrin-based metallic
complexes which are good at converting CO; to CO. Density functional theory (DFT) calculations show that
increasing CO coverage on Cu surface can not only reduce the reaction energy of C—C coupling reaction, but also
adjust the selectivity from ethylene to ethanol. This results in a CO»-to-ethanol Faradaic efficiency of 41% and a

partial current density of 124 mA cm™ at -0.82 V vs. RHE.
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Fig 11. Proposed mechanism for the electroreduction of CO; to ethanol on CuxZn catalysts: stages 1—2, four protons and
four electrons reduce two CO, molecules to CO on Cu and Zn, respectively; stages 2 — 3, four protons and four electrons
reduce CO molecule to *CH; on Cu, while CO produced by Zn desorbs and migrates near the *CH,; stages 3—4, CO inserts
into the bond between Cu and *CH> to form *COCHo; stages 4—5, two protons and two electrons reduce *COCH, to
CH3CHO (acetaldehyde); stages 5 — 6, two protons and two electrons reduce CH3;CHO to CH3;CH>OH (ethanol). The

protons transferred are presumably drawn from water molecules®.

1.4 Dissertation Overview

1.4.1 The Research backgrounds

The development of electrocatalytic system that can selectivity convert CO; into valuable chemicals is considered
as promising strategies to close the carbon cycle and mitigate the use of fossil fuels. This, however, will be only

possible if this technology is technically and economically viable. Today, we witnessed a revival in the field of
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electrochemistry, which has strongly benefited the CO2RR. The main strategies can be classified into approaches:
molecular catalysis and heterogenous catalysis.

Copper (Cu), as one of the few transition metals, can efficiently convert CO; to multi-carbon products such as
ethylene, ethanol, acetate, propanol. Since multi-carbon products possess higher market values and are more
energy concentrated, intensive efforts have been devoted to improve the reaction selectivity towards the
production of Cz and Cz+ molecules. Examples of strategies for optimizing the Faradaic efficiency towards the

39:67-69 " surface doping®7°, ligand modification’’2, and interface

production of Cy+ species include alloying
engineering*>»"3-7. Designing Cu-based catalysts by adapting some of the concept of molecular catalysts in order
to finely tailor the behavior of the active sites of metallic surfaces is currently regarded as the long-standing
interest for the controlled design of novel electrocatalytic materials.

Alternatively, it has been reported that partially oxidized copper (Cu®", 0<8<1) sites on the surface of copper
catalysts can facilitate the conversion of CO: to multi-carbons by decreasing the energy barrier associated with
the CO dimerization and the formation of *OCCOH intermediate via efficient charge transfer between the surface
step sites and the intermediate?>0:6476.77 Nevertheless, the instability of Cu®* species, especially the high cathodic
potentials to electro-synthesize multi-carbons, made the study of the role of Cu®" tedious, and it may eventually
lead to a rapid loss of the performance’®. Therefore, the control of the oxidation state of Cu and the presence of
Cu" species on the surface of the electrodes has recently been a central focus in CO2RR notably via controlled
oxidation, pulse polarization, or molecular doping®®7%-80,

In this context, my PhD focuses on controlling the surface oxidation state of different Cu-based electrodes by
developing molecular doping strategies. While several reports have shown that the CO2RR properties are greatly
influenced by the surface chemistry of the catalyst, the engineering of the valence state of Cu using molecular
dopant has remained largely unexplored. This thesis manuscript will present the results I have obtained within
the last three years. Specifically, I will outline how, by grafting an organic molecule onto the Cu surface, the

catalytic properties of Cu can be tuned by removing electrons from the metal surface leading to the formation of

Cu®" species (0 <8< 1).

1.4.2 The Research contents

My research has encompassed the following topics: (1) constructing different morphology Cu-based electrodes
by adjusting the electrodeposition parameters to get the best pristine structure for CO2RR; (2) evaluating the
valence of Cu functionalized by different electron-withdrawing/donating molecular by X-ray absorption
spectroscopy (XAS) and make clear about the relationship between valence and CO;RR performance; (3)
developing membrane-electrode-assembly (MEA) electrolyzers to examine the electrochemical performance of
different Cu-based electrodes and achieve industrial grade current density; (4) identifying the role of the surface
oxidation state of Cu®* (0<3<1) on the selectivity and the formation rate of multi-carbon products by combining
density functional theory (DFT) calculations with operando Raman and X-ray absorption spectroscopy (XAS);
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(5) achieving high energy efficiency (EE, %), high CO> single-pass conversion rate (SPC, %), and low electrical
power consumption (EPC, %) based on Cu®" electrodes.

The manuscript is organized into four chapters. In the first chapter, the fundamentals of CO- electrochemical
reduction reaction, the methods and parameters of performance evaluation; the current state of electrochemical
COs reduction reaction are introduced and discussed.

The second chapter summarizes the reported methods from literatures to suppress the main side reaction
(hydrogen evolution reaction, HER) in CO; reduction reaction (CO2RR) and N> reduction reaction (NRR).

The third chapter develops a bimetallic Ag-Cu catalyst functionalized by thiadiazole and triazole derivatives
and found that the strong electron withdrawing groups based on aromatic heterocycles can effectively orient the
pathway of the CO2RR reactions towards the synthesis of C2+ molecules.

The last chapter is built on the results presented in the second chapter. A library of different electron-
withdrawing aryl diazonium salts functionalized Cu catalysts are fabricated to elucidate the influence of Cu

valence on the high selectivity of ethylene during the CO2RR.
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Chapter 2. Electrocatalyst Microenvironment Engineering for Enhanced Product Selectivity in Carbon
Dioxide and Nitrogen Reduction Reactions

2.1 Abstract

Carbon and nitrogen fixation strategies are regarded as alternative routes to produce valuable chemicals used as
energy carriers and fertilizers that are traditionally obtained from nonsustainable and energy-intensive coal
gasification (CO and CHi) Fischer-Tropsch (C:Hs) and Haber-Bosch (NHsz) processes. Recently, the
electrocatalytic CO; reduction reaction (CO2RR) and N reduction reaction (NRR) have received tremendous
attention with the merits of being energy-saving and environmentally friendly. To date, the development of the
CO2RR and NRR processes is primarily hindered by the competitive hydrogen evolution reaction (HER),
however the corresponding strategies for inhibiting this undesired side reaction are still quite limited. Considering
such complex reactions involving three gas-liquid-solid phases and successive proton-coupled electron transfers,
it appears meaningful to review the current strategies for improving product selectivity in light of their respective
reaction mechanisms, kinetics, and thermodynamics. Herein, based on the reaction pathways, we examine and
discuss the recent progress in inhibiting the HER and optimizing the selectivity of the electrocatalytic CO2RR
and NRR by focusing on the following strategies: (a) limiting the proton/electron transfer kinetics; (b) shifting
the chemical equilibrium, and (c) designing novel electrocatalysts and electrolytic systems. This review provides
insights into the enhancement of the CO;RR and NRR selectivity and efficiency by focusing on the activation of
CO; and N2 molecules on the catalyst surface, the regulation of the gas-liquid-solid three-phase interface and the

development of novel electrolyzers.

2.2 Introduction

Excessive consumption of fossil fuels such as oil, coal, and natural gas has produced a record-breaking level of
atmospheric carbon dioxide (CO»), resulting in the adverse effect of climate change and the aggravation of the
energy crisis (Fig. 1a).!? Nitrogen (N,) fixation via the conversion of atmospheric nitrogen to ammonia (NH3)
has been regarded as one of the most important challenges in the industry. Ammonia not only plays a key role in
producing fertilizers to sustain the rising global population, but also serves as a green energy carrier and an
alternative fuel, as demonstrated in Fig. 1b.>-> An appealing solution would consist of the fixation of COz and N,
which are highly abundant feedstocks, into valuable carbonaceous compounds such as carbon monoxide (CO),
formic acid (HCOOH), methanol (CH3OH), methane (CH4), ethylene (C2H4), ethanol (CH3CH>OH), ammonia
(NH3) and urea (CH4N,O), powered by renewable sources.®”#? In this context, the creation of large-scale
electrolysis systems powered by solar, wind, wave, and hydro energy can relieve our dependence on the
dwindling supplies of fossil fuels. However, owing to their intermittent nature, the fraction of energy generated
from renewable sources is limited to only 30% unless practical strategies for large-scale energy storage become

available.!?
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Among the various fixation strategies, electrocatalysis could be massively developed for the conversion and
chemical storage of renewable energy in the form of fuels, as it can meet its promises in terms of cost efficiency
and stability.!! However, in aqueous electrolytes, the hydrogen evolution reaction (HER) occurs at potential
ranges comparable to those associated with the CO;RR and NRR. This, combined with a large number of
available protons near the active sites makes the HER dominant, which results in an extremely low Faradaic
efficiency and limits the product selectivity towards the desired hydrocarbons and ammonia.!*!* To overcome
the HER during both the CO2RR and NRR, investigations have focused on designing novel catalytic materials
with improved selectivity, and limiting the accessibility of electrons and/or protons during the successive
electrochemical steps.!* In addition, in the context of CO2RR to multi-carbon products, increasing the availability
of primary reduction products such as CO in the vicinity of the electrode surface is a key parameter to maximize
selectivity towards multi-carbon products.

There exists an extensive amount of literature in both CO>RR and NRR fields, including several recent
reviews of specific subtopics.!>!® Through a handful of selected examples we review the strategies for increasing
selectivity towards value-added products in these emerging fields. The first part of the review provides an
overview of the CO2RR and NRR from a mechanistic and thermodynamic point of view. We then analysis the
literature for optimizing catalyst selectivity by engineering the catalyst surface and the reaction interfaces. The
third section of the review presents recent developments in electrolytes, notably ionic liquids and polymer-based
electrolytes. This is followed by an overview of recent research on catalyst surface modification and three-phase

interface engineering. In the last section, we expose the current challenge and future developments in the field.
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Fig 1. (a) Scheme of the carbon cycle. Reproduced from Ref.? with permission from Nature Publishing Group. (b) Cycle
of biologically driven N-transformations that occur in natural and human-influenced terrestrial and marine environments.

Reproduced from Ref.” with permission from the Royal Society of Chemistry.

2.3 Mechanistic and thermodynamic origin of multiple product generation in CO2RR and NRR

Both CO2RR and NRR to value-added products involve multiple successive proton-coupled electron transfers
(Table 1), which represent a significant kinetic challenge to be overcome to achieve high selectivity, in particular
compared to the more kinetically facile two-electron hydrogen generation reaction.!®! This kinetic challenge is
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in addition further complexified by the low availability of the reactants, as both CO; and N> have typically poor

solubility in aqueous electrolytes.

Table 1. Selected standard potentials of CO, and N> in aqueous solutions (V vs. SHE) at 1.0 atm and 25 °C, calculated
according to the standard Gibbs energies of the reactants in reactions. Reproduced from Ref** with permission from

American Chemical Society.

2H* +2¢~>H,  (E°=0V vs.SHE) (1)
N, + 8H* + 6e~ - 2NH,*  (E® = 0.274V vs.SHE) )
CO,+2H* +2e~ > CO+H,0  (E°=—0.106V vs.SHE) 3)
€O, +2H* +2e~ > HCOOH  (E® = —0.250 V vs. SHE) 4)
2C0, + 12H* + 12e~ - C,H, + 4H,0  (E° = 0.064 V vs.SHE) (5)
2C0, + 12H* + 12e~ » C,H;OH +3H,0  (E° = 0.084 V vs. SHE) (6)

In addition, a thermodynamic challenge is associated to the CO2RR, since proton reduction (HER) is more
thermodynamically favourable than the reduction of CO: to most products (Fig. 2a and Equations 3-6 ).222*
Although less critical in the case of NRR, the standard electrochemical potential for the proton reduction reaction
is yet close to that of the nitrogen reduction reaction (NRR) at 0.057 V vs. SHE (Equation 2). The intrinsic
stronger binding of H atoms over N> on most metal surfaces, highlighted in Fig. 2b, further illustrates that

challenge to increase NRR selectivity vs. HER.

nCO, + xH" + xe* = yproduct + zH,0
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Fig 2. (a) Kinetic versus thermodynamic requirements of various CO; reduction reactions. The plotted values are based on
the reaction equation given above the graph, made stoichiometric according to the product composition. Reproduced from
Ref.** with permission from Nature Publishing Group. (b) Combined volcano diagrams (lines) for the flat (black) and
stepped (red) transition metal surfaces for the reduction of nitrogen with a Heyrovsky-type reaction, without (solid lines)

and with (dotted lines) H-bond effects. Reproduced from Ref.* with permission from the Royal Society of Chemistry.
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This illustrate that three main challenges (thermodynamic, kinetic, or related to the mass-transport of the
reactants) have to be overcome to reach high selectivity in CO2RR and NRR. We will review in the next sections
the three main axes currently explored toward that goal, being concentrated on catalyst design, electrolyte

engineering and three-phase interface modulation.

2.4 Increasing selectivity via catalyst design

2.4.1 Catalyst nano-structuring for improved mass transport

Advancements in nanotechnology and characterization techniques have enabled a plethora of morphologies to be
explored to improve catalytic activity and product selectivity. Porous materials have attracted particular attention
due to their effect on the local chemical environment, including local pH and the mass transport of the reactant
and intermediates.’®3° The ability to increase effective active sites, both by maximizing surface area and
facilitating the accessibility of such sites, makes porosity useful and interesting across a broad range of fields.*
Such effects are especially crucial when considering the poor solubility of CO2 and N in aqueous electrolytes,
which cause mass transport limitations and barriers to high activity and selectivity.

Hierarchical porous networks are found commonly in biological organisms as a strategy to mitigate mass
transport limitations in the utilization of nutrients.*! The three-dimensional networks were replicated in early
work by Huan et al. who used gold nanodendrites for electrochemical sensing.*> Their application in catalysis
has recently appeared as an efficient strategy to increase current densities and catalyst selectivity in small
molecule electroreduction and oxidation.

The dynamic hydrogen bubble templating (DHBT) method has been the most prominent technique to create
such hierarchical porosity, which was recently comprehensively reviewed by the Bhargava group* and
specifically for CORR materials by the Broekmann group.** The process involves the electrodeposition of a
metal from aqueous solutions of the respective cations, while co-generated hydrogen bubbles act as a dynamic
template to create a metal foam. As the bubbles nucleate, grow and detach, a hierarchical pore structure forms
with layers of pores of increasing diameter (Fig. 3a), including micropores in the submicron range and
macropores 10-100 um.** The DHBT technique is relatively simple, requiring aqueous solutions and no need for
organic or inorganic templates (as in traditional metal foam synthesis),* high temperatures, high pressures or
uncommon equipment. Nonetheless, additives such as citrate are common to influence crystal growth.*-4® Bi-
and multi-metallic catalysts are also possible by co-electrodeposition, galvanic replacement, stepwise
electrodeposition or spontaneous decoration.** For example, many studies for CO2RR have coupled copper with
one other metal such as Ag, Sn, In or Zn. 4°-33

By fine-tuning parameters such as proton source and concentration, applied overpotential or current density,
substrate material, and the metal source and concentration, the nanostructure can be carefully controlled and
optimized. Broekmann and co-workers produced a dendritic Cu-based DHBT foam, and demonstrated a strong
dependence of the Cao-product selectivity on the surface pore size diameter, with the optimal size being between
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50 and 100 pm.>* They identified the temporal trapping of gaseous intermediates inside these pores as the key to
product selectivity. Intermediates such as CO and C;Hs, which would otherwise be released into the bulk
electrolyte, were entrapped in the pores of the foam catalyst, causing them to further react to form C,Hs (Fig. 3b).
At -0.8 V vs RHE they achieved a 55 % faradaic efficiency for C -products.

Such dendritic structures with large surface areas are common in this synthesis due to the deposition taking
place at high current densities and therefore in the diffusion limited regime. Copper and oxide derived copper

35-38 Huan et al.

dendrites have had particular interest due to their apparent selectivity for multicarbon products.
produced a dendritic CuO material from DHBT that could be used both as a CO2R and OER catalyst.>%®0 It
consisted of a triple layer structure with a metallic Cu core covered by layers of Cu,O and CuO (Fig. 3¢). In
electrocatalytic conditions, the CuO material is reduced to metallic Cu, generating nano-Kirkendall voids within
the dendrite structures. These gas-accessible voids were proposed to enhance the confinement of secondary
CO2RR products, such as CO, resulting in FEc2+ over 50 %. By applying a continuous flow electrolyzer, they
were able to reach a stable current of 25 mA/cm? with 2.95 V, equating to 21 % energy efficiency for hydrocarbon
production. By coupling the cell to a photovoltaic cell, they achieved a 2.3 % solar-to-hydrocarbon efficiency.

DHBT foams for single-carbon products such as CO and formate have also been reported. A silver-foam with
needle-shaped features in the mesopores was produced by using a citrate additive to control growth on the
nanometer scale.*® Between -0.3 to -1.2 V vs RHE 90% faradaic efficiency for CO was observed, however at
higher over-potentials they produced Cz-products, with 51% CHy at -1.5V (Fig. 3d). This unusual activity for Ag
was attributed to the catalyst morphology and nanostructure increasing *CO surface concentration and residence
time. Recent work by Mayer and co-workers exemplifies the advantages of the simplicity of the DHBT method.
In a one-step synthesis they used waste industrial Cu-Sn bronze as a material precursor to deposit a mesoporous
CuioSn foam.%! They achieved over 85 % faradaic efficiency for CO at -0.8 V vs RHE, over double that of the

plain Cu-Sn bronze, with partial current densities three times higher. Du ef al. prepared a nanoporous tin DHBT

foam on a tin substrate and achieved a faradaic efficiency for formate of 90 % with current densities of 23 mA/cm?.
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Fig 3. (a) Schematic illustration and SEM image of a copper DHBT foam, demonstrating the hierarchical pore structure.
Reproduced from Ref.** and Ref.’® with permission from the Royal Society of Chemistry and IOP Publishing. (b) Schematic
illustration of gaseous CO2R intermediates (CO and C>H4) and by-products (H») trapped within the porous Cu foam catalyst.
Reproduced from Ref.* with permission from the American Chemical Society. (¢) Schematic illustration of a dendritic
CuO DHBT-foam before (top) and after (bottom) CO; electroreduction in 0.1 M CsHCO3, showing the material reduction
to metallic Cu and the formation of nano-Kirkendall voids. Reproduced from Ref.® with permission from the Proceedings
of the National Academy of Sciences. (d) Potential dependent product distribution of the CO2RR using a Ag-DHBT-foam
catalyst by faradaic efficiency, showing the formation of hydrocarbons at potentials more negative than -1.2 V vs RHE.

Reproduced from Ref.* with permission from the American Chemical Society.

Other morphology-based strategies have been utilized to modulate mass transport in CO» reduction, including
the application of nanostructures such as nano-wires, sheets, needles, cones or tubes. Burdyny ef al. explored the
effect of nanomorphology of a silver catalyst on gas-evolution and subsequently bubble-induced mass transport.5?
By combing mathematical modelling and experimental observations using a dark field microscope, they
compared bubble formation on nanoparticles, nanorods and nanoneedles, and found a mean bubble diameter of
97,31 and 23 pm respectively. They illustrated that the generation of smaller bubbles improved long-range mass
transport of COa, resulting in a small diffusion thickness and a 4-fold increase in limiting current density of CO
production (Fig. 4a). Surendranath and co-workers synthesised gold inverse opal thin films and found that
changing the mesostructure by increasing porous film thickness could diminish HER 10-fold whilst maintaining
activity for CO, to CO, enhancing the faradaic efficiency for CO from less than 5 % to over 80 %.%° They
attributed this to the formation of diffusional gradients. Studies into nanocavities and their performance and
mechanism of action have emerged in recent years. Yang et al. utilised finite-element method simulations and
experimental measurements on a multihollow cuprous oxide catalyst.%* Analysis from X-ray absorption studies

and operando Raman spectra indicated that the pore cavities confined *CO intermediates, which bound to Cu*
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sites and locally protected them against reduction during CO2RR (Fig. 4b), as well as promoted C-C coupling.
They achieved a Cy+ product faradaic efficiency of 75 % and partial current density of 267 mA cm™.

As N reduction is a comparatively new field with its own unique challenges, studies into morphological
effects on catalytic activity and selectivity are less extensive. Although a range of nanostructures exist amongst
the literature,® specific insight into the role morphology plays in catalysis is limited. Kumar et al. produced a
multibranched PdCulr catalyst with long-spined sea-urchin-like morphology.®® The nanostructure had
interconnected channels that could facilitate mass and charge transfer, yielding 13.43 ug h™! mge..'! NHs at a
faradaic efficiency of 5.29 % (Fig. 4d). Another approach is to use porous frameworks as a support for catalysts.
Wei et al. loaded ruthenium nanoparticles onto carbon nanotubes, which were also applied as the gas diffusion
electrode.’” Despite using a typical H-cell set-up, the GDE structure allowed N> gas to be flowed through the
GDE and porous catalyst, instead of being solely solubilised in the electrolyte (Fig. 4c). They achieved a NH3
yield rate of 2.1 nmol/cm?s and faradaic efficiency of 13.5 %. Wang et al. deposited a porous Au film on a Ni
foam.®® They reported a NH3 yield rate of 9.42 ug h'! cm™ and faradaic efficiency of 13.36 % at -0.2 V vs RHE,
which they attributed partly to the interconnected porous structure.

A great range of nanostructures have been applied to the CO2RR and NRR to regulate mass transport, and
although strong correlations between structure and performance have been made, their mechanisms of action are
often highly complex and difficult to define. Most theories focus on the mass transport of reactants and
intermediates either through improved diffusion and convection or through their physical confinement in the
catalyst pores. Considerable progress has been made by combining computational and experimental research,

especially in the CO2R field, however their application to new materials and fields such as N>R could be improved.

(a) Polarization Losses
CO, Reduction Limiting Current Density

Bulk Solution
[CO2pud

Diffusion
Layer (BL)
[CO,] < Bulk

- -

Fig 4. (a) Schematic showing the effect of catalyst nanostructure on bubble departure diameter and its impact on the
diffusion boundary layer thickness and CO, mass transport. Reproduced from Ref® with permission from the American

Chemical Society. (b) Schematic of a cuprous oxide catalyst with nanocavities that confine carbon intermediates such as
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CO and C,H,. White: hydrogen; grey: carbon; red: oxygen; pink: copper. Reproduced from Ref.* with permission from the
American Chemical Society. (¢) Schematic illustration (left to right) and picture (middle-top) of the NRR in an H-cell with
a microtubular Ru-CNT (carbon nanotube) gas diffusion electrode. Reproduced from Ref.” with permission from the
European Chemical Societies Publishing. (d) TEM image of a PdCulr catalyst with long-spined sea-urchin-like morphology.

Reproduced from Ref.*® with permission from the Royal Society of Chemistry.

2.4.2 Surface functionalization

Functionalizing the surface of the electrode or catalyst by organic or inorganic ligands has been frequently
reported to adjust the interaction between adsorbed intermediates and catalysts, which not only inhibits the HER
but also enhances the product selectivity. The concept of surface-bound ligands can be extended to covalently
bonded molecules of the catalysts to tune the surface chemistry. In this section, we will review the different
functionalization strategies that have been reported in CO,RR and NRR (Fig. 5a).° To date, many organic
additives, including amino acids, cysteamine, thiols, pyridinium, N-heterocyclic carbenes (NHCs), imidazolium
salts, and inorganic anions, have been proposed to control the binding energy of CO2RR reaction
intermediates.’®”! For instance, Kim ef al. demonstrated a 94.2% FE for the production of CO from amine-capped
Ag supported on carbon, thanks to the effective suppression of the HER and the intrinsic high selectivity towards
the CO2RR from Ag (Fig. 5b).”? DFT calculations suggested that the amine-capped Ag nanoparticles stabilize
the *COOH intermediate while destabilizing *H.”® Conversely, thiol-capped Ag nanoparticles exhibited superior

reaction rates towards both the HER and CO> reduction by indiscriminately increasing AG+x and AG+coomn.

As presented in Fig. 5¢, Zhao et al. developed a simple modification strategy using amines to depress the
hydrogen evolution reaction on ultrasmall Au NPs and promote CO»-to-CO conversion.”* The amine groups, as
well as the molecular configuration, were found to play important roles in tuning the electrocatalytic activity of
low-coordinated sites of the nanoparticles. The authors claimed that strong interactions between Au and the amine
groups combined with the peculiar configuration are responsible for the improved CO;RR performance.
Remarkably, linear amines promoted the formation of CO, an effect which was enhanced by increasing the length
of the alkyl chain, whereas the branched polyamine greatly depressed it. Wang et al. demonstrated 55% and 77%
selectivities for ethylene and Ca+ products, respectively, using a tricomponent copolymer to modify the surface
of Cu electrodes.” Control experiments indicated that all three components of the copolymer are necessary for
enhancing selectivity. The copolymer was obtained by ring-opening metathesis polymerization, thereby offering
a new degree of freedom for tuning the selectivity. Xiao et al. successfully modified the d-band structure of a
self-supporting nanoporous Mo4P; catalyst by capping with a fluorosilane hydrophobic layer (Fig. 5d).”® This
approach weakens the ability to adsorb protons and simultaneously prevents water from approaching the active
sites, thus further suppressing the HER. Hydrophobic Mo4P3 exhibits outstanding NRR performance, with an FE
of as high as 10.1% and an NH3 yield of 17.3 pg h™! cm™. This strategy opens avenues for suppressing the HER
and could be extended to other metal catalysts for the NRR and CO2RR.
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This field is rapidly growing, and we list below some important insights. Functionalizing metal electrodes
with a reductive organic additive or an inorganic anion benefits hydrocarbon selectivity. The presence of selected
organic films on the electrode promotes the reduction reactions at some potentials, while the inorganic anions are
linked to increased adsorbed CO,ds coverage on the catalyst surface, thus stabilizing the intermediate.””’8 The
exact surface binding motifs of the ligands and precise mechanism for altered selectivity are still unclear.
Understanding the precise nature of the interface remains a key challenge for attaining the desired catalytic

properties.”
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Fig 5. (a) Surface modifiers grouped into different classes used to modulate the local chemical environment around the
catalytic site. (amino acids, amines, N-heterocyclic carbenes, thiols, imidazolium, three-dimensional cavities, N-
arylpyridinium salts and derivatives). Reproduced from Ref.® with permission from Nature Publishing Group. (b)
Schematic of the product selectivity, depending on the Ag NPs immobilized with an amine (or thiol)-containing anchoring
agent. Reproduced from Ref.”? with permission from the American Chemical Society. (¢) FEco (column) and jco (circle) of
gold catalysts with different surface amine modifications in CO;-saturated 0.1 M KHCO;3 at -0.7 V vs. RHE. Reproduced
from Ref.”* with permission from Wiley. (d) Interface structure after 12 ns molecular dynamics simulations with a water/Cu
interface and random copolymer with a water/Cu interface. Colour code: Cu, orange; C, grey; O, red; N, blue; F, pink; S,
cyan; H, white. Reproduced from Ref.”” with permission from the American Chemical Society. (e) Possible NRR

mechanism at the surface of the hydrophobic catalyst. Reproduced from Ref.”® with permission from Elsevier.

2.4.3 Crystal size and facet control
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Tremendous advances have recently been made to engineer catalysts to lower the HER during the CO2RR and
NRR processes.?® Compared with their bulk counterparts, nanostructured catalysts show original and often
enhanced activity owing to their unique surface electronic and chemical properties. These properties can be finely
adjusted to tune the activity and selectivity of electrocatalytic reactions. The surface of a nanomaterial catalyst
typically consists of planar areas with single-crystalline orientations separated by steps and kink sites with lower
coordination numbers. Complex atomic structures are therefore present at the interface between different grains
in polycrystalline and/or nanostructured surfaces. Buonsanti et al. investigated the catalytic properties of exposed
facets of Cu nanocatalysts at commercially relevant current densities (Fig. 6a).?” The study revealed that facet-
dependent selectivity could be retained in a gas-fed flow cell, showing greater HER suppression than a
conventional H-cell. The (100) facets of Cu nanocubes have been identified to be selective for the evolution of
C,Ha, whereas the (111) facets of Cu octahedra are selective towards CH4. Conversely, Cu spheres do not exhibit
any specific product selectivity, suggesting that randomly mixed facets cannot depress the HER during the
COzRR. Chorkendorff et al. systematically investigated the structure-selectivity relationship of Au single crystals
for electrocatalytic CO» reduction (Fig. 6b).?8 Remarkably, they found that the kinetics for the formation of CO
strongly depend on the surface structure. Under-coordinated sites, for instance, on the surface of Au(110) or at
the step edges of Au(211), show at least 20-fold higher activity than more coordinated configurations — such as
Au(100). By selectively poisoning under-coordinated sites with Pb, they identified the selectivity of these active
sites towards the reduction of CO., effectively suppressing the HER.

Strasser et al. investigated the role of particle size in CO> electroreduction using size-controlled Cu
nanoparticles (NPs).?’ A dramatic increase in the catalytic activity and selectivity of CO against H> was observed
once the particle size was decreased, particularly for NPs smaller than 5 nm, as shown in Fig. 6¢. Changes in the
population of low-coordinated surface sites and their stronger chemisorption were linked to H, and CO selectivity.
As shown in the inset of Figure 3c, a drastic increase in undercoordinated atoms is observed below a particle size
of 2 nm with a coordination number lower than 8. These peculiar sites accelerate both hydrogen evolution and
CO; reduction to CO via an increase in binding energy. However, the undercoordinated sites are unfavourable
for the subsequent hydrogenation of CO, which lowers the hydrocarbon selectivity of the NPs. A plausible
explanation for the observed trend is the reduced mobility of intermediate reaction species (CO and H) on the
small NPs due to stronger bonding, which decreases the possibility of further recombination to form hydrocarbons.
At intermediate particle sizes, the spherical particle model predicts low and constant populations of (100) and
(111) facets, which is consistent with the reduced yet constant hydrocarbon selectivities observed for Cu NPs
between 5 and 15 nm compared to Cu bulk surfaces. For these larger NPs, weaker binding of CO and H is
expected, favouring hydrocarbon formation.

Another critical parameter for suppressing the HER with metal NP catalysts is the interparticle spacing.
Mesoscale phenomena, such as interparticle reactant diffusion and re-adsorption of intermediates, can play an
important role in the product selectivity for multistep reactions.’*! In this context, Mistry et al. showed that for
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COg; electroreduction, decreasing the interparticle spacing for a constant nanoparticle size can suppress the HER,
which further increases the selectivity for CHs and C>Hs owing to the increased possibility of the *CO
intermediate re-adsorbing on a neighbouring particle and being further reduced (Fig. 6d and 6e).> More
importantly, this study uncovers general principles of tailoring NP activity and selectivity by carefully
engineering the size and distance. These principles guide the rational design of mesoscopic catalyst architectures
to enhance the production of the desired reaction products.*?

Catalysts made of noble metals (Ru, Pt, Au, Rh and Pd) and transition metals (Fe, Mo and Co) have been
extensively studied in the NRR process.>* Rational design of electrocatalysts with specific active sites or facets
has been successfully applied to limit the competitive HER while promoting NRR activity and selectivity.3>-¢
For instance, Yang et al. reported an improved catalytic activity towards the NRR with an increased concentration
of the (110) facet of molybdenum nanofilms.’” Compared to commercial Mo foil, a one hundred-fold
enhancement in catalytic activity was obtained at a low applied potential, with a maximum NH; formation rate
0f 3.09 x 10! mol s'! cm and an FE of 0.72% obtained in 10 mM H>SOys electrolyte at -0.49 V vs. RHE and -
0.29 V vs. RHE, respectively. The enhanced activity was attributed to both the surface morphology and the
orientation of the exposed crystal facets. According to previous DFT studies, the adsorption energies of nitrogen
and hydrogen on the Mo (110) facet are -1.1 eV and -0.7 eV, respectively, suggesting that the *N atoms would
bind more strongly than *H atoms and would likely be reduced to NH3 instead of H».%
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Fig 6. (a) Relation between the Faradaic efficiencies and potentials for different Cu morphologies (sphere, cube and

octahedra). Reproduced from Ref.?’ with permission from the American Chemical Society. (b) Relation between the
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Faradaic efficiencies and potentials with the exposure of different Au facets. Reproduced from Ref.?® with permission from
Wiley. (¢) Particle size effect during catalytic CO; electroreduction. The Faradaic current densities at -1.1 and -1.0 V vs.
RHE are plotted against the size of the Cu NP catalysts, and the inset shows the population (relative ratio) of surface atoms
with a specific coordination number (CN) as a function of particle diameter. Reproduced from Ref.? with permission from
the American Chemical Society. (d) Simulation results of the CO, concentration distribution based on diffusion equations.
The red arrows show the reactant flux towards the NPs. The colour scale shows the concentration of CO» at a given distance
from the NPs as a percentage of its value in the bulk of the electrolyte. A diffusion layer thickness of 100 nm was assumed.
(e) Faradaic selectivity during the electroreduction of CO; at -1.1 V vs. RHE with a Cu interparticle distance of 4.7 nm.

Reproduced from Ref.*? with permission from the American Chemical Society.

2.4.4 Single site engineering

One of the main challenges of bulk metallic or metal-oxide/sulfide catalyst is the large distribution of accessible
sites that may result to different favored reaction products and decreased selectivities. Presenting a much smaller
distribution of active sites, single atom catalysts (SACs), represent an interesting strategy to increase the
selectivity via a closer control of the active site. In the context of CO2RR and NRR, SACs have been
demonstrated as highly efficient to inhibit HER while promoting the targeted reactions.?-** Liu ez al. established
a general two-step approach to construct model SACs with precise structures (Fig. 7a).8* This involves building
well-defined molecular single-atom catalytic centres and linking them to a conductive carbon nanotube. The
single-Ni-atom catalyst exhibited high CO;RR activity, with a CO2-to-CO faradaic efficiency of 99% and
turnover frequency (TOF) of 100179 h'! at a current density of 32.3 mA ¢cm and overpotential of 600 mV. Pan
and coauthors reported the design of SACs with atomically dispersed Co sites anchored on polymer-derived
hollow N-doped porous carbon spheres with a large surface area, abundant N coordination sites and high electrical
conductivity.®> As shown in Fig. 7b, the single-atom Co-Ns site is also the dominant active center for CO,
activation, and the rapid formation of *COOH is a key reaction intermediate compared with the coupling of
protons followed by the fast desorption of CO.

SACs have also been applied to the NRR. Calculating free energies shows that all metal surfaces except for Pt
(111) and Ir (111) exhibit positive relative energies on the top site for *H, which indicates that *H prefers bridge
or hollow sites to top sites whereas *H is destabilized on the top site (Fig. 7¢).%¢ Thus, the suppressed proton
adsorption originates from the availability of only the top adsorption sites on SACs, highlighting the fundamental
role of the atomic ensemble effect in suppressing HER. Control of the conformation of the adsorbed molecules
on single metal sites is an effective approach to purposefully improve the catalytic properties of SACs. Chen et
al. performed DFT calculations to investigate the adsorption of N> on single metal sites.?’ In the case of a vertical
end-on configuration followed by the formation of an oblique end-on “NNH molecule, the corresponding NRR
process is energetically favourable (Fig. 7d). By targeting the two molecular configurations, single Ag sites with
Ag-N4 coordination were identified as the model catalyst for NRR. Experimentally, SACs composed of single

Ag sites were prepared on N-doped carbon black (SA-Ag/NC) and demonstrated a high NH3 yield rate (270.9 pg
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h! mge! or 69.4 mg h''lmgAg') and a desirable Faradaic efficiency (21.9%) in HCI aqueous solution under

ambient conditions.
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Fig 7. (a) TOF of Ni-CNT-CC compared with the TOFs of other state-of-the-art CO»-to-CO reduction catalysts. Reproduced
from Ref.® with permission from Wiley. (b) Comparison of the FEco and FEn, of Co—Ns/HNPCSs and CoPc. Reproduced
from Ref.** with permission from the American Chemical Society. (¢) Calculated AG("H) and AG(*N.) on SACs that satisfy
AGPDS < 1.0 eV. The dashed line indicates AG("H) = AG('N2). SACs in the AG("H) > AG('N,) region ("N, dominant
region), under the dashed line, correspond to N, adsorption being more favourable than “H formation at 0 V vs. RHE.
Reproduced from Ref.*® with permission from the American Chemical Society. (d) Calculated FEs and yield rates of NH;

over SA-Ag/NC. Reproduced from Ref.*’” with permission from the American Chemical Society.

2.5 The electrolyte: an active component to drive reactivity and enhance selectivity

2.5.1 Adjusting the local pH at the electrode/electrolyte interface

The pH value of the electrolyte greatly influences the equilibrium potential of the CO2RR and NRR, as
highlighted in the partial Pourbaix diagram for the CORR and NRR provided in Fig. 8a and Fig. 8b.83-° lIn
addition to the thermodynamic cell potential, the cathodic and anodic overpotential is also heavily affected by
pH, and highly alkaline media has often been applied to reduce cell voltage. A high local pH typically suppresses
HER formation, thus favouring multicarbon products for the CO2RR and ammonia selection for the NRR.%>3 The
groups of Sinton and Sargent have achieved remarkable results for the CO2RR in highly alkaline media; using 7
M KOH (pH = 15) they achieved a 1.3 A ¢cm™ partial current density for ethylene in a flow cell.** Engineering of
the triple-phase interface was key to these results and will be discussed further in Section 5. Unfortunately for

COg; electrolysis, the use of alkaline electrolyte is complicated by the fatal exergonic formation of carbonate,
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which is detrimental to both energy and carbon efficiency.” Neutral bicarbonate electrolytes have been applied
to reduce electrolyte consumption and to buffer the local pH, although at high currents CO3? is still formed from
CO; and electrogenerated OH™. Several studies have explored the dependence of product distribution on local pH
at the electrode/electrolyte interface, as well as the concentration and buffer capability of the electrolyte. In that
line, a fine tuning of the product selectivity for CORR on Cu electrodes was achieved via the modulation of local
pH upon variation of the electrolyte buffer capacity, CO» pressure, and current density.”® Varela et al. proposed
that electrolytes with a high buffer capacity could facilitate the transfer of coupled electrons/protons, thus being
beneficial for the evolution of hydrogen.”” In comparison, they found electrolytes with a low buffer capacity
could suppress the formation of H, owing to the low concentration of protons near the electrode surface, favouring
selectivity towards the formation of C2Hy (Fig. 8¢). Conversely, applying a higher current density can also lead
to a higher local pH. This is due to a high consumption rate of local protons compared to the rate of mass transport
of protons from the bulk electrolyte. Huang et al. modelled an electrode surface and found that even in highly
acidic electrolytes (pH 1), local neutrality and alkalinity could be created above 200 mA/cm?.%8 They required at
least 400 mA/cm? to produce multicarbon products. This improved carbon efficiency considerably, although
energy efficiency remains problematic. Although a higher CO> pressure could result in a lower local pH at a
constant electrolyte concentration, it favoured ethylene formation by increasing the local *CO concentration and
the corresponding *CO surface coverage.”” Recently, Chen et al. reported that adjusting the thickness of a highly
porous Au film allows controlling the mass transfer resistance and increasing the local pH at the
electrolyte/electrode interface of CO; reduction, which results in the promotion of the CO2RR while inhibiting
the HER.!%

For the nitrogen reduction reaction, Xu et al. summarized the dependence of the formation of nitrogen-
reduction intermediates on pH for aqueous media.!°! Due to the large overpotentials needed to activate N> and
the low solubility of N> in aqueous electrolytes, when the applied overpotential is sufficient to trigger the
electrochemical synthesis of NH3, the reaction at the active sites quickly becomes controlled by the mass transport
of N> molecules. Consequently, the presence of protons near the electrode surface leads to the uncontrolled
production of hydrogen. As illustrated in Fig. 8d, Wang et al. gauged the NRR performance of commercial Pd/C
in electrolytes with different pH values. Their observations revealed that the effective suppression of the HER

activity in the neutral electrolyte was attributed to a higher barrier for mass and charge transfer,!9%193
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buffer capacities. Reproduced from Ref.’” with permission from Elsevier. (d) NH; yield rate and Faradaic efficiency of
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Pd/C processed in N»-saturated electrolytes with different pH values. Reproduced from Ref."™ with permission from AAAS.

2.5.2 Optimizing the components of the electrolyte: alkali metal cation effects

Bicarbonate or carbonate are the most investigated electrolyte salts employed for the CO2RR as they provide a
near-neutral pH but most importantly allow to maintain a stable and high dissolved CO: concentration upon
operation.!%*195 Hence, while the anions are rarely varied in electrochemical studies, a wide range of studies have
investigated the variation of the alkali cations. In CO2RR, while the influence of alkali cations on product
selectivity and catalyst efficiency are commonly accepted,'% the origin of this effect is still largely debated in the
literature. The influence of the used alkali metal cations on the CO2RR activity and selectivity is generally
attributed to the relatively high population of alkali cations in the outer Helmholtz plane (OHP). Early work from
Monteiro et al. proposed that large cations are specifically adsorbed more easily on the catalyst surface because
of the fewer coordinated water molecules.!”” Adsorbed cations can also elevate the potential at the OHP and
decrease the local proton concentration, suppressing HER.!%® Alternatively, it was suggested that the cation size

can significantly affect the rate of water hydrolysis by tuning the hydration energy.!” For instance, the pKa value
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of Li" was calculated to be three times higher than that of Cs™. The hydrated Cs™ acts as a buffer, maintaining a
locally low pH near the electrode and increasing the local CO; concentration compared to Li" by 28 times (Fig.
9a). To gain more insight into the role of cations in electrocatalysis, Ringe et al. developed a combined ab
initio/continuum model of cation and electric double layer field effects based on a continuum modified Poisson-
Boltzmann approach (Fig. 9b).!!° By applying a single set of cation sizes derived from experimental data, the
model showed quantitative agreement with the experiments for the catalyst system on both Ag and Cu. The model
allows us to show that the surface charge density and the associated electric field are primarily altered by repulsive
interactions amongst hydrated cations in the Helmholtz layer. The use of high-valent cations with a small
hydration radius also increases the potential of zero charges or capacitance, which maximizes the surface charge
density and the corresponding interfacial electric fields.!!! Bell’s group provided insights regarding the beneficial
effect of cations, particularly at relatively low overpotentials, for which the reaction rate does not perturb the
local pH.!'? Notably, the hydrogen and CH4 partial currents remained steady, while formate, CoHa, and C,HsOH
formation rates increased when using large alkali cations. The cation size-independent production of Hz and CH4
was attributed to the zero dipole moment of “H and “*CHO, which are the corresponding reaction intermediates of
the reactions (Fig. 9¢).!!3

Alkali metal cations have also been used in recent work to promote the CO2RR in strongly acidic medium. A
key advantage to operating at a low pH is the improved carbon utilisation efficiency, which is limited in neutral
and alkaline media due to the formation of carbonate. Sargent and co-workers utilised a cation-augmenting layer
to sustain a high K* concentration at the copper catalyst surface.”® They achieved 61 % faradaic efficiency for
CO:R products and 40 % for Ca+ products at 1.2 A/cm? and by lowering the CO, flow they reached a single pass
conversion efficiency of 77%. Gu et al. explored the effect of alkali cations on the CO2RR in acid with tin oxide,
gold and copper catalysts, achieving 90% faradaic efficiencies for formic acid and CO.''* Using a simulation
based on the Poisson-Nernst-Planck (PNP) model, they predicted that the origin of such striking effects was the
modulation of electric fields, which inhibited the migration of hydrononium ions.

In the context of NRR, Hao et al. identified that the combination of bismuth and potassium cations contributes
to the NRR process by simultaneously enhancing the selectivity and activity.!!> Potassium cations lower the free-
energy change (AG) required by the potential-determining step (PDS) and regulate the proton diffusion process
to make the reaction more selective for the reduction of nitrogen (Fig. 9d). As a result, the Bi-K* pair can promote
the NRR to achieve a record-high Faradaic efficiency and ammonia yield at 66% and 200 mM NH3 g'h'! in

aqueous solutions and under ambient conditions.

52



(a) Boundary Well-Mixed
. 9Layer Layer

w
(&)
@]
=
5 I[COZ]= 33 mM
! Cation
M —
‘ ' ' E CS+
~ 140 pum
< (C) Hyd 20
c ydrogen om®
o 10 A ’.UQ,
< E L
E 4 e * >~
> ]
2 § v
8 V\v/v v/A
I
— — A A, — 'Y
= g A —
£ . l/./.
° ] — —=—-0.7Vvs RHE
© —e—-0.8V vs RHE
'E & —A—-09Vvs RHE
© —v—-1.0Vvs RHE
D- 4—-1.1Vvs RHE
0.1 T T T T T
Li Na K Rb Cs

Electrolyte Cation

Fig 9. (a) Effect of cation hydrolysis on the electrochemical reduction of CO, over Ag. Distribution of pH and CO,
concentration in the boundary layer. Hydrated Cs” buffers the cathode to maintain the pH close to 7 and to increase the CO»

concentration. Reproduced from Ref.'"”

with permission from the American Chemical Society. (b) Illustration of the origin
of cation effects in field-driven electrocatalysis. Repulsive interactions between hydrated cations at the outer Helmholtz
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with permission from the Royal Society of Chemistry. (¢) Average current densities obtained during bulk electrolysis as a
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Society. (d) Without the presence of K cations, protons can be readily transferred to the surface, and the HER will dominate.

Once K" hinders proton transfer to the catalyst surfaces, nitrogen will be adsorbed preferentially, and the NRR is promoted.

Reproduced from Ref.''"® with permission from Nature Publishing Group.

2.5.3 The search for novel electrolytes: ionic liquids and non-aqueous electrolytes

Ionic liquids (ILs), which are defined as salts that remain liquid below 100 °C, have been proven to be a promising
new class of environmentally benign solvents.!'® By tuning the molecular structure and polarity of the IL, the
CO; and N> absorption capacity and the ability to stabilize charged CO; and N> species can be tuned and
optimized. ILs also possess several advantages, such as wide electrochemical windows, thermal and chemical

stability, negligible volatility and electron transfer mediation for redox catalysis, which make them an interesting
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alternative to promote the CORR and NRR.!'7 As they are nonaqueous by nature, ILs allow control of the
aqueous content to an optimum level to provide protons for hydrocarbon formation while suppressing the
HER_18-122

ILs have been extensively investigated for the CO2RR because the cations of ILs can form a complex with CO;
and accelerate its transportation. Rosen et al. reported the use of 1-ethyl-3-methylimidazolium tetrafluoroborate
(EMIM-BF4) as an IL electrolyte for the electrochemical conversion of CO, to CO on silver (Fig. 10a).!23 The
IL system lowers the energy of the “CO> intermediate via the formation of a complex intermediate, which lowers
the energy associated with the initial step of the reduction reaction.!>* The formation of CO occured at very low
onset overpotential, and the IL system demonstrated sustained production of CO for 7 hours with a FEco of more
than 96%. ILs have also been applied with transition metal dichalcogenides, which are known to be more prone
to promote the HER over other reduction reactions. Remarkably, Asadi et al. exfoliated WSe> nanoflakes to
perform the electroreduction of CO» to CO using a 50 vol.% [Emim]BF4/H>O solution.!?> The current density,
FE, and TOF in producing CO were all superior at lower overpotentials, suggesting a high selectivity for the
CO2RR (Fig. 10b). Copper selenide nanocatalysts have been identified to convert CO, to CH3OH at low
overpotentials in a [Bmim]PFe/acetonitrile-H,O mixed electrolyte.!?® In addition, in a [Bmim]BFs+-H,O
electrolyte, MoTe: could also be used as a catalyst for CO- reduction to CH4 with a high FE of 83% at a relatively
low overpotential.'?’ Atifi et al. demonstrated that protic ionic liquids (PILs) derived from 1,8-
diazabicyclo[5.4.0]lundec-7-ene (DBU) effectively promote the electrochemical reduction of CO> to formate
(HCOO") with high selectivity (Fig. 10¢).!?® The use of PILs composed of the conjugate acid of DBU, [DBU-
H]", efficiently catalysed the reduction of CO; to HCOO" (FEncoon ~ 80%) with significant suppression of CO
and H» production (FEco + FEu2 = 20%) in either acetonitrile or an acetonitrile/H>O mixed electrolyte.

Ionic liquids and nonaqueous electrolytes with high N> solubility under ambient conditions can also increase
the local concentration of N3 near the catalyst surface by as much as 20 times compared to water on a volumetric
basis.!? MacFarlane and co-workers reported the use of ionic liquids with high N> solubility for the
electroreduction of N, to ammonia at room temperature and atmospheric pressure.!3? As presented in Fig. 10d,

FENH; as high as 60% was achieved in [P6,6,6,14][eFAP]. Ortufio ef al. used DFT calculations to explore the

nature of N> adsorption on different ions, and found that a stronger interaction accompanied by charge-
delocalization will result in stronger adsorption of N».!*! As shown in Fig. 10e, they found that on a Ru surface
the presence of ILs reduces the relative electronic energy of the N2RR intermediate NoH* more significantly than
that of the HER intermediate, H>*, lowering the energy by 0.34 eV and 0.11 eV, respectively. Suryanto et al.
identified the importance of the IL molar fraction (Xi) on the physicochemical properties of the electrolyte
mixture and the NRR performance.!*? An FE as high as 23.8 + 0.8% with an NHj3 yield rate of 1.58 = 0.05 x 10-
"'mol s7! cm™ was achieved for Xy = 0.23 at an optimal potential of -0.65 V vs. NHE (Fig. 10f). The significant
drop in the NRR performance when further increasing Xi. highlights the role of 1H,1H,5H-octafluoropentyl

1,1,2,2-tetrafluoroethylene ether (FPEE) in facilitating the mass transport of N> in the electrolyte. The authors
54



also claimed that other factors correlating FE and X1 could play a role, such as the presence of complex molecular
interactions and the different diffusion behaviours of neutral N> molecules and polar H2O within the mixed

electrolyte system. !
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Fig 10. (a) Schematic of how the free energy of the system changes during the CO, + 2H" + 2¢” = CO + H>O reaction in
water, acetonitrile (solid line) or EMIM-BF, (dashed line). Reproduced from Ref.'”® with permission from AAAS. (b)
Overall FEco and FEwy, at different applied potentials for WSe, NFs. The error bars represent the standard deviation of four

measurements. Reproduced from Ref.'* with permission from AAAS. (¢) Linear sweep voltammograms were recorded for
Bi-based and bare GCEs in MeCN containing 250 mM IL and 0.1 M TBAPFs under the saturation of Ar, Ny, or COs.
Reproduced from Ref.'*® with permission from the American Chemical Society. (d) Faradaic efficiency for electroreduction
of Na-saturated ILs on various electrodes at a constant potential of 0.8 V vs. NHE. Reproduced from Ref."** with permission
from the Royal Society of Chemistry. (e) Corresponding reaction energy profiles of such intermediates during the NRR
(right) and HER (left) for clean (dashed green line) and IL-decorated (solid purple line) Ru surfaces. Reproduced from
Ref."*! with permission from the American Chemical Society. (f) Solvent-IL ratio (Xi.) dependence of the NH; yield and
FE at -0.65 V vs. NHE. Reproduced from Ref."*? with permission from the American Chemical Society.

2.5.4 Solid-state electrolyte designs

Conventional liquid electrolytes used in the CO2RR and NRR, such as KHCO3, Na>SO4, or KOH, mainly have
three main purposes: i) to transport ions between the cathode and anode for efficient current flow, i7) to provide
protons for successive PCET and iii) to solvate liquid products. The mixture of liquid products and ion impurities
requires energy- and cost-intensive downstream separation steps to obtain pure products, which complicates the
infrastructure for delocalized production.!3* To tackle this problem, the concept of solid-state electrolytes was
proposed, inspired by progress in solid-state electrolytes for batteries.!*> A solid-state electrolyte is typically
placed between ion-exchange membranes with close contact to efficiently transport the generated ions and
minimize the ohmic loss of the device.'*® Remarkably, solid-state electrolytes have been proven to be very
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successful for suppressing HER by limiting the flow of protons to the catalyst active sites during the
electrochemical CO,RR."*"-138 The Wang group have reported the continuous electrocatalyic conversion of CO,
to pure liquid fuels using two electrode systems with solid electrolytes.!3*!4? They applied a porous solid
electrolyte (PSE) layer composed of styrenedivinylbenzene copolymer microspheres with sulfonic acid functional
groups for proton conduction. Using a formic-acid-selective bismuth catalyst (FEncoon ~97%), the
electrochemically generated protons and formate anions could combine at the PSL to produce formic acid (Fig.
11a). By directly flowing a carrier gas instead of deionized water through the PSL, they were able to collect
product vapours that could be condensed to form the pure product (almost 100 wt.% formic acid), alongside
impressive current density and stability (Fig. 11b).

Diez-Ramirez et al. studied the electrochemical synthesis of ammonia promoted by potassium ions (K*) on a
CosMo3N-Ag electrocatalyst in a K-B"-A1>0s3 solid electrolyte cell (Fig. 11¢).!*! The catalyst exhibited volcano-
type behaviour with applied voltage. At high overpotentials, more K* is pumped to the catalyst, and the rate of
ammonia formation decreases due to the high surface concentration of potassium ions. The apparent poisoning
effect was attributed to the blocking of active sites by K" and the formation of K-N-H poisoning compounds.Lan
et al. employed an H/Li*/NH4" mixed conducting Nafion membrane as the electrolyte for the NRR.!4? The mixed
conducting Nafion membrane increased the chemical compatibility of the acidic Nafion membrane with NH3. Li*
ions reduced NH3 formation due to the blocking effect of Li" on the transferred protons, rendering a relatively
lower current at a higher applied voltage. Sheets et al. proposed a novel polymer gel approach to convert N> to
NH3 at mild temperatures (30-60 °C) and pressures (20 psig).'*? As illustrated in Fig. 11d, the polymer gel
electrolyte helped to control the rate of the HER by limiting water transport and boosting N> transport, thus
improving the selectivity towards the NRR.

As an alternative to organic electrolytes, metal oxides have also been investigated as solid-state electrolytes for
the NRR.!** The working principle of solid oxide systems for the reduction of N is that the anode and cathode
are deposited on both sides of the metal oxides, which act as proton conductors, while H: is flowed over the anode
for conversion into H'. Protons are transported to the cathode, where the half-cell reaction between N and
H* takes place (Fig. 11e).'* Skodra et al. used steam to supply protons to the cathode and SrCe.95Ybo.0sO3 as
the proton-conducting solid-state electrolyte, with Ru and Pd catalysts as the cathode and anode, respectively.
Water vapour is first reduced to O and H' by electrolysis, and protons are transported to the cathode through the
proton conducting disk to react with N> and form NH;s. During the whole reaction process, only N> needed to be

purified, and NH3 was successfully formed in the temperature range of 450700 °C.
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previous literature. Reproduced from Ref.'*’ with permission from Nature Publishing Group. (¢) Schematic diagram of the
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Royal Society of Chemistry. (e) Schematic of solid oxide cells for electrocatalytic N> reduction employing proton-
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conducting electrolytes. Reproduced from Ref."™ with permission from Frontiers.

2.6 Three-phase interface engineering

The abundance of protons near the catalyst active sites makes the competing HER in aqueous electrolytes via
direct water reduction dominant, resulting in low selectivity and activity of the CO2RR and NRR.!#¢ A mitigation
strategy resides in facilitating the accessibility of the catalyst to high concentrations of CO> or N> molecules.
While protons (H") are readily available in aqueous solutions via water ionization, the supply of CO2 and N»

molecules to the catalyst surface is limited by their low concentration and slow diffusibility. In saturated aqueous
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electrolytes, the solubility of CO; in H,O is 3.3 x102mol L' at 298 K and 1 atm pressure, whereas the value for
N in H>O remains as low as 6.8x10* mol L.'¥7 For comparison, the concentration of protons in neutral
electrolyte is typically 2.7-fold and 132-fold higher than the concentrations of CO> and N», respectively. Raciti
et al. confirmed that the concentration of CO> molecules on the catalyst surface can even be completely depleted
to zero under a strong reaction driving force.!*® Such a limitation constitutes a significant hurdle.

One approach to tackle this challenge consists of the realization of an efficient three-phase interface between
gaseous COz, the liquid electrolyte and the solid catalyst. Under this condition, highly concentrated gas-phase
CO> molecules can be delivered through a porous gas diffusion layer (GDL) to the catalyst surface directly. With
higher CO» and lower H" surface concentrations, the HER can be significantly suppressed, and the CO;RR
performance can be improved. The properties of the GDL that supports the catalyst layer can affect CO2 and
water transport heavily, as recently reviewed by Berlinguette and co-workers.!* Thinner GDE/catalyst layers
shorten the CO diffusion distance, raising the relative CO> concentration; however, excessively high
concentrations can decrease multicarbon product formation by competing with intermediates such as CO for
binding sites.!*° The wettability of the electrode can be modulated with pore size and hydrophobicity so that the
pores do not become flooded with electrolyte, impeding CO> diffusion.!>!

Fine-tuning the local microenvironment near the catalyst surface has shown great enhancements in activity and
product selectivity in the CO2RR. Wakerley ef al. demonstrated a bioinspired strategy with a hydrophobic coating
of long-chain alkanethiols on dendritic Cu, which leads to a drastic increase in CO; reduction selectivity (Fig.
12a).* A “plastron effect” was proposed based on the hydrophobicity of animal fur or skin. As a gaseous layer
forms at the surface of the electrode, it increases the local CO; concentration and enables high selectivity for C»
products on Cu. This study led to the identification of the role of hydrophobicity and the formation of gaseous
voids as effective levers to orient the reaction pathway towards the formation of multicarbon products, opening
directions for future electrode designs. More recently, Xing ef al. showed that a hydrophobic microenvironment
can significantly enhance CO, electrolysis by facilitating reactant diffusion (Fig. 12b).!>? Using commercial
copper nanoparticles dispersed with hydrophobic polytetrafluoroethylene (PTFE) nanoparticles, they reported
improved activity and Faradaic efficiency for CO» reduction with a partial current density >250 mA ¢cm 2 and a
single-pass conversion of 14% at moderate potentials. Importantly, this performance was approximately twice as
large as that of regular electrodes without added PTFE. Similar findings were also observed from a Bi-based
catalyst modified with PTFE nanoparticles in the catalyst layer to demonstrate a partial current density of 677
mA c¢cm for formate and 35% single-pass CO, conversion at -0.7 V vs. RHE (Fig. 12¢). Pham et al. compared
various ionomeric binders on a Cu catalyst, and achieved a 77 % faradaic efficiency and 600 mA c¢m™ partial
current density for Ca+ products at -0.76 V vs RHE using a fluorinated ethylene propylene (FEP) binder.!>3 They
attributed these results to the hydrophobic properties of FEP. The Sinton and Sargent groups have also done
notable work on modulating the three-phase interface in continuous flow and membrane electrode assembly
(MEA) electrolyzers, enabling high current densities (e.g. > 1 A cm™) to be achieved.”*!3® For example, they
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presented a catalyst:ionomer bulk heterojunction (CIBH) architecture, which had both hydrophilic and
hydrophobic functionalities. By having different domains that favoured gas and ion transport routes, they were
able to decouple gas, ion and electron transport, extending the reaction interface from the submicrometer to the
several micrometer range.’! These examples illustrate that moderate hydrophobicity of the catalyst layer can
establish a microenvironment with a balance between gaseous CO» and liquid electrolytes inside the catalyst layer.
Such microenvironments — equivalent to microreactors — reduce the thickness of the diffusion layer, accelerate
CO:2 mass transport and link highly active reaction zones at the interfaces between the three phases involved in
the reaction.!>* The triple-phase interface can also be tuned by applying ionomers to control pH and CO»/H>O
concentrations. Bell and co-workers postulated that anion-exchange ionomers (e.g. sustanion) increase CO:
solubility, cation-exchange ionomers (e.g. nafion) increase local pH by trapping OH ™ ions, and both types increase
water concentration.!> By optimizing a bilayer ionomer coating and coupling to pulsed electrolysis, they
achieved 90 % faradaic efficiency for C+ products and just 4 % for Ho.

When applying large potentials at the electrodes, the kinetically facile HER becomes preferable to the reduction
of N> due to the relatively low energy barrier associated with the reaction. It was suggested that the HER should
always dominate at normal proton concentrations near the metal electrode surface. However, when few protons
or electrons are provided, the NRR may preferentially occur, as recently observed experimentally. Designing a
triple-phase interface for NRR can increase the local N2 concentration and improve *N» adsorption, whilst
limiting the availability of protons by reducing contact with the electrolyte.!>¢!>7 Using this strategy, Zhang et al.
realized triple-phase electrolysis via in situ fabrication of Au nanoparticles located on hydrophobic carbon fiber
paper (Au/CFP) (Fig. 12d).">® The hydrophobic carbon fibres facilitated the formation of three-phase contact
points (TPCPs) for N», the liquid electrolyte and the Au NPs. Chen et al. improved the three-phase reactions by
using hydrophobic layers on both sides of the catalyst and reported an improved ammonia formation rate of 1.06
x 10! mol cm™2s™! using a 30% Fe>O3-CNT electrocatalyst (Fig. 12¢).!” The ammonia formation rate and NH;
Faradaic selectivity were improved by 158% and 571%, respectively, compared to the traditional configuration
based on the two-phase interface. According to the authors, excessive suppression of the HER is not, however,
beneficial to NRR activity, although it can lead to higher Faradic efficiency (Fig. 12f). A sharp decrease in the
local concentration of protons does not benefit the NRR process, as protons are necessary for the successive
PCET steps associated with the formation of ammonia. These investigations point out that although the release

of hydrogen is a competitive reaction, protons are paradoxically essential to increase the ammonia yield.!®?
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Fig 12. (a) Operation of the hydrophobic dendrite, illustrating the enhanced CO, mass transport from the triple-phase
boundary between the electrolyte, the electrode and gaseous CO; and the resultant formation of key products on the surface.
Reproduced from Ref.** with permission from Nature Publishing Group. (b) Faradaic efficiencies for the CO.RR on the
two electrodes (dash: AvCarb MGL370 + Cu/C; solid: AvCarb GDS2230 + Cu/C) at -1.0 V vs. RHE with various CO> flow
rates. Reproduced from Ref.'*> with permission from Nature Publishing Group. (¢) Schematic illustration of CO, mass
transport inside the catalyst layer with added PTFE, including gas-phase diffusion (solid red arrows) and aqueous-phase
diffusion (dashed blue arrows). The dashed rectangles indicate catalyst areas that are only exposed to the electrolyte,
exposed to both electrolyte and gaseous CO», and only exposed to gaseous CO,. Reproduced from Ref.'®' with permission
from the American Chemical Society. (d) Schematic illumination of three-phase contact for N, (gas), the electrolyte (liquid),
and the catalyst (solid) at the hydrophobic interface. Reproduced from Ref.'*® with permission from Wiley. (e) Schematic
view of the three-phase reactor for electrochemical ammonia synthesis. Reproduced from Ref.'* with permission from the
American Chemical Society. (f) NRR catalytic mechanism of Mo,C/C under proton-suppressed and proton-enriched
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conditions. Reproduced from Ref.”™ with permission from Wiley.

2.7 Conclusions and Perspectives
The industrial development of the CO2RR and NRR is currently plagued by low Faradaic and energy efficiencies.
The successive PCET steps associated with the corresponding reaction intermediates increase the complexity and

complicate the search for an ideal catalyst. The simplicity of the HER mechanism and the abundant presence of
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protons in traditional electrolytes make the production of hydrogen a competitive and parasitic reaction that
consumes a significant amount of electrons to the detriment of the fixation of CO2 and N». A central approach to
alleviating this bottleneck is to minimize the side reaction of hydrogen evolution. Two main strategies have shown
promise but still require further investigation; they involve a) favouring the thermodynamics of the desired
reaction and b) adjusting kinetics that favour the desired pathways to the detriment of the HER.

Controlling the reaction thermodynamics.

Improved comprehension of the reaction mechanism has recently enabled fast progress in the design of materials
and the corresponding active sites with improved selectivity. This approach has also been used to reduce the
energy barrier of the targeted reaction to a lower value compared to that of the HER. For instance, theoretical
studies have suggested that step sites may very well dominate CO2RR and NRR activity, although experimental
validation of this remains a challenge. However, the catalyst surface has been shown to reconstruct under reaction
conditions. This calls for precise in situ observations of the formation of undercoordinated defects or step sites
during the reaction to understand the mechanism for HER inhibition during the reaction under dynamic conditions.
The development of operando characterization techniques to probe the active sites together with improved
numerical predictions — in particular under realistic environmental conditions — will allow further improvements
in the selectivity of the catalyst. The fields will also benefit from the development of isotopic experiments using
13C, N and ?H. In particular, the use of D" could advantageously be used to determine the role of protons during
electrochemical processes.

Controlling the reaction kinetics.

Based on the mechanism of the CO2RR and NRR, limiting the accessibility of protons from the electrolyte and
electrons over the surface of the catalyst has been found to effectively inhibit the kinetically preferred HER,
eventually leading to enhanced CO2RR and NRR selectivity. Surprisingly, excessively restricting the accessibility
of protons and electrons may hinder the whole conversion efficiency of the CO2RR and NRR to some degree.
The balance between selectivity and conversion efficiency therefore necessitates further clarification in future
studies. This will be achieved by controlling the local pH at the catalyst surface by tuning the surface chemistry
and triple phase interface, modulating the nanostructure, or via the use of nonaqueous electrolytes.

Future challenges and opportunities.

From the viewpoint of the catalyst and the reaction products, cathodic degradation and the inactivation of reaction
sites are responsible for the rapid loss in activity. As reactions proceed, undesirable intermediates or poisonous
byproducts preferably deposit on the catalyst surface and affect the catalysis process. This phenomenon may
decrease the effective area of the electrocatalyst, accelerate cathodic degradation and orient the reaction towards
the formation of hydrogen. The demonstration of catalysts with ultralong stability of > 5000 hours remains a
milestone to validate the industrial potential of the CO;RR and NRR. Combining experiments and theoretical

research holds potential for guiding the design of both catalysts and electrolyzers for CO2RR and NRR. From
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this perspective, machine learning will help rapid screening of catalysts with high selectivity based on massive
data in the silico database by focusing on near-optimal bond energy with adsorbates, such as *CO and *N;H.
Overall, this review has presented and discussed the most important developments for suppressing the HER
and improving product selectivity during the fixation of CO> and N,. Future developments in the field will
emphasize combining efforts to enhance catalyst selectivity while controlling the mass transport of reactants and
protons. From this perspective, rapid progress in the design of electrolyzers using new solid electrolytes and in
the control of interfaces at the active sites should make it possible to achieve industry-relevant performances, as

recently reported in several contributions.!40-162
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Chapter 3. Improved electrochemical conversion of CO; to multi-carbon products by using molecular
doping

3.1 Abstract

The conversion of CO; into desirable multicarbon products via the carbon dioxide reduction reaction (CO2RR)
hold promise to achieve a circular carbon economy. In this chapter, I report a strategy in which we modify the
surface of bimetallic silver-copper catalyst with aromatic heterocycles such as thiadiazole and triazole derivatives
to increase the conversion of CO» into hydrocarbon molecules. We identified that the electron withdrawing nature
of functional groups orients the reaction pathway towards the production of Cz+ species (ethanol and ethylene)
and enhances the reaction rate on the surface of the catalyst. As a result, we achieve a high Faradaic efficiency
for the Ca+ formation of = 80% and full-cell energy efficiency of 20.3% with a specific current density of 261.4

mA cm? for Ca+ using functionalized Ag-Cu electrodes.

3.2 Introduction

This chapter is dedicated to use the electron withdrawing nature of functional groups to modify the catalyst
surface to orient the reaction pathway towards the production of Cz+ species. As introduced in chapter 1, the
electrochemical reduction of CO; to hydrocarbons using renewable energy is regarded as an effective way to
close the carbon cycle via the conversion of CO» into chemical precursors or fuels!?. The electrochemical CO,
reduction reaction (CO2RR) toward single carbon products has achieved tremendous progress®, especially for the
production of Ci molecules such as carbon monoxide (CO) or methane (CH4)*’. Copper (Cu), as one of the few
transition metals, can efficiently catalyze the electrolysis of CO2 to multi-carbon products such as ethylene,
ethanol, acetate, propanol®, which possess higher market values and are more energy concentrated. Therefore,

intensive efforts have been devoted to improve the reaction selectivity towards the production of C> and Co+

2 15,16 17-20

molecules, including alloying®!?, surface dopingl*!4, ligand modification!>!6, and interface engineering
Among these strategies, designing Cu-based catalysts by adapting some of the concept of molecular catalysts in
order to finely tailor the behavior of the active sites of metallic surfaces is currently regarded as the long-standing
interest for the controlled design of novel electrocatalytic materials. Increasing the oxidation state of copper has
been suggested to improve the CO,RR performance and notably the formation of Ca+ species'#?!2, Various
strategies are being explored to prepare Cu®" by using controlled oxidation via plasma treatments or doping with
boron and halides'# 23-%, Alternatively, molecular engineering of either the electrolyte or the catalyst surface has
recently been proposed for orienting the selectivity of the reaction by stabilizing intermediates, inhibiting proton
diffusion, or acting as redox mediators during the electrochemical CO, reduction reaction (CO2RR)?*3%, Organic

3132 imidazole®*3°, thiol**37 and cysteamine®® have been reported as

species such as N-aryl pyridinium salts
effective lever to tune the reaction selectivity toward the formation of specific products by stabilizing key reaction

intermediates. Functionalization of alkyl chains can also lead to better CO2RR performance by suppressing the
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competitive hydrogen evolution reaction (HER) via the creation of hydrophobic regions on the surface of the
catalyst®”> 340,

In Chapter 3, I will present an effective strategy to control the surface oxidation state of bimetallic Ag-Cu
electrodes by using functionalization for tuning the oxidation state of Cu®". By combining Auger and X-ray
absorption spectroscopies (XAS), we identified that the grafting of aromatic heterocyclic functional groups can
efficiently dope the surface of Cu by withdrawing electrons from the metal surface leading to the formation of
Cu®" species. Compared to pristine non-functionalized and alkyl-functionalized electrodes, the modified
electrodes display a clear improvement of the reaction rates and Faradaic efficiency towards the production of
Ca+ products. Operando Raman and X-ray absorption spectroscopy (XAS) suggest that the presence of Cu®" with
0 <6< 1 favors the formation of adsorbed CO with the atop conformation which is a known key intermediate
specie involved in the C-C coupling step associated with the formation of multi-carbon products. When

assembled in a membrane electrode assembly (MEA) electrolyzer, the catalyst delivers a Faradaic efficiency (FE)

for Co+ products of 80 + 1 % and a total Cz+ energy efficiency (EE) of 20.3% for the full cell.

3.3 Experimental methods

3.3.1 Materials

Chemicals

Copper  sulfates (CuSOs, 99%), silver nitrate (AgNOs, 99%), ammonium sulfate(99%,
ethylenediamine(NH>CH>CH>NH>, 99.5%), potassium hydroxide (KOH, 90%) potassium bicarbonate(KHCO3,
99.7%), sulfuric acid(H2SO4, 99.99%), Iridium (III) chloride hydrate (IrClz -xH>O, 99.9%), 5-Amino-1,3,4-
thiadiazole-2-thiol(C2H3N3S2,95%), 3-amino-1,2,4-triazole-5-thiol(C2H4N4S,99%), cysteamine(C2H7NS,99%)
and 1-Propanethiol (C3HsS, 99%) were purchased from Sigma-Aldrich. Nafion 117 and anion exchange
membrane (Fumapem FAA-3-50), gas diffusion layer (Freudenberg, H23C6), and titanium mesh were obtained
from Fuel Cell Store. All chemicals were used as received. All aqueous solutions were prepared using deionized

water with a resistivity of 18.2 MQ cm™!.

Electrodes preparation

Before depositing catalysts, gas diffusion electrode (GDE) was treated with sulfuric acid by sonicating 20 minutes.
After acid treatment, the remaining acid was rinsed with deionized water for 5 min three times, and gas diffusion
layer was dried at room temperature. To obtain the working electrodes, 15 %.:. Ag-Cu catalysts were prepared
through a pulse electrodeposition approach under CO; bubbling condition. Firstly, electrochemical deposition of
the Ag catalyst was performed using a potentiostat (VSP potentiostat from Bio-Logic Science Instruments). The
electrolyte used was composed of 0.01 M AgNOs3, 0.6 M (NH4)2SO4, and 0.04 M ethylenediamine. Ag catalyst
was electrodeposited on GDE at a current density of 15 mA c¢cm™ with on- and off-time pulsing parameters of
0.25 and 3 s, respectively. Then, the Cu was electrodeposited on Ag at a constant current density of -400 mA cm-
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2 for 45 s to obtain the 15 %a. Ag-Cu electrode. The solution consisted of 0.2 M CuSOs and 1M H>SO4 with
continuously CO2 bubbling.

Functionalization of the Ag-Cu electrodes

The different functional groups (organic chemicals(5-Amino-1,3,4-thiadiazole-2-thiol(N2SN), 1,3,4-thiadiazole-
2,5-dithiol (N2SS), 3-amino-1,2,4-triazole-5-thiol(N3N), cysteamine(CoN) and 1-Propanethiol (C3)) were
dissolved in ethanol to a fixed concentration of 5 mM. The Ag-Cu electrodes were treated by the different
functional solutions via drop-casting 20 pL of the solution containing the different thiol reagents on the GDE.

After 5 min, the electrode was washed with ethanol and dried under argon flow.

Physical characterizations

A field emission scanning electron microscope (TESCAN Mira3) was employed to observe the morphology of
samples. Aberration-corrected high-resolution (scanning) TEM imaging (HR-(S)TEM), energy-dispersive X-ray
spectroscopy (EDS) and spatially-resolved electron energy-loss spectroscopy (SR-EELS) were performed using
a FEI Titan Cubed Themis microscope which was operated at 80 kV. The Themis is equipped with a double Cs
aberration corrector, a monochromator, an X-FEG gun, a super EDS detector, and an Ultra High Resolution
Energy Filter (Gatan Quantum ERS) which allows for working in Dual-EELS mode. HR-STEM imaging was
performed by using high-angle annular dark-field (HAADF) and annular dark-field (ADF) detectors. SR-EELS
spectra were acquired with the monochromator excited allowing an energy resolution of 1.1 eV with an energy
dispersion of 0.4 eV/pixel. Liquid products were quantified by 1H NMR spectroscopy (600 MHz Avance III
Bukrer with a cryorobe Prodigy TCI) using deionized water with 0.1 % (w/w) of DSS (Sodium trimethylsilyl
propane sulfonate) like internal standard for the quantification of the ethanol and formate. An 1D sequence water
suppression with excitation sculpting with gradients(zgesgp)was used for the acquisition (Number of scan = 32,
Delay D1=30 s). X-ray photoelectron spectroscopy (XPS) measurements were carried out on Thermo Electron
ESCALAB 250 System using Al Ka X-ray radiation (1486.6 e¢V) for excitation. Raman measurements were
conducted using a Renishaw in Via Raman microscope and an x50 objective (Leica) equipped with a 633 nm
laser. Operando Raman measurements were carried out using a modified liquid-electrolyte flow cell using a 20
s integration time and averaging 10 scans per region. The spectra were recorded and processed using the Renishaw
WIRE software (version 4.4). An Ag/AgCl electrode and a Pt plate were used as the reference and counter
electrodes respectively. Ex situ X-ray absorption spectra at the copper K-edges and Operando X-ray absorption
spectroscopy (XAS) measurements at the copper K-edges were collected at Beijing Synchrotron Radiation

Facility (BSRF) on beamline 1W1B and the SOLEIL synchrotron SAMBA beamline, respectively.

Operando X-ray absorption spectroscopy (XAS)
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Ex-situ and operando X AS measurements at the copper K-edges were collected at Beijing Synchrotron Radiation
Facility (BSRF) on beamline I W1B and the SOLEIL synchrotron SAMBA beamline, respectively. Operando Cu
K-edge XAS measurements of functionalized Ag-Cu were obtained by using a Si(111) monochromator at the Cu
K-edge for energy selection. The beam size was 1 % 0.5 mm. The signals were collected in fluorescence mode
using a 13-channel Ge detector. The intensity of the incident radiation was measured with an ionization chamber
(Io) filled with an N> (500 mbar)/He (500 mbar) mixture. Two additional ionization chambers filled with 1700
mbar N (in I; chamber) and an Ar (150 mbar)/N2(850 mbar) mixture (in I; chamber) were used for measurements
in transmission mode in the case of the reference samples. A custom-built electrochemical cell was used for
operando XAS measurements. The applied potential was controlled by a VSP potentiostat (Bio-Logic Science
Instruments). A platinum wire and Ag/AgCl electrode (3M KCI) were used as counter and reference electrodes,
respectively. For the XAS studies, 15%at. Ag-Cu was firstly electrodeposited on gas diffusion layer (GDL,
Sigracet 22 BB, Fuel Cell Store) used as gas diffusion electrode (GDE) and then functional solutions were drop-
coated on the catalyst side, while the other side of the GDL was covered with polyamide tape. The GDL was then
tape on a graphite foil and subsequently, the electrode was mounted in the operando cell with the graphite foil
acting as a working electrode and window. A 0.5 M solution of KHCO; was used as electrolyte for the CO;RR
and the cell was continuously purged with CO; during the measurements. All measurements were performed at
constant potentials of -1.2 V, -1.1 V, -1.0 V and -0.9 V vs. RHE. Time-resolved spectra under CO2RR conditions
were acquired every 30 min until no further changes were observed.

Data alignment and normalization of the X-ray absorption near edge structure (XANES) spectra were carried
out using the Athena software. Fitting of the Cu K-edge extended X-ray absorption fine structure (EXAFS)
spectra y(k)k? of the as-prepared catalysts was carried out in R-space in the range from Rumin = 1 A up t0 Rumax =
2.1 A, while for the catalysts in the reduced state, Rmin = 1.0 A to Rimax = 3.0 A were used. The Fourier transforms
were carried out in the k-range from 3.0 A" to 10.0 A"! with a k-weighting of 1, 2 and 3. Fitting parameters were
the coordination numbers N, interatomic distances R, disorder factors 6> for Cu-O and Cu-Cu paths, as well as

the corrections to the photoelectron reference energies AEo. The So? factors was set to 0.831.

Computational details

All density functional theory (DFT) calculations were carried out in the Vienna Ab-initio Simulation Package
(VASP) code with the projector augmented-wave (PAW) method. The exchange—correlation energy was treated
using a general gradient approximation (GGA) with the Perdew—Burke—Ernzerhof (PBE) formalism. A plane-
wave basis with a kinetic energy cutoff of 500 eV was chosen to expand the electronic wave functions. To
investigate the possible binding modes between functional molecular and catalysts, a 5 layers of Cu (111) slab
(7.7386 Ax7.7386 A), in which the two bottom layers were kept fixed during relaxation, was built with a vacuum
space of about 20 A. For the geometrical optimizations, all atoms were fully relaxed to the ground state with the
convergence of energy and forces setting to 1.0x107 eV and 0.01 eV A"!, where a 3x3x1 I'-centered Monkhorst-
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Pack schemed k-mesh was used to sample the first Brillouin zone. To compare the bond strength between each
group of functional molecular and Cu (111), the adsorption energy (Euss) is calculated by using the following
formula:

Euis=Ecwrm — Ecu — Erv (1)
where Ecwry, Ecy and Ery denote the total electronic energies of an adsorbed system, a clean Cu (111) surface,
and the free functional molecular, respectively. The DFT calculated were performed in collaboration with Ji Li

from the University of Shaanxi University of Science & Technology.

3.3.2 Electrochemical measurements
All electrochemical measurements were carried out at ambient temperature and pressure using a VSP
electrochemical station from Bio-Logic Science Instruments equipped with a 5 A booster and FRA32 module.
The cell voltages reported in all figures were recorded without iR correction. All the potentials in the H-cell were
converted to values with reference to the RHE using:

Erue=FEAgagc1t0.197 V+0.0591*pH  (2)

In the H-cell configuration, Ag/AgCl reference electrode (3 M KCI) and Pt plate were used as reference and
counter electrodes respectively. The electrolyte consisted in a 0.5 M KHCOs3 solution (99.9%, Sigma Aldrich),
which was saturated with alternatively CO2 (>99.998, Linde) or Ar (5.0, Linde). Prior any experiment, the
electrolyte solutions were saturated by bubbling CO; or Ar for at least 20 min.

The electrochemically active surface area (ECSA) of the different catalysts was determined using Pb
underpotential deposition in H-cell. An Ar-saturated solution of 100 mM HCIO4 + 1 mM Pb(ClO4)2 was used as
electrolyte. The working electrode was held at —0.7 V vs. Ag/AgCl for 10 min and then cyclic voltammetry was
recorded between —0.7 and 0.7 V vs. Ag/AgCl at 10 mV s™!. Pt foil was used as the counter electrode, while Ar
(Linde, 99.998 %) was continuously supplied to the electrolyte. The ECSA values for Cu and Ag were calculated
assuming the deposition of a monolayer of Pb atoms over Cu and Ag surface with a conversion factor of 310 pC
cm 2 and 260 mC cm, respectively.

The MEA electrolyzer (Dioxide Materials) was comprised of the Ag-Cu cathode, a Ti-IrOx mesh anode and
an anion exchange membrane (AEM, Fumasep FAA-3-50, Fuel cell store). The anode and cathode flow fields
are made of titanium and stainless steel with geometric active areas of 4 cm? respectively. The anode was prepared
by depositing IrOx on a titanium support (0.002°” thickness, Fuel Cell Store) by a dip coating followed by thermal
annealing. Briefly, the titanium mesh was firstly degreased with acetone and DI water, then etched in a 6 M HCI
(Reagent Grade, Bioshop) solution heated to 80 °C to 90 °C for 45 min before dip coating. The solution used for
dip coating consisted of 30 mg of IrCl3.xH>O (Alfa Aesar) dissolved in 10 mL of an iso-propanol solution with
10% concentrated HCI. The etched titanium mesh was dipped into the IrCl3 solution, dried in an oven at 100 °C
for 10 min before calcination in air at 500 °C for 10 min. The dipping and calcination process was repeated until
a suitable loading was achieved (2 mg cm™).
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The AEM was firstly placed between the anode and cathode flow fields and then assembled together
(Supplementary Figures 24 and 25). The flow fields were mainly responsible for the effective supply in aqueous
anolyte solution and humidified CO over the respective surfaces of anode and cathode electrodes. The anode
and cathode gaskets were placed between the flow fields and the respective electrodes to ensure proper sealing.
An anion exchange membrane (Fumapem FAA-3-50) (Dioxide Materials) was activated in 0.5 M aqueous KOH
solution for at least 24 hours, washed with deionized water and used as the anion-exchange membrane (AEM).
A 0.1 M KHCO:s anolyte solution was circulated through the anode side of the electrolyzer with the constant flow
rate of 30 ml/min via a peristaltic pump, while the fully humidified CO> was supplied to the cathode side with
the constant flow rate of 10 standard cubic centimeters per minute (sccm). After three-minutes of initial operation,
a full-cell potential of -2.8 V was applied to the electrolyzer and the potential then was gradually increased from
-2.8 V with the increments of -0.10 V or -0.05 V. The voltage increments were made upon complete stabilization

of the corresponding current, typically 15-20 min.

3.3.3 Quantification of the CO2RR products

The electrochemical data were recorded while simultaneously collecting the CO2RR gas products by using an
automatic sampler connected to the cathode outlet. A cold trap was used a collect the liquid products before the
sampler. For each applied potential, the gas products were collected at least 3 times with proper time intervals.
The gas alliquots were then injected into an online gas chromatograph (Agilent, Micro GC-490) equipped with a
TCD detector and Molsieve SA column continuously. Hydrogen and argon (99.9999%) were used as the carrier
gases. Liquid products were quantified by 1H NMR spectroscopy (600 Mhz Avance III Bukrer with a cryorobe
Prodigy TCI) using deionized water with 0.1 % (w/w) of DSS (Sodium trimethylsilylpropanesulfonate) like
internal standard for the quantification of the ethanol and formate. An 1D sequence water suppression with
excitation sculpting with gradients(zgesgp) was used for the acquisition (Number of scan = 32, Delay D1=30 s).
Owing to the liquid product crossover, the FE values of the liquid products were calculated based on the total

amount of the products collected on the anode and cathode sides during the same period.

Stability measurements in the MEA configuration

For the stability test, the MEA electrolyzer was operated at a constant voltage of -4.55 V with a continuous
feeding in CO». The gas products were collected at frequent time intervals. The FE values were calculated from
the average value obtained from three successive injections. As for the liquid products, the total liquid products

were collected at the end of the experiments.

Faradaic Efficiency and Energy Efficiency Calculations

The Faradaic efficiency (FE) of each gas product was calculated as follows:
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1

FE,

as:gixvx;—;Pox x 100% (3)

total

The Faradaic efficiency (FE) of each liquid product was calculated as follows:

Fx100% (4)

Zj

FEjiquia = i X

total
The formation rate (R) for each species(i) was calculated as follows:

= QtotalXFE; ( )
! 96485xz;xtxS$

The full-cell energy efficiencies (EE) was calculated as follows:

(1.23-E;)XFE;

EE = (6)

where g;i represents the volume fraction of gas product i; v represents the gas flow rate at the outlet in sccm; z;

Ecenr

represents the number of electrons required to produce one molecule of product 7; Ji.ta represents the total current;
l; represents the number of moles of liquid product i; and Qoral represents the charge passed while the liquid
products are being collected. Pp=1.01 x 10 5 Pa, T=273.15K, F = 96,485 C mol ! and R = 8.314 Jmol 'K™!; ¢
represents the electrolysis time (h); S represents the geometric area of the electrode (cm?); E; represents the
thermodynamic potential (versus RHE) for CO2RR to species i and E..; represents the cell voltage in two-

electrode setup.

3.4 Results and discussion

3.4.1 Catalyst design and characterization

We fabricated the functionalized bimetallic catalyst by using a two-step strategy based on the controlled
electrodeposition of Ag and Cu followed by the modification of the catalyst surface via functionalization (Fig.
l1a). The Ag-Cu electrodes were prepared by firstly depositing Ag on gas diffusion electrodes (GDE) using pulsed
electrodeposition. The silver structure grows in the form of a dendritic fish-bone structure with sharp Ag
nanoneedles (Fig. 2). The Ag layer was then used as a scaffold for the deposition of copper. The final structure
of the catalyst on the GDE electrodes was found to be porous where Cu is preferentially deposited on Ag (Figs.
1b and c, Fig. 3). The catalytic performance of pure Cu and Ag-Cu electrodes were systematically investigated
(Figs. 3 and 4), and our results indicated appropriate loading of Ag contributes to the enhancement of the
formation of CO, which may further facilitate Cy+ production on copper. We determined the optimum

composition to be 15 %at. Ag in Ag-Cu (labeled as 15 % Ag-Cu).
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Fig. 1. Structural and elemental composition of the functionalized Ag-Cu catalysts. (a), Schematic representation of the
functionalized Ag-Cu electrodes in a membrane electrode-assembly. (b), (c), Cross-section (c) and top-view (c) scanning
electron microscope (SEM) images of the functionalized hierarchical Ag-Cu catalyst on a gas diffusion electrode (GDE).
(d), High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image (left) and
corresponding Cu and Ag EDS elemental maps of N>SN-functionalized Ag-Cu (right). (e), High-resolution transmission
electron microscope (HR-TEM) micrograph of the N.SN-functionalized electrode (e). (f), HAADF-STEM image and the
corresponding Cu and S EDS elemental maps taken from a section of Cu surface on the N>SN-functionalized Ag-Cu
electrode. (g), HAADF-STEM image of the Cu surface of NoSN-functionalized Ag-Cu. (h) (top), Electron energy loss
spectroscopy (EELS) elemental mapping of C taken from the area marked by the box in (g). (h) (bottom), EELS spectrum
of the C-K edge with fine structures characteristics of carbon linked to heteroatoms from N>SN layer on the Cu surface. (i),
Raman spectra of pristine (non-functionalized) Ag-Cu (gray), Cs-functionalized Ag-Cu (orange), C;N-functionalized Ag-
Cu (green), N3N-functionalized Ag-Cu (purple) and N>SN-functionalized Ag-Cu (blue).
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Fig. 2 SEM images of pure Ag.

10"%at. AgCu

Fig. 3 SEM images of the Ag-Cu electrodes with different Ag atomic ratios. SEM images of different atomic ratios of Ag
in Ag-Cu electrodes (0%at., 10 %at., 15 %eat., 25 %at. and 50 %sat.).
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Fig. 4 Comparisons of the current density on the different catalysts measured in the H-cell reactors. The current density for

the different Ag atomic ratios in Ag-Cu catalysts (0%at. AgCu, 10%at. AgCu, 15%at. AgCu, 25%at. AgCu, and 50%at.

AgCu).

To control the oxidation state of Cu, we sought to functionalize the catalyst with thiol molecules via dip coating.

We selected thiadiazole (N2SN) and triazole (N3N) derivatives as electron deficient functional molecules to react

with the surface of the catalyst*!-*#(Fig. 5). For comparison, the bimetallic electrodes were also modified with 1-

propanethiol (C3) and cysteamine (C2N) as model short alkyl and alkyl amine functional groups (Figs. 5 and 6).
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Fig. 5 Molecular structures of the different molecules used for the functionalization of Ag-Cu.

Fig. 6 SEM figures for the pristine and functionalized Ag-Cu. SEM figures of different functional groups modified 15 %at.
Ag-Cu electrodes: P (a), (b) N3N, (¢) CoN and (d) Cs.

The modification of the electrode is clearly visible from the change of the water contact angle that varies
between 86° and 129° depending on the nature of the functional groups compared to 84° for the pristine catalyst
(Fig. 7). To verify the presence of the functional groups, we performed energy-dispersive X-ray spectroscopy
(EDS). The corresponding elemental map shows the uniform distribution of S, N and C on Ag-Cu electrode
whereas a thin amorphous layer is observed under high resolution TEM on the surface of the catalyst with a
thickness of = 2.5 nm (Figs. 1d, e, f and Fig. 8). The existence of an organic layer on the Ag-Cu electrodes is
further confirmed by the high-angle annular dark-field scanning transmission electron microscopy (HAADF-
STEM) and the electron energy loss spectroscopy (EELS) mapping of the carbon and sulfur elements.
Remarkably, the EELS spectrum of the C-K edge displays fine structures characteristics of carbon linked to
heteroatoms at ~ 292 eV (Figs. 1 g and h, Fig. 9). Raman and Fourier transformed infrared (FTIR) spectroscopies
were also used to further confirm the successful attachment of the functional groups on the surface of the catalyst
(Fig. 11 and Fig. 10). The Raman signatures of the different grated molecules were detected on the surface of the
Ag-Cu electrodes, while strong FTIR bands at 1303 cm™!, 1584 cm™ and 1622 cm™! are only presented on N>SN-,
N3N- and C;N-functionalized Ag-Cu electrodes and attributed to the C-C or C-N stretching, the NH> scissor and
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the C-N stretching modes respectively*-7 (Fig. 10). The successful functionalization with thiadiazole and triazole
is further confirmed from the deconvolution of the X-ray photoelectron spectra from the S2p and N1s regions
respectively (Figs. 11b and c¢). The peak of S2p was deconvoluted into three doublets at 162.75, 164.23 and
168.31eV for the S2ps3p, corresponding to S-H and S-C bonds on both thiadiazole and triazole, respectively*®
Analogously, the N1s spectrum (Fig. 11¢) can be divided into three components at 398.24, 399.63 and 400.70
eV, which reflects the existence of N-N, C-N, and N-H bonds on the surface of functionalized electrodes. The
presence of crystalline Ag and Cu on the gas diffusion electrode was further observed from the X-ray diffraction
patterns, whereas the presence of distinct peaks from the Ag and Cu facets agrees with the absence of alloy
structure of the bimetallic catalyst. (Fig. 12). To clarify the orientation of the aromatic heterocycles on the catalyst
surface, we carried out density functional theory (DFT) calculations to estimate the total energy and the binding
energy of thiadiazole on Cu using a model with 5 Cu (111) slabs (Figs. 13 and 14). Among the different
configurations tested, the adsorption of thiadiazole is more stable when the N>-N3 nitrogen atoms of the diazole
sit on Cu (111) and the binding energy is estimated to -1.08 eV — at least 0.37 eV lower than for the other

configurations (Table 1).

a

Fig. 7 Wettability of the pristine and functionalized Ag-Cu electrodes. The water contact angles measured for 15 %at. Ag-
Cu: P (a), N2SN (b), N3N (c¢), CoN (d), Cs (e) and NaSS (f) before CO,RR.
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Fig. 8 Structural and compositional analyses of the 15 %at. Ag-Cu-N>SN catalyst. Low magnification SEM images (top
left panel) and the related EDX elemental mapping of Cu, Ag, C, N, and S (right panels).
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Fig. 9 HAADF-STEM data of N>SN-functionalized Ag-Cu catalyst. Right panel: The superposition of the HAADF-STEM
image of the N>,SN functionalized Ag-Cu ultrathin section with the sulfur (S) EDS elemental map. The arrow highlights the
area used to extract the intensity profiles. Left panel: The corresponding intensity profiles of the HAADF-STEM images

and S elemental map.
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Fig. 10 Fourier transformed infrared (FTIR) spectra of the pristine functional groups. The ATR-FTIR spectra of pristine

(non-functionalized) 15 %at. Ag-Cu (gray), 15 %at. Ag-Cu-N>SN (purple), 15 %at. Ag-Cu-N3N (blue), 15 % at. Ag-Cu-
C>,N (green) and 15 %at. Ag-Cu-C; (orange) before CO2RR.
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Fig. 11 X-ray photoelectron spectra (XPS) spectra of the different Ag-Cu catalysts. The high-resolution XPS spectra of the
Ag3d (a), S2p (b) and N1s (c) regions of the different functionalized 15 %at. Ag-Cu catalysts before reaction.
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Fig. 12 X-ray diffraction (XRD) data of the different Ag-Cu catalysts. Powder XRD spectra of 15 %at. Ag-Cu and 15 %at.

Ag-Cu-N,SN compared with Cu, Ag metals used as references.

Fig. 13 Schematic representations of the different configurations of N>SN on Cu (side view). Molecular structure of N2SN

(a), S1-C2-S2 flat model (b), S1 model (c), N2-N3 model (d), N1-S1 model (e) and S1-S2 model (f).
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Fig. 14 The different configurations of NoSN on Cu (top view) used for the calculation results summarized in Supplementary

Table 1. S1-C2-S2 flat model (a), S1 model (b), N2-N3 model (c), N1-S1 model (d) and S1-S2 model (e).

Table 1 Summary of the total energy and adsorption energy of the different configurations of the thiadiazole-functionalized

Cu catalyst. The different configurations are presented in Fig 13.

Configuration Energy Slab Functional Adsorption
(eV) (eV) molecular (eV) energy (eV)

S1-C2-S2 -222.80 -161.30  -60.79 -0.71

S -222.40 -161.30  -60.79 -0.30

N2-N3 -223.58 -161.30  -60.79 -1.08

Ni-S; -222.53 -161.30  -60.79 -0.44

Si-S2 -222.63 -161.30  -60.79 -0.53

3.4.2 Investigation of the CO2 electro-reduction

The functionalized electrodes were electrochemically tested in a H-cell reactor using Argon and CO;-saturated
0.5 M KHCOs electrolyte solutions. Fig. 15a shows that thiadiazole (N2SN) and triazole (N3N) functionalized
electrodes exhibit the highest current density and lowest onset potential in CO;-saturated solution. We then
evaluated the Faradaic efficiency (FE) by using nuclear magnetic resonance (NMR) and gas chromatography
(GC) (See details in the Methods section). Ha, CO, formate, CH4 and C»+ products were formed on the bimetallic
electrode (Fig. 16). Remarkably, the Faradaic efficiency for C; and H, — obtained via the CO2RR and HER —
decreased after functionalization with thiazole and thiadiazole, while the FE for Cz+ products sharply increases
(Fig. 15b). Ethylene and ethanol are the major C+ products detected, together with trace amount of acetate and
n-propanol (Fig. 16). The FE for Cs+ on N>SN- and N3N-functionalized electrodes are estimated to 57.3 % and
51.0% at-1.2 V versus the reversible hydrogen electrode (vs. RHE) compared to only 18% for the pristine catalyst
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corresponding to enhancements of 3.1 and 2.8 folds respectively (Fig. 15b). The selectivity towards the formation
of Ca+ products for both thiazole and thiadiazole functional groups increases continuously with increasing voltage
from -0.3 to -1.2 V vs. RHE and starts decreasing after -1.3 V, whereas the values of FE for C; products and H>
exhibit a volcano-shaped dependence with the applied potentials (Figs. 17a and b). This leads to an obvious
enhancement of the specific current density for Ca+ products (jc,4+) up to 5 folds at -1.2 'V vs. RHE (Fig. 15¢).
Conversely, the functionalization of the Ag-Cu electrodes with short alkyl or amino alkyl chains does not suppress
the HER pathway nor improve the CO2RR activity (Fig. 15d). C2N- and Cs- modified catalysts clearly display
lower activities towards the CO2RR, notably with a minimal production of C»+ species and a relatively large FE
for the evolution of Ha. Our results therefore highlight the importance of the nature of the functional groups on
the CO2RR performance. To better evaluate the selectivity of Cy+ products on thiadiazole- and triazole-
functionalized Ag-Cu electrodes, we calculated the ratio in FE for Cy+ products and hydrogen (FEc,, /FEy, ) (Fig.
15¢). Compared with pristine and alkyl functionalized electrodes, both N2SN and N3N functional groups present
the largest FE¢,, /FEy, ratios — illustrating that the functionalization with aromatic heterocycles efficiently

directs the reaction pathway towards the formation of Co+ products while suppressing the HER. To get a more
accurate estimation of the intrinsic CO2RR performance of the functionalized Ag-Cu electrodes, we estimated
the electrochemically active surface area of Cu (Cu ECSA) and Ag (Ag ECSA) in 15at.% Ag-Cu and N>SN-
15at.% Ag-Cu catalysts using Pb underpotential deposition (Pb UPD) (Figs. 18 and 19, and Table 2). The partial
current densities for C+ products measured in H-cell were normalized by the ECSA values for Cu. Remarkably,
we found that the ECSA-normalized partial current density on N>SN functionalized Ag-Cu is 5.3 mA c¢cm 2, which
is around 5 times larger than that for pristine 15at.% Ag-Cu (Fig. 19). Electrochemical impedance spectroscopy
(EIS) measurements were performed to explore the charge transfer processes on the surface of the different
electrodes during the electrolysis of CO,. The charge transfer resistance of the N>SN- and N3N- functionalized
electrodes is not substantially perturbed compared to that of the pristine bimetallic catalyst (Fig. 20). On the
contrary, the resistance is significantly larger in the case of electrodes functionalized with 1-propanthiol and
cysteamine indicating that the charge transfer is strongly affected; likely due to the strong hydrophobicity of the

surface of the alkyl-functionalized catalyst.
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Fig. 15 CO;RR performance of the functionalized Ag-Cu electrodes in a H-cell. (a), Linear scan voltammetry (LSV)
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measured in 0.5 M KHCO:s. (¢), j—V plots of the partial current densities for the C,: products (ethylene and ethanol). (d),
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Fig. 19 Partial C,- products current density normalized to Cu ECSA for 15at.% Ag-Cu and N2SN-15at.% Ag-Cu catalysts
versus potential for CO,RR in H-cell.

Table 2. Summary of the XPS data for N>SN-functionalized Ag-Cu at different reaction times. The atomic ratio N/Cu refers

to the functionalization degree per Cu atom.

Cu (at.%) N (at.%) Ratios of N/Cu
Before 9.98 6.28 0.63
0.5h 12.97 8.43 0.65
1h 9.89 6.03 0.61
24 h 18.53 10.56 0.57
100 h 15.10 8.91 0.59
80
60
Lo
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Fig. 20 Electrochemical impedance spectroscopy (EIS) measured for the different Ag-Cu catalysts. The EIS spectra
measured in the H-cell configuration for pristine (non-functionalized) 15 %at. Ag-Cu (gray), 15 %at. Ag-Cu-N,SN (purple),
15 %at. Ag-Cu-NsN (blue), 15 % at. Ag-Cu-C,N (green) and 15 % at. Ag-Cu-C; (orange). The EIS data were recorded in
COs-saturated 0.5 M KHCOs3 solution.

To gauge the stability of the functionalization, we operated the electrodes at a potential of -1.2 V vs. RHE for
more than 20 hours in the H-cell reactor, while recording the current density and continuously analyzing the
products of the reaction (Fig. 21). The N>SN- and N3N-functionalized electrodes demonstrated stable
performance with a retention of the current density of 94% and 91% respectively — sharply improved compared
to that of pristine Ag-Cu at 78%. The FE for Cz+ of N2SN and N3N functionalized Ag-Cu electrodes remains as
high as 54% and 46.5% after 20 hours, which demonstrate that the selectivity for the reaction pathway on the
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surface of the electrode is not modified during electrolysis. To further confirm the apparent stability of the
functionalized electrode, we performed XPS spectroscopy to evaluate the N:Cu ratio after 30 min, 1 hour, 24
hours and 100 hours. The ratio is found to be virtually constant suggesting a robust grafting of the functional

groups on the catalyst surface (Figs. 22 and 23, Table 3).
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Fig. 21 Stability measurements of N>SN-, N3N- functionalized Ag-Cu compared with pristine Ag-Cu measured in the H-
cell reactors. The stability of Ag-Cu-N>SN, Ag-Cu-N;N and Ag-Cu were obtained at -1.2 V vs. RHE without iR correction.
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Fig. 22 X-ray photoelectron spectra of N,SN before and after CO,RR. The XPS data from the Cu2p (a), S2p (b) and N1s

(c) regions were measured before and after operation up to 100 h at -1.2 V vs. RHE.
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Fig. 23 Estimated atomic N/Cu ratio of the NoSN-Ag-Cu electrodes along the CO,RR operating time. The atomic N/Cu
ratio of Ag-Cu-N,>SN were estimated from the deconvoluted XPS spectra shown in Fig. 19.

Table 3. Summary of the Cu binding energy from the Auger L3sM4sMss transition modes for pristine, NoSN-, N3N-, CoN-,
Cs-functionalized Ag-Cu samples and H>O»-oxidized Ag-Cu.

Samples 1G (eV) 3F (eV)
Ag-Cu(P) 9183 921.0
N2SN 915.8 918.4
N3N 916.0 918.7
C2N 915.9 918.2
G 915.9 918.2
H:0:-Ag-Cu 917.5 S—

3.4.3 XAS and in-situ Raman analysis

Next, we sought to explain the fundamental mechanism responsible for the improved CO2RR properties using
ex-situ X-ray photoelectron spectroscopy (XPS) and operando XAS. XPS was firstly used to characterize the
surface composition and determine the oxidation state of Cu. From the Cu2p region, no significant change of the
oxidation state of Cu can be detected from the functionalized catalysts (Fig. 24a left). For comparison, after
exposure to H>Oz, the electrodes are clearly oxidized as confirmed by the apparition of Cu2ps2 signals at binding
energy at 934.6 eV and the satellite peak at 942.6 €V, which is attributed to the formation of Cu?**¥. Our XPS
results confirm that functionalization does not lead to a dramatic modification of the oxidation state of the surface
of the Cu since there were no evident oxidation peaks in Cu2p. It is well-known that the small change of binding
energy between Cu'* and Cu® makes the precise identification of Cu'* impossible from the Cu2p regions!®. To
overcome this limitation, we therefore used the Cu Auger L3M4sMys transition to qualitatively discuss the

presence of Cu'" in functionalized Ag-Cu as this mode is known to be more sensitive to the modification of the
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electron density on the d-band of the metals*®->% The Cu Auger L3MasMus transition arises from a single L3 (2p3/2)
core-hole decay via the Auger process involving two Mas (3d) electrons for the formation of a final 3d®
configuration’!>%, The right panel of Fig. 24a presents the two final-state terms splitting from L-S coupling 'G
and F, whose peak energy positions provide information on the valence configuration of Cu??°!. According to
the previous investigations, the peak energy positions of !G for the different oxidation states copper are detected
at 917.1, 915.8, and 918.0 eV for CuO, Cuz0, and Cu, respectively>!=>3. Such differences are mainly due to the
modification of the 3d and O, electron configurations>*. Compared with Cu0, the 'G peak in copper oxide is
downshifted in energy and presents a broader shape, while the °F peak is solely visible in the case of Cu® 223,
For pristine and Cs- and C>N- functionalized Ag-Cu, we observed that the energy positions of the !G peak are
located at 918.3 eV(pristine), 915.9 eV (Cs and C2N), respectively, while the distinct °F peak is detected at 918.2
eV for both C3- and C;N-Ag-Cu, in agreement with the existence of Cu’ (Table 4). Conversely, in the case of the
N2SN- and N3N samples, the !G peak is identified at 915.8 and 916.0 eV, respectively, which is lower than that
for Cu’ and Cu?* and close to that of Cu'" (915.8 eV). We also note that the ’F peak is also visible for both
samples pointing out the presence of Cu’. These results indicate that the valence state of the N2SN and N3N

samples may be Cu®" with 0 <d < 1.
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Fig. 24 Physical characterizations of the functionalized electrodes using XPS and operando Raman and XAS spectroscopy.
(a), High-resolution spectra of the Cu2p regions and Cu L3:MassMas Auger transition modes measured by ex-situ X-ray
photoelectron spectroscopy (XPS) of pristine Ag-Cu sample (P), H>O»-treated Ag-Cu (H,0»-P), Cs-, C2N-, N3N- and N>SN-
functionalized Ag-Cu electrodes. (b), Ex-situ and operando Copper K-edge X-ray absorption near edge structure (XANES)
spectra of pristine and functionalized Ag-Cu electrodes. Inset: Average oxidation state of copper for the corresponding

electrodes. (¢), Operando Cu K-edge XANES spectra of N>SN- functionalized Ag-Cu electrode during CO2RR. The
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measurements were performed after holding the applied potential for 30 minutes. (d), Evolution of the Faradaic efficiency
for Co+ and H, measured at -1.2 V vs. RHE with the oxidation state of Cu. (e), Operando Raman spectra for pristine, Cs-,
C2N-, N3N- and N>SN-, functionalized Ag-Cu during CO2RR at a fixed potential of -1.2 V vs. RHE. The spectra for all the
other potentials are presented in Supplementary Fig. 15. (f), Relationship between the FE for Co+ products and the Raman
peak areas of the frustrated rotational mode of CO at 280 cm™, the Cu—CO stretch at 365 cm™ and the C=O stretch at 1900—
2120 cm™, respectively. (g), Relationship between the FE for C+ molecules and the ratio of COutop and COpridge 0n different
Ag-Cu electrodes. The ratio was obtained from the integrated areas of the deconvoluted peaks of the Raman spectra (Fig.

29).

Table 4. Summary of the XANES data. Eo and corresponding oxidation states (d) of Cu.

Samples Cu P Cs C:N N3N N.SN Cw2O
foil

Eo 8979 8979.08  8979.1 8979.2  8979.7 8979.8 8980.5

0 0 +0.05 +0.07 +0.13 +0.47  +0.53 +1

To precisely evaluate the electronic states of copper on functionalized Ag-Cu electrodes and eliminate the air
effect on the electrode, we then performed in-situ X-ray absorption near-edge spectroscopy (XANES). The
absorption edges of functionalized catalysts reside between those of copper metal (Cu®) and Cu20 (Cu'*) used as
references (Fig. 24b). To better compare the influence of the different functional groups, we estimated the copper
oxidation state as a function of copper K-edge energy shift (Fig. 24b). The oxidation state of copper in the N>SN-
and N3N- functionalized Ag-Cu was found to be +0.53 and +0.47 respectively — pointing out the withdrawing
properties of the selected heterocycles (Table 5). Remarkably, Cs- and C2N- functionalized samples displayed a
minimal shift by comparing with pristine Ag-Cu electrode and the Cu reference, suggesting the alkyl groups are
not prone to modulate the oxidation state nor the coordination environment of Cu. To explore the stability of
electron-withdrawing ability of the grafted heterocycles, we measured the oxidation state of Cu post CO2RR
using in-situ XANES. After 30 min of operation at -1.2 V vs. RHE in the testing cell, the oxidation state of copper
was estimated be + 0.51 (Inset Figs. 24b and c). This value is similar to that obtained from the freshly prepared
samples: +0.53, which demonstrates the stability of the oxidation state of the functionalized Ag-Cu electrodes.
Similarly, no obvious shift of the Cu K-edge was observed from the in-situ XANES measurements at increasing
applied potential up to -1.2 V vs. RHE and the spectra virtually overlap. This confirms the robustness of the
oxidation state of the Cu thanks to the stable attachment of the functional groups (Fig. 24c, and Fig. 25). To better
understand the role of Cu®* on the CO2RR properties, we investigated the influence of the copper oxidation state
on the FE for Co+ and Ha (Fig. 24d). Remarkably, we identified a strong correlation between the oxidation state
and the FE for C+, which points out that the larger oxidation state of Cu benefits the CO2RR properties and the
formation of C»+ products in line with recent findings from the literature’’: 6. To finally exclude any

hydrophobicity effect on the enhanced selectivity for formation of Cy+ products, we sought to prepare
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functionalized electrodes with similar water contact angles as for pristine Cu counterpart. We identified 1,3,4-
thiadiazole-2,5-dithiol, N>SS that shares the same thiadiazole structure, exhibits a water contact angle of 81°
compared to 83.9° for pristine non-functionalized Cu. In H-cell configuration, the Faradaic efficiency for the
formation of C2+ molecules on N2SS-Ag-Cu reaches 43.7% at -1.2 V vs. RHE compared to only 18.3% for Ag-
Cu (Fig. 26). To further demonstrate that the water contact angle has limited influence on the improved Co+
selectivity, we plotted the Faradaic efficiency as function of the water contact angle. No relationship is clearly
observed, emphasizing that the origin of the improved selectivity for Cz+ is not primarily due to the surface
properties of the Cu electrodes but rather the electron withdrawing nature of the aromatic heterocycles as

evidenced by our operando X-ray absorption spectroscopy measurements (Figs 7, 26 and 27).

Table 5 Estimated ratios (in peak area) between the atop CO and the bridge CO obtained from the deconvoluted spectra.

The data represents the average values obtained from two independent sets of samples.

Electrode Ratio (atop/bridge)
N2SN 0.51
NiN 0.32
C:N 2.78
Cs 0
Cu,0
——ocv
——-1.2V vs.RHE
1.0 V vs.RHE
-0.8 V vs.RHE

-0.6 V vs.RHE
Cu

Intensity (a.u.)

1 1 T T
8977.5  8978.0 8978.5  8979.0 8979.5  8980.0
Photon Energy (eV)

Fig. 25 Cu K-edge X-ray absorption near edge structure (XANES) spectra of the different Ag-Cu catalysts. Magnification
of the operando Cu K-edge XANES spectra of NoSN-functionalized Ag-Cu electrode during CO,RR. The operando

XANES measurements were performed after applying a fixed potential vs. RHE for 30 minutes.
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Fig. 26 The Faradaic efficiency for the different products on N2SS functionalized 15at.% Ag-Cu catalyst.
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Fig. 27 The relationship between water contact angle and Faradaic efficiency of C,+ products in H-cell for 15at.% Ag-
Cu(P), N2SN, N3N, CzN, Cs and N,SS.

It is well known that the formation of multi-carbon products in CO2RR proceeds via the formation of the *CO
intermediate, and its subsequent dimerization in CO=CO or *CO-COH intermediates®’~>°. To gain insight into
the C—C coupling mechanism on functionalized and pristine Ag-Cu during CO2RR, the surface of the catalysts
was probed using operando Raman spectroscopy in order to ellucidate the interactions between the catalyst
surface and the adsorbed *CO intermediate (Fig. 24e and Fig. 28, and Table 7). The presence of the surface-
absorbed *CO was identified from the vibration modes at =~ 280 cm™! and = 365 cm ™! that originate from the Cu—
CO frustrated rotation and Cu—CO stretch, respectively® ¢!, The broad band in the range of 1900-2120 cm™! was
assigned to the C=O0 stretch. To confirm that the detected signals are solely due to the CO2RR, the Raman spectra
were also recorded using Ar-saturated K>SOj4 as a controlled experiment and no peaks were detected at these
frequencies (Fig. 28f). The Raman vibration modes around 1900-2120 cm™' have recently been the focus of
several studies and there is currently a general agreement that the high frequency region (>2000 cm™!) and the
low frequency region (1900-2000 cm™!) originates to atop-bound CO and bridge-bound CO. Atop (COyp) and
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bridge (COvurigge) configurations correspond to a CO bound on top of one Cu atom and between two Cu atoms

respectively®® 62 63

. Compared to pristine as well as 1-propanthiol- and cysteamine-functionalized electrodes,
N2SN- and N3N-functionalized Ag-Cu exhibit the relatively intense signals at 365 cm™! and 1900-2000 cm™!. Our
systematic investigations revealed that the intensities of both regions are also found to increase with the
overpotentials*? (Figs. 28a and b). Importantly, we observed that there is an obvious relationship between the
peaks at 365 cm™! and 1900-2100 ¢cm™! and the Faradaic efficiency towards the formation of Cz+ products (Fig.
24f) by following literatures to fit these peaks area’? >* These results therefore point out the strong correlation
between the density of adsorbed *CO on the catalyst surface and the formation of C-C bonds in agreement with
the *CO being the key intermediate involved in the dimerization reaction and the formation of C»+ products. We
note that 1-propanethiol functionalized Ag-Cu electrodes display the most intense peak at 280 cm'! whereas no
peak are detected at 1900-2120 cm™ . This indicates the adsorbed *CO is not present in the form of COatop nor
COwrigge configurations. We speculate that the hydrophobic surface of the 1-propanethiol functionalized Ag-Cu
induces the existence of a high energy barrier for the protons to reach the surface of the catalyst that prevents the
stabilization of the *CO in these bound configurations as previously proposed for other transition metals>.
Interestingly, we observed a volcano-shaped relationship between the Faradaic efficiency for Ca+ products and
the ratio of atop-bound CO to bridge-bound CO on the surface of Ag-Cu (Figs. 24g and 29). The Faradaic
efficiency reaches a maximum for a ratio of COatop t0 COridgge 0f 0.4-0.5 corresponding to thiadiazole and triazole
functionalized catalysts, while the ratio decreases for 1-propanethiol and increases for pristine and cysteamine
respectively. We hypothesized that the density of COatop and COwrigge On the surface of the catalysts is influenced
by the electron withdrawing ability of the heterocycles as suggested by the volcano shaped relationship between
the oxydiation state of Cu and the ratio of COawp to COpridge (Fig. 30). Overall our ex-situ and operando
characterizations of the modified bimetallic catalyst establish an obvious correlation between the electron
withdrawing ability of the functional groups and the oxidation state of Cu, which translate into a larger

concentration of adsorbed *CO on the electrode surface and ultimately a higher probability for *CO to dimerize.
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Fig. 28 Operando Raman spectra of (a) NoSN-, (b) N3N-, (¢) C2N-, and (d) Cs-functionalized Ag-Cu electrodes compared
with (e) pristine Ag-Cu. ae, The operando Raman measurements were carried out between -0.7 V and -1.2 V vs. RHE in a
CO,-saturated KHCO3 solution. To confirm that the signals are solely coming from the CO2RR, the N>SN-functionalized
Ag-Cu catalyst was also tested in an Ar saturated K>SOj electrolyte solution (f).
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3.4.4 CO2RR using a membrane—electrode-assembly (MEA)

To evaluate the potential of our approach for practical applications towards the electrosynthesis of Co+ products,
we integrated the different functionalized bimetallic electrodes into 4 cm? membrane—electrode-assembly (MEA)
flow electrolyzers (Figs. 31 and 32). The synthesized liquid products at the cathode were collected by using a
cold trap connected to the cathode gas outlet. We also analyzed the liquid products in the anolyte to detect liquid
products that may have crossed over the membrane electrolyte. We firstly scrutinized the activity of N>SN-
functionalized Ag-Cu in a MEA electrolyzer by flowing Ar (used as blank experiment) and CO: in the cathode
compartment (Supplementary Fig. 29) and found that the catalyst can convert CO, when operating in a catholyte-
free MEA system. We then characterized the current-voltage response of all the functionalized catalysts between
-2.8 V and -4.8 V and a constant flow of CO; of 10 standard cubic centimeters per minute (sccm) (Fig. 33a). The
total current for the different Ag-Cu electrodes increased from 4x102 A up to over 1.6 A. The N>SN-
functionalized electrodes displayed the largest specific current density for Co+ at 261 mA cm™ together with the
maximum FE for C»+ products and the lowest FE for H> at ~80% and 14%, respectively (Figs. 33b, 34a and 35a).
Remarkably the selectivity for the Ca+ products increase together with the electrolysis response when increasing
the operating potential of the full cell. The catalytic activity towards the competitive HER concurrently decreases
up to -4.55 V (Figs. 33b and 35c¢). Compared to pristine Ag-Cu, the FE for Cs+ products from N2SN- and N3N-
functionalized electrodes demonstrated an average enhancement for C»+ of 3.1 and 2.6 folds respectively over the
extended range of full-cell potentials (Figs. 33c and 36). To further assess the performance of the functionalized

Ag-Cu electrodes in the MEA devices, we calculated the ratio of j,, to j¢, for the different potential. We found

that Ag-Cu functionalized with thiadiazole displays the largest values and the ratio reaches at a maximum value
of = 10 at a current density of 261.4 mA c¢cm (Fig. 37). These results demonstrate that the controlled orientation
of the reaction pathways towards the synthesis of ethanol and ethylene observed in the H-cell reactors can be
transposed to the MEA devices (Fig. 31). We also found that the total FE for gaseous products gradually
decreased with the increase of the full-cell voltage indicating a shift toward the formation of liquid products at
high operating potential. The Faradaic efficiency for ethanol and n-propanol reached 16.5% and 6.1% at a voltage
of -4.4 V (Fig. 34a)
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Fig. 31 Photograph of a 4-cm™ membrane—electrode-assembly (MEA) cell.
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Fig. 32 Schematic representation of the experimental setup for the CO; electrolysis in a MEA electrolyzer. The geometric

area of the cathode is 4 cm?, of which 45% is the gas channel while the rest 55% is the land area.
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Fig. 33 CO2RR performance of the functionalized Ag-Cu electrodes measured in MEA electrolyzers. (a), Relationship
between the current and cell voltage relationship of pristine, Cs-, CoN-, N3N- and N>SN- functionalized electrodes. The
error bars represent the standard deviation of the current density of three independent samples during the entire operation
and for each cell voltage. The CO2RR electrolysis was operated using CO, with a flow rate of 10 sccm, 0.1M KHCOs3
anolyte with a flow rate of 30 mL min—1. (b), Corresponding partial current density for the C,+ products. (c¢), Comparison
of FEs for C,+ on the different Ag-Cu electrodes measured at full-cell potentials ranging between -3.5 and -4.8 V. (d),
Evolution of the Faradaic efficiency for C,+ and H, with the CO; flow rate. (e), Evolution of the FEs and full-cell energy
efficiency (EE) for C»- as a function of specific current densities for C,+ on the N,SN- functionalized Ag-Cu electrode. The
error bars represent the standard deviation of three independent samples measured under different current densities. (f),
Comparison of the performance metrics of the MEA electrolyzers based on N>SN-functionalized Ag-Cu cathodes with
literature benchmark. For each report, the plotted values are those corresponding to the longest duration test™> %7, (g),
CO:RR performance of N>SN-Ag-Cu catalyst at a full-cell potential of -4.55 V and with a 10 sccm feed in CO» over 100
hours. The anolyte consisted in a 0.1 M KHCOs solution with a flow rate of 30 ml min™". The blue line represents the current
density recorded during the extended CO,RR experiment (primary y axis). Each orange, gray, green and purple spheres

represent the FEs for CoHa, Ha, CO and C;Hs averaged from three independent measurements (secondary y axis).
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Fig. 35 CO; electroreduction performance in the MEA electrolyzers. Faradaic efficiency for the C,+ (CoHs, C:HsOH, n-
propanol and acetate) (a), j—V plots of the partial current densities for the C1 (CO, CH4 and HCOOH) (b) and H; products
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solution.
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and jc; on the different Ag-Cu electrodes measured with a 0.1 M KHCO; anolyte solution.

To better understand the influence of operating conditions on the CO2RR performance of the MEA device, we
varied the CO: flow rate from 3 to 100 sccm at a constant full-cell potential of -4.55 V. When using N>SN-
functionalized Ag-Cu electrodes, the FE for ethylene reached a peak at 56% at ~10 sccm (Fig. 33d) together with
a sharply reduced FE for H at only 15.2%. The selectivity for ethylene rapidly drops down to only ~5% for a
CO: flow rate of 3 sccm, suggesting that the feed in COz is not sufficient to produce enough *CO to dimerize on
the surface of the catalyst. The relationships between CO; flow rates, cell voltages; Faradaic efficiencies for the
main gas products (H>, CO and C>Hs) were explored and we found that the FEc2n4 decreases when increasing the

CO: flow rate and the optimal flow rate is 10 sccm even when operating under high voltage and high current
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density (Fig. 38). Conversely, the Faradaic efficiency for H increases when increasing the CO; flow rate, which
further demonstrates that the decrease in the C»+ performance is not caused by the insufficient feed in CO>. We
also estimated the full-cell energy efficiency (EEfui-cen1) for N2SN-functionalized Ag-Cu for the different operating
potential. Both the FE and EEuii-cen values for Ca+ products increased with the increase of the current density and
achieved a maximum FEc2+ of = 80 + 1% and an EEun-cen of 20.3% at a specific current density larger than 260
mA cm for the production of Ca+ (Fig. 33¢). By comparing the performance metrics of N>SN-functionalized
Ag-Cu with previous literature benchmarks based on MEA devices, we observed that thiadiazole -functionalized
Ag-Cu allows achieving outstanding performance notably thanks to a high CO»-to-C»+ conversion rate of 785

umol h! ecm? (Fig. 331).
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Fig. 38 The influence of CO; gas flow rate on different products selectivity at different voltages. (a) CoHa, (b) CO and (c)
Ho.

We finaly examined the stability of the N>SN-functionzlized Ag-Cu electrodes in a full-cell MEA electrolyzer
under continuous operation at a CO; flow rate of 10 sccm and a cell voltage of -4.55V. The performance of the
cell was found to be stable over 100 hours with an average FE of 51% for ethylene and an average current of
around 1.6 A (Fig. 33g). After 100 hours, the retention of the FE for ethylene and the current were estimated to
be 48% and 1.58A corresponding to retentions of 94% and 99% respectively. The stability of the CO2RR
properties is further accompanied by a high stability of the catalyst morphology and microstructure (Fig. 39).

C-4800 x15.0k a C-4800 x250

Fig. 39 SEM pictures of the N,SN-Ag-Cu catalyst after electrolysis in MEA.

3.5 conclusions
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Our study describes an original and robust molecular engineering strategy to tune the oxidation state of Cu
electrodes via functionalization. We identified that strong electron withdrawing groups based on aromatic
heterocycles can effectively orient the pathway of the CO2RR reactions towards the synthesis of C2+ molecules.
Functionalization of the surface of a bimetallic Ag-Cu catalyst with thiadiazole and triazole derivatives led to an
enhancement of the FE¢,, up to = 80 + 1%, corresponding to ratios of FE¢,, to FE¢, and FE¢,, to FEy, of 10
and 5.3 respectively. By combining Auger and XANES spectroscopy we identified that the superior performance
towards the CO»-to-Cz+ conversion originates from the controlled oxidation state of Cu®" atoms with 0 <§ < 1.
The functionalized Ag-Cu electrodes were found stable, which translates into a prolonged production of Co+

products for >100h.
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Chapter 4. Selective and energy-efficient electrosynthesis of ethylene via valence engineering of the Cu
sites

4.1 Abstract

The electrosynthesis of ethylene (C2Hs) in Membrane-electrode-assembly (MEA) cells with high selectivity and
large current density is a promising flow process strategy for the conversion of CO; or CO into valuable products.
Although considerable progress has been made in meeting industrial requirements in terms of Faradaic efficiency
(FE) and formation rate, selectivity towards the formation of a single type of multi-carbon (Cz+) product has not
been demonstrated to date. Here, we evaluated a library of aryl diazonium salts to functionalize Cu catalysts in
order to elucidate the influence of Cu valence on the formation of multicarbon products during the CO2RR. By
combining density functional theory (DFT) calculations with operando Raman and X-ray absorption
spectroscopy (XAS), we identified the role of the surface oxidation state of Cu®" with 0<8<1 on the selectivity
and the formation rate of CoHa. As a result, we report a FE and a specific current density for C2Hy as large as

83+2% and 212 mA cm™, respectively on partially oxidized Cu®26*

. This corresponds to an energy efficiency of
26.9% and an electrical power consumption (EPC) of 61.4 kWh N-'m3. The conversion performance was further
improved by using a perfluorinated sulfonic acid (PFSA) ionomer to reach a record-high FE for C2H4 of 89+3%
at a specific current density of 536 mA c¢cm2. When coupled with an Ag-based MEA cell to generate CO from
CO; in a cascade flow process, an energy efficiency of ~40 % with a FEcons of 86+ 2% was achieved,

corresponding to a record low EPC of 25.6 kWh N-'m™,

4.2 Introduction
The global consumption of fossil fuels induces profound environmental repercussions and is responsible for
colossal emission of > 35 Gt of CO; every year. The pledge of net zero emission by 2050 requires the development
of economically viable technologies to reuse the emitted CO; and close the carbon cycle. The electrochemical
CO; reduction reaction (CO2RR) provides a promising and sustainable route to convert CO; into valuable
chemicals and fuels when powered by renewable electricity!?. Ethylene has been identified as a desirable
multicarbon product of the CO2RR owing to its high commercial value and large market size with an annual
global production of 140 million metric tons and a market value of 182 billion USD?. Techno-economic analyses
(TEA) emphasized the necessity to operate CO2RR at specific current densities larger than 200 mA cm™ while
minimizing the power input (or cell voltage)*. Although the best reported performance of CO-to-ethylene
electrocatalysis: >80% Faradaic efficiency at 400 mA c¢cm in flow cell, has shorten the distance toward to industry
development, the limited stability is still insufficient to compete with traditional ethylene production from fossil
sources as well as bio-based ethylene®>%,

Zero-gap membrane electrode assembly (MEA) cells, comprising a cathode, membrane, and anode, offer the
potential to achieve industry-relevant current densities with high selectivity and formation rates, while the
continuous flow process provides a large mass transfer boundary layer with high local CO; concentration near
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the planar electrodes®!!. The absence of catholyte makes MEA cells more stable than traditional flow cells by
mitigating the electrode flooding and the precipitation of salts, resulting in greater operating stability and reduced
operational expenses (OPEX)!!:!2, The exploitation of MEA cells with high selectivity and high current density
for the ethylene production as well as prolonged stability, is thus expected to lowers the threshold of economic
viability to replace fossil sources for ethylene production. To date, the selectivity and the specific current density
for ethylene in MEA systems are however limited to <80% and < 200 mA cm? (Refs.%13).

It has been reported that partially oxidized copper sites: Cu®", 0<8<1 facilitate the conversion of CO: to Ca+
products by decreasing the energy barrier associated with the CO dimerization and the formation of *OCCOH

intermediate!413

. Investigations of the role of Cu®" proved to be tedious, while the intrinsic instability of Cu®"
species, especially at high cathodic potentials, leads to a rapid loss of performance!®. The control of the valence
of the Cu sites and the presence of Cu species on the surface of the electrodes has recently been a central focus
in CO2RR notably via controlled oxidation, pulse polarization, or molecular doping®!!:16-

Aryl diazonium salts, as one of the classic electrophile reagents, the reduction of diazonium salts has been
frequently employed for the covalent modification of surfaces since the first demonstration in 1992224, The

strong interfacial bonding of aryl groups on metal surface makes it much stable and widely applied in various

t27-29 27,30

fields, including corrosion protection?*2°, biosensors’ development?’-??, antibacterial activity and drug
delivery?”312. Compared with other electrophile reagents (thiols, carbene, and halogen molecules *-3¥) which
usually makes copper fully oxidized, the electrophile ability of aryl diazonium salts can be tailored by easily
substituting the hydrogen atoms on the aryl with different electro-withdrawing groups. When grafting different
diazonium salts on copper, the oxidation degree of copper becomes controlled and keeps stable due to the strong
interfacial bonding of aryl groups on metal surface 2*27-*! Therefore, tailoring the oxidation state of copper by
functionalizing different aryl diazonium salts becomes feasible and effective.

Herein, we report a functionalization strategy based on aryl diazonium salts used as electrophile reagents with a
strong affinity for electron-rich copper metal. We identified that the nature of different substituted aryl groups
can precisely tailor the oxidation state of surface Cu sites as confirmed by our density functional theory (DFT)
calculations. We predict that controlled doping of Cu can facilitate C-O bond breaking followed by C-H
hydrogenation of the *CH>CHOH intermediate, which favors the selective formation of ethylene (C2Hs) over
ethanol (CoHsOH) during the CO2RR. We corroborated the DFT results by integrating the aryl functionalized
catalysts into an MEA flow cell. By tailoring the valence of the Cu sites, we achieved a FEc2ns of 83% at a current
density of 212 mA c¢cm 2 for the electrosynthesis of ethylene from CO2 with an optimal oxidation state for Cu of
+0.26. This corresponds to a ~200% increase of the ethylene formation rate compared to the pristine Cu and a
C2Ha vs. Ca+ selectivity greater than 97% and a sustained stability for 120 hours. When fed with CO, the MEA
cell demonstrated a FE for C2H4 of ~86% with a full cell energy efficiency of ~40 %, setting a new benchmark

for the formation of ethylene from CO.
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4.3 Experimental methods

4.3.1 Materials

Catalyst preparation. The catalysts were electrodeposited at a constant current of -15 mA c¢cm™ for 300 s on an
acid-treated gas diffusion layer (Sigracet 22BB, for characterizations) with CO> gas flow (60 sccm). The solution
consisted of 0.1 M copper bromide (98%, Sigma-Aldrich), 0.2 M sodium tartrate dibasic dihydrate (purum pro
analysis > 98.0% non-aqueous titration (NT), Sigma-Aldrich), and 1 M KOH. Nafion 117 and anion exchange
membrane (Sustainion® X37-50), gas diffusion layer, and titanium mesh were obtained from the Fuel Cell Store.
All chemicals were used as received. All aqueous solutions were prepared using deionized water with a resistivity

of 182 MQ cm™L.

Functionalized Electrodes preparation. The Cu electrodes were functionalized using a aqueous solution of aryl
diazonium salts consisting of 2-Methyl-4-(2-methylphenylazo)benzenediazonium salt (NN), 4-Amino-4'-
methoxydiphenylamine-diazonium chloride (N), 2,5-Dimethoxy-4-([4-nitrophenyl]azo)benzenediazonium
chloride hemi(zinc chloride) salt (NNN), 4-Methoxybenzenediazonium tetrafluoroborate (OCH3), 4-
Bromobenzenediazonium tetrafluoroborate (Br), 4-Nitrobenzenediazonium tetrafluoroborate (NO>) and 4-Diazo-
N,N-diethylaniline fluoroborate(N(C2Hs)2). The solutions were prepared with a fixed concentration of 3 mM
concentration. The aryl diazonium salts were electrodeposited onto the Cu-GDL electrode using a three-electrode
setup with Cu-GDL electrode, Ag/AgCl (3.5 M KCl) and a Pt plate as working, reference and counter electrodes,
respectively. A constant current of 0.70 mA ¢cm was applied for 100 s on the Cu-GDL electrode (~2.0 x 2.0 cm?
for MEA) by using a potentiostat (VSP potentiostat from Bio-Logic Science Instruments). After electrodeposition,

the electrode was rinsed with DI water, dried under Ar, and stored in glovebox for further use.

Ionomer deposition. Cu-NN electrodes were modified by spray-coating a PFSA solution. The PFSA solution
were prepared by using 700 mg of ionomer (Nafion perfluorinated resin solution, product #527084-25 ml
purchased from Sigma Aldrich)) and 25 ml methanol (99.8%, anhydrous, Sigma Aldrich). The optimal loading
with ionomer was achieved by tuning the spray-coating conditions in order to reach a desired loading of 1.75 mg

cm2, Samples were dried for at least 24 h at room temperature in a vacuum chamber before operation.

Materials characterization. A field emission scanning electron microscope (TESCAN Mira3) was employed
to observe the morphology of samples. Aberration-corrected high-resolution (scanning) TEM imaging (HR-
(S)TEM), energy-dispersive X-ray spectroscopy (EDS) and spatially-resolved electron energy-loss spectroscopy
(SR-EELS) were performed using a FEI Titan Cubed Themis microscope which was operated at 80 kV. The
Themis is equipped with a double Cs aberration corrector, a monochromator, an X-FEG gun, a super EDS detector,
and an Ultra High Resolution Energy Filter (Gatan Quantum ERS) which allows for working in Dual-EELS mode.
HR-STEM imaging was performed by using high-angle annular dark-field (HAADF) and annular dark-field
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(ADF) detectors. SR-EELS spectra were acquired with the monochromator excited allowing an energy resolution
of 1.1 eV with an energy dispersion of 0.4 eV/pixel. X-ray photoelectron spectroscopy (XPS) measurements were
carried out on Thermo Electron ESCALAB 250 System using Al Ka X-ray radiation (1486.6 eV) for excitation.
Raman measurements were conducted using a Renishaw in Via Raman microscope and an x50 objective (Leica)
equipped with a 633 nm laser. Operando Raman measurements were carried out using a modified liquid-
electrolyte flow cell using a 20 s integration time and averaging 10 scans per region. The spectra were recorded
and processed using the Renishaw WiRE software (version 4.4). Ag/AgCl (3.5 M KCl) and a Pt plate were used

as the reference and counter electrodes, respectively.

X-ray absorption spectroscopy (XAS). Ex situ X-ray absorption spectra at the copper K-edges and Operando
X-ray absorption spectroscopy (XAS) measurements at the copper K-edges were collected at ALBA Synchrotron
Radiation Facility (Barcelona) on beamline CLAESS and SOLEIL Synchrotron Radiation Facility (Saclay) on
beamline SAMBA, respectively. Measurements were performed mainly in fluorescence mode, but transmission
XAS data were also collected for comparison.

In SOLEIL Synchrotron Radiation Facility (Saclay), the beamline is equipped with a sagittally Si (111)
monochromator at the Cu K-edge for energy selection. The beam size was 1 x 0.5 mm. The signals were collected
in fluorescence mode using a 13-channel Ge detector. The intensity of the incident radiation was measured with
an ionization chamber (/y) filled with an N> (500 mbar)/He (500 mbar) mixture. Two additional ionization
chambers filled with 1700 mbar N (in /; chamber) and an Ar (150 mbar)/N2(850 mbar) mixture (in /; chamber)
were used for measurements in transmission mode in the case of the reference samples.

The X-ray absorption spectroscopy (XAS) measurements were performed in ALBA Synchrotron Radiation
Facility (Barcelona). The intensities of the incident radiation and transmitted radiation were measured with
ionization chamber detectors /Iy and /; filled with pure N> (/y chamber) or 70:30 N> and Kr mixture (/; chamber).
Fluorescence data were collected using energy selective 6-channel Si drift detector. Si (111) monochromator was
used for energy selection. XAS data for Cu foil, Cu20, and CuO reference samples were also collected for
comparison and data alignment.

For the XAS studies, Cu was firstly electrodeposited on gas diffusion layer (GDL, Sigracet 22 BB, Fuel Cell
Store) used as gas diffusion electrode (GDE) and then functional solutions were drop-coated on the catalyst side,
while the other side of the GDL was covered with polyamide tape. The GDL was then taped on a graphite foil
and subsequently, the electrode was mounted in our home-built single compartment cell, where the samples on
graphite foil acted as a working electrode. Pt mesh and Ag/AgCl were used as counter and reference electrodes,
respectively. The applied potential was controlled with BioLogic potentiostat. As for the electrolyte, we used an
aqueous solution of COr-saturated 0.5M KHCOs3 that was continuously circulated through the cell using a

peristaltic pump. The electrolyte was continuously purged with CO, with a flow rate of 20 ml/min. All
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measurements were performed at constant potentials of -0.98 V, -0.93 V, -0.88 V and -0.83 V vs. RHE. Time-
resolved spectra under CO2RR conditions were acquired every 12-15 min until no further changes were observed.

Data alignment and normalization of the X-ray absorption near edge structure (XANES) spectra were carried
out using the Athena software. Fitting of the Cu K-edge extended X-ray absorption fine structure (EXAFS)
spectra y(k)k? of the catalysts was carried out in R-space in the range from Rumin = 1.0 A up to Rmax = 2.7 A. The
Fourier transforms were carried out in the k-range from 3.0 A" to 10.0 A"! with a k-weighting of 1, 2 and 3.
Fitting parameters were the coordination numbers N, interatomic distances R, disorder factors 6> for Cu-O and
Cu-Cu paths, as well as the corrections to the photoelectron reference energies AEo. Amplitude reduction factor

So? = 0.94 was determined from the fitting of EXAFS spectra for Cu foil.

Computational details.
Based on density functional theory, all calculations in this paper are performed by Vienna Ab-initio simulation
software package (VASP)’! using the projected- augmented-wave (PAW) method’? and the Perdew-Burke-

Ernzerhof (PBE) exchange correlation functional*?

. The energy cutoff was set to 400 eV and the Brillouin zone
was sampled by a Gamma 1x1x1 K-point grid for structural optimization, while the 3x3x1 K-point grid was used
for electronic state analysis. During structure optimization, the position of all the atoms except the bottom layer
were relaxed and convergence criterion for the maximum force and energy on each atom was set to -0.05 eV/A”
and 10* eV, respectively. In order to accurately describe the weak interactions, the dispersion-corrected DFT-D3
method*? was employed to consider the van der Waals (vdW) interaction. To simulate the catalyst model in theory
calculations, we designed a (2x2) super cell Cu (111), including 4 metal atoms in x direction, 4 metal atoms in y
direction and 3 layers in z direction. Periodic boundary conditions were used in all directions and 20 A of vacuum
layer was used in the z direction to separate the slabs. The configuration and the surface coverage of functional
groups was set to be 20 % in the model of modified Cu catalysts according to the characterization results from
reaction mechanism and experiments. The two uppermost slab layers and the adsorbates are allowed to relax.

Theoretically valence analysis the theoretically valence of copper was calculated using the Bader Charge
Analysis script written by Henkelman and co-workers”. The valence state of surface Cu atoms were evaluated
according to the number of electrons obtained by the grafted aryl diazonium salts. We calculate the electronic
charge (NCharge) of aryl diazonium salt bonded Cu atom by using the formal Bader charge from the outermost
valence electron number (NValence) of Cu atom (1 for Cu) to subtract the calculated Bader charge of Cu
(NBader), as follows®!418:

NCharge= NValence-NBader (1)

After functionalizing with different aryl diazonium salts, the valences of bonded Cu atoms are characterized by
positive charges with the values of +0.149 e, +0.206 e, +0.219 e, +0.260 e, +0.497 e, +0.630 e and +0.787 e for
N(C2Hs)2, OCHs, N, NN, NNN, Br and NO; functional groups, respectively.
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The CO/CO; adsorption energy over functionalized Cu The adsorption energy of a CO/CO2 molecule over

a Cu surface in the presence and absence of functional groups was calculated by Equation:
Ead=Ecosiab) - Esta)  -E(co,gas) (2)

where E(co, slab) represents the total energy for a CO molecule over the Cu slab; Eslab is the total energy of
the bare slab and E(co, gas) is the carbon monoxide gas phase energy. Here, the more negative value of the
adsorption energy represents a stronger binding strength of the CO molecule. The same condition on CO»
adsorption energy calculations.

The reaction energy of 2CO* dimerization over functionalized Cu To theoretically investigate the OC-CO
coupling energy barriers on different Cu surface, a climbing image nudged elastic band (CI-NEB) method”* was
used to explore the transition state, followed by the dimer method to converge the saddle point within 0.05 eV/A.
Four windows are inserted between the initial state (IS) and the final state (FS) to find the transition state (TS)
when calculating the CO-CO coupling process on both pure Cu and Cu-NN. At all intermediate and transition
states, we applied a solvated surface with one layer of water molecules via the Neugebauer and Scheffler method
to take the effect of solvation into account: five water molecules are added near the surface®!4!87475 Since
Goodpaster, Norskov, Goddard, Neurock, and others have widely explored and simulated electric fields and
charging effects by different methods’s”. In this work, we applied the Neugebauer and Scheffler method to
include an applied electric field (-0.8 to 0.8 V/A) which was parallel to the vacuum layer to examine how an
applied electric field may influence the selectivity of ethylene and ethanol in the presence of aryl diazonium salt
(NN). According to the standard hydrogen electrode, the Gibbs free energy can be calculated as,

AG=AE_DFT+AE ZPE-TAS 3)

where T = 298.15 K, AE, AEZPE and AS are the total electron energy difference, zero-point energy difference
and entropy change, respectively. This formula was proposed by Nerskov et al., since the entropy change is small,
its effect can be ignored.

The relationship between Cu valence and CO; adsorption energy To understand how the NN-bonded Cu
atom affects the valence of neighboring Cu atoms and the related CO> adsorption energy on differently
neighboring Cu atoms, we took aryl diazonium salt (NN) functionalized Cu catalyst as an example to evaluate
their relationships by a larger surface structure model. A (3x3) super cell Cu (111), including 6 metal atoms in x
direction, 6 metal atoms in y direction and 3 layers in z direction was adopted as a computational model. A total
of 10 kinds of CO; adsorption models with different distances (C-Cu, the C here refers to C in the CO> molecular)
were constructed, and the distance between NN-bonded Cu atom and C atom of CO» molecule is 2.597 ~ 9.556
A.

Electrochemical in H-Cell and MEA configuration. All electrochemical measurements were carried out at
ambient temperature and pressure using a VSP electrochemical station from Bio-Logic Science Instruments
equipped with a 5 A booster and FRA32 module. The cell voltages reported in all figures were recorded without
iR correction. All the potentials in the H-cell were converted to values with respect to the RHE potential using:
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EruE=Eag/agcit0.197 V+0.0591*pH 4)

In the H-cell configuration, Ag/AgClI (3.5 M KCl) and a Pt plate were used as reference and counter electrodes
respectively. The electrolyte consisted in a 0.5 M KOH solution (99.9%, Sigma Aldrich), which was saturated
with alternatively CO2 (>99.998, Linde) or Ar (5.0, Linde). Prior to any experiment, the anolyte and catholyte
solutions were saturated by bubbling CO; or Ar for at least 20 min.

The MEA electrolyzer (Dioxide Materials) was composed of the Cu cathode, a Ti-IrOx mesh anode and an
anion exchange membrane (AEM, Sustainion® X37-50, Fuel cell store). The anode and cathode flow fields are
made of titanium and stainless steel with geometric active areas of 4 cm? respectively. The anode was prepared
by depositing IrOx on a titanium support (0.002°” thickness, Fuel Cell Store) by a dip coating followed by thermal
annealing. Briefly, the titanium mesh was firstly degreased with acetone and DI water, then etched ina 6 M HCI
(Reagent Grade, Bioshop) solution heated to 80 °C to 90 °C for 45 min before dip coating. The solution used for
dip coating consisted of 30 mg of IrCl3.xH>O (Alfa Aesar) dissolved in 10 mL of an iso-propanol solution with
10% concentrated HCI. The etched titanium mesh was dipped into the IrCl3 solution, dried in an oven at 100 °C
for 10 min before calcination in air at 500 °C for 10 min. The dipping and calcination process was repeated until
a suitable loading was achieved (2 mg cm2)!1°,

The AEM was firstly placed between the anode and cathode flow fields and then assembled together. The flow
fields were mainly responsible for the effective supply in aqueous anolyte solution and humidified CO> over the
respective surfaces of anode and cathode electrodes. The anode and cathode gaskets were placed between the
flow fields and the respective electrodes to ensure proper sealing. An anion exchange membrane (Sustainion®
X37-50) (Dioxide Materials) was activated in 1 M aqueous KOH solution for at least 24 hours, washed with
deionized water and used as the anion-exchange membrane (AEM). A 0.5 M KHCOs anolyte solution was
circulated through the anode compartment of the electrolyzer with the constant flow rate of 30 ml/min via a
peristaltic pump, while CO; was supplied to the cathode side with a constant flow rate of 10 standard cubic
centimeters per minute (sccm). After three-minutes of initial operation, a full-cell potential of -3.0 V was applied
to the electrolyzer and the potential then was gradually increased with increments of -0.10 V or -0.05 V. The

current was stabilized for 15-20 min between two voltage increments.

CO:-to-C,H4 measurements in the cascade MEA system

An Ag electrode was used to convert CO; into CO in 0.1M KHCOj3 solution. The MEA cell possessed the same
geometric active area of 4 cm?. The first MEA setup was operated at -3.8 V with a CO» inlet flow rate of 10 sccm.
The outlet of the first MEA setup was connected to a CO» capture solution using a 30 wt % ethanolamine aqueous
solution. Purified CO was then supplied to the second MEA cell for conversion of CO to C2Hs. 1 M KOH was

used as the anolyte, and the CO-to-ethylene conversion was evaluated at different potentials from -2.0 to -3.0 V.
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Quantification of the CO:RR products. The electrochemical data were recorded while simultaneously
collecting the CO2RR gas products by using an automatic sampler connected to the cathode outlet. A cold trap
was used a collect the liquid products before the sampler. For each applied potential, the gas products were
collected at least 3 times with proper time intervals. The gas alliquots were then injected into an online gas
chromatograph (Agilent, Micro GC-490) equipped with a TCD detector and Molsieve SA column continuously.
Hydrogen and argon (99.9999%) were used as the carrier gases. Liquid products were quantified by |H NMR
spectroscopy (600 Mhz Avance III Bukrer with a cryorobe Prodigy TCI) using deionized water with 0.1 % (w/w)
of DSS (Sodium trimethylsilylpropanesulfonate) like internal standard for the quantification of the ethanol and
formate. An 1D sequence water suppression with excitation sculpting with gradients(zgesgp) was used for the
acquisition (Number of scan = 32, Delay D1=30 s). Owing to the liquid product crossover, the FE values of the
liquid products were calculated based on the total amount of the products collected on the anode and cathode

sides during the same period.

Stability measurements in the MEA configuration. For the stability tests, the MEA electrolyzer was operated
at a constant voltage of -3.55 V with a continuous feed in CO,. The gas products were collected at frequent time
intervals and FE values were calculated from the average value obtained from three successive injections. As for

the liquid products, the total liquid products were collected at the end of the experiments.

Faradaic Efficiency, Selectivity, Energy Efficiency and Energy power consumption Calculations. The

Faradaic efficiency (FE, %) of each gas product was calculated as follows:

Z.
FEjqs = gi X v ><—lFP0 X

X 100% 5
rri P ®)

The Faradaic efficiency (FE, %) of each liquid product was calculated as follows:

Zj

FEliquid S li X F X 100% (6)
Qtotal
The formation rate (R) for each species(i) was calculated as follows:
Qtotal X F Ei

R. = 7
' 96485 Xz, Xt XS ™

The single-pass conversion rate (SPC, %) of CO> to C2H4 was calculated as follows:

SPC — CczHa X flow rategytiet X 100 (8)

CcozXflow rateiniet

The full-cell energy efficiencies (EE, %) was calculated as follows:
. (1.23 — E;) X FE;
Ecell

€)

The selectivity (%) of ethylene was calculated as follows:

.. 2R
Selectivitycypya = C2H4 (10)
Rcot+RHcoOH t2Rc2H412RC2HS0H
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The electrical power consumption (EPC, kWh) characterizes the amount of electric energy (typically expressed
in kWh) that is required for producing 1 Nm? of product gas, and it was calculated as follows:

EPC—E“”X n XF 11
~ FExV, b

where g; represents the volume fraction of gas product i; v represents the gas flow rate at the outlet in scem; z;
represents the number of electrons required to produce one molecule of product 7; Ji.ta represents the total current;
l; represents the number of moles of liquid product i; Qi represents the charge passed while the liquid products
are being collected; Ccons and Ccoo represents the concentrations of C2Hs and CO; measured by online GC. Pp=
1.01 x 10 5Pa, T=273.15K, F=96,485 C mol ! and R = 8.314 Jmol 'K"!; # represents the electrolysis time (h);
S represents the geometric area of the electrode (cm?); E; represents the thermodynamic potential (versus RHE)
for CO2RR to species i and E..; represents the cell voltage in two-electrode setup (-1.15 V for CO»-to-C>Hs, and

-1.06 V for CO-to-C2Ha); Vi is the molar volume of ideal gas under normal conditions.

4.4 Results and discussion
4.4.1 Density functional theory calculations

We first carried out Bader charge analysis to investigate the impact of the electron-withdrawing ability of the
substituted aryl groups on the valence of Cu based on the functionalization mechanisms (Fig.la, and
Supplementary Figs.1 and 2). Our calculations indicate that the nature of different substituents on the phenyl
group can finely tailor the theoretical valence of diazotized Cu atoms**#° (Fig. 1b, Supplementary Figs.3 to 5 and
Table 1). Our findings suggest that the nature of the substituents on the phenyl ring is to modulate the local
electron density on copper and thereby precisely tune the oxidation state of both functional groups bonded Cu
atoms and the neighboring Cu atoms (Fig. 1¢). Consequently, new interfaces between Cu®" and Cu® regions are
created in the aryl diazonium bonded copper system(0<6<1) (Fig. 1¢c), a motif analogous to the famous Cu,O/Cu
catalyst proposed by Goddard group14. To clear how the functional group affects the oxidation state of Cu atoms
and regulate the CO> reduction, the adsorption energy of CO; on different Cu®" (6=0,0.10, 0.12, 0.15 and 0.18)
atoms were investigated based on the same Cu-NN catalyst system (Fig. 1c, Supplementary Fig.6 and Table 2).
And we found that the CO» adsorption energy gradually increased with the closer distance of Cu®* atoms to Cu-
NN atom. The nearest Cu®'®" atom showed the largest CO, adsorption energy of -0.468 ¢V among all Cu®"
(0=0,0.10, 0.12, 0.15 and 0.18) atoms while the farthest Cu0 atom had the lowest one. It means that the CO;

activation and further reduction reaction (CO dimerization) are much easier to conduct on the nearest Cu
instead of the farthest Cu® atom in Cu-NN catalyst. The lower energy barrier of CO dimerization on Cu-NN
catalyst than pristine Cu (Fig. 1d, Supplementary Figs.7 to 11 and Table 3) also proves that the CO dimerization
prefers to proceed on the interface of Cu®/Cu® than Cu®/Cu® in Cu-NN catalyst (Fig. 1¢), which is consistent with
the classic CuxO/Cu catalyst proposed by Goddard et all* that the interface of Cu*/Cu® promotes the Co+

production by decreasing the reaction energy. In general, the grafted electro-withdrawing ability of aryl
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diazonium salts on copper improves the oxidation state of part copper atoms and create the new interface region
of Cu®/Cu® and thereby promote C»+ production. Moreover, the highest adsorption energy of CO on Cu-NN
among all functional groups also proves that CO dimerization on Cu-NN is enhanced by the stronger binding
energy of CO compared to pure Cu (Supplementary Fig.12 and Table 4).

Since ethylene and ethanol are generally considered to share the same initial reaction pathway, starting from
*COCOH but branching off from the *CH,COH intermediate*!. To get insight into the ethylene vs. ethanol
selectivity, we explored the role of the oxidation state of Cu®" (=0, 0.149, 0.206, 0.219, 0.260, 0.493, 0.630 and
0.787 for pristine Cu, N(C>Hs)>, OCH3, N, NN, NNN, Br and NO., respectively) on the free energy of the
successive intermediates along with the ethylene (*O+C;Ha(g)) and ethanol (*C>H40) pathways (Supplementary
Figs.13 to16). Our results reveal a lowest free energy on Cu-NN (Cu®2¢*) for *O+C,Ha(g) (ethylene pathway)
than for *C;H4O (ethanol pathway). These findings indicate that NN grafted Cu with the oxidation state of 6=
0.26 favors the formation of the *O+CyHa(g) intermediate by breaking the C-O bond instead of the direct
hydrogenation of the C-H bond to form *CH,CH,OH*! (Fig.1f, Supplementary Figs.13 to16 and Table.5). NN
functionalized Cu displayed the lowest free energy of -1.625 eV towards ethylene among all catalysts, suggesting
a largest selectivity towards the formation of ethylene (Fig.1f). The retained overall trends of a smaller free energy
of producing ethylene (O*+C>Ha(g)) than ethanol (*OCHCH3) under a series of different external electric fields
also reflect that NN functionalized copper has the higher selectivity towards ethylene than ethanol production'®
(Supplementary Fig. 17 and Table 6). Meanwhile, the free energy of hydrogen evolution reaction (HER) on both
bare Cu and Cu-NN were also evaluated, and we found that the free energy of HER on Cu-NN was higher than
bare Cu (Supplementary Fig. 18 and Table.7). It means that grafting NN on Cu can not only promotes CO
dimerization but also suppress the HER. Using these results as guidelines, we anticipated that the
functionalization of copper with substituted phenyl groups induces the formation of Cu®*/Cu® interface on Cu
electrodes, which not only benefits for the formation of multi-carbon products compared to Cu® but also leads to

high selectivity towards ethylene over ethanol.
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Fig. 1 Density functional theory calculations. (a) Molecular structures of different diazonium salts. (b) The relationship
between the theoretical valence of the Cu sites and the electro-withdrawing ability of different substitutes on phenyl. (c)
The relationship among the distance of the nearby Cu atoms to the Cu-NN atom, the theoretical valence of nearby Cu atoms
and the related CO, adsorption energy on nearby Cu atoms. Inset: the model of CO, molecular adsorbed on Cu” and nearby
Cu®" (0<6<1) atoms. (d) Energy profiles for initial states (ISs), transition states (TSs), and final states (FSs) of CO
dimerization on Cu and Cu-NN. (e) The schematic of CO dimerization on nearby Cu®" and Cu® atoms in NN functionalized
copper slab (The blue ball is NN functionalized Cu atom). (f) Gibbs free energy difference associated with the ethylene and
ethanol pathways on Cu-X (X refers to NO», Br, NNN, NN, N, OCH3 and N(C:Hs), functional groups), respectively.

4.4.2 Catalyst synthesis and characterization

In light of our numerical simulations, we sought to fabricate a series of copper catalysts via electrodeposition on
a gas diffusion layer (GDL). The Cu catalysts were subsequently modified with aryl diazonium salts and labeled
hereafter Cu-X where X represents the grafted aryl groups (Fig. 1a). The reactivity of aryl diazonium salts on
copper follows two mechanisms: a direct attachment of the phenyl groups or the formation of new azo groups®*4*
45 (Supplementary Figs. 1 and 2). Based on our XPS analyses, we confirmed that the grafting mechanism involves
the formation of azo bonds as evidenced by the presence of the signal at 400 eV. Signals from the N=N bonds
were detected on all functionalized copper catalysts, including Cu-Br and Cu-OCH3, with an estimated 3:2 molar
ratio of Br/OCH3 to azo. (Supplementary Fig. 19 and Supplementary Table 8). The morphology and crystal
structure of functionalized Cu catalyst do not substantially change after the modification with diazonium salts,

suggesting functionalization does not induce amorphization of the Cu surface (Figs. 2a, b and Supplementary

Figs. 20 to 22). In particular, high-resolution electron microcopy analyses showed the presence of a continuously
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functionalized layer at the surface of the catalysts with a thickness of about 5-8 nm (Figs. 2a, b and Supplementary
Fig. 23a). In addition, based on our EELS analyses (Figs. 2b and Supplementary Fig. 23b), we confirmed the
presence of C and N in the functionalized layer, which highlights the successful grafting of diazonium molecules
at the surface of the Cu catalyst. To further improve the gas and ion transport to the active sites in the MEA cell,
a perfluorinated sulfonic acid (PFSA) ionomer was spray-coated on the catalyst (Supplementary Fig. 24). The
use of ionomers has been recently introduced to promote gas, water, and ion transport due to their hydrophobic
and hydrophilic functionalities and ion transport domains, respectively’*6-4%. The presence of the PFSA ionomer
was further confirmed by its characteristic Raman signatures at 733,1005 and 1130 cm!, which are associated
with the -CF,, C-C, and -SOj vibrations modes, respectively’ (Supplementary Fig. 25)”. Energy-dispersive X-ray
spectroscopy (EDX) elemental mapping further supports the uniform distribution of ionomer on the surface of
Cu-NN catalyst (Supplementary Fig. 26).

To elucidate the relationship between the molecular doping properties of the aryl groups and the behavior of the
functionalized catalysts properties, we systematically evaluated the CO2RR properties in a zero-gap MEA cell
using a 0.5 M KHCO;3 anolyte and 10 sccm of CO; as feed for the cathode. Compared to pristine (i.e. non-
functionalized) Cu, all the Cu-X electrodes exhibited improved Faradaic efficiency for ethylene (Fig. 2¢ and
Supplementary Fig. 27 and Supplementary Table 9). We found a volcano relationship between the FE of C;H4
(FEc2ns4) and the applied potential and the Cu-NN catalyst exhibits the highest FEcon4 at 83% for a full cell
potential of -3.55 V. To explore the influence of NN thickness on CO;RR performance, we prepared and
examined different Cu-NN samples with different thickness by controlling the concentration of aryl diazonium
salt. When we plotted the experimental C2H4 and CO Faradaic efficiency versus the thickness of NN, we obtained
a volcano plot that peak with an outstanding C>H4 Faradaic efficiency of 83+ 2% at a thickness of 5~8 nm
(Supplementary Fig. 28). Differently, the FE of CO showed a trend of first increasing at a thinner thickness of
NN and then decreasing at 5 nm thickness. It indicates that both too thin and too thick NN film were not
conductive to *OC-CO* coupling in the CO2RR process.

To investigate the correlation between the FEcons and the oxidation state of different diazonium salts
functionalized copper, we plotted the experimental FEcon4 against the valence of the Cu sites predicted by our
DFT calculations. We found a volcano trend that peaks at 83% at an average Cu valence of + 0.26, corresponding
to the Cu-NN electrodes (Fig. 2d). We also observed a strong correlation between the ratio of FEcons to FEconson
as a function of the calculated theoretical valence, confirming the influence of the valence on the selectivity of
ethylene over ethanol (Supplementary Fig. 29). A FEcans-to-FEc2nson ratio as high as 38 is obtained on Cu-NN
and agrees with our DFT predictions that Cu’" triggers the formation of ethylene rather than ethanol
(Supplementary Figs. 29a and b). The performance of Cu-NN and pristine Cu were further increased in the
presence of PFSA ionomer, and the Faradaic efficiency for ethylene reached 89+3% and 48+4% at a specific
current density of CoHs of 536 mA c¢cm and 269 mA cm, respectively (Supplementary Figs. 30 and 31). To
gauge the stability of our functionalization strategy, we operated the MEA cell at a full cell voltage of -3.55 V

124



for 120 h using Cu-NN as CO2RR catalyst. We obtained a stable current at approximately 1 A with an average
FE for C2H4 of 79% corresponding to a retention of 95% in a neutral medium (Fig. 2e). Furthermore, to examine
the stability of functional group (NN) on copper, we also characterized and analyzed the surface of Cu-NN
catalyst after 24 hours reaction (hereafter aCu-NN) by using Raman and HRTEM. Compared to before reaction,
the specific peaks of aromatic rings (~1600 cm-1) were still kept on aCu-NN catalyst, which means that the
functional group (NN) was stable during the reaction (Supplementary Fig. 32). The high-resolution electron
microcopy analyses also presented an intactly and continuously functionalized layer at the surface of aCu-NN
catalyst with a thickness of about 4-8 nm, which was similar to the unreacted sample, indicating that the excellent
stability of aryl diazonium salt (NN) on copper without changing the surface coating morphology during CO2RR
process.

Next, we sought to evaluate the selectivity, the energy efficiency (EE) and the electrical power consumption
(EPC) for the production of C2H4 in a MEA cell. Compared to other literature benchmarks®’4%->2 both Cu-NN
and Cu-NN/ionomer catalysts demonstrated improved selectivity towards ethylene and higher energy efficiency
at the same specific current density of ~200 mA c¢cm (Figs. 2f and g, Supplementary Table 10). Remarkably, the
EPC for the formation of ethylene on Cu-NN is 25% lower compared to the best reported catalyst tested in the
same device configuration, suggesting a lower threshold to meet industrial requirements (Supplementary Table
10). To confirm the improvement of the intrinsic CO2RR properties after aryl functionalization, we finally
estimated the electrochemically active surface area (ECSA) of pristine Cu, Cu-NN and Cu-NN/ionomer catalysts
by using the Pb underpotential deposition method (PbUPD) (Supplementary Fig. 33a and Supplementary Table
11). The ECSA-normalized partial current densities for CoHs measured in the MEA cell are 96 mA ¢cm and 212
mA cm for Cu-NN and Cu-NN/ionomer, which are ~2 and ~4.5 times higher than in the case of pristine Cu,
respectively (Supplementary Fig. 33b). To exclude no preference of aryl diazonium groups grafting on different
active sites, we also functionalized both Cu(111) and Cu(100) single crystals with the same geometric area and
the same loading amount of aryl diazonium group of NN, and compared their surface coverage by examining
their electrochemically active surface areas. As shown in Supplementary Fig. 34 and Table 12, the surface
coverage of NN on Cu(111) and Cu(100) single crystals are 20.6% and 21.8%, with the estimated ECSA of 1.20
cm?, 1.27 em?, 0.95 cm? and 0.99 cm? for Cu(111), Cu(100), Cu(111)-NN and Cu(100)-NN catalysts, respectively,
which are close to the surface coverage of 18.5% on electrodeposited Cu-NN. It means that functional groups

have no preference when modifying on different active sites.
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Fig. 2 Structural, compositional and CO:RR performance for the different Cu-X catalysts measured in MEA flow
cells. X refers to NO,, Br, NNN, NN, N, OCH3 and N(C;H5s) functional groups. (a) HR-TEM image, (b) the corresponding
N, C and Cu EELS elemental maps and corresponding ADF image taken from a section of Cu surface on the NN-
functionalized Cu electrode. (¢) Comparison of FEs for ethylene on the different Cu electrodes measured at full-cell
potentials ranging from -3.0 to —4.0 V and measured in 0.5 M KHCOs. (d) The relationship between FEcans4 and the
theoretical valences of the Cu sites on the different catalysts. (e) CO2RR performance of NN-Cu at a full-cell potential of
-3.55 V and with a 10 scem feed in CO2 over 120 hours. The anolyte consisted in a 0.5 M KHCOs3 solution circulating at a
flow rate of 30 ml min™". The blue line represents the current recorded during the extended CO2RR experiment (primary y
axis). The empty orange symbols represent the FE for C,H4 averaged from three independent measurements (secondary y
axis). Comparison of the selectivity (f), energy efficiency (g) and electric power consumption (h) for C;H4 based measured
on the different Cu-X cathodes with literature benchmarks for MEA electrolyzers. For each reference, the plotted values
are those corresponding to the reported best performance. The error bars in ¢ and d correspond to the standard deviation of

three independent measurements.

4.4.3 Ex-situ and operando investigations

To investigate the impact of the aryl functionalization on the oxidation states of copper, we first performed ex-
situ X-ray photoelectron spectroscopy (XPS) on the different Cu-X catalysts. When examining the Cu2p spectra,
the absence of satellites confirms that there is no Cu?" (Supplementary Fig. 35). As it is difficult to distinguish
the Cut from the Cu from the Cu2p spectra, we examined the LMM Auger signals from freshly prepared Cu-X
samples to precisely evaluate the oxidation state of copper®*. According to the deconvolution of the Auger LMM
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spectra, we found that the Cu-NO- surface has the largest ratio of Cu® to Cu and the average oxidation state is
estimated to be +0.75, while Cu-N(C>Hs)2 has the smallest oxidation state at 6=0.13 (Supplementary Table 13).
Overall, our Auger analyses qualitatively agree with the results from DFT calculated theoretical valence.
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Fig. 3 XAS, Auger and operando Raman characterizations. (a) The copper LMM Auger spectra of the Cu-X electrodes.
The amounts of Cu,O and Cu contributions were estimated from the integrated area of the corresponding curves. (b) Copper
K-edge XANES spectra of Cu-X catalysts after being electrochemically reduced. Inset: average oxidation state of copper
in Cu-X obtained from copper K-edge XANES. The edge position of each sample is determined from the intercept of the
main edge and pre-edge contributions. The error bars represent the standard deviation of three separate measurements for
each sample. (c¢) The relationship between the FE for ethylene, the oxidation state of copper in Cu-X and the ratio of H/L
CO* obtained from the operando Raman spectra of the Cu-X electrodes at -0.88 V versus RHE. H and L refer high
frequency and low frequency modes. (d) The correlations between the FEco, the FEcons and the operando Raman heatmaps
of Cu-NN electrode and pristine Cu measured from -0.88 V to -0.38 V vs. RHE. Only the CO region is examined here

(1900-2200 cm™). The error bars in b, ¢, d and e correspond to the standard deviation of three independent measurements.

We then carried out X-ray absorption near-edge spectroscopy (XANES) on the Cu-X catalysts to assess the Cu
oxidation state. Before testing, a negative potential (-0.7 to -2.0 V versus reversible hydrogen electrode (RHE),
60 mV s7!, 3 cycles) was applied on Cu-X samples to exclude oxygen-containing species. The absorption edges
of all Cu-X samples reside between those of pristine copper (Cu0) and Cu20 used as a reference (Cu®) (Fig. 3b
and Supplementary Fig. 36). To obtain a direct comparison of the oxidation state of copper in the different Cu-X
catalysts, we plotted the copper oxidation state as a function of energy shift of the Cu K-edge (Fig. 3b inset).
From the linear fit of the positions for Cu0 and Cu* (Cu20), we determined the average oxidation state of the Cu-
X catalysts to range between +0.13 to +0.75 as a function of the electron-withdrawing ability of substituted phenyl
groups. Cu-NN exhibits an oxidation state of 6=0.27, which remarkably closes to the calculated theoretical
valence of copper (6=0.26) (Supplementary Table 14). To further explore the stability of Cu®* species on Cu-NN,

we performed operando X-ray absorption spectroscopy (XAS) at applied potentials of -0.93 V, -0.88 V, and -
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0.83 V vs. RHE (Supplementary Figs. 37 and 38). Close examination of the XAS spectra suggests a minimal
perturbation of the oxidation state of Cu during the CO2RR. We determined the average oxidation states of copper
in Cu-NN to be +0.25, +0.23, and +0.19 at -0.93 V, -0.88 V, and -0.83 V vs. RHE, respectively close to that
obtained from our ex-situ analyzes (Supplementary Tables 15 and 16).

To increase our understanding of the role of different functional groups in promoting the formation of ethylene,
we studied the adsorbed CO* on the surface of the Cu-X catalysts using operando Raman spectroscopy
(Supplementary Figs. 39 and 40). According to literatures, the LFB-CO* has previously been attributed to

54,55

adsorbed CO* on top of terrace-like sites and related to OC-CO coupling and ethylene production’*>>, whereas

the presence of the HFB-CO* peak at 2087 cm! is ascribed to adsorbed CO on isolated defect-like sites and more
related to gaseous CO production according to previous operando measurements on well-defined systems>®-8,
Therefore, we examined the high-frequency band (HFB-CO*) and the low-frequency band CO* (LFB-CO¥*) of
CO* at~2087 cm™! and ~2060 cm™!, respectively>*>*%0 (Fig. 3¢). These bound CO* configurations were identified
and quantified using operando Raman spectroscopy for the different Cu—X catalysts at a fixed potential of -0.88
V vs. RHE (Supplementary Fig. 41 and Supplementary Table 17)%346162 We found that the HFB-CO*-to-LFB-
CO* ratio on all Cu—X catalysts are larger compared with bare Cu, and presents a clear linear correlation with
the average oxidation state of copper (Fig. 3c). The change of the ratio of HFB-CO*-to-LFB-CO* on Cu—X
catalysts derives from the tailored binding energy of CO* by functional groups (Supplementary Fig. 12) that
changes the vibrational signals of CO* at low-wave number region, thereby reflecting different adsorbed sites on
copper and resulting in different adsorbed H/L-CO* ratios. Our investigations indicate that the average oxidation
state of copper should be neither too high nor too low. We found a volcano-shaped relationship between the
ethylene selectivity and the HFB-CO*-to-LFB-CO* ratio on the Cu—X surfaces, which highlights the importance
of the balance between terrace-like and defect-like sites on Cu for the adsorption of CO* and the promotion of
the OC-CO coupling. We note that Cu-NN seats near to the top of the volcano, which further points out to a
possible stabilization of HFB-CO¥* relative to LFB-CO* on mildly oxidized Cu®" (0<6<1).

We compared the operando Raman spectra of Cu-NN and pristine Cu catalysts (Fig. 3d) for different potentials.
The Raman heat map of the Cu-NN and pristine Cu revealed a clear enhancement of the signals from adsorbed
CO* in the case of Cu-NN, which qualitatively indicates that larger amounts of CO* intermediates are readily
available for the further C-C coupling. We also found that Cu-NN displays strong HFB-CO* and LFB-CO*
signals for potentials between -0.48 V and -0.7 V vs. RHE up to -0.88 V vs. RHE, while no signals can be detected
from pristine Cu (Fig. 3e). This points out to a greater energy barrier to produce CO* intermediates, thus limiting
the formation of Cz+ products. As the final evidence, we plotted the FE for CO and C>Hs as functions of the
potential to visualize the intertwining between the Raman signatures of adsorbed CO* and the selectivity for Ca+
products (Figs. 3d and e). To exclude the influence of interactions between CO; and “N” atoms from aryl
diazonium salts (N, NN, NNN, NO; and N(C>Hs)»), the related aryl diazonium salts functionalized copper was
exposed with CO; atmosphere. Since diazonium salts N(C>Hs)> contains a more nucleophilic nitrogen atom
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(tertiary amine) compared to N, NN, NNN, and NO> diazonium salts, we decided to investigate the reactivity of
diazonium salts N(C2Hs)2, NN, Cu-N(C2Hs)2, Cu-NN and pristine Cu by using CO»-temperature programmed
desorption (TPD). Firstly, we tested the thermogravimetric analysis (TGA) and found Cu-N(C2Hs)2, Cu-NN and
pristine Cu kept stable at the range of 50-200 °C (Supplementary Fig. 42a). Therefore, we tested CO>-temperature
programmed desorption (TPD) with Cu- N(C;Hs)>, Cu-NN and pristine Cu catalysts at the stable temperature
range of 50 to 200 °C to observe their interactions with CO,. As shown in Supplementary Fig. 42b, there is no
any CO; absorption peak on pristine Cu at the temperatures from 50-200 °C, which means that no interaction
happened between CO; and pristine Cu at this temperature range. Compared to pristine Cu, both Cu-N(CzHjs):2
and Cu-NN displayed a small peak at ~68 °C and ~70 °C with the similar intensity, indicating the “N”” on both
NN and N(C;Hs)> would interact with CO> and enhance the CO2RR reaction activity by providing additional
binding sites for CO». The analogical adsorption energy of CO2 on Cu- N(C;Hs)> and Cu-NN (Supplementary
Fig. 12) also reflect their similar interactions with CO2. However, the FEC2H4 (73%) of Cu-N(C:Hs)> catalyst
is lower than Cu-NN (FEc214=83%) but higher than pristine Cu (FEc214=40%), which means that the valence of

copper plays the more critical role than the interaction between amine and CO; in enhancing CO2RR.

4.4.4 Direct vs. cascade flow processes for the formation of C:H4

The electrical power consumption is one the primary obstacle for the development of the CO;RR. Although
progress has been made in the direct electroreduction of CO> to CoHs in MEA cells with appreciable selectivity
and high current density, the requested full-cell potential makes the production cost of ethylene uncompetitive
compared to industrial-grade ethylene obtained from steam cracking of naphta or natural gas. In addition, the
formation of carbonate in the MEA reactor combined to the strongly alkaline conditions leads to poor
performance stability and low CO» single-pass conversion rate due to the flow of hydroxide ions from anode that
reacts with gas CO». Technical-economic analyses have suggested that a high current density (>150 mA ¢cm™,
and low operating full-cell potential (< 3 V) are the necessary requirements to compete with the traditional
ethylene production process®®. CO can advantageously replace COx to produce multicarbon species via the CO
reduction reaction (CORR). The CORR is compatible with alkaline electrolytes at the anode to prevent the
competitive hydrogen evolution reaction without significant carbonate formation that typically plagues the
conversion of CO,%. It is also anticipated that the CORR can improve the charge transfer kinetics and the
selectivity towards ethylene, while decreasing the energy footprint of the system!%!164, The realization of cascade
flow processes has recently been explored to convert CO> to CO and then use CO to produce Ca+ products®-66,

In light of this, we sought to develop an integrated flow electrochemical system for the energy-efficient
conversion of CO2 to CoHg by coupling two MEA cells using Cu-NN as CORR catalyst. Considering the high
market price of iridium (at ~ 6k$ per once, +375% since Nov. 2020), we thought to replace expensive IrOx with
NiFe based layered double hydroxide (NiFe LDH) as anode catalyst®’. We confirmed that NiFe LDH shows a
lower overpotential than IrOx toward the OER in 1 M KOH (Supplementary Fig. 43). We then estimated the
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CO»-t0-CO performance using electrodeposited Ag and NiFe based layered double hydroxide (NiFe LDH) as
cathode and anode, respectively. We achieved a 94% FE for CO at the full-cell potential of -3.55 V and a specific
current density for CO of 119 mA cm for an inlet flow rate of 10 sccm of CO» (Supplementary Fig. 44, and
Supplementary Table 18). We evaluated the single-pass conversion efficiency (SPCE) to be ~31% at -3.55 V. To
achieve an optimal CO feed of ~4.6 sccm, we set the full-cell voltage of the first MEA cell to -3.8 V corresponding
to a FE and specific current density for CO of ~84% and 166 mA cm, respectively. The outlet gas from the Ag-
based MEA was purified using a CO; capture solution containing 30% ethanolamine and then introduced into the
second MEA cell for the CO-to-C2Hs conversion. We tested the CO-to-C2H4 conversion system using pristine
Cu, Cu-NN, and Cu-NN/ionomer as cathode, and IrOx as anode catalysts. The FE for C2Hs on Cu-NN reached a
record-high values for the CORR at ~86.0% and a full-potential of -2.5 V. Cu-NN clearly outperforms Cu and
Cu-NN/ionomer with FEC2H4 of ~67.4% and ~72.1%, respectively (Supplementary Fig. 45 and Supplementary
Table 19).

The operating cell voltage (ECell) for the CO2RR is known to be responsible for a significant electrical
consumption and the oxidation evolution reaction (OER) at the anode brings a high energy penalty to the process®.
By operating the cascade MEA cells with NiFe LDH and Cu-NN as anode and cathode catalysts, we achieved an
optimal Ecen of -2.3 V for maximizing the production of ethylene with a FEcons of ~86% (Fig. 4a and
Supplementary Fig. 46 and Supplementary Table 20). We determined a stable full-cell energy efficiency of 39.6%
and a 12.3% CO»-to-C2H4 cascade single pass conversion efficiency for the cascade flow process with a specific
current density of 154 mA ¢cm. For comparison, Cu-NN/ionomer and pristine Cu catalysts exhibit EEs of 30.5%
and 27.4% and CO»-to-C2H4 cascade conversion rates of 12.9% and ~6.0% at -2.3 V, respectively (Figs. 4b and
¢, Supplementary Fig. 47 and Table 21). The formation rates of ethylene on Cu-NN/ionomer increased by 191%
compared to pristine Cu electrodes. We estimated an EPC value of only 25.6 kWh Nm-3 for the Cu-NN+NiFe
LDH system — lower than for Cu-NN/ionomer and Cu (Fig.4b and Supplementary Table 21). Remarkably, the
cascade system maintained a 10.7 % CO»-to-C2H4 conversion rate at an average specific current density of 140
mA cm for 100 h (Fig.4d and Supplementary Table 22). We finally compared the performance of the Cu-NN
and Cu-NN/ionomer catalysts with previous literature benchmarks®7:4950-5263.66.68-70 and found that Cu-NN

display greater energy efficiency and lower EPC for both the direct and the cascade flow processes (Figs. 5a, b).
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To explore the wider application of aryl diazonium salts-tailored catalysts’ oxidation state strategy in CO2RR,
we further prepared NN functionalized commercial Cu electrode (cCu-NN) and electrodeposited Ag sample (Ag-
NN) (Supplementary Figs. 48 and 49) and examined their performance in MEA electrolyzers. As displayed in
Supplementary Fig. 50, the Faradaic efficiency of ethylene on cCu-NN electrode can get to 42%, which is higher
than blank cCu electrode (FEcons=33%). Furthermore, the Auger LMM and XANES results also prove that the
average oxidation state of copper from cCu-NN has been improved after modifying with NN. It means that the
strategy of tailoring Cu valence by grafting aryl diazonium salt to improve CO2RR activity is generalized. Most
importantly, the increased oxidation state of Ag and the decreased FEco from Ag-NN prove that aryl diazonium
salt affects the CO2RR activity by changing the valence of grafted metals instead of directly interacting with CO»
(Supplementary Fig. 51). From DFT calculations, the almost similar adsorption energy of CO> on both Cu and
Cu-NN electrodes also indicates that the interaction between functional groups and CO; can be neglected, even
though there are some nitrogen atoms on it (Supplementary Fig. 6). Furthermore, to exclude the anion’s effect on
CO2RR activity, a new aryl diazonium salt with the same anion as NN while the similar cation as N was modified
on copper. The new diazonium salt functionalized Cu electrode displayed a ~74% Faradaic efficiency towards
C2H4 at 3.8 V, which was close to Cu-N instead of Cu-NN catalyst, indicating that the cation’s configuration on
aryl diazonium salt plays a more important role in affecting the CO;RR performance than the anion

(Supplementary Fig. 52).

131



To assess the economic viability of electro-reduction of CO> to C2Hs on Cu, Cu-NN, and Cu-NN/ionomer, we
carried out techno-economic analyses by comparing the direct conversion route (CO2-to-C2H4 in a single reactor)
with the two steps cascade systems (CO2-to-CO, and CO-to-C2Hy in cascade system). We considered a single
MEA cell to convert CO> to C2H4 using a neutral 0.5 M KHCO3 anolyte, while 0.1 M KHCO; and 1 M KOH
were used as anolytes in the first and the second MEA cells for the CO>-to-CO, and CO-to-C2H4 reactions (See
Note S1 in the Supplementary Information for details). We determined the OPEX of the direct and the cascade
flow processes for the production of 1 ton of CoHs with/without the use of ionomer. In our calculations, we
assumed a catalyst lifetime of one year (8,760 hours) and a total electrode surface of 100 m?. Figs. 5¢ and d show
the cost distribution for the different parameters, without considering the CO; loss due to carbonate formation
and membrane crossover as well as the downstream separation costs. We note that the installation costs and the
balance of plant are part of the capitalization expenditure (CAPEX) and are not included in our calculations (See
Note S2 in the Supplementary Information file). Among the four different MEA configurations, we found that
direct conversion of COz to ethylene using Cu-NN and ionomer is the closest to profitability. Importantly the cost
of ethylene production decreases from 12,600 $ ton™! to 4,500 $ ton'! using pristine Cu and Cu-NN/ionomer
electrodes, respectively, which corresponds to a 64% reduction. The analysis of the cost breakdown highlights
that, in absence of ionomer, the main expense items for the direct production of the C2H4 from CO- are the anode
catalyst and the membranes for a total of 57.4% of the production cost. The use of ionomer lowers the cost (per
ton of C2Ha)y of most parameters due to the improvement of the yield rate of the process and the EPC accounts for
most of the expenses (32.6%) (Fig. 5S¢ and d). Conversely, in the cascade configuration, the cost of the anion-
exchange membrane (AEM) represents the main expense for Cu-NN and Cu-NN/ionomer conditions at 47.1%
and 39.4%, respectively (Fig. 5c and d). These findings point to the opportunity to rapidly improve the
profitability of CO2RR by decreasing the cost to electrolyte membranes (Supplementary Table 23). Overall, aryl
functionalized Cu**2¢ holds potential to lower the financial gap between the low carbon-footprint CO,RR

technology and the traditional ethylene production based on fossil resources.
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4.5 Conclusions

This work presents a novel approach to orient the CO2RR and the CORR towards the production of ethylene
with record-high selectivity and formation rate. The origin of the high selectivity for Co+ products is attributed to
the formation of stable Cu®* (0<4<1) as supported by our operando and ex-situ physical characterizations using
XPS, XAS and Raman spectroscopy. We attributed the near-unity selectivity for C;Hs among the Co+ products
to the lower energy associated with the formation of the *CH,CH intermediate on Cu’2*, When implemented in
a neutral MEA cell, the Cu-NN catalyst achieved a FE for ethylene of 83 + 2 % with a partial ethylene current
density of 212+ 3 mA cm™. The full-cell EE and the conversion efficiency for ethylene can be further increased
to 39.6% and 12.3%, respectively, with a low record-low EPC of 25.6 kWh/Nm?® by replacing CO; for CO in a
cascade flow process. Our findings provide a route towards practical developments for the CO:-to-C,H4

conversion reaction using valence engineering of the Cu sites.
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4.7 Notes

4.7.1 Note S1. Techno-economic assessment (TEA) of ethylene performance in CO2RR systems based on
membrane-electrode-assembly (MEA) electrolyzers.

To assess the energy and cost associated with CO; to ethylene on our catalysts (Cu, Cu-NN and Cu-NN/ionomer),
we performed energy and techno-economic assessments (TEA) for two CO2RR systems based on MEA models.
We have compared the energy and cost distributions of producing ethylene for single MEA system (CO;-to-C>Ha,
Schematic.1) and the cascade MEA systems (COz-to-CO and CO-to-C>Hs, Schematic.1).
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Schematic 1. Models of single CO.RR MEA system (a) and the cascade CO,RR MEA system (b).

4.7.2 Note S2. Details of techno-economic assessment (TEA).
In our models, we calculate the cost of producing C,H4 per year based on the different CoHs formation rates from
our different catalysts (Cu, Cu-NN and Cu-NN/ionomer) without considering the CO2 loss (carbonate formation
and cross over the membrane), products separation costs and installation costs, as well as the balance of plant.
For the cathode, we integrate our catalysts (Cu, Cu-NN and Cu-NN/ionomer) into MEA with the physical area
of electrode of 100 m?. In the cascade condition, we use Ag as the cathode for the first electrolyzer. For the
membrane, we use anion-exchange membrane (Sustainion® X37-50) (Dioxide Materials) for all electrolyzers
and the lifetime is regarded as 1 year. For the anode, the loading amount of 2 mg cm™ IrOx on Ti mesh is used
as the anode (physical area of 100 m?) for single Cu-based MEA. In the cascade Cu-based MEA and Ag-based
MEA systems, the NiFe based layered double hydroxide (NiFe LDH) supported on a Ti mesh as the anode. The
lifetime for all anodes is also regarded as 1 year.

For the electrolyte, we use 0.5 M KHCO3, 0.1 M KHCO; and 1 M KOH as the anolyte for single Cu-based
MEA, Ag-based MEA and cascade Cu-based MEA systems, respectively. The amount of electrolyte required in
our TEA model was calculated using the ratio of 100 L electrolyte per m? of electrolyzer. This ratio is based on
approximate ratios used in lab-scale experiments and it provides a starting point to estimate electrolyte costs.
Once a total volume of electrolyte is calculated, it is assumed to be circulated through the electrolyzer constantly
for one year before being completely replaced. Therefore, the total cost of purchasing electrolyte with a 100 L/m?
ratio is reduced to a daily cost to find the cost per tonne of product. This calculation provides an estimate of the

cost of electrolyte.
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In the cascade system, to adsorb the unreacted CO, from the gas outlet side of Ag-based MEA, 30 wt%
ethanolamine solution is applied to this cascade system. According to real testing condition in 4 cm*> MEA
electrolyzer, we calculate the required ethanolamine in 100 m*> MEA electrolyzer and the amount for 30 wt%
ethanolamine is around 10000 L for one year MEA operation. And we think the unreacted CO; is completely
adsorbed by 30 wt% ethanolamine. It is assumed that the only by-product produced on the cathode side is
hydrogen and that the anode performs OER, producing only oxygen. Once the total amount of electrolyzer

materials, input chemicals, and electricity are purchased, there are some external systems that are modelled.

Cathode input CO; cost

For single MEA system, we first calculate the different conversion rates of CO> to C2Hs on different catalysts
(Cu, Cu-NN and Cu-NN/ionomer) based on their C2H4 formation rates. Then we can multiply the market price
of CO, (30%/ton) to get the total cost of cathode input CO>. And here we calculate the data of Cu-NN as an
example.

The calculation is given by:

co ed ( tonne CO, )
2 TEQUTEE\ onne C,H,

C,H, molecular weight;p,

= (C,H, (tonne ) -
day molecular weight oy

lar rati (COZ )
X
molar ratio CH,
1

€y

conversion rate(CO, to C,H,)

Plugging in numbers gives us:

X

_ tonne CO, C,H, 44% 2 1
CO, required (—) = 0.443 (tonne day) X 1 X

tonne C,H, 28-2 8.35%
mol

_ 1667 tonne CO, 2

~ 7 tonne C,H, @
e e $ 30 $ 16.67 tonne CO,
_ )= —_— X . T
ost of cathode inpu 2 \ tonne C,H, tonne CO, tonne C,H,

=500 1—$ (3)

N " tonne C,H,

Electrolyzer cost

In single MEA system, to find the cost of the electrolyzer, the total power needed was multiplied by the cost per
kW provided above.
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According to the formation rate of C2H4 on Cu-NN (0.443 tonne/day), we can easily know C>H4 production
(mol/s).

C,H, production <dgy) B 0.443 x 10° (d )

mol
C,H, production( ) = < g
molecular weight,y, X 86400 <day) 28( l) X 86400(d )

mol

Next, we can find the total current needed to produce this much C2Hs, taking into account the loss of electrons

as the FE is 83% on Cu-NN catalyst.

. (mol
C,H, production (T) X electrons transferred X Faraday's constant
FEC2H4-

Total current (A) =

mol sA
=0.183— x 12 X 96485—— +~ 83% = 255278 A (5)
S mol

Now, multiplying by the cell voltage (3.55 V) to give the power consumed:
Power consumed(W) = total current (A) X Cell voltage (V) = 255278 A X 3.55V =906238 W
= 906.238 kW (6)
Multiplying the price of electrolyzer and scaling by the current density gives:
total electrolyzer cost($)

specific current densitycopa

$
= d (kW) X electrol t X
power consumed (kW) x electrolyzer cos (kW) input total current density

$ 212
= 906.238 kIW x 300 (kW> X oo = 2251438 (V)

Finally, the cost for producing per tonne C2H4 can be calculated as below,

$ _ total electrolyzer cost($)  225143$%
tonne C,H,

Total electrol t = B
otat etectrotyzer cos ( total produced C,H, (tonne) 162 tonne

= 1389.77 (L> (8)

tonne C,H,

For cascade MEA system,

The total electrolyzer cost should include the cost for the first Ag-based MEA (CO- to CO) and the second Cu-
NN-based MEA (CO to CoHy).

For the first MEA (COz to CO), a production rate of 0.75 mol/s for CO can be achieved on Ag cathode according
to the FEco and CO formation rate. Next, we can find the total current needed to produce this much CO, taking

into account the loss of electrons as the FE is 84% on Ag catalyst.
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. mol
CO production (T) X electrons transferred X Faraday's constant

Total current (A) = FE
co

mol sA
=0.75—— X 2X96485—— =+ 84% = 172294 A 9
S mol

Multiplying by the cell voltage (3.8 V) to give the power consumed:
Power consumed(W) = total current (A) X Cell voltage (V) = 172294 A x3.8V =654.7W
= 654.7 kW

Then, the cost for producing per tonne C2Hs (Cu-NN) can be calculated as below,

$ total electrolyzer cost,,($
Total electrolyzer COStyq ( ) Y Ag( )

tonne C,H, ~ total produced C,H, (tonne)
654.7kW x 300 () x 142
_ kW 173 9326 [—> (10)
B 181.4 tonne C,H, B "~ \tonne C,H,

Next, we can calculate the CoHs production in the second MEA electrolyzer with Cu-NN, bare Cu and Cu-
NN/ionomer as the cathodes and the values are 0.199 mol/s, 0.17 and 0.31 mol/s, respectively (the details can be
found in the method part of manuscript).
Here, we take Cu-NN as an example.
Now, multiplying by the cell voltage (2.3 V) to give the power consumed:
Power consumed(W) = total current (A) X Cell voltage (V) = 1786094 X 2.3V = 410800 W
=410.8 kW (11

Multiplying the price of electrolyzer and scaling by the current density gives:

Total electrolyzer costcy_ny($)

$ specific current densit
= power consumed (kW) X electrolyzer cost ( pectf YcaH4

kw input total current density

$ 154
= 410.8 kW X 300 (W) X o5 = 1060285 (12)

Finally, the cost for producing per tonne C2H4 can be calculated as below,

$ total electrolyzer cost($) 106028%
Total electrolyzer costcy_nyn

tonne C,H, ~ total produced C,H, (tonne) ~ 181.4 tonne

$
= 584.5 (—wnne C H4> (13)
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Total electrol t|l———
otal electrolyzer cos (tonne CZH4>

$
+ total electrolyzer costcy_nn (—

tonne C,H,

= total electrolyzer cost,, (M)
2414

$ $
=9326| —————+ | +5845 | ——————
(tonne CZH4> + (tonne CZH4>

=1517.1 (L> (14)

tonne C,H,

Electricity power consumption (EPC)

In single MEA system, to find the cost of electricity, we can calculate the total energy input according to
electricity power consumption formular (Eq. 10 in the manuscript). Using this, we multiply by 24 hours to find
the energy required to produce 1 tonne of C2Hy (as our production rate is 0.443 tonne CoHy per day) and multiply
by the electricity cost. Here, we use an electricity price of 0.03$ kWh-!, taken from recent onshore wind power

auctions. The cost of electricity can be calculated as:

$ Power consumption(kw) X 24 h X electricity price <_kW$h‘1)
Cost of electricity( CH ) = tonne C,H
tonne (1, C,H, Production <d—24)
ay
906.238 kW X 24 h % 0.03W$h
_ = 1472.89$ (———— 15
$ (tonne C,H, ) (15)

0443 <tonne CZH4)

day

For cascade MEA system, the total EPC cost should be calculated by adding the cost for the first Ag-based MEA
(CO3 to CO) and the second Cu-NN-based MEA (CO to C2Hy).

For the first Ag-based MEA (CO> to CO), we first calculate the energy input according to the method introduced
above, and the input energy is 654.7 kW. The formation rate of CoH4 from the second Cu-NN-based MEA is
0.497 tonne per day. Here, we also take Cu-NN as an example. The same calculation methods on bare Cu and

Cu-NN/ionomer.

$ Power consumption(kw) X 24 h X electricity price (kl/$|} h)
Cost of electricity,g ( ) =
tonne C;H, C,H, Production (%)
ay
$
0.497 (tom(lie C2H4)
ay

= 948.45 <—) 16

$ tonne C,H, (16)
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For the second Cu-NN-based MEA (CO to C2Hs), the input energy is 412.115 kW. Then we use the same method
to get the EPC cost and the value is 597 $/tonne C>Ha.
Finally, we plus the cost from the first and the second MEA and divide the amount of C>Ha.

Cost of electricity (M)
2444

. $
= cost of electricity,, torme CH.
244

$
+ cost of electricity,,,_ _
f Yeu-nn (tonne C,H,

$ $
94845 ( ————— 597 | ———
(tonne C,H, ) + (tonne C,H, )

1545.55 (L> (17)

tonne C,H,

Cathode catalyst cost

Since we assume the physical area and lifetime of cathode and anode is 100 m? and 1 year, then we can calculate
the loading amount of copper and functional groups on the gas diffusion layer. According to price of gas diffusion
layer (862 $/m?, 22BB, Ion power company), we can calculate the total price of the carbon support is 86200 $.

The total loading amount of electrodeposited copper can be calculated according to the below formula:

molecular weightc, (%) X electrodepositing current (%) x electrodepostion time (s) X electrode area (m?)

transfered electrons X e~(C) X Avogadro constant Ny(mol=1)

Mey =

64 (L) % 1502 % 300 s x 100m?
mol m2

T2x1.6x10-19C x 6.022 x 1023 mol-*

14945 g (18)

We use CuBr: as the source of copper, and the needed mass of CuBr; is calculated as 3367.338g according to
its molecular weight (223.35g/mol) (here, we assume all the copper from CuBr: have been completely reduced
to copper crystal).

Following this method, we can calculate the depositing amount of NN on copper, and it is around 262.7g for
100 m? electrode.

So, the price for electrodepositing copper can be calculated according to the unit price of chemicals (200
$/tonne for CuBr2, 1110 $/tonne for KOH, 1850 $/tonne for C4H4NaxOs.2H>0 and 35.1$/g for NN), and the total
chemical costs is 141307 $ for preparing 100 m? cathode.

By plusing the price of GDL, we can get the total cost for fabricating 100 m? cathode and the cost is 141307$ +
86200$=227507 $

As the production rate of C2H4 in single MEA system is 0.443 tonne per day, we can calculate the total amount
of CoH4 produce in one year (161.69 tonne CoH4 per year). Then the cathode price of producing per tonne C2H4
in single MEA system is:
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Cathode catalyst cost ( $ ) __ GDL cost (§)+catalyst cost(§) 227507$

tonne CoH, " total amount of CoH4(tonne) T 16169 tonneCyH, -

1407.1 (——) (19)

tonne CoH,

The same calculation methods for the cascade MEA systems.

Membrane cost

As we use 100 m? cathode, so the physical area of membrane should be at least 100 m?. And here, we calculate
it based on 100 m? membrane size and we consider the membrane lifetime is 1 year. The price of anion-exchange
membrane (Sustainion® X37-50, Dioxide Materials) is 3587.66 $/m?. So, using the total price of membrane
(358766%) divides the total amount of C2Hs (161.69 tonne per year) in single MEA system, we can get the cost

of membrane of 2218.9 $/tonne CoHs. The same calculation methods for the cascade MEA systems.

Anode catalyst cost
In single MEA system, we use the physical area of 100 m? IrOx-coated on Ti mesh as the anode with the loading
amount of IrOx of 2 mg cm™. Since we obtain IrOx from IrCl3.xH>O, and then we can calculate the needed
amount of IrCl3.xH>O by assuming the conversion rate and the utilization rate of IrCl3.xH20 to IrOx are 100%.
According to the needed amount of IrCl3. xH>O in 4 cm> MEA system (10.7 mg), we can deduce the needed
amount of IrCl3. xH>O for 100 m? anode (2663.3 g). By multiplying the price of IrCls.xH,O (147$/g, 206245,
Sigma-Aldrich), we can get the cost of 346190$ of IrCl3.xH,O for 100 m? anode.

Next, we calculate the cost of Ti mesh. As the price of Ti mesh is 324.2 § per m?, we can get the total price of
Ti mesh of 32420 $ for 100 m?.

Then, we can get the cost of anode catalyst for producing per tonne C2Ha,

Anode catalvst cost _ total anode catalyst price ($) (346190 + 32420)$
noae catalyst cost | ——— C,H,)  total C,H, produced for 1 year (tonne)  161.69 tonne
$
= 2342 (20)
tonne

For cascade MEA systems, we use NiFe-LDH on Ti mesh as the anode for whole system, including the first
Ag-based MEA (CO> to CO) and the second Cu-NN-based MEA (CO to C;Ha). Therefore, once we calculate one
anode cost, doubling the cost of anode is the total anode cost for cascade system. The total cost of anode to
produce per tonne C2Hs can be obtained by using the total anode cost divides the produced amount of C2Hs from
the second Cu-NN-based MEA.

Firstly, we will calculate the needed amount of Ni(NO3)2 and Fe(NOs)3, because we prepare NiFe-LDH catalyst
from Ni(NO3), and Fe(NOz3); by hydrothermal method (the details can be found in the method of manuscript).
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Here, the costs of Ni(NO3), and Fe(NO3); are 926 and 617 $ tonne™!. Next, we can calculate the total needed
amount of Ni(NO3), and Fe(NO3); according to the needed mass in 4 cm? MEA system(0.0652 g for Ni(NOs)>
and 0.258 g for Fe(NOs)3). For 100 m? anode, it will need 0.0163 tonne Ni(NOs): and 0.0646 tonne Fe(NOs3)s.
Now, we can get the total cost of fabricating NiFe-LDH by multiplying their prices.

Finally, we can calculate the total cost for the whole cascade MEA systems (here, we take Cu-NN as an

example).

total anode catalyst price ($)

Anode catalyst cost (

tonne CZH4) total C;H,4 produced for 1 year (tonne) -

First Ag—based MEA+Second Cu—NN based MEA _
total CoH, produced for 1 year from second Cu—NN based MEA(tonne)

2><[0.0163tonneX926(tD:ne)+0.0646t0nne ><617(m:ne)+32420 $] 358 ( $ ) 21
181.4 tonne CyH, - (21

tonne CyH,,
Electrolyte (anolyte) cost
Here, we are going to show the calculation for a MEA cell using 0.5 M KHCOj3 at a cost of 750 $ tonne™! and by
using a fixed volume factor of 100 L electrolyte m™ of electrolyzer, approximated from common lab-scale
experiments. We assume the electrode surface area is 100 m? and the lifetime is 1 year. So, the total needed
volume of electrolyte is 10000 L.

With this volume, the molecular weight of potassium bicarbonate (100 g mol!), and the molarity of the anolyte,
we can find the mass of potassium bicarbonate required.

The cost is calculated by:

Mass of electrolyte salt (g)

mol
= electrolyte molarity <T) X electrolyte volume (L)

. g mol g
X salt molecular weiught (—) =05 I X 10000 L x 100 —

mol mol
=5xX 105g (22)

The total cost of anolyte is found by multiplying by the price of potassium bicarbonate and the price of water

(5 $ tonne™!):

Cost of electrolyte ($) = mass of salt (tonne) X price of salt ( ) + water volume (L) X

tonne

water price (%) = 0.5 tonne X 750% + 10000L x 0.005% =

425 $ (23)
Here, we do not consider the capital recovery factor of electrolyte. Finally, we go to find the price of producing

per tonne of C2H4 on Cu-NN electrode,
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Cost of electrolyte (

2.63 (

Note that for cascade MEA system, 1 M KOH electrolyte was used with a cost of 1000 $ tonne™!.

$

tonne

)

$ ) cost of electrolyte ($) . 425$%

tonne) produced CyH, in one year (tonne) " 161.9 tonne CyHy -

(24)

Ethanolamine cost

For cascade MEA system, we use 30 wt% ethanolamine solution to adsorb the unreacted CO, from the outlet of
Ag-based MEA. Since 40 ml 30 wt% ethanolamine solution is needed to completely absorb the unreacted CO>
for the 4 cm? electrode MEA electrolyzer, around 10000 L 30 wt% ethanolamine solution is required for 100 m?
electrode MEA electrolyzer. After dividing the concentration (30 wt%), we can get the needed amount pure
ethanolamine of 0.3 tonne. As the cost of ethanolamine is 1500 $/tonne, we can calculate the total cost of 450
$ for pure ethanolamine. Then we calculate the water mass and the mass is 9.7 tonne. Multiplying the cost of
water (5$/tonne), we can get the total water cost of 48.5 $. So, the total cost of 498.5 $ for 10000 L 30 wt%

ethanolamine solution. Dividing the C2Hs production on Cu-NN electrode, we can get the final cost. Here, we

take Cu-NN as an example

ethanolamine costey_yn <

tonne) C,H, production (tonne) 181.4

~275 (o)
tonne

4.8 Supplementary Information

X.:“ Xe, e
— — - N=N: R
®) Cu+~N2—©— Cu_@_R +N—( )R CudRNO R+N2—> <:>R Cu—<R>—
+e +e +e
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$ > total cost ($) _ 49858$

tonne

(25)



Supplementary Fig.1 The possible reaction mechanisms of diazonium salts on copper under electrochemical reductive

current.

These mechanisms have been widely proved by many researches'~.
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Supplementary Fig.2 Time-of-flight secondary-ion mass spectrometry (TOF-SIMS) Spectra of Cu-X (X=NO,, Br, NNN,
NN, N, OCH3 and N(C,Hs)»).

Time-of-flight secondary-ion mass spectrometry (TOFSIMS) data were acquired using a TOF-SIMS V spectrometer (ION-
TOF GmbH). The analysis chamber was maintained at less than 5 x 10”7 Pa under operating conditions. The total primary
ion flux was below 1012 ions cm? to ensure static conditions. A pulsed 25 keV Bi+ primary ion source (Liquid Metal Ion

Gun, LMIG) at a current of about 1 pA (high current bunched mode), raster over a scan area of 500 x 500 um, was used as

the analysis beam.
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Supplementary Fig.3 The configurations for different functional groups bonded on copper (side view), a. Cu, b. Cu-

N(C:Hs),, ¢. Cu-OCH3, d. Cu-N, e. Cu-NN, f. Cu-NNN, g. Cu-Br, and h. Cu-NO,.

Supplementary Fig.4 The configurations for different functional groups bonded on copper (top view). a. Cu, b. Cu-
N(C:Hs),, ¢. Cu-OCH3, d. Cu-Br, e. Cu-N, f. Cu-NN, g. Cu-NNN, and h. Cu-NO,.
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Supplementary Fig.5 Formal Bader charges of different aryl diazonium salts on copper

Supplementary Fig.6 The models of CO, molecular adsorbed on neighboring Cu®* (=0, 0.10, 0.12 and 0.18) atoms around
NN-bonded Cu atom in NN bonded Cu system
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FS

Supplementary Fig. 7 Geometries of CO dimerization process from initial status, transition state to final state. Cu (a) and

Cu-NN (b).

Supplementary Fig. 8 The inserted windows between the initial state (IS) and the final state (FS) to find the transition state
(TS) when calculating CO dimerization process on both Cu (right) and Cu-NN (left).
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Supplementary Fig. 9 The oblique view of electron density difference plots for Cu-NN and Cu with two adsorbed *CO
(a1 and by) and *OCCO (a2 and b,), as well as one water layer, respectively. Yellow contours represent charge accumulations,

and blue contours denote charge depressions.

Supplementary Fig. 10 The top view of electron density difference plots for Cu-NN and Cu with two adsorbed *CO (a;
and b;) and *OCCO (a; and by), as well as one water layer, respectively. Yellow contours represent charge accumulations,

and blue contours denote charge depressions.
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Supplementary Fig. 11 The side view of electron density difference plots for Cu-NN and Cu with two adsorbed *CO (a;
and b;) and *OCCO (a; and by), as well as one water layer, respectively. Yellow contours represent charge accumulations,

and blue contours denote charge depressions.
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Supplementary Fig.12 The adsorption energy of CO, and CO on Cu-X catalysts (X= NO,, Br, NNN, NN, N, OCH; and
N(C:Hs)s.

Supplementary Fig.13 Reaction pathways for ethylene vs ethanol on Cu surface.
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Supplementary Fig.14 Reaction pathways for ethylene vs ethanol on Cu-NN surface.
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Supplementary Fig.15 Energy profile to form ethylene (blue line) and ethanol (orange line) for pure Cu and Cu-NN.
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Supplementary Fig.16 Energy profile to form ethylene (blue line) and ethanol (gray line) for a Cu-N(C,Hs),, b Cu-OCHj,
¢ Cu-N, d Cu-NNN, e Cu-Br and f Cu-NOs.

Supplementary Fig. 17 The applied field effects on the free energy of the selectivity-determining step of ethylene and

ethanol over Cu-NN surface.
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Supplementary Fig.18 The free energy of hydrogen evolution reaction on both bare Cu and Cu-NN catalysts.
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Supplementary Fig. 19 XPS of different diazonium salts grated copper catalysts.
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Supplementary Fig.20 Low-magnification scanning electron microscopy (SEM) images for the pristine and NN

functionalized Cu catalysts. (a) pristine (Cu), (b1) Cu-NN and (b,) the cross-section of Cu-NN.
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Supplementary Fig.21 XRD of Cu, Cu-NN and Cu-NN/ionomer catalysts.
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Supplementary Fig.22 Ex-situ Raman spectra of different diazonium salts functionalized catalysts.
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Supplementary Fig. 23 Medium magnification TEM image showing the presence of the functionalized layer at the surface
of the Cu-NN catalyst (a). Monochromated EELS spectrum acquired at the surface of the Cu-NN catalysts. The inset shows
the corresponding ADF image acquired simultaneously as the EELS dataset. The red rectangle highlights the area used to
extract the EELS spectrum (b).
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Supplementary Fig. 24 Scanning electron microscopy (SEM) images for the Cu-NN(a) and Cu-NN/ionomer(b) catalysts.
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Supplementary Fig. 25 Ex-situ Raman spectra of different catalysts.
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6

Supplementary Fig.26 Energy-dispersive X-ray spectroscopy (EDX) elemental mapping of ionomer coated Cu-NN

catalyst.
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Supplementary Fig.27 Comparisons of the Faradaic efficiencies on the different catalysts measured in the MEA reactors.
Bare Cu (a), Cu-NNN (b), Cu-OCHj3 (c), Cu-N(C:Hs), (d), Cu-N (e), Cu-Br (), Cu-NO> (g) and Cu-NN (h), as well as Cu-

NN/ionomer (i) electrodes.

160



FE-C,H,(%)
00

) c

- 7400

s 6400

A 5400

- 4400

. ) 3400

~ 1400 i
: 6 1 2 3 4 5

Concentrations (NN, mM)

V]

Cell Voltage (V)

FE-CO(%)
2400

b730 d P

34 i

42 3600

-33
200

34 :

35 20.00

36

-37 12.00

38 5 20 nm
4.000 & e e

39

1 2 3 4 5

Cell Voltage (V)

Concentrations (NN, mM)

Supplementary Fig. 28 The relationships among the Faradaic efficiency of C,Ha(a), CO(b) and the concentrations of NN,
as well as the related thickness of functional groups (NN). And the High-resolution transmission electron microscope (HR-

TEM) micrograph (c to g) of Cu-NN electrodes with different concentrations of NN.
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Supplementary Fig.29 (a) The ratio of Selectivitycons/Selectivityconson on Cu-NN and bare Cu catalysts in MEA reactors.
(b) The relationship between Selectivitycons/Selectivityconson and theoretical valences of Cu on Cu-X catalysts. (The X in

Cu-X catalysts refers to NO», Br, NNN, NN, N, OCH3 and N(C,Hs), functional groups).
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Supplementary Fig. 30 Electrocatalytic CO2RR performance of the MEA reactor using the Cu/ionomer catalyst.
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Supplementary Fig. 31 Electrocatalytic CO2RR properties of the MEA reactors using the different Cu-X catalysts (X

refers to Br, OCH3, NO», NN, NNN, N, N(C:Hs), and NN/ionomer). (a) C,H4 specific current density, (b) total current

density.
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Supplementary Fig. 32 Ex-situ Raman spectra of Cu-NN after reaction (a) and medium magnification TEM image showing

the presence of the functionalized layer at the surface of the Cu-NN catalyst (b).
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Supplementary Fig.33 CVs for different samples measured in 100 mM HCIO4 + 1 mM Pb(Cl0O4)2 (a), partial ethylene
current density normalized to Cu ECSA for Cu and Cu-NN and Cu-NN/ionomer catalysts for CO2RR in MEA reactors (b).
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Supplementary Fig. 34 CV curves for different Cu single crystals measured in 100 mM HClO4 + 2 mM Pb(ClOs),.
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Supplementary Fig. 35 The high-resolution XPS spectra of CuZp in Cu-X catalysts X refers to NO,, Br, NNN, NN, N,

OCHj3; and N(C,Hs), functional groups.
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Supplementary Fig.36 Cu K-edge X-ray absorption near edge structure (XANES) spectra(a) and R space (b) of the
different Cu-X catalysts. (c) the first derivatives of the Cu K-edge XANES spectra of Cu-X catalysts. X refers to NO», Br,

NNN, NN, N, OCHj3 and N(C:Hs), functional groups.
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Supplementary Fig.37 In operando Cu K-edge XANES spectra of Cu-NN catalyst under different reductive potentials (-
0.93 V, -0.88 V and -0.83 V versus RHE) during CO,RR for 15 minutes(a), and the related first derivatives of the Cu K-
edge XANES spectra (b). Bulk Cu foil and Cu,O are listed as references.
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Supplementary Fig.38 Comparisons of the Faradaic efficiencies on the different catalysts measured in the H-cell reactors.
The Faradaic efficiency for the different products on bare Cu (a), Cu-NN (b), Cu-NNN (c), Cu-OCH3s(d), Cu-N (e), Cu-
N(C,Hs): (1), Cu-Br(g), and Cu-NO; (h) electrodes.
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Supplementary Fig.39 Operando Raman spectra of (a) NN-, (b) NNN-, (¢) OCH3s-, (d) N(C;Hs)2-, (e) N-, (f) Br-, (g) NO»-
functionalized Cu electrodes compared with (h) pristine Cu. The operando Raman measurements were carried out between

-0.48 V and -0.98 V vs. RHE in a CO2-saturated KOH solution.
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Supplementary Fig.40 Operando Raman spectra of Cu-NN sample tested in an Ar saturated KOH electrolyte solution.

Intensity (a.u.)

1950 2000 2050 2100 2150
Raman shift (cm™)
3 N(CH,), -
LA
>
=
0"
g
E
1950 2000 2050 2100 2150

Raman shift (cm™)

3
£
2
2
g
E
1950 2000 2050 2100 2150
Raman shift (cm™)
3 N
H .
2 .
2
L
= -
- D O
1950 2000 2050 2100 2150

Raman shift (cm™)

Intensity (a.u.)

Intensity (a.u.) Intensity (a.u.)

Intensity (a.u.)

NN
1950 2000 2050 2100 2150
Raman shift (cm™)
NNN
1950 2000 2050 2100 2150
Raman shift (cm™)
Br
1950 2000 2050 2100 2150
Raman shift (cm”)
NO, X
o > .
Y - ‘. (2 o~
BT TS e A DO P DR TN e
L = s e =
.. 0 . ® Y et
1950 2000 2050 2100 2150

Raman shift (cm™)

Supplementary Fig.41 Operando Raman spectra of the C=0 stretch region of Cu-X electrodes. The asymmetric band is
deconvoluted into bands for bridge CO (at ~2030 cm™), low frequency CO* (LFB-CO*, at ~2060 cm™) and high frequency
CO* (HFB-CO*, at ~2095 cm™") by Lorentzian fitting. The ratio between the intensities of the HFB-CO* and LFB-CO*

was summarized in Supplementary Table 13.
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Supplementary Fig. 42 TGA plots of Cu, Cu-NN, Cu-N(C,Hs), and chemical NN in N, atmosphere(a), and CO,-TPD
profiles of Cu, Cu-NN, Cu-N(C:Hs),, chemical NN and chemical N(C,Hs)2(b).
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Supplementary Fig. 43 Micromorphology and electrochemical performance of NiFe LDH on Ti mesh. High (a;) and

low(az) magnification scanning electron microscopy (SEM) images for NiFe LDH on Ti mesh, and the bare Ti mesh sample
(b1) and (b2). (c) the different LSV curves of IrOx and NiFe LDH on Ti mesh in different electrolyte, (d) the two-electrode
stability test of NiFe LDH electrode in 1 M KOH with the potential of 2.4 V.
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Supplementary Fig.44 CO,-to-CO conversion on an Ag electrode in a MEA reactor. The FE(a) and specific current

density(b) of CO and H», and the relationship between CO concentration and total current density(c).
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Supplementary Fig. 45 CO-to-C,H4 conversion in the cascade MEA system by using [rOx as the anode and bare Cu(a),

Cell Voltage(V)

20 21 22 23 -24 25 -26 27 28 -29

4 Lo
20 21 22 23 24 -25 26 -27 28 29

Cell Voltage (V)

Cu-NN(b) and Cu-NN/ionomer(c) as the cathodes.

Cell Voltage(V)

a ., b 100
CH, - 240 CH, [ 240
Il cH, ElcH,
g4 [T M Pristine-NiFe LDH L 200 80 [] NN/ionomer-NiFe LDH > | 200
[ =
a L 160 5= 160 <
__ 60+ E __ 60+ r g
2 < = <
w F120 € 120 £
w ~ -
40 % 40 I
8 g
8o 80
20 20 4
I 40 40
Ll A
-1.7 18 -19 -20 -21 -22 -23 -24 -25 -26 -1.7 -18 -19 -20 -21 -22 -23 -24 -25 -26

Cell Voltage (V)

Cell Voltage (V)
Supplementary Fig. 46 CO-to-C,H4 conversion in the cascade MEA system by using NiFe LDH on Ti mesh as the anode

and bare Cu(a) and Cu-NN/ionomer(b) as the cathodes.
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Supplementary Fig. 47 Comparison in energy efficiency on different samples (Cu-X, X refers to NN, NN/ionomer). (a)

The relationships between energy efficiency and current density with different samples in both single MEA electrolyzer
and cascade MEA system (the half belongs to CO;RR, and the full belongs to CORR), (b) the difference of energy efficiency
on different samples by using IrOx and NiFe LDH as the anode in cascade MEA system condition.
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Supplementary Fig. 48 Structural and elemental composition of the functionalized commercial Cu (2~3.5um) catalysts.

Scanning electron microscope (SEM) images of commercial Cu (hereafter, cCu) (a; and a,) and NN modified commercial

Cu (cCu-NN) (b; and b,) catalysts on gas diffusion electrodes (GDE). High-resolution transmission electron microscope

(HR-TEM) micrograph (c1) of cCu-NN electrode. EELS spectrum of the C-K edge with fine structures characteristics of

carbon linked to heteroatoms from NN layer on the cCu surface (inset). HAADF-STEM image of the cCu surface of NN-

functionalized cCu (c2).

170



C 40000 ——Ag Surface

u)

30000 |

20000
N-K
10000 ¥

o 3% 40 80 750 %0
Energy (eV)

- Ag/N.
3 00

s /

x|
2000 \///
10000, —— Deeper
%0 0 80 750 %0

f Energy (eV)

35
s
—~ 2
> B
i m Ag §
:; = Ag-NN =
'g Fitting curve
=
2_. 25500 25550 25600 25650 25700
R=1 }  Photon :nsrgy (e\/s)5 ’
T T T T T T 82 T T T T T T T T T
384 382 380 378 376 374 372 370 368 366 364 362 0.00 0.02 0.04 0.06 0.08 0.10 25500 25550 25600 25650 25700
Binding El V) Photon energy (eV
inding Energy (eV) 8 Ag 3dw2(eV) oy (V)

Supplementary Fig. 49 High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM)
image(a) and High-resolution transmission electron microscope (HR-TEM) micrograph (b) of Ag-NN electrode. EELS
spectrum of the C-K edge with fine structures characteristics of carbon linked to heteroatoms from NN layer on the Ag
surface and deeper (c). X-ray photoelectron spectra for Ag-NN and bare Ag catalysts, showing shifts in the Ag3ds» peaks(d).
Correlation of the XPS shift with the FEco (). Ex-situ Ag K-edge X-ray absorption near edge structure (XANES) spectra

of pristine and functionalized Ag-NN electrodes(f). Inset: the first derives of silver for the corresponding electrodes.
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Supplementary Fig. 50 Ex-situ Raman spectra of cCu (2~3.5 um) and cCu (2~3.5 pm)-NN(a). CO2RR performance of

the cCu (2~3.5 um) and cCu (2~3.5 um)-NN electrodes in MEA electrolyzer (b). j—V plots of the partial current densities
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for the C2H4 product (c¢). The copper LMM Auger spectra of the cCu (2~3.5 pm) and ¢Cu (2~3.5 um)-NN electrodes (d).
The amounts of Cu20 and Cu contributions were estimated from the integrated area of the corresponding curves. Copper
K-edge XANES spectra of cCu and cCu-NN catalysts after being electrochemically reduced (e). Inset: average oxidation
state of copper in cCu-NN obtained from copper K-edge XANES. The edge position of each sample is determined from the

intercept of the main edge and pre-edge contributions. Copper R space (f) and the first derivatives of the Cu K-edge XANES
spectra (g) of cCu and cCu-NN catalysts.

a b c
200 Fa 200 100 50
] X ] &
100 o Ag-NN [ [JH, 10047 A AAEmE AAEH [ P GDL O,
& h = & [Jeo L m Ea
LGB R i I & .
i+ tH 160 il (| 160 80 F40
. 8o | [ fal H ][. _ 804 fal A L —~
S tH h S il f S
g N s 7 l s g o
9 60 1 [20° 5 6o bl 1208 5 60 0%
(o 3 e 3 8 EN S
5 i\ > g ol > 5 | £
° 9 £
2w d too 3, 2 0] i Lao B&E 40 §\'§\ 20 g
8 N T OB H T E ‘}\{. -
© © o ™~
w w fal w .}\i
20 40 20| Ll F40 204 \i‘ rio
™ al N
) s
1
o L LI HLEL LR TR L L L L P N L e e e e e
38 -37 -36 -35 -34 -33 -32 31 30 38 37 -36 -35 34 33 -32 31 -30 40 -39 -38 -37 -36 -35 34 33 32 31 30
Cell voltage(V) Cell voltage(V) Cell voltage(V)

Supplementary Fig. 51 CO»-to-CO conversion on Ag-NN(a), Ag(b) and GDL-NN electrodes(c) in a MEA reactor.
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Supplementary Fig. 52 The molecule’s structures of new diazonium salt(a), NN(b) and N(c). The Faradaic efficiency (d)
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Supplementary Table 1 Formal theoretical valences of Cu after modifying different electron-withdrawing ability of the

substituted phenyl groups.

Samples N(C:Hs), OCH; N NN NNN Br NO2
Cu +0.149 +0.206 +0.219 +0.260 +0.493 +0.630 +0.787
theoretical
valences

Supplementary Table 2 The valence of nearby Cu atoms, the distance of nearby Cu atoms to Cu-NN atom, and the change

of CO, adsorption energy on different valence Cu atoms in NN functionalized Cu catalyst.

Atoms valence (0) distance (A) CO; adsorption
energy (eV)

0 9.26073 -0.399
Cul05 0 9.26073 -0.391
0 9.26073 -0.385
Cu99 0.1 6.80631 -0.38
0.1 6.80631 -0.388
Cub66 0.12 5.16821 -0.399
0.12 5.16821 -0.399
0.18 2.59728 -0.45
Cu60 0.18 2.59728 -0.468
0.18 2.59728 -0.468

Supplementary Table 3 Activation energies (£,) and enthalpy changes (4H) of CO dimerization on Cu and Cu-NN.

E4 (eV) AH (eV)
Cu 1.0129 0.7898
Cu-NN 0.7552 0.3329

Supplementary Table 4 The adsorption energies of CO and CO» on Cu-X catalysts (X refers to N(C,Hs),, OCHs, N, NN,
NNN, Br, and NO,).

Samples CO adsorption energy(eV)  CO; adsorption energy(eV)
Cu-N(C2Hs)2 -1.10472 -0.3194
Cu-OCHj3 -1.16435 -0.336
Cu-N -1.20232 -0.3668
Cu-NN -1.21724 -0.38057
Cu-NNN -1.19099 -0.34868
Cu-Br -1.12475 -0.36483
Cu-NO» -1.12089 -0.37045
Cu-N(CzHs), -1.10472 -0.3194
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Supplementary Table 5 Free energies for *C,H30 (prebranch), *C.H4O (ethanol pathway), and CoHa(g)+O* (ethylene
pathway) on Cu-X catalysts (X refers to N(C,Hs),, OCH3, N, NN, NNN, Br, and NO,) by DFT calculations.

Valence C,Hy(g)+O* *C:H4O0 Eethylene pathway'Eethanal pathway
(ethylene pathway, eV) (ethanol pathway, eV)
(Cuw)
Cu 0 -0.988 0.325 -1.313
Cu- +0.134 -0.879 0.352 -1.231
N(C:Hs):
Cu- +0.188 -0.984 0.36 -1.344
OCH;
Cu-N +0.214 -1.223 0.311 -1.534
Cu-NN +0.268 -1.625 0.056 -1.681
Cu-NNN  +0.516 -1.377 0.006 -1.383
Cu-Br +0.663 -1.268 -0.227 -1.041
Cu-NO>  +0.757 -1.274 -0.534 -0.74

Supplementary Table 6 The applied field effects on the free energy of the selectivity-determining step of ethylene and

ethanol over Cu-NN surface.

Electrical field (eV/A) Ethylene path way Ethanol path way

-0.75 -1.50762 0.32507
-0.5 -1.41018 0.33243
-0.45 -1.39522 0.31126
-0.4 -1.26121 0.2266
-0.35 -1.28159 0.28601
-0.3 -1.19885 0.28027
-0.25 -1.19447 0.29642
-0.2 -1.20138 0.27858
-0.15 -1.17853 0.27775
-0.1 -1.11834 0.29096
-0.05 -0.96478 0.27791
0 -0.98297 0.33026
0.05 -0.96875 0.29032
0.10 -0.97745 0.25988
0.15 -0.9804 0.26444
0.2 -0.98421 0.27729
0.25 -0.98002 0.27104
0.30 -0.99817 0.28713
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0.35 -1.00016 0.30183

0.40 -1.00129 0.02542
0.45 -1.00668 0.58109
0.5 -1.00224 0.31297
0.75 -1.02795 0.31199

Supplementary Table 7 The Free energy of HER on bare Cu and Cu-NN catalysts.

Samples Configurations Free energy (eV)
Fcc 0.269
Cu Hcp 0.333
Top 0.306
Fce-close 0.398
Fcc-far 0.454
Cu-NN Hcp-close 0.408
Hcep-far 0.458
Top-close 0.460
Top-far 0.483

Supplementary Table 8 Summary of the atomic ratio of Cu, N, O, Br and C on Cu-X electrodes from XPS results (X refers
to Br, OCHs, NO2, NN, NNN, N, N(C;Hs), and NN/ionomer).

Electrodes atomic ratio (at.%)
Cu C N (0] Br
Pristine 100 / / / /
Cu-N(CzHs), 62.4 30.2 7.4 / /
Cu-OCH3 71.2 21.5 4.3 3.0 /
Cu-N 51.6 39.0 7.2 2.2 /
Cu-NN 393 51.0 9.7 / /
Cu-NNN 434 38.7 11.8 6.1 /
Cu-Br 73.0 19.7 4.1 / 3.2
Cu-NO, 65.8 19.8 7.8 6.6 /

175



Supplementary Table 9 Summary of the estimated FEs for Cu-X electrodes measured at different applied potentials in the
MEA reactors (X refers to Br, OCHs, NO2, NN, NNN, N, N(C;Hs), and NN/ionomer). The standard deviation of the

measurements was estimated from three independent samples.

Electrode Cell Faradaic efficiency (FE, %)
voltages
\2)
Pristine H; CO HCOOH | CH4 C:HsOH
(Cw
-3.0 64.2£1.0 31.9+1.0 0 4.1+£0.9 0
-3.2 57.4+2.3 29.840.9 0 11.4+2.7 0
-3.4 47.942.5 27.9+0.7 1.840.6 19.4+1.7 0
-3.5 41.7£0.9 26.6+0.8 2.2+0.6 26.5£1.6 1.810.5
-3.55 40.8+1.6 25.310.9 2.810.6 28.0+1.3 3.6£1.1
-3.6 37.1£1.2 24.3%1.2 3.2+0.7 29.8+1.4 4.2+0.9
-3.65 36.9+1.9 22.2+1.4 5.1£0.6 31.9+2.3 5.7£1.1
-3.7 35.941.5 21.7+0.7 4.5+0.8 353423 7.1£2.0
-3.75 32.810.4 19.610.7 3.2+0.8 38.4+1.5 8.1£2.1
-3.8 32.810.4 18.4+0.5 2.1+0.7 40.2+1.4 11.9£3.0
-3.85 37.9+0.8 17.5+0.5 1.420.5 38.6+0.8 10.6+1.0
-3.9 43.9£1.1 16.4+0.6 1.50.5 36.2+0.4 8.7£2.0
-4.0 48.5+1.7 14.1£1.0 1.0£0.6 32.7+0.4 4.9+0.3
Cu- -3.0 47.3£1.1 12.3+0.8 0 32.0+£5.9 0
N(C:Hs)
-3.2 42.9+1.3 10.6£1.1 0 43.2+1.6 0
-3.4 38.1£1.2 8.7£1.1 0.9+0.2 52.7+2.6 0.60
-3.5 32.1+0.2 9.1£1.2 1.0£0.5 57.9+2.9 0.60.3
-3.55 28.4+0.7 7.9£1.5 1.20.5 63.0+2.7 0.910.5
-3.6 24.6+0.9 6.2£1.3 1.4+0.4 67.843.1 1.4+0.3
-3.65 21.7£1.2 5.310.5 1.5+0.8 72.9+2.9 1.920.5
-3.7 23.7+0.7 4.610.6 1.1£0.4 68.313.1 2.3%1.1
-3.75 26.610.5 4.1+0.6 0.7£0.5 65.4+2.3 3.2413
-3.8 37.6x1.0 3.310.6 0.7£0.4 57.9+1.7 2.5+1.4

176




-3.85 47.920.8 2.240.5 0.6+0.4 49.3+2.7 2.0+0.8
-3.9 53.3+0.8 1.8+0.5 0.6+0.4 42.7£1.5 1.6+0.4
-4.0 57.7+0.6 1.8+0.1 0.5+0.2 39.0+0.8 1.5£0.7
Cu-NNN -3.0 54.3+£1.1 4.4+0.9 0 32.1£6.0 0
-3.2 49.5+1.3 4.4+1.1 0 38.9+1.7 0
-3.4 42.8+1.2 5.2+1.1 1.1+0.4 45.1+2.6 1.4+0.4
-3.5 38.4+0.2 6.1+1.2 2.1+0.2 49.9+2.9 1.3+0.8
-3.55 34.9+0.7 6.4%1.5 2.6+0.2 53.9£2.7 1.4+0.7
-3.6 32.3+£0.9 7.3£1.3 3.5+0.3 57.943.1 1.7+0.8
-3.65 26.7£1.2 6.310.5 3.8£1.0 61.5£2.9 2.4+0.8
-3.7 23.4+0.7 5.8£0.6 3.2+0.9 66.613.1 3.8£0.9
-3.75 19.5+0.5 4.9+0.6 3.3+0.3 70.412.3 4.6+1.2
-3.8 16.2+1.0 4.2+0.6 2.310.4 75.1£1.7 5.1+1.2
-3.85 19.210.8 3.7X0.5 1.2+0.5 71.282.7 4.9+1.3
-3.9 23.3+0.8 3.4+0.5 1.5+0.4 68.2+1.5 3.8%1.1
-4.0 27.242.0 2.5%1.0 1.1+1.0 61.312.9 2.7£1.5
Cu-OCH; -3.0 33.0£7.7 22.8+1.1 0 40.243.1 0
-3.2 26.24+2.1 24.3%£1.9 0 48.9+4.3 0
-3.4 23.6+2.7 20.1£2.1 0.9+0.3 53.6+5.6 1.0£1.9
-3.5 23.243.4 15.4+1.7 0.9+0.8 57.3+3.2 1.5£2.7
-3.55 18.7£2.9 10.3+1.6 1.3£0.6 65.413.7 2.944.2
-3.6 16.413.2 9.0+4.7 1.4+0.8 722453 3.1£3.3
-3.65 15.3£3.4 6.7£1.6 1.5+0.8 78.0+2.7 3.8+4.5
-3.7 14.3£3.5 5.3+23 1.3+0.8 76.414.1 5.1+4.6
-3.75 16.914.2 3.6+1.0 1.2+0.7 74.3+2.7 3.8£3.0
-3.8 19.5+5.4 3.2+1.9 1.4+0.6 71.1+4.9 3.3£3.1
-3.85 22.847.1 2.7£1.9 0.8+0.7 70.61£2.2 2.343.1
-3.9 24.1+8.4 2.4+0.8 1.1+0.8 70.0+3.3 1.9+2.9
-4.0 29.3+0.9 2.5+0.3 0.8+0.2 65.6+0.6 1.2+0.4
Cu-N -3.0 47.3+2.5 35.4+3.0 0 15.5£2.0 0
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-3.2 37.242.5 34.1£1.7 0.3+0.1 22.5%1.7 0
-3.4 25.9+1.4 31.8t1.4 0.4+0.1 36.6x1.4 1.1+0.1
-3.5 22.0£1.0 24.6+0.5 0.5£0.1 43.7£0.6 1.3+0.4
-3.55 20.8+1.3 19.5+1.4 0.7+0.2 51.7+£0.9 1.3£0.6
-3.6 19.1£1.2 14.210.1 1.1+0.7 61.7+2.3 2.3+0.8
-3.65 17.8£1.0 11.0+1.1 1.2+0.8 68.6+2.5 2.5+0.7
-3.7 16.3+0.6 9.3+0.4 1.2+0.4 72.7£2.0 2.6x1.0
-3.75 15.310.4 7.1£0.7 1.8+0.8 76.8x1.1 2.7+1.1
-3.8 14.210.2 5.5+0.8 1.2+0.8 79.9+0.5 3.3£0.6
-3.85 15.5+0.4 5.1£0.9 0.9+0.9 78.1£1.7 3.1+1.1
-3.9 16.5£1.0 4.7+1.2 0.8+0.8 75.311.3 3.1+1.2
-4.0 20.7+0.5 3.4+0.9 0.5£0.6 72.0+0.9 2.3+0.8
-3.0 47.3£2.5 35.4+3.0 0 15.5£2.0 0
Cu-NN -3.0 34.0£2.1 8.0x1.6 0 50.6x1.2 0
-3.2 25.2+1.4 9.5+1.8 0.2+1.4 62.212.5 1.9+1.1
-3.4 15.4+0.5 10.0+£0.4 0.2+1.1 70.3£1.9 2.3+1.0
-3.5 10.0£1.2 8.512.2 2.510.8 77.5£2.1 2.3+2.0
-3.55 8.3%2.8 6.3£1.1 2.310.9 83.2+2.4 2.5%1.0
-3.6 12.3+2.3 5.6£3.0 1.4+0.8 80.0+0.8 2.5%2.0
-3.65 15.843.1 5.4+2.0 1.2+1.0 76.6+0.6 2.6x1.0
-3.7 19.2+1.2 4.942.0 1.3+0.9 71.1£1.8 4.0£1.0
-3.75 22.143.2 4.8+1.1 1.3+1.1 64.1:2.4 4.5+0.8
-3.8 26.444.1 4.4+2.0 1.1+0.9 60.2+1.3 4.4+0.9
-3.85 30.2+3.3 44431 0.9+1.1 55.9£1.6 4.811.0
-3.9 348124 4.0+1.2 0.8+1.0 53.0£2.4 3.9+1.1
-4.0 38.4+3.1 3.9+0.9 0.7£1.3 52.3%1.1 3.6+0.8
Cu-Br -3.0 48.513.7 25.0+0.5 0 21.940.5 0
-3.2 43.944.7 27.7£1.0 0 25.9£1.0 0
-3.4 38.2+7.5 23.1+2.5 0.7+0.9 36.3+1.7 0.7+0.4
-3.5 34.2453 20.6+3.2 1.5+0.9 42.5+2.2 2.0+0.7
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-3.55 31.544.2 15.944.0 24+1.2 47.0£2.8 2.9+1.2
-3.6 29.242.0 13.4+5.1 3.4£1.1 51.143.9 3.5£1.3
-3.65 26.7+6.4 9.7+6.3 2.3+0.9 57.0+2.1 5.1£1.5
-3.7 25.845.4 7.0£2.9 1.9+0.7 61.7£1.6 6.0£2.6
-3.75 34.74£5.3 59453 1.5£0.6 55.1+4.9 5.5£2.0
-3.8 42.0+4.1 42429 1.2+0.9 48.5+£5.9 52422
-3.85 48.913.1 2.9+7.9 1.1+0.8 44.5£5.4 4.1+£1.1
-3.9 50.543.1 2.6£5.2 0.9£0.7 41.745.5 3.1£2.1
-4.0 56.6+2.1 2.613.5 0.8£1.0 37.1£2.8 2.8+1.9
Cu-NO2 -3.0 48.9+1.2 9.841.1 0 35.9+0.9 0
-3.2 47.3%1.3 12.5£0.4 0 37.2£1.1 0
-3.4 44.6x1.2 12.6+0.6 0.7+0.3 39.3+1.1 0
-3.5 43.2+0.8 14.410.3 1.2+0.2 43.4+0.8 0.810.5
-3.55 37.440.5 10.9+0.6 1.7£0.2 45.940.6 1.4+0.4
-3.6 34.740.5 9.7+0.5 1.9£0.0 49.2+0.7 1.9+0.4
-3.65 33.5+0.3 8.910.1 2.9+0.4 51.610.5 3.240.5
-3.7 33.5+0.4 7.8£0.1 3.510.4 53.5+0.6 4.6+0.4
-3.75 28.60.2 7.0£0.5 2.3+0.3 56.3+0.4 5.6£0.4
-3.8 32.3+0.4 6.0£0.1 1.1£0.2 57.9+0.8 6.8+0.3
-3.85 38.9+0.9 5.9+0.2 1.1£0.6 56.3£1.2 4.840.3
-3.9 40.7+0.7 5.440.1 1.320.1 53.6+0.9 3.7+0.3
-4.0 45.7+1.3 4.2+0.3 0.7£1.1 49.2+1.4 2.0£1.5
Cu- -3.0 66.913.5 4.610.2 0 23.7£1.0 0
NN/ionomer
-3.2 61.9+2.5 5.1+0.3 0 25.310.6 0
-3.4 51.7£1.8 7.1£0.2 1.0£0.5 37.4+1.1 0.6£0.4
-3.5 449131 7.1£0.3 1.420.5 43.9+1.8 1.0£0.5
-3.55 40.9+1.5 5.340.1 1.5+0.5 49.4+0.8 1.0+1.1
-3.6 35.4£1.0 4.840.1 1.7£0.4 56.1+1.3 1.240.6
-3.65 28.1+2.9 4.7+0.2 2.0+0.5 64.2+1.8 1.7£1.0
-3.7 21.940.6 4.240.1 1.5+0.4 73.612.0 2.1+0.5
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-3.75 14.4£1.5 4.240.1 1.1+0.5 75.5%1.7 2.5¢1.1
-3.8 10.8£1.1 3.620.3 1.1+0.4 86.310.5 2.8+1.5
-3.85 7.242.3 4.0£0.1 1.1£0.6 89.0£2.9 2.3%1.0
-3.9 14.61£3.4 3.2+0.4 1.1+0.4 79.5+1.5 2.3+0.9
-4.0 23.244.0 3.6%+1.3 0.6+0.9 73.8+2.1 1.7+1.5

Supplementary Table 10. The comparison of energy efficiency (EE) and energy power consumption (EPC) on different

diazonium salts functionalized copper catalysts and the literatures benchmarks in single MEA electrolyzer.

Samples jczna Ecn FEcans EEcan4 EPC Notes
(mA V) (%) (%) (kWh/Nm3)
cm’”
%)
Cu-NN/ionomer 536 3.85 89 27.0 62.9
Cu-NN 212 3.55 83 26.9 614
Cu-NO; 198 3.80 58 17.5 94.2
Cu-NNN 229  3.80 75 22.7 72.7 Our work
Cu-N 271  3.80 80 24.2 68.2
Cu-OCH; 250  3.65 78 23.6 69.9
Cu-Br 170  3.70 62 19.1 86.1
Cu-N(C:Hs), 126  3.65 73 23.0 71.8
Cu-12 76.8 3.6 64 20.2 81.8 Ref [©]
Cu/tetrahydro- 208 3.8 67 20.2 81.4 Ref ")
phenanthrolinium/
CTPI
Cu-CIPH 210 39 54 16.0 103.6 Ref ¥
Cu-SiOx 215 4.1 65 18.2 90.5 Ref!
Cu-KOH 153 3.25 55 19.4 84.8 Ref 1%
Cu-CO0,-60 217 3.7 62 19.3 85.6 Ref [!!]

Supplementary Table 11. Summary of the calculated electrochemically active surface area (ECSA) for Cu and Cu-NN

and Cu-NN/ionomer catalysts.

Sample ECSA (cm?) Surface coverage (%)
Cu 14.4 \
Cu-NN 11.7 18.5%
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Cu-NN/ionomer 10.2 29.2%

Supplementary Table 12. Summary of the calculated electrochemically active surface area (ECSA) for Cu(111) and
Cu(100) single crystals and Cu(111)-NN and Cu(100)-NN single crystals catalysts.

Sample ECSA (Cu, cm2) Surface coverage (%)
Cu (111) 1.20 \
Cu (100) 1.27 \
Cu (111)-NN 0.95 20.6%
Cu (100)-NN 0.99 21.8%

Supplementary Table 13. Surface composition. Extracted from the integrated areas of the fits of the Cu-LMM AES data

(Figure 3a) with the corresponding reference spectra.

Electrode Cu (at. %) Cu,O (at. %) Average oxidation

state
Cu 100 0 0

Cu-N(C>Hs) 86.5 13.5 +0.135
Cu-OCH3 80.7 19.3 +0.193
Cu-N 77 23.0 +0.23
Cu-NN 73.8 26.2 +0.262
Cu-NNN 49 51.0 +0.51
Cu-Br 34.9 65.1 +0.651
Cu-NO» 253 74.7 +0.747

Supplementary Table 14. Summary of the XANES data. EO and corresponding oxidation states (8) of Cu-X catalysts (X
refers to NO,, Br, NNN, NN, N, OCH; and N(C,Hs), functional groups).

Electrode Pristine Cu-N(C;Hs5); Cu-OCH3; Cu-N Cu-NN  Cu-NNN Cu-Br Cu-NO;

(Cuw)
Eo 8979.11 8979.20 8979.28 8979.32  8979.4 8979.77 8979.99  8980.13
S +0.067 +0.134 +0.188 +0.214  +0.268 +0.516 +0.663  +0.757
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Supplementary Table 15. Summary of the XANES data. EO and corresponding oxidation states (3) of Cu-NN under

different potentials.

Potentials ocv -0.93 -0.88 -0.83
(V vs. RHE) (V vs. RHE) (V vs. RHE)
Eo 8979.4 8979.37 8979.34 8979.28
3 +0.27 +0.25 +0.23 +0.19

Supplementary Table 16. Structure parameters (N“: coordination numbers; R(A)": bond distance; 6*(A?)": Debye-Waller
factors; AEo (eV)™ the inner potential correction. R factor: goodness of fit.), obtained in fitting of experimental Cu K-edge

EXAFS data for ex-situ samples (Sy>=0.94). Uncertainties of the last digit are given in parentheses.

Sample Shell N R(A) (A% AEy (eV)* R factor
Cufoil  Cu-Cu 12.0 254(2)  0.00912)  3.4(1) 0.0003
Cu,0 Cu-0 202)  1.8409)  0.002(1) 2.0(1) 0.008
Cu-0 02(1)  1.86(3)  0.001(7) 1.6(7)
N(CzHs) 0.002
Cu-Cu  6609)  2.544)  0.008(7)
Cu-0 03(2)  1.86(2)  0.001(4) 2.0(5)
OCHj3 0.003
Cu-Cu  64(3)  2.54(1)  0.0083)
Cu-0 03(2)  1.86(2)  0.001(4) 2.6(8)
N 0.003
Cu-Cu  60(1)  2.542)  0.008(5)
Cu-0 052)  1.86(1)  0.001(3) 3.2(8)
NN 0.003
Cu-Cu  5709)  2551)  0.0083)
Cu-0 124)  186(1)  0.001(3) 3.3(7)
NNN 0.004
Cu-Cu  5.1(6)  2.54(1)  0.008(4)
Cu-0 153)  186(2)  0.001(4) 3.2(6)
Br 0.004
Cu-Cu  5.1(7)  2533)  0.008(1)
Cu-0 194)  186(3)  0.001(3) 3.2(5XANE)
NO, 0.004

Cu-Cu 4.8(7) 2.502)  0.008(1)

Pristine Cu-Cu 8.8(3) 2.54(2) 0.0085(3) 2.4(3) 0.0004
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Supplementary Table 17. The ratio between the intensities of bands for HFB-CO* and LFB-CO* on Cu-X catalysts (X
refers to NO,, Br, NNN, NN, N, OCH3 and N(C,Hs) functional groups). Two independent sets of samples were measured,

and the average values were used for figure plotting and data analysis.

Electrode Ratio (H/L)
Tray 1 Tray 2 average

Cu 0.92 0.89 0.91
Cu-N(CzHs)2 1.04 1.02 1.03
Cu-OCH; 1.20 1.24 1.22
Cu-N 1.23 1.25 1.24
Cu-NN 1.44 1.46 1.45
Cu-NNN 1.58 1.54 1.56
Cu-Br 1.65 1.61 1.63
Cu-NO» 1.76 1.74 1.75

Supplementary Tablel8. Summary of the estimated FEs for Ag electrode measured at different applied potentials in the

MEA reactor. The standard deviation of the measurements was estimated from three independent samples.

Cell Voltages (V) Faradaic efficiency (%)
CO H:
-3.0 74.4+1.4 25.3+1.1
-3.1 78.1£0.6 22.2+1.0
-3.2 81.8%1.1 18.8£1.0
-33 84.0£1.8 15.6x1.7
-3.35 86.9£1.3 13.1£2.4
-3.40 88.4+2.0 11.1£2.1
-3.45 91.2£1.0 9.6+1.8
-3.5 93.2%1.5 7.6+1.9
-3.55 94.9+0.8 5.7+1.4
-3.6 93.4+1.4 7.611.2
-3.65 90.7t1.4 10.3+1.3
-3.7 88.4+1.1 13.311.2
-3.75 85.6x1.6 15.3£1.7
-3.8 83.8+2.4 17.1£1.6
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Supplementary Table 19. Summary of the estimated FEs for Cu-X electrodes measured at different applied potentials in
the cascade MEA system with IrOx supported on Ti mesh as the anode (X refers to NN and NN/ionomer functional groups).

The standard deviation of the measurements was estimated from three independent samples.

Electrodes voltages (V) Faradaic efficiency (%)
H, C,H4 C;HsOH CH3;COOH | n-Propanol
Cu -2.0 83.1£2.9 12.4£1.6 0.5£0.7 0.4£1.0 0.240.8
2.1 73.0£3.5 21.6£2.6 1.4+0.9 0.5£1.3 0.9£0.5
-2.2 65.4£3.0 27.942.3 1.6£0.5 0.7£0.9 0.9£0.7
-2.3 49.5+4.9 37.4£3.0 1.7£1.1 0.8£1.0 0.9£0.8
-2.4 45.3£1.3 47.241.5 2.4+£1.5 1.2+41.2 1.1£0.5
-2.5 37.74£2.0 54.9£3.5 24+1.3 1.2+1.7 0.9£1.5
-2.6 31.4£29 63.245.1 2.840.5 1.3+0.9 0.9£1.0
-2.7 28.1£1.5 67.4£2.9 2.5482.1 1.0+1.4 0.9£2.1
-2.8 30.1+4.8 64.7£2.4 2.2+1.9 0.9£0.5 0.9£0.5
-2.9 34.91£3.6 58.4£1.7 1.240.6 0.8£0.5 0.8£1.0
Cu-NN -2.0 60.7£3.0 35.4£2.3 1.4+1.2 2.0£0.4 1.840.7
-2.1 42.5£1.9 50.7£1.9 1.842.5 1.940.3 1.940.6
-2.2 30.240.8 65.5£1.0 1.4£1.8 1.5+0.6 1.61£0.4
-2.3 22.441.9 75.9£1.9 1.1£1.5 1.1£0.7 1.5+£0.9
-2.4 19.540.1 81.910.4 1.0£0.8 0.9£0.7 1.620.6
-2.5 15.440.4 86.0£0.6 1.1+0.6 0.840.3 1.4+0.2
-2.6 20.240.1 82.240.6 1.1£1.4 0.9£0.6 1.4+0.4
-2.7 24.1+0.3 76.8£0.9 1.1£0.9 0.7£1.0 1.4+0.4
-2.8 28.710.6 71.241.3 1.0£0.7 0.6£0.5 1.3+0.7
-2.9 34.7£0.5 66.3£0.5 1.4+0.7 0.6£0.5 1.3£0.5
Cu- -2.0 71.0£2.9 16.9£2.5 0.8£2.4 1.5£1.3 1.241.1
NN/ionomer | -2.1 58.9£1.3 28.313.0 0.84£2.0 1.5£1.5 1.0£1.5
-2.2 50.24£2.0 39.8£1.5 0.6+£2.1 1.4£2.5 0.9£2.0
-2.3 47.62.4 46.9£2.5 0.7£1.0 1.3+1.0 0.9£1.5
-2.4 42.442.8 53.6£3.5 0.7£0.5 1.240.5 1.0£1.1
-2.5 38.2£1.9 59.245.1 0.8£1.5 1.1£1.0 1.1+£0.7
-2.6 32.843.5 64.914.0 0.8£1.0 1.2+41.2 1.0£0.5
-2.7 26.0£2.5 72.1£2.9 0.7£0.7 1.2£1.5 0.8£0.8
-2.8 28.5+1.4 61.9£1.4 0.6£0.4 1.0£0.7 0.6£0.7
-2.9 32.5£3.0 55.6£4.9 0.6£1.4 0.9£0.6 0.5£1.0
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Supplementary Table 20. Summary of the estimated FEs for Cu-X electrodes measured at different applied potentials in
the cascade MEA system with NiFe LDH as the anode (X refers to NN and NN/ionomer functional groups). The standard

deviation of the measurements was estimated from three independent samples.

Electrodes voltages (V) Faradaic efficiency (%)
H, C,H4 C,HsOH CH3;COOH | n-Propanol
Cu -1.7 83.5£1.7 7.1£2.4 1.0+0.6 2.240.6 1.0£0.2
-1.8 82.2+£2.7 11.5+£1.2 1.7£0.8 2.74£0.6 1.440.3
-1.9 76.0£2.9 20.4£2.8 1.840.7 2.740.1 1.54£0.8
-2.0 69.84£2.1 25.543.4 1.0+0.6 1.5£1.3 1.1£0.8
2.1 64.7£3.2 30.4£3.6 0.9£0.8 1.1£0.8 1.0£1.0
-2.2 54.4£1.7 38.1£2.6 0.9£0.6 1.0£0.3 0.9£1.1
-2.3 49.9+1.0 46.4£1.0 0.9£0.6 1.1£0.9 0.9£0.6
-2.4 39.943.4 57.7£3.3 0.91£0.9 0.9£1.3 0.91£0.9
-2.5 30.8£5.6 64.5£1.6 0.8£0.6 0.8£0.6 0.84£0.2
-2.6 39.3£2.1 54.7£3.9 1.1+£0.6 0.8£0.6 0.8£0.7
Cu-NN -1.7 66.8£2.9 21.942.8 1.0£0.7 2.240.8 1.0+£0.4
-1.8 53.1£0.6 38.242.7 1.74£0.2 2.7£0.5 1.4+0.4
-1.9 40.1£2.1 54.5£1.9 1.840.5 2.740.3 1.5+0.6
-2.0 33.7£1.1 63.5£3.5 1.0£0.6 1.54£0.5 1.1+0.6
-2.1 23.2414 72.843.1 0.94£0.5 1.1+0.6 1.0£0.1
-2.2 20.1£2.5 81.8£2.7 0.9£1.0 1.0£1.0 0.9£0.6
-2.3 14.742.9 86.1£2.1 0.9£1.5 1.1£0.9 0.910.4
-2.4 23.3£2.8 79.8£2.7 0.91£0.9 0.9£0.6 0.9£1.0
-2.5 38.7£3.1 67.2£1.9 0.840.3 0.8£0.6 0.8£1.0
-2.6 53.9£2.8 52.6£3.0 1.1£0.8 0.840.3 0.8£0.6
Cu- -1.7 83.0£3.0 8.842.3 2.0£0.9 1.840.4 0.6£0.9
NN/ionomer | -1.8 75.9£2.9 15.9£1.0 2.3£1.9 2.240.6 0.8£0.8
-1.9 68.0£1.8 23.840.2 1.1£1.4 2.5£0.4 1.31£0.8
-2.0 60.5£3.9 31.2£1.8 0.9£0.6 2.240.6 1.3+0.4
-2.1 52.443.1 38.7£3.0 0.9£0.6 1.5+£1.0 1.3+0.4
-2.2 46.0£2.1 44.0+4.1 1.0£0.6 1.4+0.4 1.4+1.0
-2.3 39.942.2 53.3+4.5 0.940.8 1.2+1.0 1.0+£0.4
-2.4 33.444.3 68.1£3.2 0.8£1.0 1.4£1.3 0.9£0.6
-2.5 28.6%1.6 72.1£2.1 0.7£1.0 1.240.9 0.7£0.6
-2.6 35.7£3.5 64.6£2.9 0.7£0.5 1.0£1.2 0.6£0.3
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Supplementary Table 21. Comparison of the performance metrics of the cascade MEA systems based on bare Cu, Cu-NN

and Cu-NN/ionomer cathodes.

Electrodes jcaH4 FEc2n4 (%) Rcana Energy Electricity

(mA cm?) (4mol h! efficiency power
cm?) (EE, %) consumption

(EPC,

KWh/Nm?®)
Bare Cu 122 64.5 571 27.36 37.08
Cu-NN 154 86 720 39.69 25.56
Cu- 234 72 1094 30.53 33.20

NN/ionomer

Supplementary Table 22. Summary of the estimated conversion rate (%) of CO» to C;H4 in single MEA and cascade MEA
systems on Cu-X electrodes measured at different current density (X refers to NN and NN/ionomer functional groups). The

standard deviation of the measurements was estimated from three independent samples.

jtotal (MA cm?) CO,-C,H4 (%) jtotal (MA cm?) CO2-C3H4 (%)
(Single MEA) (Cascade MEA)
Bare Cu 45.1 0.05248 5.4 0.05914
70.8 0.4264 10.45 0.26140
113 0.91512 28.5 0.96744
153 1.60064 59.375 1.63969
176 1.97456 80.475 2.49496
202 2.43704 102.575 4.44169
230 3.05368 145.8 6.01062
249 3.40464 162.125 8.75611
280 4.17872 189.75 9.79168
304 4.66088 216 9.44685
330 491672
361 5.002
389 4.65104
Cu-NN 53.06667 1.02336 10.61333 0.2058
92.76667 2.20088 26.36 0.679895
158 4.22464 53.26667 1.4868
214.66667 6.33805 84.23333 3.730125
256.8 8.13549 111.68667 6.2601
289.23333 8.80133 147.78667 9.66575
328.26667 9.57104 187.04 12.27555
369.13333 9.98651 217.18667 13.430025
411.26667 10.03571 269.83333 14.45955
450.86667 10.332 278.9 12.331725
493.2 10.48944
530.03333 10.69827
Cu- 62.05669 0.75112 16.3 0.20700
NN/ionomer 145.61473 1.5129 29.325 1.0007
223.15493 3.18078 78.75 2.55168
267.90518 4.47556 134.3 4.49133
321.76597 6.05324 180.25 7.24739
354.89948 7.57926 233.95 10.25059
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400.87544 9.79162 291.125 12.87568
445.60173 12.49516 302.25 17.73350
489.99115 14.08268 325.75 18.76907
564.02061 18.59022 352.35 18.21300
599.44034 20.6681
683.5718 20.7132

Supplementary Table 23. Techno-economic assessment. Cost of ethylene produced from CO> in different systems with

different electrodes.

Single MEA system (CO;-C;Hy, neutral case)

Parameters bare Cu Cu-NN Cu-NN/ionomer
Output product CyH4 CoHa CoHy
CO; cost($/tonne) 30 30 30
Cathode Input CO: cost ($/tonne 515.1 500.1 501.7
C,Hy)
Product formation rate (mol/h/cm?) 3.8*10* 6.6%10 16.4*%10
Cathode catalyst Cu Cu-NN Cu-NN/ionomer
Cathode catalyst lifetime (year) 1 1 1
Cathode catalyst ($/tonne C2Hy) 932.87 1407.1 762.8
Membrane (AEM, X-37) ($/tonne 3854.6 22189 893.6

C,Hy)
Anode catalyst IrOx-Timesh  IrOx-Timesh  I[rOx-Ti mesh
Anode Catalyst ($/tonne C,Hy) 4066.7 2342 942.98
Anolyte Molarity(mol/L) 0.5M KHCO3 0.5MKHCO; 0.5M KHCOs
Anolyte lifetime (year) 1 1 1
Cost of Anolyte ($/tonne C2Hy) 4.56 2.63 1.06
Electric power consumption 109120 48990 50100
(kWh/tonne C;H4)
Electric power consumption ($/tonne 3273.6 1469.7 1503
C,Hy)
Cell Voltage(V) 3.8 3.55 3.85
Faradaic efficiency (C2H4, %) 40 83 &9
Total Current density (mA/cm?) 304 256 602
Single pass conversion (%) 5.996 10.188 25.205
System lifetime (year) 10 10 10
Ethanolamine N/A N/A N/A
($/tonne C,Hy)
total cost 12647.43 7940.33 4620.08
($/tonne
C,Hy)

N/A. indicates that the item is not applicable.

Cascade MEA system (CO,-CO, CO-C,H4, base case)

Cu system Cu-NN system Cu-NN/ionomer system

Parameters Ag Cu Ag Cu Ag Cu
(CO2-CO) (CO-C2Ha) (C0O2-CO) (CO-C2Ha) (CO2-CO) (CO-C2Ha)

Output product CcO C2H4 CO C2H4 CO C2H4
CO; cost ($/tonne) 30 N/A 30 N/A 30 N/A
Cathode Input CO, 983.68 N/A 802.13 N/A 938.76 N/A
cost ($/tonne C;Hy)
Product formation 26.7%104 5.7¥10%  26.7*10° 7.2%10* 26.7%104 10.9*10*

rate (mol/h/cm?) 4
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Cathode catalyst Cu Cu-NN Cu-

NN/ionomer

Cathode catalyst 1 1 1 1 1 1
lifetime (year)
Cathode catalyst 580.5 580 479 1254.2 317.9 1120.5
($/t0nne C2H4)
Membrane (AEM, 2396.6 2396.6 1978 1978 1312.5 1312.5
X-37) ($/t0nne C2H4)
Anode catalyst NiFe LDH-Ti  NiFe LDH- NiFe NiFe LDH-Ti  NiFe LDH - NiFe LDH-Ti

mesh Ti mesh LDH-Ti mesh Ti mesh mesh

mesh

Anode Catalyst 216.9 216.9 179 179 118.8 118.8
($/t0nne C2H4)
Anolyte 0.1M KHCO3 IM KOH 0.1M 1M KOH 0.1M IM KOH
Molarity(mol/L) KHCOs KHCOs
Anolyte lifetime 1 1 1 1 1 1
(year)
Cost of Anolyte 0.57 4.49 0.46 3.71 0.31 2.46
($/t0nne C2H4)
Electric power 38311 29826 31616.2 19901.5 20981 26625.8
consumption
(kWh/tonne C,Hy)
Electric power 1149.3 895 948.45 597 629.43 798.7
consumption
($/t0nne C2H4)
Electrolyser 300 300 300 300 300 300
cost($/kw)
Electrolyser cost 1130 659 932.5 584.5 618 657
($/t0nne C2H4)
Cell Voltage(V) 3.8 2.5 3.8 23 3.8 2.5
Faradaic efficiency 84 64 84 86 84 72
(C2Hy4, %)
Total Current 173 189 173 179 173 325
density (mA/cm?)
Cascade pass N/A 7.7 N/A 9.8 N/A 14.8
conversion (%)
System lifetime 10 10 10 10 10 10
(year)
Ethanolamine N/A 333 N/A 2.75 N/A 1.82
($/t0nne C2H4)
total cost ($/tonne 9423.87 8401.7 6672.48
C;Hy)

N/A. indicates that the item is not applicable.
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Chapter 5. Summary and Perspectives

5.1 Summary

Although considerable progress has been made in meeting industrial requirements in terms of Faradaic efficiency
(FE) and formation rate, the selectivity towards the formation of a single type of multi-carbon (C»+) product has
not been demonstrated to date. Moreover, numerous investigations have reported that partially oxidized copper
(Cu®', 0<8<1) sites on the surface of copper catalysts can facilitate the conversion of CO» to multi-carbons by
decreasing the energy barrier associated with the CO dimerization. Nevertheless, the instability of Cu®* species,
especially the high cathodic potentials to electro-synthesize multi-carbons, made the study of the role of Cu®*
tedious, and it may eventually lead to a rapid loss of the performance. Therefore, my PhD work have aimed to
explore an effective method to control Cu®* species on the surface of copper-based electrodes and to investigate
the relationship between multi-carbon selectivity and the surface oxidation state of copper modified with electron-
withdrawing molecules. By combining density functional theory (DFT) calculations with operando Raman and
X-ray absorption spectroscopy (XAS), we identified that the grafting of electron-withdrawing functional groups
can efficiently dope the surface of Cu leading to the formation of Cu®*(0<4<1) species. Compared to pristine non-
functionalized electrodes, the modified electrodes display a clear improvement of the reaction rates and Faradaic
efficiency towards the production of Ca+ products.

The thesis is organized into five chapters. In the first chapter, we reviewed the fundamentals of CO>
electrochemical reduction reaction, the methods and parameters of performance evaluation; and the current state
of electrochemical CO» reduction reaction. The second chapter summarized the reported methods from literatures
to suppress the main side reaction (hydrogen evolution reaction, HER) in CO; reduction reaction (CO2RR) and
N> reduction reaction (NRR). This work was carried out during the first lockdown because of Covid in 2020 and
allowed me to get more familiar with the field of CO2RR. In the third chapter, I presented a strategy to
functionalize bimetallic Ag-Cu catalysts with thiadiazole and triazole derivatives. We found that the strong
electron withdrawing groups based on aromatic heterocycles can effectively orient the pathway of the CO;RR
reactions towards the synthesis of C»+ molecules. This proof of concept was further extended and optimized by
the use of aryl diazonium salts (Chapter 4). We identified a library of electron-withdrawing aryl diazonium salts
to functionalize Cu catalysts. The functionalized electrodes were fabricated and investigated to elucidate the
influence of Cu valence on the high selectivity of ethylene during the CO2RR. In parallel of these thrusts in the

design of Cu catalysts, we successfully integrated our catalysts into flow electrolyzer.
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5.2 Perspectives

Despite these successes for converting CO> to multi-carbon products, the presented results still require additional
efforts to meet high products selectivity, high energy efficiency and competitive current density. I list below some
of the important challenges in the field:

(1) In this thesis, high selectivity, high current density and high energy efficiency were obtained by
assembling our electrodes and anion exchange membranes (AEM) in a membrane-electrode-assembly (MEA)
electrolyzer, which is considered to be an electrolysis system close to the industry applications. However, classic
challenges such as both salt precipitation and water flooding at the back side of gas diffusion layer in AEM
assembled MEA electrolyzers still exist. This lowers the selectivity of specific products during the long-term
stability and hinders the development of MEA electrolyzer towards industry. Therefore, seeking for an effective
method to mitigate or solve this problem has become one of the most important tasks. Replacing AEM by bipolar
membrane (BPM) has been considered as a promising method, as the BPM works by dissociating water at the
sandwiched cation and anion membrane interfaces when anion and cation exchange layer face to anode and
cathode respectively, which suppress the crossing of OH™ and react with CO; to form carbonate in the CO, gas
channel. Nevertheless, the BPM assembled MEA usually shows the unsatisfying performance due to the serious
HER at the cathode and high internal resistance. Therefore, it will be important to design novel BPM membranes
with tailored functional groups and assembling them into a MEA. In this context, we note that more attention has
recently been given to the use of BPM membranes for CO2RR, which therefore involves interdisciplinary research
between polymer science, electrochemistry and chemical engineering.

(2)  Currently, CO; electroreduction to single carbon products (CO and HCOOH) has almost achieved
industrial targets in terms of activity and conversion rate with excellent stability. However, the energy efficiency,
the single-pass conversion rate and current density of the electrochemical CO; reduction to C»+ products are still
too low to make the technology economically viable and competitive with traditional process based on fossil
fuels. This is attributed to losses at kinetic (ohmic loss, internal resistance, charge transfer resistance) and
thermodynamic levels (overpotentials).

(3) The formation of multicarbon products still requires large overpotentials due to the high energy required
for the dimerization of the *CO/*CHO intermediates. Besides there is currently no catalyst that can optimize the
binding of the different reaction intermediates leading to mediocre energy efficiency and poor selectivity.

(4) Encouraged by the recent advances in CO electroreduction, coupling electrochemical CO; with the CO
reduction reaction can be an effective method to shorten the gap between experiment and industry towards multi-
carbons production, while lower cathodic potential. Compared to CO2RR, the electrochemical CO reduction to
C»+ products involve less protons coupled electrons transfer process, which makes it easier to get multi-carbons
with high selectivity. Moreover, the carbonate-free in CO electroreduction reaction makes it another big
advantage. Efforts must therefore be devoted to achieve high selectivity and high energy efficiency towards multi-
carbons through cascade reactions.
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Recently, many researches paid much attention on the study of copper-based catalysts, since copper is the only
one transmit metal can produce multi-carbon products so far in electrochemical CO; reduction reaction. Several
important contributions have recently led to the identification of other transition metal as alternatives, dopant or
as co-catalyst and call for additional investigations. It is necessary to develop advanced catalysts by using novel

methodologies combining experiments, ex-situ and operando characterizations and first principal calculations.

193



