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Résumé

Le CO2 et la biomasse sont abondants dans la nature. La conversion de ces deux éléments
constitutifs en carburants ou en produits chimiques a valeur ajoutée par des méthodes
électrochimiques est essentielle pour atténuer la crise énergétique et réduire la pollution de
I'environnement, ainsi que pour atteindre la carbone neutralité. Au cours des dernieres décennies,
de nombreux efforts ont été consacrés a ce domaine, mais la plupart d'entre eux se concentrent
sur la conception de catalyseurs et I'amélioration des performances, et seules quelques
recherches se concentrent sur de nouvelles réactions ou sur le mécanisme de ces réactions. Ici,
nous développons une série de nouvelles réactions et étudions les mécanismes de ces réactions

en utilisant la spectroscopie in situ, les principaux résultats sont les suivants :

1) Les réactions de réduction du furfural ont été menées en utilisant une feuille de Cu
électrochimique comme catalyseur, et I'alcool furfural (FA, efficacité faradique, FE : 43,0%) et le
2-méthylfurane (MF, FE : 57,5%) ont été obtenus apres électrolyse sous -0,43V (par rapport a
I'électrode a hydrogene réversible, RHE). Les effets des différentes facettes du catalyseur sur la
sélectivité ont été étudiés, et le Cu (110) produit préférentiellement de I'AF, tandis que les défauts
sont les sites actifs pour la formation de MF. La spectroscopie Raman operando a montré que la
production de FA et de MF partage le méme intermédiaire a I'étape initiale, avec différents sites
actifs conduisant aux différentes voies entre les étapes intermédiaires et suivantes et générant

différents produits.

2) Des produits de liaison C-N (acétamide et formamide) ont été obtenus par la réaction de
réduction du CO, (CO2RR) avec la combinaison du substrat NHs et des électrocatalyseurs
commerciaux a base de nanoparticules de Cu ou de CuO. Avec |'optimisation, la FE maximale de
ces deux produits est de ~10% au total, et la meilleure condition de réaction est 50mg Cu NPs,
1M KOH, avec 0.3M NHs, a -0.78V (vs. RHE) pendant 30 mins. L'IR in situ a montré que la formation
de formamide et de formate partage le méme intermédiaire, et que la production d'acétamide et

d'acétate subit une voie de réaction similaire.



3) L'hydroxyméthanesulfonate (HMS), le sulfoacétate (SA) et le méthanesulfonate (produits de
liaison C-S, FE représente 6% au total) ont été obtenus par le couplage CO;RR avec |'ajout de
sulfite (503%), et des NPs de Cu»0 synthétisées par la méthode de chimie humide ont été utilisées
comme électrocatalyseurs. Parmi ces trois composés a liaison C-S, le HMS est le principal produit,
la FE pouvant atteindre un maximum de 6 %. Le XRD in situ a montré que Cu® est |'espéce active
pour le processus de couplage C-S. Les calculs operando Raman et DFT ont montré que *CHOH
est 'intermédiaire clé dans la formation de la liaison C-S, et que le couplage entre *CHOH et SO3*

est I'étape qui détermine le taux.

Mots-clés : Réduction du furfural, réaction de réduction du CO>, spectroscopie operando Raman,

spectroscopieinfrarouge in situ, mécanisme.



Abstract

CO; and biomass are abundant in nature. Conversion of these two building blocks into fuels or
value-added chemicals by electrochemical methods is essential for alleviating the energy crisis
and reducing environmental pollution, and achieving carbon neutrality. In the past few decades,
much effort has been devoted to this field, but most of this focuses on the design of catalysts and
improvement of the performances, and only few research thrusts focus on new reactions or the
mechanism of these reactions. Herein, we develop a series of new reactions and investigate the
mechanisms of these reactions by using in-situ spectroscopy, the main results are shown as

follows:

1) Furfural reduction reactions were conducted by using an electrochemical roughed Cu foil
as the catalyst, and furfural alcohol (FA, Faradaic efficiency, FE: 43.0%) and 2-methylfuran (MF,
FE: 57.5%) were obtained after electrolysis under -0.43V (vs. reversible hydrogen electrode, RHE).
The effects of different facets on the selectivity were investigated, and Cu (110) is preferential to
produce FA, while defects are the active sites for the formation of MF. Operando Raman spectrum
showed that the production of FA and MF share the same intermediate at the initial stage, with
different active sites leading to the pathway differential on the intermediate of the following

steps and generating different products.

2) C-N bond products (acetamide and formamide) were obtained by CO; reduction reaction
(CO2RR) with the combination of NH3 reactants and commercial Cu or CuO nanoparticle (NPs)
electrocatalysts. The maximum FE of these two products is ~ 10% in total. With optimization, we
found a higher pH, thicker catalyst layer, and larger size of cations are beneficial to the production
of acetamide. This can be attributed to the higher production of C; intermediate and further leads
to a higher FE of acetamide. In-situ IR showed that the formation of formamide and formate share
the same intermediate, and the production of acetamide and acetate undergoes a similar
reaction pathway. The mechanism can help to design the new next generation catalyst with a
higher efficiency, which is beneficial to the future application of this reaction in chemical industry.

Nitrate and nitrite are used instead of ammonia as nitrogen sources to produce C-N bond



compounds, which suggests that this reaction provides a new possibility for organic synthesis. In
all, this reaction expands the scope of the CO2RR application, and is also good for the

development of organic synthesis.

3) Hydroxymethanesulfonate (HMS), sulfoacetate (SA) and methanesulfonate (C-S bond
products, FE is 6% in total) were obtained by coupling CO2RR with the addition of sulfite (503%),
and Cuz0 NPs which synthesized by the wet chemistry method were used as electrocatalysts.
Among these three C-S bond compounds, HMS is the main product, FE can reach 6% maximum.
In-situ XRD showed that Cu® is the active species for C-S coupling process. Operando Raman and
DFT calculation further showed that *CHOH is the key intermediate in the C-S bond formation,
and the coupling between *CHOH and SOs% is the rate-determining step. The discovery of
reaction intermediates opens up the possibility of designing highly efficient catalysts, which can
promote the application of this reaction in real industries. Also, this reaction provides a new
possibility to synthesize C-S bond products, which have the potential to partially replace

traditional organic synthetic routes with greener and more sustainable procedures.

Keywords: Furfural reduction, CO; reduction reaction, Operando Raman, in-situ infrared

spectroscopy, mechanism.
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Chapitre 1 — Introduction

1.1 Background

Since the 19th century industrial revolution, the demand for energy has increased to meet the
development of society’. Currently, 85% of primary energy sources rely on fossil fuels (34%
petroleum, 27% coal, and 24% natural gas)?3. However, fossil fuels are not sustainable, and the
consumption rate is much higher than the formation speed, which will lead to energy crisis®™*.
Moreover, the combustion of fossil fuels also causes environmental problems such as air pollution,
or greenhouse effect, which threaten the existence live on earth?°. Thus, developing the next
generation of sustainable and clean energy to substitute fossil sources is urgent®. In the past few
decades, several renewable energy sources have been investigated and applied in industrial
production and life, for example, solar, wind, geothermal, ocean, and nuclear energy, even
though their percentage in total energy consumption is still low (<5%)%*%. In addition, these energy
sources have some limitations: most of them are geographical, seasonal, and intermittent, and
thus for future applications, they should be converted or stored in another form?2. Electricity,
when generated from renewable sources, may be environmentally friendly but must be stored if
not immediately used. In addition to storage in the form of batteries, electricity can be also used
for synthesizing clean fuels such as ethanol, ethylene, or biofuels, which are capable of storing

energy in chemical bonds>”’.

Electrochemical biomass reduction is a promising method that can be used to store electrical
energy in biofuels (Figure 1.1). Biomass feedstocks involve edible biomass (e.g., sugar, grains,
seeds) nonedible biomass, (lignocellulose, e.g., cereal straw, sugar cane bagasse, and organic
waste), and microorganisms (e.g., algae), that are abundant in nature?8. Among these biomass
building blocks, lignocellulose is more attractive because it can be recycled from agricultural
waste, a system which may reduce environmental pollution and avoid using food to produce
fuels?. For example, the acid-catalyzed hydrolysis of agroindustrial waste (e.g., corncob and oat
hull) can produce xylose, which can be further dehydrated to fabricate furfural®, which is a

typically platform molecule. Furfural (FF) derivatives such as furfural alcohol (FA) or 2-
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methylfuran (MF) can be obtained by electrochemical hydrogenation of furfural, which can be
used as clean biofuels, or used as useful chemical substrates in polymer and pharmaceutical
industries'®. Both of these applications can alleviate reliance on fossil fuels because right now the
production of chemicals also depends on the separation of fossil fuels. In summary, Biomass
reduction can be used to produce valuable chemicals and energy carriers in a green way, it's

beneficial to the circular economy model?.
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Figure 1.1 - Using biomass as intermedium to store electricity’. Reprinted (adapted) with
permission from {Chem. Rev. 2020, 120, 15, 7219-7347}. Copyright {2020} American Chemical

Society.

In addition to furfural reduction reaction, electrical carbon dioxide (CO2) reduction reaction
(CO2RR) is another successful strategy for utilizing and storing renewable electricity>’ (Figure 1.2).
CO; is a greenhouse gas that is produced from the combustion of fossil fuels, that causes global
warming, ocean acidification, desertification, and some other environmental problems?*>.
Reducing the excessive CO; in the atmosphere is also important for a sustainable economy. In
nature, CO; can be reduced by the photosynthesis process, and transformed into sugar and
provide energy for plants!!. Electrocatalytic carbon dioxide reduction reaction offers a similar
avenue to close the carbon cycle. A variety of products can be obtained by using CO; as a Ci-
building block, such as CO, ethylene (C2Ha), synthesis gas (syngas), which can be used clean fuels

directly to achieve a zero-carbon energy cycle and as a route to the conversion of electricity>®2.
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Figure 1.2 — Illustration of CO, Reduction reactions®. Reproduced from Chem. Soc. Rev.,

2022, 51, 1234-1252 with permission from the Royal Society of Chemistry.

1.2 Furfural Reduction

Furfural (FF) is an abundant building block (production 250000 tons/year) that can be produced
by acid-catalyzed dehydrogenation of xylose from the hydrolysis of xylan-rich agricultural waste
(corncob or oat hull)®0. Valorization of furfural can produce furfural alcohol and 2-methylfuran,
which can be used for producing binders or biofuels respectively®. At present, the hydrogenation
and hydrogenolysis of FF undergo thermocatalytic processes, which need a high temperature and
pressure, also a supply of hydrogen. Electrochemical methods are promising routes to replace
thermocatalysis method because the reaction can be carried out under ambient temperature and
pressures. Hydrogen can be produced in-situ from the electrolyte, and no external H; is needed,
which can reduce energy and cost, as well as avoid the emission of CO, from H; production by
steam reforming. Thus, electrochemical hydrogenation and hydrolysis (ECH) of furfural becomes
an attractive research direction. The reaction pathway of FF to FA and 2-MF is shown in Figure
1.3. Different electrocatalysts, pH of the electrolyte, initial concentration of FF, applied potential

and reaction times can be chosen to synthesize different end products?.
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Figure 1.3 — Furfural reduction reaction pathways2.

1.2.1 Catalysts
A large variety of electrocatalysts have been developed for ECH of FF, including metals (Cu, Ni, Pt,
Pd, Rh, Ru, Pb, Fe, Al, Zn, Cd, Hg, Co, and Ti), alloys (stainless steel, Zn amalgam), oxides (TiOy),
phosphides (Cu or Ni-based nanophosphides), and carbon materials (such as graphite)®. The main
product of Al, Pb, Fe, and C is dimer product, pinacol (electrolyte: 0.5M H,SOs in
water/acetonitrile mixture, -10 mA cm2, Figure 4). For Pt, the prominent product is FA, the
production is similar for FA and MF on Ni. Cu is the only metal that shows a primary production
of MF. In addition to Pt, Pd, Rh, Ru, and Co are also preferential to produce FA as major products
(5% acetic acid in the mixture of 2-propanol and water (1:1))*3. Further, TiO; can be used as ECH
catalyst for producing FA, which show a 61.7% conversion efficiency in 1-ethyl-3-
methylimidazolium tetrafluoroborate ([EMIM]BF4)%4. Besides the intrinsic properties of these
materials, the product distribution can also be affected by morphology. For example, compared
with Cu foil, Cu NPs show a higher FE of MF, but a lower FE of FA. Cu NPs also have higher stability
than Cu foil because they can suppress the formation of furanic polymers. Rational choice and

design of the catalyst are beneficial to the enhancement of FF ECH®.
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Figure 1.4 — Products distribution of furfural reduction with different catalsyts'3. Reprinted
(adapted) with permission from {ACS Catal. 2020, 10, 5, 3212-3221}. Copyright {2020}

American Chemical Society.

1.2.2 pH value

Lopez-Ruiz et al. found that the major product over Cu is FA, which is different from previous
works with similar catalysts!®. This is because of different reaction conditions. When the
electrolyte is near neutral, FA will be produced instead of MF. This result shows that choosing a
different pH can modify the product distribution of ECH of FF. On Cu electrode, when the pH
increases, the production of FA increases linearly, and the selectivity of MF decrease. When the
pH is lower than 3.4, the major furanic product is MF. From pH 3.4 to 10, FA is the main product!’.
A similar trend is observed over Ni electrodes®®. Different electrolytes (using HCl instead of H,S04)
were used to confirm the function of pH and exclude the effect of anions'’. At the region above
pH 10, FA is still the main furanic product?®, but the selectivity of furanic product is low because
of its low stability in high alkaline conditions'®. The relationship between pH and the selectivity of

different furanic products is shown as Figure 1.58.
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Figure 1.5 — Effect of different pH on the selectivity of FF reduction®. Reprinted (adapted) with
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Society.

1.2.3 Applied potential, initial concentration of FF, and reaction time
The effect of potential, initial concentration of FF, and reaction time on selectivity is shown in
Figure 1.6. The recommended applied potential of FF is from -0.5 V to -0.65 V vs. RHE. When the
potential becomes more negative, HER side reaction becomes dominant, consuming the
electrons and lowering the selectivity of furanic products®. Except for the applied potential,
controlling the reaction time is also important because MF and FA will degrade (especially in
strong acid conditions, pH 0-1) or undergo self-polymerization or self-condensation reactions if
the reaction time is too long (over 5 h). The degree of decomposition and polymerization depends

on the initial concentration of FF8.

The best concentration of FF for producing FA and MF is 20 - 200 mMB&. If the concentration of FF
is lower than 20 mM, H; is the dominant product. When FF concentration is higher than 200 mM,
dimerized hydrofuroin such as resins are the major products, and the selectivity of MF and FA
decrease?’. This phenomenon is observed for different materials and reaction conditions, thus
optimizing the initial concentration of FF is key to tuning the product distribution of FF reduction

reaction.
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Figure 1.6 — Effects of different reaction time, initial concentration of furfural, and applied
potential on the selectivity of FF reduction reaction®. Reprinted (adapted) with permission

from {ACS Catal. 2020, 10, 5, 3212—-3221}. Copyright {2020} American Chemical Society.

1.3 CO, Reduction Reaction

In 2018, 195 countries and regions co-signed the Paris Agreement. With this, they reached a
consensus to achieve net zero carbon emission in the second half of this century. To accomplish
this goal, numerous studies have focused on CO; conversion to prevent releasing excessive CO;
into the atmosphere. Among these different CO; fixation methods, electrocatalytic CO2RR is a
viable avenue for closing the carbon cycle?!, which can use CO; captured from the atmosphere or
industrial waste gas as feedstock, and renewable electricity to provide the driving force to
produce fuels or value-added chemicals. In general, the products of CO;RR are the mixture of
carbon species, which include C; products such as carbon monoxide (CO), methane (CHa), formate
(HCOOH"), methanol (CH30H) and C+ products, ethylene (C2Ha), ethane (C2Hs), acetate (CH3COO"),
ethanol (C;HsOH), propanol (CsH;0H), and etc’. The equations and standard potentials of these

reactions are listed in Table 1.122,

Table 1.1 - Equations of CO2RR?2,
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Half-electrochemical thermodynamic reactions Standard reduction potentials

(V vs. SHE)
COxg)+4H +4e — C(s) +2 H20 (1) 0.210
COx(g) +2 HxO(l) +4e — C(s) +4 OH -0.627
COx(g) +2 H" +2 ¢ — HCOOH(]) -0.250
CO2(g) +2 H20(1) + 2 e — HCOO  (aq) + OH" -1.078
COx(g) +2H" +2 e — CO(g) + H20(1) -0.106
CO2(g) +2 H20(1) +2 ¢ — CO(g) +2 OH" -0.934
COx(g) +4 H' +4 ¢ — CH,0(1) + H20(1) -0.070
CO2(g) + 3 H20(1) + 4 ¢ — CH20(1) + 4 OH" -0.898
CO2(g) + 6 H" + 6 ¢ = CH30H(1) + H20(1) 0.016
CO2(g) + 5 H20(1) + 6 e — CH30H(l) + 6 OH" -0.812
COx(g) + 8 H" +8 e — CHa(g) + 2 H20(1) 0.169
CO2(g) + 6 H20(1) + 8 e — CHa(g) + 8 OH" -0.659
2 COx(g) +2 H" + 2 & = H2C204(aq) -0.500
2 COx(g) +2 e — C204% (aq) -0.590
2 COx(g) + 12 H" + 12 ¢ — CH2CHx(g) + 4 H20(]) 0.064
2 COx(g) + 8 H20(1) + 12 ¢ — CH2CHz(g) + 12 OH" -0.764
2 COx(g) + 12 H" + 12 e — CH3CH20H(1) + 3 H20(1) 0.084
2 CO2(g) + 9 H20(1) + 12 ¢ — CH3CH20H(1) + 12 OH" -0.744

A typical CO2RR system includes a cathode, an anode, an electrolyte, and a membrane (Figure
1.7). The cathode is the electrocatalyst for CO2RR, on which different products are generated,
and it depends on the properties of the materials. The function of the electrolyte is to transport
charged species and to facilitate the migration of CO; to the cathode surface. On the anode, an
oxidation reaction occurs, such as the oxygen evolution reaction (OER). The cathode and anode

are separated by a membrane, which can prevent the CO2RR products diffusion to the other
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compartment, and maintain the charge balance of the two compartments. By changing different

electrocatalysts, electrolytes, and applied voltage, the selectivity of CO2RR can be tuned®.

Anode reaction Cathode reaction
2H,0 —> 2C0, + 4H" + 4e~
O, +4H" + 4e” —> 2CO +2H,0

O,-evolution (] CO,-reduction
electrocatalyst L electrocatalyst
(Anode) (Cathode)

Membrane

Electrolyte

Figure 1.7 — lllustration of CO2RR reaction system®. Reproduced from Nature Catalysis volume

2, pages648—658 (2019) with permission from the Springer Nature.

According to the potentials of these reactions (Table 1), different products can be obtained by
changing the applied voltages. But in practice, the existence of overpotential (the difference
between the applied potential and equilibrium potential) leads to a requirement of higher energy
input than the thermodynamic ideal to drive the COzRR. This is because CO, molecules are stable,
dissociation energy of C=0 bonds is high (750 k) mol?), and further leads to a high energy barrier>®.
COzRR suffers a low reaction rate because of this high activation barrier. In addition, when CO2RR
is conducted in an aqueous solution, the reaction involves multiple proton coupled electron
transfer (PCET) processes, which leads to the variety of the reaction pathways, and this further
results in limited selectivity and difficulty of the investigation of the mechanism. Finally, as the
required thermodynamic energy of CO2RR is comparable with hydrogen evolution reaction (HER,
equation 1), strategies to suppress the HER side reaction should be considered, because it also

consumes electrons and lower the performance of CO,RR*>.

2H* +2e = H, (1)
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1.3.1 Influencing factors on performance of the reaction
To make carbon dioxide reduction meet the conditions of industrial application, a high reaction
rate, high selectivity, and long duration should be achieved. We can optimize the reaction
condition via rational designing electrocatalysts, changing the constituents of the electrolyte, and

using different electrolysers to accomplish this goal.
1.3.1.1 Electrocatalysts

1.3.1.1.1 Homogenous Catalysts
During the past few decades, various electrocatalysts were developed for CO;RR. These
electrocatalysts can be classified into two categories: heterogeneous catalysts, and homogenous
catalysts (Figure 1.8). The performance of a homogenous catalyst can be easily tuned by changing
the metal center or organic ligands, and its reaction mechanism is also easy to characterize?,
which makes it become an attractive fundamental research direction. In nature, carbon monoxide
dehydrogenases (CODHs) can catalyze the reaction of CO and H,O into CO,, protons, and

electrons reversibly by equation 224

CO + H,0 = CO; + 2H* + 27 (2)
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Figure 1.8 — CO2RR mechanism of (a) homogeneous, (b) immobilized, and (c) heterogeneous
catalyst system?°. Reprinted (adapted) with permission from {Acc. Chem. Res. 2020, 53, 1,
255-264}. Copyright {2020} American Chemical Society.

CODHs have two basic categories: One has NisFesS as active sites from the anaerobic bacteria
Carbonxydothermus hydrogenoformans, and another is Mo-S-Cu active sites which separated
from Oligotropha carboxidovorans aerobic bacteria?®?’. The reaction pathway is shown as
followed (Figure 1.9a). Inspired by this, a series of homogenous catalysts were designed to mimic
the active sites of CODHs and to be used for CO2RR. For example, a copper complex, [Cuz(m-
PPhabipy)2-(MeCN)2][PFe]2, 22, (PPhabipy = 6-diphenylphosphino-2, 20 -bipyridyl), and its pyridine
analog, [Cu2(m-PPh2bipy)2-(py)2][PF6],, 2 (Fig. 1.9b), were synthesized for CO2RR. CO was the
only gas product. The catalyst was stable for 24h, and the turn-over frequency (TOF) is higher
than 2 h't. Chronoamperometry showed that the rate constant kcoz2 of 1 (0.6 M* s1) is higher than
2 (0.1 M s1). These results showed that the changes in the ligands can change the electron

transfer kinetics of CO2RR and affect the activity?®.
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Figure 1.9 — Reaction mechanism of anaerobic CO dehydrogenases?®.

1.3.1.1.2 Heterogenous Catalysts
Although homogenous catalysts have many advantages, they still suffer a low conductivity
(sluggish electron transfer) and stability, which limits their application in industry. Heterogenous
catalysts can overcome these issues?3. Heterogenous catalysts include metal electrocatalysts,

transition metal oxides, transition metal chalcogenides, and carbon-based materials. According
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to the final products and tendency to bind different intermediates, metal electrodes can be
divided into three groups. Group 1 includes Sn, Hg, Pd, and In, which are capable to produce
formate as the predominant product. Au, Ag, Zn, and Pd belong to group 2. Because their binding
strength with the *CO intermediate is weak, CO can desorb from the surface of these electrodes
and become the main product. Cu is the only metal in group 3, which has a moderate interaction
with *CO (based on the principle of Sabatier, Figure 1.10), and it can promote C-C coupling and
produce more valuable multicarbon (Cz+) products. However, using bulk Cu (such as Cu foil)
requires a large overpotential (nearly 1 V), the selectivity of the product is low, and the
deactivation of the catalyst is fast. Thus, we need to modify the Cu electrode (by changing the

morphology or composition) to achieve higher performance®%°.

109" d : e 3
i|@ -0.80+0.05 V vs RHE | ,‘1.:Au .
> 7% hJ ]
.‘é 11 ,” \\ Ag .!
o : a” CU. F\ ]
g? 0.14 .7 N
eSS ip"-T -
330.01! ."N e
© ;
, : 2 COl(g ]
8 0.001'! 3
0.0001 4, _ , i ! d

Figure 1.10 — Volcano plot of the current density for ECR at -0.8 V vs CO binding strength?°.
Reprinted (adapted) with permission from {J. Am. Chem. Soc. 2014, 136, 40, 14107-14113}.

Copyright {2014} American Chemical Society.
Cu nanoparticles (NPs)

Cu NPs, usually exhibit higher activity than bulk Cu because of their distinct electronic and
chemical surface properties (higher surface area). The performance of Cu NPs can be tuned by
changing the size or shape?!. When the size of Cu NPs becomes smaller, CO,-to-CO selectivity can
be enhanced because of the increase of low-coordinated atoms. The low-coordinated atoms can
affect the binding strength of the reaction intermediates and leads to a change in selectivity. But
HER was also enhanced, and the C-H products selectivity decreased. This is because low

coordinated sites have a strong binding with both *CO and *H, which can promote the formation
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of CO and H,. Meanwhile, the hydrogenation of *CO is suppressed because the mobility of *CO

and *H are reduced, which leads to a decrease in the FE of C-H products°.

The shape of the catalyst is also capable of influencing CO2RR activity and selectivity because it
can change the exposure to different facets. For example, in a face-centered cubic (FCC) Cu with
a cubic structure, Cu(100) is the dominant facets!. It resulted in higher selectivity of C;Hs and
suppressed the formation of CHa4. Authors found that when the shape of Cu cubes was changed
with the increase of the reaction time, Cu(100) gradually disappeared and led to a lower
selectivity of C2Ha, which proves (100) facets are beneficial for C-C coupling process3'. Compared

with Cu(100), (211) facets are preferential for CH4 production, which proved by DFT calculation®?.
Oxide-derived Cu (OD-Cu) catalysts

OD-Cu, which is normally produced by the in-situ reduction of copper oxide, shows a lower
overpotential and higher Cy. selectivity. But the reason for the performance enhancement of OD-
Cu is still debated?!33. Experiments confirmed that the residual oxygen was negligible after CO2RR
reaction, while theoretical simulations revealed that (sub)surface oxygen, Cu* (the existence is
proved by operando XAFS), and Cu® are beneficial to the activation of CO; and dimerization of CO,
which might be a factor for improving the efficiency and selectivity3*. Another possibility is
(sub)surface oxygen and grain boundaries improve the stability of *CO;", which results in higher
activity and selectivity®. Electrochemically active surface area (ECSA) should also be considered
as one of the factors on the performance of the catalyst, but it’s difficult to confirm because of
the complexity of the heterogeneous active sites33. Although there still exists doubt about the

exact active sites, OD-Cu still deserves to be investigated because of its high performance.
Cu-based bimetallic catalysts

Incorporating secondary metal into Cu to form metal alloys is an alternative way to tune the
activity and selectivity of CO2RR?!. Compared with bare Cu, bimetallics show a different CO2RR
performance because electronic effects (electronic structure changes), geometrical effects
(different atomic arrangement of actives sites), and strain effect, which alters the binding strength
and adsorption way of the intermediates by changing the d-band center. According to the

different intrinsic properties, content and distribution of the secondary metal, the performance
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of bimetallic catalysts are different. For instance, CuPd catalysts showed higher activity and
selectivity of CO2RR, the main products are CO or C;Hs, which depends on the distribution of Pd.
The authors proposed that geometric effect instead of electronic effects is the key point for the
enhancement of C;Hs production. They used surface valence band photoemission spectra
confirms that phase separated CuPd has a lower d-band center, and Cu shows a higher d-band
position than CuPd, but they have similar activity and selectivity, which excludes the electronic
effect on the performance. Ordered and disordered CuPd show a higher CO production, which is
due to the desorption of CO being promoted by the changes in the electronic structure of Cu

neighboring the Pd (Confirmed by DFT results)3®.

1.3.1.2 Electrolyte
In addition to electrocatalysts, the electrolyte is another factor that can impact the CO2RR
performance?!. The intrinsic properties of the solvent (aqueous or non-aqueous), the
concentration, pH value, species, and buffer capacity affect the local reaction condition and
further influence the activity and product distribution of CO,RR33. Understanding these effects is

beneficial to the design of a highly efficient CO2RR reaction system3’,

1.3.1.2.1 Organic solvents
CO; shows a higher solubility in organic solvents than water, and it can also avoid competitive
HER reaction, and improve the selectivity of carbon species. Moreover, organic solvents can
produce higher valuable Cy: species, such as oxalate, glycolic acid, glyoxylic acid, and tartaric
acid3®. Common organic solvents include acetonitrile, dimethylformamide (DMF), dimethyl
sulfoxide (DMSO), hexamethylphosphoramide, methanol, propylene carbonate, and
tetrahydrofuran (THF). Although organic solvents have lots of advantages, the price, toxicity, and
safety hazard should also be considered for the applications. In addition, compared with water,
organic solvents require a large overpotential for the formation of CO,~, which also limits their

application?’.

1.3.1.2.2 Aqueous electrolyte
For sustainability, it’s better to use water instead of organic solvents. Common aqueous

electrolytes include alkali and ammonium salts of borates, (bi-)carbonates, halides, hydroxides,
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(dihydrogen-, hydrogen-)phosphate, and (hydrogen-)sulfates3”:3%-41, Different concentrations, pH,
cations, and anions can change the current density, overpotential, and FE of CO2RR reaction

system?’. In the following part, we’ll discuss this in detail.
Concentration and pH

Increasing the centration of the electrolyte can improve the conductivity of the electrolyte, it can
also change the CO; solubility and pH. Higher solubility improves the CO2RR efficiency because of
the increase in the reactant. pH value can change the product distribution when using Cu as an
electrocatalyst. Methane is preferably formed at low pH values, Cy:+ products (C;Hs, CoHsOH,
C3H70H) predominate under higher pH values. The formation of CHs undergoes hydrogenation of
*CO, which is the rate-determining step, it depends on the concentration of protons. This is why
CH4 needs a low pH environment, and this process is pH dependent. However, for C,+ formation,
the rate determining step (RDS) is C-C coupling, which is achieved by the dimerization of *CO.
Under alkaline conditions, hydrogenation of *CO is prohibited because of the low proton
concentration, more *CO accumulates which favors C-C coupling. Thus, a higher pH is beneficial

to produce Ca+ products.
Cations and anions

Different ions in the electrolyte are also able to affect CO2RR selectivity. Some studies show that
on Cu electrodes, larger cations (e.g. Cs*) result in higher CO2RR rates, lower overpotential, and
Ca+ selectivity because the hydrolysis effect result in an increased buffering (lower local pH) and
local concentration of CO; near the electrode surface. This result is evidenced by operando
surface enhancement Raman and infrared absorption spectroscopy. Also, DFT calculation
confirms that *OCCO and *OCCOH are more stable than *CO because of the cation effect, which
also has a significant effect on C,+ production3®. Anion (especially halide) effects have also been
investigated on Cu, and the enhancement of CO,RR with the addition of halide is because of the
changing of electronic structure and the suppression of the proton adsorption. The product
distribution can be changed by the size and concentration of anions. The enhancement of CO2RR

is followed by the order of F<Cl'<Br<I. Anions increase the coverage of COaqgs on the catalyst
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surface, which further promotes the protonation of COaq4s, and increases the FE of hydrocarbons

as well as Co+ products®.
1.3.1.3 Reaction cell

1.3.1.3.1 Hcell
At present, most of the CO2RR are conducted in an H cell. An H cell contains two chambers: an
anode and a cathode chamber, which are separated by ion exchange membrane. The electrolyte
is liquid, only cations or anions can pass through the membrane. Normally, a three electrode
system is chosen, the counter electrode (CE) is set in the anodic part, the working electrode (WE)
and reference electrode (RE) are set in cathode side. By this configuration, carbon species
produced on WE cannot be reoxidized on CE, which can achieve a higher CO2RR efficiency than
the unseparated electrolyzer. Although this reaction system is simple and stable, it also suffers
from low current density, because the reactant relies on the solubility of CO; in the solvent, which
limits its application. Thus, an alternative reactor is needed for the industrial application of

CO2RR%3.

1.3.1.3.2 Flow cell
Flow cells can be divided into liquid-phase, gas-phase, and solid oxide flow cells (Figure 1.11). Like
H cells, flow cells also contain anodic and cathodic two compartments. The main difference
between these electrolyzers is electrolytes. Liquid-phase electrolyzers utilize a flow of liquid
electrolyte (e.g., KHCO3, KOH, ionic liquids, etc.), in both cathode and anode chambers. Two
chambers are also separated by a membrane, such as cation-exchange membrane (CEM), anion-
exchange membrane (AEM), or bipolar membrane (BPM). CO; gas flow and catholyte are
separated by cathode, and the reaction occurs on a gas-liquid-solid triple-phase interface of
cathode catalyst layer because of the cathode contacts with both electrolyte and CO; gas flow,
then carbon products form and come out. By this method, the limitation of the low solubility of
CO, is overcome, which can improve CO;RR efficiency. In a gas-phase electrolyzer, the
configuration is similar to the liquid flow cell, the only difference is that the electrolyte of the
cathode side is the water from humid CO; or the liquid from the diffusion of the anode chamber,

and no extra electrolyte is added in the cathode chamber. It also contains CEM, AEM, or BPM.
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The limitation of this cell is the accumulation of liquid products in the gas diffusion electrode,
which can inhibit CO; diffusion to the catalytic layer of the cathode. For solid oxide reactor, there
is no liquid electrolyte or membrane, the cathodic and anodic compartments are separated by
metal oxide, and a high temperature is needed for this cell, which will consume more energy and

may further increase the cost*3.
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Figure 1.11 — Schematics of traditional H cell, liquid-phase electrolyzer, and gas-phase
electrolyzer®3. The figure of Adv Mater 31, e1807166. Copyright (2019) Wiley-VCH Verlag

GmbH & Co. KGaA. Reproduced with permission.

1.3.1.3.3 GDE cells
Although flow cells show higher current density and selectivity than H cells, they still have some
disadvantages: solid oxide reactors need high temperatures, the gas-phase flow cell will be filled
by liquid products, and liquid-phase flow cell architecture is complex, pumps are needed to add
electrolyte into the chambers and make a cycle. The gas diffusion electrode (GDE) is the heart of
flow cells because it eliminates the limitation of the low solubility of CO2 and enhances COzRR.
Thus, we design a GDE cell instead of flow cell to conduct CO2RR to simplify the configuration of
flow cell. The illustration of a GDE cell is shown as follows (Figure 1.12). GDE contains three parts:
microporous substrate (MPS, bottom), microporous layer (MPL, middle), and catalyst layer (top).
The function of MPS is to support the catalyst, transport electrons, and allows the diffusion of

CO; to the surface of the catalyst. Common MPS materials are conductive carbon fibers or
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titanium foam coated with hydrophobic materials, like polytetrafluoroethylene (PTFE), which can
prevent the electrolyte penetrate the MPS and obstruct the diffusion of CO,. MPL is used to
improve the interfacial electrical connection and to avoid flooding in the GDE. MPL is a mixture
of PTFE and carbon black. CO2RR will occur on the catalyst layer. It can be obtained by a physical
deposition method, growing the catalyst directly on the electrode, or drop-casting the mixture of

ionomer binder and catalyst powder*3,
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Figure 1.12 — Configuration of GDE cell****, The figure of Adv Mater 31, e1807166. Copyright
(2019) Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission. Material from: 'J. Li
et. al., ELECTROCHEMICAL FORMATION OF C—S BONDS FROM CO2 AND SMALL-MOLECULE
SULFUR SPECIES, NATURE SYNTHESIS, published [2023], [Springer Nature]'. Reproduced with

permission.

1.3.2 Reaction pathways

For a better understanding of the effects of the reaction condition on selectivity and activity, and
designing the next generated highly efficient catalyst, understanding the reaction pathways is
essential for the development of CO2RR. Combining calculation and experiments, the mechanisms

of the formation of C; and C,:+ products are proposed. Detailed mechanisms of the reaction

47



depend on the intrinsic properties of the catalysts and reaction conditions, thus we only discuss

the general reaction pathways in this section.

1.3.2.1 C; pathway
Formation mechanism of CO: The first step of CO2RR is the activation of CO, molecular through

proton-coupled electron transfer (CPET) to form *COOH intermediate (equation 3)33.
*+CO2+H"+e — *COOH (3)

For the formation of CO by CO;RR, the *COOH intermediate reacts with a proton and an electron
to form *CO. If the interaction between the catalyst and *CO is weak, CO will desorb from the

surface of the catalyst and form the final product of CO®.

The mechanism of the formation of formate or formic acid includes two pathways: one is that the
CO; molecule undergoes the CPET process to generate *OCHO intermediates (equation 4), and
then *OCHO reacts with protons or electrons to generate formic acid or formate. The other is to
generate HCOO- through the hydride transfer mechanism, then desorb to form formate or react

with protons to form formic acid®.
* +CO, + H* + & — *OCHO (4)

The initial process of the generation mechanism of methane, methanol, and formaldehyde is
similar to the CO generation step. The difference is that the interaction strength between *CO
and the catalyst is different, so the subsequent reactions are different, resulting in different
products. Firstly, CO; will be activated to generate *COOH, then *COOH will be dehydrated to
form *CO. If the interaction between *CO and catalyst is strong, CO molecules will not desorb,
and *CO will further react with proton and electron to form *CHO or *COH. Finally, *CHO or *COH
will interact with many protons or electrons through different pathways to form methane,

methanol and formaldehyde, respectively33.

1.3.2.2 C; pathway
The formation mechanism of ethylene, ethanol, and acetaldehyde: It is generally considered that

the path through which the C; product is generated has the same intermediate, that is *CH,CHO.
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The formation process of the intermediates is as follows: When the interaction between *CO and
the catalyst is strong, *CO will undergo carbon-carbon coupling reaction, to form *OCCHO.
Subsequently, this intermediate will react with protons or electrons to form *CH,CHO. *CH,CHO
can further undergoes hydrogeneration reaction to form ethanol or acetaldehyde, and ethylene

will be produced by hydrogenolysis reaction3346,

The formation mechanism of acetate: Acetic acid is considered to be a by-product in the path to
ethylene. It is formed by the isomerization of the three-membered ring species (*OCH,COH)

adsorbed on the surface of the catalyst and the coupling of different adsorption intermediates®’.

The formation mechanism of propanol and propionaldehyde: There are few studies on the
formation mechanism of C3 and C3. compounds33. Propanol and propionaldehyde are formed by
carbon-carbon coupling between CO and C;Ha precursors. In addition, the polymerization of
carbon-active intermediate species adsorbed on the surface of the catalyst is also considered to
be another mechanism for the formation of multiple-hydrocarbon products. There is still a lack
of mechanistic work on the formation of Cs:+ compounds so far. The scheme of the reaction

pathway is shown in Figure 13°.
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Figure 1.13 — CO2RR roadmaps for different products®. Reproduced from Chem. Soc. Rev.,

2022, 51, 1234-1252 with permission from the Royal Society of Chemistry.

1.3.3 Techniques for investigating mechanism of CO2.RR

As we mentioned above, understanding the mechanism and the effect of CO2RR is essential for

designing next-generation highly efficient catalysts®. In-situ techniques can be used for

investigating the evolution of the catalysts (active sites) during electrolysis process (such as in-

situ X-ray Diffraction (XRD), X-ray Photoelectron Spectroscopy (XPS), X-ray Absorption

Spectroscopy (XAS), Transmission Electron Microscopy (TEM)), the surface-bound reaction

intermediates during the reaction (e.g., in-situ Raman, infrared (IR) or UV-vis), and the dynamics

of the reaction (in-situ mass (MS) spectrometry to analyze the products in real-time)33*. In this

section, we will discuss the commonly used in-situ techniques in detail, operando Raman and IR,

and briefly introduce some other useful in-situ techniques.
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1.3.3.1 Optical spectroscopy

1.3.3.1.1 Operando Raman
Raman is one of the optical spectroscopies which can provide information about the structure of
the molecules based on the rotation and vibration states of different molecules, by detecting the
frequency of inelastically scattered light. Thus, it can be used for analyzing the reaction
intermediates, the valence state changes of the catalysts and the potential active species during
the reaction. Raman has a high sensitivity, especially suitable for aqueous systems because of the
weak Raman scattering of water3. A water-immersion objective can also be used for obtaining a

better signal. The Raman configuration is shown in Figure 1.14%,
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Figure 1.14 — Scheme diagram of operando Raman technique*®. Reproduced from Chem. Sci.,

2020,11, 1798-1806 with permission from the Royal Society of Chemistry.

Duan et al. used in-situ Raman to show that in the Cu®-Cu' tandem catalyst, Cu,0 was reduced to
Cu® during CO2RR, and there exists a Cu-CO bond, which confirms that Cu® species have a strong
interaction with CO*. Yang et al. also used operando Raman to reveal the high activity of the
Cu20 catalyst with nanocavies, which is due to the retaining of Cu* active species®. Zhao et al.
investigated the Raman spectrum of different Cu-based catalysts, Cu foil, Cu micro/nanoparticles,

and OD-Cu, and prove that CuO«/(OH)y is not the active species for C,. oxygenates®..

1.3.3.1.2 In-situ IR
IR is another powerful optical characterization technique that can be used to monitor the
adsorbed species (intermediates) on the catalyst surfaces3°. It is based on the specific adsorption

of molecular vibrations. IR includes four configurations: transmission, diffuse reflectance,
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attenuated total reflection (ATR), and reflection-absorption. In order to minimize the interference
of the electrolyte layer and obtain better signals, ATR-IR is frequently used for investigating the
intermediates during CO2RR. The peak position of ATR-IR reflects the information of the chemical
groups, and the intensity can be used to quantify the content of the corresponding species3*.
Similar to Raman, IR also shows a high sensitivity and fast detection speed. The in-situ IR cell is

shown as Figure 1.15°2,
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Figure 1.15 — Scheme of in-situ ATR-IR>2. Reproduced from Chem. Sci., 2022,13, 3957-3964

with permission from the Royal Society of Chemistry.

Ma and his colleague used in-situ IR and DFT calculations to prove that the key intermediate for
the formation of ethylene on the surface of fluorine-modified Cu catalyst is *CHO®3. Ge et al. used
in-situ IR to reveal the function of surfactant in the CO;2RR reaction. They found that the surfactant
distribution transferred from random to a near-ordered assembly. These ordered surfactants
change the interfacial microenvironment, and further enhance the co-electrolysis of CO, and

H,0%4,

1.3.3.1.3 In-situ UV-vis
Except for Raman and IR, UV-vis can also be used for detecting the organic species or reactive
radicals according to the absorbed peak position. However, the accuracy of the UV-vis is low, and

the test process is long (a few minutes), which limits its application3.

1.3.3.2 X-ray characterization techniques
In-situ XRD is based on Bragg diffraction. It can reveal the evolution of the composition, crystal
structure, and particle size of the catalyst during CO2RR reactions by analyzing real-time

diffraction patterns. The stability, phase transition, and active sites can be inferred based on the
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information. But in-situ XRD can be only used for analyzing crystalline samples, and it is a bulk

technique which means it is difficult to show the surface changes of the catalysts3°°.

In-situ XPS can detect the photoelectrons, which are the electrons excited by photons. The
element types, valence states, and coordination environment can be identified from XPS
spectrum because the photoelectron energy is only related to atomic orbitals. Similar to in-situ
XRD, in-situ XPS can also reveal the evolution of the catalyst and the information about active
sites during CO2RR. But it is a surface technique, which is hard to show the inner changes of the

catalysts334,

In-situ XAS is another surface detection technique that includes X-ray absorption near-edge
structure (XANES) and the extended X-ray absorption fine structure (EXAFS). XANES focuses on
the absorption edge (within +1%), which displays the electron transition from occupied to
unoccupied states, giving the information of valence states of the catalysts. EXAFS reflects the
interference effect between ejected and backscattered photoelectrons and shows the bonding
and coordination environment of the atoms. Thus, it can demonstrate both the catalyst changes
and the information of intermediates during the reaction. It’s the most widely used in-situ X-ray

technique for CO,RR3>34°5,

1.3.3.3 Electron-based characterization and other techniques
Electron-based techniques include electron microscopy (TEM) and detection of electronic signals
by scanning (scanning tunnelling microscopy, STM) or static probes. These techniques can be used
to uncover the catalyst stability, catalytically active sites and help to infer the possible reaction
pathways. For example, in-situ TEM is used to show the morphology changes of the catalyst
during CO2RR®®. Scanning electrochemical microscopy (SECCM) can be used to characterize the
liguid—solid—gas triple interfaces of the working electrode (electrocatalyst) in real time, providing
the evolution of crystal facet and grain boundary. The configuration of the in situ SECCM is using
scanning tip as a miniaturized electrode (reference electrode and the counter electrode), the
working electrode is investigated by moving the probe across the surface of the electrocatalyst,
the relationship between structural changes and the reaction performance can be recorded,

which can be used for investigating the effect of the reaction environment3>.
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Beyond these techniques, in-situ electron spin resonance (ESR) also plays a significant role in
detecting the radicals formed on the surface of the catalysts. ESR can detect the unpaired
electrons in the molecules because these electrons have magnetic resonance effect under an
applied magnetic field. Thus, it’s a useful technique for studying the mechanism of CO2RR. In-situ
MS shows the catalytic products in real time, which provides the dynamics information of the
reaction. By analyzing the relationship between product distribution and reaction time, a possible

reaction pathway can be proposed3.

1.4 CO;RR for synthesizing organic species with heteroatoms (nitrogen,

sulfur)

In addition to C-H and C-O species, products with heteroatoms such as nitrogen (N) or sulfur (S)
can also be synthesized by CO2RR. Compared with traditional industrial organic synthesis methods,
using CO2RR to synthesize C-N or C-S bond compounds shows these advantages: 1. The reaction
can be conducted at ambient temperature and pressure, which can save energy and cost; 2. The
precursors COz and N or S sources can be recycled from industrial waste gas or water, which can
reduce the pollutants and avoid using fossil fuels as substrate, it’s an environmentally friendly
way; 3. The reaction can be easily tuned by altering the applied potential. As we mentioned above,
product distribution relies on the range of applied voltage, we can synthesize different aim
products by changing the potential. In all, using electrocatalytic CO;RR to synthesize useful
chemicals with heteroatoms is a green and sustainable way that is beneficial to the development

of organic synthesis®’.

1.4.1 C-N bond formation

Constructing C-N bonds is important for organic and medical synthesis because C-N bonds
compounds are prevalent in pharmaceutical reagents, natural products, synthetic intermediates,
and organic materials. Right now, in traditional industrial synthesis method, the formation of C-
N bonds includes C-H/N-X coupling (X = halide, pseudo-halide, including the transition-metal
catalyzed Buchwald—Hartwig amination and Ullman aminations), cross-dehydrogenative coupling

(CDC, C-H/N-H cross-coupling) and radical chemistry method. Among these methods, CDC was
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the most attractive technique, because it can avoid the introduction of a function group before
amination, achieve a high atom efficiency, can be conducted by electrochemical method, which
makes it becomes the most straightforward and green approach for C-N bonds coupling®. Some
works reported that using organic molecules with unsaturated C-C bonds as substrates (such as
alkene, arenes) to produce C-N bond products®>%°, but for these reactions, organic solvents are
needed which may pollute the environment. Also, the organic substrates are separated from fossil
fuels, which is not good for a sustainable economy. Thus, we need to find a reaction that can be

carried out in aqueous and an alternative carbon source that is not produced from fossil fuels.

1.4.1.1 Using CO and NHs as substrates
In 2019, Jouny et al. reported a C-N bond formation reaction by electrolysis of CO under ambient
temperature and pressure with the addition of NH3 in KOH electrolyte®!. Acetamide was obtained
as the C-N bond product, and the FE can reach around 40%. This reaction avoids using organic
solvents, and CO can be produced from waste CO; gas, which makes C-N coupling by CO2RR or
CORR become attractive. Ketene from CORR is the key intermediate of this reaction, which
undergoes an NHs nucleophilic attaction to form *C=C(OH)NH;, and then through a keto-enol
tautomerism form acetamide as the final C-N bond product (Figure 1.16). This reaction can also
be extended by using different N sources, such as methylamine (CH3NHz) and ethylamine
(CH3CH2NH3), and N-methylacetamide and N-ethylacetamide are obtained as C-N bond products.
But CO is a toxic gas for future applications, it’s better to use CO; instead of CO as the precursor

to synthesize C-N bond products®?.
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Figure 1.16 — Reaction mechanism of the production of acetamide by using CO; and NHjs as
precursors®l. Material from: 'Matthew Jouny et. al., FORMATION OF CARBON—-NITROGEN
BONDS IN CARBON MONOXIDE ELECTROLYSIS, NATURE CHEMSITRY, published [2019],

[Springer Nature]'. Reproduced with permission.

1.4.1.2 Coupling CO;, with nitrite (or nitrate)

After the above work, the Shao group reported an electrochemical coupling of CO, and nitrite

(NOy) to synthesize urea in aqueous electrolyte®?. They proposed the possible mechanism of the

formation of urea, CO; is reduced to form *CO on the catalyst surface, and NO, was reduced to

*NH,, the coupling between *CO and *NH; produces urea as the C-N bond product. But the FE of

urea is low, it’s 12.2%. This is because of the following side reactions: *CO can desorb from the

surface to form CO, and *NH; can be protonated to form NHs, also *NO; can form *ONNOH

instead of *NH,, which is the reaction pathway for N, formation. Inspired by this work, a series of
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works has been reported with different catalysts to suppress the above competitive reactions,
and the FEurea can reach 55%°3. In-situ spectroscopy techniques like Raman and FTIR are used for
revealing the direct information of intermediates, and different mechanisms were proposed
based on the spectrum result and DFT calculations. Nitrate (NOs’) can also be used as N source to
replace NOy;, the first step is from HNOs to form *NO,, and then *NO; react with H* and e” to form
*NH,, followed by coupling with *CO or *COOH to form urea, or couple *CO; directly to form

*CO,NO; intermediate, and then react with protons and electrons to form urea®.

Apart from urea, methylamine, and ethylamine are also obtained by co-electrolysis of CO; and
nitrate®®, The reaction pathway for the formation of methylamine and ethylamine are similar.
NOs adsorbed on the surface of the catalyst and forms *NO, then reacts with H* and e to form
NH2OH*. It will condense with HCHO* or CH3CHO* from CO2RR by nuclear attaction, and form
H2C=NOH* or CH3CHNOH*. These intermediates with C-N bonds further react with protons and
electrons to form methylamine and ethylamine. But the FE of amine formation is lower than urea

production, which is only 13% for methylamine and 0.3% for ethylamine®>®,

1.4.1.3 Coupling CO, with N,
N; can also be used as feedstock for C-N bond formation. The Wang group reported using CO;
and N3 as building blocks to synthesize urea®’. In-situ SR-FTIR and DFT calculations show the
reaction pathway of urea. N2 and CO, molecules adsorb on the surface of the electrocatalyst, and
form *N=N* and *CO as intermediates. The coupling between *N=N* and *CO to form *NCON*
is the key step for urea formation, because *N=N* can form *NNH, which is the key intermediate
for NH3 production. In this article, the formation of *NCON* is an exothermic step (-0.89 eV),
while *NNH is an endothermic step (+0.90 eV), thus the formation of urea is preferential, and the
production of NHjs is inhibited. Then *NCON* reacts with electrons and protons to form urea as
the final C-N bond compound. The rate-determining step is the proton-coupled electron transfer
process from *NCONH; (or *NHCONH) to *NHCONH,. Although the formation of urea is
thermodynamically and kinetically feasible, the FErea is still low (8.92%) because of the difficulty
of the activation of N; and CO; molecules. In the following works, FEurea can reach 20.97%, which

provides a possibility to be applied in industrial production®®.
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1.4.2 C-S bond formation

Similar with C-N bond products, C-S bond products are also essential in many fields, such as
biology (nonribosomal peptides, enzymes), pharmaceutical industry (antibacterials,
anticonvulsants, and hypoglycemics), agricultural and chemical industries. At the initial stage of
the development of C-S bond coupling, people mainly use organic halides and thiol as precursors
to synthesize C-S bond compounds under free-radicals or metal-catalyzed conditions, while this
kind of reaction suffers a low atom economy®’. C-H bond functionalization and decarboxylative
reactions are potential methods to achieve a higher atom economy’®. However, this reaction still
has some limitations, such as forming a lot of waste, high cost of separation and the catalysts
(most of the publications use noble metals), and the excessive addition of precursors or other
reagents (nonstoichiometric)®®7%. Thus, we need to find a new, cheap, and sustainable way for C-
S bond formation reactions. Wang et al. reported an electrocatalytic dehydrogenative C-H/S-H
cross-coupling method to synthesize organic sulfide at catalyst- and oxidant-free conditions
(Figure 1.17)72. N-Methylindole (3) and 4-chlorothiophenol (4) were chosen as model substrates.
5 obtained an 85% yield. Various thiols and indoles with different substitutes (or other electron-
rich arenes) are used to produce C-S bond products, and achieve a high yield (99%). While for this
reaction, the substrates (N-Methylindole (1 a) and 4-chlorothiophenol (4)) still need to use fossil
fuels as raw materials, and the organic solvent CH3CN is also needed. In the periodic table of the
elements, S has a diagonal relationship with N, which means that S has similar properties to N.
According to the C-N bond formation from co-electrolysis of CO, with N sources, organic sulfides
may also be obtained by coupling CO, with S species such as sulfide. Although there are few
reports about this field, it’s an attractive research direction because it can extend the scope of
COzRR, and it is a green and sustainable method to synthesize C-S bond compounds without using

organic solvents and substrates.
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Figure 1.17 — Electrocatalytic oxidant-free dehydrogenative C-H/S-H cross-coupling with
thiols’2. The figure of Angew Chem Int Ed Engl 56, 3009-3013. Copyright (2017) Wiley-VCH
Verlag GmbH & Co. KGaA. Reproduced with permission.

1.5 Research objectives

Based on sections 1.2 and 1.4, furfural reduction and CO2RR are promising methods to solve the
energy crisis and environmental problems, and also benefit the development of organic synthesis,
but there still exist some unsolved problems. For the furfural reduction, although different
catalysts are developed for the reaction, and the reaction conditions are investigated in detail,
the reaction mechanism information is still lacking. As we mentioned in 1.3.3, in-situ techniques
can give us direct information about the evolution of the active species and the reaction
intermediates, thus we aim to use in-situ Raman to reveal the mechanism of FF reduction reaction.
For using CO2RR to synthesize C-N bond, we aim to use CO; instead of CO to conduct the
experiment and use in-situ IR to show the reaction pathways of the formation of C-N products.
Coupling CO2RR with sulfur species to synthesize C-S bond compounds, it is still an unstudied field,
thus we aim to use CO; and sulfide as feedstock to synthesize some organic sulfide molecules,
and use in-situ techniques with DFT calculations to explain the formation of C-S bond products,

and propose the possible key factors for improving the efficiency of the reaction.

Chapter 2: Using electrochemically roughed Cu foil as a model catalyst for the furfural reduction
reaction, we used operando Raman to show the direct information about the reaction
intermediates and the possible reaction pathways. The effects of different facets (single crystal)
will also be investigated to confirm the active sites of the reaction. These experiments can help

us to achieve the accurate tuning of the aim products.

Chapter 3: Coupling CO2 and NHs to synthesize C-N bond products on Cu or CuO nanoparticles.
The effect of different amounts of catalyst, concentration of NH3, pH, cations, and potential are
investigated to optimize the reaction conditions. Using operando IR we identify reaction
intermediates and propose the reaction pathways of the formation of C-N bond compounds,

providing useful information for designing next generated electrocatalysts with high performance.
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Chapter 4: Co-electrolysis of CO; and sulfite in an aqueous solution produces organic sulfonates.

Combining operando Raman and DFT calculation to uncover the key intermediate and the rate-

determining step. Based on the mechanism we can develop a catalyst for synthesizing C-S bond

products in a high yield in future. It will be the first time to report combining CO2RR with the

addition of sulfur species for C-S bond formation.
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Chapitre 2 — Probing electrosynthetic reactions with furfural

on copper su rfaces

2.1 Résumé

Ce travail implique I'utilisation intégrée de |'électrochimie et de la spectroscopie Raman operando
pour sonder la réduction d'une plate-forme de biomasse, le furfural, en produits chimiques a
valeur ajoutée sur des électrodes de Cu. Les résultats révelent des différences structurelles clés

du Cu qui dictent la sélectivité pour I'alcool furfurylique ou le 2-méthylfurane.
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2.2 Abstract

This work entails the integrated use of electrochemistry and operando Raman spectroscopy to
probe the reduction of a biomass platform, furfural, to value-added chemicals on Cu electrodes.
The results reveal key structural differences of the Cu that dictate selectivity for furfuryl alcohol

or 2-methylfuran.

2.3 Introduction

Given the increasingly evident consequences of unmitigated fossil fuel consumption, there
is a renewed focus on developing alternative energy technologies.! To this end, the
innovation of renewable electricity-driven processes to replace current thermochemical
ones is particularly attractive.?* Ideally, such systems convert abundant reactants such as
water, CO; or biomass (the focus of this work) into the fuels and chemicals necessary to

power modern society.®

At the heart of electrosynthetic technologies is the catalyst which plays a principal role in
determining the system’s efficiency, selectivity, stability, and consequently economic
viability. Underpinning the development of such highly performant catalysts is the
fundamental understanding of how they function at a molecular level. Specifically, the
interplay between applied potential, catalyst state, adsorbed intermediates and
consequently reaction pathway should be uncovered and built upon. Against this
backdrop, this work utilized an approach that combined electrochemical experiments and
operando spectroscopy, that is, spectroscopy performed on the catalytic system as it is

functioning.

The reaction of choice here was the electrochemical reduction of furfural, a biomass
platform readily obtained from the dehydration of sugars.®® While furfural is only
modestly valuable, its reduction products of furfural alcohol (FA) and 2-methylfuran (2MF),
widely used in resin production, flavourings, and alternative fuels.®”° In parallel, we chose
Cu as the electrode material as it is inexpensive and has been shown to be active for such

reactions in the past.1%13 The particular contribution in this work is the novel extracted
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insights into the molecular level reaction mechanism on Cu surfaces through the
evaluation of both roughened and single crystal Cu surfaces and operando Raman

spectroscopy (Fig. 2.1).

Objective

O, .
B o] Laser Raman signal
—H"* ul WE
H,0 RE+ — CE
Cell e Electrolyte

Figure 2.1 - lllustration of the approach of this work in using electrochemistry (a) and
operando Raman spectroscopy (b) to develop a mechanistic understanding of furfural

reduction on heterogeneous Cu electrodes.

In general, the reduction of furfural on Cu surfaces is believed to proceed through
hydrogenation with surface hydrogen species. The kinetics and selectivity of furfural
reduction is also steered by applied potential, reactant concentration, type of electrolyte
and pH used.®101214-16 However, comparatively less is known in terms of how catalyst-

reactant interactions dictate the reaction at a molecular level.

2.4 Result and discussion

As a starting point, we used electrochemically roughened Cu (R-Cu) electrodes as model
high-surface area catalysts which are free of any surface ligands and would also be suitable
to use as surface-enhanced Raman (SER) substrates. R-Cu electrodes were generated by
electrochemically cycling a polished polycrystalline Cu foil, resulting in an oxide-derived R-
Cu material (Fig. 2.1 a).!” This particular roughening procedure was chosen as it was
established a method of reliably generating a SER-active electrode and its high surface
area would be useful for attaining sufficient reaction rates for product quantification.
However, it should be noted that the exact type surface roughness may affect local pH and
reactant gradients, surface electromagnetic fields and the electrochemical double layer

while the valence state and surface crystallinity would play a significant role in determining
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binding energies of reactants and intermediates.’®2! While these effects are not
understood for furfural reduction as they are for more mature areas such as CO2 reduction,
they are nevertheless expected to play a significant role. Generally, the formation of
undercoordinated surface sites, defects, and grain boundaries through the roughening

procedure serves to increase the active site density and consequently the catalytic activity.
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Figure 2.2 - Synthetic procedure of R-Cu (a) alongside of TEM (b), SEM (c), XRD (d) and XPS

(e, f) of the resultant material.

Transmission electron microscopy (TEM) (Fig. 2.2b, 6.1) and scanning electron microscopy
(SEM) (Fig. 2.2c) revealed the prevalence of a flake-like morphology on the surface as a
result of the roughening procedure. X-ray diffraction (XRD) (Fig. 2.2d), X-ray photoelectron
spectroscopy (XPS) (Fig. 2.2e, f) measurements indicated that the R-Cu is predominantly

in the Cu'® state but has a surface covered by an amorphous CuOx layer.
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Figure 2.3 - CV scans of the R-Cu electrodes in the absence and presence of furfural (a) and

product selectivity as a function of applied potential (b).

The R-Cu was first tested in a pH 3 electrolyte in a conventional 3-electrode
electrochemical setup through cyclic voltammetry (CV). In the absence of furfural,
reductive catalytic current due to the hydrogen evolution reaction (HER) initiated at
approximately -0.4V vs. the reversible hydrogen electrode (RHE) (Fig. 2.3a). A noticeable
enhancement in the catalytic current was evident upon the addition of furfural to the
electrolyte in otherwise similar conditions. To initially optimize the reaction conditions,
different amount of furfural was added in the electrolyte and CV curves are recorded.
When the concentration of furfural was 59 mM, the current density was maximal (Fig 6.2a).
Higher concentrations may lead to surface saturation and inhibit proton reduction

necessary for furfural hydrogenation.

Product quantification (NMR for liquid, gas chromatography (GC), for gas) was then used to probe
the reactions occurring. At -0.426 V, the earliest potential in which products accumulated in
sufficient quantities, the main products were FA and 2-MF, alongside of a minor amount of

hydrogen gas (Fig 2.3b).

At more negative potentials, the Faradaic efficiency (FE) for FA and 2-MF decreased
progressively with potential. This occurrence was likely due to an increase of undesirable
reaction pathways involving dimerization or ring-opening reactions driven by the highly
negative applied potentials or homogeneous side reactions occurring in the reaction
medium.'316 While it is not possible to compare directly the efficiencies and selectivity of
this process with hydrogenation of biomass performed via thermochemical methods as
the power input is different (thermal/chemical vs. electric), it must be noted that
thermochemical methods have also attained comparable or even higher selectivities in
similar reactions as this.??2* A recent analysis suggest that there may even be a
technoeconomic advantage for hybrid systems for specific reactions.?> However, while
thermocatalytic reactions are already largely economically practical, typically

electrochemical reactions need to be conducted at 100-100 mA/cm? at 70% or higher
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Faradaic efficiency to be reach that level. While this system is not yet there, improvements

via reactor engineering and catalyst improvement offer a straightforward path forward.

Next, to probe the mechanism of this reaction on the R-Cu surface, we turned to operando
Raman spectroscopy. This technique, alongside of complementary infrared and other
related techniques, is playing a significant role in enhancing the community’s
understanding of catalyst transformations, reaction pathways, and in general, how to

rationally design next-generation materials for electrosynthetic systems.262’

In this experiment, we used a 633 nm laser, custom spectroelectrochemical cells and
immersion objectives to acquire SER spectra but otherwise, the electrochemical
conditions were the same. The resultant spectra were assigned on the basis of previous
theoretical and experimental investigations.?®3° Further, comparison to spectra of the R-
Cuin the electrolyte without furfural present (Fig 6.3) and through surveying the literature

enabled us to verify that the peaks not assigned in Figure 2.4 can be attributed to

electrolyte species.
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Figure 2.4 - Operando SER spectra of furfural reduction on R-Cu surfaces in the low frequency

(a) and medium frequency (b) and high frequency (c) regions.

The spectra are divided into 3 distinct regions: the low frequency region which exhibits
bands related to the catalyst-intermediate bands (Fig. 2.4a), the high frequency region
which features marker bands related to furfural and the products and the high-frequency
region containing the Cu-H stretch. OP denotes the spectra at open circuit and OP-2
signifies spectra at open circuit following the stepped chronoamperometry used for

potential-dependent spectra. First, looking at the low frequency region, the surface of the
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R-Cu is covered by an amorphous layer of oxidized copper (CuOy).1731:32 As the potential is
progressively increased, the CuOx is reduced away to metallic Cu and several new bands
appear. Cu-H intermediates from the reduction of aqueous protons appear, as do Cu-C
and Cu-0 intermediates, the latter two only detected in furfural containing solutions. The
alternative possibility would be that these modes come from different types of surface
sites or binding motifs. In general, unmarked bands are thought to originate from other

electrolyte species as they are present in the spectra of the R-Cu without furfural.

In the medium frequency region, the spectrum at open circuit indicated that the aldehyde
group of furfural was possible hydrated or distorted through interactions with the Cu
surface, as seen before with Ag.?° However, the rest of the furfural marker bands were
easily seen. At progressively negative potentials, the furfural bands disappeared and C=C
bands attributed to FA and 2-MF appeared. Several bands in the 1580-1612 cm™ region
may indicate a distribution of different intermediate on the surface en route to FA and 2-
MF products. Unfortunately, the similarity of the FA and 2-MF spectra made it impossible
to unambiguously distinguish between them. Compared with Figure 2.4b, Raman
spectrum on R-Cu without addition of furfural showed a completely different result (Fig
6.3b). No C species were observed under this condition. This confirms that the peaks which
were observed in Figure 2.4b is attributed to FA or 2-MF intermediates. Because reaction
intermediates were readily seen at potentials more positive than reduction products could
be detected in the bulk reaction, we postulate that the adsorption and initial reduction
steps occur readily once the CuOx layer is reduced away while the rate-limiting steps, in
turn, are the hydrogenation and desorption of the intermediates. Finally, the high
frequency region spectra, containing the typical M-H stretch,®3-3> indicated that hydrogen
species become adsorbed strongly after -0.326 Vgue. This occurs after the Cu-C/O
intermediate bands appear and point to the hydrogenation of the intermediates after their

adsorption being rate-limiting.

Because the R-Cu contained a variety of surface crystal facets and possible active sites, we
sought to utilize single-crystal copper substrates as the next step. Figure 6.2b shows that

Cu (110) showed the highest current density among the three single crystal Cu catalyst.
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The current density of the addition of furfural is higher than without furfural (Figure 6.4).
Using (100), (110) and (111) Cu substrates in an identical configuration as the R-Cu, we
measured the product distribution at -0.526 and -0.726 Vrhue. Interestingly, none of the
electrodes generated any detectable 2-MF and only Cu(110) generated a significant
amount of FA. This last observation indicates that Cu(110) surfaces are like the dominant
component behind FA electrosynthesis under these conditions. In contrast, we
hypothesized that electrochemically generated defects or surface/subsurface oxygen
species remaining after the CuOx layer reduction were primarily responsible for 2-MF
generation. We confirmed this by electrochemically roughening the single crystal Cu
surfaces and testing their activity. Indeed, 2-MF production could be recovered on the
Cu(100) and Cu(111) substrates, through Cu(110) continued to exhibit selectivity for
primarily FA (Fig 6.5). These results effectively establish a surface structural basis of Cu for

directing selectivity of furfural reduction pathways (Fig 2.5).
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Figure 2.5 - Product distribution of single crystal and R-Cu electrodes at -0.526 (a) and -
0.726 VRHE (b).

Combining the above results, we proposed a possible mechanism of furfural reduction. At
the initial stage of the reaction, the copper oxide surface layer is reduced to metallic
copper and protons are reduced to H atoms (Hags) on the metallic surface. In parallel,
furfural adsorbs onto the surface. Subsequently, Hags will interact with absorbed furfural
molecule and hydrogenate aldehyde group leading to the formation of a C-O bond and O-
H bond. If this intermediate desorbed from the surface of the catalyst, FA will form as the
final product. This is the dominant pathway on Cu(110) However, if the molecule is
retained on the surface and the carbon is further hydrogenated by Hags, the alcohol C-O

bond is cleaved and 2-MF is formed. We can rule out the sequential reduction of FA into
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2-MF as significant contributor as no 2-MF products were detected in FA reduction

electrolysis.

2.5 Conclusion

To conclude, 2-MF and FA were obtained as the principal products of furfural reduction
reaction with R-Cu electrocatalysts. Operando Raman spectroscopy illustrated that the
intermediate formation occurred as the CuOx layer was reduced away and enabled the
proposal of a possible reaction mechanism. Investigation of single crystal Cu substrates
demonstrated that Cu(110) has the best selectivity for FA production, while the defects
likely contribute to 2-MF formation. This work puts forth a structural basis to the
relationship between the catalytic activity and active species, key for catalyst design across

a wide variety of electrosynthetic systems.
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Chapitre 3 — Electrochemically Driven C-N Bond Formation

from CO, and Ammonia at the Triple-Phase Boundary

3.1 Résumé

Les techniques électrosynthétiques gagnent en importance dans les domaines de la chimie, de
I'ingénierie et des sciences de I'énergie. Cependant, la plupart des travaux dans le sens de
I'électrocatalyse hétérogene synthétique se concentrent sur I'électrolyse de I'eau et la réduction
du CO;. Dans ce travail, nous avons élargi la portée de |'électrosynthése de petites molécules en
développant un schéma de synthese qui couple CO2 et NH3 a une frontiére gaz-liquide-solide pour
produire des especes avec des liaisons C-N. Plus précisément, en réunissant le CO; de la phase
gazeuse et le NHs de la phase liquide sur des catalyseurs en cuivre solide, nous avons réussi a
former pour la premiére fois des produits formamide et acétamide a partir de ces réactifs. Dans
une étape complémentaire ultérieure, nous avons combiné I'analyse électrochimique et une
méthode spectroélectrochimique operando nouvellement développée, capable de sonder la
frontiere gaz-liquide-solide susmentionnée, pour extraire un premier niveau d'analyse mécaniste
concernant les voies de réaction de ces réactions et le systéme actuel. limites. Nous pensons que
le développement et la compréhension de cet ensemble de voies de réaction joueront un réle
important dans I'élargissement de la compréhension de la communauté des réactions
électrosynthétiques en surface et pousseront cet ensemble de technologies intrinsequement

durables vers une applicabilité généralisée.
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3.2 Abstract

Electrosynthetic techniques are gaining prominence across the fields of chemistry, engineering
and energy science. However, most works within the direction of synthetic heterogeneous
electrocatalysis focus on water electrolysis and CO; reduction. In this work, we moved to
expand the scope of small molecule electrosynthesis by developing a synthetic scheme which
couples CO; and NHjs at a gas-liquid-solid boundary to produce species with C-N bonds.
Specifically, by bringing in CO; from the gas phase and NHs from the liquid phase together over
solid copper catalysts, we have succeeded in forming formamide and acetamide products for
the first time from these reactants. In a subsequent complementary step, we have combined
electrochemical analysis and a newly developed operando spectroelectrochemical method,
capable of probing the aforementioned gas-liquid-solid boundary, to extract an initial level of
mechanistic analysis regarding the reaction pathways of these reactions and the current
system’s limitations. We believe that the development and understanding of this set of reaction
pathways will play significant role in expanding the community’s understanding of on-surface
electrosynthetic reactions as well as push this set of inherently sustainable technologies

towards widespread applicability.

3.3 Introduction

With the increased focus on attaining global sustainability as a means to mitigate climate
change and environmental degradation, the development of green technologies to enable the
transition is increasingly important. Within this context, renewable electricity-powered
electrosynthetic routes towards generating the fuels and chemicals that drive modern society
stand to play a significant role if they manage to displace currently used fossil-fuel dependent
methods.'* While the recent decade of academic research has largely focused on water
electrolysis® and CO; reduction® to generate H, and carbon-based fuels, respectively, there is no
reason that the scope of heterogeneous electrosynthesis needs to be limited to these reactions.
In principle, almost any commodity chemical can be synthesized from abundant small molecule
building blocks (N2, H20, CHa, biomass...) if the proper catalytic system would be developed.” The

difficulty in realizing this ambitious aim is that at this point, only relatively simple electrosynthetic
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reactions over heterogeneous catalysts are well-understood and can be carried out at high rates

and selectivity.

To this end, we moved to develop electrosynthetic routes to C-N bond formation using CO; and
NHs as model building blocks. In general, despite the biological, societal and technological
importance of many chemicals containing C-N bonds®1!?, the area of electrochemical C-N bond
formation is very nascent. While biological'?1* and chemical®*® routes are established, only few
examples exist in carrying out C-N coupling on heterogeneous electrocatalysts. Thus, new
reaction schemes and mechanistic insights in this context stand to provide a significant boost to
the community'®2?, In the context of heterogeneous catalysis, urea has previously been
synthesized from co-electrolysis of N2 or nitrate together with C0,.171%20.22 g-keto acids have
been converted into amino acids with hydroxylamine as a N-source.”® Further, CO was co-
electrolyzed with a series of different amines to generate amide products®®. Finally, a host
biomass-derived furans were reductively aminated to produce to amine derivatives.?! To expand
the scope of possibilities of heterogeneously catalyzed C-N bond formation, we have developed
a novel electrosynthetic scheme. Here, NH3 from the liquid phase would react with CO; from the
gas phase over a heterogeneous Cu catalyst at a gas-liquid-solid boundary (Fig.1). As such, we
generated formamide and acetamide from CO; and NHs for the first time, opening up a new
avenue to the research community. Through quantitative reaction analysis and newly-developed
infrared spectroelectrochemical investigations, we have built up a set of mechanistic insights in
terms of elucidating reaction pathways and performance limitations, thus enabling the rational

design of next-generation electrosynthetic systems.
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Figure 3.1 - lllustration of electrosynthetic strategy for on-surface C-N bond formation. A gas

diffusion electrode was employed in which the reactants were simultaneously brought in from
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the gas phase (CO2) and from the liquid phase (NHs) and reacted over a solid Cu catalyst onto
which an electrochemical potential was applied. This configuration enabled the generation of

formamide and acetamide C-N bond containing products.

3.4 Results and discussion

3.4.1 Catalyst Construction :

As a starting point, we selected two types of commercially available copper catalysts, Cu
and CuO nanoparticles, for use in our study. Copper was selected as the element of choice
because it has an intermediate binding energy to many carbon-based species.?* This is a favorable
metric in CO; reduction because it enables the retention of surface intermediates en route to the
formation of highly reduced products like ethylene. At the same time, the binding strength to the
intermediates is not too high to poison the surface. Thus, we reasoned that the same argument
would apply in retaining CO2 reduction intermediates long enough for their coupling with NH3
would hold. While there is a plethora of studies of Cu-based catalysts and how defects, surface
crystallographic facets, ligands, oxygen species and more dictate reaction pathways, we chose to
leave such catalyst modifications for future follow-up works given the novelty of this reaction
path.?* The one variable that we did choose to investigate was the use of CuO as a starting
material, which, when reduced to Cu under cathodic potentials, would likely contain additional
binding sites in the form of defects. As such, Cu (Fig. 3.2a) and CuO (Fig. 3.2b) with no deliberate
surface or structural modifications and size around 100 nm were used. The catalysts were mixed
with a nafion binder to generate an ink which was then drop cast onto a gas diffusion electrode.
This type of electrode featured a gas-permeable gas diffusion layer and microporous layer
through which CO; could reach the catalyst layer on top (Fig. 3.2c). The goal here was to drive the
C-N coupling reaction at this interfacial gas-liquid-solid boundary. This type of electrode geometry
is particularly beneficial in overcoming the limited solubility of CO; in aqueous electrolyte through
the use of alkaline electrolytes that minimize the competing hydrogen evolution reaction at
industrially relevant current densities (hundreds of mA/cm2).2>26 The reaction cell was a modified

one from those commonly employed in the field in order to minimize reaction volume and
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consequently maximize sensitivity for products. In particular, we employed an open cell design in

which approximately 1 mL volume of electrolyte was used (Fig. 7.2).

Aqueous Electrolyte

Gas Flow

Figure 3.2 - The Cu (a) and CuO (b) catalyst particles were first characterized through
transmission electron microscopy to probe their size and morphology. They were drop-cast
onto a gas-diffusion electrode, which was characterized through scanning electron microscopy
(c). The gas diffusion electrode consisted of several layers, illustrated with the graphic as a
simplified representation. This electrode enabled gaseous reactants (CO: in this case) to reach

a solid electrocatalyst (Cu/Cu0Q) and circumvent the limited solubility of CO,.

3.4.2 Electrosynthetic Studies:

We employed 1M KOH as an electrolyte for this work as highly alkaline electrolytes tend
to minimize the hydrogen evolution reaction (HER) and thus favor CO; reduction. NH3 was set to
be a model nitrogen source. In the long term, NH3 would ideally be replaced directly by N; as an
abundant feedstock, though at this stage, electrochemically activating N, not yet a well-
established reaction?”28, Formamide (Fig. 3.3a) and acetamide (Fig. 3.3b) primary amines were

two likely C-N coupled products that could be formed from NHs3 and C; and C; surface
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intermediates via several proton and electron transfer steps. In a gas-diffusion based
electrochemical cell, both Cu and CuO featured an onset of catalytic current around 0 V vs. the
reversible hydrogen electrode (RHE) and reached 100 mA/cm? by -1.0 Vgue (Fig. 7.3 a,b). The
addition of NH4OH (present as mainly NHs in alkaline solutions) to the electrolyte did not
significantly alter the current density. Product quantification with gas chromatography (GC) and
NMR revealed formate and H; to be the two main products from the reaction (Fig. 7.4). However,
on both Cu and CuO, formamide and acetamide were detected and were formed with partial
current densities of ranging from 0.1 to 1.2 mA/cm?, depending on the applied potential (Fig. 3.3c,
d). While the Faradaic efficiency for their formation was rather modest, peaking at approximately
1% (Fig. 3e, f), this study constitutes the first report of their synthesis from CO; and NHjs building
blocks. In addition, performing the same measurements in a standard 3-electrode setup with the
working electrode completely immersed in the aqueous phase did not result in any detectible C-
N products, even after 24 hrs of electrolysis. This is likely due to a lower CO; concentration and
lack of an alkaline environment that together promote a high degree of strongly bound C-based
intermediates needed to couple with NHs. As a control experiment, CO; electrolysis alone only
resulted in formate (Fig. 3.3g) and acetate (Fig. 3.3h) products that gave rise to NMR peaks in the
range of interest. Interestingly, while the formate selectivity was very high (up to 90%) without
NHs, NHs3 addition to the electrolyte decreased this value by a factor of 2-3 (Fig. 7.5) while
promoting hydrogen evolution. While this performance is not yet sufficient for economically
competitive electrosynthesis, improving the initial system should certainly be feasible as one

could point to the rapid maturation of CO; electrosynthetic technologies over the last decade.?
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Figure 3.3 - The overall reaction is depicted for formamide involves 2 electrons and 1 CO;
molecule (a) while acetamide electrosynthesis entails 8 electrons and 2 CO; molecules (b).
In the gas diffusion electrode cell with a 1 M KOH electrolyte, 6 SCCM CO; flow, and the
optimized concentration of NH3, formamide (c) and acetamide (d) were quantified and
their partial current densities derived from the resulting concentrations. The Faradaic
efficiencies for both products were similarly obtained for Cu (a) and CuO (b) catalysts.
Representative NMR spectra are shown for formamide (g) and acetamide (h) from which

the concentrations are quantified.
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3.4.3 Infrared Spectroscopy:

To extract a further level of insights into the formamide and acetamide electrosynthetic
pathways, we turned to infrared spectroscopy.?® This technique measures the vibrational modes
of species within the electrolyte and on the catalyst surface. Typically, measurements are carried
out in difference mode, using the system at open circuit as a refence and subtracting this from
the spectra under applied bias, thus detecting the appearance of new species (positive bands)
and disappearance of others (negative bands). The spectroscopic measurements were carried out
in an attenuated-total reflection (ATR) mode using a home-built spectroelectrochemical setup
(Fig. 3.4a). Briefly, a thin layer of aqueous electrolyte (KOH or KOH + NHs) was on top of the
diamond-coated ZnSe ATR crystal. The Cu catalyst layer/microporous layer/gas diffusion layer
composite electrode was placed overtop so that the gas/liquid/solid boundary could be
spectroscopically probed. In this configuration, the liquid was in static mode while the gas flowed
above. The ability to probe this region was evident when measuring the difference spectrum
between Ar flow and CO; flow in this configuration, which shows the presence of both gaseous

and dissolved CO; and carbonate species (Fig. 7.12) .30

Under an argon flow with NHs and no CO,, the main spectral features corresponded mainly
to that of water and to that of NHs (Fig. 7.13-15).3° Under the same conditions but with CO>
flowing in place of Ar, a new set of positive bands appeared which can primarily be assigned to
carbonate and bicarbonate species coming from CO; reacting with the KOH electrolyte and
changes in pH (Fig. 7.14)31. Such species been shown to spontaneously appear at the gas-liquid-
solid interface in similar conditions with Raman measurements.32 While spectral features in the
1800-2100 cm™ are noted where the C-O stretch of *CO is located, the inherent absorbance of
our diamond-coated ATR crystal makes this region rather noisy rendering bands here more

difficult to fit and explicitly assign.

In the presence of both CO; and NHs, new bands appeared in the region containing N-H
bonds from the generation of NH4* (Fig. 3.4b).33 As a method of validation, spectra were also
acquired with °NHs instead of *NHs (Fig. 7.13). Indeed, the isotope effect was noted via a red-
shift around 30 cm™ for bands at both spectral regions. Interestingly, the intensity of the

bicarbonate band at 1300 cm™ saturated very early with only CO; present, but continually gained
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intensity under increasingly higher currents when NHsz was present (Fig. 7.13). A possible
explanation for this could that be the presence of NHs diminishes the concentration of

CO,/carbonate reactants near the interface at low currents.

Finally, as (bi)carbonate species dominate the IR spectra, we opted to subtract spectra of
the catalyst systems operating at -1 mA from those at -200 mA, as the (bi)carbonate species are
mostly saturated and those with smaller spectral contributions could be visualized (Fig. 3.4c).
Indeed, for the CuO catalyst in the presence of CO; and NHs, the evolution of positive spectral
features (1645, 1598, 1547 1402 and 1096 cm™) and negative bands (1660, 1425 and 1362 cm™)
were noted. While a fully unambiguous assignment at this stage is not yet possible, we note that
these spectral features correlate well with those previously assigned to *COO™ and *COOH and
these species are thus our tentative assighments.343¢ The complete set of plausible band

assignments is compiled in table 3.1.

As formate is the dominant product in each of these systems, it would seem reasonable to have
a substantial *COO" surface coverage and thus this is our tentative assignment. While the precise
mechanism of formate electrosynthesis is still under debate, on copper surfaces, it has been
argued through a combination of surface-enhanced Raman spectroscopy and DFT modelling that
the all CO; reduction pathways share a common first intermediate in a pz, -C, -O bound CO>*
that subsequently gets hydrogenated en route to formate or protonated to *COOH en route to
CO and other C; downstream products.3” Thus, the observation of *COO  and *COOH

intermediates being the main ones on the surface would support our product distribution.
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Figure 3.4 - Spectroelectrochemical setup enabling operando infrared spectroscopic probing of

the electrosynthetic reactions in a gas-diffusion electrode cell (a). This setup used a thin

electrolyte window with the GDE just overtop to probe both liquid, gas and solid phases. The

gas was flowing through while the liquid was static. Using the spectrum at open circuit as the

background, spectra under select operating current densities with CO2 and NHs present were

recorded (b). Subtracting out the bi(carbonate) contributions using the spectra at 1 mA/cm? as

a background, enables the identification of additional species present on the CuO surface (c).

Table 3.1 - Peaks detected and plausible assignments from infrared experiments.
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Band position (cm) Species Figure Possible Assignment

1660 HCOs" 4b Vas(—~C—0)124
1356 HCOs" 4b v(—C-0)124

1300 HCOs 4b 5(C—0H)*24

1012 HCOs" 4b Vas(C—OH)124

844 HCO3" 4b vs(C-OH) 131

1459 COs* ab §(-NH)24

3197 NH4* 4b v(N-H)1?7

3037 NH4* 4b v(N-H)%27

2899 NH4* 4b v(N-H)1?7

1459 NH4* 4b v(N-H)%27

1645 H20 4c 6(H-0-H)

1598 *COOr 4c Vas(COO")83

1547 *COO Ac Vas(CO0")12°

1402 *COOr Ac V5(CO0)129.130

1276 *COOH 4c vCOOH, OH-deformation?®

While this study used NHj3 as a starting point for generating C-N bond containing products,
ideally, the nitrogen source would be gaseous N as the technology matures and scales. To this
end, we have explored as an intermediate step the co-reduction of nitrate and nitrite ions in place
of NHs to generate the same products. The experimental procedure was the same except that the
nitrate/nitrite was in place of NHs in the electrolyte, with optimized concentrations of NO2/NO3
(Fig. 7.15, 16). Over a Cu catalyst at -0.98 V vs. RHE, formamide and acetamide were indeed
formed, albeit at reduced faradaic efficiencies and partial current densities (Fig. 3.5). While a
comprehensive set of electroanalytical and spectroscopic experiments is outside of the scope of
this initial work, the results indicate that there is much to discover in optimizing the reduction
pathways of both Cand N sources en route to C-N bond formation. A likely reaction pathway that
would explain our results would be the reduction of nitrate/nitrite on the electrode surface to

NHs or *NH,, which then couples with intermediates from CO; reduction.
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When using NHs as the starting point we believe that it is not directly bound to the surface
but rather located in the near-surface region (Fig. 7.18). Its presence seems to hinder both
hydrogen evolution and CO; reduction, likely through inhibiting reactant diffusion to active sites
on the catalyst. The tendency to enhance hydrogen evolution likely stems through an enhanced

hinderance of CO; diffusion as opposed to that of water molecules.
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NH, NaNO, KNO, NH, NaNo, KNO,

Figure 3.5 - In the equivalent reaction setup as in figure 3 with Cu catalysts and NO> (0.5M) or
NOs3(1M) in place of NHz at -0.98V vs. RHE, formamide and acetamide were generated. The
Faradaic efficiencies (a) and partial current densities (b) for their generation were compared to

those from using NHs.

Finally, we moved to optimize the C-N product generation of our system. We first screened
the parameters of KOH concentration, Cu catalyst loading, and cation identity (Fig. 7.21). The
biggest enhancement in acetamide generation came from a higher Cu loading (10 mg/cm? vs. 2
mg/cm?). We attribute this to the propensity of the catalyst layer to generate a higher amount of
highly reduced C; intermediates through the thicker Cu film (Fig. 3.6 a, b). Further, a lower KOH
concentration and a change from K* to Cs* also yielded selectivity enhancements for acetamide,
possible due to a more favorable near-surface reaction environment to stabilize reaction
intermediates en route to the C; species that can couple with NH3.3° Interestingly, the activity
enhancements were not realized for formamide. This can be rationalized as the factors necessary
for favorizing a CO; reduction pathway to C; species as not being necessary for formamide, which

is more dependent on the initial *COO" intermediate coupling with NHs.
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Then, with all three optimized parameters incorporated (0.1M CsOH electrolyte, 10 mg/cm? Cu
loading), we compared the Faradaic efficiency and partial current densities for the optimized

system to that of the original from Fig. 3.2 across the experimental potential range (Fig. 3.6c).

a b

CH,CONH,

CH,CONH,

Acetamide
Formamide

©
1

Faradaic Efficiency (%)

= =

o = T T = —=
-0.38 -0.58 0.78 0.98 1.18
Potential (V vs. RHE)

Figure 3.6 - A thicker catalyst loading was found to promote acetamide formation. Thin layers
tend to form C; products at a greater rate (a) while increasing the layer thickness leads to
further reduction and accumulation of C; intermediates that can be used for C-N bond
formation (b). As such, an optimized Cu loading of 10 mg/cm? resulted in up to 10% acetamide

selectivity (c).

We believe that the formate and formamide electrosynthetic pathways are linked on the
Cu surface in that they share a common intermediate. This belief is backed by their similarity in
chemical structure. Considering that the formation of C-N containing products involves the
nucleophilic attack of a carbon atom by the lone pair on the nitrogen atom of ammonia, an
activated, yet exposed carbon species that could couple with ammonia for formamide generation
could be that of the pz, -C, -O bound *CO>?’. There would then be a competition between
hydrogenation of this species to produce formate or a nucleophilic attack to eventually form

formamide (Fig. 3.7a). This branching point is also supported by the fact that using 1M formate
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instead of CO; as the C-source in otherwise identical conditions did not lead to any detectable

formamide and only a small amount of acetamide (Figure 7.14).

On the other hand, acetamide synthesis likely shares a reaction pathway with acetate and
thus requires a C; intermediate to already be present!®. The branching for this step also plausible
occurs at the *CO; intermediate, which is converted to *CO. The coupling of 2 *CO molecules is
thought to be a key step to generating C; products (acetate, ethanol, ethylene). The *CCO
intermediate was recently proposed as a likely candidate for this through a DFT analysis of
acetamide synthesis via CO and NHs building blocks and would be a plausible candidate for our
work as well.*® The middle carbon would thus be subject to nucleophilic attack by the NHs in this
pathway where it diverges from the acetate pathway as previously postulated.’® The
enhancement of C; intermediates such as this with a thick catalyst layer is postulated to be the

main driving factor for its generation.

The two pathways presented here are not so different than what occurs in enzymatic
catalytic pockets, where an electron rich amine couples with an electron poor carbon!?* and one
can imagine that generating on-surface catalytic pockets in a synthetic system to promote this
reaction would lead to further enhancements of electrosynthetic selectivity. As the nucleophilic
attach is by the ammonia nitrogen is a thermodynamically downhill step, reduction potential for

both of these reactions is still dictated by that necessary to reduce COx.

d 0
c OH !
H™"NH, H* He  HY M HN-H o o=c-0
H H 0 0
all, Soly \ okl [ ol 88
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I | q\e ] 1 | | <\
. 2e , 0-C=0
0 H H H-N-H 2H*
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Figure 3.7 - Plausible surface reaction pathways in the electrosynthetic process of formamide
(a) and acetamide (b) generation. Formamide generation depends on NHs coupling with the
first reaction intermediate while acetamide generation requires highly reduced C;
intermediates to be present on the catalyst surface. For simplicity, the donation of a proton to

surface intermediates via H,O - OH- is depicted as >H".

3.5 Concluding Remarks

While two new reaction pathways have been discovered in formamide and acetamide
electrosynthesis using CO, and NHjs building blocks, many avenues are now opened for further
understanding and improving the efficiency of these reactions. First, while we used commercially
purchased Cu and CuO nanoparticles as a readily available model system, they feature a diversity
of active sites, defects, (sub)surface oxygen species, and exposed crystallographic facets. It is
entirely possible that each of these factors may influence the reaction like they do in the
electrosynthesis of carbon-based products via CO; reduction. A rational way forward would be
the precise study of well-defined copper catalysts in which the nature surface-active sites are
known and with complementary theoretical modelling of likely reaction pathways on these
surfaces. Further, it is not known if Cu is the only catalyst capable of carrying out this reaction and
if formate-selective metals like Sn and Bi would thus be more effective at formamide synthesis.
In addition, we have developed an operando infrared spectroscopic method for the first time that
was used to help understand this reaction pathway but additional complementary techniques

such as Raman and X-ray absorption would contribute immensely valuable pieces to this puzzle.*°

This principal significance to this work is the electrosynthetic reaction discovery which we
envision will accelerate the adoption of this methodology at large in both the academic and
industrial domains. While NHs is used as the model nitrogen source and nitrate and nitrite as
further examples, eventually, this may be replaced by N; in a fully sustainable nitrogen cycle. In
general, the capacity to drive heteroatomic surface coupling reactions with renewable-electricity
powered systems stands to open up an abundance of decentralized green synthetic routes in

place of heavy-infrastructure requiring fossil fuel based thermochemical approaches. In parallel,
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there is much more fundamental chemistry to be discovered through the use of new interfaces,

spectroscopic methodology, and catalytic systems.
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Chapitre 4 — Electrochemical Formation of C-S Bonds from CO,

and Small Molecule Sulfur Species

4.1 Résumé

La formation de liaisons C-S est une étape importante dans la synthése de produits
pharmaceutiques, biologiques et chimiques. Une voie verte trés attrayante vers des especes
contenant des liaisons C-S serait celle conduite par électrocatalyse en utilisant d'abondants
précurseurs de petites molécules, mais les exemples dans ce contexte sont largement absents de
la littérature. A cette fin, ce travail démontre I'utilisation du CO; et du SO3% comme blocs de
construction bon marché qui couplent en surface des catalyseurs hétérogenes a base de Cu pour
former pour la premiere fois de I'hydroxyméthanesulfonate, du sulfoacétate et du
méthanesulfonate, avec des rendements faradiques allant jusqu'a 6,8 %. Une combinaison de
mesures d'opérandes et de modélisation informatique révele que *CHOH formé sur du Cu
métallique est un intermédiaire électrophile clé qui est attaqué de maniére nucléophile par SO3*
lors de I'étape principale de formation de la liaison C-S. Dans I'ensemble, la preuve de concept
pour la formation de liaisons C-S électrocatalytiques et les connaissances mécanistes acquises

devraient considérablement élargir la portée du domaine émergent de |'électrosynthése.

Contribution : Nikolay Kornienko, Junnan Li, and Daniel Chartrand carried out electrochemical
and operando studies. Hasan Al-Mahayni and Ali Seifitokaldani carried out computational work.

All authors contributed to analysis and to the manuscript.
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4.2 Abstract

The formation of C-S bonds is an important step in the synthesis of pharmaceutical, biological,
and chemical products. Electrocatalysis using abundant small molecule precursors is an attractive
and green route to C-S bond containing species but examples within this context are largely
absent from the literature. To this end, this work demonstrates the use of CO, and SO3? as cheap
building blocks which couple on the surface Cu-based heterogeneous catalysts.
Hydroxymethanesulfonate, sulfoacetate and methanesulfonate are formed, with Faradaic
efficiencies of up to 6.8%. A combination of operando measurements and computational
modelling reveal that the *CHOH intermediate formed on metallic Cu is a key electrophilic species
which is nucleophilically attacked by SO3% in the principal C-S bond forming step. The proof-of-
concept for electrocatalytic C-S bond formation and mechanistic insights gained will broaden the

scope of the emerging field of electrosynthesis.

4.3 Introduction

Considering the ever-growing consequences of fossil fuel consumption, the development of green,
low-emitting technologies like electrosynthesis is becoming increasingly important. Previous
work in this field has focused on water electrolysis® to produce H, as an energy vector and
chemical feedstock as well as CO, reduction?? to generate carbon-based fuels and commodity
chemicals. However, these two classes of reactions do not fully meet the needs of society and the
chemical industry. Therefore, a recent push in the field of electrocatalysis has been to expand the
scope of products that can be generated from abundant building blocks* and this includes
directions such as H20> electrosynthesis from water and 0,,°> N, reduction for NH3 production,®

and the formation of products with C-N bonds.”

Despite sulfur’s abundance on earth and the importance of molecules with C-S bonds in biology,®°
pharmaceuticals,'® agriculture,’* battery technologies!®> and optoelectronic materials,’®> the
bottom-up electrosynthesis of C-S bonds remains unexplored. Though the organic chemistry of

C-S bond formation is established with strategies such as Diels-Alder reactions,'*

allylic or
methane sulfonation>'® and sulfa-Michael addition?’, they face limitations of complex synthetic

methodology, toxic byproducts and solvents and scalability limits thus hampering their
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sustainable implementation in the chemicals industry. Renewable energy-driven routes have
therefore begun to be explored. For example, photochemical C-S bond formation can be attained
with carbon nitride photocatalysts in which C-S coupling occurs through radical-based routes'® or
through the addition of H,S onto C=N bonds.’® Methane sulfonation under high pressure
conditions, presumably through radical-based C-S coupling in the electrolyte, is also being
explored.?® However, direct electrochemical C-S bond coupling under ambient conditions using

starting reactants like CO,, is yet to be realized.

Recently, we, and others in the field has shown the capacity for electrochemical C-N bond
generation using CO, and small molecule N-sources (such as N2, NOs', NO2™ and NHs).?12% These
reactions primarily proceed through the reduction of CO; to form an activated electrophilic
intermediate and subsequent coupling with a (near-)surface N-containing nucleophile. This
extension of traditional electrochemical routes enabled the build-up of higher-value, complex
products than those simply available through CO; reduction. With this in mind, we hypothesized
that C-S coupling should also be possible through a similar pathway as sulfur and nitrogen should
have similar properties from the diagonal relationships found within the periodic table.?> Thus,
we moved to translate our methodology to C-S bond formation in a similar reaction setup. As a
starting point, we used Cu-based catalysts?® as a model system to generate activated electrophilic
intermediates from CO; and NaSOs as a representative S-based nucleophile (Fig. 1). In doing so,
we established reaction pathways to hydroxymethane sulfonate (HMS), sulfoacetate (SA) and
methane sulfonate (MS) products via electrochemical C-S coupling with up to 6.8% Faradaic

efficiency (FE).

SOs3% naturally forms in minerals in the environment, is produced as a byproduct in processes like
sulfuric acid or thiosulfate manufacturing,?” and is commonly used in wood pulping?® or as a
preservative.?’ Sulfonates made from the coupling of CO2 and SOs? in this work have use as
cement additives and membrane components (SA),3%3! electrolytes and agents in organic
synthesis (MS),323% and within various facets of the textile industry (HMS).3> In all, the sulfonate
additives market is valued at 6 billion USD with primary applications as lubricants and
detergents,3® and as an example, MS has a market of 700 million USD with applications in

electroplating, pharmaceuticals and esterification.3”
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To investigate the reaction pathway and extract out mechanistic insights translatable to future
works, we carried out a combination of operando and computation modelling which pointed to
*CHOH coupling to SOs? as a likely rate-limiting step. Crucially, this work introduces C-S bond
formation in an expansion of the scope of sustainable electrosynthesis and opens potential

avenues for C-S chemical production from abundant sources, powered via renewable electricity.

General Scheme Potential End Uses Low Temperature/pressure electrosynthesis
Additives, membranes Textiles
O
co, Lo ? =l
: [ H,—5-0 J c
C-S 07 "CH5-O d,C & 5 o
; H
Coupllng_’ 0 o] H
Qrganic cljll
Synthesis, CH;—S—-0r
Sg, 5057, R-SH... Elyectrolytes : 6

Figure 4.1 - End-use applications of C-S bond containing products with several representative
molecules and illustration of electrochemical C-S bond formation from CO; and SO3? building

blocks.
4.4 Result and Discussion

4.4.1 Material synthesis and electrocatalysis
Cuprous oxide catalysts were synthesized via a simple room-temperature method (Fig. 8.1, 8.2).38
A catalyst ink was then made from these materials and loaded onto a standard gas diffusion layer
which was used as the working electrode in a modified gas-diffusion half-cell configuration (Fig.
8.3). In this setup, CO, was fed through the gas phase directly to the interface between the gas,
catalyst and electrolyte, thereby promoting CO; reduction by circumventing its solubility limits
and enabling the use of alkaline electrolyte (1 M KOH) which suppresses the competing hydrogen
evolution reaction (HER). 200 mM SOs?" as the sulfur source was added directly to the aqueous
electrolyte. Screening of possible products in the NMR spectra revealed that HMS, SA and MS

were formed as 4e’, 6e” and 6e” products (Fig. 4.2a and 8.8).
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While enabling C-S reaction pathways, the presence of sulfite decreased the total current density
(Fig. 4.2b) and favored the production of liquid products from CO; reduction (Fig. 4.2c). Across
the measured potential, the FE for detected C-S products ranged from 4.7-9.5% (Fig. 4.2d) and
the partial current density for each only modestly increased with more negative potentials (Fig.
4.2e). This weak dependence on product formation with applied potential is potentially indicative
of the sluggish kinetics of the reaction and the need for the SOs? reactant to diffuse to the surface

and find a suitable surface reaction intermediate to couple with.

The production of HMS, SA and MS from CO;, and SO3* represents three reaction pathways and
opens up the possibility of building up a wide spectrum of S-C containing chemicals such as thiols,
sulfonates and organic sulfides with simple electrochemical methods as an alternative to organic
chemistry routes. HMS has been observed before from the nucleophilic attack of CH,O (locally
generated from CO) by SO3% and in our case a similar coupling step may be in play.?° SA and MS
on the other hand, are tentatively thought to arise from a (near) surface SOs? nucleophilic attack
onto a C; intermediate in the methane or acetate pathway. There was no HMS, SA or MS formed
in control experiments that omitted CO,, SOs%, the Cu catalyst or an applied bias (Fig. 8.11).
Further, using commercially purchased Cu, Cu;O, CuO or synthesized Cu,O with other
morphologies resulted in HMS and SA formation with lower, but comparable FEs (Fig. 8.10, 8.18),
indicating that the C-S bond pathway is generalizable on a variety of Cu-based materials. In
contrast, Ag particles which produce CO as the main CO; reduction product, did not show any
detectable C-S products (Fig. 8.19), indicating the need for the catalyst to produce and stabilize
further reduced intermediates than CO. Further, copper sulfide catalysts could not produce C-S
products in the absence of SO3%, and with SO3% were less active than the oxide-derived materials
(Fig. 8.20). When SO3%* was omitted from the electrolyte, methane was a dominant product (Fig.
8.21). This may indicate that the route to C-S products shares a similar pathway to methane
formation and thus intercepts the intermediates before they are reduced to methane, or that the
presence of near-surface SO3%" alters the reaction route to minimize the methane pathway. Post-
reaction analysis (after 1 hr at -0.68 V) indicates that the catalysts are largely reduced to the
metallic state and restructure to smoother morphologies (Fig. 8.23-26), likely leaving the low

energy facets of Cu exposed.
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Figure 4.2 - Identification and structure of HMS, MS and SA products constructed from CO;
and SO3* (a). The presence of 200 mM SOs? decreases the overall current density (b) and
pushes the selectivity towards liquid products (c). In all, C-S products are formed with up to

9.5% FE (d) with only a weak dependence of their formation rates on the applied potential (e).
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4.4.2 Mechanistic Investigations

We next moved to carry out a round of experimental mechanistic studies to gain an initial insight
into the dynamics of the electrosynthetic system. The faceted Cu,0 starting material loses its
well-defined structure during electrocatalysis under reductive potentials, as evident from
transmission electron microscope (TEM) images (Fig. 4.3a). Translating the setup to a powder x-
ray diffraction (XRD) instrument, enabled us to visualize changes in crystallinity immediately after
applying a reducing potential.*>*! Indeed, the Cu.O peaks disappear within 4 minutes after
shifting from open circuit conditions to -0.68 Vrxe and only Cu peak stemming from metallic Cu
remains (Fig. 4.3b). This indicates that while an oxide is the starting material, the main phase of
the catalyst under working conditions is indeed metallic Cu, though sub-surface oxygen or defects

induced by the structural change could certainly be present and affecting the catalytic process.

Raman spectroscopywas subsequently utilized to capture the reaction intermediates on the Cu
surface under equivalent reaction conditions (Fig. 4.3c).*?> While the assignment of each peak is
not entirely unambiguous, we base our interpretation on previously established works.*3*8 As the
potentially was systematically shifted negatively from open circuit conditions, Cu;0 bands (220
and 417-670 cm™?) diminished, pointing to the transition to metallic Cu by -0.58Vgxe. At the same
time, the Cu-CO band (369 cm™) appeared starting at -0.58Vgue. Similarly, weak features
potentially stemming from *COprigge (1850-1900 cm™, 0.42 to -0.18 Vrue) were noted (Fig. 8.31).
In addition to CO, *CO, (700 cm™?), SO3% (983 cm?), HCO3 (1022 cm™) and CO3% (1069 cm™) were
identified as (near) surface species. These bands, with the exception of SO3%*, were similarly
detected during electrolysis with CO only. Finally, a set of bands at 700, 1331-1371, and 1580-
1620 cm™ arose under reductive potentials. While there is debate as to their exact identity,
previous works have attributed them to *COO™ or *COOH species and this is our tentative

assignment (Fig. 8.31).434449,50

Overall, the above experiments show that most oxide-like features disappeared from the catalyst
under operating conditions, SO3> was continually present as a (near)surface species, and CO and
CO2 were the primary reaction intermediates on the Cu surface. Thus, CO is a likely principal
intermediate in the reaction pathways towards higher order products. Given that the measured

quantities of CO were very low, it is likely that all of the detected *CO reacted further on the
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catalyst surface via hydrogenation or C-C coupling. Hydrogenation would occur en route to CHs
production while a combination of C-C coupling and hydrogenation would terminate in the
observed ethanol and acetate in our system. Because CHa is the primary product that is
suppressed in the presence of SOs%, it would be reasonable to assume that a partially
hydrogenated *CO (such as *CHO or CH;0) in the CH4 pathway may be the main species coupling
with SO3% en route to HMS formation. The Raman and XRD experiments further point to Cu as
the main phase during catalysis rather than oxide or sulfide phases of Cu that were not detected
within the limits of our experimental sensitivity. This is further substantiated by post-electrolysis
energy dispersive spectroscopy (EDS) measurements, in which S is either absent or only detected
in very small quantities (Fig. 8.26). The decrease in current upon addition of SO3* to the
electrolyte (Fig. 4.2b and 8.9), as well as lack of significant SO3% reduction on the Cu surface seen
through Raman studies (Fig. 8.32-33) points to the role of SO3% as a spectator species prior to a

possible coupling step with a CO; reduction intermediate.
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Figure 4.3 - TEM imaging illustrates morphological changes during the catalytic cycle (a) while
the changes in crystallinity are probed during the reaction with operando XRD measurements
(b). Similarly, operando Raman experiments capture surface-bound intermediates en route to

CO; and SO3% coupling.
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4.4.3 Theoretical Modelling

A complementary investigation into the mechanism for heterogeneous C-S bond formation was
performed with density functional theory (DFT) computations using the results from
electrocatalytic and spectroscopic experiments as a starting point. Here, three slab structures for
copper (100), (110) and (111) were constructed as the model catalyst to simulate the reaction
pathway. Further computational details are given in the SI and elsewhere.> Based on the
observations in figures 4.2 and 4.3, CO was used as a starting intermediate as it is featured in the

CO; reduction pathway to higher order products.

To compute energy differences of elementary proton coupled electron transfer (PCET) steps, the
computational hydrogen electrode (CHE) model? was used. Since explicit negative charge(s) was
added to the simulation for SO3% and HSOs', to calculate the energy difference of the adsorption

step and coupling step, the following equations were used, respectively:
S03™ +*— "S0; + 2e7; AEyq5 = Evso, + 2V — Egoz- — E. (Rx1)

S03~ + "CO - "S05C0 + 2e™; AEcoupiing ()

= E*SO3C0 + ZeV - ESO?%— - E*CO

*§0;+ *CO - *S03C0; AE oupiing = E*so,co — E*so, — E+co (Rx3)
HSOE + *x - *HSO3 + e_; AEads == E*HSO3 + eV - EHSO; - E* (RX4)
HSO3 + *CO —* HS03C0 + e”; AEcoupiing (Rx5)

= Enso,co + €V — Eyso; — Exco

"HS03 + “CO - HS03C0 ; AE oupiing = Ensosco — E*nso;, — E+co (Rx6)

To compute the energy differences for multiple reaction pathways, the basic CORR mechanisms

are considered:

0 — *C0—"COH — *C — *CH — "CH, — "CH; — CH, (Rx7)
C0 — *C0 —*CHO — *CHOH ,"CH,0 — *CH,0H — CH;0H (Rx8)
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All steps except the first adsorption are PCET steps. The intermediates investigated that can
couple with SO5™ or HSO5 are CO, COH, CHO, CHOH, CH20 and CH20H. In Rx7, the intermediates
following COH were not considered since formation of COH is unfavourable at 0.6 eV on Cu (100),
as shown in Fig. 4. However, COH coupling with SO3? was still considered since COH is believed to
be an intermediate to methane production. For Rx8, CHO, CHOH, CH,0 and CH;OH were coupled
with SO2~ to create the C-S bond.

The final product considered in DFT calculations was HMS as seen in Fig. 4.2 as it is the primary
C-S product in the electrolysis experiments. In solution, SO%~ or HSO3 can exist depending on
the pH of the electrolyte. Thus, both compounds are tested for the nucleophilic attack.
Furthermore, at any point during protonation, one of the oxygens attached to the sulfur can be
protonated to yield -RSO,0H. All of the aforementioned pathways are considered and this is

illustrated in Fig. S34, 35.

Two mechanisms are investigated for the C-S coupling step: (i) a nucleophilic attack of either
S05™ (Rx2) or HSO3 (Rx4) on the carbon of an adsorbed intermediate; and (ii) surface coupling
of an adsorbed *SO5; (Rx1 and Rx3) or *HSO; (Rx4 and Rx6) with the carbon of an adsorbed

intermediate.
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Figure 4.4 - Reaction pathway from CO to HMS. Red numbers are positive energy barriers

(uphill) while green numbers are negative (downhill).

Adsorption energy calculations of S species on all three copper facets (Table 8.2) reveal that: (/)
503 is adsorbed more favourably than HSO3 . This is mostly because SO%~ species has 2 negative
charges and is relatively smaller than HSO3, making it easier to bond with copper atoms (Fig. 4.4);
(if) Both S species are adsorbed more strongly on the (110) facet, followed by (100) then (111)
facets, as seen on Table 8.2. Accordingly, the rest of the simulations to calculate the reaction

energy diagram are performed only on (110) and (100) facets.

+-SO,CHOH -+ SO,COH —SO,CH,0H -»SO,CHO -—CORR/Shared Path == Main Path

L *HS0,COH
14 ‘O ®  +50,COH
*HSO,CHOH
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; H . HMS
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Reaction coordinates (H*+e)

Figure 4.5 - Energy diagram on Cu (100). The blue curve is for C-S coupling with CHOH. The
orange curve is for HSO3COH. The grey curve is for SO3CH,OH. The black curve on the left is the
shared CORR path while the black curve on the right represents intersecting paths. The green
highlighted curve shows the most favourable path to HMS. All steps are electrochemical
except the ones denoted with an SO3% molecule and a yellow arrow. These denote a
nucleophilic attack. The very first step corresponds to CO adsorption on the surface. No

potential is applied to the system.

The (110) facet might perform the best as it interacts more strongly with S species compared to
the other two surfaces. However, according to the Sabatier principle, the middle adsorption by
(100) facet could render it the best performing as the adsorption is neither too weak (not able to

hold the species on the surface for enough time to react with other reaction intermediates) nor
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too strong (to avoid further interactions with other reaction intermediates). The reaction energy
diagram is shown for the (100) facet on Fig. 4.5, and that for the (110) facet is demonstrated on
Fig. 8.36.

The optimized energies for all the structures are provided in Table 8.3, 8.4. Through these DFT
computations we seek: (i) to understand which reaction intermediates are involved in the C-S
coupling step; (ii) to calculate the reaction energy barrier of the C-S coupling step; and (iii) to
specify the best performing facet for the C-S bond formation. The optimal path is shown with
thick black arrows on Fig. 4.4. The energy diagram comparing different C-S coupling steps is shown
on Fig. 4.5. Coupling through SO%~ is more favourable than HSO3 , regardless of which
intermediates are involved in the C-S coupling step and no matter what the copper surface is.
Furthermore, due to the high adsorption energy of *SO5 on (100), surface coupling is deemed less
likely than the nucleophilic attack of the species from the electrolyte. The optimal coupling step
is found to be through *CHOH. The energy barrier of the C-S coupling step is 0.74 eV and is the
potential determining step (PDS). Coupling through *COH has a large energy barrier of 1.37 eV.
Surprisingly, coupling through *CH,OH has an energy barrier of 0.66 eV, which is lower than
*CHOH coupling. However, protonating the sulfur of SO3CH,OH has a barrier of 0.82 eV, making
this path unfavourable. Comparing the energy barrier of the PDS to typical PDS’s of CO2RR, it is
reasonable to observe that the maximal FE obtained in this study is ~10% since most
thermodynamic energy barrier for the CO2RR are lower than 0.74 eV. Lowering the energy barrier

of the *CHOH coupling step is key to further increasing the FE in future studies.

The same methodology and calculations are applied to the (110) facet since it appears to have
the lowest *S0O; adsorption energy. Figure 8.30 shows the energy diagram of the most favourable
path on both (100) and (110). The most promising coupling path on (110) appears to be consistent
with *CHOH coupling being the most favourable, as seen for (100). The coupling energy barrier,
however, is only 0.11 eV. The largest subsequent protonation energy barrier is the protonation
of sulfur in SOsCHOH to HSO3CHOH, at 0.29 eV (Fig. 8.35, 36). Thus, the PDS remains *CO
hydrogenation to *CHO, a typical PDS for the CO2RR. The DFT results show that (110) should be

superior to (100) when it comes to C-S bond formation as seen in Figure 8.30 however our
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experiments do not show that. This could be due to changes in size, surface reconstruction and

other unaccounted-for effects. We encourage future studies to explore the Cu (110) facet further.

The C-S coupling mechanism here bears much similarity several aforementioned C-N coupling
works. Amide,>*>* amine,?>>> and urea>®>8 synthetic routes also proceed through a nucleophilic
attach of a nitrogen species (such as *NH;, NHs or NH,0OH) onto an electrophilic CO, reduction
intermediate (*CO, *CCO, *CH;0). A difference here lies within the nucleophilicity of the Cand N
reactants, previously shown to play a determining role in coupling efficiency,> though both rely
on stabilizing a partially reduced CO; reduction intermediate so it can undergo the coupling step.
Further, other coupling steps in C-N bond formation like *NN* + *CO coupling??°° en route to

urea formation are quite different in nature.

4.4.4 Expansion of scope
As a final step, we sought to expand the scope in terms of potential C-S coupling reactions. While
the partial current densities for C-S products was rather modest when using CO; as the reactant,
amounting to less than 5 mA/cm?, we reasoned that potentially more active C-precursors that
can be produced from CO; reduction would lead to enhanced rates (Fig. 4.6a). To this end, we
maintained identical reaction conditions (-1.18Vgue, 200 MM SO3% in 1 M KOH) and substituted
200 mM of CH30H, HCOO", CH;0 or CH3COO" in place of CO;. Indeed, we was that the formation
of SA was greatly increased by up to 2 orders of magnitude for CH30H and by 30X for HCOO" (Fig.
4.6b). Note, no products were observed if SO3?" and the C-reactants were simply mixed in the
electrolyte (Fig. 8.37). The equilibration with methanediol in alkaline media likely prevented
formaldehyde from directly coupling with SO3? through non-electrochemical steps. We chose to
use formation rate as a metric of comparison as the precise mechanism and electron transfer
steps are not yet unambiguous. This set of results indicates that a variety of partially reduced CO;
products species may act as effective building blocks for C-C and C-S bond formation. Strategies
for C-S product synthesis with increased rates could then entail the use of flow reactors utilize a
CO; activation catalyst (e.g. Sn or Bi — based materials selective for HCOO") and a secondary C-S
coupling catalyst (Cu in this work but other materials may yet be better). Interestingly, HMS was

not observed in these experiments. Possible routes to SA formation are given in Fig. 8.39-41,
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taking into account preliminary Raman experiments and previous studies of formate®®! and

methanol®2%* interactions with metallic surfaces.
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Figure 4.6 - Scheme of using partially reduced CO2 products as activated reagents for C-S bond
formation (a). The formation rate of SA at -1.18VRHE is significantly enhanced when

substituting 200 mM of C-reactant in place of CO2 (b).

4.5 Concluding Remarks

In summary, this work develops a C-S coupling pathway via heterogeneous electrocatalysis using
CO; as a building block. Using Cu-based catalysts as a model system, we illustrate how CO; is
reduced to surface-bound electrophilic intermediates like *CHOH, which are then subject to
nucleophilic attack by near-surface SOs% species, yielding three distinct C-S bond containing
species. The expansion of scope of CO2 reduction to include products with C-S bonds is set to
grant electrocatalytic technologies access to not only fuels and commodity chemicals, but also to

important sets of fine/specialty chemicals and widen the impact of this growing domain.

Moving ahead towards practical realization of C-S coupling there are several issues to be

addressed. The initial iteration of this system operates in alkaline electrolytes, whose use can lead
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CO> interconversion to carbonates and ultimately low CO; utilization efficiencies.®> This can be
alleviated by moving towards acidic electrolytes®® or instituting CO, recovery strategies.®
Further, increasing partial current density and FE is key towards realizing a commercially viable
system, which is expected to come from the advancement of catalyst and electrolyzer design,
underpinned by a fundamental understanding of the catalytic chemistry at play. Finally, the scope

of C-S coupling can be further expanded beyond sulfonates, as thiols, sulfides, and other

organosulfur compounds could potentially be generated through small molecule electrolysis.
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Chapitre 5 — Conclusion and perspectives

Using biomass-derived furfural and CO; as building blocks to synthesize fuels or useful chemicals
can relieve the reliance on fossil fuels, solve the energy crisis and environmental deterioration.
Also, the products function as a route to store energy in chemical bonds as a medium for storing
discontinuous renewable electricity. Although these research directions have been developed for
many years, varieties of electrocatalysts have been designed for these reactions, and the effects
of the reaction have been investigated, the understanding of the reaction mechanisms are still
unclear and there exist significant debates on this. Thus, using advanced techniques to reveal the
reaction pathways is important for the improvement of these reactions. Herein, we use operando
spectroscopy, Raman, IR and XRD to show the reaction intermediates, active sites, and the
evolution of the catalysts during the reactions. Possible mechanisms were proposed with the
assistance of control experiments or DFT calculations, which provide new possibilities for

designing new reactions and highly efficient catalysts.

5.1 Furfural reduction

Using electrochemically roughed Cu foil as a model catalyst for furfural reduction reaction. MF
and FA were obtained as the final products, FE is 57.5 and 43.0% respectively. The investigation
of different facets shows that Cu (110) shows a higher FA production than Cu (111), Cu (100), and
Cu foil, which means that (110) facets are the active sites for the formation of FA. On the contrary,
the production of MF on these single facets is negligible. After these facets were roughed, the
production of MF increased, which shows that the defects might be the active sites for MF. In-
situ Raman shows that the formation of MF and FA share the same intermediate, the desorption
of the intermediate will form FA, the hydrogenation of the intermediate will form MF as the final
product. Elucidating the chemical nature of active sites and reaction pathways can help control

the selectivity of the reaction and achieve the accurate adjustment of the aim products.

5.2 C-N bond formation

Coupling CO; and NHs to synthesize acetamide and formamide as C-N bond products on Cu or

CuO nanoparticles. The FE of C-N bond products is ~ 10% in total, and acetamide is the main C-N
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bond product. The effect of different amounts of catalyst, concentration of NHs, pH, cations, and
potential are investigated to optimize the reaction conditions, and the best option is 50 mg Cu
NPs, 0.3 M NHs, 1 M KOH, -0.78 V (vs. RHE). In-situ IR results reveal the intermediates of the
reaction, the formation of formamide and formate share the same intermediates. The production
of acetamide undergoes a similar reaction pathway to acetate, the difference is the nucleophilic
attack of NHs; or OH" (form acetate) to ketene intermediate. Although the FE of the C-N bond
formation is still low, a highly efficient catalyst can be designed based on the mechanism. This

reaction expands the application of CO2RR and also benefits the development of organic synthesis.

5.3 C-S bond formation

Co-electrolysis of CO, and sulfide in an aqueous solution produces organic sulfide HMS, SA, and
MS as C-S bond compounds. The FE is approximately 6% in total, and HMS is the major C-S bond
product. In-situ XRD shows that Cu® is the active species for the production of HMS, and the
combination of operando Raman and DFT calculation suggests *CHOH is the key intermediate.
The rate-determining step is the interaction between *CHOH and SO3%. Although the FE of this
reaction is low, based on the mechanism we can develop a catalyst that has high efficiency in
producing aldehyde, due to it being the intermediate of the formation of HMS, for synthesizing
C-S bond products in a high yield. It's the first time to report combining CO2RR with the addition
of sulfur species for C-S bond formation. For future applications, except for the development of
the electrocatalyst, optimizing the reaction condition and designing a suitable electrolyzer may
also improve the selectivity of the C-S coupling reaction. This method provides a new and

sustainable avenue for the synthesis of organic sulfide.

In all, developing new reactions with abundant natural feedstocks is essential for the
improvement of organic synthesis, with the help of in-situ techniques, making the enhancement
of the efficiency of these reactions becomes possible, and providing the possibility for partially

replacing traditional organic synthesis methods.
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5.4 Perspective

Furfural reduction and CO; reduction reaction are sustainable ways to synthesize useful chemicals.
Considering their future applications in real industry, energy efficiency, selectivity, and the
duration of the reaction should be considered. To achieve this, a robust and highly efficient

reaction system should be designed.

As we mentioned in Chapter 1, electrocatalyst, electrolyte, local environment around the
electrode, and the configuration of the cell are the essential factors for the reaction performance.
Thus we need to optimize these conditions and elucidate the precise functions of these factors.
In-situ techniques can guide the design of the reaction system by revealing the evolution of the

catalysts, active sites, reaction intermediates, and the function of pH changes, cations, and anions.

In addition to optimizing the reaction system, expanding the products can also be beneficial to
the future applications of these reactions. Combining CO and furfural with other small molecules
such as ammonia, nitrate or nitrite, nitrogen, and sulfite to synthesize compounds with
heteroatoms is a green and sustainable way of synthesizing organic molecules. We have already
used CO; with nitrogen and sulfur source to synthesize C-N bond and C-S bond products, more
nitrogen and sulfur source can be explored to expand the types of products. Apart from
acetamide and formamide, urea, methylamine, and ethylamine are also obtained as C-N bond
products. The electrosynthesis of C-S bond products is yet to be established. More organic nitride
and organic sulfide are expected to be obtained by this method, which can be used to partially
replace traditional organic synthetic routes such as Pd-based cross-coupling methods.
Furthermore, different heteroatoms such as phosphorus, especially non-toxic phosphate,
hypophosphite, or phosphite can also be used as feedstock to synthesize organophosphorus
because of their similar properties with nitrogen and sulfur. Through this, toxic and flammable
precursors PCls, PH3, or white phosphorus can be avoided. In addition, similar like traditional
COzRR to produce C-H or C-O products, the selectivity and activity of the reaction should also be

improved, by using results of in situ techniques for guidance.

In all, developing electrocatalytic biomass and CO; reduction reaction pathways for synthesizing

products with heteroatoms as new reactions, designing a highly efficient reaction system and
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especially new catalysts, using in-situ techniques to reveal reaction mechanisms is beneficial for

green and sustainable organic synthesis en route to achieving a zero carbon society.
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Chapitre 6 —Supplementary information for: Probing

electrosynthetic reactions with furfural on copper surfaces

6.1 Materials and methods:

6.1.1 Cu synthesis:

Rough Cu foil was obtained by an electrochemical roughening method. Commercial Cu foil was
cut to a suitable size as the precursor, and polished with Al powder. Then the Cu foil was washed
by DI water and ultrasonic to remove the impurities on the surface. After this procedure, the Cu
foil was used as working electrode in a three-electrode system (Ag/AgCl as reference, carbon rod
as counter), with CO,-saturated KHCOs as electrolyte, 6 cyclic voltammetry cycles were conducted
in the range of 0 to -1.6 V (vs. Ag/AgCl), with a scan rate at 50 mV/s. Subsequently,
chronoamperometry was carried out at +0.9 V for 1 min to oxidize the Cu foil, followed by the
reduction process at -0.3 V for 10 mins. The illustration of the roughening scheme is shown in

Figure 2.

Single crystal Cu substrates were purchased from MTI corporation and used as received after
making electrical contact to a substrate holder. The crystallinity and orientation is confirmed
through XRD measurements and through the acquisition of rocking curve data that shows peak

FWHMSs on the order of 0.6 — 0.7°.

6.1.2 Physical characterization:
X-ray diffraction (XRD) patterns were measured on a Bruker D8 Advance diffractometer with a Cu
Ko radiation source (A = 1.5418 A). High-resolution x-ray photoelectron spectroscopy (XPS)
measurements were conducted on a Vacuum Generator Escalab 220i XL x-ray photoelectron
spectrometer, calibrated by using carbon (C1s 284.6 eV). A Jeol, JSM -840A was used for scanning
electron microscopy (SEM) measurements. Transmission electron microscopic (TEM) images
were performed on JEOL JEM-2100F FEG-TEM, operated at 200 kV. The sample was scratched

from rough Cu foil on to carbon film.
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6.1.3 Electrochemistry and product quantification:

Cyclic voltammetry (CV) and other electrochemical techniques were performed using a Bio-Logic
SP-150 Potentiostat (BioLogic Science Instruments, France). A three-electrode system has been
employed by applying the above rough Cu foil as the working electrode, Ag/AgCl as the reference
electrode and a Pt wire as the counter electrode. K2SO4 solution (1 M, with added H,S04 to adjust
to pH 3) was used as the electrolyte in the measurements. The CVs were measured in the range
of 0~-0.526 V (vs. RHE) at a sweep rate of 20 mV s™1. Potentiostatic electrolysis was conducted in

a two-compartment custom built glass H-cell reactor.

The anode and cathode chambers were separated by a glass frit. Before each electrolysis
experiment, 20 ml electrolyte was added into the reactor and purged with N; for 15 mins to
remove dissolved gases. The reactor was sealed and the electrolyte was stirred at 500 rpm during

the reaction. All reactions were carried out at room temperature.

In order to analyze the products of the reaction, gas chromatography (GC, SRI 8610C, Mandel)
and NMR (Bruker AVANCE Il 400 se) were performed to reveal the content and composition of
the gas and liquid products respectively. After 3 hs electrolysis, 10 mL gas was extracted from the
reactor by syringe and injected into GC to test the content of hydrogen. 400 uL liquid product was
mixed with 100 uL D0 to test the NMR and investigate the content of furfural alcohol (FA) and

2-methylfuran (MF). The faradaic efficiency (FE) was calculated by using the following formula:

€ anF
FE=——
Q

where a is electron transfer numbers (for the formation of H, and FA is 2, MF is 4), n is the moles
of the products, F is faraday constant (96485 C mol), Q is the charge passed in total during the

reaction.

The pH of the solution did not change by more than 0.3 pH units throughout each catalytic run,

as calculated from the total charge passed through the circuit.
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6.1.4 Raman spectroscopy:
A three-electrode electrochemical cell was used for in-situ Raman experiment. Titanium foil was
used as the counter electrode, Ag/AgCl was used as reference, and rough Cu foil as working
electrode in a custom-built Teflon spectroelectrochemical cell. The scheme was shown in the
main text Figure 2.1. The electrolyte is 1M K,SO4 (with H2SO4, pH3), which is also bubbled with N;
for 15 mins to remove the dissolved gas. Raman spectroscopy were recorded on a Renishaw InVia

Raman Microscope and excited with 633 nm excitation laser.

6.2 Supplementary figures and tables

Table 6.1 - Yields of the reaction, corresponding to Figure 3 in the main text.

Potential (V vs. RHE) 2-MF(%) FA(%)
-0.426 0.75 1.12
-0.526 0.77 1.62
-0.626 0.90 1.97
-0.726 1.18 1.19
-0.826 0.88 1.53
a b

RN
oo

01 it 200

Figure 6.1 - TEM images of rough Cu foil.
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Figure 6.3 - Operando SER spectra on R-Cu surface without adding furfural in the (a) low

frequency (b) medium frequency and (c) high frequency regions. A zoomed in spectra of the R-
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Cu at open circuit potentials is also illustrated to clearly show the spectrum corresponding to

the CuOxy surface.
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Figure 6.4 - CV curves of single crystal Cu (a) Cu (111); (b) Cu (110); (c) Cu (100) with (dark

o

Faradaic efficiency (%)

green) and without furfural (light green).

b
H. M.
120 2
2MF 1004 = W
FA
100 -
éao-
80 - g
8
‘0 60
60 s
L
T 40+
404 K
(-]
w
20 20
0 . ’ . . 0 : . . .
111 110) (1000  Rough Cu a1 110 (100)  Rough Cu

Figure 6.5 - Faradaic efficiency of roughen single crystal Cu under with 59 mM furfural at

different applied potential (a) -0.526 V; (b) -0.726 V vs. RHE.
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Figure 6.6 - Low-magnification XRD patterns of rough Cu and single crystal Cu electrodes.

a

—— Cu (110} ———Cu (100)
Cu (111) Rough Cu foil
—— Simulated|Gu
3
&
2 t
w W
s
2 N
=
|
—

42

degree (20)

b

Intensity (a.u.)

——Cu (110) ——Cu (100)
Cu (111) —— Rough Cu foil
~—— Simulated Cu
L
o A Vs
T T L} T
70 72 74 76 78 80

degree (20)

Figure 6.7 - Zoomed-in XRD patterns of single crystal Cu electrodes after roughening show the
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Chapitre 7 — Supplementary information for: Electrochemically
Driven C-N Bond Formation from CO, and Ammonia at the

Triple-Phase Boundary

7.1 Characterization

Scanning electron microscopic (SEM) images and EDS were measured using a JEOL JSM-7600F
Field Emission SEM microscope. Transmission electron microscopic (TEM) images were

performed on JEOL JEM-2100F FEG-TEM, operated at 200 kV.

7.1.1 Electrochemistry and product quantification:
Linearly sweep voltammetry (LSV) was accomplished using a Bio-Logic SP-200 Potentiostat
(BioLogic Science Instruments, France). A three-electrode system has been employed by applying
the carbon cloth gas diffusion layer (GDL-CT (W1S1009, Fuel Cells Etc.) as the working electrode,
Ag/AgCl as the reference electrode and a glassy carbon rod as the counter electrode. While a
Hg/HgOH reference is preferred for alkaline conditions due to its higher stability, we needed a
small Ag/AgCl electrode to fit within our cell and referenced it periodically to a master Ag/AgCl

electrode to ensure that there was no significant potential drift.

The preparation of working electrode followed steps: 10 mg Cu (Alfa Aesar, Copper Nanopowder,
99.9% APS 20-50 nm, Lot P11F044) or CuO (Alfa Aesar, Copper(ll) Oxide, nanopowder, Lot
Y19E022) commercial catalyst powder (20-50 nm particle size) was added into a mixture with 100
puL H20, 300 pL ethanol, 25 pL Nafion (5% wt.). After ultrasonic mixing for 10 minutes, 100 pL of
the catalyst ink was dropped onto the carbon cloth and allowed to dry naturally under ambient
conditions. This led to a Cu loading of approximately 2 mg/cm?. 1M KOH solution with different
amounts of NH4OH was used as the electrolyte in all of the measurements. The LSVs were
measured in the range of 0.7 ~ -0.98 V (vs. RHE) at a sweep rate of 20 mV s™1. Potentiostatic
electrolysis was conducted in a gas diffusion electrode (GDE) cell. Before each electrolysis

experiment, 1 mL electrolyte was added into the cell, the flow rate of CO2 is 6mL/min. All reactions
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were carried out at room temperature (23 + 1 °C). Bulk electrolysis was carried out with 0.3 M
NHs for Cu and 1.6 M NHs for CuO as these were the experimentally optimized conditions for C-
N product generation rates. Because of the high gas generation rates and bubbling, we opted to
carry out measurements in static mode (no flow) and in a 1-compartment cell. While this likely
led to some crossover, product re-oxidation at the counter electrode, and an underestimation of
the reaction efficiency, this geometry was nonetheless more optimal to minimize electrolyte

volume and overcome the bubbling issue.

NHs was only fed through the liquid phase (as NH40OH) while CO, was only added in through the
gas phase. Further, no products were detected in the gas phase via GC analysis beyond CO, CH4

and H,.

In order to quantify the products of the reaction, gas chromatography (GC, SRl 8610C) and NMR
(Bruker AVANCE 11 400 se) were performed to reveal the content and composition of the gas and
liquid products respectively. A sealed GDE cell was used and connected with the GC. The CO; flow
rate employed was 6 mL/min and the products were probed in flow mode as the outlet from the
GDE cell flowed directly through the GC. For NMR analysis, 400 uL liquid electrolyte after an
electrolysis run was mixed with 400 uL D,0 to quantify liquid products. For NMR measurements,
products were quantified using DMSO as an internal standard and calibration curves for several
main products in the liquid phase like formate, acetate and ethanol (Fig. S1). Gaseous products
were similarly quantified through the integration of peak area corresponding to various products,
which were first measured with a series of calibration curves (Hz, CO, CHs C3Hs...). The GC
measurements were also collected in flow mode at 6 SCCM CO; flow with N; as the carrier gasin

the GC. There was no evidence of nitrogenated products in the gas phase from GC measurements.

Typically, liquid products were acquired after 30 minutes of electrolysis. The Faradaic efficiency

(FE) was calculated by using the following formula:

e anF
FE=——
Q

where a is electron transfer numbers, n is the moles of the products, F is the Faraday constant

(96485 C mol?), Qs the charge passed in total during the reaction.
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7.1.2 In-situ infrared (IR) spectroscopy:

IR spectra were acquired on a ThermoFischer Nicolet 380 FTIR-ATR with a ZnSe ATR crystal that
was coated with a diamond surface. Typically, 200 scans were acquired for each measurement. A
three-electrode GDE cell was used for the in-situ IR experiment. Cu wire was used as counter
electrode, Ag/AgCl was used as reference, the above carbon cloth with CuO or Cu as working
electrode. The electrolyte employed was 1M KOH with or without NH4OH under a constant CO;
gas flow. Thecatalyst, deposited onto a carbon cloth gas diffusion layer (coated with a
microporous layer) was facing downwards towards the ATR crystal, with a thin electrolyte layer
between. The working electrode was gently pressed with a porous foam stud so that there was
still ample gas permeation into the triple-phase boundary that was being probed with the IR

evanescent wave.

Raman Spectroscopy: Raman Spectra were collected using a Renishaw Invia system with a 785
nm laser having a 5mW output power. The laser line focus illumination technique was used that
spread the laser intensity out over a line and minimized the power concentrated at any one spot.
The spectra were collected at full intensity power and a typical collection time was 60 seconds. A
water immersion objective (numerical aperture of 0.7, working distance of 1mm) was used to
maximize signal intensity. Raman measurements were performed in a standard 3-electrode
configuration instead of adapting to a gas-diffusion electrode as an initial test. For operando
Raman measurements, Ag/AgCl reference and carbon cloth were used as reference and counter
electrodes. N, or CO; purged 1M KOH or 1M KOH + NH4OH were used as the electrolyte solutions.
The working electrode consisted of Cu NPs loaded onto a Toray carbon paper electrode at
approximately the same degree of catalyst loading as for the GDE. For surface-enhanced Raman
measurements, a silver foil was roughened in a 0.1M KCl solution by cycling the potential between
-0.2 to 0.4V vs. Ag/AgCl at 10 mV/s for 4 cycles. The roughened foil was rinsed and dried under
ambient conditions prior to use. A drop of approx. 50 ul of the electrolysis solution was added
overtop and measured with an immersion objective and 514 nm laser, operating at approx. 1 mW

output power for 60 seconds.
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7.2 Supplementary figures and tables
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Figure 7.1 - NMR calibration curve of (a) Acetamide; (b) Formamide; (c) Acetate; (d) Formate;

(e) Ethanol; (f) Methanol. The relative peak area is plotted vs. that of the DMSO internal

standard.
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bubbles generated throughout the reaction process prohibited using a conventional

configuration.
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Figure 7.5 - Faradaic efficiency and partial current density for formate production in the

absence and presence of NHjs for Cu (a, c) and CuO (b, d) catalysts.

Figure 7.6 - SEM images of (a) CuO and (b) Cu after a typical controlled potential electrolysis

reaction.
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Figure 7.7 - (a, c) SEM images of the EDS area; EDS of CuO/C catalyst before reaction (b) EDS

spectra; (d) Cu and (e) C element mapping after the reaction (30 min at -0.98V vs. RHE).

Figure 7.8 - SEM image (a) and elemental mapping of Cu (b) and C (c) before electrolysis. After
electrolysis (30 min at -0.98V vs. RHE) an equivalent SEM image (d) and Cu (e) and C (f)

elemental mapping was acquired for Cu catalysts.
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Figure 7.9 - SEM images of the cross session (a) CuO/C before reaction; (b) CuO/C after

reaction; (c) Cu/C before reaction; (d) Cu/C after reaction.
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Figure 7.11 - IR spectra of several products detected in NH3 + CO; electrolysis.
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Figure 7.12 - IR spectrum of the spectroelectrochemical setup with a CO; flow in 1M KOH,
using an Ar flow in 1M KOH as the background. Peaks attributable to CO, and carbonate are

present.
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Figure 7.13 - With the system as open circuit used as the background, spectra were acquired
at select operating currents in the presence of NH3 only (a) and CO; only (b). With CO; and
15NH; reactants, the spectra in (c) are used to identify the peaks belonging to *>NHs* as it forms
during reaction conditions. Subtracting out the (bi)carbonate contributions helps see weaker
bands from intermediates (d). The rise of the bicarbonate peak, normalized to itself at 200 mA,

is relatively slower with NHs present, indicating a slower generation of this species.
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Figure 7.15 - Overlaid spectra of (bi)carbonate and CO; reduction.
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Figure 7.16 - IR spectra of Cu catalysts, with NH3 only (a), CO2 only (b), and NH3 + CO; (c).
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Figure 7.17 - C-N bond formation using 150 mM NaCOOH as the C-source instead of CO; in
otherwise identical conditions (1M KOH, -0.98V vs. RHE, Cu catalyst). The average partial

current for acetamide in the formate case was 0.2 mA/cm™.
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Figure 7.18 - The addition of NHs to the electrolyte suppressed the wat

Cu nanoparticles (a). Surface-enhanced Raman revealed the reduction of the surface oxide
under a negative bias of -1.4V vs. RHE but no new bands that could be assigned to Cu-N
species (a). Therefore, we believe that the NHs is near the electrode surface and alters the
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Figure 7.19 - Partial current density (a) and Faradaic efficiency (b) for C-N products from
NaNO; with Cu catalysts at -0.98V vs. RHE) as a function of reactant concentration in the liquid
phase. Similarly, we measured the partial current density (c) and Faradaic efficiency (d) for C-N

products from KNO3 with Cu catalysts at -0.98V vs. RHE).
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Figure 7.20 - Partial current density (a) and Faradaic efficiency (b) for C-N products from

NaNO; with Cu catalysts at -0.98V vs. RHE) as a function of potential. Further, we measured

the partial current density (c) and Faradaic efficiency (d) for C-N products from KNOs with Cu

catalysts at the above optimized concentration.

Acetamide
Foumam ide.

a b C
Acetamide 8] Acatamide
Formamide Formamide 1.0
B 7
-7 —_ -5
£ e £
el - 3.
o
g3 E 5 g 201
& K] z
E B2
3 £ 518
224 o 2
] = 34
E g g 1.0+
w 524 E,
05
14
[ T T T 0 T v r T L
0.0t LX] 1 2 4 10 40
KOH Concentration (M)

Cu loading (mg/cm?)

Na‘DH
Electrolyte

Figure 7.21 - Optimization of reaction conditions with (a) different concentrations of KOH; (b)

different amount of Cu nanoparticles; (c) electrolyte (1M) with different cations. The applied

potential was -0.98V vs. RHE for this round of experiments.
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Faradaic efficiency at each potential in figure 3.6 in the main text.
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Figure 7.23 - NMR spectrum under open circuit potential. 50 mM formate was added to 0.3 M
NHs3 + 1M KOH for 1 hour and the solution probed afterwards. No formamide or acetamide

could be detected.
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could be detected.
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Figure 7.25 - Raman spectra of several standards (a). C-H stretches are situated around 2900
cm™ and N-H stretches are located around 3100-3200 cm™. Post electrolysis solutions were
drop cast on a roughened Ag foil as a surface enhanced Raman substrate and their spectra

taken with a 514 nm laser. Electrolysis with **N revealed a 3194 cm™ band (b) matching that of
acetamide. The N-H band of the solution using >N was situated at a lower frequency, 3180 cm"

1 (c), as expected from the isotope shift.
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Chapitre 8 — Supplementary information for: Electrochemical
Formation of C-S Bonds from CO, and Small Molecule Sulfur

Species
8.1 Materials and methods

8.1.1 Chemical Reagents:
Anhydrous copper chloride (CuCl,, 98%), copper nano powder (Cu, 99.9%), copper (Il) oxide nano
powder (CuO), hydroxylamine hydrochloride (NH,OH-HCI, 99%) were purchased from Alfa Aesar.
Sodium hydroxide (NaOH, 98%) and sodium sulfite (NaSOa4, 98%) were acquired from Sigma-
Aldrich. Potassium hydroxide was obtained from Macron fine chemicals. Copper (l) oxide was
purchased from thermos scientific. Sodium dodecyl sulfate (SDS, 100%) was purchased from
Mallinckrodt. All chemicals were used without further purification. Copper sulfide (Cu.S) was

purchased from Sigma Aldrich (200 mesh).

8.1.2 Catalyst Preparation:
Cu20 catalysts were synthesized by a simple wet chemistry method according to the reference.?
1 mL of 0.1M CuCl; was added into 95.5 mL deionized (DI) water, then 2mL of 1M NaOH solution
was added into the above solution under stirring. After 10 s, 0.87g SDS was added into the above
mixture with vigorous stirring to make the powder solve into the solution. Then 3.5 mL of 0.2M
NH,OH-HCl was injected into the above mixture and was shaken for 10 s. The mixture was
centrifuged to obtain the precipitates after 12 h aging, and washed with water and ethanol three

times, respectively. Finally, the precipitates were dried in a vacuum oven for 12h, and the powder

was labeled as sample C. This was the primary catalyst used for electrocatalytic measurements

For sample A to H, the synthesis steps are similar to sample C, except for different volumes of DI
water and NH2OH-HCI. The volume of DI water and NH,OH-HCI for each sample were listed in

Table 8.1.

Table 8.1 - The volume of DI water and NH2OH-HClI for the synthesis different Cu,0/CuO samples:
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DI water (mL) NH2OH-HCI (mL)

A 95.5 1.5
B 94.5 2.5
C 93.5 3.5
D 92.5 4.5
E 91.5 5.5
F 90.5 6.5
G 87.5 9.5
H 91 7.5 (adjust to pH 7)

8.2 Characterizations:

Ex-situ X-ray diffraction (XRD) patterns were collected with a Malvern PanAlytical Empyrean 3
diffractometer with a Cu Ka radiation source (A = 1.5418 A) and a PIXcel3P detector in 1D mode
operated in Bragg Brentano (0-0) geometry, using iCore and dCore optics with automatic slits set
at 10 mm irradiated length and a collection time of 1h. In contrast, a Mo-source was used for in
operando measurements due to its higher penetration, high intensity and compressed pattern
which allow to measure all peak of interests in a static configuration. They were collected on a
Malvern PanAlytical Empyrean 3 diffractometer with a Mo Ka radiation source (A = 0.7093 A) with
focusing mirror optics and a GaliPIX3P detector in static 1D mode with 30 s integration time, and
an omega angle of 12,5°. Scanning electron microscope characterization was conducted on FEI
Quanta 450 Environmental Scanning Electron Microscope (FE-ESEM). Transmission electron

microscopy (TEM) images were obtained with a JEOL JEM-2100F FEG-TEM, operating on 200 kV.

8.2.1 Electrochemical measurements and product qualification:
Electrochemical measurements were performed by Bio-Logic SP-200 Potentiostat (BiolLogic
Science Instruments, France) in a gas diffusion electrode (GDE) — based reaction cell with a three-
electrode framework. Carbon rod and Ag/AgCl were utilized as the counter electrode and
reference electrode, respectively. All potentials measured in this work were converted to RHE by

the following equation:
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E (vs RHE) = E (vs Ag/AgCl) + 0.197 + (0.0591 X pH)

The working electrode was prepared as below: 10 mg catalyst was added into the mixture of 100
pL DI water and 300 pL ethanol. After 10 mins ultrasonication, 100 pL homogeneous catalyst ink
was dropped onto the carbon cloth (GDL-CT (W1S1009, Fuel Cells Etc.) and dried in air for 1h. 1M
KOH with different concentrations of NaSOs was used as the electrolyte. Linear sweep
voltammetry was measured in the range of 0 ~ 1.18 V (vs. RHE), with a sweep rate of 5 mV s™.
Potentiostatic electrolysis was performed at room temperature and pressure, with a steady CO>
gas flow which is 10 mL min™t. The GDE cell was sealed and connected with gas chromatography
(GC, SRI 8610C) to qualify the gas products in flow mode. A thermal conductivity detector (TCD)
was used for analyzing H», and flame ionization detector (FID) was used for quantifying CO and
CHa. After 30 mins reaction, the electrolyte was collected and analyzed by H nuclear magnetic
resonance (NMR, Bruker AVII 500) and confirmed by 3C NMR (NMR, Bruker AVANCE Il 700). 400
uL liquid product was mixed with 400 pL D,0, with dimethyl sulfoxide (DMSO) as an internal
standard. The yield of gas and liquid products were calculated based on the calibration curves of

the standard samples. The Faradaic efficiency (FE) was calculated by the following formula: g =

anF

Q

where a is electron transfer number, n is the moles of products, F is the Faraday constant (96485
Cmol?), Qis all the charge passed during the reaction. For FE, partial current density, and product
formation rate calculations, the error bars correspond to the standard deviation from three

independent measurements.

8.2.2 In-situ Raman spectroscopy
In-situ Raman spectra were collected on Renishaw Invia system with a 633 nm laser. The output
powder is 5 mW. Before each experiment, Raman frequency calibration was conducted by
measuring a Si wafer (520 nm). A laser line focus module was utilized to obtain spectra by
spreading out the laser intensity with approximately 20x lower signal intensity per area. The
accumulation time per spectrum was set to 1s and the total signal acquisition time is 60s (average
of 60 spectra). An immersion objective (numerical aperture of 0.8) was used to decrease the

distance between the laser and the surface of the electrode to a obtain better Raman signal. The
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spectra were collected under different potential, range from open circuit potential to -0.98V vs.

RHE, with the step of -0.2V.

The reaction cell is similar with electrochemical measurement. The same three-electrode
configuration was used for the operando Raman measurement; working electrode, counter and
reference electrode are the identical. KOH was used as electrolyte, with or without the addition

of sulfite. CO; or N, was fed into the reactor, with flow rate of 10 mL min-2.

8.2.3 DFT parameters and computational details

Here, three slab structures for copper (100), (110) and (111) were constructed using Atomic
Simulation Environment (ASE) 33 and all consisted of 5 X 5 X 4 structures, or 4 layers of 25 atoms.
The bottom two layers were fixed to simulate the bulk and the top two layers were free to relax
to resemble the surface. 15 A of vacuum is added in the z direction (perpendicular to the surface)
to avoid interaction between periodic images. The Monkhorst-Pack scheme was used for K-points
of 4 X4 X 1. The energy cut-off and the relative cut-off used were 550 and 50 Rydberg,
respectively. The force convergence was taken to be 3 X 10™* Bohr! Hartree. The exchange
correlation functional of Perdew, Burke, and Ernzerhof (PBE) was used.3* All these parameters
were chosen after running convergence and sensitivity tests. DFT calculations are all performed
using CP2K code 3> and further computational details are given elsewhere.3® CO was used as a

starting intermediate as it one featured in the CO; reduction pathway to higher order products.

To compute energy differences of elementary proton coupled electron transfer (PCET) steps, the
computational hydrogen electrode (CHE) model 37 was used. In this model we assume hydrogen
gas is at equilibrium with proton and electron and the corresponding potential is 0 V vs. RHE, thus
the energy of proton coupled with electron is estimated by half of the energy of hydrogen gas:
H
Hf 4o o zz(g) (Eq. 1)

E
Ep+, -= Hé(g), @ pH=0and 1 atm (Eq. 2)
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Both SO3~ and HSO3 are adsorbed on the Cu (111), (110) and (100). The adsorption energies are
used as predictors for the affinity of the surfaces to both species. The adsorption energies are on

Table S2.

Table S3 and Table S4 are the optimized energy of the copper surfaces and absorbed

intermediates, respectively.

8.3 Supplementary figures and tables
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Figure 8.1 - XRD patterns of the catalysts en route to their synthesis. Among them, sample A is

CuO, sample B and C are the mixtures of CuO and Cu20. Sample D to H are Cu;0.
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Figure 8.2 - Typical SEM images of different catalysts from samples A to H. (a) nanowire, length
is around 400 nm; (b) nanowire; (c) sample C, the aggregation of nanowire to form shaped
nanoparticles, with a small amount of incompletely grown truncated octahedron crystals; (d)
truncated octahedra, the size is around 600 nm; (e) short hexapods, with small amount of
octahedra, ~1 um; (f) octahedra with uniform size; (g) sphere, size distributed from 100 nm to

1 um; (h) octahedra with a large size distribution from 200 nm to 700 nm.

CO, Flow

Figure 8.3 - Gas diffusion half-cell with minimal electrolyte volume used for electrochemical
screening experiments. Isolating the counter electrode with an anion-exchange membrane did

not lead to a measurable difference in C-S product formation in control experiments.
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Figure 8.4 - HNMR spectrum of hydroxymethanesulfonate (HMS) standard sample
(Concentration: 20 mM in 1 M KOH) (a) and comparison of 13C NMR spectra of the post-
electrolysis solution (orange) and HMS standard (gray) (b). HMS is also confirmed by adding a
small quantity (approx. 5 mM) of HMS to a post-electrolysis solution (at -0.68V vs. RHE) and

illustrating that no new peaks arise (c).
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Figure 8.5 - NMR spectrum of sulfoacetate standard sample (Concentration: 20 MM in 1 M

KOH).
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Figure 8.6 - NMR spectrum of methanesulfonate standard sample (20 mM in 1 M KOH).
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Figure 8.7 - NMR calibration curves. (a) hydroxymethanesulfonate (HMS); (b) sulfoacetate

(SA); (c) methanesulfonate (d); formate (e) acetate; (f) methanol; (g) ethanol; (h) n-propanol.

Figure 8.8 - NMR spectrum of the liquid after potentiostatic electrolysis. Sample C was chosen
as electrocatalyst with 1 M KOH, 0.2 M NaSO4 as electrolyte. CO; gas flow rate is 10 mL min,
the applied potential is -0.78V (vs. RHE). DMSO was used as the internal standard (2.64 ppm).
Hydroxymethanesulfonate (4.32 ppm, HMS) and sulfoacetate (3.66 ppm) are the product with

C-S bond, the liquid products also contain formate (8.36 ppm), ethanol (1.09 ppm), acetate
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(1.83 ppm), methanol (3.26 ppm), and n-propanol (0.80 ppm).
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Figure 8.9 - LSV of the Cu catalyst (sample C) under a N; atmosphere in the presence and

absence of SO3%.
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Figure 8.10 - Optimization of reaction conditions for HMS formation. (a) FE with different Cu
samples in 1 M KOH, 0.2 M Na;S0s3, at -0.78 V. Sample C shows the highest FE among these
eight catalysts. (b) Catalytic performance of sample C in different electrolytes. All the
concentration is 1M. (c) Production of HMS in different concentrations of Na;SOs. Sample C

shows the highest FE for HMS in 1M KOH, 0.2 M Na,SO0s. Different amounts of KOH (0.1 M, 2
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M) are also used as the electrolyte to adjust the pH, but no signal of HMS was observed in
NMR spectrum. Loading amount has also been changed (10 mg, 15 mg, 25 mg), C-S bonds
product was obtained only when the amount of sample Cis 25 mg, which is 2.39, it’s similar to
10 mg, thus in the following electrochemical experiment 10 mg sample C, 1 M KOH, 0.2 M
Na2SOs3 was chosen as the reaction condition.
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Figure 8.11 - Control experiments omitting key aspects of the electrocatalytic system in

otherwise identical conditions (1 M KOH electrolyte, -1.18 V vs. RHE).
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Figure 8.12 - NMR spectrum of a control experiment performed without sulfite. Potentiostatic
electrolysis was conducted with sample C in KOH + CO; flow under -0.78V. No HMS or
sulfoacetate or MS were observed in the NMR spectrum, which proves that SO3? is the sulfur

source. Formate, acetate, ethanol, and n-propanol were observed as the final liquid products.
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Figure 8.13 - NMR spectrum of a control experiment without sample C. The carbon cloth was
used as the electrode, 1 M KOH, 0.2 M sulfite was used as electrolyte. The electrolysis was
conducted under -0.68V, with continuous CO; flow. No product with C-S bonds was observed.

Formate, acetate, ethanol, n-propanol and methanol were observed after the reaction.
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Figure 8.14 - NMR spectrum of control experiment without CO,. Sample C was used as the

electrocatalyst, 1M KOH + 0.2 M NaSOs was used as the electrolyte, a stable, continuous N3

gas flow was used instead of CO,. The flow rate is 10 mL min™t. No C-S bond compounds are

obtained after electrolysis, formate, acetate, ethanol and n-propanol are produced by slight

decomposition of the carbon cloth electrode.
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Figure 8.15 - Formaldehyde (HCHO) was used as substrate instead of CO; to conduct
electrolysis in 1M KOH + 0.2 M Na;S03 at -1.08 V. No signal of HMS was observed, which

suggests that HCHO is not the intermediate for HMS formation.
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Figure 8.16 - Formate was used as a precursor to replace CO; to conduct electrolysis. The
reaction condition is the same as the CO2RR reaction, in which the electrolyte is 1 M KOH + 0.2
M sulfite, under -0.68 V. There is no HMS obtained after reaction, which suggests that formate

is not the intermediate for HMS production.
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Figure 8.17 - Methanol was used as a precursor instead of CO; for C-S coupling. The reaction
condition is the same as the COzRR reaction, in which the electrolyte is 1 M KOH + 0.2 M
sulfite, under -1.08 V. Also, there is no CH3NaO4S obtained after reaction, which suggests that

HMS is not the intermediate for HMS production.
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Figure 8.18 - Comparison of C-S product formation under optimized conditions (-0.68 V vs.

RHE, 1 M KOH, 200 mM SOs%) of synthesized and commercially purchased Cu catalysts.

161



hydroxymethanesulfonate
sulfoacetate
6 4 methanesulfonate
X5
E 1
Q2 44
=2 |
b=
w3
L
“ 4
T
S 2
]
[T
14
U 1 ' 1 ' T
Sample C Ag NPs Sample C + Ag NPs

Figure 8.19 - HMS and SA formation with Ag nanoparticles (NPs) used as catalysts under the

optimized conditions of 0.2 M Na;S03, 1.0 M KOH and -0.68Vge.
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Figure 8.20 - Faradaic efficiencies for C-S products from Cu,S (commercially purchased and

processed under identical conditions) at -0.68V vs. RHE indicates that the sulfide from the

Cu2S cannot significantly contribute to C-S product generation in the absence of SO3%, and
when SO3% is present (0.2 M), C-S product formation is measurable, but lower than the oxide-

derived catalysts.
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Figure 8.21 - Faradaic efficiencies for the electrochemical system in the absence of SO3%, using

the optimized catalyst Cin 1.0 M KOH and CO; flow.
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Figure 8.22 - Faradaic efficiencies for ethane and ethylene (sample C) in the presence and

absence of 200 mM SO3% in the 1.0 M KOH electrolyte.
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Figure 8.23 - XRD patterns of sample C powder, bare carbon cloth, working electrodes with
sample C before and after reactions. Comparing these patterns, sample C electrode shows the
peaks at 18.01°, 25.28°, 38.27°, and 44.41° belong to graphite. Before reaction, sample C
contain Cu20 (JCPDS card no. 05-0667), (110), (200), (220), (311) and (222) signals were
observed at 29.55°, 42.30°, 61.34°, 73.53°, and 77.32°, respectively. Besides these peaks, 26
values of 35.540, 38.710, and 48.720 could be indexed to (11-1) and (111), (20-2) planes of
CuO (JCPDS card no. 48-1548). After the reaction, peaks of graphite and Cu,0 are observed,

likely from the surface oxidation of the Cu and peaks of CuO are missing.
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Figure 8.24 - SEM images of sample C. (a) cross session and (b) electrode surface before

reaction; (c) cross section and (d) electrode surface after the reaction (-0.78 V for 1 hr).
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" 0.243 nm

200 nm

Figure 8.25 - (HR)TEM images of sample C powder before the reaction. The morphology is
consistent with SEM results, which is the mixture of incompletely grown octahedron and sea
urchin particles constituted by short nanowires. Nanowires are formed by the aggregation of

small nanoparticles. The lattice distance of 0.243 nm could be attributed to the Cu,0 (111)

planes.
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Figure 8.26 - (HR) TEM images of sample C after catalysis. The samples are scratched from

carbon cloth electrode onto a Ni TEM grid. Short nanowire-like features disappear, and small

nanoparticles are further aggregated to form larger nanoparticles (a, b). EDS analysis (c) shows

that Cu and O are the main elemental components of the particles. Traces of S can occasionally
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Figure 8.27 - FE (a) and partial current density (b) of C-S bond products over consecutive

electrolysis runs with the same catalyst at -0.68 V.
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X-ray source

Figure 8.28 - Schematic of operando XRD measurement setup.
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Figure. 8.29 - Operando XRD experiments (Mo source) carried out as a function of applied
potential (vs. RHE) with 1 minute per potential. Within 5-6 minutes of reducing potential, the
Cu20 (16.5° and 18°) and CuO (19.5°) largely disappear, and metallic Cu is the main crystal

phase observed.
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Figure 8.30 - Reaction cell used for operando Raman measurements under CO; flow and a gas
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Figure 8.31 - High and low-frequency Raman spectra under typical C-S coupling conditions (a)

and comparison of Raman spectra of the Cu catalyst at -0.78VRHE with CO; only and SO3% only

Raman Shift (cm™)

(b).
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Figure 8.32 - Potential dependent Raman spectra under N> using a 1 M KOH + 0.2 M SO3?*

electrolyte.
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Figure 8.33 - Raman spectrum of commercial Cu;S powder with a characteristic S-S stretch

around 474 cm™1.1-3Kor

Table 8.2 - Adsorption energies of two sulfur compounds and three copper surfaces
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Adsorption energies 100 110 111

S05™ 0.87eV 0.49eV 1.54eV

HSO3; 1.74eV 1.48eV 2.02eV

Table 8. 3 - Energies of optimized copper slabs

Size Surface Energy (a.u) Energy (eV)
5x5 100 -4811.5 -130926
X 4
5x5 111 -4811.7 -130933
X 4
5x5 110 -4810.9 -130910
X 4

Table 8.4 - Energies of adsorbed intermediated on Cu (100) and isolated molecules

Intermediate  Energy (a.u) Energy(eV) Position

co -4833.226 -131517 Bridge C*

CHO -4833.793 -131532 Bridge C*+Top O*

COH -4833.784 -131532 Hollow C*

CHOH -4834.371 -131548 Bridge C*

CH.0 -4834.400 -131549 Bridge C* + Bridge O*
CH:0H -4834.985 -131565 Top C* + Top O*

HMS (-) -81.649 -2221.74 Deprotonated ( -1 charge)
HMS -82.348 -2240.77 Protonated (0 charge)
S0sCO -4891.507 -133103 Stays connected
HOSO0,CO -4892.113 -133119 Disconnected, unfinished
SOsCOH -4892.088 -133119 C*, connected
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SOsCHO
SO3CHOH
SOsCH:0H
S03CH:0
HOSO,CH20H
HOSO,CHO
HOSO,CHOH
HOSO,COH
HSO3

H2S0s
HSO3+CHOH
HSOs+ COH

SO3+CHOH
SO3+COH

-4892.103
-4892.697
-4893.314
-4892.699
-4893.872
-4892.700
-4893.264
-4892.659
-58.929
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-4893.272
-4892.689

-4892.692
-4892.108

-133119 CHO on top of SOs by C*on S
-133135 C*, connected

-133152 SO3*, CH20H lifted up
-133135 CH20 desorbs, unfinished
-133167 Desorbs, Unfinished
-133135 Separated
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-1603.53 Individual molecule
-1617.74 Individual molecule
-133151 Surface coupling
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-133135 Surface coupling

-133119 Surface coupling
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Figure 8.34 - Reaction pathway from CO to HMS on Cu (100) including energy barriers,
adsorption energy. Underlined values show the most promising pathway. Red values are

positive while green values are negative energy barriers.
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Figure 8.35 - Reaction pathway from CO to HMS on Cu (110) including energy barriers,
adsorption energy. Underlined values show the most promising pathway. Red values are

positive while green values are negative energy barriers.
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Figure 8.36 - Comparing energy diagrams of (100) and (110).

Table 8.5 - Comparison of energy barriers and coupling barriers of Cu(100) and Cu(110).

Main coupling Coupling RDS RDS
step barrier barrier
(eV)
100 SO;+CHOH 0.740 0.74 SO3+CHOH =
SO3CHOH
110 SO; +CHOH 0.116 0.36 CO=>CHO
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Figure 8.37 - 200 mM carbon reactants were mixed with 200 mM SO3% in 1M KOH for more
than 24 hrs and potential formation of products was monitored for by NMR. No HMS, SA or

MS would be observed within our typical sensitivity limits.
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Figure 8.38 - 13C NMR of sulfoacetate after 30 min of co-electrolysis with CH3OH and SOs?".
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Figure 8.39 - Raman spectra of formate and methanol electrolysis en route to C-S coupling.
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Figure 8.40 - Plausible route SA via HCOO™ and SOs? coupling. Note: H* either couples with *H

to form Hz or may be used to hydrogenate a surface-bound intermediate. *O can be reduced
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to H20 or can couple with a surface intermediate. In this diagram, C-C coupling occurs prior to

C-S coupling but the inverse may also be the case and will be studied in follow up works.

CH;OH
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\

8%'63%8800 e
*CO + *CH, *COCH, a *COCH,S0; + O*
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Figure 8.41 - Plausible route to SA from CH3OH and SOs? reactants. Note: H* either couples
with *H to form H, or may be used to hydrogenate a surface-bound intermediate. *O can be
reduced to H;0 or can couple with a surface intermediate. In this diagram, C-C coupling occurs
prior to C-S coupling but the inverse may also be the case and will be studied in follow up

works.
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