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Résume

A la lumiére du changement climatique et de I'épuisement des réserves de combustibles fossiles,
l'innovation dans les technologies énergétiques vertes et durables devient un défi crucial. La
fabrication de produits chimiques consomme de grandes quantités d'énergie et est responsable
d'une part importante des émissions mondiales de carbone. Dans ce contexte, I'¢lectrosynthése,
alimentée par de ['¢lectricité renouvelable, peut remplacer de nombreux procédés
thermochimiques industriels pour générer des carburants, des produits chimiques et des engrais.
Plutot que de nous concentrer sur des domaines qui ont recu beaucoup d'attention ces derniéres
années (par exemple, 1'¢lectrolyse de l'eau et la réduction du CO2), nous avons exploré les

domaines émergents de 1'électrosynthése hétérogene pour lesquels il existe un besoin substantiel.

Dans le chapitre 3, nous soulignons I'importance de concevoir des é€lectrocatalyseurs avec des
sites actifs bien définis. Nous rapportons l'utilisation de la chimie réticulaire pour concevoir un
systéme de modele €lectrocatalytique a base d'organo-métallique conducteur avec des sites actifs
moléculaires M-O4 pour l'oxydation électrochimique du 5-hydroxyméthylfurfural (HMFOR).
L'activité des MOF portant des sites actifs Ni-O4 (Ni-CAT) et Co-O4 (Co-CAT) a été analysée
avec des techniques spectroscopiques é€lectrochimiques et operando pour ¢lucider le mécanisme
de réaction se produisant a la surface. Les expériences €lectrochimiques révelent que le Co-CAT
a un potentiel d'apparition plus précoce pour activer le HMFOR, par rapport a la plupart des
catalyseurs établis, tandis que le Ni-CAT présente une cinétique plus rapide pour la conversion du
5-hydroxyméthylfurfural (HMF) en acide 2,5-furandicarboxylique (FDCA). Nous avons
déterminé que Ni-CAT atteignait des rendements de FDCA (notre molécule cible) de 98,7 %.
L'efficacité faradique peut atteindre 86,8% d'efficacité faradique. La spectroscopie infrarouge
indique le HMF avec un groupe aldéhyde li¢ a la surface comme intermédiaire clé dans le cycle
catalytique, qui se forme une fois que I'oxydation M (I \IIT) se produit. Ce travail illustre 'avantage
d'utiliser des sites actifs moléculairement définis couplés a la spectroscopie operando pour fournir
des informations fondamentales sur une variété de réactions électrosynthétiques et ouvrir la voie a

la conception future de catalyseurs.
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Suite a ce projet, nous nous sommes tournés vers l'utilisation d'un réacteur a8 membrane sélective
pour I'hydrogene afin d'explorer de nouveaux concepts de réaction et de catalyseurs. La clé ici était
d'utiliser une feuille de Pd comme matériau qui réduisait les protons en *H dans un compartiment
aqueux et transférait I'hydrogeéne dans un compartiment organique ou il hydrogénait le réactif de
choix. A l'aide d'un réacteur 3 membrane, nous avons pu séparer physiquement la réduction
¢lectrochimique de I'hydrogeéne et la chimie de I'hydrogénation d'une maniére qui contournait
l'utilisation du gaz H; qui serait autrement nécessaire. Nous choisissons comme point de départ un
produit chimique produit industriellement en exces, 1'acétonitrile. Le réacteur a membrane Pd est
appliqué pour hydrogéner complétement la liaison C=N de l'acétonitrile. Avec succes, nous avons
obtenu de I'ammoniac et de l'acétaldéhyde comme produits de réaction a un potentiel de début
record de 04 V vs Ag/AgCl. Enfin, en concevant soigneusement une cellule
spectroélectrochimique unique, nous avons pu effectuer des mesures spectroscopiques infrarouges
pour visualiser le processus de réaction dans la membrane Pd et par conséquent proposé un

mécanisme unique de réaction d'hydrolyse de I'imine (Chapitre 4).

Dans le chapitre 5, nous choisissons d'innover dans un domaine émergent: la formation de liaisons
¢lectrochimiques C-N a partir de réactifs de petites molécules (par exemple CO>, NH3). Le
mécanisme conventionnel de formation de liaisons électrochimiques C-N est basé sur le CO2RR
¢lectrochimique. Dans ce chapitre, nous proposons une stratégie orthogonale pour activer
simultanément le CO; et les N-réactifs en appliquant respectivement des impulsions de potentiel
négatives et positives. Les nanoparticules de Cu sont utilisées comme catalyseur modele, le CO-
agit comme réactif C et le NH3 agit comme réactif N pour le couplage C-N. Dans des conditions
optimisé€es dans lesquelles la couverture *NH> est maintenue a 1'état stable tandis que Cu reste
métallique, l'électrolyse pulsée augmente a la fois le taux de formation et la sélectivité des produits
C-N urée, formamide et acétamide de 3 a 20 fois. En étendant le champ d'application a des réactifs
C et N supplémentaires, ainsi qu'au couplage C-S, cette nouvelle approche démontre davantage sa

valeur générale en ¢électrosynthese.

Mots-clés: Electrosynthése; électrocatalyseur ; Oxydation de la biomasse ; clivage de la liaison C-
N ; Réacteur a membrane Pd ; Formation de liaison C-N.
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Abstract

In light of climate change and depleting fossil fuel reserves, innovating green and sustainable
energy technologies becomes a critical challenge. Chemical manufacturing consumes large
amounts of energy and is responsible for a substantial portion of global carbon emissions. Against
this backdrop, electrosynthesis, powered by renewable electricity, can replace many industrial
thermochemical processes to generate fuels, chemicals, and fertilizers. Rather than focusing on
areas that have received much attention in recent years (e.g. water electrolysis and COz reduction),
we explored emerging areas within heterogeneous electrosynthesis for which there is a substantial

need.

In chapter 3, we highlight the importance of designing electrocatalysts with well defined active
sites. We report the use of reticular chemistry to design a conductive metal organic framework-
based electrocatalytic model system with molecular M-O4 active sites for electrochemical
oxidation of 5-hydroxymethylfurfural (HMFOR). The activity of MOFs bearing Ni-O4 (Ni-CAT)
and Co-O4 (Co-CAT) active sites were analyzed with electrochemical and operando spectroscopic
techniques to elucidate the reaction mechanism occurring on the surface. Electrochemical
experiments reveal that Co-CAT has an earlier onset potential for enabling HMFOR, relative to
most established catalysts, while the Ni-CAT shows faster kinetics for the conversion of 5-
hydroxymethylfurfural (HMF) to 2,5-furandicarboxylic acid (FDCA). We determined that Ni-
CAT achieved FDCA (our target molecule) yields of 98.7% yield. The faradic efficiency can reach
out to 86.8% faradic efficiency. Infrared spectroscopy points to HMF with a surface-bound
aldehyde group as the key intermediate in the catalytic cycle, which forms once the M(II\III)
oxidation occurs. This work illustrates the advantage of utilizing molecularly defined active sites
coupled with operando spectroscopy to provide fundamental insights into a variety of

electrosynthetic reactions and pave the way for future catalyst design.

Following this project, we turned to the use of a hydrogen-selective membrane reactor to explore
more new reaction and catalysts concepts. The key here was using a Pd foil as a material that
reduced protons to *H at an aqueous compartment and transferred the hydrogen through to an

organic compartment where it hydrogenated the reactant of choice. Using a membrane reactor, we



could physically separate electrochemical hydrogen reduction and hydrogenation chemistry in a
manner that circumvented the use of H> gas as would otherwise be necessary. We choose a
chemical that is industrially produced in excess, acetonitrile, as a starting point. The Pd membrane

reactor is applied to fully hydrogenate the C=N bond of acetonitrile. Successfully, we obtained

ammonia and acetaldehyde as reaction products at a record onset potential of 0.4 V vs Ag/AgCl.
Finally, by carefully designing a unique spectroelectrochemical cell, we were able to carry out
infrared spectroscopic measurements to visualize the reaction process in Pd-membrane and

consequently proposed a unique imine-hydrolysis reaction mechanism (Chapter 4).

In Chapter 5, we choose to innovate in an emerging area: electrochemical C-N bond formation
from small molecule reactants (e.g. CO2, NH3). The conventional electrochemical C-N bond
formation mechanism is based on electrochemical CO;RR. In this chapter, we propose an
orthogonal strategy to simultaneously activate CO> and N-reactants by applying negative and
positive potential pulses, respectively. Cu nanoparticles are used as a model catalyst, CO> acts as
the C-reactant, and NHj acts as the N-reactant for C-N coupling. Under optimized conditions in
which *NH> coverage is maintained at steady state while Cu remains metallic, pulsed electrolysis
increases both the rate of formation and the selectivity of the C-N products urea, formamide and
acetamide by 3-20 times. By extending the scope to additional C- and N-reactants, as well as C-S

coupling, this new approach further demonstrates its general value in electrosynthesis.

Key words: Electrosynthesis; Electrocatalyst; Biomass oxidation; C-N bond cleavage; Pd-

membrane reactor; C-N bond formation.

vi



Table of Contents

RESUIMC ...ttt et ettt et e st e sbeee s 111
AADSTTACT ...ttt ettt ettt et e h e ettt e bt e bt e et e e bt e et e e nhteenbeenneeenteennaeans \%
] A0 G R 01 (SR X
LSt OF tADIES . ..ottt ettt et saeeen XVvii
List Of ADDIEVIAtIONS .....eviiiiiiiiiiieiieieciteteee ettt sttt Xviii
ACKNOWIEAZEMENL .....oeiiiiiieiieiie ettt ettt e ebeeaeeeebeeseaeenseesnaeenne XX1
Chapter 1 INtrOUCTION .......ieviiiiieiiecie ettt et ae et e b e sseesabeesaaeesseessneenseas 23
1.1. Energy consumption overview and outlook ............cccceevieiiiieniieiiienieeieeieeieesee e 23
1.2. Electrolysis as a sustainable route to generate fuels and chemicals ................cccccce.. 24
1.3. Emerging directions and techniques in electrolysis.........ccoceeveiriiiiiiniienieiieeieeeee 26
1.3.1. Electrochemical biomass upgrading .............cceeveeriieerieeiiienieiiienie e 28
1.3.2. C-N bond formation via electrocatalysis. ........ccccceeveeriiriiiniiiiiierieceese e 28
1.3.3. C-N DONA CIEAVAZE.......eeeuiieiieeiiieiieeie ettt ettt ettt eieeebeesiaeebeesseeenseesaneens 30

L4, RETETEICE .ttt e sttt sttt eanees 33
Chapter 2 Methodologies for pioneer new electrosynthesis reaction systems .............cc..c...... 35
2.1. Catalyst design and material characterization............cceeevueeeriieenieeenieeeee e 35
2.2. Cell engineering: H-membrane reactor..............cceevieeiieniieiiiienieeieeniieeieesiie e seeeeeees 36
2.3. Pulsed eleCtrOlYSIS. ..c.eeuiriiniiiiieieeiteteet ettt 37
2.4. Developing operando spectroscopic techniques to extract key reaction mechanisms .37
2.5, RETETEICE ...ttt ettt ettt e et e st eesateenbeesneeeaneas 39
Chapter 3 Conductive metal-organic frameworks bearing M-O4 active sites as highly active
biomass valorization electroCatalysts........ccceevuiriiriiiiiriiniiiee e 41
3L ADSITACT ...ttt ettt st b e e et e saaeeas 41
3012, K@Y WOTAS ettt ettt e et e e e ta e e e taeeesseeesssaeesnbeeennseeennseeas 41
3.1.3. Table of content Zraphic .........ccceeeriiieiiieeiiie e svee e s 43

3.2, TNEOAUCTION ...ttt ettt et et e st e st e e beenaeeens 43
3.3. Results and diSCUSSION ...c..eeuviriiiriiiiiniiiiiiiecieste ettt sttt 46
3.4, CONCIUSION ..euvtiniiiiiieiieeit ettt et ettt et b e ettt sbe e bt et e sbeenaeeatesanen 52
3.5. ACKNOWIEAZEMENLS......ccutiiiiiiiiieiieeie ettt ettt e e e e ensaesnaeens 52
3.6. EXPOrimEntal .......cc.ooiuiiiiiiiiiiiiciieee ettt ettt eteeenaeen 52
3.6.1. ChEemMICALS. ..cc.eiiiiiiiiiiette et ettt ettt en 52
3.6.2. Synthesis and characterization of M-CAT...........cccovieiiieeiiieeeeeeeeeeeeee e 53
3.6.3. Electrocatalytic oxidation of HMF to FDCA.........ccccoooiiiiiiieeeeeeeeee e, 53

vil



3.6.4. Operando SPECLTOSCOPY ...cecvreerveeeiieeeireeeireeasseesssreeassreesssreessseeessseeessseeesssesesssees 54

3.7 RETEIEICES ...ttt ettt ettt b e st e et e s bt e et e seeeebeesaaeens 55
3.8. Supporting INfOrMALION ........cccuiiiiiie ettt e s e e eeseveeesnreeeens 58
3.9. Supporting REfEIENCE. ......ccuviiiiiiiieiieiiecie et e ebe e ens 70
Chapter 4 C-N triple bond cleavage via trans-membrane hydrogenation..........c..cccceeeruennnn. 72
A1 ADSITACE ...ttt et b et b et sa e bt et eatesbe et saten 72
4.2, GraphiCal @DSIIACT .....c.eevciieiieeiieiie ettt ettt et et eebeesteesabe e aaeesseensaeenseas 75
T TN 01101 402 o PP RR 76
A4 INETOAUCTION ...ttt ettt et e b e et e bt e et e e bt e e bt esbeesateesaaeenbeasseeeneeas 76
4.5. Results and DISCUSSION ....ccuiiiiieriiiiiieiieeie ettt ettt ettt ettt e saeeebeesseeeaeeas 78
4.6. Concluding Remarks..........coviiuiiiiiiiiiiiiiccec et 85
4.7. Experimental PrOCEAUIES: .........ccocuiiiiiiriiieiieiie ettt e 85
471, CREIMICALS. ..ottt sttt ettt et sbe et et e bt e aeenees 85
4.7.2. Catalyst Preparation and Characterization..............cccceeeeveerieecieeneeenieeneeesneesveennes 85
4.7.3. Electrochemistry Analysis and Product Quantification...........ccccceeevvevveevieenneennen. 86
4.7.4. INTrared SPECLIOSCOPY . .veeurieriieriiietieeitette et ertte et et e sbeeette et esseeebeesateebeesneeeneeas 87
4.8. ACKNOWIEAZEMENLS......coouiiiiiiiiieiie ettt et 103
4.9, REIETEICES ... ittt ettt ettt et e st e et e e s et e et e e e st e enbeesneeenseennes 104
Chapter 5 Oxy-reductive C-N bond formation via pulsed electrolysis..........ccccceervvereenuennee. 106
ST ADSIIACT ...t sttt e 106
5.2, TNEFOAUCTION ...ttt sttt et st 108
5.3. Results and DISCUSSION ....c.eeiuiiriiiiiiiiiiiiieeieeee ettt st s 109
5.4. Concluding Remarks........c.coeiiiiiiiiieiiii et 117
5.5. Experimental PrOCEAUIES .........ccooviiiiiiiiiie ettt 118
5,51, CREMICALS: ... ittt ettt ettt ettt et sbe e e eaneas 118
5.5.2. Electrode Preparation and Characterization: ............cccceevveeviienieeniienieenicesneenen. 118
5.5.3. Electrochemistry Analysis and Product Quantification:.............cccceeeeveuiennennen. 119
5.5.4. Long term operation and GC-MS detection............ccoeeeeeiieriienieenieniieieeeeeee. 120
5.6. ACKNOWIEAZEMENTS.....cccviiiiiiieciie ettt et e e e e e e e nreeeenns 120
5.7 RETEIEIICES ...ttt ettt st ettt eaeeas 121
5.8. Supporting INfOIMATION .......ccueiiiiiieieiie et eeieeeetee et e e e e e e e eeeteeeebeeeesseeeesseeenns 124
5.8.1. Supplementary Note 1: Using NMR to detect C-N products ..........cccceeevvveennenn. 124
5.8.2 Supplementary Note 2: Using '"NH4Cl to prove the formation of C-N bond....... 126

5.8.3. Supporting Note 3: Identification of the oxidation potentials for Cu nanoparticles in
the GDE CeIL...oiiiiiiieiiee ettt sttt e 127



5.8.4. Supplementary Note 4: Calculation of the Faradaic Efficiency and formation rate

o) BT Ted 1 1 o (o1 L Lo AU 128
5.8.5. Supplementary Note 5: In situ IR analysis ........cccceeeviieeiieeeciieeieeceeeeee e 131
5.8.6. Supplementary Note 6: Raman measurements: ..........ccceecveeevuveeeinieeecneeescveeesnenn 133
5.8.7. Supplementary Note 7: Scope of the oxy-reductive C-N bond couplings........... 135
5.8.8. Supplementary Note 8: Using GC-MS to prove the formation of the C-N bond
PLOAUCES. .eeitieiie ettt ettt ettt et e et e e e e s eteesbeeesbeenseeenseesaesnseessesnsaesseanseesssennsaensseans 136
5.8.9. Supplemental note 9: Density Functional Theory (DFT) information ................ 164

5.9. Supporting REfEIENCES .....ccuviiiiiiiieiieeie ettt e 167
Conclusion & OULIOOK ......cc.eeuiiiiiieiieieseee ettt st e e b 169

X



List of Figures

CHAPTER 1

Figure 1-1. Primary direct energy consumption by source, World. The definition of primary energy
supply is energy production plus energy input. It is classified into two groups: non-renewable (oil,
coal, gas) or renewable (hydropower, nuclear, wind, solar, and others) on the basis of whether

they are limited supplies. Figure sourced from Statistical Review of World Energy>. ................ 23
Figure 1-2. Revisiting the modern fuels and chemistry industry. Examples of chemistry process
responsible for majority of carbon dioxide emission such as Haber-Bosch Process. .................. 24

Figure 1-3. Levelized cost of energy comparison — Renewable energy versus marginal cost of selected
existing conventional generation. The cost of wind and solar is competitive with the marginal cost

of coal, nuclear and combined cycle gas generation. Figure source from Lazard Estimate®. ...... 25
Figure 1-4. Overall reaction mechanism of electrochemical CO, reduction reaction and HER on metal
electrodes in aqUEOUS SOIULION®. ...........cooviviiiiiiieieiieieccee ettt 27
Figure 1-5. The overall scheme of renewable energy used for biomass valorization. .......................... 28

Figure 1-6. As the principal step in heterogeneous electrocatalytic C-N formation typically involves the
nucleophilic attack of a nitrogen species at an electrophilic carbon centre, the nucleophilicity of
the nitrogenous reactant or intermediates can have a determining role in the reaction selectivity?°.

Figure 1-7. The overall motivation of addressing the by-product in acrylonitrile production.............. 30
Figure 1-8. New cobalt bis-iminopyridines, [Co(DDP)(H20):](NOs), (1, DDP = cis-[1,3-bis(2-
pyridinylenamine)] cyclohexane) electrocatalysis the 4-proton, 4-electron reduction of acetonitrile
LEO 11 13 2110134 TSRS 31

CHAPTER 3

Figure 3-1. M-CAT, employed in this work, is conductive framework containing well-defined
undercoordinated active sites for HMFOR. We investigate these active sites with a combination
of electrochemical and operando spectroscopic techniques. 46
Figure 3-2. Synthetic scheme of M-CAT (M=Ni?**, Co*") (a). X-ray diffraction patterns of the Ni-, Co-
CAT powder, Ni-, Co-CAT-Carbon Paper and the calculated patterns of the Co-CAT (b). Top-
view SEM micrographs of the Ni-CAT-FTO (c) with the insert showing side review of the Ni-
CAT-FTO. TEM micrographs of the Ni-CAT particles (d). 47
Figure 3-3: Electrochemical analysis. Cyclic voltammetry (CV) measurements show the catalytic
current onset at the same potential as the Co(II/III) (a) and Ni(II/III) (b) redox peaks for catalysts
on FTO substrates. A similar behaviour was observed for Co-CAT (c) and Ni-CAT(d) on carbon
paper substrates. Faradaic efficiency and yields of FDCA using Ni-CAT and Co-CAT for a Shr
electrolysis at 1.42 V vs. RHE (e). Catalytic differences are also evident by differences in Tafel
slopes, measured in a rotating disk configuration 49
Figure 3-4: Mechanism analysis. The MOF-HMF physical absorb interactions can be observed from
both high wavenumber range (a) and (1040-980 cm™) range IR spectra (b). Potential-dependent
ATR-IR difference spectra of the Co-CAT (c¢) and Ni-CAT (d) in HMF electrolyte under applied
potentials. The color scheme denotes V vs. RHE. Bands at 1357.7 and 1560.2 begin to rise just
past the Co(II/I1I) redox potential (). Similar results are evidenced for Ni-CAT, which features a
markedly faster spectral change once the Ni(II/II) redox potential is reached. ....ceceeveeserseeceraees 51




CHAPTER 3 SI

Figure 3-S1. SEM images of Ni-CAT-FTO (a) and Co-CAT-FTO (b). TEM images of Ni-CAT-FTO
(c) and Co-CAT-FTO (d). SEM images of Co-CAT-Carbon paper (e) and Ni-CAT-Carbon paper

Figure 3-S2. Scan rate dependence analysis. CVs show the scan rate dependence of Co-CAT-FTO (a-
d) and Ni-CAT-FTO (e,f) in 1 M KOH electrolyte at the applied potential from 0.82 V to 1.42 V
vs RHE. (c) Plot of the Co(I)/ Co(III) peak current for Co-CAT-FTO versus the scan rate. (d) Plot
of the Ni(II)/ Ni(IIl) peak current for Ni-CAT-FTO versus the square root of the scan rate. (f) Plot
of the Ni(II)/ Ni(IIl) peak current for -Ni-CAT-FTO versus the scan rate...........ccccccvveeeveenneenns 59

Figure 3-S3. Bulk product analysis was performed using a 10 mM HMF-containing electrolyte and
periodic sampling of the solution, followed by analysis with NMR. A chronoamperometric scan
at 1.42 V shows a decreasing current as HMF is depleted and converted into HMFCA and FDCA
as measured with NMR at different time (a), (D). ..ccovevvievierienierieciece e 60

Figure 3-S4. NMR spectra of a FDCA standard, of reaction solution of Co-CAT electrolysis after 20 h,
of reaction solution of Ni-CAT electrolysis after Sh and 10 mM HMF in 1 M KOH solution (from
top to bottom). HMF could be completely converted to FDCA after extended electrolysis shown
10 thiS NIMR SPECITA. .....eiiiiiiiietieee ettt ettt e st e et e et et e bt e btesaeesaeeeneeenseas 60

Figure 3-S5. Concentration versus time plot of HMF, FDCA, and the intermediates at various
electrolysis times (a). Faradaic efficiencies (FEs) for FDCA by Co-CAT at applied potentials 1.42
V vs RHE after 5 h €lectrolySis (D). ...cccvverierieiieeiiciieiteeesee et ere et eesresere e e 61

Figure 3-S6. NMR spectra of 5 mM HMF of Co-CAT after 5 days electrolysis at 1.12 V. The final
product is FDCA (faradic efficiency is 31.13 %) and only trace amount of HMF been detected.

Figure 3-S7. XPS characterization of Co-CAT (a), (c) and Ni-CAT (b), (d) before and after 6h
electrolysis at 1.42 V vs RHE. We attribute a small shift to lower binding energies for all peaks as
due to differences in solvent infiltration or coordination within the MOFs and removal of residual

organics throughout the electrocatalytic Xperiments. ..........cceeveerierieriieesiierieeseerie e eee e 62
Figure 3-S8. SEM measurements of Co-CAT (a) and Ni-CAT (b) after 6 hrs of electrolysis at 1.42 V
R ST 2 = 1 SRR 63

Figure 3-S9. A recyclability test was performed with the Ni-CAT. 10mM HMF was added for several
cycles, which showed an increase in current (a) and continual buildup of FDCA (b) with each

[0 o] 1< 63
Figure 3-S10. CV measurements in the solution 10 mM DFF or HMFCA in the 1 M KOH with the

same parameter setting With FIgure 3-3. ........ccccoiiiiiiiiiiiiee e 64
Figure 3-S11. The IR spectra of obtained Ni-CAT-Carbon Paper, Co-CAT-Carbon Paper, Ni-CAT-

Powder, Co-CAT-Powder and HHTP, from top to bottom...........cccveevvievieeviienieeieeie e 65
Figure 3-S12. IR spectra of HMF, FDCA, FFCA, DFF and HMFCA...........ccooiiiiiiieeeeeee 66
Figure 3-S13. Potential-dependent ATR-IR difference spectra of the Co-CAT and Ni-CAT in IM KOH

electrolyte under applied POtENLIALS. ........ccviiviiiiiirieiie ettt ereeveeares 67
CHAPTER 4

Figure 4-1. Illustration of the Pd-membrane reaction system. Schematic diagrams of acetonitrile
hydrogenation to produce ammonia and acetaldehyde on the surface of Pd (a) and schematic
diagrams 0f the dEVICE (D). ..cueiiuiiiiiiiiiiieiieie ettt ere et ettt s b e s veesveesbe e beestsesrseesveenses 78

Figure 4-2. Characterization of Pd catalyst morphology and performance. Scanning electron
micrographs of the rough Pd surface (a, b). CVs scans the Pd hydrogenation and dehydrogenation
processes (c) and NMR spectra of the solution after electrolysis (d). The partial current density (e)
and FE (f) for the reaction is plotted as a function of applied potential..............cccecvervrrcrrrnennen. 81

xi



Figure 4-3. IR spectroelectrochemical testing. The spectroelectrochemical configuration employed to
probe the reaction process is illustrated (a). Spectra recorded as a function of applied potential (b)
and compared with those using a D>O/D,S0Os electrolyte (c). Time dependent spectra (d) were
used to track the evolution of individual species (e). The spectrum taken at open circuit (approx.

0.45 Vagagct) was used as the baseline for (b-). ........coceeiiiiiiiiiiiinie e 83
Figure 4-4. Reaction mechanism. The proposed catalytic reaction mechanism for acetonitrile
conversion into ammonia and acetaldehyde is illustrated. ..........cccccoeoiiiieiiiiini e, 84

CHAPTER 4 SI

Figure 4-S1. Reactor. Simplified schematic of the electrochemical setup employed in this work........ 89
Figure 4-S2. Surface area measurements. Double-layer capacitance measurements of (a) the planar
palladium electrode and (b) the electrodeposited palladium surface demonstrates an approximate
85-fold INCrease N SUITACE AT@A.........ceiuieiuieiieiiieiieteeee ettt ettt ettt ettt et sbe e et e e aeeeneeas 90
Figure 4-S3. NH4" quantification. The NMR spectra (a) and calibration curve (b) of NH4". The
concentration of ammonia exhibits a linear relationship with the integral area of the characteristic

PRAKS. ..t etieetietiestte ettt ete ettt et e et e et e et e e bt et e tt e et e et e et e e bt e bt e atbeetbeanbees st ern e e taeesbenrbeanseenbaenteensaean 90
Figure 4-S4. Ethylamine quantification. Calibration curve of the ethylamine. The concentration of
ethylamine exhibits a linear relationship with the integral area of the characteristic peaks........ 91
Figure 4-S5. Standards. NMR spectra of select standards and the reaction after electrolysis. ceeseceses 92

Figure 4-S6. NH4" generation. Ammonia generation in a Pd-membrane reactor (a) under standard
conditions as described or in a 1-compartment reactor with 10 % (V:V) CH3CN in 0.5M H>SO4
with an equivalently prepared rough Pd foil used as a working electrode (b). At potentials of 0.2

Vagagct and higher, no detectable ammonia generation was noted. 93
Figure 4-S7. Product generation. The partial current density (a) and Faradaic efficiency (b) of the
reaction across the entire potential range tested. 93

Figure 4-S8. Effect of acid. The partial current density (a) and Faradaic efficiency (b) of ammonia are
both improved with 0.2 % sulfuric acid (V:V) rather than 60 mM water in the organic compartment.
94
Figure 4-S9. Control experiment with dry acetonitrile. Resultant NMR spectra from running the
reaction in dry and wet (0.2 % acid) acetonitrile (a). (b) shows magnified NMR spectra of the
product peaks. 94
Figure 4-S10. Stability measurements. Long term operation testing at -0.6 Vagagci (a) and SEM images
with low (b) and high (c) magnification of the Pd after a typical electrolysis experiment at -0.6
Vagagcl. 95
Figure 4-S11. TEM analysis. TEM images of the Pd (scratched off the electrode) before electrolysis (a,
b) and after electrolysis (c, d) at -0.6 Vagagci. Higher resolution imaging was not possible due to

the instability of the Pd under high electron flux in our setup. 96
Figure 4-S12. IR Standards. Infrared spectra of several reference compounds. 97
Figure 4-S13. Time-dependence. Time-dependent band changes at longer timescales at -0.6 Vagagci,

with each band normalized to its intensity at 22 minutes for ease of COMPAriSON. ceveerressssasssns 98
Figure 4-S14. Scheme of substrate scope. The scope of the reaction was extended beyond CH3;CN and

to propionitrile, benzonitrile, isobutyronitrile, and acrylonitrile. 99

Figure 4-S15. NMR spectra of reaction products. Expansion of scope of nitrile hydrogenation: we
sought to apply our hydrogenation strategy to several nitrile substrate solutions such as
propionitrile (a-b), isobutyronitrile (c-d), and benzonitrile (e-f). The same conditions were used as
for figure 2, with -0.6 Vagagct set as the applied potential. (b), (d) and (f) feature expanded views
of the characteristic NMR peaks of the products. We calculated the Faradaic efficiency to be 21.54 %
for propionitrile and 15.73 % for isobutyronitrile. 100

xil



Figure 4-S16. NMR spectra of reaction products of acrylonitrile hydrogenation. NMR spectra of
acrylonitrile before and after catalysis (a). The same conditions were used as for figure 2, with -
0.6 VAg/AgCl set as the applied potential. (b) and (c) are magnified to show peaks of the products.
The Faradaic efficiency was calculated to be 12.17 % for acrylonitrile hydrogenation. ........... 101
Figure 4-S17. Quantification of Pd dissolution. Mass Spectrometry measurements on the of Pd
dissolution. Dissolved Pd in the acetonitrile-containing compartment was measured through its
characteristic peaks at 104.9 and 105.9 mass/charge ratio (highlighted in yellow) by first
quantifying a series of standards (a) and constructing a calibration curve (b). After 66 hours of
operation at -0.5 Vagaeci, the dissolved Pd concentration reached 21.98 pg/L within a 50 mL
solution and a Pd geometric area of 2 cm?. 102

CHAPTER 5

Figure 5-1. Types of waveforms in static potential and pulsed electrosynthesis (a) and brief illustration
of parameters affected through electrochemical pulsing (b). Our route to C-N bond production
through oxy-reductive coupling via pulsed electrolysis (c). 109

Figure 5-2. CVs of the Cu showing the oxidation of Cu, NH3 and COR intermediates (a). In situ XRD
similarly pointed to the dominant phase of Cu as a function of potential (b) while IR measurements
hinted at a steady-state coverage of *NH, during electrochemical pulsing (). .c.ccceeerseerscurscncens 111

Figure 5-3. Comparison of C-N products formed through steady state and pulsed electrolysis (a). The
Faradic efficiency (FE, b) and product formation rate (FR, c) for C-N products under three model
conditions is significantly enhanced relative to that when using static potentials. For clarity, the
FR of methylamine are multiplied by factor 10. Each electrolysis condition was repeated for more
than 3 times to determine standard deviations between measurements. 112

Figure 5-4. X-ray diffraction indicates Cu as the dominant phase during catalysis until E.,=0.4V, when
Cu,0 co-exists (a). A tensile strain was evident from the shift of the Cu (111) peak to lower 26
values (b). Raman (c,d) and IR (e,f) detect the surface bound intermediates built up under reaction
conditions. All measurements conducted in IM KOH and 1.5M NHj3 unless otherwise stated. 114

Figure 5-5. Summary of DFT results using a Cu (100) surface (a) adsorption of OH-, H+and NH3 (b)
Conversion of NH3+OH to NH, +H,O (c) Kinetics of the reaction in (b) including initial, final and
transition states. (d) Coupling steps and their respective energy barriers (¢) CO protonation to
CHO. Green values indicate favourable pathways relative to the red values. 116

Figure 5-6. The pulsed electrochemical coupling strategy was extended to additional coupling reactions
(a). Additional carbon (b) and nitrogen (c) reactants benefit from pulsed electrolysis to form C-N
products. Finally, C-S bonds could be generated with enhanced rates in the formation of
methanesulfonate (d). Formation rates are given in mMol*s ' *¢m™. 117

CHAPTER 5 SI

Figure 5-S1. Simplified schematic of the electrochemical GDE based setup employed in this work.137
Figure 5-S2. Operando cell for surface X-ray diffraction measurements in an electrochemical
environment. A kapton layer was cover on the working electrode surface to avoid the vaporization

of the electrolyte. 137
Figure 5-S3. Simplified schematic of the in situ XRD cell setup employed in this Work. ..ceeceesresaees 138
Figure 5-S4. IR spectroelectrochemical testing. The spectroelectrochemical configuration employed to

probe the reaction process is illustrated. 138
Figure 5-S5. IR spectra of standards. Infrared spectra of several reference compounds. ..c..eeeeeeeeeneene 139

Figure 5-S6. IR spectroelectrochemical testing. CVs of the Cu showing the oxidation of Cu, NH3 and
COqR intermediates. Spectra recorded as a function of applied potential from (-1.0 V to 0.8 V) in
the condition of 1 M KOH, 1.5M NH; (b). 140

Xiii



Figure 5-S7. IR spectroelectrochemical testing. With the system at open circuit used as the background,
spectra were acquired at static electrolysis (Eca =-1.8V vs Ag/AgCl) and Pulsed electrolysis (Ean

=-0.4V ~0.4V) in the presence of NH; only. 141
Figure 5-S8. Isotope studies. "NH4Cl was used to replace the NH4OH to identify the IR bands associate
the N-H bonds or C-N bonds under several representative pulsing conditions......ceeeeeessecseencens 142
Figure 5-S9. Simplified schematic of the in situ Raman cell setup employed in this work........cc...... 143
Figure 5-S10. Raman Standards. Raman spectra of several reference compounds: Cu,O and CuO
(upper), C-N bond product (bottom). 144

Figure 5-S11. Isotope Raman study. We used '"NH4CI to replace the NH4OH as the nitrogen source.
The peak at 1547 cm™! could be originating from the C-N bond, as it shifts to 1512 cm™ when *N
is used. We conduct the pulsed electrolysis in varied Ean, and the peak shift is same in each case.

145

Figure 5-S12. C-N bond product quantification. '"H NMR analysis of NH4Cl standard solutions (up) and
calibration curve (bottom) of formamide, urea, and acetamide, respectively. The concentration of
C-N bond products exhibits a linear relationship with the integral area of the characteristic peaks.

146

Figure 5-S13. CO;R product quantification. The calibration curve of formate, acetic acid, ethanol and
methanol respectively. The concentration of those bond products exhibits a linear relationship

with the integral area of the characteristic peaks. 147
Figure 5-S14. The calibration curve of Methylamine and Propanol. The concentration of those bond
products exhibits a linear relationship with the integral area of the characteristic peaks........... 147

Figure 5-S15. NMR spectra of electrolyte of (a) without NH3 after pulsing electrolysis, (b) with 1.5 M
NHjs after static electrolysis and (c) with 1.5 M NH3 after pulsed electrolysis. No ¢-n bond product
observed in a. No urea and methylamine could be detected in spectra b. there are four C-N bond
related product could be detected in the spectra c. The signals with chemical shift between 7.8-
6.8 belong to the proton shift of N-H bond of C-N products. The pulsed electrolysis condition is
Is pulse at Ean = -0.2 V was followed 1s pulse at Eca=-1.8 V and the loop was repeated for 30
min. 148

Figure 5-S16. Standard NMR spectra of “N-acetamide (gray) and '"N-acetamide (red)....cererereerenes 149

Figure 5-S17. NMR spectra of electrolyte solution after using "NHj to replace the “NHj to produce C-
N bond products. The pulsed electrolysis condition is 1s pulse at Ean = -0.2 V was followed 1s
pulse at Eca=-1.8 V and the loop was repeated for 30 min. 149

Figure 5-S18. 1H-""N heteronuclear single-quantum correlation (HSQC) to prove the formation of both
acetamide and formamide. Cross-peaks are observed for the two chemically distinct amide
hydrogens of acetamide (blue line dx = 114.0 ppm). For formamide cross-peaks are observed from
the two chemically distinct amide hydrogens as well as the hydrogen bound to the carbonyl
(orange line dy = 115.5 ppm). The pulsed electrolysis condition is 1s pulse at Ean =-0.2 V was
followed 1s pulse at Eca=-1.8 V and the loop was repeated for 30 min. 150

Figure 5-S19. High resolution TEM and high angle annular dark field image (HADDF) and EDS map
of the catalyst particles after steady state and pulsed electrolysis. the electrolyte for both static and
pulsed electrolysis is same: 1 M KOH and 1.5 M NH4OH. For static electrolysis, the electrode
applied a chronoamperometry at -1.8 V vs Ag/AgCl for 30 mins. For pulsed electrolysis, the
electrode applied a cathodic potential are Eca= 1.8 V for 1s then Ean =-0.2 V for 1s. In total, the

pulsed condition is conducted 30 min. 151
Figure 5-S 20. EDS spectra of the catalyst after static electrolysis (a) and after pulsed electrolysis (b).
The electrolysis condition same with Figure 5-S19. 152

Figure 5-S21. Double-layer capacitance as determined by cyclic voltammetry. The electrochemical
surface area after 0.5 h electrolysis was obtained by double layer capacitance with cyclic
voltammetry (CV) in the non-Faradaic region with variable scan rates. CVs were acquired out
between -0.2 to 0 V versus Ag/AgCl, with scan rate of 5, 20, 40, 60, 80, 100 and 120 mV s!. 152

Xiv



Figure 5-S22. Typical current density vs. time trace for both a steady electrolysis (a) and pulsed
electrolysis (b) and zoom-in (c). The listed Q is a representative amount shown for reference.
Example (c) of a current transient of pulsed electrolysis at tca = 1s and t., = 1s with the
corresponding oxidative (Qa), reductive (Qb) and total charge passed through the circuit during
electrolysis (Qtotal = Qa + Qb + Qc). 153

Figure 5-S23. Faradaic efficiencies for the static electrolysis and pulsed electrolysis in the absence of
NH3 (a) and (b) with NHs. For static electrolysis, the potential sets as -1.8 V. For pulsed
electrolysis, the values for the cathodic time and anodic time are tca = 1s and t. = 1s, and the
cathodic potential are Eca = 1.8 V and Ean =-0.4 V to 0.4 V, respectively. Each system was fed
with CO; at a constant flow (10 sccm). The results in line with the results of the ECSA detection,
which means the selectivity towards CHs has some relation with the surface roughness'?. The
highest Faradaic efficiency of CHs4 is 0 V in the absence of NH3 and 0.2 V in the presence of the
NH;. Each electrolysis conditions were repeated for more than 3 times to determine standard
deviations between measurements. 154

Figure 5-S24. Effects of the durations of the anodic (tan) and cathodic (tca) pulses. From left to right,
the graph corresponds to the in situ Raman Spectra, the in situ IR spectra and the formation rates.
Doubling the anodic potential would promote the formation of oxygenated copper species, as
indicated by the Raman spectra. Formation rates of formamide doubled when increasing the
cathodic pulses time, and the formation rate decreases when doubling the anodic pulse duration.

155

Figure 5-S25. Effect of the durations of the cathodic (tca) pulses times on product formation rates. The
reaction conditions entailed 1.5 NHs and 1.0 M KOH, Eca=-1.8 V and Ean =-0.2 V vs. Ag/AgCl.

155

Figure 5-S26. Long term operation was tested at Ean =-0.2 V for 1s and Eca=-1.8 V vs Ag/AgCl for
1s. The formation rate of formamide is decreasing, while the acetamide and urea formation rate is
increasing might attribute to the interplay of the gradual consumption of the ammonia and the

dropping of the electrolyte pH when operating. 156
Figure 5-S27. Effects of concentration of NH3. The reaction conditions entailed 1.5 NH3 and 1.0 M
KOH, Eca=-1.8 Vand Ean=-0.2 V vs. Ag/AgCl. 157

Figure 5-S28. Qualitative analysis of C-N bond formation by GC-MS. Beside solvent related peaks,
formamide, acetamide and urea were identified in the sample (a) with matching scores of 98.13
(b), 98.64 (c) and 96.11 (d) respectively. 158
Figure 5-S29. NMR spectra of 0.5 M CH»O used as the C-source to replace CO». The scale of NMR
spectra of static electrolysis and pulsing electrolysis remains the same to compare the change in
product concentration. 159
Figure 5-S30. NMR spectra of 0.5 M NO32- as N-source to replace NH4OH. Only Formamide can be
observed in the static electrolysis condition, while both formamide, acetamide and methylamine
are present in the electrolysis solution after pulsed electrolysis. 160
Figure 5-S31. The calibration curve of methane sulfonate obtained from different concentrations of
standard methane sulfonate solutions in the employed 1.0 M KOH electrolyte using DMSO as an
internal standard. 161
Figure 5-S32. NMR spectra of standard methane sulfonate, static electrolysis, and pulsing electrolysis
(from bottom to top). The scale of NMR spectra of static electrolysis and pulsing electrolysis
remains the same to illustrate the change in product concentration. The chemical shift is a bit of
different likely due to the pH being different in these two electrolysis conditions. However, the
distance of chemical shift between DMSO and methane sulfonate remains the same........ceeue.. 161
Figure 5-S33. Expanding Scope. NMR spectra of co-electrolysis CO, and N,. The calculated Faradaic
efficiency for formamide and acetamide is 0.39% and 0.4%. It should be noted that the current
Faradaic efficiency is not high enough to prove the N-source is directly from Na. ceceeeeseceuecnnee 162

XV



Figure 5-S34. N, Isotope experiment was conducted to verify the formation of formamide and
acetamide. 1N, flowed into the GDE cell for 1h. 162

Xvi



List of tables

CHAPTER 3 SI

Table 3-S1. Comparison of activity of M-CAT to other reported HMFOR catalysts. 68
Table 3-S2. The Calculated Faradic Efficiency for electrolysis at 1.38 V. 69

CHAPTER 5 SI

Table 5-S1. Proton chemical shifts of Acetamide-15N in D20O/Buffer solution/ 0.1 M KOH = 1:2:7. All the
chemical shift has been calibrate based on DMSO in our solution recipe as 2.71 to get rid of the effect

o) i) = NSO UTTTUS 126
Table 5-S2. A comparison of coupling constant (Hz) in the amide groups of Formamide-15N and
ACELAMIAC- TSN, Lottt ettt b e bt e sb e e s et e et e ete e bt e eatesateenbeeabe e beenneenes 126
Table 5-S3. Raman and IR Peak asSignment. ...........cccceviiiiieiiiiiieniieiesiie ettt 163
Table 5-S4. DFT raw data: Adsorbates on Cu(100). All intermediates of the first column are adsorbed
] 0113 (S TS UTUTUS 164
Table 5-S5. Reaction Energy differences from DFT raw data. Adsorption denoted as Ads, and desorption
(AENOLE @S AES)..eivierereieieeii ettt st e et e et et e et et e s teestbeesbeesseesseesseesssesssessseasseesseesseesssessseassenssenssens 166

Xvil



List of Abbreviations

E.,: Anodic Potential

E..: Cathodic Potential

i,.: Partial Current Density for x

U,: volume concentration of x based on the calibration of the GC
A: Surface Area of the Electrode

ACN: Acetonitrile

ATR: Attenuated Total Reflectance

CsHi5N3- 3H20: Acetaldehyde Ammonia Trimer
CA: Chronoamperometry

Cai: Double Layer Capacitance

CE: Counter Electrode

CH;O: Formaldehyde

COzRR: Electrochemical Carbon Dioxide reduction reaction
CV: Cyclic Voltammetry / Cyclic Voltammogram
DFF: 2,5-Diformylfuran

DFT: Density Functional Theory

DMSO: Dimethyl Sulfoxide

EA: Ethyl Acetate

ECSA: Electrochemical Active Surface Area
EDS: Energy-Dispersive X-ray Spectroscopy

F: Faradaic constant, 96485.3499 C mol!

FDCA: 2,5-Furandicarboxylic Acid

FE: Faradaic Efficiency

FeCl3-6H>O: Iron Chloride Hexahydrate

FFCA: 5-Formyl-2-furancarboxylic Acid

FID: Flame Ionization Detector

xviil



FR: Formation Rate

FTIR: Fourier Transform Infrared Spectroscopy

FTO: Fluorine-doped Tin Oxide

GC: Gas Chromatography

GC-MS: Gas Chromatography — Mass Spectrometry
GDE: Gas Diffusion Electrode

H>SOy4: Sulfuric Acid

HAADF: High Angular Annular Dark-field Imaging
HCI: Hydrochloric Acid

HER: Hydrogen Evolution Reaction

HER: Hydrogen Evolution Reaction

HHTP: 2,3,6,7,10,11-Hexahydroxytriphenylene Hydrate
HMF: 5-(Hydroxymethyl) Furfural

HMFCA: 5-Hydroxymethyl-2-furancarboxylic Acid
HMFOR: Electrochemical 5-(Hydroxymethyl) Furfural Oxidation Reaction
HPLC: High Performance Liquid Chromatography
HSQC: Heteronuclear Single-Quantum Correlation

IR: Infrared Spectroscopy

LSV: Linear Sweep Voltammetry

M-CAT: Metal-catecholates

MOF: Metal Organic Framework

NMR: Nuclear Magnetic Resonance

Pd: Palladium Foil

PdCl,: Palladium Chloride

Q: Total Charge Passed During Electrochemical Reaction
RE: Reference Electrode

RHE: Reversible Hydrogen Electrode

SEM: Scanning Electron Microscopy

X1X



SERS: Surface Enhanced Raman Spectroscopy
TCD: Thermal Conductivity Detector

TEM: Transmission Electron Microscopy
TOF: Turnover Frequency

TON: Turnover Number

V: Cell voltage

WE: Working Electrode

XPS: X-ray Photoelectron Spectroscopy

XRD: X-ray Diffractometry

ZIR: Ohmic Drop Correction

XX



Acknowledgement

After finishing my bachelor of Materials Physics degree at the University of Jinan in July 2017,
and after several years of exploring, I made a very important decision on relocating from Zibo,
China to the beautiful city of Montreal to pursue a Master of Science degree at the University of
Montreal. Completing the master’s thesis requires a lot of effort in chemistry and this cannot be
done successfully without the generous support from my supervisor, my family, and all friend I
made in Montreal.

First of all, I would like to express my deep gratitude to my supervisor, Dr. Nikolay Kornienko.
Prior to entering graduate school, I always hoped to have a friendly and supportive supervisor, so
joining Nick's research group has been one of my best decisions ever! I am grateful to you, Nick,
for the valuable advice, patience, and technical support you provided whenever I encountered
challenges during my research and experiments. Additionally, the care, kindness, and
understanding you showed me when I encountered hardships warmed my heart and helped me
overcome the difficulties of living abroad. Although I didn't do well, Nick taught me a lot, such as
reading, writing, and summarizing regularly, preparing to learn new techniques, and finding time
to support others in the lab. Basically, my professor's help and support motivated me to come to
the lab.

Secondly, many thanks to the supportive and inclusive environment that the department of
chemistry and my colleagues provided. Working with all the technicians is both pleasant and fun!
Without the suggestions and advice from Dr. Loic Mangin, Dr. Pedro Aguiar, Dr. Alexandra Furtos,
Dr. Cédric Malveau, Prof Davit Zargarian, and Dr. Daniel Chartrand, I think I can’t make it
possible to incarnate my research and submit it for publication. They both taught me a lot of
technical skills from a varied field of chemistry and willing to share opinions about my research.
Special thanks to Jean-Francois Myre, who always wears a smile, is willing to adjust my reaction
cell according to my need, and even shows patience whenever [ want to find some small tools from
the workshop.

Thirdly, I had the pleasure of working with our group members and the students in the inorganic
group who provide a welcoming and enjoyable environment: Morgan, Hossein, Junnan, Rajib,
Arefh, Jiayi, Matteo, Chris, Kiran, Naser, Romane, Alex, Yanyu. It was really fun and happy to
work with them. I would like to thank Aida Mikhno and Marie-Claude Turmel for their responsive
and helpful emails in addressing all my questions.

Finally, my biggest thank you to my family and friends who support me wholeheartedly during
my graduate study and research at UdeM. Thanks, Shaun, Qingqing, May, Siqi, Shiyu, Emily,
Marie, and Martyna, for the various extracurricular activities we had together—it is great fun to
explore different restaurants in the city, hiking, and road trips with you guys! They are awesome
friends who have an open ear and are willing to share gossip during our spare time. Thanks to
Shuang for constantly pushing and accompanying me to go to the gym regularly otherwise my
belly would be worse. Last but not least, I'm grateful to my parents and grandparents, and little

xx1



brother. It is amazing how supportive they are of whatever decision I make and how well they care
for my dogs, even though I complain I am not the only kid in the family.

xxil



Chapter 1 Introduction

1.1. Energy consumption overview and outlook

In addition to spurring explosive population growth, fossil fuel-powered chemical
industries emit significant levels of greenhouse gases'. Greenhouse gas emission from the
increasing population contributes to climate change, particularly via the greenhouse effect. Carbon
dioxide (CO2) makes up the vast majority of greenhouse gas emission, approx. 79%. The
anthropogenic emission of carbon dioxide is due to the burning of fossil fuels, including coal, oil,
and natural gas to manufacture chemicals and daily necessities. Compared to pre-industrial levels,
human-caused emissions have increased atmospheric carbon dioxide by about 50%. To mediate
climate warming and meet the energy demand of the ever-increasing human population,
sustainable technologies must be developed to reduce greenhouse gas emissions and overhaul our
energy systems.

Primary direct energy consumption by source, World

Energy consumption is shown as direct primary energy. This means this does not correct for fossil fuel
inefficiencies in conversion to useful energy estimates.

50,000 TWh Qil
Coal
40,000 TWh Gas
30,000 TWh
20,000 TWh
10,000 TWh Hydropower
Nuclear
Wind
—err T Solar
0 TWh et ., e e e Other renewables
1965 1980 1990 2000 2010 2021
Source: Statistical Review of World Energy - BP (2022) OurWorldIinData.org/energy = CC BY

Note: Includes only commercially-traded fuels (coal, oil, gas), nuclear and modern renewables. As such, it does not include traditional biomass
sources.

Figure 1-1. Primary direct energy consumption by source, World. The definition of primary
energy supply is energy production plus energy input. It is classified into two groups: non-
renewable (oil, coal, gas) or renewable (hydropower, nuclear, wind, solar, and others) on the basis
of whether they are limited supplies. Figure sourced from Statistical Review of World Energy?.
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Globally, 85.4% of the global energy demand comes from fossil fuels, such as oil, coal,
and gas, whereas renewable energy such as hydropower and nuclear power constitute less than 15%
of the total. The use of clean, renewable energy and energy-efficient technologies can be a good
solution to reduce global CO, emissions, and by doing so we can slash fossil fuel production,
consumption, and pollution. It is possible to replace fossil fuel energy with renewable energy using
“cap and invest” programs, carbon pricing, and carbon capture, storage, and utilization
technologies (the process of permanently burying carbon dioxide underground or converting it to
produce other useful chemicals after it is captured from emissions sources such as power plants or
from the atmosphere).

1.2. Electrolysis as a sustainable route to generate fuels and chemicals

Chemistry can, without a doubt, help reduce greenhouse gas emissions and CO: levels in
the atmosphere by supplying a variety of solutions. The chemical industry requires large amount
of energy supply and features a large quantity of carbon emissions from processes such as
production of plastic products (e.g., poly(ethylene-terephthalate) (PET) plastics), and commodity
chemicals products (e.g., H2, CH4, NH3). For example, a well- known chemical process - the
Haber-Bosch process, is responsible for about 1.4% of the annual CO, emissions, as the supplied
H: is derived from steam reforming of methane. Almost 50% of hydrogen is produced via stream
reforming and used to feed ammonia production, consisting of 180 million tons in 2022. Both the
Haber-Bosch process and steam reforming need to break stable chemical bonds, which often
means those processes require high temperature and high pressure to achieve these transformations.
Fossil fuel combustion is usually responsible for providing energy for those harsh reaction
conditions. Therefore, to achieve carbon neutrality, chemistry can contribute by modifying the
process of chemical manufacturing to make it more sustainable.

Revisiting Modern Fuels and chemicals industry

Steam-methane reforming reaction
CHs + H20 (+ heat) — CO + 3 H:

Water-gas shift reaction
CO + Hz20 — COz2 + Hz (+ small amount of heat)

65 billion kg/yr
9 kg/person/yr

Haber-Bosch
3Hz+ Nz5 2 NHs

180 biltion kg/yr
> 20 kg/persontyr

Figure 1-2. Revisiting the modern fuels and chemistry industry. Examples of chemistry process
responsible for majority of carbon dioxide emission such as Haber-Bosch Process.
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A future scenario is to turn waste, CO2, and air into precious resources to achieve a solar-
powered carbon-neutral economy and society using the chemistry method. As a promising method,
electrification of the traditional fossil fuel-driven chemical process to synthesize chemicals would
be an ideal solution for minimizing the emission of greenhouse gases and providing necessary
chemicals and energy to the society. This could be explained in two reasons: 1) the cost of
renewable energy continues to decline, replenished energy such as solar, wind and so on, become
more and more cost-competitive with the marginal cost of selected existing conventional
generation technologies (Figure 1-3); 2) electrochemistry entails accurate control of a chemical
reaction by simply tuning the applied potential and is capable to transfer energies more efficiently
than traditional technologies, thus avoiding numerous waste product such as CO> emission. For
example, the electrochemical water splitting as a replacement for steam reforming to produce H»
will not produce any CO».

Levelized Cost of Energy Comparison—Renewable Energy versus Marginal Cost of Selected Existing Conventional Generation

Certain renewable energy generation technologies have an LCOE that is competitive with the marginal cost of existing conventional generation
$70 *
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Figure 1-3. Levelized cost of energy comparison — Renewable energy versus marginal cost of
selected existing conventional generation. The cost of wind and solar is competitive with the
marginal cost of coal, nuclear and combined cycle gas generation. Figure sourced from Lazard
Estimate’.

With its invention at the beginning of the 18th century, electrolysis has gradually become
a mature technology in fields like energy storage and chemical synthesis (e.g. batteries and the
chloro-alkali process). Electrochemistry's success can be attributed to the precise control of the
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potential applied to electrodes to modulate the selectivity of target reactions. By applying an
external potential, chemicals could be driven far from thermodynamic equilibrium, leading to
reaction pathways that otherwise would not occur spontaneously. In addition, electrolysis is often
more energy efficient than traditionally used fossil fuel-powered harsh conditions reactions,
making it a potentially sustainable alternative to fossil fuels for chemical synthesis. As an example,
Haber-Bosch nitrogen fixation releases CO> by producing ammonia under high pressure (200
atmospheres) and high temperatures (400 °C), while electrochemistry reduces N2 bonds to produce
ammonia at room temperature. In addition to benefiting agriculture and the environment with less
greenhouse gas emissions, this technology could serve as a hydrogen storage method to store
energy.

1.3. Emerging directions and techniques in electrolysis

With a growing emphasis on renewable energy, electrosynthesis technologies have the
potential to power our modern society in a clean and renewable way. Although electrosynthesis
has been extensively researched in the last decade in directions such as water electrolysis and COx,
its scope can be greatly expanded to encompass a broad range of chemical targets that can be used
as building blocks for materials, pharmaceuticals, fertilizers, and so on. The knowledge and
insights we get from the electrochemical water splitting and CO2RR can be a good reference to
translate to emerging fields. Particularly, HMF oxidation and CO; based C-N bond coupling, and
cleavage represent two under-developed areas that are becoming more popular. It is therefore
essential to develop novel reaction routes and catalytic systems that circumvent conventional
electrocatalysis limitations.

Electrochemical reduction of CO> (CO2RR) using renewable sources of electrical energy
holds promises for both converting CO, to fuels and feedstocks and closing the carbon cycle. The
general key insights get from the CO2RR reaction transfer into other emerging new field like C-N
bond formation and C-S bond formation via electrochemically activating small molecule.
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Figure 1-4. Overall reaction mechanism of electrochemical CO; reduction reaction and HER on
metal electrodes in aqueous solution*. Reproduced with permission from 2020 Advanced Materials.

Given that the CO2R is a multielectron and multiproduct process, an ideal electrocatalyst
should be capable of transferring CO> with high current density as well as high selectivity. Based
on the analysis of the selectivity toward specific products, we can classify the heterogenous metal
catalysts into four categories: Pb, Hg, In, Sn, Cd, Bi are mainly producing formate (HCCO"); Au,
Ag, Zn, and Ga show selectivity towards carbon monoxide (CO); Ni, Fe, Pt, Ti exhibit better
selectivity for the competing reaction for CO2RR-more favorable to H>>. Copper presents a unique
ability to catalyze the formation of multi-carbon containing fuels and chemicals, such as ethylene
and ethanol, which is valuable both as a clean fuel and feedstock of chemical industry*. However,
designing active sites on Cu with significant selectivity for a single high-value product while
reducing the energy requirements (overpotential) remain as challenges.

CO2RR on Cu is highly complex as it involves multiple competing reaction pathways:
transferring multiple protons and electrons. For achieving the commercial goal of this green
technology, we need to understand the mechanisms of the CO>RR further and based on this
mechanism design a high-energy current density catalysis with optimized selectivity and reactivity.
Even though the catalyst’s discovery can significantly be accelerated using the emerging
technology of computational catalyst design, its applicability to CO2RR has been hampered mostly
by explaining experiment trends, rather than predicting novel materials. This situation origins from
a limited mechanistic understanding of this kind of reaction as multiple factors could influence
product distribution.
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1.3.1. Electrochemical biomass upgrading

Aside from relatively well-established water electrolysis and CO> reduction reactions,
electrochemical upgrading of biomass platforms into new fuels and components of polymers and
pharmaceuticals is an emerging but poorly understood area. 5-Hydroxymethylfurfural (HMF) is a
highly valuable platform chemical that obtains from waste lignocellulose biomass. Oxidizing HMF
(HMF oxidation reaction, HMFOR) electrochemically to 2,5-furan dicarboxylic acid (FDCA) can
be achieved in ambient pressure and aqueous conditions®. Compared with conventional poly
(ethylene terephthalate), FDCA is a superior building block to produce plastics due to its better
chemical and gas barrier properties. This HMFOR can offer a promising way of transferring the
established wind or solar electricity due to its value of the derived product is >10X higher than
simple products from water electrolysis (Hz) and CO> reduction, and this technology can replace
the anodic water oxidation in the aforementioned system to simultaneously co-generate value-
added products on the anodic and cathodic sides (Figure. 1-5).

Waste Biomass Reaction Reaction Value-added
Biomass Platforms Intermediate Intermediate Chemicals
(HMF) (HMFCA) (FFCA) (FDCA)
/ ;

o. f o, f S 7 T o F

o)
BV L Wty St i
Figure 1-5. The overall scheme of renewable energy used for biomass valorization.

To make the technology economically viable, a proper mechanistic understanding of the
reaction pathways and identification of reactive sites are critical. However, the clear identification
of the catalytic active sites on state-of-the-art transition metal oxide catalysts and the elucidation
of the reaction mechanisms in HMFOR remain elusive. Therefore, in Chapter 3, we wish to
develop a tunable electrocatalyst model system that has well-defined active sites to obtain
mechanistic understanding towards electrochemical biomass valorization.

1.3.2. C-N bond formation via electrocatalysis.

There are exciting achievements in CO2RR both experimentally and computationally,
leading to both enhanced understanding and improvement of performance. Based on the gradually
maturation of CO2RR technologies, fine chemical synthesis is drawing attention. These routes
often involve coupling of CO, with other intermediates® or further reacting with downstream
productsg’m High-demand chemicals such as urea, amine, and amide, for example, could be
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produced via the electrochemical CO, with NH;'!, nitrite, nitrate'?, even N»'*, which endowed
CO2RR with new potential in the synthetic community.

To reach the goal of CO: industrial utilization, many efforts have been made to increase
selectivity for a specific reaction product. The outcome of CO and HCOOH has realized pilot plant
scale because of its faradic efficiency (~100%) at an industrial current density (0.5 A cm™) and
easy storage/transportation process'*!®>. CO, derived CO or HCOOH can be converted into high-
value chemicals, which expands the scope of high-valued products available CO2RR.
Electrochemically reducing CO with NHj3 capable of producing acetamide with nearly 40%
Faradic efficiency’. The reaction mechanism involves nucleophilic addition of NH3 to a surface-
bound ketene intermediate supported by full-solvent quantum mechanical calculations. Chengying
Guo et al report an electrochemical process to transform HCOOH and nitrite into high-valued
formamide over a copper catalyst. The selectivity to formamide can reach 90 % and illustrate the
key C-N bond formation through coupling *CHO and *NH intermediates'®.

We published a review paper to summarize some new achievement in this emerging field
and point out several key strategies for improve the selectivity by lend insights from the
conventional C-N bond formation ways: both in the field of biology and organic chemistry'’. For
now, most of the work is center in catalyst design, such as oxygen vacancy engineering and the
selection of suitable materials'®!®. In spite the above-mentioned pioneering works, the products
derived from C-N coupling are still limited and most of the current reactions are heavily rely on
the nucleophilic attack of the chosen nitrogenous small molecules. In Chapter 5, we would
introduce a simple way to facilitate the C-N bond formation via the application of a pulsed potential.
The pulsed electrolysis method presented here has previously been applied to CO2RR, along with
altering the local reaction static field, affecting the catalyst structure and oxidation status, and
modulating the relative surface coverage of key intermediates. The purpose of our research,
however, is to introduce a fundamentally different strategy to overcome the limitations of the
nucleophilicity of chosen N-species. By precisely tuning the electrochemical potential, NH3 is
activated to produce higher nucleophilicity chemicals-NH> (Figure 1-6), facilitating the reaction
pathway towards C-N bond products, as opposed to CO».

NH, (BuNH, PrNH, ElNHz\FImNH? MeNH, Et,NH Me,NH CNH
|1 .l I —t \I : I 1 l.l | | — \I | —-
10 11 12 13 14 15 16 17

Mucleophilicity M (in H,O)

Figure 1-6. As the principal step in heterogeneous electrocatalytic C-N formation typically
involves the nucleophilic attack of a nitrogen species at an electrophilic carbon centre, the
nucleophilicity of the nitrogenous reactant or intermediates can have a determining role in the
reaction selectivity?’. Reproduced with permission from 2007, American Chemical Society.
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1.3.3. C-N bond cleavage

Similar to the formation of C-N bonds, the breaking of C-N bonds is also a central topic in
organic chemistry, organometallic chemistry, and biochemistry. For example, both the process of
forming proteins from amino acids through C-N bonds and the reverse process of cleavage from
amino acids to proteins through amide C-N bonds in the presence of enzymes are essential to life.
Understanding how to break C-N is essential for designing the corresponding reactions to explore
efficiently carbon and/or nitrogen sources with a synthetic purpose. Cleavage of the C-N bond
remains a challenge due to the high bond dissociation energy and considerable molecular stability
for chemical transformation, in particular, the C=N bond in nitrile. Although the activation of the
C-N bond has attracted increasing attention in the field of organometallic chemistry, the difficulties
in activating unstrained nitriles are still evident and two approaches should be considered: 1) more
powerful reaction systems are required for the activation of thermodynamically stable nitriles in
ambient conditions; 2) Mechanistic understanding of C-N bond cleavage is still unclear. This
content emphasizes the recent electrochemical method of upgrading nitrile since electrochemical
potential provides the driving force in breaking C-N bond under ambient conditions in an efficient,
simple, and eco-friendly way.

Overview & Motivation

Acrylonitrile By-product How to Address Excess
Production Acetonitrile Acetonitrile
1. Burned off (es),
. ‘,(r:,:1 (“v
Be 211 e CH,CN —=» COx + NOx
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e CapaCIty:
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Figure 1-7. The overall motivation of addressing the by-product in acrylonitrile production.

Amines may also be produced by direct hydrogenation of nitrile. This route provides a
sustainable and environmentally friendly method for converting excess acetonitrile production
capacity, as well as a convenient way of storing hydrogen. Acetonitrile is often generated in huge
excess from acrylonitrile synthesis and primarily burned off, with massive toxic NOx species
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release (Figure.1-7). More recently, homogenous cobalt-based molecular catalysts (Figure. 1-8)
were adapted to electrochemically reduce acetonitrile to ethylamine using acetic acid as a hydrogen
source in organic electrolytes’!. This work presents an interesting perspective that catalysts
designed for hydrogen evolution reaction are potentially suitable for electrocatalytic
hydrogenation for the C=N bond. However, electrochemical reduction of nitrile suffers from low
faradic efficiency and selectivity. Inspired by metallic catalysts which exhibit enhanced amine
selectivity in thermocatalytic C=N bond cleavage, several metal catalysts are initially screened in
a flow cell electrolyzer to determine the optimal catalysts for the electrochemical approach for
acetonitrile reduction. The maximum FE of ~95% for ethylamine is achieved at —0.29 Vrug on Cu
nanoparticle catalysts. The reaction mechanism is investigated by computational study, which
suggests the high ethylamine selectivity on Cu is due to the moderate binding affinity for the
reaction intermediates. This work illustrates a moderate adsorption of MeCN on the surface via
the C=N group is necessary to enhance the hydrogenation process and preserve the hydrogenated

C-N bond?.

MeCN EtNH,
4H*, 4e”, TOF = 2.3 s

Figure 1-8. New cobalt bis-iminopyridines, [Co(DDP)(H20)2](NO3)2 (1, DDP = cis-[1,3-bis(2-
pyridinylenamine)] cyclohexane) electrocatalysis the 4-proton, 4-electron reduction of acetonitrile
to ethylamine. Reproduced with permission from the 2019 Royal Society of Chemistry.

To break the C=N bond and obtain high selectivity for useful products like EtNH>, another

aspect needs to be considered: preventing the condensation reaction between the imine
intermediates and the generated primary amine during the reaction. A proof-of-concept work
introduced CO» into the electrolyte to protect the initially formed EtNH> on the surface by forming
carbamic acids, contributing a further improvement in the amine selectivity. The synergy of the
Cu catalyst and the CO; saturated in aqueous successfully obtain a selectivity of 99% for EtNH>,
with a total Faradaic efficiency (FE) up to 94%%.

Instead of primary amines?*, the electrochemical cleavage of C=N also terminate at
ammonia, which represents a more challenging reaction pathway. Since amines belong to
unreactive classes of organic compounds which preserve high C—N bond dissociation energy. We
will discuss a strategy of utilizing a Pd-membrane reactor in Chapter 4, and thus enable the
hydrogenation to be carried out in a predominantly organic environment. In the Pd-membrane
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reactor, protons from acidic electrolytes were reduced to hydrogen species on the surface of Pd,
and the hydrogen atoms migrated through the Pd to reach the acetonitrile solution, at which point
they subsequently hydrogenated acetonitrile to terminate at ammonia and acetaldehyde products
in a newly discovered reaction pathway. An innovative infrared spectroelectrochemical setup was
further utilized to probe the catalytic system as it functioned to extract out key mechanistic insights
dictating the reaction process. It was determined that the reaction proceeds rapidly through an
imine hydrolysis like pathway and the hydrogenation of the latent NHx species on the Pd surface
is the slowest step in the reaction cycle. Overall, this work opens up new avenues in
electrochemical cleavage the C=N.
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Chapter 2 Methodologies for pioneer
new electrosynthesis reaction systems

In many emerging avenues of electrolysis, the catalysts for converting reactants into desired
products are not yet selective and efficient enough to make it economically competitive with fossil
fuel-based methods. For example, heterogeneous catalysts typically used in CO2R have multiple
active sites on their surfaces that bind CO, and/or H" from water with different affinities.
Depending on the energy landscape of the reaction on the surface of the material, the various
reaction steps (electron transfer, hydrogenation, C-C coupling) may occur and their precise rates
and order will dictate the product distribution'. Controlling multi-step reactions, is rather difficult,
and consequently most catalytic materials produce a wide array of products. Furthermore, while it
would be ideal to have independent control over the free energy and binding strength of each
intermediate in the reaction pathway, most intermediates share a similar metal-carbon or metal-
oxygen bond and therefore their free energies scale linearly with respect to one another as the
catalyst surface is altered according to so-called scaling relationships. Thus, multiple catalysts
design strategies and materials characterization method are in development to enhance
understanding and consequently increase selectivity to desired products. In this chapter, we
introduce key aspects that go into the design of active sites, cell engineering, and reaction
modulation.

Research strategies to address challenges in electrosynthesis have concentrate on the increasing
the catalysts selectivity through the design of catalysts structure’ and morphology (nanostructure
or facet effect)’, composition (bimetallic catalysts)*>, modifying electrolyte composition (pH,
different cation)®, or the cell design (fuel cell, membrane cell)’. Those design strategies could
modify absorbate coverage, promoting mass transport, or turning the electronic structure by
oxidation or defect engineering®.

2.1. Catalyst design and material characterization

Electrolysis was an ideal strategy to deal with resource depletion issues and close the carbon cycle.
However, designing rational catalysts with both high efficiency and selectivity to achieve
commercial purpose remains a giant challenge. Facet effects’, oxidation states tuning!®, and
secondary coordination sphere effects could be effective strategies to modulate electrocatalysts
electronic structure, therefore promote its catalytic behavior. However, underpinning the future
success of electrolysis in the fundamental understanding of the catalysts. Many catalyst systems
have rather poorly defined surfaces that may also contain a range of distinct active sites and
coordination motifs!!. Materials, whether amorphous or crystalline, may feature flaws,
undercoordinated sites, surface-exposed crystalline facets, and other heterogeneities. Key insights
are difficult to draw from fundamental as a result. Particularly, in such materials, electrocatalytic
activity cannot be attributed to a particularly active site or surface motif. Without pinpointing the
active site, it is more challenging to detect intermediates using spectroscopy. Additionally, when
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there are a variety of different active site types, modeling attempts are less obviously tied to
experimental results.

To this end, many efforts towards designing and implementing atomically precise active sites,
combined with electrochemical analysis, in situ spectroscopic, and theory investigation to decipher
individual actives sites’ function!2. In such a study, active sites could be investigated one by one
in order to gain a deeper understanding of electrode/electrolyte reactions, thereby laying the
groundwork for their eventual application. In Chapter 3, we introduced a work developing a
metal-organic framework (MOF)-based electrocatalyst as a model system for electrochemical
biomass valorization'®. We used this MOF to oxidize 5-Hydroxymethylfurfural (HMF), a platform
chemical derived from waste lignocellulose biomass to obtain 2,5-furan dicarboxylic acid (FDCA),
a green polymer precursor. We first engineered the coordinatively unsaturated transition metal
active sites into conductive MOF to explore its electrochemical behavior to HMF. This system was
successful in converting HMF to FDCA with Faradaic efficiencies above 90%. Subsequently, we
applied operando infrared spectroscopy to precisely analyze how the active sites interacted with
reactants through the reaction cycle and identified the rate-limiting steps in the process. This work
stands to elevate the community’s understanding of MOF electrochemistry, biomass valorization,
and the translation of operando vibrational spectroscopic techniques to electrochemical systems.

XRD, SEM, and high-resolution TEM, could be employed to observe the crystal structure,
morphology, and the surface facets exposed to reactants under operating conditions. Standard
electrochemical techniques would be used to evaluate the catalysts’ performance (cyclic
voltammetry, chronoamperometry). Further, binding motifs to catalytic sites, distributions of
reaction intermediates, and rate-limiting steps in the catalytic cycle can all be elucidated. Finally,
we apply XPS and XRD to characterize the electronic and physical structure of the catalysts after
extended reaction times to probe any catalysis induced changes.

2.2. Cell engineering: H-membrane reactor

Instead of focusing on the catalysts, there are numerous work focus on engineering cell structure
to change the mass transport of the electrochemical reaction. Among the cell engineering, the
membrane reactor is promising innovative technology as it could integrate a chemical conversion
process with a membrane separation process to separate reactants and products.

The use of intercalation materials for reactant delivery such as Pd-hydride membrane delivering
hydrogen for electrochemical hydrogenation of organic species'®. Curtis Berlinguette’s group
report the use of an electrolytic palladium membrane reactor to pair a hydrogenation reaction at a
palladium membrane with an electrochemical oxidation reaction'>. The use of a dense palladium
membrane as an alternative to performing paired electrolysis reactions enables the integration of
two otherwise incompatible reactions. The architecture of the reactor consists of a chemical
compartment and two electrochemical compartments. The electrochemical membrane reactor
architecture places the hydrogen content of Pd under electrochemical control to enable facile
tuning of interstitial hydrogen content, thereby offering a means of controlling reaction rate and
selectivity over the degree of chemical hydrogenation. They selected the oxidation of 4-
methoxybenzyl alcohol (anisyl alcohol) to 4-methoxy benzaldehyde (anisaldehyde) in tandem with
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the hydrogenation of 1-hexyne to 1-hexene as proof-of-concept reactions. The starting materials
in both chambers react quantitatively over 5 hours of electrolysis, and selectivity = 95% can be

achieved for 4-methoxy benzaldehyde and 1-hexene with control of reaction conditions. This
reactor assembly offers the opportunity to utilize electricity to drive hydrogenation reactions
without the complications associated with handling hydrogen gas. The tunable selectivity of the
hydrogenation reaction by altering current and electrolyte may also enable the ability to change
product selectivity under operando conditions without having to modify the catalyst or the system.

The introduction of Pd membrane reactor is versatile and can work with chemicals that are not
soluble in aqueous electrolyte. The key here was using a Pd foil as a material that reduced protons
to *H radicals at an aqueous compartment and transferred the hydrogen to an organic compartment
where it hydrogenated the reactant of choice. Because the aqueous and organic part are separate,
the product separation is much easier than the conventional electrochemical way.

2.3. Pulsed electrolysis

The application of voltage pulses stands as a simple yet elegant method to enhance the efficiency
of electrolysis'®. By varying the profile of the applied potential (time duration, symmetry, anodic
potential, and cathodic potential), the pulse impacts reactant concentration at the electrode surface,
catalyst surface oxidation, and the electrical double layer. Most work for now are focused on the
CO2RR and the most common catalysts is copper, although silver and Pd have also been
investigated. While the pulsed potential is versatile, its underlying mechanism and the control
method is still in the development as it involves several processes that occur simultaneously.

Compared to potential static electrolysis conditions, the product selectivity has a major shift eg
with applied voltage pulses in the millisecond time regime, syngas (CO+Hb>) has a pulse-time-
dependent molar ratio'”. By controlling the pulse duration and suppressing the competing reaction
of water electrolysis, selectivity increases for CH4 and CO have also been reported'®. Also, this
method has been shown to improve the stability of catalysts in some cases'®. The effect of turning
oxidation state of copper also been illustrated by in situ X-ray adsorption near-edge spectroscopy
(XANES)?*2!, The selectivity changes to multi-carbon products have been attributed to the proton
rearrangement and accumulation of surface OH™ absorption promote the CO* absorption®?. The
adaption of gas diffusion cell and pulsed electrolysis is also interesting and applied different
potential might have different mechanism of selectivity changes®"">.

2.4. Developing operando spectroscopic techniques to extract key reaction
mechanisms

Most materials and devices typically operate under specific environmental conditions, many of
them highly reactive?*. Heterogeneous catalysts, for example, work under different atmosphere or
in acidic/ basic solutions. The relationship between surface structure and composition of materials
during operation and their chemical properties needs to be established in order to understand the
mechanisms at work and to enable the design of new and better materials®*. Although studies of
the structure, composition, chemical state, and phase transformation under working conditions are
challenging, progress has been made in recent years in the development of new techniques that
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operate under a variety of realistic environments?¢. With them, new chemistry and new structures
of materials that are only present under reaction conditions have been uncovered?’.

Electrolysis can analysis in parallel with in situ spectroscopy to determine reaction intermediates
adsorbed on electrode surfaces as well as evolution of electrode surface. The main techniques
involved in this thesis are vibrational (Raman Spectroscopy and FTIR spectroscopy), electronic
spectroscopies and XRD.

As research into novel electrocatalytically system has expanded, it is clearly of great scientific
interest to visualize the electrodes of electrochemical cells at all stages in their developmental
lifecycle to extract performance gains and maximize their stability, selectivity, and performance.
Through in-situ and operando spectroscopy, both catalysts microstructures and reaction
intermediates can be visualized as a function of variables such as state of charge and time and
conditions such as high pka or temperature difference. We believe that in-situ and operando
spectroscopy has continually growth potential in the design and engineering of new
electrocatalytically system.

In addition to qualitative observations on electrode structure and reaction intermediates, techniques
such as in situ Raman can be used to track pH gradient and quantify the CO; utilization within the
electrodes. With a better understanding of the fundamental processes occurring at the electrodes
and how cell conditions and configurations affect these processes, electrode materials can be
optimized to improve their stability and performance. Furthermore, we can extract the
understanding of electrochemical reaction to instruct the reaction parameter selections, and thus
optimize the catalyst reaction outcome.

In this work, the construction of different spectroscopic cells to adapt differently in situ observation
condition is another focus. Through the use of conventional electrochemical cells (Chapter 3) or
Pd hydrogen membrane reactors (Chapter 4) or gas diffusion electrode-based cells (Chapter 5),
we modify and design different systems to adapt to different reaction configurations. The goal in
here is to overcome the conventional characterization techniques to capture the transient evolutions
of reaction intermediates on the catalyst’s surfaces. With the help of in sifu techniques, we could
explore the fascinating chemistry inside that transformation like structural and electronic changes
occurring within or on the surface of catalysts and propose an electrosynthesis mechanism behind
resultant the small molecule transformations.
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Chapter 3 Conductive metal-organic
frameworks bearing M-Og4 active sites as
highly active biomass valorization
electrocatalysts

3.1. Abstract

The electrochemical oxidation of the biomass platform 5-hydroxymethyl furfural (HMF) to 2,5-
furandicarboxylic acid (FDCA), is an important reaction in the emerging area of renewable energy-
powered biomass valorization. A key limitation in this field is the ill-defined nature of the catalytic
sites of the highest-performing materials that limits the fundamental insights that can be extracted.
To this end, we report the development of a conductive metal organic framework-based
electrocatalytic model system with well-defined M-O4 active sites for electrochemical HMF
oxidation. These materials were found to be highly active towards FDCA generation, with product
yields of over 95%. In parallel, infrared spectroscopy was employed to capture a surface-bound
aldehyde group as the key intermediate in the catalytic cycle, which forms once M(II/IIT) oxidation
occurs. This work illustrates the advantage of utilizing molecularly defined active sites coupled
with operando spectroscopy to provide fundamental insights into a variety of electrosynthetic
reactions and thus paves the way for future catalyst design.

3.1.2. Keywords

Electrocatalysis, biomass valorization, operando spectroscopy, HMF oxidation, metal-organic
frameworks.
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3.1.3. Table of content graphic

Conductive Framework Electrocatalysts: Conductive MOFs are studied with a combination of
electrochemical and spectroscopic techniques. The results indicate that their unsaturated transition
metal sites are highly active for the oxidation of biomass platforms (HMF) into value-added
chemical products.

3.2. Introduction

The transition to a sustainable society requires developing alternative approaches towards
energy conversation and storage technologies.! To this end, efforts in generating fuels and value-
added chemicals from abundant feedstocks and renewable electricity has significantly grown in
recent years.>> While much focus lies in the development of electrocatalytic systems for water
electrolysis and CO> reduction, there are many other abundant sources that can be harnessed,
including methane and biomass. In this work, we focus on the electrochemical upgrading of
biomass platforms, chemical derived from waste biomass that can be electrochemically converted
into valuable fuels, monomers and fine chemicals.*® While the payoff can be high, considering the
value of the products, this set of reactions is much less understood, impeding the rational design
of next-generation systems.
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Within the context of biomass valorization, our work concentrates on the oxidation of 5-
hydroxymethylfurfural (HMF), a biomass platform chemical obtained from hexose and pentose
sugars that can be upgraded to useful products.”® Notably, 2,5-furan dicarboxylic acid (FDCA),
generated from the oxidation of HMF, is an emerging building block to used produce plastics and
possible alternative to polyethylene terephthalate (PET)-based materials.”!® In the context of
sustainability, it is particularly attractive to generate FDCA electrochemically, as opposed to
currently used thermochemical routes employing high pressures and elevated temperatures.'!2A
significant challenge is that state-of-the-art HMFOR catalysts still exhibit large overpotentials and
thus, decreasing this metric is necessary to bring HMFOR systems closer to economic practicality.
This is coupled to an incomplete mechanistic picture within the community of the precise reaction
mechanism and unfortunately, most reported materials to date do not feature well-defined active
sites.

Transition metal-based catalysts are the most heavily studied class of materials for
HMFOR to date and show initial promise for widespread use as they are relatively cost-effective
and scalable.!*? While high selectivity for FDCA production has been attained, the onset potential
for most materials is still above 1.3V vs. RHE (Table S1). Ideally this would be decreased to 1.0V
or even lower. Coupled to the positive onset potentials, another limitation associated with many
of the systems mentioned above is their relatively poor-defined surface which may feature a large
variety of different active sites and coordination motifs. The materials are either amorphous or
crystalline with a plethora of possible surface-exposed crystalline facets, defects, undercoordinated
sites and more which may all have differing catalytic activities. This hampers fundamental
investigations into their intrinsic activities and consequently the extraction of key insights from
which to build upon. Specifically, with such materials it is difficult to assign electrocatalytic
activity to any one active site or surface motif. Further spectroscopic detection of intermediates is
less clear without precise active site determination. Finally, modelling efforts have a less clear
connection to the experimental data when many different types of active sites may be present.

Towards well-defined catalytic systems, metal organic frameworks (MOFs) are intriguing
candidate materials as they exhibit high porosities and precisely distributed, molecularly defined
active sites, thus enabling them to serve as ideal model systems for designing and understanding
catalysis.’!'** In the direction of MOFs applied as HMFOR catalysts, Cobalt-doped two-
dimensional (2D) MOF nanosheets have been found to promote the formation of the high valence
of Ni species as active sites for HMFOR.? In addition, Nickel(I)-modified covalent-organic
framework (COF) films have been employed for HMFOR, though with limited FDCA yields and
Faradaic efficiencies.?® Defect sites within Ni-MOF-74 have also been identified as being active
for HMFOR by enabling *OH to function as a H-acceptor.?’” Building on these initial advances,
there is still much room to improve the HMFOR catalytic efficiency and elucidate the reaction
mechanism with MOF-based platforms. Despite their aforementioned strengths, an drawback is
that many MOFs are insulating in nature, and therefore their application requires the integration
of small particles with conductive electrodes, further placing constraints on their use. Thus, as
described below, we moved to study conductive MOFs whose activity was not hindered by charge
transfer through them.
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In parallel to material design, spectroscopic methods are beginning to be employed to
elucidate the reaction mechanism on their surfaces.?® For example, high - surface - area nickel

boride (NiB) was studied to uncover the preferred HMFOR reaction pathway with infrared
spectroscopy which helped reveal that the reaction proceeds through aldehyde oxidation first.?’
Another study utilized sum frequency generation (SFG) spectroscopy to investigate a carbon-

coupled nickel nitride nanosheet (NisN@C) electrode to similarly extract the HMFOR reaction
pathway.>* Gold nanoparticles®' and thin films of transition metal oxides that covered them were
also investigated with surface-enhanced Raman spectroscopy to unveil a correlation between
electrolyte alkalinity, reactant binding, and overall reaction kinetics.>> These studies serve as an
inspiration from which to build upon in determining reaction pathways in the well-defined catalytic
systems detailed below.

In light of the challenges above, we chose to construct a conductive metal-catecholate (M-
CATs, M=Co, Ni, Cu, etc.) framework based-electrocatalytic system with molecularly defined
active sites. The M-CATs consist of two dimensional (2D) layers with coordination between
transition metal species and hexahydroxytriphenylene organic ligands.** Beneficial to catalysis,
the triphenylene units and thus the resultant MOFs are electrically conductive and the M-O4 units
are well-defined, coordinatively-unsaturated catalytic sites.

Following its synthesis, we moved to investigate its electrochemical HMFOR activity with
a combination of electroanalytical and operando spectroscopic techniques. We first systematically
investigated and compared the intrinsic catalytic properties of Ni-O4 and the Co-Og4 active sites
within the framework (see comparison to state-of-the-art in table S1). Through the application of
operando infrared spectroscopy, we show that the HMFOR reaction is initiated by the generation
of the M(III) species and subsequent adsorption of HMF via its aldehyde group. The rate limiting
step is reactant adsorption in the case of Co-CAT and intermediate desorption for Ni-CAT. The
results stand to provide key insights on HMFOR on transition metal active sites embedded within
MOFs underpinning the design next generation electrocatalytic systems.
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Figure 3-1. M-CAT, employed in this work, is conductive framework containing well-defined
undercoordinated active sites for HMFOR. We investigate these active sites with a combination of
electrochemical and operando spectroscopic techniques.

3.3. Results and discussion

The synthetic procedure for M-CATs (M= Ni*" and Co? is adapted from previous
reports®>** and described in detail in the SI. Briefly, the M-CATs were synthesized under simple
solvothermal conditions from a stoichiometric precursor solution comprising 2,3,6,7,10,11-
hexahydroxytriphenylene hydrate (HHTP), and the Ni or Co acetate dissolved in a solvent mixture
(1:1 v/v) of water and 1-propanol (Figure 2a). The resultant material’s crystal structure was
confirmed through X-ray diffraction (XRD). Figure 2b shows the XRD pattern of M-CATs powder,
M-CAT grow on carbon paper substrates in the scanning range of 20=5~20. Two main peaks at
9.2° and 13.9° correspond to the (200) and (3-11) crystallographic planes were observed. The
detected diffraction peaks in the four samples match well with their calculated patterns. The XRD
patterns for the materials on carbon paper substrates is shown because this system featured more
material deposited on the surface and hence, larger signals from the M-CATs. Top-view SEM and
cross-section micrographs of the Ni-CAT-FTO (Figure 2¢) and Co-CAT-FTO (Figure S1b)
indicate the surface is covered with MOF crystals. Similar morphologies are evidenced for the M-
CATS on carbon paper (Fig. Sle, f). The cross-section SEM images illustrates that the Ni-CAT-
FTO films have a thickness of about 220 nm (Figure 2c¢ insert). The rod-like crystallites are densely
packed, forming a continuous film along with the surface of FTO. TEM analysis of Ni-CAT
(Figure 2d) and Co-CAT (Figure S1d) particles removed from the FTO surface reveals the
hexagonal pores within the samples.
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Figure 3-2. Synthetic scheme of M-CAT (M=Ni**, Co*") (a). X-ray diffraction patterns of the Ni-,
Co-CAT powder, Ni-, Co-CAT-Carbon Paper and the calculated patterns of the Co-CAT (b). Top-
view SEM micrographs of the Ni-CAT-FTO (c) with the insert showing side review of the Ni-
CAT-FTO. TEM micrographs of the Ni-CAT particles (d).

The electrocatalytic performance of M-CATs electrodes for HMFOR was next evaluated in a
three-electrode setup. The CV measurements of the electrodes were first measured in 1 M KOH,
then again with 10 mM HMF added to the electrolyte for Co-CAT-FTO (Figure 3a) and Ni-CAT-
FTO (Figure 3b). Two electrochemical features can be seen in Figure 3a: the first redox wave is
noted at 1.0 V vs RHE, is attributed to the Co(II/III) redox couple. Upon HMF addition, irreversible
oxidizing current initiates immediately after the Co(II/II) redox transition. We take this as Co(III)
as being the first active species for HMFOR. For Ni-CAT-FTO, the Ni(II/IIT) couple is situated at
1.35V. The catalytic current onset also coincides with this redox potential. However, the current
increases much more rapidly as compared to Co-CAT, initially indicating faster kinetics. Scan rate
dependence studies of the Co-CAT-FTO were conducted to see if the conductivity of the MOF
was limiting. The experiments reveal a conductive regime of charge transfer to the Co active sites
at slower scan rates (< 300 mV s!) and diffusion-limited behavior at higher scan rate (Figure S2
a-d). In contrast, plots of the peak current versus scan rate on Ni-CAT electrode illustrate solely a
linear relationship (Figure S2 e, f), indicating conductive behavior throughout. While conductivity
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is likely not significantly limiting our experiment parameters, Ni-CAT seems more conductive in
this electrochemical context.

We next extended M-CAT growth to a high surface area carbon paper electrode as a more practical
electrolytic system (Figure 2 c,d). Similarly, the CV indicates both Co-CAT and Ni-CAT electrode
suggest the presence of the M(II/IIT) redox waves at the same potentials as with the M-CAT-FTO.
We noted that the current density of M-CAT-Carbon Paper is almost ten times higher than M-
CAT-FTO substrate. Integrating the current under the redox peak indicates the quantity of redox-
active of Co-CAT on carbon paper is 14.7 times greater than that on FTO. An equivalent
measurement of Ni-CAT on carbon paper shows an increased active site loading of 2.7 greater
compared to the FTO.

We performed bulk electrolysis at 1.42 V in 10 mM HMF in 1 M KOH with both catalysts grown
on carbon paper (Fig. 3e). We illustrate the first 5 hrs of the reaction for the sake of comparison
because the Ni-Cat reaction was finished within this timeframe. This potential was chosen because
it was sufficiently more positive than both of the Co (II/III) and Ni(II/III) redox potentials. NMR
analysis of the electrolytes revealed that FDCA and HMFCA were the only detectable products.
After the full reaction process (20 hrs, Fig. S5) Co-CAT reached a turnover number (TON) as a
function of FDCA molecules of 953 and as function of electrons transferred of 5,718 (turnover
frequencies of 48 and 286 hr’!, respectively). The yield of FDCA (after 20 hrs) was 99.3 % and
the Faradaic efficiency was calculated to be 97.6 %. We further probed Co-CAT reactivity at 1.12
V, just past the Co(II/III) redox potential and found that the catalyst still exhibits measurable
activity (yield for FDCA of 25% after 5 days of electrolysis, Faradaic efficiency of 31.13 %, Figure
S6). To the best of our knowledge, this is the most positive potential that has been reported for
HMFOR on transition metal catalysts (see table S1).

Conversely, after 5 hours at 1.42 V for Ni-CAT-electrode, all the of HMF was consumed and
FDCA was generated with a final Faradaic efficiency of 86.8 % and a yield of 98.7 % (Figure 3e).
The comparatively smaller Faradaic efficiency of Ni-CAT likely stems from a portion of current
going towards the OER at 1.42 V as Ni-CAT is a more active OER catalyst. After 5 hrs of
electrolysis at 1.42 V vs. RHE, Ni-CAT exhibited a TON as a function of FDCA molecules of
5,411 and TON as a function of electron transferred of 32,466 (turnover frequencies of 1082 and
6493 hr!, respectively). This further supports the notion that Ni-CAT features intrinsically faster
reaction kinetics but only at relatively positive potentials. We note that by performing electrolysis
at a less positive potential of 1.38V, a Faradaic Efficiency of 97.4% could be attained.

The retention of the M-CATs on the electrode surface was confirmed by XPS analysis (Figure S7).
XPS measurements revealed a slight shift towards lower binding energy of both Co 2p and Ni 2p
signals after 6h electrolysis, indicating changes in the metal coordination environment during the
electrocatalysis (e.g. residual solvent leaving or water/hydroxide molecule attachment), but the
retained Co 2p and Ni 2p peaks nonetheless suggest the retention of the transition metal species.
O 1s peaks similarly showed a slight shift to lower binding energies. SEM after electrolysis showed
the retention of the MOF structures on the surface (Fig. S8). Furthermore, a recyclability test of
the Ni-CAT revealed that the performance and FDCA conversion remains throughout several
electrolytic runs.
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We next sought to use a rotating disk electrode setup to further probe reaction kinetics of the above-
studied Ni-CAT and Co-CAT electrocatalysts. To do so, we deposited M-CAT powders directly
on a glassy carbon disk and performed a slow voltametric measurement under 1600 rpm rotation
to efficiently transport the HMF to the catalyst. The Tafel plot of the Co-CAT electrode shows a

larger Tafel slope of 141.16 mV/dec (Figure 3f) while the Tafel slope of 42 mV/dec observed on
Ni-CAT, indicating a higher catalytic performance.
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Figure 3-3. Electrochemical analysis. Cyclic voltammetry (CV) measurements show the
catalytic current onset at the same potential as the Co(II/III) (a) and Ni(II/IIT) (b) redox peaks for
catalysts on FTO substrates. A similar behaviour was observed for Co-CAT (c) and Ni-CAT(d) on
carbon paper substrates. Faradaic efficiency and yields of FDCA using Ni-CAT and Co-CAT for
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a Shr electrolysis at 1.42 V vs. RHE (e). Catalytic differences are also evident by differences in
Tafel slopes, measured in a rotating disk configuration.

To obtain a deeper level of insights into the surface catalytic mechanism of the Ni-CAT
and Co-CAT, we employed IR measurements in an ATR configuration. A carbon cloth was used
as the counter electrode and an Ag/AgCl in saturated KCl solution as the reference electrode. The
first measurement performed was the acquisition of the IR spectra of HMF in KOH electrolyte that
was allowed to adsorb onto the surfaces of M-CAT. There may be charge transfer to key functional
groups on HMF when it adsorbs on the M-CAT surface, resulting in changes in band positions and
relative intensities. Thus, this measurement aims to detect how HMF interacts with our model M-
CAT catalysts. Spectral features were assigned on the basis of previous spectroscopic and theoretic
studies of these molecules.?**>37 We first measured 10 mM HMF in 1 M KOH electrolyte to obtain
the spectra of HMF in an alkaline environment. Then the M-CAT electrode was immersed in the
electrolyte, and after carefully subtracting out the spectra of the hydrated MOF, we extracted the
new spectral features that resulted from HMF interacting with M-CAT (Figure 4a, b). At the high-
frequency spectral range, both the C=0 and C=C bands at 1654.7 cm™' and 1515.8 cm™ can be
observed. When HMF absorbed onto the catalyst surfaces, the C=0 bands shifted by 82.4 cm™ and
88.2 cm™! for the Co-CAT and Ni-CAT materials relative to the solution spectra. Hence, this
indicates an absorption in with the C=0 band is weakened through interaction with the Co and Ni
active sites. The band at 1027 cm™! corresponds to the alcohol group of HMF. For Ni-CAT, this
band is also red shifted and split into two bands at 1023.4 and 1011.2 cm™'. This suggests the
alcohol group of HMF may have two kinds of surface interactions with Ni-CAT. Through analysis
of the IR spectra, we deduce that both the aldehyde group and alcohol group of HMF can interact
with our catalysts under open circuit conditions.

To bolster our understanding of the catalytic mechanism of both Ni-CAT and Co-CAT, we
probed the spectral changes as a function of applied potential. IR spectra were recorded before (at
open circuit, used as a background) and during the electrochemical reaction in a series of potentials
(Figure 4c, d). The assignment of the IR bands and thus the correlation with different reaction
intermediates was based on comparison with reference spectra (Figure S11, 12) of the pure
compounds. Upon the application of positive potentials, a very intense peak at 1357.7 cm™! of both
Co-CAT (Figure 4c) and Ni-CAT (Figure 4d) can be assigned to FDCA due to the symmetric
vibration of its carboxylate groups. HMFCA formation is indicated by its C=O band at 1560 cm™".
Similarly, we can also observe this band at 1569.8 cm™ in the case of Ni-CAT and the slight
difference in band position is ascribed to the different electronic properties of the active site and
thus the interaction with the surface intermediate. We next plotted the relationship between the
relative intensities of bands at 1357.7 and 1560 and the applied potential. For Co-CAT, as the
potential increased, the intensities of both peaks gradually increased (Figure 4e). This slow
increase suggests that the rate-determining step might be the initial intermediate absorption. This
is also reflected in the CVs of Co-CAT that feature a slowly increasing current density after the
Co(II/IIT) transition. When we performed the equivalent analysis on Ni-CAT, we noted a rapid
increase in peak intensity of the C=0 band at the Ni(II/III) redox potential. This tendency indicates
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that once Ni(III) forms, the active sites will immediately bind HMF. However, after reaching the
peak at 1.4V, the 1569.8 peak began to slowly decrease. This phenomenon can be interpreted as
the Ni-CAT electrocatalysis is limited by the desorption process of the final intermediate, which
becomes more rapid at higher potentials and thus gives rise to a lower peak intensity in the spectra.
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Figure 3-4. Mechanism analysis. The MOF-HMF physical absorb interactions can be observed
from both high wavenumber range (a) and (1040-980 cm™) range IR spectra (b). Potential-
dependent ATR-IR difference spectra of the Co-CAT (c) and Ni-CAT (d) in HMF electrolyte
under applied potentials. The color scheme denotes V vs. RHE. Bands at 1357.7 and 1560.2 begin
to rise just past the Co(II/III) redox potential (e). Similar results are evidenced for Ni-CAT, which
features a markedly faster spectral change once the Ni(II/III) redox potential is reached.
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3.4. Conclusion

We have developed a model HMFOR catalyst system with well-defined, unsaturated transition
metal active site embedded within conductive frameworks. Electrochemical analysis revealed Co-
CAT and Ni-CAT to be high performing materials for this reaction, with low onset potentials (Co-
CAT) and Tafel slopes (Ni-CAT). By combining our electrochemical analysis with operando
infrared spectroscopy, we unveiled a mechanistic understanding underpinning the reactivity of the
materials. In all, leveraging active site control in electrocatalysts within MOF frameworks is set to
provide a unique avenue in rational materials design in renewable energy driven electrosynthetic
technologies.
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3.6. Experimental

M-CAT and Co-CAT MOFs were fabricated through a solvothermal recipe. The entailed the
mixing of HHTP, Co/Ni acetate tetrahydrate, DI water and n-propanol in a scintillation vial and
heating this solution at 85 °C for 18 hrs, washing with acetone, then drying. The surface growth of
the MOFs entailed layering the solution over the desired substrates, then similarly heating in the
oven. Precise details are given in the SI. Electrochemical measurements were performed in two-
compartment custom built glass electrochemical cells with an Ag/AgCl reference electrode. Two
CV scans were performed prior to recording data to ensure that residual organic species were
removed from/within the MOFs. Products were quantified through NMR using a calibration curve
and internal standard. Infrared spectroscopy was performed with custom-designed Teflon reaction
cells and data processed with OPUS software. Typically, operando spectra were acquired in a
stepped chronoamperometry mode, with approximately 4 minutes at each potential and the
reference was the spectrum at open circuit.

Conductive metal-organic frameworks bearing M-O4 active sites as highly active biomass
valorization electrocatalysts.

3.6.1. Chemicals

2,3,6,7,10,11-Hexahydroxytriphenylene Hydrate (HHTP, 95.0+%, TCI America™), Nickel(II)
acetate tetrahydrate (extra pure, ACROS Organics™), Cobalt(Il) acetate tetrahydrate (extra pure,
ACROS Organics™) were purchased from Thermo Fisher Scientific company for catalysis
synthesis.
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5-(Hydroxymethyl) furfural (HMF, =99%, Sigma-Aldrich), 2,5-Diformylfuran (DFF, >98.0%,
TCI America™), 5-Hydroxymethyl-2-furancarboxylic acid (HMFCA, =98%, Cayman Chemical),

5-Formyl-2-furancarboxylic Acid (FFCA, >98.0%, TCI America™), 2,5-Furandicarboxylic Acid
(FDCA, >98.0%, TCI America™) were purchased for product analysis.

3.6.2. Synthesis and characterization of M-CAT

Metal-catecholates (M-CAT) powder was prepared according to previous literature reports®'. A
mixture of HHTP (3.5 mg) and metal (nickel or cobalt) acetate tetrahydrate (5 mg) was dissolved
in a solvent mixture of deionized water and n-propanol (1 ml: 1 ml) in a 5 mL culture tube. The
culture tube was capped and sonicated for 5 min to form a homogenous dark blue solution.
Subsequently, the reaction mixture was subjected to a preheated solvothermal oven at 85 °C for
18 h. The resulted solution was washed by three times with dry acetone and collected by
centrifugation for 30 min. The obtained dark blue microcrystalline was dried in a dynamic vacuum
at 50 °C prior to characterization.

M-CAT-FTO and M-CAT-Carbon Paper were prepared by the same recipe mentioned above. The
schematic of the synthetic process was depicted in Figure 2(a). The carbon paper or FTO function
as conductive substrate was put into the dark blue solution before putting the culture tube into the
oven. Similarly, after heated at 85 °C for 18h, a layer of dark blue crystalline was growing on the
substrate surface. The resulting film growth on FTO or carbon paper was rinsed by water, acetone,
and ethylene. The samples were scanned two cycles CV before characterization to removal the
possible residual organics.

The morphology and microstructure of M-CAT were investigated transmission electron
microscopy (TEM) and scanning electron microscopy (SEM). TEM and SEM images were
collected at the Centre for Characterization and Microscopy of Materials at Polytechnique
Montreal. TEM images were conducted on a JEOL JEM-2100F FEG-TEM, operated at 200 kV.
For TEM characterizations, samples (Ni-CAT-FTO and Co-CAT-FTO) were prepared by
carefully scratched off the film layer on top of the FTO substrate, dispersed in ethanol, and
subsequently depositing the sample onto a copper grid supporting a thin electron transparent
carbon film. SEM images were obtained after growth. The crystalline structures of samples were
identified by powder X-ray diffraction (XRD, Bruker D8 Advance diffractometer) using Cu-Ka
radiation source (A=1.5418 A).

The high-resolution X-ray photoelectron spectroscopy (XPS) analysis before and after 6h
electrolysis was performed using a Vacuum Generated Escalab 220i-XL system in the Institute
National de la Recherche Scientifique Centre Energie Matériaux et communications. For this, Mg
was used as an X-ray source. The data were calibrated to the C 1s peak at 284.8 eV to set the x-
axis (binding energy).

3.6.3. Electrocatalytic oxidation of HMF to FDCA

Electrochemistry experiments were carried out in a two-compartment glass electrochemical cell,
custom built glass cells separated with a porous glass frit. Ag/AgCl in saturated KCI solution was
used as the reference electrodes and a graphite rod was used as the counter electrode. The used
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Ag/AgCl reference was periodically checked against a master reference electrode for any potential
drifts to ensure stability in the alkaline electrolyte. A biologic VMP200 potentiostat and EC-lab
software were used for electrochemical experiments. In order to compensate for the IR drop (at
85%), the ZIR program in the EC-lab software was employed by recording the impedance between
the cathode and reference electrode at open circuit at 100 KHz frequency. In all electrochemical
measurements, 1.0 M KOH was used as the electrolyte. Cyclic voltammetry (CV) measurements
were performed with the scan rate of 20 mV s with and without HMF for each electrode.
Chronoamperometry was conducted to conduct constant potential electrolysis of HMF.

Linear sweep voltammetry (LSV) was scanned at 0.5 mV/s and calculate the Tafel slopes in a
rotating disk configuration.

For product analysis, all reactant and products were quantified with NMR (Bruker AVANCE I
400 se), using D>O with acetate as an internal standard.

To detecting the recyclability of Ni-CAT, adding 10 mM HMF into 1 M KOH electrolyte each
time when the reactant is almost exhausted and taking out 400 mL electrolyte to detect the NMR.

3.6.4. Operando spectroscopy

Infrared spectroscopy in an ATR configuration was performed with Thermo Fischer Nicolet 380
FTIR-ATR system. For both operando and ex-situ measurements, each spectrum was recorded
with an accumulation of 200 scans with a resolution of 4 cm™. An atmospheric background
spectrum was taken before every MOF spectrum. OPUS 7.0 software was used to carefully
subtract out the air and KOH solution background. This software was used for baseline correction
and peak fitting as well.

As the reference, the infrared spectra of Ni-CAT-Powder, Co-CAT-Powder, Ni-CAT-Carbon
Paper, Co-CAT-Carbon Paper, and HHTP were measured. The spectra of HMF and all oxidation
products were collected in the same condition as well.

Operando 1R spectroscopy executed with the use of a custom-built spectroelectrochemical cell.
Simultaneously, a carbon cloth was used as the counter electrode and an Ag/AgCl in saturated KCl
solution as the reference electrode. The M-CATs growth on the flexible carbon cloth was selected
as the working electrode. Spectra were first acquired at the most negative potential and the voltage
was progressively increased in a chronoamperometric scan.
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3.8. Supporting information

Figure 3-S1. SEM images of Ni-CAT-FTO (a) and Co-CAT-FTO (b). TEM images of Ni-CAT-
FTO (c) and Co-CAT-FTO (d). SEM images of Co-CAT-Carbon paper (e) and Ni-CAT-Carbon

paper (f).
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Figure 3-S2. Scan rate dependence analysis. CVs show the scan rate dependence of Co-CAT-
FTO (a-d) and Ni-CAT-FTO (e.f) in I M KOH electrolyte at the applied potential from 0.82 V to
1.42 V vs RHE. (c) Plot of the Co(II)/ Co(IlI) peak current for Co-CAT-FTO versus the scan rate.
(d) Plot of the Ni(II)/ Ni(IIT) peak current for Ni-CAT-FTO versus the square root of the scan rate.
(f) Plot of the Ni(IT)/ Ni(III) peak current for -Ni-CAT-FTO versus the scan rate.
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Figure 3-S3. Bulk product analysis was performed using a 10 mM HMF-containing electrolyte
and periodic sampling of the solution, followed by analysis with NMR. A chronoamperometric
scan at 1.42 V shows a decreasing current as HMF is depleted and converted into HMFCA and
FDCA as measured with NMR at different time (a), (b).
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Figure 3-S4. NMR spectra of a FDCA standard, of reaction solution of Co-CAT electrolysis after
20 h, of reaction solution of Ni-CAT electrolysis after Sh and 10 mM HMF in 1 M KOH solution
(from top to bottom). HMF could be completely converted to FDCA after extended electrolysis
shown in this NMR spectra.
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Figure 3-S5. Concentration versus time plot of HMF, FDCA, and the intermediates at various
electrolysis times (a). Faradaic efficiencies (FEs) for FDCA by Co-CAT at applied potentials 1.42
V vs RHE after 5 h electrolysis (b).
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Figure 3-S6. NMR spectra of 5 mM HMF of Co-CAT after 5 days electrolysis at 1.12 V. The final
product is FDCA (faradic efficiency is 31.13 %) and only trace amount of HMF been detected.
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Figure 3-S7. XPS characterization of Co-CAT (a), (¢) and Ni-CAT (b), (d) before and after 6h
electrolysis at 1.42 V vs RHE. We attribute a small shift to lower binding energies for all peaks as
due to differences in solvent infiltration or coordination within the MOFs and removal of residual
organics throughout the electrocatalytic experiments.
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Figure 3-S8. SEM measurements of Co-CAT (a) and Ni-CAT (b) after 6 hrs of electrolysis at 1.42
V vs. RHE.
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Figure 3-S9. A recyclability test was performed with the Ni-CAT. 10mM HMF was added for

several cycles, which showed an increase in current (a) and continual buildup of FDCA (b) with
each cycle.

63



DFF HMFCA

0] o OH
o (@]

H N\ / H HO  \ / ™o

&
=

Co-CAT 504 Ni-CAT
20+ 1M KOH '
1 M KOH + 10 mM DFF

15- 1 M KOH + 10 mM HMFCA

1M KOH
w1 M KOH + 10 mM DFF
1 M KOH + 10 mM HMFCA

20+

0- _‘_‘____..._—-—""_'—///

i
¥

Current Density (mA cm™)
3
Current Density (mA cm g

-5 T T T T T -10 T T T T T
0.6 0.8 1.0 1.2 1.4 1.6 0.6 0.8 1.0 1.2 1.4 1.6

Potential (V vs RHE) Potential (V vs RHE)

Figure 3-S10. CV measurements in the solution 10 mM DFF or HMFCA in the 1 M KOH with
the same parameter setting with Figure 3-3.
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Figure 3-S11. The IR spectra of obtained Ni-CAT-Carbon Paper, Co-CAT-Carbon Paper, Ni-
CAT-Powder, Co-CAT-Powder and HHTP, from top to bottom.
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Figure 3-S12. IR spectra of HMF, FDCA, FFCA, DFF and HMFCA.
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Figure 3-S13. Potential-dependent ATR-IR difference spectra of the Co-CAT and Ni-CAT in IM
KOH electrolyte under applied potentials.
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Table 3-S1. Comparison of activity of M-CAT to other reported HMFOR catalysts.

Electrode Electrolyte Onset Faradic Tafel Ref
Materials Type Potential Efficiency Slope
(Vs (%) mV/dec
RHE)
Co-CAT 1 M KOH 1.05 97.7 % at 1.42 141.16 This
10 mM HMF \Y% work
Ni-CAT 1 M KOH 1.38 86.8 % at 1.42 42.34 This
10 mM HMF \Y% work
TpBpy- 0.1 M LiClO, 1.50 Not reported Not 65
Ni@FTO (pH=13) reported
5 mM HMF
NiCoBDC 0.1 M KOH 1.50 78.8% at 1.55 60.8 32
10 mM HMF \%
Ir-C0304 1 M KOH 1.15 98% at 1.42 V Not 66
5 mM HMF reported
NiC0204 1M KOH 1.20 87.5%at1.5V 1357 67
5 mM HMF
CoP 1 M KOH 1.30 Not reported Not 68
50 mM HMF reported
CoO-CoSe; 1 M KOH 1.30 97.9% at 1.43 89.2 69
10 mM HMF \%
Branched 0.1m KOH 1.39 Not reported 52.6 70
Ni 10 mM HMF
NiB 1M KOH 1.45 Near 100% at Not n
10 mM HMF 145V reported
NiFe LDH 1M KOH 1.25 99.4% FE of 75 4
10 mM HMF HMF at 1.25V
NixP 1M KOH 1.35 Near 100% at 93 7
NPA/NF 10 mM HMF 1.423 V
Ni3Sa2/Ni 1M KOH 1.38 98 % at 1.423 136 &
foam 10 mM HMF \Y
NiCoFe- 1 M NaOH 1.35 90% at 1.54 V, 92 74
LDHs 10 mM HMF 55°C
hp-Ni 1 M KOH 1.35 98% at 1.423 Not s
10 mM HMF A% reported
NisN@C 1 M KOH 1.38 99% at 1.45V 48.9 76
10 mM HMF
CoB 1 M KOH 1.39 100% at 1.45 Not 7
10 mM HMF A% reported
NCF (Cu M KOH 1.38 96.4% at 1.62 Not 45
foam) 5 mM HMF \Y reported
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Table 3-S2. The Calculated Faradic Efficiency for electrolysis at 1.38 V.

Time Concentration Calculated Passed Faradic

(h) of FDCA (mM) Charge (C) Charge (C) Efficiency
(%)

2.5 7.77 67.47 73.09 92.32

35 9.24 80.20 82.30 97.45
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Chapter 4 C-N triple bond cleavage via
trans-membrane hydrogenation

4.1. Abstract

Renewable energy powered electrosynthesis is an emerging green alternative to thermochemical
routes. Against this backdrop, acetonitrile valorization is an important target as it is industrially
produced in excess. In this work, we have developed a catalytic system which converts acetonitrile
into acetaldehyde and NH3 using a H-permeable Pd membrane reactor. In this system, H is
abstracted from water in an aqueous electrolyte, transferred across the Pd membrane and is used
to hydrogenate acetonitrile with up to 60% Faradaic efficiency (FE) for NH3 generation. Further,
we have constructed a unique infrared (IR) spectroelectrochemical cell that enabled us to probe
the reaction as it occurred. This helped us deduce that the reaction proceeded through an imine
hydrolysis pathway. Finally, we extended the scope of this system to 4 additional nitrile reactants.
In all, this work establishes a new electrochemical route to nitrile hydrogenation and opens up
promising avenues in electrosynthetic technologies.
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4.2. Graphical abstract

Aqueous
Electrolyte

o 7 . > H+ . Bias

Etoc: An electrochemical method was developed to hydrogenate nitrile species en route to
primary amine and ammonia production.

Highlights:
A Pd membrane reactor for electrochemical nitrile hydrogenation was developed
Operando infrared spectroscopy was used to probe the reaction mechanism

The hydrogenation of *NHx species was the limiting step in the reaction
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4.3. Summary

Renewable energy powered electrosynthesis is an emerging green alternative to
thermochemical routes. Against this backdrop, acetonitrile valorization is an important target as it
is industrially produced in excess. In this work, we have developed a catalytic system which
converts acetonitrile into acetaldehyde and NH3 using a H-permeable Pd membrane reactor. In this
system, H is abstracted from water in an aqueous electrolyte, transferred across the Pd membrane
and is used to hydrogenate acetonitrile with up to 60% Faradaic efficiency (FE) for NH3 generation.
Further, we have constructed a unique infrared (IR) spectroelectrochemical cell that enabled us to
probe the reaction as it occurred. This helped us deduce that the reaction proceeded through an
imine hydrolysis pathway. Finally, we extended the scope of this system to 4 additional nitrile
reactants. In all, this work establishes a new electrochemical route to nitrile hydrogenation and
opens up promising avenues in electrosynthetic technologies.

4.4. Introduction

Developing electrosynthetic processes to produce value-added chemicals from abundant
building blocks is an important direction in sustainability research.!” Such reactions, driven by
renewable energy, stand to take place of thermochemical pathways. While much attention has been
placed on the electrocatalytic reactions of water electrolysis and CO2 reduction, there remains
much room to expand the scope of electrosynthetic technologies.*” Beyond water and CO»,
additional abundant reactants of interest include methane, ® biomass, *'° and chemicals like
acetonitrile which are by-products of industrial processes. As such, the electrochemical conversion
of acetonitrile to in-demand products is the focus of this work.

Acetonitrile is typically generated as a by-product in acrylonitrile production (produced at
a scale of 5 million tons per year). Most of the acetonitrile produced is burned afterwards,
generating the toxic NOx species in the process.!'! Its uses are primarily as an organic solvent and
building block in organic synthesis, but its production far outweighs its demand (~10-20 thousand
tons per year). Against this backdrop, the development of electrocatalytic routes to convert
acetonitrile into societally useful chemicals is an important direction in sustainability. Previously,
acetonitrile conversion was mainly carried out with thermochemical processes. In particular,
amines were generated as the main products using metal catalysts and H: as the reducing source.
1216 However, electrochemical routes, which take hydrogen directly from water and are thus more
sustainable are not yet well-established and only few reports exist. Recently, Cu has been shown
to be effective in generating ethylamine as the main product in alkaline!” or neutral'® electrolytes.
Earlier works produced ammonia and ethane with Pt electrodes.!”?® In general, a significant
challenge in electrochemical acetonitrile reduction is attaining selectivity for one particular
product, minimizing the competing hydrogen evolution reaction (HER), and decreasing the
overpotential necessary to carry out the reaction.

In this work, we investigated the electrochemical conversion of acetonitrile with water as
the hydrogen source. Instead of carrying out the reaction in a conventional three-electrode
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electrochemical setup, we used a Pd-membrane reactor’’?> for the first time for acetonitrile
conversion. In this type of reactor, a 25 um Pd electrode served as the working electrode that
reduced aqueous protons to *H. The *H diffused through the Pd from the aqueous compartment
to the organic compartment where it could hydrogenate the reactant of interest. The advantage here
was that the hydrogenation can take place in an organic environment which would minimize the
HER. Further, through the use of the Pd-membrane reactor, we have demonstrated an improvement
in onset potential of ~0.5 V over the previous state-of-the-art systems utilizing a conventional
three-electrode setup.!”!8

In our system, H" from an H2SO4 electrolyte were reduced to *H on the surface of Pd. In
the organic compartment the *H reacted with acetonitrile to generate NH3 and acetaldehyde as the
two main products (Fig. 1). These two products are in high industrial demand and are currently
produced through thermochemical routes. NH3, widely used a fertilizer, is currently produced via
the Haber Bosch process. Acetaldehyde, currently produced at a million ton scale through the high
temperature/pressure Wacker process>»*4, is an important precursor for the production of many
commodity chemicals.

To complement the electrochemical studies, we carried out an operando spectroscopic
investigation in which the system was probed under reaction conditions. In particular, an infrared
(IR) spectroelectrochemical setup was developed to enable spectra to be acquired of the reaction
as a function of applied potential and/or time to identify key steps in the reaction mechanism. It
was determined that the reaction proceeds rapidly through an imine hydrolysis pathway and that
the hydrogenation of the latent NHx species on the Pd surface is the slowest step in the reaction
cycle. Finally, the scope of the reaction was expanded to four additional nitrile reactants. Overall,
this work opens up new avenues in electrosynthesis, heterogeneous catalysis and spectroscopy all
in the direction of sustainability research.
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Figure 4-1. Illustration of the Pd-membrane reaction system. Schematic diagrams of
acetonitrile hydrogenation to produce ammonia and acetaldehyde on the surface of Pd (a) and
schematic diagrams of the device (b).

4.5. Results and Discussion

The setup for our reactor closely mirrored those previously utilized in Pd-membrane
hydrogenation studies.?! A commercially purchased 25 pm Pd foil was used as the membrane. To
increase its surface area and therefore the density of catalytic sites, Pd was further electrodeposited
on the side of the foil to be eventually in contact with the acetonitrile solution. The
electrodeposition procedure resulted in a rough surface coverage (Fig. 2a), comprised of a Pd
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spikes with ~100 nm size dimensions (Fig. 2b). The spike like morphologies result from the
presence CI°, large overpotential applied, and faster growth kinetics in the {1 0 0) relative to the
(111) growth directions.?>8

In our electrochemical reactor (Fig. S1, 2) 0.5M H2SO4 was the electrolyte in the aqueous
compartment with the reference and counter electrodes also immersed in the same chamber. We
first measured the cyclic voltammogram (CV) with air was on the other side (H2SO4 | Pd | air).
The CV shows the hydrogenation of the Pd and HER at negative potentials and a large
dehydrogenation peak in the positive sweep (Fig. 2c¢). If the air was replaced with acetonitrile with
0.2% (V:V) acid, (H2SOs |Pd| CH3CN), the reductive current in the CV diminished and the
dehydrogenation peak also decreased.

We then tested the reaction products after electrolysis as a function of applied potential.
The NMR spectra of the solution after extended electrolysis revealed that ammonia and
acetaldehyde were the two main liquid phase products present (Fig. 2d, S3-5). The broad peak
around 7.5 ppm stems from NH>CH>CHs, resulting the hydrogenation of acetonitrile but not
complete cleavage of the C-N bond. The products were generated through the following reactions,
with 1) occurring in the aqueous compartment and 2) and 3) occurring in the organic compartment:

1) H +e — *H
2) 3*H+ CH;CN + H,O — NH; + CH;CHO + H*
3) 4*H + CH3CN — CH;CH,;NH;»

While the formal redox potential for 1) is well established as 0 Vrug, previous works have
indicated that the formal potentials for 2) and 3) may be situated around ~0.3 — 0.6 Vryg.!??%%
The volatility of acetaldehyde leads to its partial escape from the solution and thus its relatively
lower peak area in relation to NH3 and thus it was not included in the quantification. We tracked
the partial current density of NH3 generation (present as NH4" in acidic solutions) and saw that the
NH; production rate began to significantly increase at -0.2 Vagagcr peaked at -0.6 Vagagcr (Fig.
2e). The Faradaic efficiency (FE) for NH3 reached its maximum at -0.5 Vagagci (Fig. 2f). HER
began to dominate at potentials more negative than this.

While the maximum FE was recorded at -0.5 Vagagcl, small quantities of the reaction products
(Inuz < 0.1 mA/cm?) were detected as positive as 0.4 Vagagci, where there is still a small rate Pd
hydrogenation (Fig. S6a). Though the operating currents in our work are lower, the onset potential
constitutes an improvement over previously studied metal catalysts, whose onset potential was at
best around ~-0.3 VRHE (~-0.5 Vagaecr).!"'® As a comparison, we also carried out the reaction with
the Pd electrode in a conventional three-electrode setup. Running the reaction in one compartment
with 10% (V:V) acetonitrile in 0.5 M H2SOys, in which *H and CH3CN can react in a mostly
aqueous environment needed applied voltages of 0V or lower (more negative) to generate any
detectable NH3 (Fig. S6b). This illustrates the H-membrane approach significantly lowers onset
potentials.

At more negative potentials than the optimum -0.5 to -0.6 Vagagci, HER was the main reaction
(Fig. S7). In this regime, the hydrogenation of the nitrile group could not kinetically keep pace
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with the flux of available *H. This could be improved in future studies through the use of a co-
catalyst.

We next investigated the importance of having small quantities of acid in the organic compartment.
The addition of DI water instead of acid into the organic compartment lead to lower performance,
with a maximum FE and Inn3 being more than two times lower (Fig. S8). This pointed to the
importance of an acidic environment. We also omitted water completely from the organic
compartment. The use of dry acetonitrile resulted in no detectable NH3 or acetaldehyde products
(Fig. S9). Overall, the observation of acid-enhanced catalysis provided evidence that the reaction
features a step similar to what has been observed in acid-catalyzed imine hydrolysis.>**! We
speculated that the reaction yielded ammonia and acetaldehyde by going through a surface-bound
acetonitrile-derived intermediate. We last tested the stability of the system. The reaction exhibited
consistent NH3 generation for more than 80 hrs at -0.6 Vag/agc1 and electron microscopic evaluation
of the Pd surface did not reveal any significant changes in its appearance (Fig. S10, 11).
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Figure 4-2. Characterization of Pd catalyst morphology and performance. Scanning electron
micrographs of the rough Pd surface (a, b). CVs scans the Pd hydrogenation and
dehydrogenation processes (c¢) and NMR spectra of the solution after electrolysis (d). The partial
current density (e) and FE (f) for the reaction is plotted as a function of applied potential.
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To obtain a deeper mechanistic handle on the reaction, we moved to spectroscopically
investigate the process with IR techniques. To realize this, we constructed a customized cell in
which a thin acetonitrile layer was sandwiched between a diamond coated ZnSe prism used for
attenuated total reflection (ATR) measurements and the Pd foil (Fig. 3a). Thus, this would enable
the probing of solubilized species in the acetonitrile solution and surface catalysis on the Pd. On
the other side of the Pd was the aqueous compartment with the reference and counter electrodes.
We note that to the best of our knowledge, this is the first time such a measurement was carried
out on a Pd-membrane hydrogenation system and thus stands to open many new opportunities in
the field.

We first measured the spectrum of the system at open circuit (between 0.4 and 0.5 V ag/agct)
and used this as a reference against which spectral changes were recorded either as a function of
potential or time. Upon moving the potential more negative than open circuit, positive bands began
to appear, with the strongest located at ~2900, 1725, 1283, 1128, and 1074 cm™! (Fig. 3b). The
bands at 2900 and 1725 cm™! match almost the bands corresponding to the C-H and C=0 stretches
of acetaldehyde, respectively (Fig. S12). A growing negative band at 2252 cm™ matched well with
the band corresponding to the C=N bond stretch for acetonitrile and indicated its depletion. The
species at 1283, 1128, and 1074 cm™! were deemed to be related to hydrogenated species as those
bands exhibited the expected red-shifts of 30-50 cm™ if D,O/D,SO4 was used in the aqueous
compartment instead (Fig. 3c¢). Bands in this spectral region were previously noted in studies of
N> or NO; reduction to ammonia®?* and thus, the assignment of these bands in our spectra to
*NHjx species is therefore reasonable.

To deepen our insights into the chemistry at play in our Pd-membrane hydrogenation
process, we probed the system as a function of time immediately after jumping from open circuit
to -0.6 Vagagcl (Fig. 3d). We tracked the integrated intensity of the main bands as a function of
time and individually normalized them to their intensity at the end of the measurement (at 22 min)
for ease of comparison (Fig. 3e). The intensities plateaued at 10-12 minutes, so the figure is
zoomed in on this time period. Immediately evident was that the acetaldehyde bands (2900 and
1725 cm™) and the 1283 cm™! band rose with the same time constant. Thus, we attribute the 1283
band as a first hydrogenated species (*NH or *NH>) that is remaining on the Pd surface after the
imine hydrolysis step to generate acetaldehyde. In contrast, the bands at 1128 and 1075 cm™! took
longer to reach their maximum intensity and are thus attributed to a further hydrogenated species
that remain on the Pd after acetaldehyde formation (either *NHz or *NH3). The ratios between the
1128 and 1075 cm! bands and the 1283, 2900 and 1725 cm™ are plotted in the inset of Fig. 3e and
Fig. S13 as a complementary way to visualize the time-delay in generating this 2" *NHj species.
Thus, the spectroscopic data paints a picture in which the initial acetonitrile adsorption and
hydrogenation, alongside the imine hydrolysis, occur rapidly and the final hydrogenation of the
*NHx species is the slower reaction step. Further, products are observed starting from 0.4 Vagagcl,
matching the initial detection of NH3 and acetaldehyde in the NMR spectra, indicating that the
thermodynamic onset is simply determined by the potential in which the Pd-hydrogenation
commences.
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Figure 4-3. IR spectroelectrochemical testing. The spectroelectrochemical configuration
employed to probe the reaction process is illustrated (a). Spectra recorded as a function of applied
potential (b) and compared with those using a D>O/D2>SO4 electrolyte (c). Time dependent spectra
(d) were used to track the evolution of individual species (e). The spectrum taken at open circuit
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Through the sum of our electrochemical and spectroscopic studies, we come to a unique reaction
mechanism enabling the synthesis of acetaldehyde and ammonia from acetonitrile (Fig. 4). We
believe that the initial adsorption and hydrogenation occurs rapidly, as does the imine hydrolysis
step as acetaldehyde is immediately visible in the IR spectra. Instead, the downstream *NHx
hydrogenation steps take longer to carry out, judging from the slow rise in the bands corresponding
to latent *NHx species. Following successive hydrogenation steps, the ammonia product desorbs
into the solution and is eventually protonated to give rise to the ammonium signal observed in the
NMR spectra.

Instead of only terminating at ethylamine, the unique synthetic approach enables the
complete cleavage of the C=N triple bond. Further, as the reaction onset is limited by the Pd
hydrogenation potential, it is possible to carry out the reaction before the thermodynamic potential
for the hydrogen evolution reaction is reached. This offers a substantial advantage over a
conventional electrosynthetic scheme where, for example, onset potentials for a variety of metallic
catalysts were on the order of -0.3 Vrug,!”!® with our work offering a significant improvement
over this value.

As a final endeavor, we demonstrated the generality of our transmembrane-driven C=EN
cleavage by using four additional nitrile reactants (Scheme S1, Fig. S14). Indeed, we succeeded in
generating ammonia and the analogous aldehyde from propionitrile, benzonitrile, isobutyronitrile,
and acrylonitrile with FEs ranging from 12 % to 21 % (Fig. S15, 16). While the performance is
lower than that for the acetonitrile case and Pd dissolution must be minimized (Fig. S17), this
proof-of-concept expansion of scope opens tangible opportunities for Pd membrane based
conversion of nitriles.
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4.6. Concluding Remarks

Following our investigation with electrochemical and spectroscopic tools, several obvious
avenues come to mind that may help improve the system’s performance. Our catalytic Pd surface
was not optimized beyond making it rough through an electrodeposition approach. As different
facets, active sites, defects and more and known to display varying activity in heterogeneous
catalysis, it would be beneficial to quantify their activity through a combination of synthesis,
electrochemistry, theory and spectroscopy and maximize their abundance. Further, the deposition
of a co-catalyst to aid in reactant adsorption and product desorption also stands to boost the
system’s activity. We identified the later hydrogenation stages of NHx as being limiting and a co-
catalyst may certainly help accelerate these steps. Further, reactor engineering may improve the
throughput of the process by facilitating mass transport and translating this over to a flow cell
geometry>> could significantly boost the steady state current density. In all, this work conceptually
opens many exciting routes in electrosynthesis through the discovery of complete nitrile C= N
bond cleavage. We envision that this can readily be extended over to additional challenging
reactions such as N> reduction or phosphorus fixation.

4.7. Experimental Procedures:

4.7.1. Chemicals

Hydrochloric acid 0.5 N (HCl), Sulfuric acid 1.0 N (H2SO4) were obtained from Anachemia
company. Palladium foil (Pd, 0.025 mm thick, 99.9%), Acetonitrile (99.95+%), 2 propanol were
purchased from Fisher Scientific company. Palladium Chloride (PdCl,, 99.9%) was purchased
from VWR international company. Sulfuric acid-dz solution (96-98 wt. % in D20, 99.5 atom %D),
Dimethyl sulfoxide-ds (99.9 atom % D) was get from Sigma-Aldrich Company. Ammonium
Chloride (NH4Cl, 98+ %), Iron chloride hexahydrate (FeCls-6H2O, 97 %) were purchased from
Alfa Aesar company. Ethylamine, 70 wt. % solution in water was obtain from EIf Atochem
company. Benzonitrile, 99+ %, Acrylonitrile, 99+ %, and Propionitrile, 99+ % were purchased
from Acros Organics company. Maleic acid was got from Ward’s Science company. Acetaldehyde
ammonia trimer (C¢HisN3- 3H20, >95 %) was purchased from TCI America company.

4.7.2. Catalyst Preparation and Characterization

The palladium foil was prepared by an electrodeposition method. The palladium foil substrate was
clamped into the middle compartment of the H-cell as the working electrode. A 15.9 mM PdCl,
electrolyte in 0.5 N HCI was used for the electrodeposition. To roughen the Pd surface, a -0.2 V
versus Ag/AgCl was applied until 13 C of charge (6.5 C cm™) was passed for a estimated total of
7.17 mg of palladium on the surface. Electrochemical double-layer capacitances measurements
were tested in Ar-saturated 0.5 M H2SOq.

An Ag/AgCl in 3M KCI solution was used as the reference electrodes and a graphite rod was used
as the counter electrode. The Ag/AgCl reference was periodically checked against a master
reference electrode for any potential drifts to maintain stable in alkaline electrolyte. A biologic
VMP200 potentiostat and EC-lab software were used for electrochemical experiments. To
compensate for the IR drop in the solution, the ZIR program was employed by recording the

85



impedance between the cathode and reference electrode at open circuit at 100 KHz frequency. A
typical electrolysis experiment was 90 minutes in our work.

The morphology and microstructure of as prepared Pd foil were investigated by scanning electron
microscopy (SEM) and transmission electron microscopy (TEM). Both the SEM and TEM images
were collected at the Centre for Characterization and Microscopy of Materials at Polytechnique
Montreal. SEM images were obtained using a JEOL JSM-7600F Filed Emission SEM microscope.
TEM images were conducted on JEOL JEM-2100F FEG-TEM, operated at 200 kV. For TEM
characterizations, samples were prepared by carefully scratched off the electrodeposition part and
disperse them onto a copper grid supporting a thin electron transparent carbon film.

4.7.3. Electrochemistry Analysis and Product Quantification

Electrochemistry experiments were carried out in an H-type two-compartment glass
electrochemical cell. A Pd foil was pressed between the electrochemical compartments of the cell.
Each compartment contained a total of 50 ml solution volume. The electrochemical compartments
obtained 1 N H2SO4 and the chemical compartments contained acetonitrile. Cyclic voltammetry
(CV) measurements were performed with the scan rate of 20 mV s™! in the H,SO4 solution and
another compartment is filled with air or with acetonitrile. An Ag/AgCl in saturated KCl solution
was used as the reference electrodes and a graphite rod was used as the counter electrode. In all
cases, the surface area of the foil on the both the chemical and electrochemical sides was measured
to be 0.785 cm?. The reference (Ag/AgCl gel in 3M KCl, 25°C) was used to calculate RHE with
Erue = Eagagar + 0.059 pH + E®ag/agci, where E®ag/agcr = 0.206 V. Ohmic losses were corrected
for through electrochemical impedance measurements (at 85%) prior to electrochemical
measurement through the ZIR function within the EC-lab software (impedance measured at open
circuit at 100 KHz).

60 mM H>O 2 % sulfuric acid solution (1 N) was dissolved in acetonitrile. Subsequently, the
solution was bubbled with either Ar or N> gas for 30 min to remove the possible oxygen.
Chronoamperometry was conducted at different potential to electrolysis of aqueous part (H2SO4
electrolyte) and the organic compartment is filled with 60 mM H»O in acetonitrile solution. In an
optimized condition, the organic compartment was filled with 0.2% (V:V) 0.5 M H2SOs in
acetonitrile solution while the aqueous part remains 0.5 M H2SOa.

The identification and quantification of all reactants and products were achieved by 'H NMR
(Bruker AVANCE 1II 400 se), using D-DMSO with 2-propanol as an internal standard. The
presented data is the accumulated result of 64 scans. 400 ul of the reaction mixture, 400 ul of 10
mM 2-propanol dissolved in D-DMSO, and 100 ul of 1.0 N H2SO4 were used for a typical NMR
sample. The same conditions were adapted to the measurements of standard solutions.

Acetonitrile was pre-dried with type 4A molecular sieves. After 1.5 hours of electrolysis of the dry
acetonitrile solution, 400 ul of reactant, 400 ul of 10 mM 2-propanol dissolved in D-DMSO were
used for NMR analysis. For comparison with the dry acetonitrile, we denote the acetonitrile with
water or acid as the ‘wet’ acetonitrile.
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Calculation of the Faradic Efficiency: The Faradaic efficiency of ammonia and is the ratio of the
number of electrons transferred for the formation of ammonia to the total amount of electricity that
flows through the circuit. Assuming three electrons were needed to form one ammonia, the faradaic
efficiency for ammonia synthesis could be calculated as follows:

3IXFXCXV
FEammonia = ——X 100%
Q
iammonia = FEammonia X iaverage current density

where F is the Faradaic constant, Q is the charge passed in total during the reaction, C is the
concentration of generated ammonia and V is the volume of the electrolyte.

For the ethylamine, assuming four electrons were needed to form one ethylamine, the faradaic
efficiency for ethylamine synthesis could be calculated as follows:

4XFXCXV 0
FEethylamine = 0 X 100%
iethylamine = FEethylamine X iaverage current density

The Faradaic Efficiency and partial current density of H» is calculated from gas chromatogram
(GC, SRI 8610C) peak area at a given potential as follow:

2F

m

le = FEH2 X laverage current density

iy, partial current density for Ho.

Uy, : volume concentration of Hz based on the calibration of the GC
V: the volume of gas.

F: Faradaic constant, 96485.3499 C mol!

Vi 22.4 L/mol

4.7.4. Infrared spectroscopy

Infrared spectroscopy in an ATR configuration was performed with ThermoFischer Nicolet 380
FTIR-ATR system with a ZnSe ATR crystal coated with a diamond surface. For ex-situ
measurements, each spectrum was recorded with an accumulation of 400 scans with a resolution
of 4 cm!.
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For in situ IR spectroscopy, the experiments were executed with the use of a custom-designed
spectroelectrochemical cell. The electrodeposited Pd foil was the working electrode to separate the
H>SO4 and the acetonitrile solution. Simultaneously, Cu wire was used as the counter electrode
and the Ag/AgCl was used as the reference. Each infrared absorption spectrum was acquired by
averaging 200 scans and this was then subtracted from the spectra at certain potential or time
values. All infrared spectral acquisitions were carried out after a constant potential was applied to
the electrode for 5 min. The background spectrum of the catalyst electrode was acquired at an
open-circuit voltage before each systemic measurement, and the measured potential ranges of the
electrocoupling reaction were 0.4 to —0.6 Vagagc1 with an interval of 0.2 V.

For the time dependence in situ IR experiments, the background spectrum was recorded at the open
circuit potential with an accumulation of 200 scans. After a constant potential was applied to the
electrode for 1 min, we tracked the spectra for each min (1-22 min).
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Figure 4-S1. Reactor. Simplified schematic of the electrochemical setup employed in this work.
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Figure 4-S6. NH4" generation. Ammonia generation in a Pd-membrane reactor (a) under standard
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with an equivalently prepared rough Pd foil used as a working electrode (b). At potentials of 0.2
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Figure 4-S8. Effect of acid. The partial current density (a) and Faradaic efficiency (b) of ammonia
are both improved with 0.2 % sulfuric acid (V:V) rather than 60 mM water in the organic
compartment.
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Figure 4-S9. Control experiment with dry acetonitrile. Resultant NMR spectra from running

the reaction in dry and wet (0.2 % acid) acetonitrile (a). (b) shows magnified NMR spectra of the
product peaks.
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Figure 4-S10. Stability measurements. Long term operation testing at -0.6 Vagagci (2) and SEM
images with low (b) and high (c) magnification of the Pd after a typical electrolysis experiment at
-0.6 Vag/agcl.
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Figure 4-S11. TEM analysis. TEM images of the Pd (scratched off the electrode) before
electrolysis (a, b) and after electrolysis (c, d) at -0.6 Vagagct. Higher resolution imaging was not
possible due to the instability of the Pd under high electron flux in our setup.
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Figure 4-S12. IR Standards. Infrared spectra of several reference compounds.
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Figure 4-S13. Time-dependence. Time-dependent band changes at longer timescales at -0.6
V ag/agct, with each band normalized to its intensity at 22 minutes for ease of comparison.
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Figure 4-S14. Scheme of substrate scope. The scope of the reaction was extended beyond
CH3CN and to propionitrile, benzonitrile, isobutyronitrile, and acrylonitrile.
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Figure 4-S15. NMR spectra of reaction products. Expansion of scope of nitrile hydrogenation:
we sought to apply our hydrogenation strategy to several nitrile substrate solutions such as
propionitrile (a-b), isobutyronitrile (c-d), and benzonitrile (e-f). The same conditions were used as
for figure 2, with -0.6 Vagagci set as the applied potential. (b), (d) and (f) feature expanded views
of the characteristic NMR peaks of the products. We calculated the Faradaic efficiency to be 21.54 %
for propionitrile and 15.73 % for isobutyronitrile.
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Figure 4-S16. NMR spectra of reaction products of acrylonitrile hydrogenation. NMR spectra
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-0.6 VAg/AgCl set as the applied potential. (b) and (c) are magnified to show peaks of the products.
The Faradaic efficiency was calculated to be 12.17 % for acrylonitrile hydrogenation.
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Figure 4-S17. Quantification of Pd dissolution. Mass Spectrometry measurements on the of Pd
dissolution. Dissolved Pd in the acetonitrile-containing compartment was measured through its
characteristic peaks at 104.9 and 105.9 mass/charge ratio (highlighted in yellow) by first
quantifying a series of standards (a) and constructing a calibration curve (b). After 66 hours of
operation at -0.5 Vagagci, the dissolved Pd concentration reached 21.98 pg/L within a 50 mL
solution and a Pd geometric area of 2 cm?.
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Chapter 5 Oxy-reductive C-N bond
formation via pulsed electrolysis

5.1. Abstract

Co-electrolysis of CO2 with simple N-species is an appealing route to sustainable fabrication of C-
N bond containing products. A prominent challenge in, the area is to promote the C-N coupling
step in place of the established CO; reduction pathways. This can be particularly difficult when
relying on solution-based species (e.g., NH3) to intercept intermediates that are continually being
reduced on heterogeneous catalyst surfaces. In light of this, we introduce pulsed electrocatalysis
as a tool for C-N bond formation. The reaction routes opened through this method involve both
partial reduction and partial oxidation of separate reactants on the same catalyst surface in parallel
to co-adsorb their activated intermediates proximal to one another. Using the CO; and NHj as
model reactants, the end result is an enhancement of selectivity and formation rates for C-N bond
containing products (urea, formamide, acetamide, methylamine) by factors of 3-20 as compared
to static electrolysis in otherwise identical conditions. An array of operando measurements and
computational modelling was carried out to pinpoint the key factors behind this performance
enhancement. Finally, the oxy-reductive coupling strategy was extended to additional carbon and
nitrogen reactants as well as applied to boost electrochemical C-S coupling.
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5.2. Introduction

Due to society’s ever-increasing energy demand and resultant environmental degradation
from energy consumption, developing sustainable synthetic techniques to replace the fossil-fuel-
driven industry is rapidly gaining interest.! Among such routes is electrocatalysis, which often
entails lower CO; emissions relative to established thermochemical routes to produce the same
chemical species.? As a key method within chemistry’s toolbox, electrochemistry offers routes to
precise reaction control by adjusting applied potentials and is thus gaining popularity as a means
of precisely controlling reaction pathways towards a desired product. This is particularly important
for reactions involving the transformation of CO; into valuable products as multiple competing
reactions could occur under typical reaction conditions.’

To date, electrosynthetic systems for water electrolysis are technologically mature and
systems entailing CO, reduction (CO2R) are rapidly growing as well.*® However, the
electrosynthetic fabrication of other classes of societally valuable chemicals are still
underdeveloped.” As one of the most important classes of fertilizers and high-demand chemicals,
products containing C-N bonds such as urea, amides, and amines play a pivotal role in society.
At the industrial level, the construction of C—N bonds from simple reactants is carried out under
harsh thermochemical conditions and finding analogous electrosynthetic routes under mild
conditions for these reactions is a challenge for the scientific community. The electrochemical
formation of C-N bonds is appealing as it can direct begin with small molecules like CO, and
nitrite,” nitrate,'® ammonia,!! and even N,'? to directly produce value-added C-N bond products.
In this context, the C-N bond coupling reaction is primarily carried out through the reduction of
CO» to form an activated electrophilic intermediate and subsequent attack by nucleophilic N-
containing species. Consequently, the selectivity for C-N bond products reactions rely heavily on
the interplay of chemical C-N coupling steps and electrochemical CO> reduction pathways.

So far, most efforts in the design of electrosynthetic systems, including those for C-N bond
formation, have focused on either applying a constant reductive® or oxidative!® potential, where
the electrode polarity remains unchanged and electrons flow unidirectionally. The crossover of
oxidation or reduction products to the opposite electrode here is typically undesired.'* Although
counterintuitive, we propose that the simultaneous coexistence of oxidative and reductive
intermediates on a single catalyst would be an effective route promote heteroatom coupling
electrosynthesis via a pulsed electrolysis.

Pulsed electrolysis, the application of alternating potentials has garnered interest in the CO»
reduction community as this technique can afford a rational route to modulate product selectivity,
stability, and activity (Fig. 1a).'> However, the community’s understanding of how pulse impacts
underlying physicochemical processes in the dynamic microenvironment near the catalyst surface
is being developed (Fig. 1b).!® To this end, operando techniques, those performed as the reaction
is occurring, help elucidate the identity of catalyst phase and reaction intermediate coverage.'”!?
In this work, we make use of synergy between pulsed electrochemistry and operando techniques
(X-ray diffraction (XRD), Raman, infrared (IR) spectroscopy) to select conditions to modulate the
reaction intermediate coverage during our electrosynthetic reaction to promote C-N coupling. We
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use Cu nanoparticles as a model catalyst, CO> as the C-reactant and NH3 as the N-reactant to carry
out C-N coupling. We select optimized conditions in which we maintain a steady-state coverage
of *NH> while maintaining Cu in the metallic state and show how pulsed electrolysis increased
both the formation rate and selectivity for C-N products of urea, formamide and acetamide by
factors of 3-20 (Fig. 1c). The synthetic value brought by this new approach is further demonstrated
through the expansion of scope to additional C- and N- reactants and even to C-S coupling.

. &. Approaches to Electrosynthesis ¢ iC. This Work: Pulsed electrolysis for oxy-reductive C-N coupling
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Figure 5-1. Types of waveforms in static potential and pulsed electrosynthesis (a) and brief
illustration of parameters affected through electrochemical pulsing (b). Our route to C-N bond
production through oxy-reductive coupling via pulsed electrolysis (c).

5.3. Results and Discussion

We carried out our measurements in a modified gas-diffusion electrode (GDE) half cell
(Fig. S1), using commercial Cu nanoparticles as the catalyst and 1M KOH as the electrolyte. We
first used cyclic voltammetry (CV) to identify the potentials at which various reaction steps take
place (Fig. 2a). Under an N> environment, the CV exhibits two distinctive anodic peaks at 0.1 V
and 0.6 V (vs Ag/AgCl), stemming from the oxidation of Cu. In the presence of 1.5 M NH3, an
increased current at 0 V indicates the first steps of surface adsorption and a large irreversible
current at 0.5 V points to catalytic oxidation of NH3 and its derived intermediates. In the presence
of COz, anodic current peaking at 0.2 V likely indicates the stripping of CO2R intermediates from
the surface.

To monitor the state of the Cu species in real time during a CV (scan rate = 0.5 mV/s), we utilized
in situ XRD as a probe of the material’s crystal structure (Fig. S2, 3). After first reducing away
any surface oxides, then beginning the scan in the positive direction, the XRD data shows that
indeed the transformation of Cu to Cuz0 begins at -0.2 V and CuO subsequently emerges at 0 V,
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through CuzO is still the dominant phase (Fig. 2b).!” The catalyst is fully reduced back to Cu at -
1.0 V. We next seek to get a picture of possible ammonia oxidation species during the pulsed
conditions. In 1M KOH and 1.5M NH3 conditions, we carried in situ IR spectroscopic
measurements to detect adsorbed species on the Cu as a function of potential (Fig. S4-7). We used
the spectrum at open circuit conditions (around -0.2 V) as a reference, we against which spectral
changes were recorded. Under steady state conditions, ammonia was oxidized to nitrite, nitrate,
and hydroxylamine, beginning at OV as characteristic bands attributed to these species emerged in
the spectra (Fig. S6). However, under pulsed electrochemical conditions (Eca=1.8 V, Ean varied,
t=1s), peaks in the 3000-3600 cm™' range emerged, characteristic of N-H bands?® that were not
there under a constant potential of -1.8 V. We propose that these bands are indicative of *NH>
species that arise from partial NH3 oxidation that are neither oxidized all the way to nitrate nor
fully reduced back to NH3. Further, these species may act as an activated form of nitrogen that can
couple to COzR intermediates via on-surface reactions as an alternative to solution-based NHjs.
This route is potentially more facile to NH3 diffusion from the electrolyte to react with the same
COzR surface intermediates.
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Figure 5-2. CVs of the Cu showing the oxidation of Cu, NH3 and CO2R intermediates (a). In situ
XRD similarly pointed to the dominant phase of Cu as a function of potential (b) while IR
measurements hinted at a steady-state coverage of *NH> during electrochemical pulsing (c).

We next investigated the effects that electrochemical pulsing would have on the
performance of the system towards electrosynthetic C-N bond formation. We used static potential
electrolysis with Eca=1.8 V as the reference point and used systematically varied Ean potentials
with t=Is for both Ec. and Ean. Liquid C-N products were measured through NMR and their
presence was confirmed through a combination of isotope labelling, 2D NMR (Fig. S12-18). While
the Faradaic efficiency (FE) for C-N products was generally below 3% for the sum of C-N products
under static conditions, the application of pulsing significantly increased this by factors of approx.
3-20 up to a maximum of 33% (Fig. 3b). Notably, urea and methylamine were relatively minor
products under steady state electrolysis, but their selectivity significantly increased when pulsing
was applied. We found that urea selectivity was maximized in 1 M KOH and 1.5 M NH3, while
acetamide selectivity increased with 0.1 M KOH was used and decreasing the NH3 concentration
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to 1 M maximized formamide selectivity. Methylamine was present in all conditions as a minor
product. Similarly, we plotted the formation rates for all C-N products and similar enhancement
rates were evident. The variation of C-N product selectivity as a function of electrolyte
composition and Ea, points to the sensitivity of the electrosynthetic system’s performance to *NH>
and CO2R intermediate coverage, Cu oxidation, and local pH and double layer composition at the
Cu surface.
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Figure 5-3. Comparison of C-N products formed through steady state and pulsed electrolysis (a).
The Faradic efficiency (FE, b) and product formation rate (FR, c) for C-N products under three
model conditions is significantly enhanced relative to that when using static potentials. For clarity,
the FR of methylamine are multiplied by factor 10. Each electrolysis condition was repeated for
more than 3 times to determine standard deviations between measurements.

Next, the system was probed under typical catalytic conditions (1M KOH, 1.5M NH3) to visualize
the interplay of catalyst phase and surface reaction intermediates potentially responsible for C-N
bond formation. XRD spectra, taken at 5S-minute time intervals after setting a pulsing potential,
show that surface oxides are reduced away within 10 minutes at -1.8V (Fig. 4a). The only
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detectable phase is metallic Cu until E.x=0.4 V at which CuxO begins to grow. This indicates that
Cu is the predominant active site for this reaction. However, as a pulsed potential was applied, a
tensile strain of up to 1.0% was evident as the Cu(111) peak increasingly shifted from 44.3 to 43.9°
as Ean was set more positive, which may have a secondary effect on the Cu catalytic properties.!

Raman spectroscopy was next utilized to visualize reaction intermediates and near-surface
species.!” Similarly, CuO was reduced away when negative potentials were applied, and bands
attributed to Cu-X species were noted (320 cm™) (Fig. 4c). Cu20 only reappeared at E.,=0.4, along
with bands at 635 and 675 cm™! attributed to Cu-OH and Cu-Oad.2>*As Ean is progressively made
more positive, the CO3% signals (band at 1067 cm™) progressively diminishes and the HCOj3"
signals (bands at 1018 and 1341 cm™) grow , reflective of a pH increase at the surface.* Bands at
983 and 1129 cm™ may indicate *CHxO species as they have been previously assigned at these
frequencies.?® At the higher frequency region, *CO,” was noted (1540, 1584 and 1383)%%?7 while
new bands arising at 1454 cm™ could stem from COOH vibrational modes as they typically fall
within this spectral range (Fig. 4d). The peak at 1547 ¢cm! may originate from C-N bond
vibrational modes, as this peak shifts to 1512 cm™ when "NH4Cl is used to replace the “NH4OH
(Fig S11).

Complementary to this, IR experiments showed new bands in the N-H region in addition to those
from *NH> when both CO» and NH3 were present, particularly when pulsed potentials were applied
(Fig. 4e). These bands roughly match the N-H vibrations of the C-N products produced and thus
are indicative of enhanced C-N bond formation through pulsing. In the absence of CO, bands
relating to NOs™ (1389 cm™) and NO>™ (1232 cm!) are seen, stemming from the oxidation of NHs.
Similarly, once CO> was introduced, pulsed conditions gave rise to new bands at 1051, 1278, 1450
and 1616 cm™! arising from the possible emergence of C-N products (4f). In particular, the C-N
vibrational modes of the C-N reduction products fall near the 1616 cm™ band observed in our
experiment though we cannot yet unambiguously make this assignment as HCOs™ also features a
band in this region. Bands below 900 cm™ may stem from Cu-C/N/O modes and several new bands
in this region upon pulsing would be consistent with the existance of partially oxidized surface
intermediates in combination with partially reduced CO2R products.
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Figure 5-4. X-ray diffraction indicates Cu as the dominant phase during catalysis until E.,=0.4V,
when Cu,0 co-exists (a). A tensile strain was evident from the shift of the Cu (111) peak to lower
20 values (b). Raman (c,d) and IR (e,f) detect the surface bound intermediates built up under
reaction conditions. All measurements conducted in 1M KOH and 1.5M NH3 unless otherwise
stated.

In order to (7) determine whether NH> or NH3 is the key species that reacts with a CO reduction
reaction intermediate to create the C-N bond, (i7) identify the role of the anodic oxidizing potential
which, as seen in experiments above, helped with the overall formation of C-N bond products, and
(iii) discover the most favourable coupling step to form a stable C-N intermediate, we have
performed density functional theory (DFT) calculations.

Experimental evidence leads to the hypothesis that NH3 is oxidized to NH2, which is adsorbed on
the surface. This is facilitated by the anodic potential, justifying a pulsed electrolysis. To prove
this on a theoretical facet, it is first important to examine the possibility of NH3 directly reacting
with a carbon intermediate. Adsorbed carbon monoxide (*CO) is considered as a key reaction
intermediate coming from the CO» reduction, which is also a common carbonaceous group in most
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of the C-N compounds observed in experiments in this work. The DFT reaction energy difference
is thus calculated for the following reactions:

NH;+CO"—>CONH,+H" ; AE=0.33 eV (Rx1)
NH; + CO* —» CONH; ; AE = 0.18 eV (Rx2)

These reactions can be seen on Figure 5a. All optimized energies for individual reactants and
products and reaction energies are summarized in Table S4 and S5, respectively. Looking at the
AE of Rx1 and Rx2, we see that the coupling through NH> is more favourable than that through
NH3, further supporting the hypothesis that NH3 first is converted into NH». Experimental evidence
shown above (e.x. via Raman spectroscopy in Figure 4c and d), demonstrates that at E.n=-0.4 V
and pH of approx. 9-10, there are hydroxyl ions OH™ adsorbed on the surface. It is also shown via
DFT computations that the adsorption of OH on copper (100) is favourable by a negative
adsorption energy of -0.7 eV (Figure 5b). Similarly, Figure 6b shows that NH3 also adsorbs
favourably with an adsorption energy of -0.92 eV. Therefore, it is expected to observe both NH3
and OH™ adsorbed on the surface favorably, thereby facilitating hydrogen transfer from *NHj; to
*OH (Rx3):

NH; + OH* > NH; + H,0* (Rx3)

The reaction energy barrier AE of Rx3 is calculated to be 0.29 eV, as can be seen in on Figure 6c.
This reaction is crucial for C-N products formation; the anodic potential provides an oxidizing
driving force to convert NH3; to NHa, which is attributed to improved C-N formation selectivity.
Thus, the kinetics of Rx3 are also investigated, and are shown on Figure 5d. The activation energy
barrier is found to be ~ 0.4 eV. This value is neither relatively big nor small, meaning there is a
necessity for an oxidizing potential, but it does not have to be large. This fits the fact that optimal
conditions were observed at -0.2 V vs Ag/AgCl.

Since multi-carbon C-N products (e.g., acetamide) is also observed among the products detected
in experiment, we also considered *NH> coupling with *CCO (Rx4) in addition to with *CO (Rx2):

NH; + CCO* > CCONH; (Rx4)

The calculated AE for Rx4 is 0.66 eV as seen on Figure 5a, making it an unfavourable coupling
pathway comparatively to Rx2. Thus, from the DFT point of view, products such as acetamide
with multiple carbons are first gone under C-N coupling step and then C-C coupling is carried out.
Otherwise, it is expected that single-carbon C-N products to be more dominant compared to multi-
carbon C-N products if a relatively low potential is applied.

Finally, Figure 5e shows the traditional rate determining step on Cu (100) for the CO> reduction
reaction mechanism, which is the hydrogenation of CO to CHO. The energy barrier is 0.3 eV,
which is comparable to 0.18 eV of the coupling step and the 0.29 eV of the NH, formation,
meaning C-N formation and CO: reduction product formation should be competing, which is what
the experimental results suggest.
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As a final endeavor, we moved to expand the scope of our measurements to show the broad
applicability of pulsed electrosynthesis within the context of small molecule coupling. First, we
modulated the Eca and Ean durations under a typical set of reactions conditions. The formation rate
of C-N bond products more than doubled when increasing Eca to 2s while the FE was maintained
(Fig. S24). Next, we used a series of additional reactants in place of CO2 or NH3 and compared
the FE and formation rate (FR), given in mMol*sec”'cm™ under static and pulsed conditions (Fig.
6a). Using formaldehyde (0.5 M), formate (0.2 M), or acetate (0.2 M) and coupling to NH3 (1 M)
in I M KOH led to C-N bond products with significantly enhanced FR under pulsed conditions as
compared with constant potential synthesis (Fig. 6b). An advantage here is that the oxidative pulse
may also activated partially reduced C-species and not just NH3. If NO2™ was used in place of NHs,
significantly increased FR were also noted for formamide and acetamide. As NOs3™ can also be
oxidized to NOs", the anodic pulse may likewise help concentrate it next to partially reduced CO2R
intermediates to promote C-N coupling. A similar route may be taking place in N2 activation.
Finally, SO3%*, 0.2 M a simple oxidizable sulfur species, was shown to couple with CO; to form
methane sulfonate, a useful molecule in organic synthesis, with increased performance under
coupling conditions (Fig. 6d). The coupling step here may similarly involve a nucleophilic attack
by the S-species on an activated CO2R intermediate.?®?* While the initial set of results here are
promising, we note that the precise operating conditions were not optimized for the each
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experiment and there is therefore much room to grow in terms of performance. Finally, we cannot
unambiguously rule out other effects that may be the dominant factor behind the enhanced
reactivity such as changes to the catalyst structure induced by pulsing as the detailed examination
of each reaction is beyond the scope of this work.
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Figure 5-6. The pulsed electrochemical coupling strategy was extended to additional coupling
reactions (a). Additional carbon (b) and nitrogen (c) reactants benefit from pulsed electrolysis to
form C-N products. Finally, C-S bonds could be generated with enhanced rates in the formation
of methanesulfonate (d). Formation rates are given in mMol*s™*cm!.

5.4. Concluding Remarks

In all, this work shows how pulsed electrolysis is a powerful tool in promoting electrocatalytic
coupling reactions. In particular, the partial oxidation of NH3 leads to a higher concentration of
NHx species on the catalyst surface and thereby facilitates their coupling to CO2R intermediates in
a new reaction mechanism and consequently greater efficiencies for C-N product generation.
While CO2 and NHj3 coupling was the model reaction in this study, we have shown that there are
many avenues to explore in the use of downstream CO2R products, additional N-species and even
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C-S coupling. Finally, there is much room to explore in terms of catalyst design. Though this work
used commercial Cu particles, the use of Cu with well defined facets or Cu-based alloys may be
an effective strategy for precisely modulating the binding energy of key reactants and steering the
reaction down a select pathway. In addition, the addition of secondary binding sites that, for
example, bind N-species may stand to boost performance. In the end, with this newfound oxy-
reductive coupling strategy, the electrochemical construction of a wide gamut of important
chemicals from simple building blocks is closer to practicality.

5.5. Experimental Procedures

5.5.1. Chemicals:

Ammonium hydroxide solution (30-33% NH3 in H>O), Methylamine solution (40 wt. % in H20),
Deuterium Oxide (99.8 atom % D), Ammonium-"°N chloride (> 99.8 atom %, 15N > 99 %)
Sodium sulfite ( = 98% ), sodium nitrite solution (40 wt. % in H20) was get from Sigma-Aldrich

Company. Acetamide ('°N, 98%+) was purchased from Cambridge Isotope Laboratories, Inc.
Formamide, deionized (ultra pure) VMR Life Science. Copper nanopowder, APS 20-50 nm and
Potassium hydroxide (flake, 85%) were get from Thermo Scientific. Carbon cloth (ELAT LT
1400W-40 x 40 cm) was purchased from FuelCellsEtc. Nafion D-521 dispersion (5% w/w in water
and 1 propanol, > 0.92 meq/g exchange capacity), Sodium formate 98 % were obtained from Alfa
Aesar. Ethanol, 2 propanol, Methanol (HPLC grade) were got from Fisher chemical company.
Acetic Acid were purchased from MACRON fine chemicals.

Formaldehyde solution 37% get from ward’s science. Sodium methanesulfonate was get from TCI
Ametica.

5.5.2. Electrode Preparation and Characterization:

The microstructure and composition of electrode after electrolysis were investigated by
transmission electron microscopy (TEM) and X-ray diffraction (XRD).

Transmission Electron Microscopy and elemental mapping: TEM images were collected at The
Facility for Electron Microscopy Research (FEMR) of Mcgill University. TEM characterization
was performed using Thermo Scientific Talos F200X G2 (S)TEM with High visibility low-
background beryllium double-tilt optimized for energy-dispersive X-ray spectroscopy (EDS). All
samples were prepared by carefully scratching off from the electrode and dispersing them onto
ethanol solution. After sonicating for 5 min, the solution was drop cast onto a copper grid
supporting a thin electron transparent carbon film. High angular annular dark-field imaging
(HAADF) performed in parallel with EDS acquisition in the collection angle of 58-200 mrad.

X-ray diffraction patterns were collected in the range of 10° < 26 < 80° on a Panalytical MPD-
PRO diffractometer equipped with a linear X celerator detector with CuKa: (1.5406 A) anode.

Detailed information about the in situ experiment please see the Supplementary Note.
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5.5.3. Electrochemistry Analysis and Product Quantification:

Electrochemistry experiments were carried out in a home-made gas diffusion electrode (GDE) cell.
A modified GDE half cell was used to maximize the sensitivity of the measurements through the
use of lower electrolyte volumes. A carbon cloth loaded copper catalysts is sealed in the middle of
a sandwiched structure. CO> molecules can transfer from the bulk gas phase to the gas-liquid
boundary layer through the bottom layer (constant 10 mL/min). NH3 was fed through the liquid
phase (NH4OH) with different concentrations dissolved in 1 M KOH solution. For a typical
electrolysis experiment, 1 mL electrolyte was added into the hydrophobic layer of carbon cloth
electrode and saturated with CO; for at least 5 min. The reference (Ag/AgCl gel in saturated KClI,
25°C) was used to calculate RHE with Eruae = Eag/agcr + 0.059 pH + E°ag/iagcl, where E°ag/agc1 =
0.206 V. The Ag/AgCl reference was periodically checked against a master reference electrode
for any potential drifts to maintain stable in alkaline electrolyte.

Electrochemical measurements were conducted through a Biologic SP200 potentiostat and EC-lab
software v11.43. A graphite rod was used as the counter electrode.

Prior to electrochemical measurements, the impedance between reference and working electrode
was recorded at open circuit (100 KHz) and the ohmic drop was subsequently corrected for at 85%
with the ZIR function in the EC-lab software. The area used to normalize current density in the
CV plots is the geometric surface area, using a consistent mass loading of 10 mg of Cu.

The static electrolysis for typical chronoamperometric measurements is conducted at -1.8 vs
Ag/AgCl (denoted as E,,). The reported results were obtained after 3600s under CO2RR. For the
experiments involving pulsing electrolysis, three techniques were applied: 1) one
chronoamperometric run at the anodic potential ( £,,) for 1s, 2) cathodic chronoamperometric (£,,)
for 1s, and 3) 899 loops of 1) and 2). The pulsing anodic potential in our study was varied between
-0.4 Vto 0.4 V, with a 0.2 V interval. This range of potentials was selected based on our analysis,
which present in the paper. Next, the cathodic reduction time and anodic time was varied to 2s, to
test the influence of the anodic-cathodic time ratio.

The gas products reported were measured by gas chromatography (SRI Model 8610C GC)
equipped with a thermal conductivity detector (TCD) and flame ionization detector (FID). The gas
flow rate was kept constant at 10 mL/min as measured by a flow meter (Dwyer Instruments, Inc)
at the exit of the GDE cell. Ultra-high purity nitrogen gas was used as the carrier gas. The
electrochemical cell was directly connected to GC, therefore during reaction the CO continuously
flowed through the reactor and GC. The gas was sampled from the reaction vessel 30 minutes after
applying the reducing potential. Calibration gases at various dilutions were used to establish a
calibration curve for accurate product detection. Liquid products were measured by NMR (AV
NEO 400, Bruker BioSpin). See Supplementary Note 1 for more details on the analysis of
electrocatalytic measurement data.
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5.5.4. Long term operation and GC-MS detection

In the present study, long-term electrolysis runs over 6 h are conducted in pulsed mode. Time can
not be prolonged for more because of the flooding of the carbon cloth electrode. The electrolyte
after electrolysis (around 4 mL) was added 1.15 ml, 2 M Phosphate buffer to turn the pH. The
obtained solution was then concentrated using a rotary evaporator to get around 1 mL solution in
a low-pressure mode. Next, the formamide, acetamide, urea was extracted from the concentrated
electrolyte using ethyl acetate (EA). We add methanol to increase the solubility of urea in the EA.
Finally, the concentrated solution was injected into the GC-MS system for analysis.
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5.8. Supporting information

5.8.1. Supplementary Note 1: Using NMR to detect C-N products

The development of electrochemical C-N bond formation via activating small molecules is
hampered by the lack of effective methods for quantitatively detecting the C-N bond products.
Colorimetric quantification methods such as the reaction of urea with diacetyl monoxime'-> and
enzymatic methods®* are heavily relied upon for C-N bond detection, especially for urea. Those
methods are well-established in aqueous media, but it is notoriously sensitive to variations in
electrochemistry, multiple reaction agents, and tedious procedures in sample preparation are
inevitable. The colorimetric method is significantly hindered in these media by the interference
caused by temperature, pH, and ion concentration'*. A number of advanced analytical techniques
are capable of measuring urea such as Mass Spectroscopy; however, the separation of product and
electrolytes is necessary due to the instrumental requirements’®. Furthermore, the analysis and
quantification the product requires NMR or HPLC to analyze the remainder of the CO»-related
liquid products.

Therefore, robust and general methods of C-N analysis are needed. To this end we utilised proton
nuclear magnetic resonance spectroscopy (‘H NMR). In contrast to indirect spectrophotometric
detection after derivatization, 1H NMR provides direct and highly selective analysis of '*N-related
species and '’N-related species’. Moreover, NMR allows for simultaneous detection and
quantification of conventional CO; reduction products as well as the C-N bond related products,
resulting in a more efficient product analysis.

However, the detection of hydrogens directly bound to nitrogen by NMR requires care in sample
preparation owing to their exchangeable nature (function of pka) and due to the intrinsic nuclear
properties of the dominant isotope of nitrogen at natural aboundance, *N (N.A 99.63%). N has
spin, I > 2 (I=1) and thus, in addition to a nuclear magnetic moment (observed for all nuclei with
non-zero nuclear spin, 1) it has a non-zero nuclear electric quadrupolar moment (Q). This latter
interaction can induce severe line-broadening to the nitrogen NMR signal itself, as well as to the
signals of nuclei attached to the nitrogen. The impact of the linewidths decreases as local symmetry
about the nitrogen increases and is lowest for cubic symmetry (Tq,; €.g, NR4 species). Species with
higher symmetry will yield sharper '“N and 1H NMR peaks. Thus, working at pH where e.g, RNH,
is present predominantly as RNH3" or NHj3 is present as NH4" permits easier acquisition of 1H
NMR of such species. At pHs above the pka the rate of exchange of NH hydrogens with other
exchangeable hydrogens such as those of water can make these signals invisible due to exchange
induced broadening.

Therefore, without turning the pH of electrolyte after reaction, sub-optimal NMR settings can
result in lengthy data acquisition times'® and underestimated quantification. In addition,
formamide and urea are only stable at certain pH range. The formamide would discompose into
formate either in low pH or high pH, which is typical of conditions employed in many experiments
in the literature targeting C-N bond formation!!"!2, The drop of pH in alkaline conditions and the
formation of buffer pairs of CO3~ /HCO3 during the reaction further hinders quantitative detection.
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Herein, we reported a versatile method to obtain quantitative analysis of urea in high range pH
electrolyte by 'H NMR. The concentration of C-N bond products can be accurately determined in
the range of a minimum of 1 mM and while minimizing C-N product decomposition. The method
is promising for electrolysis applications, especially pulsing electrolysis, with the advantages of
simplicity, high accuracy, and fast non-destructive detection.

DMSO (>99% purity) was employed as an internal standard for quantitative "H NMR. Its distinct
and intense methyl singlet does not overlap with common product peaks of CO reduction, and it
is miscible with a variety of solvents.

Phosphate buffer (PBS, 2.0 M) was added to each sample to adjust solution to a pH equal to 5-7
to protect the pH-sensitive C-N bond and protonated urea. If the pH of the final solution is well
below the molecule’s pKa, then 'H NMR yields relatively sharp signals arsing from N-H
hydrogen(s)'*. However, if the electrolyte pH is higher than the molecule’s pKa, protons would
exchange with the water, generally prevents detection of N-H bonds.

A common practice in biochemistry is either to use a non-exchanging solvent such as DMSO-d6 or
1:9 D,0:H>0 combined with water suppression techniques!*. In our electrochemical reaction,
DMSO0-d6 is not chosen as the locker because its solubility of ions and products in the resultant
solution is too low, although have a better N-H signal. D>O and distilled water were added so that
the final D>O concentration was 10% (v/v; presence of small amount of deuterium in the solution
has minimal impact to the urea quantitation as deuterium is distributed in urea and water in the
same isotopic ratio).

All NMR samples were prepared so as to have a final H,O : D,0 ratio of 9:1 by mixing appropriate
volumes of electrolyte, PBS, and D>O in 7:2:1 ratio. The method presented here detects both
formamide, acetamide, and urea N-H bonds, but does not detect ammonium N-H bonds. This is
because the pH of showing hydrogen attached to different nitrogen is different. The beneficial
characteristic rules out the interference of the NH; and false positives from this species. All 'H
NMR experiments are the sum of 32 co-added scans with a 60s relaxation delay between scans to
ensure all spins had relaxed to equilibrium (NB: the long relaxation time necessary was due
primarily to the slow relaxation of the aldehydic hydrogen of formate/formamide).
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5.8.2 Supplementary Note 2: Using "NH4Cl to prove the formation of C-N bond

Both Isotope labelling and 'H-'>N heteronuclear single-quantum correlation (HSQC) experiment
were conducted to prove the C-N bond product formation. The results for the aqueous solutions
are in good agreement with those reported previously’.

Table 5-S1. Proton chemical shifts of Acetamide-15N in D2O/Buffer solution/ 0.1 M KOH =
1:2:7. All the chemical shift has been calibrate based on DMSO in our solution recipe as 2.71 to
get rid of the effect of pH.

Acetamide Acetamide - "N Acetamide -'°N
8ch, (ppm) 1.98 1.98
On, (ppm) 7.54 7.54
Ou, (ppm) 6.78 6.78
Ad,p(ppm) 0.76 0.76

Table 5-S2. A comparison of coupling constant (Hz) in the amide groups of Formamide-15N
and Acetamide-15N.

Formamide - '°N in water Acetamide - '°N in water
T(H, — Hy,) (Hz) 23 22
T(15N — H,) (Hz) 913 90.9
T(15N — H,) (Hz) 86.93 88.4
A5, (Hz) 037 0.756
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5.8.3. Supporting Note 3: Identification of the oxidation potentials for Cu
nanoparticles in the GDE cell.

Electrolytes were saturated with CO» for at least 15 min prior to applying voltage and conducting
in situ experiments. See the Figure S2. S3 for detailed set up of the operando XRD set up and cell.

Both ex situ XRD patterns and in situ XRD were collected with a Malvern PanAlytical Empyrean
3 diffractometer with a Cu Ka radiation source (1 = 1.5418 A) and a PIXcel*Pdetector in 1D
mode operated in Bragg Brentano (6 — 8) geometry. For a typical ex situ measurement, a range
of 5° <260 < 80° measured with a PIXcel3Ddetector in 1D mode configuration with iCore and
dCore optics with automatic slits set at 10 mm irradiated length and a collection time of 1h.

To monitor the copper oxidation state, we tracked the crystallinity of the catalysts by means of
time-dependent XRD conducted simultaneously with CV measurements. We first apply a constant
potential at -1.8 V for 30 minutes under COz-saturated 1 M KOH with 1.5 M NHj3 electrolyte to
completely remove any surface oxide species. During the CV, the potential applied to the sample
was changed from -0. 6 V and + 0.6 V, and then from +0.6 V to sweeping back to -1.3 V vs.
Ag/AgCl, with a rate of 0.5 mV/s. The XRD detection system used a GaliPIX3D detector in 1D
mode configuration with BBHD optics with a range of 30° < 260 < 45°, leading to each spectrum
for 160s in total.

To mimic the real operation condition when each pulsing electrolysis operates, we track the copper
nanoparticle in real time when applied to the pulsing condition. Each pulsing condition would
track around 30 min as the electrolysis time we keep normally is 30 mins. The pattern was collected
between 20° < 20 < 75° for each spectrum of 5 min.
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5.8.4. Supplementary Note 4: Calculation of the Faradaic Efficiency and
formation rate of each product.

For accurately and reasonably comparing the two different electrolysis methods, we introduce the
formation rate as a reasonable parameter since both static electrolysis and pulsed electrolysis share
the same formula to calculate.
ng X FxXC, XV

A X Ltotal

Formation Rate,(mmol xcm™% x h™1) =

Here C, (mol/L) is the concentration of liquid phase C-N bond products obtain based on previous
calibration curve obtained from the NMR (, V (L) is the volume of the electrolyte. ny is the number
of transferred electrons for a certain product, t(h) is the electrolysis time, which is typically 0.5 h.
F=96485 (AX s X mol™1), A is the geometric area of the electrode (cm2).

All the catalysis results in this study are shown in terms of Faradaic Efficiency (FE) as well. FE is
important criteria to evaluate an electrolysis process, though the calculation is different between
the static electrolysis and pulsed electrolysis.

The Faradaic efficiencies of liquid products in static electrolysis of the NMR as indicated below:
nXFXC, XV

FE, = X 100%
X Q 0

where F is the Faradaic constant, Q is the charge passed in total during the reaction, C is the
concentration of generated liquid product and V is the volume of the electrolyte.

The Faradaic Efficiency and partial current density of gas product is calculated from gas
chromatogram (GC, SRI 8610C) peak area at a given potential as follow:

nF
FEy, = Vx X flow rate X —— X 100%
QVn

n: number of electron transfer to H2, CO, CH4
Vx: the volume fraction

F: Faradaic constant, 96485.3499 C mol-1

Vi 22.4 L/mol.

For the pulsed electrolysis, the change of FE over time is determined as follows. The time basis
for the calculation is one pulse loop consisting of an anodic (time interval tan) and a cathodic (time
interval tca) section. All the gas product such as H2, CO, CH4 only form during the cathodic
potential. Thus, only invested cathodic charge Qc needs to consider and it is determined by the
integration of the current in the cathodic section over time.
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The Faradaic efficiency of gas product was calculated from the areas of the GC chromatogram as
indicated below:

FE. - Vx X flowrate Xxn X F ty, +t
X Q,xVm te

“ % 100%

Here the Vx is the volume concentration of gas products obtained based on the calibration curve

. . tgt+t
of GC, and the n is the number of transferred electrons for a certain product. The % was

c

introduced as correction factor because the gas outlet stream of the cell contains reaction products
not only during the cathodic section of the pulses, but there is a continuous stream of reaction
products.

In contrast, for liquid products Q,¢q;, already contains the contribution of the pulse times by
integrating the cathodic charge.

CxXVxnxF
FE, =

X 100%
Qtotal

Qtotal = Qcat Qan

It must be pointed out that this is a simplified approach. The C-N bond product, such as urea,
formamide, and acetamide, may be calculated in a more accurate manner, depending on the exact
mechanism for their formation, but for now, we keep their calculations consistent with only the
electrons counted towards reducing the CO2 intermediates for consistency and easy comparison
with other works. We encourage discussion and opinion of accurate calculation of the FE for this
reaction mechanism. We assign 2 electrons for urea, 8 electrons for acetamide and 2 electrons
formamide for ease of comparison with static electrolysis. Qg is the integral of all the anodic
current and Q. is the integral of cathodic current.

It should be noted the methylamine is present mostly in gas phase (boiling point: —6.6 to —6.0 °C)
and liquid phase as it has high solubility in water (1008 g/L (at 20 °C), but currently the gas phase
detection is out of our scope. Thus, our calculation might underestimate the FE and FR of
methylamine since we only calculate the liquid phase.

A simple python software was developed to calculate all the Q for ease of calculation, the original
code is listed here, and the calculation is based on the explanation in ref 15.

Def convertRawDate (data):
Idx=0
Result =1 ]
While (idx < len(data)):

currNumber =[ ]
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if (idx+10 >= len(data)):
currNumber = data[ idx:len(data)]
else:
currNumber = data[ idx: idx+10]
currNumber = list(map(lambda x:float(x. split ()[1], currNumber))
if (len(list(filter(lambda x:x<0, currNumber))) < len(list(filter(lambda x:x>=0, currNumber)))):
result. append(max(currNumber))
else:
result. append(min(currNumber))
#print (currNumber)
Idx +=10

Return result
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5.8.5. Supplementary Note 5: In situ IR analysis

Infrared spectroscopy in an ATR configuration was performed with a ThermoFischer Nicolet 380
FTIR-ATR system with a ZnSe ATR crystal coated with a diamond surface. Infrared spectra were
collected at room temperature over the range of 400-4000 cm™'. For ex-situ measurements, each
spectrum was recorded with an accumulation of 800 scans with a resolution of 4 cm™.

For in situ IR spectroscopy, the experiments were executed through the use of a custom-designed
spectroelectrochemical cell. The carbon cloth was placed in the middle to separate the electrolyte
and the gas chambers. Simultaneously, glassy carbon rod was used as the counter electrode and
the Ag/AgCl was used as the reference. Each infrared absorption spectrum was acquired by
averaging 800 scans and then subtracting from the spectra at open circuit potential. The
background spectrum of the catalyst electrode was acquired at open-circuit voltage before each
systemic set of measurements, and the measured potential ranges of the electrocoupling reaction
were set to 0.4 to —0.4 Vagagct with an interval of 0.2 V.

In the first part of in situ IR experiments, we aim to identify the onset potential for NH3 oxidation
by combining electrochemical analysis and in situ IR spectroscopy. In open circuit conditions, we
add 1.5 M NH4OH into the solution to see the adsorption behavior of ammonia on the copper
surface.

We applied a series of constant potentials to observe the intiation of ammonia oxidation on copper,
namely the dehydrogenation of the NH4OH to absorbed *NH>/NH*. From Figure S18, we can
observe NH>* peak and NH* species at the very beginning of the reaction and a transition point
start from OV, as the NO band begins to rise and indicate the oxidation of *NH>/NH.

The second part of our in situ IR experiments involves determining if the pulsed condition would
have a constant *NH2/*NH species coverage. Based on the CV results (Figure 2a), we selected a
potential range of -0.4 V to 0.4 V for the anodic pulse potentials with a gap of 0.2 V. There are
two possible reactions in the pulsed electrolysis in the 1M KOH, 1.5 NHj3 solution: as in the steady
state anodic potential conditions, ammonia is being oxidized'® (equation 1). However, upon the
application of a cathodic potential of -1.8 V, the formed partially oxidized species would be
partially reduced back to NH3!”!® (equation 2). Hence, it's important to investigate if there are still
any *NH2/*NH species remaining on the copper surface.

We can observe from the Figure 2c¢, in the constant potential electrolysis, only NH4" related peak
present. In contrast with the constant potential, when applying pulsed electrolysis, peaks in the
range of 3000-3600 cm™' emerged, we ascribe them as the NH>*. That being said, the steady state
of partial NH3 oxidation related species remain on the catalysts surface with select a range of
pulsed electrolysis conditions.

In the third part, we aimed to conduct a series of experiments to detect C-N bond products being
formed.

In the final part of the IR experiments, we maintain the Ec.=-1.8V and E., =-0.2 V with a different
time duration was conducted to elucidate the change of the spectra peak with different pulsing
times.
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Isotope labelling using '"NH4Cl to replace the “NHsOH was conducted to identify bands
associated with C-N bond and support our analysis.
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5.8.6. Supplementary Note 6: Raman measurements:

In situ and ex situ Raman spectra were recorded with a Renishaw Raman spectrometer using a 5
mW 633 nm excitation laser and 1800 mm™' grating. Before each set of measurements, detector
calibration was conducted by measuring an internal Si wafer (521 cm™). A laser line focus module
was utilized to obtain spectra by spreading out the laser intensity with approximately 20x lower
laser intensity per area.

Spectra were collected in the range of 100-1800 cm™ with an exposure time of 5 min for each
acquisition. The laser power was 5 mW. An immersion objective (numerical aperture of 0.8) was
used with a custom gas diffusion electrode for maximum signal intensity. These spectra analyzed
and processed using WiRE 4.4 and OriginPro 2022 software. The spectra were baseline-substrated
using the polynomial feature of eight order, and cosmic rays were removed.

The in situ GDE cell had a liquid electrolyte reservoir in which the immersion objective was dipped,
and the carbon cloth coated with copper catalysts separated the electrolyte reservoir and the gas
channel. CO; was continuously delivered to the catalyst at a flow rate of 10 sccm. The counter
electrode, a glassy carbon rod, and the reference electrode, Ag/AgCl, were dipped in the electrolyte
reservoir around 0.5 cm away from the cathode. After purging the CO2 into the electrolyte for
more than 15 min, we acquired a spectrum of open circuit to observe the surface species prior to
electrochemical reaction. Then, a constant potential was applied, to observe the species during the
static electrolysis. In the following step, we applied pulsed electrolysis conditions one by one.
Electrochemical parameters were the same as described above. 1M KOH was used as electrolyte,
with the presence or absence of 1.5 M NH4OH to identify the peaks associated with C-N bond. In
addition, the different electrolysis condition (static electrolysis and pulsed electrolysis) were
compared to observe the difference in surface intermediates.

In the frequency range of 1200-1800 cm™', the Raman spectra of carbon cloth overlap with some
important vibration modes of the C-N bond feature, so we modified the gas diffusion layer while
preserving its main function. To reduce the background spectra, carbon paper was used to support
copper nanoparticles. The carbon cloth is placed on the bottom of the carbon paper catalyst support
so that it maintains its hydrophobicity. As the carbon cloth is made of fibers, the interspace of the
fibers can let the gas permeate, so the gas diffusion layer still serves its primary function.

In the final step, we maintain the Ec.=-1.8V and Ea., = -0.2 V with a different time duration to
elucidate the probe of the spectra (and surface speciation) with different pulsing times.

Isotope labelling of '>NH4Cl to replace the *NH4OH and KOD to replace the KOH, H,O to replace
the D>O was conducted to identify the peak associated with C-N bond, and peak associate C-H
vibration mode.

To better express the features of the Raman spectra in the range of 1200-1800 cm™!, we utilized
OriginPro 2022 software to process the Raman spectra. The Savitsky-Golay method was
conducted as a fit method and the raw data and after-processed data are plotted on the same graph.
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Inspired by work using in situ Raman to observe of the pH gradient near the GDE electrode of
COz Reduction in alkaline electrolyte!®, we analysis the local surface pH on the surface of the
copper nanoparticle. The local pH could determine by the ratio of CO%~ /HCO3 . During our in situ
Raman experiment, the distance between the immersion objective and the catalysts remains
constant. Therefore, we can use the peak intensity of CO3~ and HCO3 to roughly determine the
surface pH in different electrolysis conditions. We can observe the peak intensity of CO%~
decreasing, while the peak intensity of HCO3 is increasing, which indicates that the surface pH
will increase with different anodic pulsed potentials. Also, since in the oxidation process, the
surface *OH could react with the NH3 to form some NH or NH'S, this means the consumption of
OH’ during pulsed condition might occur faster than the without NH3 condition. This may help
explain why under 1M KOH and 1M NH4OH electrolyte composition, the reaction has higher
ethanol selectivity than the 1M KOH, 1.5 M NH4OH. The increase of bicarbonate concentration
may also increase the selectivity for CH4*,

134



5.8.7. Supplementary Note 7: Scope of the oxy-reductive C-N bond couplings.

With an initial set optimized reaction parameters (for CO2 + NH3) in hand, we sought to explore
the scope and limitations of the proposed reaction mechanism and the unique method.

Reaction conditions: Formaldehyde (CH2O) substrate (0.5 M), NH3z (1 M), sodium formate and
sodium acetate (0.2 M), Na;NOs (1 M) in the 1M KOH electrolyte. For the C-S bond coupling
step, S03~ (0.2 M) was used as the sulfur source. The CO; bubbling rate remained 10 sccm. When
using formaldehyde, formate and acetic acid as the carbon source, N> (10 sccm) flowed through
the electrolyte and cell for 15 min to avoid the influence of atmosphere CO».

The reaction mixture was electrolyzed for 30 min both in condition of static electrolysis and an
pulsed electrolysis. The pulsed electrolysis condition maintained E,, =-0.2 V for 1s and E_,=-1.8
V for 1s. However, the optimized conditions might be different for each substrate/reaction. It is
beyond the scope of this work to optimize the conditions for each of the substrates, although we
believe we may attain better results through screening on different potentials, pH, reactant
concentration and more. Because of the uncertain reaction routes and mechanisms, the formation
rate was used as a more reasonable metric to compare the static electrolysis and pulsed electrolysis.
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5.8.8. Supplementary Note 8: Using GC-MS to prove the formation of the C-N
bond products.

To further verify our results for the C-N bond formation, we conduct GC-MS analysis of the
electrolyte after 6h electrolysis.

1.15 ml of 2 M Phosphate buffer was added to the electrolyte after electrolysis (around 4 mL) for
pH adjustment and to avoid the possible C-N discompose. The obtained solution mixture was then
concentrated using a rotary evaporator to get around 1 mL solution in a low-pressure mode. Prior
to GC-MS analysis, the formamide, acetamide, and urea were extracted from a liquid/liquid
extraction. An aliquot of 300 mL of the sample was mixed with 600 mL ethyl acetate and 100 mL
methanol, vortexed then centrifuged.

An aliquot of 1 mL of the supernatant was injected into the GC-MS system with a split ratio of 20.
The GC column was a DB-624, 30m x 0.25 mm, 1.4mm, operated under a temperature gradient
starting at 40°C, held for 1 min, increased to 195°C at 10 °C /min, and then to 250°C at 10 °C /min
for a total run time of 22 min. The ionization mode was EI and mass spectra were acquired in scan
mode from m/z 10 to 500. A database search on the NIST05a library was used for compound
identification. Besides solvent-related peaks, formamide, acetamide, and urea were identified in
the sample with matching scores of 98.13, 98.64, and 96.11 respectively (see Figure SI 28, as
generated by the Agilent database search software).
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Figure 5-S1. Simplified schematic of the electrochemical GDE based setup employed in this work.
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Figure 5-S2. Operando cell for surface X-ray diffraction measurements in an electrochemical
environment. A kapton layer was cover on the working electrode surface to avoid the vaporization
of the electrolyte.
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Figure 5-S3. Simplified schematic of the in situ XRD cell setup employed in this work.
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Figure 5-S4. IR spectroelectrochemical testing. The spectroelectrochemical configuration
employed to probe the reaction process is illustrated.
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Figure 5-S5. IR spectra of standards. Infrared spectra of several reference compounds.
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Figure 5-S6. IR spectroelectrochemical testing. CVs of the Cu showing the oxidation of Cu, NH3
and CO2R intermediates. Spectra recorded as a function of applied potential from (-1.0 V to 0.8 V)
in the condition of 1 M KOH, 1.5M NHj3 (b).
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Figure 5-S7. IR spectroelectrochemical testing. With the system at open circuit used as the
background, spectra were acquired at static electrolysis (E., = -1.8V vs Ag/AgCl) and Pulsed
electrolysis (E,, =- 0.4 V ~ 0.4 V) in the presence of NH3 only.
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Figure 5-S8. Isotope studies. "NH4CI was used to replace the NH4OH to identify the IR bands
associate the N-H bonds or C-N bonds under several representative pulsing conditions.
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Figure 5-S9. Simplified schematic of the in sitzu Raman cell setup employed in this work.
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Figure 5-S11. Isotope Raman study. We used '’NH4CI to replace the NH4OH as the nitrogen
source. The peak at 1547 cm™ could be originating from the C-N bond, as it shifts to 1512 cm™!
when N is used. We conduct the pulsed electrolysis in varied E,,, and the peak shift is same in
each case.
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Figure 5-S15. NMR spectra of electrolyte of (a) without NH3 after pulsing electrolysis, (b) with
1.5 M NH3 after static electrolysis and (c¢) with 1.5 M NHj3 after pulsed electrolysis. No c-n bond
product observed in a. No urea and methylamine could be detected in spectra b. there are four C-
N bond related product could be detected in the spectra c. The signals with chemical shift between
7.8- 6.8 belong to the proton shift of N-H bond of C-N products. The pulsed electrolysis condition
is Is pulse at E,, =-0.2 V was followed Is pulse at E., =-1.8 V and the loop was repeated for 30

min.
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Figure 5-S16. Standard NMR spectra of '“N-acetamide (gray) and *N-acetamide (red).
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Figure 5-S17. NMR spectra of electrolyte solution after using '"NHj3 to replace the '“NHj to
produce C-N bond products. The pulsed electrolysis condition is 1s pulse at E,, = -0.2 V was
followed 1s pulse at E.,=-1.8 V and the loop was repeated for 30 min.
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Figure 5-S18. 1H-'°N heteronuclear single-quantum correlation (HSQC) to prove the formation
of both acetamide and formamide. Cross-peaks are observed for the two chemically distinct amide
hydrogens of acetamide (blue line dn = 114.0 ppm). For formamide cross-peaks are observed from
the two chemically distinct amide hydrogens as well as the hydrogen bound to the carbonyl (orange
line dn = 115.5 ppm). The pulsed electrolysis condition is Is pulse at E,,, = -0.2 V was followed
Is pulse at E_,=-1.8 V and the loop was repeated for 30 min.
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Figure 5-S19. High resolution TEM and high angle annular dark field image (HADDF) and EDS
map of the catalyst particles after steady state and pulsed electrolysis. the electrolyte for both static
and pulsed electrolysis is same: 1 M KOH and 1.5 M NH4OH. For static electrolysis, the electrode
applied a chronoamperometry at -1.8 V vs Ag/AgCl for 30 mins. For pulsed electrolysis, the
electrode applied a cathodic potential are E, = 1.8 V for 1s then E,, =-0.2 V for 1s. In total, the
pulsed condition is conducted 30 min.
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. a After static electrolysis "~ b After pulsed electrolysis "~

Figure 5-S20. EDS spectra of the catalyst after static electrolysis (a) and after pulsed electrolysis
(b). The electrolysis condition same with Figure 5-S19.
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Figure 5-S21. Double-layer capacitance as determined by cyclic voltammetry. The
electrochemical surface area after 0.5 h electrolysis was obtained by double layer capacitance with
cyclic voltammetry (CV) in the non-Faradaic region with variable scan rates. CVs were acquired
out between -0.2 to 0 V versus Ag/AgCl, with scan rate of 5, 20, 40, 60, 80, 100 and 120 mV s™',
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Figure 5-S22. Typical current density vs. time trace for both a steady electrolysis (a) and pulsed
electrolysis (b) and zoom-in (c). The listed Q is a representative amount shown for reference.
Example (c) of a current transient of pulsed electrolysis at t,, = 1s and ta, = Is with the
corresponding oxidative (Q,), reductive (Q,) and total charge passed through the circuit during

electrolysis (Q, ., = Q, + Q, +Q,).
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Faradaic Efficiency

Figure 5-S23. Faradaic efficiencies for the static electrolysis and pulsed electrolysis in the absence
of NH3 (a) and (b) with NHs. For static electrolysis, the potential sets as -1.8 V. For pulsed
electrolysis, the values for the cathodic time and anodic time are t., = 1s and tan = 1s, and the
cathodic potential are E,, = 1.8 Vand E,, =-0.4 V to 0.4 V, respectively. Each system was fed
with CO» at a constant flow (10 sccm). The results in line with the results of the ECSA detection,
which means the selectivity towards CH4 has some relation with the surface roughness'. The
highest Faradaic efficiency of CHs is 0 V in the absence of NH3 and 0.2 V in the presence of the
NHs. Each electrolysis conditions were repeated for more than 3 times to determine standard
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Figure 5-S24. Effects of the durations of the anodic (t,,) and cathodic (t.,) pulses. From left to
right, the graph corresponds to the in sifu Raman Spectra, the in sifu IR spectra and the formation
rates. Doubling the anodic potential would promote the formation of oxygenated copper species,
as indicated by the Raman spectra. Formation rates of formamide doubled when increasing the
cathodic pulses time, and the formation rate decreases when doubling the anodic pulse duration.
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Figure 5-S25. Effect of the durations of the cathodic (t.,) pulses times on product formation rates.
The reaction conditions entailed 1.5 NH3 and 1.0 M KOH, E_, = -1.8 V and E,, = -0.2 V vs.

Ag/AgCl.
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Figure 5-S26. Long term operation was tested at E,;, =-0.2 V for 1s and E_, =-1.8 V vs Ag/AgCl
for 1s. The formation rate of formamide is decreasing, while the acetamide and urea formation rate
is increasing might attribute to the interplay of the gradual consumption of the ammonia and the
dropping of the electrolyte pH when operating.

156



NH,

10 mM 01 M 0.5M 0.7TM 10M 15M

D Formamide DAcetamide D Urea

0.04 —
0.03 -
0.02

0.01

w1 [h .rﬂ

10 mM 0.1M 0.5M 0.7 M 1M 15M

Formation Rate (mol cm™ h™)

NH,

10 mM 01 M 0.5M 1.0M 1.5M

[JFormamide [_]Acetamide [__]Urea

0.05
0.04
0.03 + [ |

0.02

0.01 4

Formation Rate (mol cm? h'')

0.00 . . , . , .
10 mM 01 M 05M 1M 1.5M

Figure 5-S27. Effects of concentration of NH3. The reaction conditions entailed 1.5 NH3 and 1.0
MKOH, E_, =-1.8 Vand E,, =-0.2 V vs. Ag/AgCL
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Figure 5-S28. Qualitative analysis of C-N bond formation by GC-MS. Beside solvent related
peaks, formamide, acetamide and urea were identified in the sample (a) with matching scores of
98.13 (b), 98.64 (c) and 96.11 (d) respectively.
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Figure 5-S29. NMR spectra of 0.5 M CH>O used as the C-source to replace CO». The scale of
NMR spectra of static electrolysis and pulsing electrolysis remains the same to compare the change
in product concentration.
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Figure 5-S30. NMR spectra of 0.5 M NO%' as N-source to replace NH4OH. Only Formamide can
be observed in the static electrolysis condition, while both formamide, acetamide and methylamine
are present in the electrolysis solution after pulsed electrolysis.
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Figure 5-S31. The calibration curve of methane sulfonate obtained from different concentrations
of standard methane sulfonate solutions in the employed 1.0 M KOH electrolyte using DMSO as
an internal standard.

1M KOH + 0.2 M SO22 + CO,

6.0x10°
4.0x10° -

Pulsed electrolysis

=]
& 20x10° Methane sulfona
=
»
S 0.0 - Static electrolysis
o
c i
- A DMSO
[
-2.0x10° - .
- = Standard
-4.0x10° - Distance 0.09 ppm / 37 Hz methane sulfonate
T T T T
3.0 2.8 2.6

Chemical Shift (ppm)

Figure 5-S32. NMR spectra of standard methane sulfonate, static electrolysis, and pulsing
electrolysis (from bottom to top). The scale of NMR spectra of static electrolysis and pulsing
electrolysis remains the same to illustrate the change in product concentration. The chemical shift
is a bit of different likely due to the pH being different in these two electrolysis conditions.
However, the distance of chemical shift between DMSO and methane sulfonate remains the same.
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Figure 5-S33. Expanding Scope. NMR spectra of co-electrolysis CO2 and N2. The calculated
Faradaic efficiency for formamide and acetamide is 0.39% and 0.4%. It should be noted that the
current Faradaic efficiency is not high enough to prove the N-source is directly from N».
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Figure 5-S34. N, Isotope experiment was conducted to verify the formation of formamide and
acetamide. '°N, flowed into the GDE cell for 1h.
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Table 5-S3. Raman and IR Peak assignment.

Band Position (cm™)

Infrared/Raman (Figure)

Potential Assignment

209-220 Raman (4b) Cu20
320 Raman (4b) Cu-Cx
518, 619 Raman (4b) CuOx
635, 675 Raman (4b) Cu-OH
983 Raman (4b) HCO5"
1018 Raman (4b)

1033 Raman (4b) HCO3"
1067 Raman (4b) COs*
1129 Raman (4b)

1341 Raman (4c¢) HCOs5"
1363 Raman (4c¢) *CO2”
1454 Raman (4c¢) COOH
1547 Raman (4c¢) C-N
1584 Raman (4c¢) *CO2
3564-3059 Infrared (4d) N-H
2887 Infrared (4d) C-H
1616 Infrared (4e) C-N/HCO3
1639 Infrared (4e) H>O
1450 Infrared (4e)

1389 Infrared (4e) NOs
1232 Infrared (4e) NOy
666 Infrared (4e) Cu-OH
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5.8.9. Supplemental note 9: Density Functional Theory (DFT) information

DFT parameters: The DFT simulations were performed on a Cu(100) surface that was created
using Atomic Simulation Environment (ASE)?? and consisted of 5 X 5 X 4 atoms, 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 X 4 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. All these parameters
were chosen after running convergence and sensitivity tests. DFT calculations are all performed
using CP2K code?* and further computational details are given elsewhere®.

Computational methods: To compute energy differences of elementary proton coupled electron
transfer (PCET) steps, the computational hydrogen electrode (CHE) model?® 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+ +e o sz(g) (Eq' 1)
Ep+ye- = @, @ pH=0 and 1 atm (Eq. 2)
DFT raw data:

Table 5-S4. DFT raw data: Adsorbates on Cu(100). All intermediates of the first column are
adsorbed species.

Intermediates Energy Energy [eV] | Position and Comments
[Hartree]

CO*, hollow -4834.418973 -131549.37 | Hollow

CCO -4840.103543 -131704.05 | Top C*, vertical

NH3 -4824.453163 -131278.19 | Van Der Walls (Vdw), 4.5
A

NH» -4823.869376 -131262.30 | Bridge

NH>+ CO -4845.586642 -131853.25

NH; + CCO -4851.271088 -132007.93

CONH; -4845.580557 -131853.09 | See photo

CCONH: -4851.246795 -132007.27 | See photo

NH, + H* -4824.459594 -131278.37

NH: + CO, close -4845.58733 -131853.27 | Bridge CO

CO, bridge -4834.419887 -131549.39

CONH; +H -4846.170948 -131869.15

NH: + H,O -4841.108378 -131731.40 | HO slight adsorption
(abs) top
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NH: + H20, far -4841.099515 -131731.15

NH; + OH -4841.103413 -131731.26

NH; + OH from | -4841.119145 -131731.69

Nudged Elastic

Band (NEB)

NH; + CO -4846.173935 -131869.23

NH;3 + CO + OH -4862.821075 -132322.22

CCO+NHpy, close -4851.263995 -132007.74

CHO -4834.989613 -131564.90

CHO + NH» -4846.154416 -131868.70

CHONH_, -4846.184478 -131869.52

Formamide

CONH,NH,, urea -4856.75689 -132157.21

CO+NH>+NH» -4856.754545 -132157.14

H -4813.292211 -130974.49

2H -4813.882068 -130990.54

H,O -4829.939542 -131427.48 | top

OH, hollow -4829.349417 -131411.42

OH, bridge -4829.346599 -131411.35

OH, top -4829.345777 -131411.32 | moves to bridge/hollow,
ignore

CONH; + CHz -4852.428023 -132039.41

CONH; + CH; -4853.048074 -132056.29

CONH:CH; -4852.486287 -132041.00
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DFT results:

Table 5-SS. Reaction Energy differences from DFT raw data. Adsorption denoted as Ads, and
desorption (denote as des).

Reaction dE

NH3 ads -0.367
NH; => NH» 2.572
NH; => *NH» -0.290
NH3* => NHy*+H* -0.174
NH3* => NHy* 0.076
NH> ads -2.86
NH; + CO => CONH 0.184
NH; + CCO => CCONH; 0.661
NHs(des) + *CO => *CONH; -0.110
NHs(des) + *CCO => *CCONH» 0.36
NH3 + CO => CONH,;+ H 0.337
NH; + CO + OH => CO + NH; + H>O(des) 0.386
NH;3 + CO + OH => CONH,+ H>O(des) 0.571
NH; + OH => NH» + H,O(des) 0.394
NH; + OH => NH» + H>O(ads) -0.135
NH3 + OH => NH» + H»O, far 0.106
CO=>CHO 0.305
CHO + NH; => formamide(des) 0.039
CONH; + NH; => urea(des) 0.978
CONH: + NH; => urea(ads) -0.063
urea(ads) => urea(des) 1.042
CONH:» + H + e => Formamide(des) 0.232
CONH; + H + e => Formamide(ads) -0.624
formamide (ads) => formamide(des) 0.857
HER (2H") -0.249
HER (2H*) 0.491
OH ads -0.695
H>O ads -0.487
CONH; + CH; => CH,CONH; -1.585
CONH; + CH; => CH3CONH (des) 0.047
CH2CONH; => CH3CONH: (des) 0.569
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Conclusion & Outlook

In this thesis, we put our focus on emerging areas in electrosynthesis instead of concentrating on
mature directions in investigating electrochemical CO2RR and HER. The general focus of the
research is use simple abundant building blocks (e.g., H2O, CO», N») or readily available small
molecules (CH4, NO;, CH3CN) that can be electrocatalytically transformed to fuels and
commodity chemicals in the larger context of sustainability.

In Chapter 3, we successfully developed a modular electrocatalyst model system (M-CAT) that
features well-defined M-Oy4 active sites. Co-CAT exhibits a record performance with an ultralow
onset potential and Ni-CAT features intrinsically faster reaction kinetics. Through the application
in operando infrared spectroscopy, we show that the HMFOR reaction is initiated by the
generation of the M(III) species and subsequent adsorption of HMF via its aldehyde group. The
rate-limiting step is reactant adsorption in the case of Co-CAT and intermediate desorption for Ni-
CAT.

For future work, we are planning to make use of this model system and modify its structure by
substituting motifs into the structure such as hydroxyl-, amino, and thiol ligating groups to
maximize its reactivity. Further, since our catalysts have capacity to oxidize -OH and -CHO
groups, we are wondering it can extend the scope of the system to other reactants that contain those
functional groups.

The Chapter 4 describe that we develop and investigate a Pd-membrane based reactor. This
system selectively adsorbs and permeates hydrogen from an aqueous electrolyte through to a
nitrile-containing organic compartment to completely cleave the nitrile’s C=N triple bond.
Through the state-of-the-art spectroscopic techniques, we provide a molecular picture of the newly
discovered reaction process. The rate determining step is the hydrogenation of *NHx species. In
the future, we are planning to develop an oxygen membrane reactor to fully utilize the water
oxidation half-reaction. Also, this strategy also might work for nitrogen reduction. We wish to
push this configuration into a gas capture, gas transformation cell by engineering molecular
catalysts with the Pd-membrane reactor.

In Chapter 5, we highlight the potential of using pulsed electrolysis in CO co-electrolysis to form
heteroatom chemical bond such as C-N bond and C-S bonds. This advance in pulsed
electrochemistry could open access for CO2RR to more valuable chemicals than the currently
pursued CO, ethylene, and alcohol products. Although the selectivity towards specific products
should still be increased, we believe that one promising route to do so is through the incorporation
of bifunctional active sites on the catalyst. Beyond this additional strategy include facet effect,
bimetallic catalysts, and defect engineering. Furthermore, combining complementary analytical
techniques serve as a powerful tool to understand then control multi-step pathways for selective
catalytic processes.
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