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Abstract

Sustainable energy driven electroorganic synthesis provides a green and inexpensive
alternative to traditional synthetic approaches. For instance, the electroreductianyo€lasses
of organc molecules enablesthe synthesis of carboxylic acidsia coupling with CQ
(electrocarboxylation, EC) that presents a route towards pharmaceuticals and industrially relevant
precursors. Historicallythe development of EC was performed undivided systems with
sacrificial metal anodes (e.g., Mg). Upon dissolut metal anodes produce figons that may
interact with active species produced on a cathgiggificantly affecting the @Etion mechanism.
Despite the high yields of target products achiesed lab scale, the sacrificighnodebased
systems showehany significant drawbacks preventing them from industrial implementation. To
this endduring my PhD. program | aimed tadevelopanalternative sacrificial anodieee system
Thus,| studiedthe system and catalyst design for EC paired with useful anodic processes.

In this thesis | discuss the feasibility of EC coupling with sustainable anodic processes
(oxygen evolution reactigrammonia or urea oxidation reactiprend suggest suitable stgm
design. Next, | show the electrocatalyst screening on bulk metal electrodes for the EC of
organohalides and imines in the absence of sacrificial metal afidaas! elucidate how surface
chemistry and morphology of metanoparticlesffectthe EC d organohalides and imines and
how stable Au, Cu, and Rthnoparticlesre during these reactiorSinally, | proposeEC in a
pressurized electrochemical cell towards high EC selectivity even at high organic precursor
concentrations.

In Chapter 3, | focus on the EC coupling witlkygen evolution reaction, ammonia
oxidation reaction, and urea oxidation reactibdiscussthe disadvantages of the conventional

method, perform membrane optimization and the screening of reaction condititres new

vii



proposed systentxtensive electrochemical results allowed me to proplesechanges in the
reaction mechanisnm detail | concluded this chapter with the discussion offeesibility and
energetical benefits of the anodievihiste treatmenanmonia and urea oxidation reactiprihis

chapter shows thainion exchange membraisethe only membrane type that allows efficient EC

in the absence of sacrificial metal anoddse experimental observations revealed the need in the
optimization of electrocatalyst and system design towards more selective EC at higher precursor
concentrabns.

In Chapter 4, | aimed tevaluate electrocatalytic activity of bulk materials towards EC o
organohalides and imines. | mapped thetrelationship between cathode materials and activation
of a wide range of organohalides. Additionally, | determisadable substrates for electrode
preparation for EC based on the material inactivity within the EC potential windi@monstrate
that even though there are certain trends for material (in)activity in EC, each organic precursor is
unique and catalyst sadtion needs to be performed carefulljhe discussion in this chapter
highlights the need to further optimize cathode materials towards higher aaivisC and
providesa tooli a mapi to continuethe cathode optimization in that direction.

In Chapter5, | discuss the application of nanomaterials as electrocatalysts ihdaC.
evaluatinghanopatrticleslectrocatalytic efficiency and structural stability in EC considering factors
such as the surface chemistry of tleeoparticlestheir surface morphotfy, andthe nature of the
material.| discovered thathe surface chemistry ofanoparticleshas strong effect on the EC
selectivity. The effect of theanoparticlesurface features on the EC outcome varied depending on
the organic precursaranomaterial e@mbination. | found that Pdnanoparticlesshow great

performance inthe EC of iminesand Cunanoparticleswith developed surface gave almost

viii



guantitativefaradaic efficiencis for the EC of organohalides. Pd and most of theaoparticles
showed good stability in EC, while Ganoparticle underwent severe structural degradation.

In Chapter 61 showthe feasibility of EC at high concentrations of organic precursor with
the correct CQ@RBr ratio in the reaction mixture that was achievedngisa pressurized

electrochemical cell.
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Figure 3. 1: Possible pathways of organic halide carboxylation in undivided electrochemical cells
with mg sacrificial anodes. Reprinted wigermission from ref. [76]. Copyright 2019, American
ChemiCal SOCIELY........ccoiiiiiiiit e et eeesrnre e e e e e e e e e e e e s e s smmmeeeeeeeeeeennnnnnnn B0

Figure 3. 2: Cell view and ion transport in EC/OER reactpmréormed in a divided cell with the

Ag cathode, RX/TBAI/ACN catholyte, Pt anode, KHC4H-O anolyte, and CEM (a), BPM (b),

or AEM (c). Reprinted with permission from ref. [76]. Copyright 2019, American Chemical
L0 Tod [ PO P PO O PP PPPPPPPRTPTTPPN 43

Figure 3. 3: SEM images of the surface of the nanostructured Ag cathode (prepared by chemical
vapordeposition) at different magnificatioReprinted with permission from ref. [76]. Copyright
2019, American ChemiCal SOCIEY........uuuiiiiii e ceeecc it eeeeeeer e e e e e e e 44

Figure 3. 4: (a) Chronoamperometry (CA) plots for the electrolysis of 50 /B4 iR 0.1 M
TBAI/ACN saturated with Céat different potentials. Examples of full CA plot for the electrolyses

of 50 mM RBr in 0.1 M TBAI/ACN saturated with Cat -1.7 V (b) and-1.4 V (c). (d)
Determination of potential ranges: cathodic sweeps of CV recorded at 200 rhscsecrate at

Ag in (a) Arsaturated ACN + 0.1 M TBAI; (b) C&saturated ACN + 0.1 M TBAI; (c) Ar
saturated ACN + 0.1 M TBAI + 25 mM {iromoethyl)benzene; (d) COsaturated ACN + 0.1 M

TBAI + 25 mM (1-bromoethyl)benzene. Reprinted with permission froifn [f&6]. Copyright

2019, American ChemiCal SOCIEY........uuuiiiii it eeeeeeree e e e e e e 45

Figure 3. 5: Determination of potential ranges: cathodic sweeps of CV recorded at 5bstans

rate at Ag in Arsaturated ACN + 0.25 M tetrabutylammonium bromide (TBABTr)&@&turated

ACN + 0.25 M TBABr; Arsaturated ACN + 0.25 M TBABr + 25 mM-{bromoethyl)benzene;
COp-saturated ACN + 0.25 M TBABr + 25 mM-iromoethyl)benzene. (a)B 1 1 . Gtiods: r e a
of R% (b) 7T12< 5 1V 0< VE react <onisl.o¥F \Rifreaucdonedc t( cGO
Reprinted with permission from ref. [76]. Copyright 2019, American Chemical Saciety..46

Figure 3. 6: Initial assessment of the membranes at an arbitrary (50 mM) precursor concentration.

Bar graph shows the distribution of major |igq
CO-saturated ACN + 0.1 M TBAI in a divided cel
T12.7 V. The product distri butsungire., [EGproguttslwn as
[ RT R] + [ RT OR] + [ RTH] + [ RTOH]. Reprinted wi
American ChemiCal SOCIELY ... ... ittt emmr e e e e et e e e e e eannneeees 47
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Figure 3. 7: (a) CV plots recorded at different scan rates (v = 50, 10®a®and 300 mV-} at

Ag electrode in 50 mM Hr in 0.1 M TBAI/ACN saturated with C(b,c) Linear correlation of
current and square root of scan rate-fod V (b) and2.0 V (c). Reprinted with permission from

ref. [76]. Copyright 2019, American Ch@al SOCIetY...........coooviiiiiiiiiiieee 47

Figure 3. 8: Examples of NMR spectra: (a) crude reaction mixture after the electrolysirof R

(b) reaction mixture after the hydrolysis. Reprinted with permission from ref. [76]. Copyright
2019, American ChemiCal SOCIETY.......uuu it erree e e e e e e e eeeeeanees 50

Figure 3. 9: Magnified photographs (image width 0.25 cm) of the electrode surface before (a) and
after 5 hours of electrolysis 4.4 V using AEM membrane (b) showing no change, artl. atv

using AEM (c), BPM (d) and CEM (e) showing the cathodeaze passivation with solid
products. Photographs were taken under similar lighting conditions. Minor formation e€CTBA
crystals (confirmed by NMR) on the surface of the cathode was observed in the case of AEM (c).
Formation of significant amounts of KBr with tracegX0s passivating the cathodes was observed

10 g =1 =d Y/ = Vg o I @ = Y I (oo S 51

Figure 3. 10: Assessment of electrolysis stability and kinetics. (a) Performance of different

me mbr anes at T1T1.7 V: calculated and measured
mM RT Br in ACN + 0.1 M TBAI i n a d@&aidBPM.ed cel
Experimentally observed trends (solid |ines)
mM Ri Br in ACN + 0.1 M TBAI with AEM, and ca

I i nes) and 2el (dashed | d with pgrmissian drant refi [@6h. o f R
Copyright 2019, American Chemical SOCIELY............cccoiiiiiiiiiieee e 52

Figure 3. 11: Deterioration of the reaction rate due to the passivation of the cathode sunfigce duri

the electrolysis of 50 mMBr in the 0.1 M TBAI saturated with Gn a divided cell with AEM,

CEM and BPM atl1.4 V. Reprinted with permission from ref. [76]. Copyright 2019, American

(O g1 a g or= 1 IR Lo (=] T 53

Figure 3. 12: Trends in the major product distribution based on applied potentials and starting

R T Bconcentrations. (a) Yields of the major products in the electrolysis of 50 mM (empty
mar kers) and 25 mM (solid markers) RTBr (AEM)
the major products at 11.4 V ((tABM) ods Ra Bfrun &Etr
correspond to standard deviations. The lines are given for eye guidance. Reprinted with permission

from ref. [76]. Copyright 2019, American Chemical SOCIetY.............cevvvvvvvvimemeeeeeeeeeeeannnns 54
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Figure 3. 13: Yields of major produaté the electrolysis of 25 mM{Br in the presence of GO
as a function of the applied potential. Reprinted with permission from ref. [76]. Copyright 2019,

Figure 3. 14: Evaluation of consistency of product distribution in the course of electrolysigtProd

di stribution during electrolysis of 50 mM RTBI
data) and charge passed in time at 1T1.4 V sho\
c) FEs of EC product s ( kage passatl foRele®rolysis gt diflerent a f u
potentials. Error bars correspond to standard deviations. The lines in (b) and (c) are given for eye
guidance. Reprinted with permission from ref. [76]. Copyright 2019, American Chemical Society.

Figure 3. 15: Distribution of FEs of gas and liquid products (derived from GC data) and charge
passed in time of electrolysis of 50 mMBR at-0.8 V (a),-1.7 V (b) and-2.2 V (c). Reprinted

with permission from ref. [76]. Copyright 201@merican Chemical Society....................... 57

Figure 3. 16: NMR analysis of the reaction mixtures for the electrolysis of 50 BMaR-1.4 V

after passing the different amounts of charge compared with the reaction mixture before the
electrolysis. Reprinted with permission from ref. [76]. Copyright 2019, American Chemical
Yo o3 = 12 OO RUSPR 58

Figure 3. 17: Effect of the tempdure on the major product distribution in the electrolysis of

50mM R-Br at-1.2 V (a) and1.8 V (b). Reprinted with permission from ref. [76]. Copyright 2019,
American ChemiCal SOCIETY.-.......coiiiiiiii e r e e e e e e e e e s eemee s 59

Figure 3. 18: Proposed mechanism and side reactions of electroreduction of organic halides and
CQ in different potential ranges. (a)B 17T 1. 0 V, §$<b )1 I1.10 5V3¥ &nldE5( V). |
CO, Pintermediate can react with G@llowed by reductive disproportionation to CO and££0

Reprinted with permission from ref. [76]. Copyright 2019, Amemi€hemical Society......... 60

Figure 3. 19: Initial assessment of anodic reaction alteewtio OER. (a) Equations for the

reaction energetics calculations, whEPeuis the standard cell potentialy E s t he ohmi ¢ d
is the sum of cathodic and anodic overpotenti&?sq and E%y are the standard potentials for
oxidation and reduction pr oc eSsawdsthe&ibbsfteet he s
energy of reaction, angh G is the Gibbs free energy of formation. (b) Energetics assessment for

ECR of RBr coupled tOER, ethanol, ethylene glycol (shown as EG), glycerol, urea, and ammonia

XiX
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electrooxidation. Reprinted with permission from ref. [109]. Copyright 2020, Royal Society of
L@ 1T 0 1] S 64

Figure 3. 20: Determination of the minimum required cell potential for ECR and CO
electroreductiorfcathodic sweeps) coupled with (a) AOR and (b) UOR (anodic sweeps). Cathodic
LSV were performed at Ag electrode in: &€aturated 5 M KOH for aqueous €O
electroreduction at GDE (dotted purple line); &5aturated ACN + 0.1 M TBABTr for aprotic GO
electroeduction (solid purple line); C&saturated ACN + 0.1 M TBABr + 25 mM {1
bromoethyl)benzene for ECR (solid orange line). Anodic LSV were performed at (a) Pt and (b) Ni
in: 5 M KOH (dotted lines), 5 M KOH + 1 M ammonia (solid line in a), 5 M KOH + 0.33r&&u
(solid line in b). All LSVs were acquired at 20 m\* scan rate. C@electroreduction shown as
CO.RR. Reprinted with permission from ref. [109]. Copyright 2020, Royal Society of Chemistry.
.......................................................................................................................................... 66

Figure 3. 21: The schematics and performance of [ECR| UOR] angel€roreduction|UOR]
electrolyzer. (a) An Hcell used for organic [C&electroreduction|lUOR] or [ECR| UOR] co
electrolysis. (b) The individual electrode potentials as a function of the total current density. (c)
The total current density as a function of the cell potential for todlHICO: electroreduction and

EC in organic medium as well as and L£éectroreduction in aqueous medium in flow
electrolyzer). CQelectroreduction shown as GRR Reprinted with permission from ref. [109].
Copyright 2020, Royal Society of ChemiStry.........coooiiiiiiiiiiie e 67

Figure 3. 22: Chronopotentiometry curves for the oxidation of 0.33 M urea and OER at Ni anode
in H-cell in 5 M KOH at different current densities-80 mA cm?). Reprinted with permission

from ref. [109]. Copyright 2020, Royal Society of Chemistry.........ccccooeviiiiiiieeciiicieeeeeee. 68

Figure 3. 23: Performance of [Glectroreduction|lUOR] and [ECR|UOR] electrolyzers
compared with @R-based analogues. Total current density as a function of the cell potential for
batch electrolyzer. Reprinted with permission from ref. [109]. €@ctroreduction shown as
CO:RR. Copyright 2020, Royal Society of ChemIStY..........uuuiiiiiiii e 68

Figure 4. 1The scope of electrocatalysts screened in the study (a) and molecular structwges of th
investigated benzylic halides (b). Reprinted with permission from ref. [Z38)Jyright 2021,
RS S1 EEPU 72
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Figure 4. 2(a,b)Cat hodi c cysliwwlammogranis recorded for the reduction ob@O
apmtic media. All voltammograms were recorded at 50 r\ssan rate at different bulk metal
cathodes (working area ~ 0.2 §nn COp-saturated CECNi 0.1 M TEABF. (c) The activity of
different metal cathodes towar@; electroreductior{y-axis shows the current density ©0,
electroreductionat -2 V vs Ag/Ad’; x-axis shows the onset potential for direct 2CO
electroreduction); green circles correspond to the electrodes wiflC® electroreduction) >

1.7 V, while grey circles correspd to the electrodes with more negative onset potentials for CO
electroreductionReprinted with permission from ref. [28@opyright 2021, Elsevier.......... 73
Figure 4.3Cat hodi c C¥ reamlgddor tbefreductiaaf 100 mM solutions of primary
benzylic bromides %a. All voltammograms were recorded at 50 mVsgan rate at different bulk
metal cathodes (working area ~ 0.2%nm Ar-saturated CECN containing 0.1 M TEABE
Reprinted with permission from ref. [28@opyright 2021, EISEVIer..........cccccvvvviviiiiiieennnns 74
Figure 4. 4: Examples of CVs recorded for the reduction of&@ benzyl halides-2 (100 mM)

at Ag electrode. All voltammograms were recorded at 50 M¢aan rate in ACN containing 0.1

M TEABFs. Reprinted with permission from ref. [280]. Copyright 2021, Elsevier............ 76
Figure4.5Cat hodi c C¥ necerded fotheréduction of 100 mM solutions of secondary
benzylic bromides 2a,b and 25 mM solution of tertiary benzylic bromide 5 (CVs for benzyl
bromide 1a are given for the reference). All voltammograms were recorded at 36 so¥rsrate

at different bulk metatathodes (working area ~ 0.2 ®nn Ar-saturated ACN containing 0.1 M
TEABF4. Reprinted with permission from ref. [28@opyright 2021, Elsevier....................77
Figure 4. 6.Cat hodi ¢ C¥ reeomleddor thef reduction of 100 mM solutions of benzyl
chloride 3 and benzyl iodide 4 (CVs for benzyl bromide 1a are given for the reference). All
voltammograms were recorded at 50 MY scan rate at different bulk metal cathodes (working
area ~ 0.2 cf) in Ar-saturated CECN containing 0.1 M TEABE Reprinted withpermission
from ref. [280].Copyright 2021, EISEVIET........ccccoiiiiieeieiieeme e 79
Figure4.7Cat hodi ¢ C¥sweeadedfor thé reduction of 100 mM solutions of benzylic
halides 1ec (a), 2a (&), 2b (a) and-® (a). Voltammograms were recorded at 50 m\ssan rate

at glassy carbon (a), carbon cloth (b) and cagaper (c) (working area ~ 0.1 énin Ar-saturated
CHsCN containing 0.1 M TEABE Dashed lines for carbon cloth and carbon paper correspond to
the electrochemical behavior of cathodes in the absence of sulRepteted with permission
from ref. [280].Copyright 2021, EISEVIEI.........ccooiiiiiiiiieeee e 80
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Figure 4. 8.Cat hodi ¢ C&svrecerdes forotlie reduction of 100 mM solutions of (1
bromoethy)benzene 2a. Voltammograms were recorded at 50 'hdtan rate at Ag Au- and

Pdfoil cathodes (working are ~ 0.2 émin COx-saturated (solid red trace) and-gaturated
(dashed black trace) GAN containing 0.1 M TEABE CVs for the reduction of C{dotted blue

trace) are shown for referenc@eprinted with permission from ref. [280Copyright 2021,
RSV SO POTPPPPPPRRN 82

Figure 4. 9Total Faradaic efficiencies of CO (a) and carboxylate (b) in the electrolysis of 25 mM
benzyl bromide € Oz-saturated CECNi 0.1 M TBABI4 as a function of applied potential and the
electrode natureGreen circles correspond to the electrodes favoring EC with minor contribution

of competing CQelectroreduction. (c) Faradaic efficiencies of CO in the electrolysis of 25 mM
benzyl bromide, cldride, and iodide performed &at.9 V as a function of charge passed. GC
corresponds to glassy carbon electrode in this figreprinted with permission from ref. [280].
(@] o) V7o a1 b2 0 2 R = Y= T PSRN 84

Figure 4. 10: The potentials of the electrochemical reduction of organic hallesid CQ at

different bulk metal cathodes in @EN containing 0.1 M TEABE The pin colors correspond to
cathode materials (see the legend on the top). The empty circles correspond to the potentials at 5
mA cm? for the twoeelectron reduction of fial atglassy carbonThe filled bars correspond to

the potentials at 5 mA chfor the oneelectron reduction of benzylic halides-FRa | + el Y R
for the cases when two separate reduction waves are observed in CV; the downward arrows
correspond to the onset potentials of seeond reduction wave®R 1 el Y RI . The tr
correspond to the potentials at 5 mA&far the oneelectron reduction of benzylic halides for the

cases when two reduction waves are overlapped. The filled circles correspond to the potentials at
5 mA cm? for the twoeelectron reduction of Bial to R~ for the cases when a single peak is
observed. In the case of @€@ectroreduction, the circles correspond to the onset potentials of the
reduction CQto CO° . Reprinted with permission from ref. [28@opyright 2021, ElsevieB6

Figure 4. 11(a) The photo of the electrochemical cell used for the electrosynthddiaroino

acidsvia electrocarboxylation of imines, comprising cathode, anode, and reference electrode;
cathodic and anodic compartments are separated by an anion exchange membrane. (b) Two
mechanisms proposed in the literature for the electrochemical carboxylation of.imine...88

Figure 4. 12: The electrochemical behaviour ok@@d Nbenzylideneaniline at different catalyst

surfaces. (a,b) Cathodic sweeps of CV recorded for the reduction.qaLénd the reduction of
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25 mM N-benzylideneaniline. All CVs were recorded at 100 m\ssan rate at different bulk

metal and glassy carbon cathodes in (a}-€&urated or (b) Asaturated CECN containing 0.1

M TEABF4. (c) The comparison of the poteald of the electrochemical reduction of N
benzylideneaniline and G@t different bulk metal cathodes in &N containing 0.1 M TEABE

GC corresponds to glassy carbon in this fIQUIe..............eiiiiiiiecer e 89
Figure4.13The i dentification of major reaction pro
mi xtures af tbeanztyhhei de@eami Nine using differen
organic precursor and exp-efH eNMRpr MEWPCTt 4 36f, tame
spectra recorded for..t.he..cr.ude..r.ea.cut.i.ofl mi xtu
Figure 4. 14: Examples of NMR spectra of (a) crude reaction mixture after EC, (b) reaction mixture

after the hydrolysis, (c) crude reaction mixture after electrochemical hydrodimerization of N
benzylideneaniline aR V in the absence of GQAr was used instead), and (d) reaction mixture

after the chemical reduction ofbenzylideneaniline by NaBH...............ccoovvviiiiieeee e, 92

Figure 4. 15The product distribution in electrochemical carboxylatiomNdfenzylideneaniline

performed using different cathode materials2a¥ after passing charge of 1 F mand 2 F mol

Lottt e ettt ettt ettt eane— e et et e ateete et ate e aaant ettt ateeeteeteateeete e rnnnnteenteenenaneas 94

Figure 5. 1. Au nanopatrticles chosen as objects for this study Sehématics representing Au

NP stabilization for Atcitrate (a) and A«CPC (d). (b,e) SEM images of Aaitrate (b) and Au

CPC (e). (c,f) NP size distribution for Aaitrate determinetia® 150 measur ement s
CPC determinetia01 0 0 me as J.r.e.me. .Sl foieeeeeee, 99

Figure 5. 2: Assessment of the-A& surface chemistry. Raman spectra (a) and XPS for O 1s (b),

C 1s (c), and N 1s (d). Brown traces correspond to as preparddE Abright orange traces
correspond to AlLE extensively washed with acetonitrile, and light orange traces correspond to

the AULE surface after EC for Lh et.5V VS AQ/AG ......uvveeeeeiiiiiieeee e, 100
Figure 5. 3Pbpof Au nanoparticle elect?ro@B8@€ wbthch
trakw)i,trate (redEt(rkmlcee ,t ramade)A\u CV was record
addition ofral mMsRRamONG®.a.t.e..o.f...2.0..m\V..s...101

Figure 5. 4: Effect of Au nanoparticle surface chemistry on the EC outcome (a) Shortened
mechanisnof benzyl bromide electrocarboxylation (b) CV in 0.1 M TEABFCH3:CN at 50 mV

s?. Potential zones are colored as follows: the adsorption of benzyl bromide and first electron
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transfer is green, second electron transfer is yellow, ang &@vation is blie. (c) FE of
carboxylate after 1 F mélhave been passed under constant applied potential in 25 mM benzyl
bromide in TBABr in CHCN. (d) FE of CO during EC at different applied potentials.....102
Figure 5. 5El ectrode stability tirmlEGigduri(mg b3 hcCrotn st
under typicall.EEC & ovifshiA@QiRdnge | &tc t r ecdiet r(aat)e aenlde cAt
(b). (c) Carboxylate FE chan.ge..up.0on..t.he3 el ect
Figure 5. 6: Spectroscopic assessment of the electrode surface chemistira(@aan spectra of

(&) Au-citrate and (b) AtCPC electrodes as prepared (before), after extensive washing with
acetonitrile (CHCN), and after EC CA afl.5 V vs Ag/Ag for 1 h followed by thorough washing

with CH:CN. (ch) XPS evaluation of the electrode surface forditvate and AUCPC: Au 4f

peaks (c); O 1s fitted data for Autrate electrode(d); C 1s fitted data for-Aiirate (e) and Au

CPC (h); Cl 2p data for ACPC electrodes (f) with the corresponding CI/Au atomic ratios
calculated from XPS; N 1s data for ALPC eleatodes with the corresponding N/Au atomic ratios
calculated from XPS (g). For all fitted XPS datasets raw data are depicted as hollow circles, fitted
peaks are colored, and fitted data are shown as a bold trace. (i) C/Au (violet trace), O/Au (blue
trace wit hollow circles), and @Q/Au (green trace) ratios calculated from XPS for-Anate

electrode. (j) C/Au (violet trace), Cl/Au (deep blue trace), N/Au (orange trace),safldgreen

trace) ratios calculated from XPS for AIPC electrode..............cceeoviiiiiiiieeee e, 106

Figure 5. 7: XPS evaluation of adsorbed Br based on the Br 3d peak-foP8wand Atcitrate

(<L 1o o = 107

Figure 5. 8: Au NPs of various morphologies synthesized in agueous solutions of cationic
surfactants. SEM images and corresponding cartoons for Au NSs (a), Au NSs (b), Au BNPs with
long (c) and short (d) extrusiorEd AU CCS (B)......cooeeiuuiiiiiiiiiieireeiiiibiieeeee e 108

Figure 5. 9: The effect of Au NP morphology on the organobromide reductioh.L@&Vs for
organobomide reduction in Asaturated 0.1 M TEABfwith 25 mM organobromide additive at

a scan rate of 20 mV!s(d-h) the position of the first and second electron transfer peaks for the
organohalide reduction determined from the LSMS.a.........ccceveiiiiiiiiieeeeiceeeeeee 109

Figure 5. 10: The summary of potential intervals for the activation of studied organobromides on

dIfferent AU NANOMATEIIAIS.. .. ... e aeamea e 110

XXV


file:///C:/Users/Xenia/Desktop/Thesis/Version%20for%20Committee%20members/Thesis%20Final/Thesis_Kseniia_Medvedeva.docx%23_Toc138289237
file:///C:/Users/Xenia/Desktop/Thesis/Version%20for%20Committee%20members/Thesis%20Final/Thesis_Kseniia_Medvedeva.docx%23_Toc138289237
file:///C:/Users/Xenia/Desktop/Thesis/Version%20for%20Committee%20members/Thesis%20Final/Thesis_Kseniia_Medvedeva.docx%23_Toc138289237
file:///C:/Users/Xenia/Desktop/Thesis/Version%20for%20Committee%20members/Thesis%20Final/Thesis_Kseniia_Medvedeva.docx%23_Toc138289238
file:///C:/Users/Xenia/Desktop/Thesis/Version%20for%20Committee%20members/Thesis%20Final/Thesis_Kseniia_Medvedeva.docx%23_Toc138289238
file:///C:/Users/Xenia/Desktop/Thesis/Version%20for%20Committee%20members/Thesis%20Final/Thesis_Kseniia_Medvedeva.docx%23_Toc138289238
file:///C:/Users/Xenia/Desktop/Thesis/Version%20for%20Committee%20members/Thesis%20Final/Thesis_Kseniia_Medvedeva.docx%23_Toc138289239
file:///C:/Users/Xenia/Desktop/Thesis/Version%20for%20Committee%20members/Thesis%20Final/Thesis_Kseniia_Medvedeva.docx%23_Toc138289239
file:///C:/Users/Xenia/Desktop/Thesis/Version%20for%20Committee%20members/Thesis%20Final/Thesis_Kseniia_Medvedeva.docx%23_Toc138289239
file:///C:/Users/Xenia/Desktop/Thesis/Version%20for%20Committee%20members/Thesis%20Final/Thesis_Kseniia_Medvedeva.docx%23_Toc138289239
file:///C:/Users/Xenia/Desktop/Thesis/Version%20for%20Committee%20members/Thesis%20Final/Thesis_Kseniia_Medvedeva.docx%23_Toc138289239
file:///C:/Users/Xenia/Desktop/Thesis/Version%20for%20Committee%20members/Thesis%20Final/Thesis_Kseniia_Medvedeva.docx%23_Toc138289239
file:///C:/Users/Xenia/Desktop/Thesis/Version%20for%20Committee%20members/Thesis%20Final/Thesis_Kseniia_Medvedeva.docx%23_Toc138289239
file:///C:/Users/Xenia/Desktop/Thesis/Version%20for%20Committee%20members/Thesis%20Final/Thesis_Kseniia_Medvedeva.docx%23_Toc138289239
file:///C:/Users/Xenia/Desktop/Thesis/Version%20for%20Committee%20members/Thesis%20Final/Thesis_Kseniia_Medvedeva.docx%23_Toc138289239
file:///C:/Users/Xenia/Desktop/Thesis/Version%20for%20Committee%20members/Thesis%20Final/Thesis_Kseniia_Medvedeva.docx%23_Toc138289239
file:///C:/Users/Xenia/Desktop/Thesis/Version%20for%20Committee%20members/Thesis%20Final/Thesis_Kseniia_Medvedeva.docx%23_Toc138289239
file:///C:/Users/Xenia/Desktop/Thesis/Version%20for%20Committee%20members/Thesis%20Final/Thesis_Kseniia_Medvedeva.docx%23_Toc138289239
file:///C:/Users/Xenia/Desktop/Thesis/Version%20for%20Committee%20members/Thesis%20Final/Thesis_Kseniia_Medvedeva.docx%23_Toc138289240
file:///C:/Users/Xenia/Desktop/Thesis/Version%20for%20Committee%20members/Thesis%20Final/Thesis_Kseniia_Medvedeva.docx%23_Toc138289240
file:///C:/Users/Xenia/Desktop/Thesis/Version%20for%20Committee%20members/Thesis%20Final/Thesis_Kseniia_Medvedeva.docx%23_Toc138289241
file:///C:/Users/Xenia/Desktop/Thesis/Version%20for%20Committee%20members/Thesis%20Final/Thesis_Kseniia_Medvedeva.docx%23_Toc138289241
file:///C:/Users/Xenia/Desktop/Thesis/Version%20for%20Committee%20members/Thesis%20Final/Thesis_Kseniia_Medvedeva.docx%23_Toc138289241
file:///C:/Users/Xenia/Desktop/Thesis/Version%20for%20Committee%20members/Thesis%20Final/Thesis_Kseniia_Medvedeva.docx%23_Toc138289242
file:///C:/Users/Xenia/Desktop/Thesis/Version%20for%20Committee%20members/Thesis%20Final/Thesis_Kseniia_Medvedeva.docx%23_Toc138289242
file:///C:/Users/Xenia/Desktop/Thesis/Version%20for%20Committee%20members/Thesis%20Final/Thesis_Kseniia_Medvedeva.docx%23_Toc138289242
file:///C:/Users/Xenia/Desktop/Thesis/Version%20for%20Committee%20members/Thesis%20Final/Thesis_Kseniia_Medvedeva.docx%23_Toc138289242
file:///C:/Users/Xenia/Desktop/Thesis/Version%20for%20Committee%20members/Thesis%20Final/Thesis_Kseniia_Medvedeva.docx%23_Toc138289243
file:///C:/Users/Xenia/Desktop/Thesis/Version%20for%20Committee%20members/Thesis%20Final/Thesis_Kseniia_Medvedeva.docx%23_Toc138289243

Figure 5. 11: The distribution of organobromide reduction products with corresponding FEs after
potentiostatic electrolyses at various potentials using Au BNPs with long branches as cathode
=Y C=] =1 USURRRPPR 111

Figure 5. 12: Pb underpotential deposition performed on Au electrodes with various surface
morpholagy before and after cyclic voltammetry studies. Potential regions attributed to Pb
stripping from low index facets are colored (blue for Au(111), violet for Au(100), and orange for
AULLO) ettt ee et et e et e et e et eeemnme et n et e et ee et n et enanans 112

Figure 5. 13: The assessmentfaf NP stability via SEM after full reaction of the EC of 25 mM
solution of benzyl bromide in 0.1 M TBABr on the example of Au NSs, Au BNPs, and Au CCs.
Passed charge, applied potential, and reaction time are stated for every reaction........ 113

Figure 5. 14: The effect of adsorbed reaction intermediates on the Au CC stability. SEM images
of Au CCs before electrochemistry and after homocoupling reaction in 50 mM solution of benzyl
bromide in Arsaturated 0.1 M TBABr in ACN or direct G@lectroreduction in C&saturated
solution of 0.1 M TBABTr. In ACN. Passed charge, applied potential, antiaeditne are stated

(01 Q A= A = T= Tox 1 o] o WO TR TRPRPPI 114

Figure 5. 15: Effect of the temperature on the Cu NP growth mechanism. SEM and TEM images
of Cu NPssynthesized at 98C (a,b) and at 116C (c,d) oil bath temperatures. (e) Schematic of

the proposed growth mechanism at different temperatures with indication of the reaction mixture
temperature. Reprinted with permission from ref. [288]. Copyright 282iyal Society of

(O 01T 0 1] 11 YOO PP TPP 116

Figure 5. 16: SEM images of Cu NPs formed without Pd seeds in aqueous solution on CTAC. NP
growth was conducted at € (a), 100:C (b), 1102C (c) in preheated oil bath in sealed
scintillation vials for 1.5 h each. At temperatures belowt@Ghe nucleation of Cu is negligible.

Figure 5. 17: The effect of the oil bath temperature on the Cu NP formation. Temperature regimes
and formed particle cartoons (a,d,g,j), SEM images (b,e,h,k) and TEM images (c,f,i,I) of formed
nanostructures. Reprinted with permission from ref. [28&jpy@ight 2021, Royal Society of

(O 01T 0 1] 11 VOO P PR 117

Figure 5. 18: XRD spectra of cubic Pd seeds (black trace) asgntsesized and dried under
argon atmosphere Pd@Cu NPs with different shapes. Reprinted with permission fri@88jef
Copyright 2021, Royal Society Of ChemiStly...........uuvreieiiiii i eereern s 118
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Figure 5. 19: SEM images of not assembled small Cu NPs fadomaty raspberryike Cu NPs
formation. Reprinted with permission from ref. [288]. Copyright 2021, Royal Society of
L@ 91T 0 113 U PUPPURRR 119

Figure 5. 20: The effect of surfactant nature and concentration on the standard rdggbéi®y
synthesis. Cu NPs formed under standard reaction conditions (a), under higher CTAC
concentration (0.02 M) with other conditions kept same (b), under standard reaction conditions
with CTAC changed to equimolar CPC (c), under higher CPC concentratihNI) with other
conditions kept same (d). Reprinted with permission from ref. [288]. Copyright 2021, Royal
Yo o= YA O 1T 1] 1 SO 120

Figure 5. 21: The effect of Cu precursor anion on the Cu NP shape in standard synthesis of
raspbery-like NPs. SEM images of Cu NPs synthesised using Cu(f©AL) Cu(NQ): (b), and

CuCkh (c). Reprinted with permission from ref. [288]. Copyright 2021, Royal Society of Chemistry

Figure 5. 22: TEM images of etched Cu particles found in different experiments (reaction

conditionsare shown above each image). Reprinted with permission from ref. [288]. Copyright

2021, Royal Society Of ChHEMISTLY.........uuiiiiiiiiiiiii et 121
Figure 5. 23: The examples of Cu cages: SEM (a) and TEM (b) images. Reprinted with permission
from ref.[288]. Copyright 2021, Royal Society of Chemistry..........cccceeeeiiiiiieeeiieeeeeee 122

Figure 5. 24: Iesitu etching of Pd seeded Cu NPs. SEM (a), TEM(b), dark field TEM (c), and
EDX line scan (d) images of partially etched Cu NP. (e) Schematic of etching mechanism.
Elemental composition of Pd (red) and Cu (purple): EDX mapphig (f) Low magnification

TEM image for etching efficiency assessment. Reprinted with permission from 88f. [2
Copyright 2021, Royal Society of ChemiStry.........coooeiiiiiiiiiiicce e 122

Figure 5. 25: The structural stability of Cu cages. TEM images of freshly prepared Cu cages (a),
Cu cages left in iceold solution for 8 hours (b, orange dotted circlesvs collapsed cages, blue
dotted circles highlight almost collapsed cages), Cu cages that were left for >1 year on a TEM grid

on air (c). Reprinted with permission from ref. [288]. Copyright 2021, Royal Society of Chemistry.

Figure 5. 26: Performance of raspbelike NPs and Cu cages as cathodic materials for
electrocarbrylation of (:bromoethyl)benzene. (a) Shortened potergialed mechanism of

organohalide reduction in the presence of:@@h highlighted side reactions of homocoupling
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Chapter 1 Introduction

Partially reprinted with permission froAdv. Energy Suainability Res 2021, 2, 202100001
under the terms of the Creative Commons Attributions License.

Contribution: assisted with manuscript writing.

1.1 Utilization of CO2

Climate change is a major concern of th#' century that is predominantly driven by
greenhouse gas emissions. The continuous increase in global temperatures (Figure 1.1a) is strongly
connected to the consistent rise of atmospherigd@@centrations (Figure 1.1b) since the start of
industrialization in 1750. Compared to prelustrial times, current CQevels aredD130% greater
due to constant anthropogenic emissiriBo support climate change mitigation and the
implementation of preantative measures global the Paris Agreement was adopted by 196
parties on December #22015,during the 2 United Nations Climate Conference (also known
as Conference of Parties, COPZIle goalof t hi s agr e e theincteassvinthe t o Kk ¢
global average temperature to well beloWabove préndustrial level® t o u llimittmeat el vy
temperature increase to G above préndustrial levels 3To this enddecreasing€ O, emissions

by developingCO; capture and utilization technologiissan international climate action goal

At present, there are four widespread strategies to reduger@i€sions. Two aim to directly
decrease Cg&emissions through improving process energy efficiency and changiageéwable
energy sources. The other two focus ore@tization or isolation from the atmosphere through
Carbon Capture and Utilization (CCU) and Carbon Capture and Sequestration (CCS), respectively.
CCS captures C{rom large point sources and sequesthrs greenhouse gas into a natural sink

while CCU captures and converts £ito valueadded products.



(a) (b)
GLOBAL AVERAGE SURFACE TEMPERATURE Atmospheric CO; at Mauna Loa Observatory
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Figure 1. 1. Correlation of the global surface temperature increase ande@@sions. (i
Average global surface temperature compare@db century average. NOAA Climate.c
grapt (b) atmospheric C®concentration obtained at an altitude of 3400 m in the no
subtropics. Images provided by NOAA Global Monitoring Laboratory, Boulder, Colol
USA (https://gml.noaa.gov)

The CQ utilization pathways part of the CCU strategy may be designatedhasitysical
or chemicaprocesses (Figure 1.2Physical CQ utilization involves using the CQyas directly
without altering the chemical composition of this molecule, for instance, in carbonated drinks, dry
ice, fire extinguishers or algdarms.Additionally, CQ can be used as an additive to indirectly
enhance large scale processes such as oil recovery, gas recovery, and geothermal systems. In
contrast, chemical C{utilization uses this molecule as a feedstock for the synthesis of chemicals
and fuelsCO; can be broken down to carbon or CO, reduced to various C1 molendegacted
with othermolecules tdorm new GC bondsunder applied heat/pressure/potentialt of all the
implemented C@abatement pathways, urea synthesis and inorganic carbonate formation consume
the highest amounts of GOy utilizing 114 Mt/ly and 50 Mt/y, respectivelyOther areas of CO
utilization show substantially lower usage, conttibg to atotal CQ consumption ratef only
D200 Mt/y.” This amount of C@consumed is significantly lower than the yearly anthropogenic
CO:emi ssi ons (hdshighlights thefeedMddecrease CQemissions animplement
novel CQ; utilization technologie$.
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Figure 1.2: Schematic showing pathways for €@ilization. Reprinted with permission frorr
ref [6]. Copyright 2018 Elsevier.

Emerging electrocatalytic technologies ftine sustainable production of vahaelded
chemicals that can simultaneously serve as a-temg energy storage solution for renewable
electricity are currently on the rié° These developments have been stated by multiple
global initiatives to mitigate climate change and the declining prices of renewable eledtmicity
the past decade, the prices of solar and onshore wind electricity decreased by 8%and 70
respectivelyallowing for the installation ohew solarandwind plans that aremore profitable
than a new average coal plahtOne of he most prominent and rapidly advancing sustainable
electrosynthesigechnologes is the electroreduction o0, to fuels and chemicalsThis
technology serves asGD; utilization strategythat benefits from thaforementionedenewable

energy resources.

Research efforts are focused on direct @@ctroreduction in agueous media to single and
multicarbon productdo date substantiaprogress has been made in the field targeting industrially

relevant current densities, high faradaic efficiencies, and exceptional seleétilitg.scope of



products that can be formdabwever,is mostly limited to CO as well abe mixtures ofsimple
hydrocarbons, acids, and alcohti®lotably, studies on the products containing €rbon chain

are very limited.



1.2 Electrocarboxylation reaction

In addition to direct C@reduction to singleand multicarbon products, C{can also be
electrochemically coupled with various organic precursors to yield a wide range ctdaled
carboxylic aamidsoandi dst an shydrolyamethoxydréomethoxyt i v e s
acids and their deratives, cyclic carbonates and carbamates, and polycarbonates. Notably, this
EC approach can afford chiral carboxylic actd$>essential for correct biological activity in anti
inflammatory and other drugs. A few examples of organic carboxylation peodloat are
important pharmaceuticals or precursors for chemical and polymer industry are shown in Figure
1.3.
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Figure 1. 3: Examples of industrially important carboxylic acids: pharmaceuticals (top) and
intermediates for chemical and polymer industry (bottom). Reprinted with permission from ref.
[321]. Copyright 2021, Royal Society of Chemistry.

Many carboxylation products are currently produced unsustainably: for example, industrial
methods of producinlaproxen still show low atom economy (Figurda,b). Greener synthetic
alternatives that rely on conventional heterogeneous and homogeneous catalysis are available or
being developed for some carboxylic acids (e.g., Figue).1® Electrochemical synthietroutes
to carboxylation products where €@ used as a C1 synthon are being suggested now increasingly
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Figure 1.4: Synthetic routes to Naproxen: (a) patented in 1969 and used by Syntex; (b) |
in 1972 and 1976 andsed by Syntex, with initial yields of 58% and 66%, respectively
improved to 90% yield by 1993; (c) proposed by Shaw and Schlitzer in'2QdBreported b
Mena et. al in 202 Isolated yields are shown for the overall industrial routes anddavidual
steps of proposed routes. AE: atom economy. Reprinted with permission from ref

Copyright 2021, Royal Society of Chemistry.

(e.g., Figurel.4d, 1.5a). This growing interest aligns with the renaissance of electroorganic
synthesis that has &e on the rise since 2008s.
Considerable fundamental work on electroorganic synthesis was conducted in the last

quarter of the 20 century but slowed down in the 1990s (Figure 1.5b). Although a number of
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organic electrosynthesis processes were comaieml, for example, production of adiponitrile
(Monsanto)® phthalide (BASFY° and 3,6dichloropicolic acid (Bw Chemical Company):
electroorganic synthetic methods often are not economically competitive with conveiitional
albeit less sustainabiesynthesis pathways. The recent drive to minimize chemical manufacturing
emissionsdecrease irsustainable electricity cost, and the developments in electrocatalysis and
related nanotechnology all paved the way for current opportunities for falelielfopment and,
subsequently, more widespread industrial implementation of organic electrosyfthesis.

While organic electrosythetic processes are significantly smaller in scale compared to
mature inorganic electrosynthetic production (chialiali, aluminum), their implementation has
the potential for sustainability improvements in the productiomaiy chemical product$2*
When it comes to electroorganic synthesis that incorporate$ixa@on, it is worth noting that it
will unlikely consume a substantial amount of Qnissions from the atmosphére® However,
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Figure 1. 5. Timeline of electrocarboxylation literature mentions since 1950s. (a) Num
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it is still relevant to use C{n chemical industry as agasily available and sustainable carbon
source, making better use of energy and carbon.

Currently, there remains a lot of work to be done in the field of electroorgani@ixa@on to
optimize reaction energy requirements, selectivity and product yigfigebthis technology
reaches maturity to successfully compete with current industrial methods of chemical synthesis.
Specifically, large energy barriers associated with, Gflilization in general (including
electrochemical, photochemical, and conventi@aghlysis)areamong the main reasons for the
majority of industrial methods to produce carboxylic acids and their derivatives rely on alternative
methods (e.g., carbonylation of alcohols, oxidation of alkyl groups, etc.). These challenges
necessitate theevelopment of efficient catalysts and reaction environments that would minimize
the energy requirements and maximize the target product yields, similarly to the challenges faced
by the field of direct C® electrolysis into single and multicarbon products. Because
electrocarboxylation (EC) belongs to the realm of organic electrosynthesis, there is an apparent
disconnect between the EC studies and some of the successful research tactics becoming

increasingy adapted by the direct G@lectroreduction community.



1.3EC: scope of products

Carbon dioxidecan be electrochemically coupled with olefins, alkynes, carbonyls and
organohalides to yield carboxylic acids and estéesnino acids and their derivativéshydroxy,
methoxy, thiomethoxy acids and their derivatives, cyclic carbonatesaahdmates. i§ure 1.6
summarizes EC product classes, as well as products of @iteelectroreductionDepending on
the electrocatalyst nature and reaction parameteest €O, electroreductionn aqueous media
leads tathe formationof simple alcohols, hydrocarbons, carboxylic acrbon monoxide and
complex mixtures thereof, and is generally accompanied by competing hydrogen evolution
reaction3®32 In contrastjn aprotic media the product scope is limited to CO and ox2léts.EC
involves coupling of C@with a large variety of precursors, by its nature, it is characterized by a
much wider scope of possible products comparedQgelectroreductionWhen CQ is coupled
to organic halides, the range of EC products include alipff benzylic2>3® aromatic3** and
heteroaromatf-*> monocarboxylic acids. In these reactions, a IB®0O:H bond is formed in
place of the eHal (Hal = F, CI, Br, I) bond. Similarly, in the case of EC of quaternary ammonium
salts?® diazonium sak;*’ and diacetate® the GN or GO bond breaking is followed by the
formation of a newC-CO;H. Generally, EC of alkenes yields dicarboxylic aditf,while in the
case ofMichael acceptora dominant formation of monocarboxylation products was repefte
Similar to alkenes, the reduction of conjugated dienes leads to dicarboxylation ppéeRitie
outcome of EC of alkynes depends on the structure of the organic substrate and reaction conditions:
the formation of propionic acid derivatives was nepd for terminal alkynes at Ag cathodés,
while EC of alkynes in the presence of acatalyst led to the formation of-dind tricarboxylation
products in a form ofanhydrids>’ Besides alkenes and alkynes, the unsaturated bonds of
polycyclic arenes ca participate in EC leading to breaking of the aromatic structure and the
formation of corresponding dicarboxylic acitfdn addition to the unsaturated@bonds and €
X bonds (X = O, N), doubl€=X (X = O, N)bonds of aromatic ketor&$* and imine&?%* can
al so be carboxyl at é¢ dwiotx samitomeeboxilio aciosa NotalynECo f U
of aliphatic ketones does not-oxgcarmoxtyld acidhasaaddi t
major product instead.

While all theaforementioned EC reactions proceed with the formation of a rR€vib@hd,

electrochemical coupling of organic precursors withh Cé&h also proceed with a formation of C



O and GN bonds. These reactions can be classed as electrochemical insertion reampjoosad
to EC, and they also represent a more sustainable route to the formation ofhetdyoatom
bonds compared to the traditional pathways involving harsh reaction condiwnestance, EC
of epoxide& and aziridine® leads to the formationfocyclic carbonates and carbamates,
respectively. Furthermore, G@an be electrochemically captured by alcoffotsrd amine®
yielding corresponding carbonai@nd carbamates.

The reactivity of different substrates is strongly dependent on their s&aetd the nature
of substituentswhich is further discussed below in section 1.4

N CO,H
AN\ S
CO,H Ro Ry R,
ArH COMH
CO,H
R-X
X: Hal, OR’, NR’y*Hal- R-COH
CO,H
CO,H R—= —
RH\/ . R, R, R—=—CO,H
R, ’é ,,,,,,,,,,,,,,,,,
H . R-OH ;
! R: Me, Et, HO-(CH,),-, !
RH\/COzH _ | CH,=CH-CH,- !
R, Coupling | H,C:CH,
¥ ' CO
COH i~ .0
R )\(COQH % | Ri—C-R,
1 R, Ri——=—R, ' Ry, Roi HH; H, Me; H,
2 . | Et; H, CH,0H; H, CHO; |
Ry, H, Ar; ] ]
5 A Direct: o cHy; cH, cH,OH |
o o Ar, Ar; ! R-CO,H :
= COo.R \_R: H, Me, COH )
Ry R, | R -
o] Y Y
AN
RJLR R l:‘1)1\R2
Y: 0, NR’ Y:0,NR
R,R: AlK", Alk?; Ry2: Ar, Ar;
-(CH,)- Ar, Alk
(o]
i CO,H YJLO HY_ CO,H
2 2
“J\’ —/ RSR
R R 2 1
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permission from ref. [321]. Copyright 2021, Royal Society of Chemistry.
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1.4Mechanism of EC

In any electrochemical reaction, the electron transfer at an electrode surface occurs between
two limiting scenarios: in the first limiting case, the electrode surface is intimately involved in the
mechanism of the electron transfer and acts as a catalyst in the reaction; in the second limiting
case, the electrode is completely inert, and a redox process vecousersphere electron transfer
between the substrate and the electrode (Figure %.lFa)he latter case, the reaction mechanism
and kinetics are independent of the electrode material, whereas in the case of an electrocatalytically
active cathode he products, mechanism and kinetics of the reaction are highly dependent on the
composition and atomic structure of the electrode material, meaning that small variations can be
extremely significant in determining the onset potentials and the outconerebittion. FOCO,
electroreductionthe decrease of overpotential, control over the product selectivity and suppression
of hydrogen evolution side reaction through new electrode materials is a subject of intense
investigation, as small efficiency gaindlvwranslate into large cost savings when these processes
are scald up®®"°

In organic electrosynthesis, most studies to date have been on the uncatalyzed electron
transfer, represented by a rich body of literature where the reactivity of differetibfahgroups
and the effects of substituents is assessed experimentally or computationally. Typically, a single
electron transfer and the associated Gibbs free energy is estimated from measypedkhalf
potentials, which correspond to the potential alf hlae maximum current in the cyclic
voltammetry curve. The values of solutiphase redox potentials for a single electron transfer can
also be theoretically calculated using molecular density functional theory (DFT) with B3LYP or
M06-2X functionals in te Gaussian packadg&’?which generally give satisfactory correlation
with theory despite the wetlocumented drawbacks of DFT in describing the electronic structure
of forming radical anios.*>’* Roth et al. reported both measured and calculatedphbaif
potentials for over 180 common organic molecules for photoredox cat2lydisch provide a
solid framework for the mechanistic understanding of reductive organic electrosynthesis. Overall,
the reduction potentials are highly depended on the orgah&irate class anoh the nature of
substituents in the molecule. In terms of general trends, anhydrides and sulfonyl chlorides show
the least negative reduction potentials followed by aromatic halides, ketones and aldehydes, while

the reduction of esteraliphatic halides, nitriles and imines is associated with the highest energy
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requirements. Moreover, the presencastiong electrorwithdrawing group in the vicinity of the
reaction center in a molecule tends to result in a significant positiverstiié reduction potential,
which can be associated with an additional stabilization of the negativaiged reaction
intermediates.

When the cathode is more intimately involved in the reaction (inner sphere electron
transfer), the participating redoxestbecome connected by a chemical bridge and the reaction is
catalyzed. In this case, the reduction potentials can be drastically reduced, and different species
can have largely varied onset potential differsmbepending on what cathode material is used.
While this catalyzed approach has the potential to offer an unsurpassed tunability of the reaction
mechanism, the general catalytic trends for EC are currently poorly understood, due to a large
number of catalystorganic substrate combinations.

In both uncatalyzed and catalyzed scenarios, EC can proceed either via the electrochemical
activation of an organic substrate which subsequently reacts with dC@ia electrochemical
activation of CQ itself, which then reacts with the organic substrate.date consider this in
greater detail on the example of EC of organohalides. In the literature, the reaction pathways are
generally presented in terms of the molecular steps involved (Figure 1.7b). While being sufficient
for the uncatalyzed scenario, thigsdription oversimplifies the mechanistic picture when a
catalyzed process takes place. Specifically, different reaction steps occur either at the electrode
surface or in the electrolyte without the participation of the electrode surface (Figure 1.3c). Thi
distinction is important, as some metal surfaces can potentially catalyze one of the EC pathways,
but not the other, introducing a variation in the mechanisms and associated energy barriers. While
computational models for molecular (uncatalyzed) stepguite reliable as discussed above, there
is currently a lack of computational studies that consider catalyzed surface reactions at the cathode,
associated with the complexity of modelling carbocations and computing inner sphere electron
transfer in aprat mediain solid-state DFT packages. Recently, we were able to compare the
energy barriers for the initial activation of an organohalide angda@®@g (111) surfaces during
the first electron transfer using VASP package, which described the switch pmefieeential
reaction pathway with increasing voltage (Figure 1.7e); however, the computational model was
insufficient to describe the second electron transfer leading to the formation of a cafbahien.

development of reliable DFT methods for accurately describing swéda/zed molecular

12



reduction processes in aprotic media is necessary for further clarification of reaction mechanisms
of EC and electroreductive organic synthesis more generally.

Another general mechanistic intricacy of EC is associated with the commonly used counter
electrode reaction: the dissolution of sacrificial Mg, Al or Zn anddésThe main advantage of
this approach is that the anodically formed metal ion stabilizesthedically formed carboxylate
ion, preventing its reaction with the unreacted organic precursor, which leads to better target
product yield€® From the mechanistic perspective, the presence of consumable anodes can lead
to the product being formed asesult of multiple simultaneous reaction pathways, including
situformation of Grignard reagent (Figure 1.7d). In the catalyzed EC, this convoluted mechanistic
description of the process complicates the design of efficient heterogeneous electrodatalysts

this reaction.

With respect to side reactions and selectiwitythe catalyzed EC, first of all, at a given

potential, the electrocatalyst can either catalyze the reduction of the organic precursor, the
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Figure 1.7: Mechanistic descriptiaof EC. (a) Two limiting cases for electron transfer; ade
from ref [68] under CEBY 4.0. Published by John Wiley and Sons (b) Matalyzed E!
pathways. (c) Catalyd EC pathways. (d) Participation of sacrificial Mg anode ircAtalyze:
EC: carboxylate stabilization only (1), stabilization of electrochemically formed carbanion
formation of Grignard reagent (l1), and electroreduction of Mg Mg® and subsecgnt chemic:
formation of Grignard reagent (l11f.(e) DFT calculations of energy barriers for the first ele
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reduction of CQ, or both. When the precurs@duction is preferentially catalyzed, it leads to the
formation of a corresponding radicak{Xeduction) and/or a corresponding aniod (&duction,

or two sequentiald reductions). The formation of radicals can lead to their coupling, yielding
dimeric organic molecules without the incorporation of.@® a side product. The formation of
reactive carbanions generally favors EC, but due to being strong bases and geaghilas| they

are sensitive to the presence of any proton donors and can also participate in substitution reactions
with the initial organic substrate. When €@duction is catalyzed, a dire€O; electroreduction

is a competing process to EC, generglslding CO as an undesirable side product. Tharsa

given electrocatalyst organic substrate combination, it is important to consider whethegthe 1

and 2 reduction of the organic substrate a@®, electroreductioroccurs at overlapping
potentialsas this leads not only to a convoluted EC mechanism but also to decreased current yields

of target products.
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1.5 Cathode materials

In EC, as in any electrosynthesis, the electrode material is a key reaction parameter as it
determines thé&inetics and thermodynamics of electron transfer. Unfortunately, in contrast to
some common inorganic electrosynthetic processes (e.g., hydrogen and oxygen evolution
reactionsCO; electroreductio)y in organic electrosynthesis the choice of the electnaterial is
often empirical and a rationale for a successful reaction outcome is therefore unknown. Figure 1.8a
shows the most commonly used electrodes in electroorganic synthesis in the past two®8lecades.
Carborrbased materials, predominantly glassy oarkgraphite, and boredoped diamond, are
the most commonly used as electrodes in such transformations. In the past, mercury was a common
go-to cathode due to its high hydrogen overpotential and liquid state that allowed it to readily
regenerate its surfa, although in 20@mercury has been mostly abandoned due to its toxic

nature. Currently, platinum is another common option due to its robustness and redox stability.
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Figure 1. 8: Cathode materials in electroorganic synthesis.Jegurrence of electro
materials used (cathode or anode) in a surve®l&f synthetic electroorganic protoc
published between 2000 and 2017; adapted from ref [68] unddYC&0: under CEBY
4.0. Published by John Wiley and Sons (b) Performance oéri@ssof cathodes
electroreduction of benzylbromide in an aprotic medtneproduced with permission frc
ref. [81], Copyright 2005, Elsevier.
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Also, Pt is more likely to behave as an electrocatalyst, in contrast to a glassy magoaphite
electrode that typically favor outer sphere electron transfer. Many other metals and metal
combinations, both in the form of polycrystalline and nanostructured materials, have also been
reported in electoreductive organic transformationspafjh such examples are less common, and
systematic studies of their relative performance are lacking.

Many studies of electrodes for electroreductive activation of organic molecules have been
performed in the absence of gQ@ilthough the discovered trendee relevant for EC as well.
However, the comparative analysis of common polycrystalline metal cathodes has been generally
performed to establish the activity dependence fbe aeduction of organohalidé$® and not
for the2€' reduction relevant for EC. To date, the most explored area in cathodic organic chemistry
and specifically EC is reductive activation of organohalides. Generally, Ag shows a superior
catalytic activity in organohalide reduction among singletal cathodegFigure 1.8b¥? which
has been attributed to a strong halide (especially bromide and iodide) affinity to thi§¥ietal.
Nanostructuring advantage was demonstrated both in terms of increased active surface area and
intrinsic activity: e.g., Ag nanorodsatie a 0.1 V lower peak potential compared to Ag¢*
although the reasons behind this superior performance require further studies. Alloying, both for
Ag-based and other metals (e.g.,-8g2° Pd-C9), has also been reported to have a positive
impact o the electrocatalytic activity in organohalide activation, which has been attributed to
synergstic effects of the metals, although the active sites and specific mechanisms of activation
have not been identified. The influence of support materials oreAgparticles performance in
benzyl bromide reduction was also demonstrated, with some supports resulting in a positive shift
in the reduction ped¥. Another interesting aspect requiring further studies is the stability of a
cathode surface the course foEC, especially for nanostructured materials: it was recently found
that Ag nanoparticles, while being more active, exhibit structural degradation associated with
particle coalescence and dissolution during organohalide red&&fitws, further studieshould
be focused on finding the right balance between maximizing intrinsic activity and stability in the

electrocatalyst design.
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1.6 Cell parameters and configurations

While identifying the electrocatalyst active sites is probably the mhesitable solution to
maximizing reaction selectivity, choosing an appropriate electrolyte, cell design and reaction
parameters is another common approach to maximize desired product yields and circumvent the
problem of side reactions. The specificities the EC reaction mechanism dictate certain
requirements for the availability and relative concentrations of the organic precursor and CO
Specifically, when the anion formation is a result of two skadgetron transfers, the concentration
of the organigrecursor cannot be too high, otherwise radical coufjlimguld dominate over the
second electron transfer. When carbanions are formed, the concentratiop <O be high,

i.e., it should be omnipresent at the electrode surface to minimize thiemeaicthe carbanions
with species other than GOConsidering that the concentration of 84©limited by its solubility

in the electrolyte, pressurized reactors, supercriticab,&@d ionic liquids with high C©

solubility are advantageous for maxinmgiEC yields.

According to Henrg $aw, the solubility of CQ in organic solvents is increased with
increasing pressure, making highessure electrochemical cells attractive for EC. A positive effect
of the CQ pressure on the reaction efficiency and ciel¢y has been demonstrated for EC of
styrenes and organic halid®s$! Moreover, using high C©Oconcentration enables EC of
concentrated solutions of organic substrates, thereby minimizing the quantities of solvents and
electrolytes needed for this m@n °° Supercritical carbon dioxide (sc@an also be employed
for EC, serving both as a reagent and a reaction meltidhis case, a small amount of an organic
co-solvent with conductive salts or ionic liquids are required as electrolytes. Thea€eQ was
found to be especially efficient for EC of polycyclic aromatic compounds: this approach led to a
several foldincrease in the target product yields compared to the reactions in acetonitrile under
atmospheric pressure of @Csimilarly, EC of eganic halides and ketones in scOfas also
found to proceed efficientl$?

In contrast to common aprotic organic solvents (acetonitrile, dimethylformamidefjoused
electroorganic synthesis in combination with conductive organic salts, ionic liquidgd&sess
intrinsic conductivity higher CQ solubility and low toxicity, are stable and ntfammable, which
makes them an attractive media for ZReported to date EC of various classes of organic

compounds, including organic halid&S? ketones’®*°epoxides® and activated olefif8!in ILs
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showed promising results. Besides higher yields of EC products in ILs, a lower contribution of
competingside reactions was observed due to an additional stabilization of charged intermediates
and their longelifetimesin this charged environment.

As electrosynthesis implies pairing of retlan and oxidation reactions, it is important to
consider whether and how the anodic process affects cathodic EC in various cell configurations.
In this regard, when it was first report€d,EC was conducted in solutions of quaternary
ammonium salts in @vo-compartment cell divided by a diaphragm with a mercury cathode and a
platinum anode, where oxidation of bromide ions from the electrolyte took place. This initial patent

on the EC of 1,3utadiene was followed by a number of reports on EC of olefikgnes and
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aromatic ketones in divided cells, with yields of carboxylic acids not exceeding 50% due to the
formation of an ester via the nucleophilic attack of the unreduced organic substrate by the
carbanion intermediate. Sintlee 1970s, sacrificial anadbased undivided cells were preferred
over the twecompartment configuration due to much more favorable product JEtfs While
providing stability of theeaction intermediateand thus, showindpigh product yields, the latter
method has a few sigitant drawbacks. First, low atom economy of this process due to the use
of stoichiometric amounts of metal represents a serious problem in terms of the process
sustainability, defeating the major purpose of introducing electrocatalysis into chemical
production. Furthermore, the presence of not only metal ions but also metal particulates (Figure
1.9a) lowers the product purity and introduces additional steps for its purification. Lastly, the
reliance of this method on a gradual consumption of the anoslensechallenges in terms of the
reaction scale upf® Although the technical feasibility of EC scale from 30mL atmospheric
pressure laboratory cell to a 400 L pressurized pilot plapéréating atl000 A curren) was
demonstrated by relying on the usiea massive consumable anode moving toward the cathode
during electrolysis, this complicated approach (Figure 1.9c) does not address the other downsides
of using sacrificial anodes. Recently, sacrificial anfrde EC approaches have started gaining
increasing attention to circumvent these challedfes,g., by performing convergent paired
electrolysis in an undivided céfl®or by introducing a useful process at the anode in a divided cell

with different electrolytes and dividing ion exchange memtzgReyure 1.9b§%°
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1.7 Pathways for EC reaction optimization

Over the past decade, substantial progress has been achieved in understanding factors
controlling the efficiency and selectivity @0, electroreductionThe major efforts have been
focused on understanding and developing efficient heterogeneous eletygisatvhich are the
core of this technology. Combining experimental and theoretical studies has proven to be a
successful strategy for catalyst optimization and elucidation of the nature of active sites, yielding
a framework to understand catalytic treraohd tailor a rational development of improved catalysts,
as well as to uncover broader governing principles that are applicable to other emerging and
promising clean energy reactiol$.Similar catalyst design strategies aiming to increase the
number ofactive sites and their intrinsic activity have been previously developed for hydrogen
and oxygen evolution reactions. Now, following a successful transfer of these approdces to
electroreductioand their further improvement, they are being adaptedrimgen electroreduction
research. Similar transferability is applicable to EC and other reductive electrosyrghetions,
not only in terms of the catalyst optimization strategies, but also in terms of the reaction
environment, electrolyzer and geak system design approaches developed GR»
electroreductioand other adjacent fields.

The CO; electroreductioenefited from systematic studies of the effect of electrocatalyst
materials on the reaction mechanism and product selectivity. Due tat#iledianderstanding of
the reaction mechanisms supported by experimentarekinsitu techniques, DFT analysis of
binding energies for the key reaction intermediates has been used to map out the selectivity of
different metals towards different reactipathways. For example, Figure 1.10a illustrates a
method for predicting product distribution 6fO; electroreductiorusing norcoupled binding
energies of intermediates as descriptors of catalytic activity. In contr&telectroreduction
that can poceed via multiple multielectron reduction pathways (frogh r2duction to CO or
formate to 12 reduction to ethanol, and beyond), EC is consistentlg aréluction, which
somewhat simplifies the process modeling. On the other hand, predicting the outcome of EC is
more complicated due to a large scope of potential organic substrates that can be carboxylated,
although they can be regarded more generallypasific functional groups with the effects of
substituents quantifiable via their electron donating or withdrawing nature. Another major

complication for the theoretical prediction of electrocatalyst performance in EC is a lack of reliable
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heterogeneous OFModels for describing radicahionsand electron transfer in an aprotic media,

and developments on this front will be instrumental for accelerating catalyst discovery in this field.
Attempts to generate volcano plots (Sabatier principle) have beerfenfiieelectroreduction of
organohalides in aprotic medium where activity was plotted as a function of the bonding energies
between the metal and a halide ion, which only vaguely complied with a volcano relatfdnship.
Exploring the binding affinity of th key reaction intermediates to the electrode surface is a more
promising and underexplored route to evaluating activity trends in electroreductive organic
transformations. However, it is important to understand that only simple reactions follow Sabatier
principle with just one descriptor, while more complex reactions that can give multiple products
may follow more complex selectivity trends.

Due to a clear map of how various sirg@mponent materials perform iI€O;
electroreductionthis field has movedtscreening various exposed electrocatalytic surfaces and
multicomponent systems and interfaces. It has also been established that specific atomic
arrangement on the electrode surface can favor the stabilization of certain reaction intermediates,
thereby dowing to guidereaction selectivity not only by selecting the electrode composition, but
also by carefully designing its nanoscale morphology (Figure 1!4®in). addition, various
surface defects such -atloms, grain boundaries, subsurface oxide spee well as the local
environment in the vicinity of the electrode surface were shown to affect the reaction course
(Figure 1.9¢J% Furthermore, nanoscale structural effects beyond the atomic arrangement have
also been shown to be important factorsectfng both activity and selectivity o€O»
electroreductionfield-induced reagent concentration by ndeatures with high curvature was
shown to promoteCO; electroreductiot'® Meanwhile, even the empirical knowledge of the
effects of the electrode@hic and nanoscale structure on the adsorption and stabilization of key
reaction intermediates in EC remains in a relatively preliminary stage. The complexity of these
studies lies in the variety of possible atomic and nanoscale electrocatalyst surfapeations
responsible for the formation of a particular product. However, developing a systematic
understanding of these effects in heterogeneous electrocatalysts on the outcome of an EC reaction
targeting a particular higtalue product will immenselyxpedite the process optimization. The
more is understood in terms of catalytic trends for a specific EC product or product class, the easier
it will become to arrive to such an understanding for a different target product. Electrolyte effects

are now beingystematically studied i€0O; electroreductiorby implementing a combination of
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DFT and MD simulations in addition to experiments: it is unclear how the observed trends and
methods can be translated to EC, however the electrolytes are known to havicarsigfifect

on the course of EC, so it is certainly essential to include these considerations for full system
modeling and accurate predictions. To understand the trends in the performance of electrocatalysts
in EC more broadly, a large parameter spateorganic substrate with a strong effect of
substituents, along with the effect of other reaction parameters (including the electrode voltage)
needs to be considered, which implies many iterations of experimental and theoretical studies.

Recent advancements in applying machine learning algwitbr refiningCO; electroreduction
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catalytic parameter space in a hitnoughput way** could be adapted in the future to accelerate
catalyst and reaction optimization in the EC parameter space.

In terms of building an experimental body of data for usidading electroorganic reaction
trends and developing new electrosynthetic methodologies, the lack of standard cells and protocols
for conducting electroorganic synthesis laboratory scale and consequent effects on the
reproducibility of the resultias been widely commented 61%:*’Currently a lot of efforts are
directed to the development and adaptation of universal batch and flow cells for electroorganic
synthesig!'6118119 byt problems still remain and reaction involving gasses are overlooked in the
proposed solutions. At the same time, significant advances have been made in recent years in the
development of practical G@lectrolyzers based on thrphase interface arcbitture integration
(gas CQ - liquid/polymer electrolyte solid electrocatalyst) and understanding of the multiscale
effects occurring in this system (Figure 1.1%3)While this system is indispensable for
overcoming intrinsic limitations of electrolgsinvolving CQ (solubility limits, mass transport
limitations), a direct adaptation of these gas diffusion electrode (bB&d devices to EC
reactions is not feasible as aque@@ electroreductiolGDES rely on hydrophobic layers, which
are generallyncompatible with organic electrolytes required for EC. Howeveragueous GDE
have been recently developed for nitrogen electroreduction kagoeous medi&! which may
well be transferable to EC systems (Figure 1.11b). Considering industrial paiEBEtareactions,
it is reasonable to not only study the electrocatalyst performance using standardized equipment,
but also bechmark their performance at commercially viable combinations of potentials and
current densitie$? Thus, GDEbased reactors kb promise for EC, along with other novel
technical solutions that can be inspired by the interface and similarities between these different
electroreductive catalytic technologies involving gases as reagents.

Another research sutlirection inCOz electraeductiorthat has gained increasing attention
recently is related to the development and optimization of teebanomic analysis and life cycle
analysis approaches to evaluate the feasibility and impact of industrial implementation of a specific
CO:; eledroreduction solution!?*2> Even with further maturing of this technology, its
commercialization still requires that the produsysithesized vi&O; electroreductiormust be
economically competitive with the market prices for equivalent fuels or chisnmpcaduced

through traditional methods.
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The same competitiveness requiremegoplies to the sustainability metrics, which can be
determined in LCA. In addition, earstagetechneeconomic analysiandlife cycle analysican
also be used to compare the industrial viability of various sp&celectroreductiosolutions,
considering the combined effect of the catalyst, electrolyte, cell configuration, and all reaction
parameters, therefore allowing for a feedback loop informed by the assessment model and a
targeted optimization of specific metrics. When it comes to EC, itp®itant to recognize that
although the electrochemical approach in general is a sustainable and powerful platform for
organic synthesis, this does not imply that any electroorganic reaction is more environmentally

friendly compared to traditional methotf8 It is therefore important to identify and develop EC
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routes that specifically deal with challenges that cannot be solved by traditional methods, as well
as to minimize, recycle or completely avoid the use of supporting electrolytes. Thus, ataegly
techneeconomic analysis and life cycle analysispecific EC methods can advise which metrics
need to be further improved and to what extent, and how to prioritize further development. Due to
a huge scope of organic precursors and, therefore, potéftipfoducts, there is an added layer
of complexity as a target product needs to be identified from a large pool of possibilities. Certainly,
developing such assessment frameworks is difficult, howé#werexistingCO, electroreduction
techneeconomic anlgsis and life cycle analysisnodels can serve as reference poitius
providing a head start for establishing an eathge EC assessment methodoltgy?®

As electrolysis is an intrinsically coupled reaction by the virtue of requiring an anodic and a
cathodic process, systems design should consider this in greater detail as it can be used to improve
the reaction atom economy, technoeconomics, and sustainability of the overall process. Indeed, an
integration ofCO; electroreductiowith different anodi reactions has gadincreasing attention,
focusing on treating waste on the anétfgnd many of these processes can be compatible with
EC./1%99n addition to borrowing anodic eeactions fronCO; electroreductionEC can benefit
from the developmes in the electroorganic anodic reactions that have been studied more widely
than cathodic reactio$.Moreover, aechneeconomic analysifamework for electrochemical
coproduction via couplin@O. electroreductiowith a valueadded organioxidation was recently

reported, concluding that this paired approach can secure significant economic fe&¥ibility.
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1.8 Scope of this thesis

This thesis presents the comprehensive study of a sacrdioiale free EC in divideslstems
focusing on the electrocatalyst and cell design, anodic reaction screening, as well as overall EC
conditions optimization. Chapter 2 includes the description of experimental methods for
nanoparticle synthesis, material characterizatielectrocherntal experiments, and product
analysis used in this thesi€hapter 3 explores EC in divided systems including reaction
optimization in Htype electrochemical cell (membrane choice, effect of applied potential,
precursor concentration, as well as overadlation conditions) followed by the EC mechanism
elucidation for sacrificiabnode free systems, and anodic reactions screening. Chapgglores
the electrocatalytic activity of bulk metals and carbon materials for EC in divided systems. Chapter
5 explaes the synthesis of Cu, Au, and Pd nanoparticles (NPs) as catalysts &= \&€l| as the
effect of NP composition, surface chemistry, and morphology on the EC outcome followed by the
study of the NP stability under EC conditions using scangliectron microscopy (SEMEhapter
6 explores pressurized electrochemical cell capabilities in EC at high concentrations of benzylic
bromides and present®2nap of the carboxylate FE dependence on the€ssure. Chapter 7

provides the conclusions ofdlpresented in this thesis work as well as future works.
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Chapter 2 Materials and methods

2.1 Materials
Cetyltrimetyl ammoni um br omi de (CTAB, 099. 0%

cetylpyridinium chloride (CPC, USP gradd)ydrochloric acid (HCI, 37%, ACS reagent),
palladium(ll) chloride (PdG] 99.9%), kascor bi ¢ aci d (AA, 09 9 %, an

sodium kascor bate (SLA, 098%), coppHd, (A998%, acletSa
reagent), copper (Il) nitrate dihydra¢€u(NGs)2-3H.0, 99 104% (RT)), copper (ll) chloride
CuCk (99.999%), copper(ll) sulfate (Cu30 099. 99 %) , gol d(I 1 1) c

(HAuUCl4:3H20 , 099. 9%, used for the synthesig of Al
098. 0%), gol d(oh(HAUCL 99199%0 30 iwkd solutroin diluteiHCI), hydrogen

peroxide (HOz, 30 wt% solutioninHO) , sodi um hydroxide (NaOH, O¢
(>99.9%), Pt foil (>99.9%), acetonitrile (GEIN, ACN, MeCN; anhydrous, 99.8%N-
benzylideneaniline (99%), benzyl bromide (98%), benzyl chloride (99%hethylbenzyl

bromide (97%), (dbromoethyl)benzene (97%), sodium iodide (> 99%),- 4
(bromomethyl)benzonitrile  (99%), bromodiphenylmethane (95%), bromotriphenylmethane
(98%), tetrabutyammonium iodide (TBAI, CieHszslN, O 9 9 . Gasd) potassium bicarbonate

(KHCOs3, 99.5101.0%) were purchased from SigmaAldrich. Cetyltrimethylammonium chloride
(CTAC, >95%) and tetrabutylammonium bromide (TBABIigz6BrN, >98%) were purchased

from TCI. Gold foil (99.95%,thickness 0.05mm), palladium foil (99.9%, thickness 0.025mm),
tetraethylammonium tetrafluoroborate (TEABB9%), sodium salicylate (NaSal, 99%), and Brij

L23 (Brij 35, Tricosaethylene glycol mosredodecyl ether) were purchased fromaKesar. Cu,

Ni, Ti, Zn, Fe, Al, Sn, and Pb foils (>99%) were purchased from VWR. Silver nitrate (4gNO
99.98%) was purchased from Engelhard Industries. Ar (99.998%)CO; (99.99%) was

purchased from PraxairToray carbon paper (060, WeRroofed) was purchased from
FuelCellStoreAll chemicals were used as received without further purification. All solutions were
freshly prepared before use. Ultrapure water

solutions. The solutions of orgarelectrolytes were kept over molecular sieves prior to use.
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2.2 Methods

2.2.1 Nanoparticle synthesis

2.2.1.1 Synthesis of Pd cubic seeds

The synthesis of Pd cubic seeds was previously reported elsériefly, 45.6 mg of
CTAB weredissolved in 10nL of Milli -Q water in a 20nL vial that then was placed in an oll
bath at 95 °C and stirred for 10 minutes. Then250f 20 mM HPdCl solution was added, and
the reaction mixture was stirred for 5 minutes, followed by the addition@fiR®f 0.1 M AA
solution. After 10 minutes of stirring at 800 rpm the solution was transferred into a 30 °C bath
without stirring for 1 hour to age. The resulting solution was distributed in 10 centrifuge tubes, 1
mL in each, washed using 2 centrifugatytles, at 14 00Q for 14 min and at 11 00§ for 11
min, and each tube was topped up witinil of 15 mM CTAC solution to make the final stock

solution.

2.2.1.2 Synthesis of raspberrjike (RL) Pd-seeded Cu NPs

86.4 mg of CTAC was dissolved in 18 of Milli -Q water in a 20nL vial, then 17QuL
of 0.1 M Cu(OAc} solution was added in one shot. After that, B0Gf 0.5 M SLA solution was
added in one shot followed by a light shaking of the vial. Finaligl.Iof Pd seeds stock solution
was added, and the resulting liggtbwn mixture was placed in a 110 °C oil bath for 25 minutes.
Colour changed to red within 5inutes. The reaction was quenched in an ice bath, concentrated,
and washed with 2 centrifugation cycles at 5@0@r 5 minutes. The resulting concentrated
solution was further used for imaging and electrode preparation.

2.2.1.3 Synthesis of cage Pskead Cu NPs
57.6 mg of CTAC was dissolved in 12.88 of Milli -Q water in the 20nL vial, then 113uL of
0.1 M Cu(OAc} solution was added in one shot, followed by the addition of4208f 0.5 M SLA
solution. Lastly, ImL of Pd seeds stock solution was adlidend the reaction mixture was mixed
well by swirling the vial, which was then placed in a 110 °C oil bath for 25 minutes so that only a

half of the vial was immersed in the oil bath. The reaction was quenched in an ice bath,
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concentrated and washed usidgentrifugation cycles at 500 for 5 minutes. The resulting

concentrated solution was further used for imaging and electrode preparation.

2.2.1.4 Synthesis of CP&€apped Au spherical NPENSS)

The synthesis of Au CR€apped NPs was previously reportdsewheré (i) 3 nm Au
nanoparticles were synthesized by the addition off.@®f ice-cold 10mM NaBH solution into
the vigorously stirred mixture of 0.167L of 15mM HAuCls and 10mL of aqueous 0.M CTAB.
After two hours of aging, seed solution was diluted® mL; (ii) 0.6 mL of this solution was
added into theliluted to50 mL mixture of4 mL of 0.24 M CTAB, 0.133mL of 15mM HAUCla,
and3 mL of 0.1 M AA undermild stirring. Resultant was left to reamternight undisturbed. As
prepared Au octahedrons wevashedncewaterat 16000 gand redispersed irD5mL of water.
(iii) All volume of Au octahedrons was placed in 500 Erlenmeyer flask and diluted to 200 mL.
Then 32mL of 0.1 M CPC solution was addeheated in 30C water bath for 5 minutes under
mild stirring. Then the solution was removed from the water battt, 6f 15 mM HAuUCL solution
was added, followed by I6L of 0.1 M solution of AA. Resultant was left undisturbed for 8 hours.
(iv) Formedin (iii) NPs were washed for 15 min at 2C at 5000 g and redispersed in the same
volume. Then, the resulting solution was mixed with 0.1 M Es@ution in 1:1 volume ratio and
left for 2 hours under occasional stirring. The etched Au spherical NPs were washed for 15 min at
5000 g, topped up with 50 mM CPC, washed with water again, and concenttaeesulting
concentrated solution was furthesed for imaging and electrode preparation.

2.2.1.5 Synthesis of Au citrate NPs

Au citrate NPs were synthesized using procedure reported else\th@®9 mg of
HAuCl4-3H20 was dissolved in 18@L of water. Resulting solution was placed in an Erlenmeye
flask, covered with aluminium foil, and placed on a preheated t¢Q4&firring plate with 300
rpm stirring. When the solution started boiling,rhB of 1%wt sodium citrate solution was added
in one shot. After 5 minutes formed NP solution was leftoml down to room temperature and
concentratedvia centrifugation at 1500 g for 25 minutes 3 tim&se resulting concentrated

solution was further used for imaging and electrode preparation.
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2.2.1.6 Synthesis of ABNPs

Au BNPs were prepareatcording to the previously reported proceddf€&irst, Au seeds
were synthesised by the addition of thell ice-cold 100 mM NaBH into the mixture of ImL
of 10 mM HAuCk, 1 mL of 10 mM sodium citrate, and 36L of water under mild stirring. The
resuling mixture was left undisturbed for 3 hours. Au BNP growth was performed in two steps.
First, 0.1mL of Au seeds were added to the aqueous mixturendf df 0.2 M Brij L23, 1mL of
0.1 M CTAB, 0.08mL of 10 mM HAuCk, 0.01mL of 5 mM AgNGs, 0.2mL of Nasal, and 0.02
mL of 0.1 M AA. Second, 0.inL of the solution that was prepared on the first step was added to
the mixture of 10nL of 0.2M Brij L23, 10 mL of 0.1 M CTAB, 0.8mL of 10 mM HAuCl, 0.1
mL of 5mM AgNOzs, 2 mL of NaSal, and 0.1l of 0.1 MAA. Resultant was vigorously shaken
for 1 min, left undisturbed for 8 h, washed using centrifugation cycle at@®Ct concentrated.
The resulting concentrated solution was further used for imaging and electrode preparation.

2.2.1.7 Synthesis of Awore-cage (CCsINPs

The synthesis of Ahu CCs was previously reported by our group elsewh&riefly,
() 3 nm Au nanoparticles were synthesized by the addition ahQ.6f ice-cold 10 mM NaBH
solution into the vigorously stirred mixture of 0.1®L of 15 mM HAuCL and 10mL of aqueous
0.1 M CTAB. After two hours of aging, seed solution was diluted to 50 nmhl;. 6f this solution
was added into the diluted to 1 L mixture of 10D of 0.2 M CTAB, 2.66nL of 15 mM HAuUCH,
and 50mL of 0.12 M AA undemild stirring. Resultant was left to react overnight undisturbed.
As prepared Au octahedrons were concentrated to 5 mL, washed twice with water, and redispersed
in 5 mL of water. (ii) Au@Ag coreshell NPs were synthesized by the consequent addition of 1
mL of 10 mM AgNQG and 4mL of 1 M AA into the preheated to 80 mixture of 2.5mL of
concentrated Au octahedrons anank of 0.3 M aqueous CPC solution. Reaction was left to
proceed under intense stirring on the thermomixer for 1 h, then cooled down, waskednd
redispersed in 62.mL of water. (iii) 0.1mL of 1 mM HAuClL was added dropwise intordL of
the AU@Ag cubes at a rate o min™t under vigorous stirring on thermomixer, followed by the
addition of 0.05mL of H2O.. Resultani Au-Au CCsi werewashed once at a high speed, once

at a low speed, concentrated, and used as prepared for imaging and electrode preparation.
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2.2.1.8 Synthesis of Pd NCs

Pd NCs were synthesized following a procedure reported elseWhé&a. Pd nanocube
synthesis, a solution of 36.5 mg of CTAB im&. of H.O was heated to 98 under stirring,
followed by the addition of 0.tnL of 20 mM HPdChk solution and 0.16nL of 0.1 M ascorbic
acid. After 10 min of stirring the reaction mixture wamled down and aged for 1 h. Separately,
1.6mL of 100 MM HBPdCL was added to the solution containing 0.5 g of CTAB amd.®f H.O
under stirring at 438C followed by the addition of BiL of Pd nanocubes synthesised on the first
step and 1.2%1L of 1 M ascorbic acid. The resulting mixture was vigorously stirred at 45 °C for
6 h. The synthesized Pd NCs were centrifuged once at 4000 g and twice at 3500 g for 10 minutes
at 27 °C. The resulting concentrated solution was further used for imaging and electrode

preparation.

2.2.1.9 Synthesis of Pd BNPs

The synthesis was performed according to the procedure reported elsEhRiestly, Pd
polygonal seeds were synthesised. 345 mg of CTAB was dissolvearih @D0.25 mM solution
of N&PdCl in a 50mL two-neck rounebottom flask, the solution was bubbled with Ar for 30
minutes under stirring at 3, followed by the injection of 0.2&L of 15 mM icecold NaBH:
agueous solution. Then 0.168. of this solution was added to the mixture of 690 mg CTAB, 20
mL of 0.25 mM NaPdCl, and 0.156nL of 0.1 M AA. Resultant was shaken for 1 minute and
left undisturbed for 2 h. Secondly, semédiated growth of branched Pd nanoparticles was
performed. Ig of CTAB was dissolved in 6 8L of water and stirred at 3@, then 1mL of 100
mM CuSQ was added, followed by the consequent addition off@.2of a solution containing
100 mM of NaPdCl and 0.25 M of HCI, and 1ML of the polygonal seeds, and. of 1 M
AA. Resulting mixture was stirred for 24 hours at°@5 wased 2 times, concentrated, and then

used for the imaging and electrode preparation.

2.2.2 Material characterization

2.2.2.1 SEM, TEM, and EDX
Samples for scanning electron microscopy (SEM), transmission electron microscopy

(TEM), and energydispersive Xray spectroscopy (EDX) were prepared by placing the drops of
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the purified colloidal solution of NPs onto a stainleg=el plate, Cu grid, andi rid,

respectively. Samples for NP electrochemical stability studies were prepared by attaching the
piece of electrode electrode (foil with deposited particles) to the stastslate using
conductive tape (NEM tape, Nisshin EM). SEM and TEM wemrégomed using Hitachi S5200
microscope operating at 30 kV. EDX was performed using Hitachi HF3300.

2.2.2.2 XPS
The surface analysis of the electrodes comprised of metal nanoparticles with different
shapes was performed usingay photoelectron specsoopy with an Thermo Fisher Scientific

K-Alpha system.

2.2.2.3 XRD
Samples for XRD were prepared by drying washed and concentrated colloidal solutions

of NPs under Ar. XRD was performed using Bruker D8Advance powetaly Xiffractometer.

2.2.2.4 Ramarspectroscopy

Samples for Raman spectroscopy were prepared by depositing metal NPs on cleaned and
polished Ti foil and attached to a glass slide. Raman spectroscopy was performed using Renishaw
inVia Reflex Raman microscope. Measurements were performeg a$i32 nm laser (Renishaw
DPSSL, 50 mW) at 10% power.

2.2.2.5 U\Mvisible spectroscopy
UV-visible spectra were acquired using Ocean Optics2DBBBAL lamp and Ocean
Optics FlameS-XR1-ES detector in a 1 cm quartz cuvette.

2.2.3 Electrode fabrication

2.2.3.1 Preparation of bulk electrodes
12 polycrystalline bulk metals were screened as cathodes in this work: Ag, Au, Pt, Pd, Cu, Ni,
Ti, Zn, Fe, Al, Sn, and Pb. Apart from Ag, Au, Pt, Pd, and Ti foils, all metal surfaces were

mechanically cleaned to remmwxide layer and then sequentially polished witheOl&@ a n d
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50 nm alumina powders prior to electrochemical measurements. After polishing, the electrodes
were washed with MillQ water in an ultrasonic bath and then rinsed with acetonitrile. The
cleaning pocedure was repeated prior to each measurement to minimize the effect of surface
oxides on the electrochemical performance of the cathodes. The -ta$ech cathode materials
(glassy carbon (SPI Supplies), carbon cloth (AvCarb 1071 HCB, FuelCellStateadon

paper (Toray Carbon Paper 060, Wet Proofed, FuelCellStore) were used as received. The
surfaces of all the studied materials after the cleaning were characterized by scanning electron
microscopy, illustrating that their surface morphologies wenepawable on the nanoscale. In

addition, the double layer capacitance of all electrodes was measured.

2.2.3.2 Preparation of nanostructured cathodes

The inks for electrode preparation were made of concentrated aqueous solutions of NPs.
Ink concentrations were set to 10 mg #l25 uL of that ink was deposited on 0.5 x 0.5 cm
substrate (polished Ti foil or Toray carbon paper)h@sed electrodes wergatl and stored under
Ar to prevent oxidation. Au CC electrodes were washed with methanol, soaked in 0.1 M ammonia
solution for 30 minutes, and rinsed in watesulting electrodes were used as is or washed with

methanol and water.

2.2.4Electrochemical experimens

2.2.4.1 Electrochemical cell assembly
All electrochemical reactions in this work were performed in a¢ampartment cell, equipped
with an ion exchange membrane (Nafion 117, Fumasep-PBEMr Fumasep FABK-130,
FuelCellStorg using metal foils or nanostructured electrodes as cathodes, graphite red@mNi
supported Ni hydroxides as anode, andwite quasireference electrode for organic medium or
Ag/AgCI reference electrode for aqueous medium and connected to an électical
workstation (Biologic SF800). All potentials in organic medium are reported vs-wWhg
(Ag/Ag™; quasireference electrode was also calibrated with Fa/é@dox couple.
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2.2.4.2 Pb UPD
The lead underpotential deposition was performed accordinghé procedure reported
elsewheré?® Briefly, lead UPD was conducted by cyclic voltammetry in the agpinrated
solution of 0.1 M NaOH containing 1 mM Pb(M@over a potenti al range
(versus Ag/AgCl) at a scan rate of 50 mV.s

2.2.4.3 Cyclic voltammetry (CV)

CV experiments were carried out in a three electrodselHequipped with an AEM
(Fumasep FABPK-130, FuelCellStore), Rnhesh, Ni foan, or graphite rod anode, and Ag wire
quastireference electrode. A solution of 0.1 M TEABKF CHsCN was used as an electrolyte for
both cathodic and anodic compartments. For coupled experiments 5 M or 1 M KOH was used as
anolyte. For selected experime®d M TBABr in CHsCN was used as catholyte. Before each
experiment the catholyte was saturated with Ar op BYOcontinuously delivering the gas at a rate
of 10 mL min'! for 15 min, and the solution headspace kept under a positive pressure of a
correspondig gas (Ar or C@) during the electrochemical measurements to eliminate the presence
of oxygen. All CVs were recorded within the electrolyte and electrode stability windows to avoid

the effects of the electrolyte decomposition or metal oxidation on thieeG&Vvior.

2.2.4.4 Potentiostatic electrolysis (CA)

CAs were performed in the sarakectrochemical celis described above; For EC reaction
CO; was continuously bubbled through the reaction mixture at the ratenof H4in' . Reactions
were stopped afterassing 1 F mél, unless otherwise stated. The identification of reaction
products was carried out lgyas chromatograprandnuclear magnetic resonan@¢éMR). Liquid
products were analyzed By NMR of crude reaction mixtures combined withiaternal standard
(1,2,4,5tetrachlorobenzene) and compared against the previously reported NMR da@®aRR
and RR.

2.2.4.5 CV and CA in a pressurized cell
EC experiments under elevated £@essure were performed usinghouse made -3
electrode Hcell manufactured from PEEK and equipped with AEM (Fumasep -PKBL30,

FuelCellStore). Cdpased electrode was used as a cathode, graphite was used as an anode, and Ag
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wire quazireference electrode was used as a reference electrode. Electrochemicalsreaaton
performed similarly to these in ngaressurized cell except for the gas delivery. In the pressurized
cell Ar or CQ was delivered in a sealed compartment until certain pressure was reached. Then,
given pressure was kept for 30 minutes before a talasgas tank was closed.

2.2.5 Synthesis of organic compounds

2.2.5.1 Synthesis of benzyl iodide

Sodium iodide (4.5 g) was dissolved inrBQ of acetone at @C. Benzyl bromide (1.8 mL)
wasslowly added to the reaction mixture and the reactionlefago stir overnight at the room
temperature in the dark. On the next dayyOof brine was added to the reaction mixture and
obtained solution was extracted with diethyl ether (3 x 25 mL). The extracts were dried over
MgSQs and concentrated under reed pressure. The crude mixture was filtered through silicagel
(20mL SiOy; eluent: petroleum eth&Et,O 95:5) to give benzybdideas a brown liquid (2.9 g,
91%).'H NMR (300 MHz, CDCY) U, p p m), 7.227.26 n, IHE H2§.38 (m, 2H)3C
NMR (75MHz,CDCy) 4, ppm, 139.3, 128.8, 128.7, 127.

2.2.6 Product analysis

2.2.6.1 Inline analysis of gaseous products with GC

Faradaic efficiency measurements of the gas products were performed using Agilent 7890B
GC System, equipped with treequence of multiple columns for efficient separation of gas
products (H, CO, CH, CHa), and bypassing COGaseous products were analyzed usidgms
gas chromatography (GC) analysis every 20 minutes until the completion of the reglsgon.
guantitaive analysis of the gas products was performed using a thermal conductivity detector
(TCD) and a flame ionization detector (FIDhe FE of the gas products was calculated as

FE(%)= nF GFw/l,

whereni s a number of the el ectr on sisavolandsdionr r ed ,
of the gas product being quantified (calculated by calibrating the GC data uliintgd mixture
of gases of known concentrations), | is a current value dtefpi@ning ofthe measurementfs

the molar CQgas flow rate.
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2.2.6.2 Analysis of liquid products with NMR

Faradaic efficiency measurements of the liquid products of EC were performedHlising
NMR on Bruker 300 MHz NMR spectrometer. In a typical expernit, 0.8nL of reaction mixture
was evaporated, the residue was dissolved inmL&®f CDCk with 1,2,4,5tetrachlorobenzene
additive (108 mg in 1L of CDCAk) that was used as an internal standard.

Procedure for quantification: After tiedectrolysis, 0./L of the catholyte was taken as
sample, then the solvent was evaporated to obtain a colorless or bright yellow dhépitesence
of colorless crystals). This mixture was dissolved in I8 of 33.3 mM solution of 1,2,4,5
tetrachloobenzene in CDGland analyzed using Bruker 3MHz NMR spectrometer. For every
sample 64 scans were recorded. Peak areas of prageiscompared to the peak area of the
standard (2H singlet at 7.55 ppm)

Since NMR signals are shifted form the standadies due to the electrolyte present in
the mixture,’H-NMR of reaction mixtures without the electrolyte were also analyzed and
compared with the literature data

Procedure for removing the electrolyte (A): The solvent (ACN) was removed from the
reactionmixture after the electrolysis followed by the addition of diethyl ether. We fthatdll
organic products are soluble iro@twhile the TBA/TBABTr electrolyte is completelinsoluble.

Procedure for removing the electrolyte (B): After thkectrolysis, the solvent was
evaporated under a reduced pressure and the residual material was acidifiednulitiof3
concentrated HCI, after 10 minutes additionail3of water was added followed by thgtraction
of the products with diethyl ether (3x2fl). The extracts were washed witlater and dried over
anhydrous MgS®

After the evaporation of diethyl ether form the solution obtained by method A or B, the

residue was analyzed by witH-NMR with the internal standard.

2.2.6.3 Product distribution error estimates
Error bars included in this thesis were determined by repeating an experiment at least 3
times keeping all conditiorteesame. Any errors associated with ¢heserguantification method

(e.q.,GC, NMR) were not additionally accounted for.
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2.2.7 Thermodynamic and kinetic calculations

2.2.7.1 Electrocarboxylation and homocoupling reaction kinetics calculation

Pseudefirst order kinetic conditions are assumed to apply for electrocarboxylation and
electrochemical homocoupling for organic halides. The decayBn &®ncentration in the course
of electrolysis was calculated based on the first order reaction vateitla the corresponding-R
Br concentration dependence on time:

Creer = Cog™

If the reduction of RBr is atwo-electronprocess, i.e., Br + 2eZ = RZ, Q(t)

can be calculated as:
Q = nF(G-Crer) = 2FG(1-€™),
where ni number of electrongsansferred, B Faraday constant,cC initial concentration of R
Br, Crar1 concentration of FBr in the system at momentki rate constant,it electrolysis time.
If the reduction of RBr is a one electron process, i.e:BR  + 1 @ dependence can be
calculated as:
Q = nF(G-Crar) = FCo(1®*)

The pseuddirst order rate constant k was calculated from the experimental datd, ({@ere no
electrode passivation was detected, and the kineticsByfri@duction was theame for all three
membranes i¢1h).

2.2.7.1 Calculation of Gibbs free energies and cell potentials of electrochemical
reactions

To identify energysaving alternatives to the OER, standard Gibbs free energies of selected
coupl ed r ereaction) and their (cap&ponding standard cell potentidlsdl have
been calculated (equations 1 %wlleso)jproduGsand s f r
reactants were taken from the literature data or estimated by the Joback méikadethod
allows to predict pureomponent properties from grogpo nt r i b U tvaluesrias glycoleG
acid, (boromomethyl)benzene angBenylacetic acid were estimated by the Joback method using

a designated online software.

-AG,,,o

reaction

nF

o _
E:’.‘BH -
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where Ecen i standardc e | | p o P reaction standarestat& free energy of reaction,in

number of electrons transferredi Faraday constant;

o _ 0 _ 2 : 0
‘&G'reaction - Z vp'roduct X AGf,pmduct Vreactant X ﬂG)",':".tzt;wta'nt

where 3 is the st oi cChidthe@iblds frée energyookfdriatioo.iF& sach a n d
anodic process, only omeoduct of oxidation was considered: oxygen for water oxidation, acetic

acid for ethanol oxidation, glycolic acid for ethylene glycol oxidation, formic acid for glycerol
oxidation, gluconic acid for glycose oxidation, nitrogen and carbon dioxide for wr@ation

reaction (UOR), and nitrogen for ammonia oxidation reaction (AOR).
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Chapter 3 Electrocarboxylation in divided systems

Partially reprinted with permission fro&CS Sustainable Chem. Er2919 7,1 9 6 3 1 1. C&®%igh®
2019,American Chemical Society.

Contribution: performednvestigation and formadnalysis.

Partially reprinted with permission fro@reen Chem202Q 22, 4456 4462.Copyright,2020 Royal

Society of Chemistry.

Contribution: performednvestigation andormal analysis, assisted with thermodynamic calculations and

manuscript writing.

3.1 Introduction

Thed ectrocar boxyl at i o nisaagreen altergative forcthe syathesisl e s
of nonsteroidal antinflammatory drugs, such aibuprofent®” and important precursors in
industrial processes, such as cyanoacetic acitfeaitand many other¥?141t has been shown
that EC of organohalides with different cathodes (e.g., Ag, Cu, antfNdin undivided cells
with sacrificid Mg or Al anodes generally results in the formation of corresponding carboxylic
acids with moderate to high yields in the form of magnesium (or aluminum}*%affsAithough
the formation of these salts simplifies the wark procedure, it negativelyffacts the reaction
atom economy due to the anode consumption in the course of redbioiormation of insoluble
products in EC reactions also causes electrode passivation, resulting in large current fluctuations
(potentiostatic electrolysis) *° or drastic increase in the cell voltage (constant current
electrolysis)°!In addition, cathode passivation by the formed My AI* insoluble salts hinders
the completion of the reactidf’Froman engineering standpoint, the usage of consumable anodes
is impractical and limits the development of EC in flow electrochemical systeepacing
sacrificial anodes with alternative anodic reactions at nonsacrificial anodes could offer a potential
solution to overcome thedienitations. While divided cells with n@sacrificial anodes have been
reported for EC of several organic substratéS)?® for halides any mentions are limited to

unsuccessful attempt:157

Despite EC reactions of organic halides with Mg or Al anodes giving high yields of
carboxylation prodcts, their exact formation mechanism remains unclgae. dectrochemical

reduction of RT X isathreedtep prerese €l ehalideeredoction G @radical
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RS, (2) R reduction to the corresponding anion R™, and (3) nucleophilic additiéh to CQ
with a formation of carboxylatanion!®® Mechanistic interpretations in previous wofks*®
operated on the assumption that eleztteamically produced Mg ions participated in the reaction
only by interacting with the carboxylate aniorféom a corresponding satt (Figure 3.1, pathway

).

ve B o te Co, -
(I) Ag' RXx—5= R —— R |—= RCO,

. e P o———- —I * \l:_'.l
(ImgR —=2¢ \IgI'.T RMgX |+X

,I.---_J
I
i RX
’,
Vs '
—_—

Figure 3.1: Possible pathways of organic halide carboxylation in undivided electrochemical cells
with mg sacrificial anodes. Reprinted with permission from ref. [€6pyright 2019, American

Chemical Society.

However, R can also uptake Mg ion that selectively reacts with GOproducing a
corresponding carboxylate with quantitativields'®? (Figure 3.1 pathway Il).Additionally, the
formation of Grignardeagents from organic halides in electrochemical cells with Mg anodes has
been observed in the absence 0B The majority of reported EC ofiX was performed at
constant current conditiort$>*4° resulting in inevitable large potentialfluctuations®?
Consequently, at high negative potentials, the reduction éf tddvig® [E° =7 2.38 V vs standard
hydrogen electrode (SHE)] at the cathode could facilitate the Grignard reagent fotPhation
(Figure 3.1, pathwayll), in addition to enabling competin CO: electroreductiort®® Other
sacrificial anodes (e.g., Al and Zn) have similar reactivity: generatéd @mAI** can be
cathodically reduced to their metal forms, which, in addition to causing cathode passifation,
produceorganometallic compounds by reacting with orgdratides®*1®°These organometallic
compounds can react with GOproducing corresponding rexylic acidst®®1%® Thus, the

chemistry of RX reduction in the presence of @@ undivided cells with sacrificighnodes is
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rather complex and convoluted, with carboxylate anions potentially originating from the

electrochemically assisted Grignardgeat, rather than the direct EC process.

Here we aimed to develop a feasible electrochemical coupled system with cathodic EC and
sustainable anodic process in aqueous medium. We established that EC can be efficiently coupled
with well known countereactions such as oxygen evolution reaction (OER) as well as urea and
ammonia electrooxidation (UOR and AOR, respectivéliyie adaptation of the two latter anodic
processes is especially beneficial due to their vaticeed wastewater treatment applicaasmwell
as the decrease in total cell voltage of an electrolyzer compared to sluggish OER. We investigated
the new sacrificial anodfgee electrocatalytic system for EC in detail and suggested the optimal
operation conditions including membrane type, @gblpotential, substrate concentration, etc.
Based on the extensive experimental results, we prdpasdetailed mechanism for major
electrochemical products formation supported by density functional theory (DFT) calculations.
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3.2Membrane optimization
Aiming to assess the potentialirely electrochemical fixation of organohalides to.CO

decoupled from sacrificial anodes, we contemplated performing this reaction in a divided
electrochemical cell with a welistablished process thte anodic side. Direct Clectrolyzers
typically rely onthe OER as an anodisrocess?®®1/ although other oxidation reactions are now
considered as well to minimize the cell voltage for their commercial implementffidff The
mechanism of OERral catalysts for this reaction are wefitablished due to their importance in
water splitting for electrochemical hydrogen productitrt/4Thedifficulty of adopting OER for

EC lies in poor solubility of organic substrates in aqueous electrolytehiameéd of an aprotic
environment for the organic substrate to avoid intermediate protortgftidAWe hypothesized

that this complication can be overcome by introducing an appropriate membrane that can render
the aprotic and aqueous compartment segregation. Gatarange membranes (CEMSs) have
been previously used in EC reactions in fully organic eddes to provide counterions for the
carboxylate anions generated at tbathode“**1°21°However, released halide ions (Hal
accumulate in the catholyte, causing unwanted side reactions (alkene formation due to the Hal
catalyzed elimination reactiyp.*4%176177|n addition in the case of an aqueous anolyte and an
aprotic catholyte, CEM may enable competing the hydrogen evolution reaction (HER) at the
cathode by allowing the passage of protons. An aeimhange membrane (AEM), whose
performance hanever been studied in EC reactions, could address these issues; however, with
this membrane, counterions for the carboxylate anions can only be provided by the catholyte,
resulting in its consumption. A bipolar membrane (BPM), which consists of aniocatiod
exchange layers, combines the properties of both and potentially may either solve or exacerbate
the problems associated with CEM and AEM.

A divided electrochemical cell wittwo compartments separated by an-éxchange
membrane was used to segigan organic catholyte for EC and an aqueous anolyte for OER.
Specifically, to study the effect of a membrane type on the outcome of EC reaction, we tested (1)
a CEM based on a chemically stabilized perfluorosulfonic acid/ poly(tetrafluoroethylene)
copolymer in its protonated form, (2) an AEM with high proton blocking capability based on

polyaromatic structure with quaternary ammonium bromide, and (3) a BPM consisting of an anion
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Figure 3.2: Cell view and iortransport in EC/OER reactions performed in a divided cell wit
Ag cathode, RX/TBAI/ACN catholyte, Pt anode, KHC{H>O anolyte, and CEM (a), BPM (|
or AEM (c). Reprinted with permission from ref. [76]. Copyright 2019, American Che
Society.

exchange layer and a catieexchangeayer (Figure 3.2/8 For all three typesf membranes, we
performed electrolysis using a @®aturated organic electrolyte (tetrabutylammonium iodide in
acetonitrile, TBAI/ACN) containing RBr (1-bromoethyl)benzenei the cathodic compartment
and aqueougpotassiumbicarbonate buffer in the anodic compartment. A nanostructured Ag
electrodé’® Figure 3.3 preparebdy chemical vapor deposition was selected as cathode due to its
higher activity in EE of Ri Br compared to othenetals'®® and a Pmesh was used asstandard

OER anode. The distributions of reaction products and cistanitity (Figure 3.4) werassessed

at various fixed potentials.

First, to select meaningful potentials for the ptitestatic tests, we performed @Va pure
electrolyte (Arsaturated), the electrolyte withi Br and CQ, and the electrolyte containing only
one of these two components BfC (Figures 3.4d and 3.5). In agreemeavith previaus
reportst®®18lthe onset pential of CQ reduction wasapproximately T 1.5 V vs Ag/Ag" quast
reference electrode (QREd the onset potential of Br reduction wa®1 0.5 Vvs Ag/Ag’ (the
latter corresponds to one electron transferit8RE®° (RBr/RZ) =70.49 V vsSCE in ACN!® or
D0.34 V vs Ag/Ag; for conversiorsee Appendix but when both C&and R Br were present in
the electrolyte, a rapid chemical reaction between @@ electrochemically generated FE°
(RIR®) & 017 V vs SCEDI 0.82 V vs Ag/Ag)**® was evident from a significantly higher
current at potentials belo@i 1 V vs Ag/Ag" compared to the CV lines of single componé#fts.

Two reduction peaks were observed in CV scansi@rRn the CQ-saturated electrolyte (RBr
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Figure 3.3: SEM images of the surface of the nanostructured Ag cathode (prepared by c

vapor deposition) at different magnificatidReprinted with permission from ref. [76]. Copyris
2019, American Chemical Society.

Y R%atDi0.85V; RY R atDi 1.2 V), while they overlapped in the Anturated electrolyte.
The separation of these peaks in the presence eft@®Dbe explained by faster kinetics of the
second reduction step in theesence of CO*¥2Thus, we identified three potential ranges (Figure
3.5): (a) B >11.0 V, wherereactions of R are dominant; (b) 1.5 V < & <11.0 V, which is
promising for chemical fixation of C{by R ; and (c) E <1 1.5 V, where direct C&reduction
can occur. Consequently, we selected three potentials from these ranges for testing the membranes
performancei 0.8,71.4, andi 1.7 V vs Ag/Ag’. Figure 3.6 showshe distribution of major
electrochemical products in the liquid phase obtainethede three potentials using different
membranes and an arbitrary concentration DBIR(50 mM). The reactions occurred in the
diffusion-controlled regime at this iHBr concentration as confirmed by a linear relationship
between the current and square robscanrate (Figure 3.73%2 The productdistribution was
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Figure 3. 4: (a) Chronoamperometry (CA) plots for the electrolysis oimd@ R-Br in 0.1 M
TBAI/ACN saturated with C@at different potentials. Examples of full CA plot for the electred
of 50 mM R-Br in 0.1 M TBAI/ACN saturated with C@at -1.7 V (b) and-1.4V (c). (d
Determination of potential ranges: cathodic sweeps of CV recorded at 200 rhscsecrate
Ag in (a) Arsaturated ACN 4.1 M TBAI; (b) COp-saturated ACN 4.1 M TBAI; (c) Ar-
saturated ACN + 0.M TBAI + 25 mM (1-bromoethyl)benzene; (d) GOsaturated ACN + 0.1
TBAI + 25 mM (1-bromoethyl)benzene. Reprinted with permission from ref. [@@jpyrigh

2019, American Chemical Society.

determined by'H NMR analysis of reaction mixtures using an internal standeéatil¢ 3.1 and
Figure 3.8. As a result of EC, carboxylate RgQor its esteRCO:R [via Sn2 reaction of RC@
with RT Br] wasformed. Combined yields diFEs of RCQ andRCO:R (EC products) represent
the EC selectivity in the electrolysis. Otherganicproducts of electrochemicakturé?4149.184
included dimer RR, alcohol R OH, ether RO1 R, and alkylarene ”H. Other sidgroducts, such

as alkenes and their oligomér&l’"1® can be formed as a result of nonelectrochemical
transformations of reactive intermediates produced during electrolysis and aneladéd in
Figure 3.6 At 10.8 V vs Ag/Ag" with AEM, the only electrochemical product wBsR (86%
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yield). At a less negative potentialQ(6 V), R R was obtained in 95% yield and with 96% FE
(Table 3.2) due to the suppression of undesirable @ideesses, such as elimination reactions

catalyzed by Br generated during the electroly$i&1’’Thus, we demonstrated tithe selective

——RBr+ €O, = =RBr - « - CO, Electrolyte

It mA

Current (mA)

CO RR eactions eactions reaction

T

-2.0 1.5 1.0 0.5
E (Vvs Ag/Ag")

Figure 3.5: Determiration of potential ranges: cathodic sweeps of CV recorded at 50rs¥ag
rate at Ag in Arsaturated ACN + 0.25 M tetrabutylammonium bromide (TBABTr)G@&turate
ACN + 0.25 M TBABr; Arsaturated ACN + 0.25 M TBABr + 25 mM{bromoethyl)benzen
COp-sdurated ACN + 0.25 M TBABr + 25 mM (bromoethyl)benzene. (a2 1T 1. 0 V
of R?; (b) T1T2< 51 1M 0< VE reacts<onisl.o5F \Rireducaon
Reprinted with permission from ref. [76]. Copyright 2019, American Chemical Society.

C1 C coupling of oganic halides can be performed at low potentials in divided cells with AEM. In
contrast, af 0.8 Vvs Ag/Ag" with BPM and CEM, besidesiR, ester ROR and ethylbenzene

Ri H were formed, with[RT R]/[RT OR]/[RI H] ratios observed with all threanembranes.
However, AEM showed the best selectivity with [EC of 8:1:2 (CEM) and 7:1:2 (BRM)1.4 V

vs Ag/Ad’, the formation of EC products was observed waitlthree membranes. However, AEM
showed the best selectivity with [EC productsi/f/[RT OH] ratio of 1.6:1:0.2. In the case of
CEM and BPM, [EC products]/ [RR] ratio dropped to 0.7:1 and 0.3:1, respectively, in addition
to the formation of ROH, R H, and R OR. At1 1.7 Vvs Ag/Agd', EC selectivity improved with

all membranes and [EC products]i[R] ratio increased to 2.8:1, 2.8:1, and 2:1 for AEM, CEM,
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and BMP, respectively. The formation ofi R was observed only with CEM and BPM

membranes, due to proton trandfem the anodic compartment, which wassent in the case of
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Figure 3.7: (a) CV plots recated at different scan rates (v = 50, 100, 150, 200 and 300%)
at Ag electrode in 50 mM4Br in 0.1 M TBAI/ACN saturated with C©(b,c) Linear correlatic

of current and square root of scan rate-fiod V (b) and-2.0 V (c). Reprinted with permissi
from ref. [76]. Copyright 2019, American Chemical Society.
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Table 3.1: Product idenfication based on the peak values for EC eBiRcompared to the pe

values for known compoundBeprinted with permission from ref. [76]. Copyright 2019, Amet

Chemical Society.

Electrochemical reduction products Assignment Known Standards

Chcmical IH J coupling Probed Product type Chcn")ical l.H, J coupling
shift Splitting Nucleus shift Splitting

After work-up procedure (without electrolyte)
5.90 qd 6.6,3.8 Hz | Ph(Me)CH-O.CR RCO:R [1] 5.85 q 6.6 Hz
3.79 q 7.2 Hz RO,C-CH(Me)Ph 3.73 q 72 Hz
1.54 d 7.2 Hz Ph(Me)CH-O,CH(Me)Ph 1.47 d 7.2 Hz
1.46 d 6.6 Hz 1.40 d 6.6 Hz
3.78 q 7.2 Hz Ph(Me)CHCO.H RCO:H [3] 3.72 q 72 Hz
1.55 d 7.1 Hz Ph(Me)CHCO:H 1.49 d 7.2 Hz
2.98 m - Ph(Me)CH-CH(Me)Ph R-R [4] 2.95 m -
2.84 m - 2.80 m -
1.32 dd 5.0, 1.8 Hz | Ph(Me)CH-CH(Me)Ph 1.28 dd 49,19 Hz
1.07 dd 4.5,2.0 Hz 1.02 dd 4.5,2.0 Hz
4.95 q 6.4 Hz Ph(Me)CH-OH R-OH [7] 4.77 q 6.5 Hz
427 m - Ph(Me)CHOCH (Me)Ph R-OR [6] 424 q 6.7 Hz
4.45 m - 4.52 q 6.5 Hz
2.61 q 7.5 Hz PhCH:CHj3 R-H [5] 2.63 q 7.6 Hz
Before work-up procedure (analysis of crude reaction mixture with electrolyte)

5.83 m - Ph(Me)CH-0:CR RCO:R 5.85 q 6.6 Hz
3.73 m - RO,C-CH(Me)Ph 3.73 q 7.2 Hz
3.57 m Ph(Me)CHCO,TBA RCO:TBA [2] 3.60 m -
293 m - Ph(Me)CH-CH(Me)Ph R-R 295 m -
2.79 m - 2.80 m -
4.89 m - Ph(Me)CH-OH R-OH 4.77 q 6.5 Hz
4.08 q 7.2 Hz Ph(Me)CHOCH(Me)Ph R-OR 424 q 6.7 Hz
4.37 q 7.2 Hz 4.52 q 6.5 Hz
2.56 q 7.6 Hz PhCH,CHjs R-H 2.63 q 7.6 Hz
7.55 s - 1,2,4,5-tetrachlorobenzene standard 7.55 s -

*Reaction mixtures were analyzed directly after the electrolysis and the solvent removal (bs
workup procedure). Tprove the composition of reaction mixtures, they were also hydrolyze
concentrated HCI, and analyzed again by NMR (after waprlorocedure; without electrolyte), :

the section above for details.
AEM.

While full conversion of RBr was achieved with AEM atl.7 V vs Ag/Ad’, the use of

CEM or BPM led to RBr conversions below 100%he \sual examination of the cathodes after
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Table 3.2: Potentiostatic electrochemical reduction obfbmoethyl)benzene in the presenc
COe. Reprinted with permission from ref. [76]. Copyright 2019, AmeriCaemical Society.

< . Product yields, % % of
Entry E, V Vs Craw, Membrane Anolyte - . liquid
7 Ag/Ag mM R-CO.Y* R-CO:R R-R ROH R-H R-OR Total products*
1 -0.6 100 AEM 0.5MKHCO; - - 95 - - - 95 100
2 -0.8 50 AEM - - - 86 - - - 86 98
3 -0.8 -t CEM -t - - 51 - 6 6 63 80
4 -0.8 - BPM - 43 - 6 6 55 70
5 -0.8 100 CEM 0.1M H,80, - 52 7 66 83
6 -1.4 50 AEM 05MKHCO; 9 11 20 2 42 97
7 -1.4 - CEM “ 7 20 5 1 33 69
8 -1.4 BPM 4 - 28 - 5 3 40 59
9 -1.7 AEM 5 22 12 7 - - 46 100
10 -1.7 CEM - 11 6 10 4 1 32 72
11 -1.7 -t BPM -t 4 2 5 3 2 - 16 59
12 -1.7 CEM 0.1M H>804 4 - 28 5 3 40 85
13 -1.7 -t BPM 0.1M H>S804 2 31 5 43 70
14 -1.7 100 BPM IM NaCl 2 25 4 4 35 59

* Percentage of all organic products in liquid phase was calculated by integrating the aron

region n 1H NMR.2Y=H for CEM and BPM; Y = TBA for AEM.

CEM and BPM electrolysis atl.7 Vvs Ag/Ag" (Figure 3.9d,e) revealatie formation of solid
products on their surface (primarily KBr and traces ofC®s), that resulted in significant
passivation of the cathodes and a subsequent addhg reaction rate. In contrast, electrolysis
with AEM led to no (ai 1.4 Vvs Ag/Ag") or minor (ati 1.7 Vvs Ag/Ag’) electrode passivation
(Figure 3.9b,c): due tthe absence of Kions in the cathodic copartment (see Figure 3.1),
possible insoluble bproducts were limited to TBAGs, but only at potentials above the onset
for COz reduction leading téhe formation of CO ané / . We note that attempts to minimize

the passivation when using CEM or BPM by using 0.1 M sulfuric acid as anolyte led to the
decrease in EC selectivity and FE due to competing HEReatathode (Table 3.2).

Trendsin the reaction performance with different membranes can be illustratdtkeby t
dependence of passed charge as a funaifotime, Q(t) (Figure 3.10). We notthat the
electrochemical performance of the nanoporous Ag electrodes in EC was the same after at least 10
sequential 5 h reactiongiereforewe ascribe observed changesumrent to the reaction kinetics
or electrode passivation with insoluble salts (Figure 3.9) 1A% Vvs Ag/Ag'in the case of AEM,

the Q(t) plot was close to the ideal scenario of 2eluction of R Br, considering the depletion
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Figure 3.8: Examples of NMR spectra: (a) crude reaction mixture after the electrolysi8n
(b) reaction mixture after the hydrolysis. Reprinted with permission from ref. [76]. Cof

2019, American Chemical Society.

of R Br in the course of reaction. When electrode passivation is negligible, the deviation from the
calculated trend at later stages of the electrolysis can also indicate a faster than calculated depletion
of RI Br, suggestingts participation in nonelectrochemical transformations (e.g, rf8action

with RCG ). In CEM and BPM experiments ail..7 V (Figure 3.10a)Q(t) curves significantly

deviated from the calculated trend, in agreement with the observed cathode passivation. As a result
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Figure 3.9: Magnified photographs (image width 0.25 cm) of the electrode surface before
after 5 hours of electrolysis &at.4 V using AEM membrane (b) showing no change, antl. atv
using AEM (c), BPM (d) and CEM (e) showing the cathode surface passivation wit
products. Photographs were taken under similar lighting conditions. Mimoation of TBACO:3
crystals (confirmed by NMR) on the surface of the cathode was observed in the case of ,
Formation of significant amounts of KBr with traceg3Os passivating the cathodes was obse
for BPM and CEM (c, d).

of this drastic decre® in current before the completion of the reaction, oniy\86% conversion

of Ri Br was achieved with CEM and BPM. At less negative potentials.4 andi 0.8 V vs
Ag/Ag"), cathode passivation with BPM was noticeably lowerfaticconversion of RBr could

be achieved. Poor performance of CEM with respeci BrRonversion was observed at all tested
potentials (Figure 3.)1Importantly, electrolysis with AEM at less negative potentials closely
followed the calculated trends of 2and 1e reduction & RT Br at1 1.4 andi 0.8 V vs Ag/Ad,
respectively (Figure 3:10b). Thisformation is important for further elucidation of the reaction

mechanisms in different potential ranges.

Another noteworthy difference in the performance of the membranedaied to the
oxidation process at the anode. Since TBAI was used in the cathodic compartment, OER observed
at the anode in the beginning of electrolysis was ultimately replaced by iodine formation when
AEM and BPM were used. The ion transport and cooeding side reactionrgsponsible for the
observed product distribution variation with different membraneswarenarized in Figure 3.

In the beginning of electrolysis, only two processes are possible at the cathode with all three
membranes: RX reducticn and CQreduction, which generate anions RCR , X, and CG* .
Stabilization of these anions in the case of CEM is performed g/ tansferred from thanodic

side (Figure 2a). Carboxylateanions RC@ combine with protons producing the target acid,
while the inorganic anions fornmsoluble potassium salts KX (X = Br, 1) and®0s, which

passivate the cathode. In the case of AEM (FiguPe)3stabilizationof anions can only be
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Figure 3. 10: Assessment of electrolysis stability and kinetics. (a) Performance of di

me mbranes at T1T1.7 V: calculated and mea
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mM R Br in ACN + 0.1 M TBAI with AEM,

lines) and 2e (dashed lines) reductn o f RT Br . Reprinted

Copyright 2019, American Chemical Society.

performed with TBA cations, while T from the electrolytealong with Br from the starting
organic bromide passes through the membrane to the anodic coegaiftire initially negligible
concentration of these anions in the anolyte gradually increases in the course of electrolysis. With
enough T in the anolyte, iodine formation dominates over OER due to a lower oxidation potential
of iodide anions compared tioat of water (0.54 and 1.23 V 8E, respectively}®® To maintain

OER at the anode, electrolytes with less reactive anions such as 8i0; can be used. In the
case of BPM Kigure 32b), all of theprocesses described above take place. Despite BPM
combining the properties of both CEM and AEM, its efficiency and selectivity were the lowest
(Figure 3.6). Highyields of protonation producti®{ were detected at all potentials, along with
low yields of ECproducts and low RBr conversion (Table 3.2). This low performance of BPM
could be associated with enhanced water dissociation in the membran&{ayetsnembrane
degradation due to the delamination of the layers in the oiigaqueous systeii® SinceAEM

showed the best overall performance, further investigation of the effect of reaction parameters on
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Chemical Society.

the course of electrolysis was performed using this lonane. We note that AEM also showed
good stability for at least 50 h of continuous or sequential electrolysis without any significant

visual changes or decrease in reaction selectivity.
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3.3 Effect of reaction parameters on the EC outcome

3.3.1 Effect of theapplied potential
Theseries of electrolyses ofiBr at differentcathode potentials were performed to assess

the potential influence on the product distribution in more detail (Figure 3.12a). TheRiiRer
was the major product (yields up to?8pat E >1 1.4 V vs Ag/Ag. The yield of R R significantly
decreased at moreegative potentials approaching @ atV vs Ag/Ag" (only trace amounts were
detected by NMR). EC products dominated a8 V vs Ag/Ag (35%) and1 1.6 V vs Ag/Ag
(45%) at 50 and 25 mM concentrations of B, respectivelyThe higher yield of EC products
along withthelower yield of R R at a lower startingBr concentration (while C&concentration

remained constapat almost all potentials points at the importance of optimizing thB§CO2]

a 25mM RBr b

¥ Effect of concentration — — — somM RBr

25mM / somM o ® EC pTOdUCtS
© EC products + ® R-R

20 18 16 14 -12 -1.0 -0.8 0 20 40 60 80 100
E (Vvs Ag/Ag") Starting concentration of R-Br (mM)
Figure 3.12 Trends in the major product distribution based on applied potentials and :
RT Br concentrations. (a) Yields of t he
mar kers) and 25 mM (solid markers) RI BT
t he major products at 1T1.4 V (AEM) as a
correspond to standard deviations. The lines are given fguegance. Reprinted with permiss

from ref. [76]. Copyright 2019, American Chemical Society.

ratio to maximize the EC yield. Besides Rand ECQoproducts, the formation ofiROH was also
observed at potentials more negative tharb V vs Ag/Ag with maximum vyield af 2 V vs
Ag/Ag" (16%). The yield of théki OH was similar at both concentrations. Sin¢€RI formation
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requires the presence of®lin the reaction mediurf®this observation suggests that at potentials
below1 1.6 V vs Ag/Ag water starts to pass through AEM; therefore, applicable potentials for EC
in ACN/AEM/water system lay above this potential value.

3.3.2 Effect of thestarting precursor concentration
To further elucidate the influence of the initiai B® concentration on the product

distribution, a series of electrolyses dflBt with different initial concentrations (from 2.5 to 100

mM) were performed at1.4 V. Figure 3.12b showhat the lower the starting concentration of

Ri Br, the lower the yield of RR, with an almost linear trend. The formation of side products
(appearing as additional signals between 3.5 and 6.5 ppm in the NMR spectra of the reaction
mixture; see Figure 3.8) was alsoticeably suppressed at lower startinigBR concentrations.
Consequently, the yield of EC products increased nearly exponentially with the decreasing
concentration of the precursor. These trends indicated that at low conoastiat the RBr

radical coupling and nonelectrochemical side reactions were suppressed. The nature of the effect
is closely related to the ratio between£2@d R Br (or its reduction intermediates) in the reaction
mixture: if CQ is readily available ate R is formed, the following nucleophilic addition (Ad
proceeds selectively with thiermation of the corresponding carboxylic anion (RCO In
addition, with the decrease in concentration, a maximum vyield of EC products was observed at
less negativepotentials, due to a higher contribution of direct.@&dluctionto CO (Figure
3.13)17011Qverall, themaximum yields of EC products were achieved with AENI g V vs

Ag/Ag" in dilute solutions (up to quantitative at 2.5 mM). Although in dilut®Rsolutions RR
formation could be completely suppressed, other side reactions were still observed due to the
increased ratio of watdraces (from the anolyte) and reactive aniongenerated in EC in the

reaction mixture, in addition to a higher contriloatiof competing Cereduction

3.3.3 Effect of thecharge passed
Considering the effects described above and gradual depletion of the starting material in

the course othe reaction, we examined how the reaction selectivity was changing in time with the
charge passed. The contribution of directo@Bectroreduction to CO and its impact on the
selectivity of EC with RBr depletion were also investigated. We note that anlgimal

contribution of direct C@reductionis expected at1.4 V vs Ag/Ad, as it is above the apparent
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Figure 3.13 Yields of major products of the electrolysis of @51 R-Br in the presence of G

as a function of the applied potential. Reprinted with permission from ref. [76]. Copyrigh
American Chemical Society.

onset potential for C&reduction, according to CV sweeps (Figure 3.5). In additt@membrane
separating aprotic organic anqueous electrolytes could allow traces of water to cross over,

resulting in subsequent HER at the cathode. The distribution of gas producedd®) as a
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function of reaction time was evaluated usingime gas chromatography (GC) analysis (Figure
3.14a) in a series of electrolyses of 50 mMBR in the presence of CQat different potentials
(10.8,11.4,11.7,12.2 V vs Ag/Ag; Figure 3.15). With respect to gas products, Bt V vs
Ag/Ag", FEs of CO and fHwere <1% until the depletion of RBr, indicating the dominance of

the R Br reduction over the direct G@eduction and HER. With the depletion of B, FEs of

gas productstarted to grow and reached maximad&E 78% and Fli2 = 220) after the full
consumption of RBr (note significantly lower currents compared to the average for the EC
duration; Figures 3.14 and 3.4B)}t a lessnegative potentiali (0.8 V vs Ag/Ad; Figure 3.15a),

the formation of gas products wagppressed@nd R Br reduction was the major process. At more
negative potentialsi (.7 andi 2.2 V vs Ag/Ad"; Figure 3.15b,c), RBr reductionwas still the
dominant process over CO angdfiirmation initialy, although CO formation was observed earlier
and at higher partial current density values. To understand the main changes in the distribution of
major liquid products in the course of electrolysis, the reaction mixtures were analyzeN IR
afterpassing every 0.3 F midluntil the completiorof the reaction (Figures 3.14b,c and 3.16). At
10.8 Vvs Ag/Ad', the formation of EC products was rmaitservedand FE of RR was constant

until complete RBr consumption after passing 1.0 F hoAt more negtive potentialsi(1.4 and

11.7 Vvs Ag/Ag'), FEs of R R were initially lowerand gradually dropped with the electrolysis
time (Figure 3.14c). Thibehavior was associated with the decreasd BrRoncentration in the
course oflectrolysis, inmgreement with the suppression of the dimerization reaction observed in
dilute R Br solutions (Figure 3.12b). With respect to EC product distribution in time at more

negative potentials, it gradually incredsati 1.4 V vs Ag/Ad (consistent with the decrease in
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Figure 3. 15: Distribution of FEs of gas and liquigtoducts (derived from GC data) and ch
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Figure 3.16: NMR analysis of the reaction mixtures for the electrolysis ahB0R-Br at-1.4V
after passing the different amounts of charge compared withettetion mixture before t
electrolysis. Reprinted with permission from ref. [76]. Copyright 2019, American Ch
Society.

FEs of R R), in agreement with the concentration dependence trend, blif7a¥ vs Ag/Ad, it
slightly decreased (Figure 3.14bBhisdifferent behavior undefined suggests a variation in the EC
reaction mechanism at these two potentials. Indeed, sinde7a¥ vs Ag/Ag" CO» reduction was
more pronounced thanit.4 Vvs Ag/Ag* (Figure 3.2), th&C reaction could take plat@eough
COz reduction to a radicanion CQ ° and its subsequent reaction with B. In this case, a
competing process was @O disproportiomtiont®® to CO and# / ~ which becamemore
prominent with the decreasing Br concentration, explaining the reduction in EC product yields

with electrolysis progression.
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3.3.4 Effect of thetemperature
Since the concentration of Gidcreases with the decreasing temperature, the latter affects

the ratio of RBr (or RR/R") and CQ and consequently the product distribution. Indeed, the
electrolysis of 50 mM RBr at1 1.2 Vvs Ag/Ag" at a reduced temperagufavored EC products,

with thar yields increasing from 15% at room temperature %20 0 °C (Figure 3.17a), while

the yield of R R dropped from 35 to 24. At the same time, the combined yield of EC products
and R R was higher at a reduced temperature, indicatingeleatroorganic side reactions were
suppressed (confirmed by NMR). A similar temperature effect was also observed for more

negative potentials (Figure 3.17b).

a . b 1.8V
60 [ 20 OC 27 eo{mm z00c
I o°C [ -10°C
g 40- g 401
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Figure 3. 17: Effect of the temperature on the major product distribution in the electrol
50mM RBrat-1.2 V (a) and1.8 V (b). Reprinted with permission from ref. [76]. Copyright 2

American Chemical Society.
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3.4 Reaction mechanism in the absence of sacrificial metal anodes
A general mechanism for electroreduction of organic halides andifC@ivided cdls with

nonsacrificial anodes thabnsiders all possible pathways consistent with our experimental data
and earlier reporté®149184is summarized in Figure 3.18. The pathways are separated into blocks
according to the following potential ranges:>£1 1.0 V, corresponding to Rormation and its
subsequent transformations (Figure 3.184)5 V < & <1 1.0 V, corresponding to Rformation

and its reactions without competing £@duction (Figure 3.18b);3& 11.5 V, showing the
influence of CQ reduction on the course of EC of organic halides (Figure 3.18c). The
electrochemical RBr activation starts with the cleavage of theHal bond with the formation of

RS, followed by the reduction of the radical to a corresponding carbanipwifitch thenreacts

with CO..1%! The generation of Reither occurs via the initial formation ohdical anion

———————

(R-OH!+H" !
...... ’ L}
+ Hzo :
R :
L}
| .
L}
ROH >N, o0 22" '
'R-OR i+ H" |
‘R-OR
______ # L}
L]
\
L)
TBA'H! R, .
'RCO,X ! !
TX=TBAM !
________________________________________________________________________________________ .
L}
L}
L}
L}
L}
H-donor oo e .
————» R-OH: !
(in solution) L S ¢ 0
L}
:
RBr, Sy :
(in solution) !

Figure 3.18 Proposed mechanism and side reactions of electroreduction of organic hal
CQOz in different potential ranges. (a)B 17 1. 0 V, e<b)T I.10 5V3¥ &
V. CO; Pintermediate can react with G@llowed by reductive disproportionation to CO
COs?". Reprinted with permission from ref. [76]. Copyright 2019, American Chemical S
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intermediate RBP followed by the elimination of BF8'%2 or via a concerted mechanisfi.
Besides the direct electrochemical reduction of the starting bromide, the halogen exchange with
electrolyte (TBAI) can also occdf? Indeed, the analysisf the reaction mixture before a full
conversion of the starting material (after passing D3 F nol'Y) showed the presencé both

R1 Br and R | in reactionmixtures (Figure 3.16) with bromide beidgminant. Since the standard
reduction potential of flodoethyl)benzene is more positive than that febdmoethyl)benzene
(qE & 0.15 V) the presencef | in the electrolyte can lower the energy requirement for R
generation and thereby decrease the cell potential. At potentials less negative tHan) E¢Rly
radical transformations apossible (k, Figure 3.18a). Indeethe majorityof RS underwent the
radical coupling reaction, giving the dimer R as a main reaction product (up to 95% @6 V

vs Ag/Ag"). Based on DFT calculations, the dimerization likely occurs in solution, as the energy
barrier for the radical coupling isolution is lower than on the electrode surfécBesides
dimerization, R can be involved in disproportionation;aom abstraction, nucleophiliaSlike
reactions, rearrangements, and addition to unsaturated systgmstyrene) originating from the
elimination reaction in the starting bromide mediated by different nucleophiles (e.g., Br
generated during electrolysi®:177:185193The presence of R4 and R OR in the ratio 2:1 was
observed when using BPM and CEM. Typically, the formation of battiyzts is attributetb the

R transformations in the presence of water at#Alternatively, the formation of RH can also

be explained byhe abstraction of hydrogen atom from the solvent (orathgr H donors) by
RA0.1%0r viadisproportionatiort?+1%°0ur experimental results show that the presence of H+ in
the catholyte is critical for the formation ofiRl and R OR, sincethey were not observed in the
AEM experiments at 0.8 Vvs Ag/Ag’. A constant ratio between these twoduots indicated
that theyoriginated from the initial disproportionation reacti@atalyzed byH" (Figure 3.18c).
Carbocations Rgenerated during disproportionation react with the traces of water to fo@H R
which subsequently undergoes an alkylation reaction to produd&RAt potential§ 1.5V < E
<11.0 V, the reduction of radicals’® R~ becomes a dominant procd§sgure 3.18b), which
leads to a dramatic decrease in theRRyield (Figure 3.12a). Tén formation of RR at high
negative potentials represents a2 $eaction of active anions with the startingBR. The [CQ)/
[RBr] ratio plays an important role in this procesgshe reaction is too fast, the concentration of
CQO; at the cathode surface is not sufficient for it to react with every generatibeéi@fore, some

of R reacts with RBr or participates in othemdesirable side reactions. In diluteBt solutions,
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CQO is present in excess, leading to the suppression of side reactions and a selective formation of
the carboxylate anion. The formed R€Ghen reacts with cations, i.e.; bHr K* for BPM, CEM,

or TBA" for AEM. Since TBA salt is more nuclebjtic than the acid, the rate of its&reaction

with RI Br is higher and therefore higher yields of the ester are observed fortRE#IAt more
negative potentials g<1 1.5 V), a significant formation of CO starts only near a full conversion
of Ri Br. With the increase in [CE[RBr] ratio associated with the depletion of Br, CO;
reduction to CO occurs through the formation of,COntermediaté®” The absencef CO in the
beginning of the reaction is likely due ttigher affinity of the Ag cathode toiBr than CQ, or

due to the reaction of GO’ with RT Br (or R°).1% Specifically, CQ ° reacting with excessifBr

can formCQO:R? intermediate (similarly to C£° intermediate formation in C&lectroreduction

in aqueous medidf” This intermediate can further be reduced with the formation of either CO
and RAD anion orCO:R . The latter is an active carbanion that can regttt Ri Br to form the
ester (Figure 3.18c). DFGalculations of energy barriers for the initial steps 0BRand CQ
reduction on the Ag surface show their dependence on the applied pdtedpiatifically, at low
potentials, the difference is large tiwsignificantly higher barriers for GQeduction, €ading to

Ri Br reduction being the primary departure point for the chemical transformation$.5AV vs

SHE (approximately 1.59 V vs Ag/Ag), the trend switches, and at more negative potentials, CO
reduction is more favorable than the reductionioBRFigure 3.18)° This result further supports

the mechanism differentiation described in Figure 3.18.
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3.5 Anodic reaction choice towards lower cell energy

3.5.1Identification of the anodic reactions of interest
Even though weroved the feasibility of the EC coupling with OER, many challenges

remain for our technology to achieve economic viability and penetrate the rt4iRee major
hurdle is the high energy requirement to run the electroly2e3ignificant efforts must be
dedicated to decreasing the voltage requirement for the cathodic process via electrocatalyst,
electrolyte, and cell desigfi®?%® However, to decreasbe overall cell voltage, more efforts need
to be focused on the synergetic optimization of both anodic and cathodic processes.

Notably, the OER as the anodic process requires high potentiais €£1.23 V vs. RHE)
and produces lowalue Q as a product®*?°® In order to increase the energy efficiency of the
overall cell, cathodicCO; electroreductiorin aqueous medium has been coupled with several
alternative anodic reactions with lower energy requiremd®ittg such as TEMP@nediated
electrooxidatio of alcohols%82%° solardriven oxidative dimerization of -phenylethanof®
electrooxidatiorof NaCl?* dyes?'? and glyceroP®®

Despite the advantages of all the aforementioned anedations, the electrooxidation of
contaminants invastewaters an underexplored and outstanding candidate for OER replacement.

Wastewater is abundant (the global productid8i3 billion n? yea#') and in particular, its major

nitrogenouscontaminants, urea and ammonia, contain highly energétémical bonds?3
Moreover, traditional wastewater treatme&thniques are often expensive, energy intensive, and
cancause secondary pollutié4?®Hence, coupling anodic wastewateratment with cathodic
CQO. utilization introducesadditional value to the verall process while reducing energetic
requirementg!?

The composition of wastewater is highly dependent osdhece and may include a variety
of organic compound&?® making its direct electroxidation challenging due to the formation
of toxic by-products (e.g., Cl©, NOs; ) and poor performanaé the electrode$>??°However,
the oxidation of individuacomponents of wastewater is expected to be rmong¢rollableand
selective while preventing the formation of tokizproducts. Thussimpler wastewater mixtures
from specificindustries may be considered as good candidates forr§i&ement.

In particular, wastewater from the massive urea produciah dialysis industries are

enriched in urég*??* and ammonid®>??® and may beconcentrated”??® for subsequent
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electrochemical utilizatio?¥22® Treatment of urea anmmmoniacontaining effluent is essential
to avoid their oxidationio hazardous nitrogen oxides in the atmospi&f# and contribution to
harmful cyanobacteridbloom£3? which is exacerbated by nitrogenous waste originating from
mammalianprotein metabolism and agricultural runoff. Moreovasth urea and ammonia are
attractive from an energetic stgomint and have shown great potential as a fuel fordeks?22°
and for electrochemical hydrogen production freater??4226Thus, there is a strong motivation
for the study oflectrooxidation of urea and ammonia in combination wiéittrocatalytic C@

utilization.

3.5.2 Thermodynamicrequirements for UOR-, AOR-based EC electrolyzers
The efficiency ofanelectrolyzeifor CO; utilization via EC directly depend®n the overall

cell potential, which is a sum of tistandard cell potentiaEfcen), the kinetic overpotentials of
cathodic and anodic hatéactions ¢c andds), and the ohmidrop Eq) arising from resistance and
concentration losse¢Figure 3.1%, eqn (1)).2*®> The optimization of each parameter will
significantly improve the energy efficiency of the systéfiThe E%.i is the major portion of the
overall cell potential that cabe calculated from the Gibbs free energy of the oveealttion

b ECR
RBr+CO,+[Red] — RCO,H+[Ox]
AG? (kJ mol™)
0 50 100 150 200 250 300
a
_ 0 water
E() = Eceu + Ea() +n0) 1) —
S
EO — O EO — AG:)('(](‘fillll 2) olvecerol
cell — *red + Eox = — ZXF 2 BRYEE
o 0 0 ethanol
AGyeqction = )> Up X AGf P vy X AGf r €) ammonia AGieaction
urea Ecan

Figure 3. 19: Initial assessment of anodic reaction alternatives to OER. (é)‘ Equations
reaction energetics calculations, whEPeuis the standard cefiotential, i s t he o

is the sum of cathodic and anodic overpotentiatss and E%x are the standard potentials
oxidation and reduction pr oc esadsthe Gibbs fe
energy of reaction, ang G° is the Gibbs free energy of formation. (b) Energetics assessm
ECR of RBr coupled tOER, ethanol, ethylene glyc@hown as EG)lycerol, urea, and ammo
electrooxidation. Reprinted with permission from ref. [109]. Copyright 2020, Royal Soc
Chemistry.
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(Figure3.193 eqn (2) and (3)°6234Specifically, we calculateB e andgp & reaction values for
AOR and UOR couplewith EC and compared these values with thosestreral wellknown
anodic reactions, including OER, etharethylene glycaland glycerol oxidation (Fige 3.1%).
OER-basectlectrolyzers showed the highest thermodynamic errexgyirements: 306.5 kJ mél
and 1.59V for [EC|OERY]. The replacement OER with alternative anodic reactions decreased
thegp @ andEP cei by 175 226 kJ mdl* and 0.91.2 V, respectively. Thealues obtained for UOR
and AOR were comparable with tHat alcohols, however, the environmental aspect made them
more attractivdor further investigation. Moreover, except fgycerol, the usage of alcohols for
anodic oxidation is counterproductias they are among the target productcaiventional
electrochemicaCO; utilization,296:235:236

The kinetic overpotentials for the halkactions are thesecond major factor to be
considered. The overpotentialepend on the mechanism of the reaction, the compositidn
structure of the electrocatalyst, and many other faété8ystematic catalyst design Hasped to
significantly decreasthe overpotentials of cathodic and anodic reactions in theléastde®
Specifically, substantial progress has been achiev&EiR>82%° For instance, strain stabilized
nickel hydroxide nanoribbons decreasi@ER to 52 mV 2% In contrast withOER, other anodic
reactions have not been as widely investigaied consequently less attention has been devoted
to their optimization. The most effective catalysts for AOR &i@R reported to datdecreased
the corresponding @vpotentials only to about 550 mV and 1100 mV, respectij&f}8223

Based on the analysis of the reported electrocatalystd@i and UOR, Pt/Pbased
catalysts and Ni/Nbased catalystshowed the best performance in AOR and UOR, respectively.
Depending on the composition and the structure oftfagerial, the reported anodic potential range
was from 0.6 t®.9 V vs. RHE for AOR (Pt) and from 1.2 to 1.5 V vs. RHEW&®R (Ni). Both
ranges were lower than that for OER (fromtb.4.7 V vs. RHE}®® Considering the use of state
of-the-art catalysts for thesanodic reactions, the replacement of OER with UOR or A@QR

decrease the cell potential by over 200 mV (Ni) &0d mV (Pt), respectively.

3.5.3 Experimental evaluation of the EC coupling with @R and AOR
To assess the feasibility of combining AOR or UOR wHG in aproticmedium, we

performed experimental electroanalytical evaluatioinheir combinations. Coupled electrolysis
was performedn a twocompartment ktell divided by an AEM. Thearnodic oxidation of

ammonia and urea was performed in B %OH anolyte at commercially available anodes: Ni
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Figure 3. 20: Determination of the minimum required cell potential for ECR &
electroreductioifcathodic sweeps) coupled with (a) AOR and (b) UOR (anodic sweeps). C
LSV were performed at Ag electrode in: &€aturated 5 M KOH for aqueou€O;
electroreductiomt GDE (dotted purple line); C&aturated ACN + 0.1 M TBABT for aprot€O,
electraeduction (solid purple line); C@saturated ACN + 0.1 M TBABr + 25 mM A
bromoethyl)benzene for ECR (solid orange line). Anodic LSV were performed at (a) Pt
Ni in: 5 M KOH (dotted lines), 5 M KOH + 1 M ammonia (solid line in a), 5 M KOH + 0.:
urea (solid line in b). All LSVs were acquired at 20 mVscan rateCO; electroreduction shov

as CORR. Reprinted with permission from ref. [109]. Copyright 2020, Royal Socie
Chemistry.

foam forurea and Pt mesh or Pt/C for ammofiiae cathodi&C in aprotic media asperformed
at a carborcloth supportedAg nanoparticle cathode with 0.1 M tetrabutylammonhnomide in
ACN as catholyte.

First, linear sweep voltammetry (LSV) was performed foisétlected cathodic and anodic
processe (Figure 3.20. For the ECthe reduction othe (1-bromoethyl)benzenéRBr) occurred

at lower potential thathat required for direc€O; electroreduction At T0.6 V vs.

undergoests first electron transfer to produce the corresponttieg radcal R, that is inactive

towards CQ. At 10.9 V vs. SHER?® obtains one more electron and nucleophilically attacks CO
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with the formation of the target carboxylate. Thus, this indirect reduction pif@@C requires
a significantly lower energy input compared to the direct electroreduction efirC@protic
medium (B 400 mV) .
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Figure 3.21: The schematics and performance of [ECR| UOR] &@ Electroreductiofy OR]
electrolyzer. (a) An ktell used for organicO; electroreductiofy OR] or [ECR| UOR] ce
electrolysis. (b) The individual electrode potentials as a function of the total current den
The total current density as a function of the cell paaéfdr the Hcell (CO; electroreductiomnc
EC in organic medium as well as am@D, electroreductionin aqueous medium in flo
electrolyzer).CO; electroreduction shown as @RR Reprinted with permission from ref. [10
Copyright 2020, Royal Society of €mistry.

The LSV recorded for AOR demonstrated that the oxidation process onset is by 0.95 V
lower compared to that of OER under the same reaction conditions. Notably, a durability test
showed a significant drop in the activity of the Pt anode towards &@Reach hour of operation
due to the poisoning of the surface bydihtermediates, such as Nkisand NHy,ads?4124 After

4 hours of operation, the Pt catalyst lost activity towards AOR. The fast poisoning of the catalyst
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Figure 3.22: Chronopotentiometry curves for the oxidation of OMB8rea and OER at Ni anc
in H-cell in 5M KOH at different current densities {80 mA cm?). Reprinted with permissi
from ref. [109]. Copyright 2020, Royal Society of Chemistry.

surface (similar to earlier observations in the literatdré)® and small current densities limit the
practicality of AORand indicate the need to develop more durable electrocatalysts with weaker

Mi Nags bond strength to decrease surface poisoning and facilitate AOR. We have recently

100{ & CO,RR|OER
A CO,RR|UOR
80{ © ECR|OER
A ECR|UOR

00 05 10 15 20 25 3.0
FJccll (V)

Figure 3.23: Performance ofQO; electroreductiofy OR] and [ECR|UOR] electrolyzers compe
with OER-based analogues. Total current density as a function of the cell potential fc
electrolyzer. Reprinted with permission from ref. [108D, electroreduction shown as GRR.

Copyright 2020, Royal Saety of Chemistry.
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demonstrated that by sacrificifigen by about 0.6 V, AOR can be performed on-kdsed
electrodes with the impeccable stability of tens of housdeaftrolyzer operatioff*

In contrasto AOR at Pt anode&JORon Nielectrolysis showed goaability in the anodic
performance (no change for ovehours).A stable potentialvas observed at all studied current
densities, specifically, B0 mA cm? experiments (Figre 3.21and 3.22). The operatingcell
potential decreased by 0.2 V in comparison with electrohgtging onOER as the anodic reaction
(Figure 3.23. Adding the energetical benefits of EC of 0.8 V compared to that of di®gt
electroreluctionin organic medium, EC coupling with UQBsulted in the totdtcei improvement
of up to 1 Vfor a CQ utilization strategy in a wide range of applied potenijgigure3.23. The
potentiostatic cathodic ECR also showed high yieldsarboxylation products, i.e., RGB and
RCQOR, of up to90%, in agreement with the previous regbii86+4% FE and 9@ yield of
carboxylate for EC)
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3.6 Summary
In this chapter, lemonstrated the principal feasibilityérforming EC reactions in divided cells

with aqueous analyteand nonsacrificial anodes.laid out the critical role of thenembrane
separator type and showed that AEM has a supeeidormance with the highest EC selectivity
and the lowestathode pasgation, compared to those of CEM and BPMis approach opens up
the possibility of tuning the overaikll potential by combining electroorganic €ixation with
various anodic reactions and performing the reactiontinuously using flow electrolyzers.
Importantly,| elucidated the interplay of different reaction pathways ingys¢em and proposed
a complete reaction mechanistocounting for all observed produdBs optimizing thereaction
parameterd,wasable to achieve quantitative yieldsEC at high[CQ / [ RT B rMoreovex,t i 0 S .
| investigated the minimization of the divided electrolyzer energy requirements by varying anodic
reactionsThereplacement oftandard anodic reacti@ER with UOR decreadehe overall cell
potentialby up to 210 m\while increasing the added reaction valliee work included in this
chapter paves the way for the design of electrochemical cells for simultaneaus Kfootprint

mitigation by showing the feasibility andrmfits of ECUOR coupled system.
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Chapter 4 Catalyst screening for EC in divided
systems: bulk materials

Partially reprinted with permission froElectrochim. Acta2021, 387, 138528Copyright
2021, Elsevier.

Contribution: Performed conceptualization, investigation, visualization, formal anafysis,
assisted with manuscript writing.

Partially reprinted under the terms of the Creative Commons Attribution 4.0 License (CC
BY, http://creativecommons.org/licendegl4.0/)J. Electrochem. So2023 170, 075501.
Contribution: Performed material synthesis and characterization.

4.1 Introduction

Historically, EC was widely studied at necatalytic electrodes, such as glassy cad36im
this case, the reduction process can be approximated as asphdez electron transfgielding
in the case of organohalides corresponding radical anliom®ntrast, when metal electrode is
used, the reduction usually proceeds through a so called concerted dissociative electron transfer
mechanismR-H a | bond breaking on the metradicalaniom f ace
is not an intermediate, but rathetransient highly reactive surfabeund specié>® Additionally,
the strong interaction of Bdal with anelectrocatalyst surface in the transition state significantly
lowers the energy requirements for #lectron transferConsequently, many EC stuslievere
performed with catalytically active metals as cathodes, such &&jCu2°>25" Nj2>2%7,

Only a few works attempted to compare the activity of different metal surfaces towards
electrochemical reduction of-Ral.?®® In addition, theunavoid&le compettion of EC withCO,
electroreduction was poorly studied. Considering the mechanistic differences between
conventional and our approaches to EC discussed in Chapter 3, the screening of cathode materials
and the assessment of their electrocatabgtivity and selectivity is a crucial next step for the EC
optimization in divided electrochemical cells. This chapter aims to summarize electrocatalytic
trends for the EC of organohalides and imines on different metal surfaces in sacrificiafrapode

systems.
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4.2 Electrocarboxylation of benzylic halides
First, we performed cathode screening for a series of benzfideR We evaluated

performance of 12 bulk metal cathodes and 3 cabamed materials in EC an@0;
electroreductiorfFigure 4.1a). Moreover, to elucidate the effect of the organic substrate structure
on the catalytic activity of these metals, we performed a detailed study of the electrochemical
behavior of a series of benzylic halideS (Figure 4.1b) an@€O, with eat cathode material. This

study allowed us to map the potential windows gelectiveEC on awide range of cathodic

materials
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B|C ‘R= . i
& R=H R' 2a:R'=Me !
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Figure 4. 1: The scope of electrocatalysts screened in the study (a) and molecular structui
investigated benzylic halides (b). Reprinted with permission from ref. [Z&igyright 2021
Elsevier.

4.2.1COzelectroreduction at different metal cathodes
As generally EC of organohalides the activation of RHal requires a lower energy input

than ECvia CO; activation, we first set to determine the potential window where the CO
activation does not occuro this end, we investigatatie electrochemical behavior of c@t
different bulk méal cathodesby perforning cyclic voltammetryin a COy-saturatedCHzCN
containing 0.IM TEABF4 (Figure 4.2a,b). The onspbtentials for CQranged from1.4V to -

1.9 V and no peaks were observed for all mefsds Au, andPt showed the least negative onset
potentials {1.4 to-1.5V), followed by Cu, Sn, ZrandPd ¢1.5 to-1.7V). Ni, Pb, Fe, Ti, and Al
showed the highest energgquirements for direc€O; electroreduction(Eons < -1.7 V). A
significant difference irCO, electroreductiorcurrent density values was observed for all metals
following thesame trend (Figure 4.2c¢lhe highest ratesf CO; electroreductiorwere observed
for Ag, Au, Pt, Pd and Cu (>18 mA c¢hat-2 V), while Zn, Sn, Pb and Fe showed moderate to

poor CO; electroreductiomctivity (7-12 mA cm? at-2 V). Al and Ti electrodes did not show any

72



0
Ag
’/ Au
& N & Pd
5" £ | |1 &
< —Ag| <« —Ti < Pt Cu
£ Aul E Zn E s @FP
E Cu £ Fe 5
520 N Nl I
- - ™ 0 i NI
Pd Sn r 00 .
. —Pt . ——FPb e e
-2.0 -1.6 1.2 -0.8 -0.4 0.0 -2.0 1.6 1.2 -0.8 13 14 15 16 1.7 18 19 20
E (V vs Ag/Ag") E (V vs Ag/Ag*) Eons (V vs Ag/Ag”)

Figure4.2: (a,b)Cat hodi c cysliwmwleammogranis recorded for trexuction of CQin
aprotic media. All voltammograms were recorded at 50 fécan rate at different bulk me
cathodes (working area ~ O0cB¥) in COpx-saturated CECNi 0.1 M TEABF. (c) The activity ¢
different metal cathodes towar@$, electroreductn (y-axis shows the current density ©0,
electroreductionat -2 V vs Ag/Ad’; x-axis shows the onset potential for dire@O;
electroreductio)) green circles correspond to the electrodes witld O, electroreduction> -
1.7V, while grey circles correspond to the electrodes with more negative onset potentsls
electroreductionReprinted with permission from ref. [28@opyright 2021, Elsevier.

noticeableCO; electroreductioractivity in the studied potential range. It is wonibting that Ag,

which is a typical catalyst of choice for EC, had the égjlactivity toward€O;, electroreduction
among the studied metals, meaning that a noticeable contribution of compgabng
electroreductiorcan be expected in EC at this cathode. On the other hand, all screened metals
showed a very low to n€0O; electroreductioractivity at E >-1.5 V, making these potentials
optimal for efficient EC via RHal activation witha minor contribution of competin@O;

electroreduction

4.2.2 Electrochemical reduction of benzylic halides
The voltammetric behavior of primary benzylic bromidesc, secondary benzylic

bromides2a,b, benzyl chloride3, benzyl iodide4, and tertiary bromid& at different electrodes
have been investigated by CV of 0M solution of the bromidel-5 in Ar-saturated CECN
containing0.1M TEABF4 (Figures 4.34.5,4.6).
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4.2.2.1 Benzyl bromide

The onset potentials of benzyl bromitiereduction were highly dependent on the nature
of the metal and ranged frof.6V to -1.6 V. The lowest onset potentials were observed for group
11 (Cu, Ag, Au) and group 10 (Pd, Pt) metals, as well as for Pb.

O O

Jgeom (MA cm?)

-10 —Ti —Ti

—7Zn —2Zn

e Fe f Fe

-20 N\, Al Al
25 E —Sn_ —Sn_ — Sn
— Pb — Pb

—Pb
_30 1 L L
20 1.5 -1.0 05 0-20-15 -1.0 -0.5 0/-20 -1.5 -1.0 -0.5 0.0
E (V vs Ag/Ag?)

Figure 4.3:Cat hodi c C¥ nemrdau for tlee freduction of 200 mM solutions of prir
benzylic bromides %a. All voltammograms were recorded at 50 mV scan rate at differe
bulk metal cathodes (working area ~ 0.2rimn Ar-saturated CECN containing 0.1 MTEABFu.
Reprinted with permission from ref. [28@opyright 2021, Elsevier.
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With the exception of Ti, all metal electrodes showed at least one reduction peak (Figure
4.3). Onlyin the case of Ag, two distinct pks were observed in CV scans of bronfidewhich
correspond to two major reduction processes:edeetron reductive cleavage of theBE bond
with the formation of benzyl radical (Ph@Bt + 16 Y P hLHBr; E, = -1.07 V), and
subsequent reduction bénzyl radical to the corresponding anion (PBCH1e Y P h.C 5,
=-1.45 V). For Au, Cu, Pd, Pt and Pb, first reduction peak was observed as a shoulder of the
second reduction peak, indicating that the reduction of Bh@HPhCH~ proceeds easier on
these metals than on Ag and the two reduction steps are hardly separated from each other. For Ni,
Fe, Zn, Al, and Sn only one reduction peak was observed all[5 ¥, more negative potentials
than the reduction potential of Phe®HErART =-1.43 V vs SCE> or ~-1.25 V vs Ag/Ag). As
benzyl radical has a less negative reduction potential than the parent moleculeBBh{Tk
reduced instantly to corresponding anion at these metal electrodes and the overall process represent
a sepwise two electron transfer (PheBd + 1€ Y PhCH? (slow) + 1€ Y P h:C (fast)).
Based on the position of the most pronounced reduction peak, metals can be ordered in terms of

their activity towardd.areduction as follows: Ag > Cu > Pt, Au, Pd, Fe, Pb, Al > Ni, Sn, Zn > Ti.

4.2.2.2 4Methylbenzyl bromide and 4(bromomethyl)benzonitrile

To elucidate the effects of substituents on the electrochemical behavior of benzylic
bromides at different metal electrodes, we performed a series of CV experiments for bromides
with electron donating (EDG) methyl groap and electron withdrawing (EWG) ayo grouglc
in the para position of the aromating (Figure 4.3) compared benzyl bromiddaw i t RnsobeE
upto 0.4V a n gof ugete 0.2V. Bromidelb bearing EDG showed negatively shifted onset and
peak potentials for the majority of metals. ThIsft correlates with a more negative reduction
potential of 4Me-CeHaCH® (ErAr = -1.62 vs SCE® or ~ - 1.44 V vs Ag/Ag) compared to
PhCHY? Similar to the reduction ofa, a single reduction peak was observed for Ni, Zn, Fe, Sn
electrodesindicating a stepwise two electron transfer. Ti and Sn did not show any reduction peaks.
In the CV of Ag, Au, Cu, Pt, Pd, and Pb, two reduction waves were observed, either as two distinct
peaks or as a peak and a shoulder. In contrast to all other rfaat&lg, the first reduction wave
(R-Br+1eY ®B was more pronounced for both bromidesand1b which indicates the better
kinetics of the first electron transfer compared to the subsequent reduction of radical #pecies.

the case of bromid&c with an EWG cyano group, a single irreversible peak followed by two
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Figure 4. 4: Examples of CVs recorded for the reduction of.&G@d benzyl halides-3 (10(
mM) at Ag electrode. All voltammograms were recorded at 50 frfVssan rate inACN
containing 0.1 M TEABE Reprinted with permission from ref. [280]. Copyright 2021, Else

reversible peaks were observed for almost all studied metals (with the exception of Al and Ti;
Figure 44). The first peak position wasighly dependent on the nature of electrode material
ranging from-0.96V (Ag) to -1.63V (Sn), while the positions of the following two peaks were
consistent regardless of the nature of the metal.@ V and-1.7 V, respectively)The first peak
potental for all metals (at1.0V to -1.6 V) was more negative than theduction potential of -4
CN-CsH4CH:°® (Erfr=-0.77 vsSCE?* or ~- 0.6 V vs Ag/Ad), and therefore this reduction
wave can be attributed to the irreversible 4®¥ectron reduction of r to R. Thus, the
electrochemical reduction of benzyl bromides bearing a strong EWG leads to the formation of
highly unstable radical species that quickly undergo reduction to thesponding anions. As the
other two peaks at 1.4 and ~1.7 V were not observed in the CVs of bromidesand1lb, this

was a specific case for Cdubstituted bromidédc. The observed reduction waves represent a
reversible reduction of CN group in bromitieand in electrochemically formed products (e.g.,

R-R, R-H) to N-centeredadicalanion?®°
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4.2.23 Secondary benzylic bromides: (dbromoethyl)benzene and
bromodiphenylmethane

The onset potentials for bromi@a were highly dependent on the metal and ranged from
-0.55 V t0-1.45 V(Figure 4.5).Two distinct reduction peaks were observed for Cu, Ag, Au, Ni,
Pd, and Pt gpotentials ranging frordl.05 to-1.2 V (Ph(Me)CHBr + 1é Y P h ( M%gnc& H
1.45t0-1.6 V (Ph(Me)CH+ 1e Y P h ( M@.)A Gddd separation of waves corresponding to

the one and twagelectron reduction processes on these metals is attributed to a tadpléey f
Br
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Figure4.5:Cat hodi c C¥recerded for the feduction of 200 mM solutions of secot
benzylic bromide2a,b and 25 mM solution of tertigrbenzylic bromide §CVs for benzy
bromide 1a are given for the reference). All voltammograms were recorded at 56 so¥rsrat
at different bulk metal cathodes (working area ~ 0.2) émAr-saturated ACN containing 0.1
TEABF.. Reprinted with pernsision from ref. [280]Copyright 2021, Elsevier.
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a econdary radical compared to a primary radical derived from brobaid€or Sn, Pb, and Al,

an overlapping of the two reduction waves was observed. Fe, Zn and Ti did not show any reduction
peaks. The onset potentials for bromibewere observed at less negative potentid3(V to

0.8 V) than that for bromid&a (Figure 45). In contrast to2a, only Cu and Au showed two
reduction waves for the reduction 2 (PhCH-Br + 1le Y BQ@H® at-0.9V to -1.3V; and
PhCH°+ 1 Y BQH' at ~-1.5V). With the exception oTi, other metals showed either peak

with a shoulder (Ag, Pd, Pt, Sn, and Fe) or a single reduction peak (Ni, Zn, Al, and Pb). The
observed trend indicates that a stepwise-éeatron transfer is dominant for these metals, which

is associated with lowenergy requirements for the reductiorRseCH® compared to Ph(Me)CH

(-0.9 V vs NHE and1.49V vs NHE, respectively).

4.2.2.4 Benzyl chloride and benzyl iodide

To show the effect of the halogen on the electrochemical behavior of benzyl halides, we
performed a series of CV experiments for the reduction of benzyl chbadd benzyl iodide
at different metaglectrodes (Figure 4.6). The onset potentials faryraihe 3 were observed at more
negative potentials than for benzylic bromidesc and2 ( f r o m T 11.5% vs\Ag/Ag™,
which correlates with a higher bond dissociation energy-@f 6ond compared with -@®r for
benzyl halides (~ 300 kJ mband 257 kJ mol, respectively¥® In contrast to benzyl bromidis,
only single peaks were observed for Ag, Au, Cu, Pd, PtantdPbd m 1 1. 55 Ag/Ago 1 1. 8
and no peaks were observed for other metals. As the reduction peaks were observed at mor
negative potentials than the reduction potential of PACHus, the overall process can be
considered a twelectron reduction leading to PheH The onset potentials for iodidewere
observed at less negative potentiasqd V to-1.4 V) than that for benzyl chloride and bromide
(Figure 4.6).The lowerenergy requirements for the reduction of iod#tlés associated with
relatively low dissociation energy ofkbond (188 kJ mol)?5L. Two distinct reduction peaks were
observed for Ag, Au, and Pb, indicating better separation of first and second reduction processes
compared to benzyl bromide. Thus, benzyl iodide is a better organic substrate for the generation
of radical speciesather than anions. Ag, Ni, Pd, Pt, Pb and Zn showed peak and a shoulder, while

Sn, Al, Fe, and Ti did not show any distinct peaks.
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4.2.2.5 Bromotriphenylmethane

Finally, the reduction of tertiary bromidehas been studied. In contrast to primary and
secondary benzylic halidds4, bromide5 spontaneously dissociates giving a rise to catiagCRh
thus, a completely different reduction mechanism is expected in this case. With the exceptions of

Ti and Pb, all metals showed two reduction waves that correspond to the cation reduction to the

or o o
/
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Jgeom (MA cm?)

—Ti

—2Zn —2Zn
Fe Fe
Al Al
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= Pb . — Pb
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Figure4.6:Cat hodi c C¥ nordgd $or tlee freduction of 200 mM solutions of be
chloride 3 and benzyl iodidet (CVs for benzyl bromide la are given for the reference
voltammograms were recorded at 50 mVsgan rate at different bulk metal cathodes (wol
area ~ 0.2n7) in Ar-saturated CECN containing 0.1 M TEABE Reprinted with permissic
from ref. [280].Copyright 2021, Elsevier.
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radical (PBC*'Y RQfat-0.24 V to-0.7 V), and radical redtion to the anion (RE®Y RG
at-1.0 V to-1.3 V). For Pb, only the first reduction peak@BV was observed, wie Ti did not
show any distinct peaks.

4.2.3 Electrochemical reduction of benzylic halides at carbehased electrodes
To elucidate the catalytic activity of metals towards electrochemical reduction of organic

halides, we compared teltammetric behavior of the halid&ss at different metal electrodes to

that at a glassy carbon electrode (Figure 4.¥hg reduction of benzyl bromidkea at GC was

observed at E <1.2V with a peak at1.75V. With the exception of Ti, all metals showed less
negative onset potentials. Tret al yti ¢ activity of meg=&jM)el ectr
- Eg(glassy carboyy®? where B(M) and E(glassy carbonrepresent peak potentials for metal

el ectrode and for gl assy g¢rangdddrom 0.68 w042 Y.t I vely
Based orsEp valug metals can be ordered in terms of their catalytic activity towladsduction

as follows: Ag (0.68 V) > Cu (0.42 V) > Pt, Au, Pb (026.3 V) > Fe, Pd, Al (0.14 0.21 V) >

Sn (0.09 V) > Zn, Ni{0.04+-0.02 V)> Ti (-0.42 V).A remarkable catalytic activity was observed

for Ag as well as for Cu, Pt, Au and Pb. Fe, Pd and Al showed a moderate catalytic activity towards

the reduction ola, while Sn, Zn, Ni and Ti did not show any enhanced activity esetptaglassy

carbon Moreover, the negatived, value of -0.42 V observed for Ti indicated its poor

Carbon paper
a o Glassy ca_rlizj______” b Carbon cloth c o pap! _
& BT &
e E 20
-Ar [&] o
Ar+la < i <
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E (V vs Ag/Ag?) E (V vs Ag/AgT) E (V vs Ag/Ag™)

Figure 4.7:. Cat hodi ¢ C¥wrecerdesl forotie reduction of 100 mM solution
benzylic halideda-c (a),2a(a-c), 2b (a) and3-5 (a). Voltammograms were recorded at 50
s scan rate at glassy carbon (a), carbon ¢lotland carbon paper (c) (working area ~ 0.%)
in Ar-saturated CECN containing 0.1 M TEABE Dashed lines for carbon cloth and cau
paper correspond to the electrochemical behavior of cathodes in the absence of :

Reprinted with permissiondm ref. [280].Copyright 2021, Elsevier.
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electrochemical activity. Due to the absence of catalytic activity in case of Sn, Zn, Ni and Ti, one
can assume that the reductioriafon these metalgpceeds via the outer sphere electron transfer.

The reduction of benzylic bromiddo with EDG atglassy carbomwas observed at E4.2
V with a peak at1.78 V, i.e., at a more negative potential than unsubstituted benzyl bromide. A
significant positive shift of the onset (10.72 V) and peak potential (t&.14 V) with respect to
the unsubstituted benzyl bromeigdvas observed in the case of benzylic bronicieith EWG. A
noticeable catalytic activity towards the reductionlbfw i t I vakds of 0.23 + 0.78 V was
observed for Ag, Pb, Pt, Pd, Au and Cu, while the other metals behavedegaigtic electrodes.
A positive shift of the peak potential fac reduction was observed only in the case of Ag (~ 0.21
V), indicating thatthe reduction on other metals likely proceeds via the outer sphere electron
transfer. 8nilar to the metal electrodes, additional tweags at ~1.4V and ~-1.6V related to
the reduction of CN group were observed in the C\Laxdt glassy carbonSince the position of
these peaks was the same regardless of the electrode nature, this reduction process should also
proceedvia the outer phere electron transfer.

The reduction of a secondary bromRieat glassy carbomwas observed at E<4 V with a
peak at1.58V. The presence of catalytic activity in this case was observed for group 10 and 11
met als (Cu, Ag, A waluesdfi 0,34 B.51,V. IRerektingly,i Ni howeslEan
enhanced activity towards the reduction of bronfden contrast to the reduction of primary
bromidesla-c. A positive shift of both onset and peak potentials was observed for the reduction
of secondayr bromide2b at glassy carborfto -0.7 V, and to-1.24V, respectively) compared to
thatforbromida Noti ceabl e catalytic acti vipvajueswas ob
of 0.38+ 0.12. Interestingly, in the case of tertiary bromidell metals showed high catalytic
acti vi tpyaluasioftOl3 0.&\E

The reduction of benzyl chloridgat glassy carbomvas observed at E 4.5V with no
peak in the studied range of potentials. Ag, Au, Cu, Ni, Pd, Pt and Pb showed less negative onset
potentials for the reduction & while other metals did not show a significant difference in the
onset potentials compareddtassy carbonThe eduction of benzyl iodide aflassy carbomvas
observed at E €.8 V with a reduction peak &t.39 V. Ag, Au, and Pb showed highest catalytic
acti vi tpyalussioftugto CedB/. Other metals showed only moderate to no catalytic activity.

In addition, we performed a series of CV experiments for the reduction of brdaide

some other typical carbon support materials (carbon paper and carbofrigoth;4.7b,& In the
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absence of an organic substrate-§aturatedd.1 M TEABF4) carbon papeshowed noticeable
currents at E <1.6V, indicating a significant activity of the surface in the aprotic media, while
carbon cloth along with glassy carbon were inactive. The electrochemical activity of carbon paper
in the absence of any organic subsgsatan be associated with the presence of hydrophobic
additives, such as Teflon, which may participate in electroreductive transfornfatibmghe
presence o2a, both carbofbased supports were active towards the reduction of benzylic bromide
2aat E <-0.8V, with performance comparable to thatgidissy carbonwe note that no peak was
observed in the CV in the case of carbon cloth, likely due to mass transport limitations associated
with a high surface area of this material.

4.2.4Electrochemical reduction of benzylic bromides in the presence of CO
As mentioned above, the reduction of benzylic bromides in the presence:¢ficli3

carboxylate (RBr + CO+2e Y R G & Br). EC canproceed either via the activation of R
Hal or via theactivation ofCO, yielding the same product. The mechanism of EC in the potential
window of CQ stability (E >-1.5V) is well understood and represents a nucleophilic addition of
electrogenerated camians to CQ. At more negative potentials, the mechanism becomes more
complex due to the formation of GO. To elucidate the effect of the prese® on EC, we

a R°Ye g R-Br*eR® b R*MLRRBr*eR c R°Me g RBrMeR’
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Figure 4.8:. Cat hodi c C¥swecerged forotte reduction of 100 mM solutions o
bromoethyl)benzenga. Voltammograms were recorded at 50 mVssan rate at Ag Au- anc
Pdfoil cathodes (working are ~ 0.2 émin CO:-saturated (solid red trace) and-gaturate
(dashed black trace) GAN containing 0.1 M TEABE CVs for the reduction of C{jdotted blu
trace) are shown for referenc@eprinted with permission from ref. [280Lopyright 2021

Elsevier.
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carried out a series of CV experiments for the reduction of brodade Ar- and CQ-saturated
electrolyte 0.1 M TEABF,) at Ag, Au and Pelectrodes (Figure 4.8Jhe organic substrate and

the electrodes were chosen due to a high distance between two reduction peaks in these systems
( ®E =+ 430nV) that makes possible to separatehalsize the effect of COon the
electrochemical conversion g&to the corresponding radical and anion.

The CV curves for the reduction of bromida were almost identical for Arand CQ-
saturated electrolyten the radical zone for all thremetals, which supports the absence of
interactions between®Rpecies an€O;. Noticeable changes in CV curves were observed at more
negative potentials afte€O, electroreductiononset potential: the reduction currents were
significantly increased in theresence of C&in 1.6, 2.0 and 1.4 times 4.8 V for Ag, Au, and
Pd, respectively). These changes indicate the presence of a new reduction process besides the
reduction of bromid€a, i.e.CO,+ 1le Y CQO°". In our previous studies, we showed that at these
potentials, CO was not formed in a course of EQandit Ag electrode when the concentration of
an organic substrate was relatively high (0.05 M); however, the formation of CO was observed,
when the conceration was low® The higher current densities observed in EC and the absence of
CO as a product support the hypothesis @@° reacts with RBr yielding carboxylate. One of
the possible mechanisms is the electron transfer fe@¥ to R-Br?%* leading to R and its
subsequent coupling with exces€a8h,? . A detailed understanding of the interactions of reactive
intermediates of both EC a@D; electroreductionvith the catalytic surface is required for a better
description of theeaction mechanism at high negative potentials. However, these interactions are
rarely considered in the electrochemical reduction of organic h&idespecially in EC.

In all studied combinations of the organic substrates and electrode materiasnmor
influence of CQ on the electrochemical behavior of bromida was observed in the GO
electrochemical window. At more negative potentials, the presence of both EC mechanisms, via
the activation of RHal andvia the activation of CQ is expectd due to a limited mass transport
of both CQ and RHal species to the electrode surface. The contribution of the latter mechanism
for a specific metal electrode should correlate with the ra@Qpfelectroreductiorat thatmetal
(Figure 4.2)Thus, based on our experimental data presented in the Section 3.1;1abK,<the
highest rates of E@ia CO, activationareexpected for Ag and Au, followed by Cu, Pt and Pd.

In addition to the CV studies, we performed potestatic electrolysis of benzyl bromide

lain the presence of GOAIl reactions were carried out at the initial bromide concentration of 25
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Figure 4.9: Total Faradaic efficiencies of CO (a) and carboxylate (b) iretaetrolysis of 25M
benzyl bromide €0»-saturated CECNi 0.1 M TBABI as a function of applied potential and
electrode natureésreen circles correspond to the electrodes favoring EC with minor contr
of competingCO; electroreduction(c) Faradic efficiencies of CO in the electrolysis of 25 i
benzyl bromide, chloride, and iodide performedla® V as a function of charge passé&aC
corresponds to glassy carbon electrode in this figregrinted with permission from ref. [28
Copyright 2021 Elsevier.

mM using different metals and glassy carbon as cathodes. With a few exceptions, the potentials
for electrolysis were selected near the reduction peak in the cathodic sweeps of the CV that
correspond to 2etransfer. Electrolysis was performed at more negative potentials in case of Al
and Fe due to the low activity of these electrodes at peak potentials under the electrolysis
conditions. All reactions were stopped after passing electric charge of 1= Thel gas products

were analyzed using the-lime GC analysis every 20 minutes that allowed us to estimat&)FE
dependence and calculate total FE of CO. The products of benzyl bromide reduction were analyzed
and quantified by NMR of crude reaction mixuwrith 1,2,4,5etrachlorobenzene as an internal
standard. The results are summarizedhenFigure La,b. Themajor products of all reactions

were carboxylate RCO with FEs ranging from 50 to 91%, dimeffR(0-36%), and CO (7%).

Cu, Ag, Au, Pd, Pt, I, and GC showed the lowest FEs of CO, since the carboxylation reactions
proceeded at the potentials near @@ electroreductioronset. The FE of carboxylate was high

for all electrodes but Ag. In the case of Ag, the makpipduct was R (36%) that was formed

by thecoupling of electrogenerated radicals. From all the aforementioned metal electrodes, Cu and
Au showed the highe$tE of carboxylate (up to 81%). Other tested metals (Ni, Zn, Fe, Al, Sn)
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showed noticeable FEs of CO and only moderate FEs of carboxylate. Ti was the only exception,
and FE of CO in this case was only 4.4% even though the applied potential was very rfegative
2.25V). The FE of carboxylate was also surprisingly high in this case (~ 85%). Overall, the highest
FEs of carboxylate were observed for three catalytic metals (Cu, Au, andd>FE80%) and

two noncatalytic electrodes (Ti arglassy carborFErcoz-of up to 91%). Even though the highest

FE of carboxylate were observed at reatalytic electrodes, the reaction in these cases proceeded
at more negative applied potentials compared to Cu, Au and Pb.

Finally, to show the effect of the halogem the competition between EC andO;
electroreductiomprocesses, we performed potentiostatic electrolyses of benzyl bromide, chloride
and iodide at Ag electrode at high negative applied potentidl.®¥ corresponding to the two
electron reductiorpeak (Figure 4.9c¢)In all these cases, almost no CO was produced in the
beginning of the electrolysis (Q < 0.5 F mMplNoticeable FEs oEO (> 26) were observed for
electrolysis benzyl iodide, bromigend chloride after passing an electrical charge of 0.5, 0.75 and
0.1 F mot, respectivelyFE of CO in the case of the bromide and iodide raised to 80% close to 2
F mol! charge passed, whiin the case of the chloride FE of CO was still below 20%. The
difference between the halides behavior at high negative potentials can be associated with their
different adsorption profiles. For instance, it was shown that binding of benzylic bromithes to

Ag surface decreases with a shift of applied potentials to negative value&

4.2.5 Summary of the results
Figure 4.10 summarizethe performance of all studied metal electrodes towards the

reduction of benzylic halidels4 and CQ. Metals in group 11 (Cu, Ag, Au) and group 10 (Pd, Pt;

also Ni for halide2 only), as well as Pb in some cases (for halitled) showed the highest
activities in both electroreduction processes making these rtiegatsost promising materials for
electrochemical reduction of organic halides. Due to the enhanced catalyticy adisétrved for

these metals, it is expected that the atomic and nanoscale surface morphology can significantly
affect efficiency and selectivity of EC, as it has been shown for other electrocatalytic
processe$?®267 Systematic studies of nanostructuréettrodes comprised of these metals in EC

is a promising route to further optimization of the onset potentials and the activity of the

electrocatalytically active sites. Zn, Fe, Sn and Al showed moderate to low activity in the majority
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of studied reductioprocesses; Ti was found to be inefficient towards EC. Moreover, the latter

metals did not show noticeable catalytic activity.
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Figure 4. 10: The potentials of the electrochemical reduction of organic halideand CQ al
different bulk metal cathodes in GEIN containing 0.1 M TEABE The pin colors correspond
cathode materials (see the legend on the top). The empty circles correspond to the pote
mA cm? for the twoeelectron reduction of Bial atglassy cebon The filled bars correspond
the potentials at ;A cm? for the oneelectron reduction of benzylic halides-FRa | + 9
for the cases when two separate reduction waves are observed in CV; the downwat
correspond to the onset potentiafsthe second reduction wave®-RleY RI . The
correspond to the potentials at\ cni? for the oneelectron reduction of benzylic halides for
cases when two reduction waves are overlapped. The filled circles correspond to the por
5 mA cm? for the twoeelectron reduction of #ial to R~ for the cases when a single pe:
observed. In the case 60; electroreductionthe circles correspond to the onset potentials «
reduction CQto CO° . Reprinted with permission from ref. [@B Copyright 2021, Elsevier.

The mechanism of fRlal reduction was found to be highly dependent on both the nature
of the electrocatalyst and the structure of the organic substrate. With the exception of organic
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halides bearing a strong EWG, the first @i transfer proceeds at relatively low potentials (E <

-0.6V); however, the second electron transi@t{ 1e Y R requires a higher energy input and
generally proceeds at E-4.1V for all studied metal electrodes. The presence of EWG in the
structure of a halide significantly lowers the energy requirements for the second electron transfer,
which in this case can proceed at E1X0V. The EC of organic halides via the activation of R

Hal occurs in a nar r ow.7g/dot haliddsla,b R anad8dj 000 ( seE ~
V for halide1c). Among the metals with high catalytic activity towards the reduction of organic
halides, Ni and Pb showed the widgap between EC ar@O; electroreductionvi t h a&E > 0. 5
while for otherc at al yti ¢ met al s aE Afrhigh gegative potetiathe0d . 1 t o
competing formation o€ Q% species is observed. Even though at high concentrations of organic
substrate theCO;°" species still participate in EC, with a decrease in the argsmbstrate
concentration competinGO; electroreductiorstarts to dominate, resulting in decreased faradic
efficiencies of EC. Subsequently, this factor can lead to difficulties in achieving full conversion
without CO as a side produdletal nanoparticlesvith optimized catalytic sites can solve the

problem with a narrow potential gap betwe€. electroreductionand EC byselectively
decreasing the energy requirements for the second electron trarisfetg  R. Moreover,

the absence of éhdirect correlation between the activity of a metal towards the reduction of an
organic halide and CQOmakes possible further EC optimization by favoring the electrocatalyst
selectively towards reducing an organohalide in the presence pinGOwide pogntial range

while avoiding CQ activation. Nanoparticlebased electrodes typically rely on a conductive

carbon support for electrode fabrication, but due to the intrinsic activity of several commercially
available bare supports under EC reactionditions (Figure 4.7) theurface of the supportshld

be well covered by nanoparticles to exclude its effect on the electroreduction process.
Alternatively, conductive metals such as Ti with low activity towards ECCaheklectroreduction

can be used as supports.
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4.3 Electrocarboxylation of imines

The significant effect of electrocatalyst nature on the outcome of EC of organohalides
inspired us to screen various metal cathodes towards the EC of other classes of organic compounds.
Imines were of great interest as their EC leadarntono acids and only tew studies were
performed on this topic even with sacrificial metal ancdd&s’?

In analogy with EC of organohalides, we studgeshcrificial anoddéree approach for the
EC of imines in a divided cell. Specifically, vegplored theeC of N-benzylidenaniline inACN
paired with bromide oxidation at tlemode (Figure 4.11a). The arbitrayodic reaction was the
oxidation of electrolyte (Br from TBABr) that, as was demonstrated in Chapter 3, can be replaced
by OER, UOR, or AORTOo elucidate the effectf¢he cathode material on the reaction outcome,
we summarized the performance of 10 bulk metal cathodes (Ti, Zn, Au, Pd, Pt, Sn, Ag, Ni, Fe,

Cu) and glassy carbon

4.3.1 Screening of bulk electrodes for the reductive activation of-Nenzylideneaniline and
CO2
Similarly to organohalides, the EC of imines can prosegtivo different mechanisnts®

The reaction canccureithervia the activation of imine ovia the activation of C@yielding the
same radicahnion intermediate PhCH(GQOi PhN’, which then undergoes further reduction to
U-amino acid(U-AA) (Figure 4.11b¥7° It should be noted that the active reaction intermediates,
i.e., PhCHiPhN° andCQ;°", can be also involved in side reactions: hydrogen&fiéffor CQ

reduction to CO or oxalaté’ Both processes are not desirable as they significantly decrease the

Figure 4.11: (a) The photwf the electrochemical cell used for the electrosynthesisarhinc
acidsvia electrocarboxylation of imines, comprising cathode, anode, and reference el
cathodic and anodic compartments are separated by an anion exchange mertijrdmen

mechanisms proposed in the literature for the electrocheoadabxylation of imines.
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