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ABSTRACT

Global energy demand has historically been provided for by fossil fuels. As
energy demand continues to rise in responseinireasing population and
industrialization, the use in fossil fuels will also rise. Tig® is anticipated to have
negative impacts on our global environmenthe form of environmental risk factors
Therefore, awitch inenergy dependency from fokgiels toclean renewablenergy
is necessary tmitigatethese risk factorsTo make this transition, we envision a zero
emission pathway by harnessing energy from the sun in the form of solar fuels. By
harnessing solar energy via a photovoltaic, elestwill be provided to reduce G@

CO. The wel-known FischeiTropsch process will then use @GO the C1 feedstock to
producethesolar fuels.

For the initial transformatiorihe Rosenthal Research Laéveloped a bismuth
carbon monoxide evolving catalyst (BMEC), prepared by an acichqueous
electrodeposition bathlts ability to selectively (>90 %) and efficientl{83 %)
electrocatalytically transform GQo CO with the incorporation of imidazoliutvased
ionic liquids (ILs) was demonstratedBi relates to the historic Ag and Au cathodes in
the ability to selectively evolve CO, but is not impeded by the cost of material when
used on an industrial scale.

To further encourage industrial integration af@VIEC and to endince these
impressive metrics, | helped with the developmena &D-printed flow electrolysis
assembly for the electrocatalytic reduction ofG®CO. 3D printing allows for rapid

and cost effective prototyping with high precision antliaacy. The flow cell is a sealed
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system which does not require constafieration or system reoptimization.
Importantly, the flow cell recycles electrolyte and encourages faster mass transport from
the constant flow of fresh electrolyte across the aldetrsurfaceHere, we have
modified existing drop casting techniques to screen a slew of inexpensive and
commercially available Bf salt precursors. We also took advantage of inexpensive
carbon supports to further the likelihood of transitioning this ¢ieyninto industry.
Our progress with BCMEC preparation and industrial cell design truly highlights the
feasibility of integrating 8i-based CQelectrolyzer into industry.

Mechanistic insights fdBi-CMEC to facilitate this transformatiomerestudied
with Tafel analysis and MD calculationmerformed in a collaborative effowtith the
University of Minnesotaand ceworkers of the Rosenthal Research L3pecifically,
Tafel analysisuggestedhat therate determining step (RDS) for-BIMEC is thefirst
electron transfefET) to yield the surface bound chmD simulationsagreed with the
first ET being rate limiting andlighlighted the role o$urface bound IL and IL in the
solution bulk.Upon developingan organic plating proceduren isitu studieswere
performed which offered additioniasight for the catalytic behavior of BiMEC. The
organic electrodeposition procedure was geremdlallowed for materials other than
Bi (Sn, Pb, and Sl be studiedThe ability of these{block metals to redudgO, to
CO was explored and ultimately revealed unique electrochemical behaviors. Despite Sb
showing poor activity for C®reduction, Bi, Sn, and Pb demonstrated high CO
selectivity (~80 %) with current densities for CO generation ranging fi@m&\/cn?.
While Bi and Sn both showed impressive electrochemical beha¥brdemonstrated

film passivation and C@activation occurred ah larger overpotential. These initial
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studies inspired curiosity as to why these materials, when prepared in a similar manner,
demonstrated unique catalysis.

To understand why Pb becomes passivated, | perforrtedsave studies on the
RDS electrochemical eventand surface adsorbate interactionstf@Bi, Sn, and Pb
cathodesTafel studieperformedon the Pb cathode sug¢es that an adsorbate forms
on the surface to block charge transfer events. Surface studiessweEsequently
performed to identify the evolution of adsorbates for the Bi, Sn, and Pb cathodes. While
Bi and Sn were nearly identical, Pb demonstrate@ddtional impurity adsorption
componentThis component was later identified as an imidazolaamboxylate adduct.

This adduct was found to exist both on the surface and in solution for Pb, but was not
identified in either medium for Bi or Sn.

Imidazoliumcaboxylate is highlighted in the literature to ban essential
intermediate for the stabilization of Gto lower theactivation energyf this redox
reaction Becausethis theory disagrees with ourevious experimental results]
performed thorough studis on the adduct itself. Here, ebit information on its
electrochemicabehavior ad participation in catalysis weobserved. It was revealed
that the addudbrmation is irreversiblesuch that it crease thermodynamic sinkpon
formation during electrolysis. When the adduct exists in solutiorwas found to
interfere withthediffusion of reactants and products migrating to and from the electrode
surface to negatively impact the current density. For Bi and Sn specifically, the adduct
interferes with the cathode/IL interaction at the surface without formally adsorbing. The
IL monolayebecomes loosely adsorbed and no longer suppresses hydrogen production

to selectively favor CO evolution.
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IL serves multiple purposes during catalysis idatg stabilizing the electrode
bias, providing protons for the 2R2€ redoxreaction and functioning as electrolyte.
Therefore, | was interested ibgerving how neat IL systems would compare to the
organic system with dilute ILAdditionally, ILs are agreener solvent compared to
organicsand would further help with industrial integratiofor these studieshe
essential cathode/IL interface remzanbut the inheznt physical properties of the
electrolyte becamemore prevalent, i.e. viscosity, symrmg, intermolecular
interactions. The higdr solution viscosity washown to drastically reduce mass
transport. Poor diffusion was remedied with temperature enhancement. Here, it was
found that S-CMEC was more durable than-BIMEC for extreme reaction cditions.
Thus, temperature studies wementinuedwith SnCMEC. Temperature studies were
performed with 1butyl-3-methylimidazolium hexafluorophosphate ([BMIM]§Fand
1-butyl-3-methylimidazolium trifluoromethanesulfonate ([BMIM]OTTf). Interestingly,
the duability of these ILs were found to be highly dependent on the anion. [BMIM]OTf
demonstrated high selectivity and current density up to €CO@vhereas [BMIM]PE
showed no positive correlation to any temperature rangeseldidferences were due to
the duability (decomposition temperatyref eachiL.

To enhance mass transport for [BMIMPRFithout sacrificing the durability of
the IL during catalysis, admixturesadetonitrilewere added. This revealed fascinating
chemistry, such that there is now a switch in catalytic dependency. Remarkably, the
electronic behavior became less resistive to facilithtrge transfer, mass transport
and CO selectivity Importantly, the IL didnot show evidence for significant
decomposition. These IL studies highlighliectrochemical behavior of Ilduring

electrolysis.
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Chapter 1

INSPIRATION AND HISTORICAL IMPORTANCE FOR THE
DEVELOPMENT OF ENERGY STORAGE DEVICES

1.1 Introduction

Global energy consumption hdseen rising over several decades due to
economic growth anthdustrializationt23 China alone has achieved the reputation of
being the greast energy consumer, and consequently the greatese@iiter in the
world.34 Atmospheric CQlevels resided at 278 ppm in 1975 and now doubled (>400
ppm) in 2016 In 2015 alone, 17 TW of energy were consumed globally (Figure 1.1a),
where nearly 86 % ofhat energy was supplied by fossil fulEossil fuels have
historically been our primary energy source, highlighted in Figure 1.1b, and truly
dominate our energy profile. If our dependency on fossil fuels continues, such that they
continue to provide foour projected energy demand by 2050, our atmospheric CO

contribution will continue to rise at alarming rates.
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Figurel.l. Ehergy profile for 2015 and projected energy consumption by 2050 is
featured in @ The energy profile over a series of decadésagired in b).
Global CQ emissions with respect to yaarshown in c).

CO; resides in two reservoirs; the atmosphere and the deep ocean. CO
concentrations between the two reservoirs naturally fluctuate, but the recent jump in
atmospheric C®levels (Fgure 1.1c) resulted in a G@lux that requires equilibria to
be reestablishe¥This CQ flux has resulted in global reasons for concern (RFC) and
are prevalent in our global economy by environmental warning signs, i.e. extreme
weather, encroaching seamean acidification, and climate char®§€.To mitigate
these RFCs, decreasing our contribution te €issions is critical. This stresses the
need for establishing a new dependence on renewable energy sources.

Renewable energyas shown a sliglkgmergace overthe past couple decades
(Figure 1.1b, green trace)Renewableprovide carbon neutral energy from naturally
occurring and inexhaustibleeans. Of the renewable energy sources, solar is the only
one that scales to match dutureenergy demand, such that more energy from the sun
strikes the earths s unr dne lwoer than is used in one yédBecause of its
intermittency, howeveithe development adn efficientsolar energy storaggeviceis

neededThe ability of a material to store energy is measured by its energy density. Table



1.1 summarizes the energy density for three energy storage methods; kinetic (flywheel),

potential (compressed air), and chemical energy (batteries, carbon base# fuels).

Tablel.1. Energy sources and their respective energy density in R/ kg

energy source energy density (kXg)
Crude oil 42 000

Coal 32 000

Methanol 21 000

Lithium-ion batteries 700

Compressed air 400

Flywheel, composite materials > 200

Of the three methods, carbon based fuels (chemical energy) are the most energy
dense. Additionallyhydrocarbon fuelgan easily be stored and transported to where
the energys needed Due to the economid®r transcontinental distributioaof liquid
fuels, tydrocarbons are an efficient method for storing energy. Seeing as our economy
relies heavily on liquid fuels for energyjcorporatingsolar fuels may significantly
decrease contributions atfmospheric C@emissions2 Here, if solar energy drives the
production ofliquid fuels, energy from the sun would be stored through chemical bonds.

One way solar fuels can be produced is through the reduction0”Gfrrent
challenge faced with CQeduction is the high thermodynamic energy barrier to reverse

the exergonic combustion reaction as shown in equation 1.1.
CHy+zO, Y x €40-H0 (1.2)

Depending on the amount of energy provided, different reduced carbon species will be
produed (Figure 1.2)Competitive proton reduction must also be considared? (V)

vs. SHE). Thisis only a 100 200 mV difference from C@®reduction reactions.



Competitive reduction leads to poor product selectivity. Therefore, a catalyst that can

suppressydrogen(Ho) evolution to selectively favor one product is desired.

Reaction: E°eq (V) vs. SHE
CO,, +2H +2e0 —— CO, + H,0, -0.52
CO,, +2H" +2e- — HCOOH -0.61
co,,*+*6H +6e- — CH,OH_,+HO, -0.38
CO,, +8H +8e- — CH, +2H,0, -0.38

Figurel.2 Equilibrium potentials for Cereduction to CO, formic acid, methanol, and
methaneEeqare obtained at pH 7 and referenced to the standard hydrogen
electrode (SHE).

Thethermodynamic theory for multiplé/el* transfer processes predicts that for
two electrons transferred, catalysis will function efficiently in both the forward and
reverse direction with the use of a catalgsthe reversibility of two electron transfer
(ET) events is satisfied by the Sabatier princidl@his states that the intermediate
formed will bind optimally to the catalyst, such that the intermediate will not bind too
strongly to poison catalysis, but not too weakly to prevent further transformgtion
reactions with more than two electrons transferred, such as for methanol or methane,
the transformation becomes more complicated due to more than one reaction
intermediate. This leads to an irreversible reaction.

Understanding that twstep ET mechanismsare more kinetically accessible
than multple ET events, the production of CO is a promising redeactionfor
producing solar fuels. CO is a commodity chemical for industrial processes, such that it

is the C1 feed stock for hydroformylatiohetMonsanto process, and the wajas shift



(WGS) reactiort>1617 Notably, CO is a precursor for synthetic fuel production via the
FischerTropsch procest The challenge for CO evolution, however, is the high kinetic
barrier. This redoxeactionthereforerequires a catalyst.

Heterogeneous catalysis, where the catalyst is in a different phase than the
reactants or products, are commonly used in indd8tiy advantage of heterogeneous
catalysis over homogeneous catalysis, where the reactants and proglutthe same
phase as the catalyst, is the inability to dimerize into stable bimetallic compounds and
create a thermodynamic sidk Additiondly, homogeneous catalysis @&companied
with large cost for catalyst production and product separa#®mf.ransition metal
heterogeneous catalysts have been studied for&clQction and were shown to produce
either CO or formate (Table 1.88.Under aqueous conditions, Sn and Pb have been
shown to be highly quantitative for formate production, while Ag and Au are highly
selective towards CO elwdion. When considering the cost of Ag and Au materials,
however, its price greatly outweighs its catalytic capabilities, ~$700/ kg and ~$45 000/

kg respectively.

Tablel.2 Metrics for common heterogeneous £Q@ducing catalysts under aqueous
conditions!3

catalyst (V) vs. SCE FEco(%) FEu2(%) FEicoo (%)  jiot (MA cmi?)

Silver 11.4 82 12 --- 12
Gold T1.1 87 10 --- 10
Lead 11.6 - 5 97 5
Tin 1.5 2 5 88 5

In shifting from transition metal catalygsto p-block metal catalysts, Bi has
remained relatively unexplored in its €@duction capabilities. It is the product of

Pb, Cu, and Sn refining and has little to no environmental impact. Due to having few



industrial applications, its price is more accommodating than the noble metal cathodes,

~$18/ kg. Until recentlythere wasonlp ne el ectrocatal ytic stud)
to reduce CQ@ which did not describe CO evoluti@hBecause Bi had not yet bee
demonstrated to produce CO, it would be a significant contribution towards CO
electrocatalytic reductiostudiesto develop an inexpensive-Based cathie to drive

the evolution of thidiigh energy storing small molecule.

In preliminary work with explang the electrocatalytic CO reduction
capabilities of Bi,it wasdemonstratedhiat Bicould beelectrodepositednto an inert
glassy carbon electrode (GCE, 3.0 mm diameBsjailed electrochemical studies were
later performed to nderstand why Bpossessetligh and impressive activity towards
CO, reduction22 This Bi-modified electrode came to be the first reported Bi carbon
monoxide evolving catalyst (BEMEC) and truly pioneered subsequent electrocatalytic
discoveries. Sincthese initial studiesThe Rosenthal Research Ldéveloped various
electrodeposition methods that invalMeither an acid aqueous or organic lsdidr ex
situ or in situ studies respectively. Upon developing a general organic
electrodeposition procedure, other inexpensiaopk metals were studied for G@

CO catalysis (Sn, Pb, and SB)Additionally, the essential interplay between the metal
cathodes and 1-@ialkylimidazolium ionic liquids (IL) to promote CQo CO catalysis

was highlighted

1.2 Results and Discussions

1.2.1 Bismuth Carbon Monoxide Evolving Catalyst (BFCMEC)
Previous Rosenthal Group -workers studied the preparation of a Bi

electrocatalystSpecifically, nitial work with Bi involved the modification of current



electrodeposition techniques to develop a conceutraiCl acid aqueous bath with a
bismuth nitrate (Bi(N®@)3) precursor and electrolyte (KBr). Upon polarizing an inert
GCE at the potential at which Bi(NJ2 is reduced, shown by the cathodic peak in the
cyclic voltammogram (CV) in Figuré.3a, theysuccessflly modified the electrode
surface, seen visually by a dark gray film. The morphology, elemental surface
composition, and the composition of the film were analyzed with secondary electron
microscopy (SEM), Xray photoelectron spectroscopy (XPS), energpelisive Xray
spectroscopy (EDX), and powderray diffraction (PXRD) respectively.

Figure 1.3b features an SEM image of the electrodeposited film. This image
revealed micrometesized clusters on the surface that are reminiscent of rosebuds.
These micraguctures overwhelm the surface and provide information on the porosity
of the film. Having a porous film with enhanced depth provides additional active sites

for the reactants (Cto bind to during catalysi.

-0.2 03 -04 05 -06
E (V) vs. SCE

Figurel.3. Gyclic voltammogram in a) describéise cathodic behavior for Bi(Ng
when conditioning the GCE in an acid aqueous bath. Sgeondary
electron microscopiymage of the Bmodified GCE is illustrated in b).



EDX detected Bi, K, C, Br, and CI in the film bulk (Figure 1.4a). Upon
gualitativeanalysis, Bi was found to be the main component. The presencend8l
on the surface weleelieved to be contaminants fraheelectrodeposition. They appear
necessary for neutralizing the®Btharge, but show no evidence towards encouraging
CQOe reduwction. XPS complimented EDX by providing quantitative elemental analysis
of the surface. Figure 1.4b shows the Biigh resolution XPS spectrum which detected
two components: metallic bismuth @Band oxidized bismuth (8) at 157.0 and 159.9
eV respetively. PXRD characterized the 8i component as being bismuth(lll)
oxychloride (BiOCI), shown in Figure 1.4c where the electrodeposited Bi diffraction

(black trace) overlaid nicely with Bjorange trace) and BiOCI (green trace) stand@ads.
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Figurel.4. Electrodeposited BTMEC film characterized by a) EDX, b) XPS, and c)
PXRD.

Electrochemical studies were subsequently performed on the modifiedesurfa
to observe C® reduction activity. Specifically, CV was used to monitor current
responses. Current, in Amps (G)sis a measure charge (Q) passed per time (t)
(equation 1.2). Current is linked to the rate of reaction, such ttrectirrent (flow of

electrons) is high, tmetherate of catalysis ialsohigh. Dividing by the electrode area



normalizes the current to allow for comparisons between systems with varying surface
sizes to be made. This results in the total current defsityrteasureéh mA/cne.
i=- (1.2

For this study, the electrolyte solution consistecaoétonitrile MeCN) and
supporting electrolyte (100 mkétrabutylammonium hexafluorophosphalBAPFs)).
The solution was first saturated with nitrogd) to obsere if Bi-CMEC was stable
under potentials ranging fron®.25 toi 2.25 (V) vs. SCE (all potentials will be reported
to this reference). A flat current response was observed (Figure 1.5b, blackithacie)
signifieda strong ohmic contact between the filndalectrodesurface When saturated
with COp, a rise in current was observed with an onset potentid.ofV (Figure 1.5b,
blue trace). Despite showing modest activity towards i@Quction, small aliquots of
ionic liquid (IL), 1-ethyl3-methylimidazolum tetrafluoroborate ([EMIM]BE), were
titrated into the C® saturated electrolyte solution with the intention of further
enhancing the observed activity (Figure 1.5akignificantcurrent enhancement was
observedafter the first few additionsof IL. Futher additions (reaching 100 mM)
demonstrated a substantial current enhancement greatly surpassing the initial current
response without IL. Additionally, the onset potential became less negative implying a

more thermodynamically favorable red@action



8
EMIM, Bi, CO, c)
E,
N [BMIMEF,, Bi, CO,
T
S [EMIMEF,, Bi, CO,
£
B
2+
EMIM, GCE, GO,
[EMIMBF, GCE, N, [BVMIMIBF,, Bi, GO,
EMM.BILNJ  OF =gr co, [EMIMBF, GCE, CO,
150 175 2.00 225 150 475 200 25 0 5 10 15 20 25 30 35 40
E (V) vs. SCE E (V) vs. SCE Time (Minutes)

Figurel.5. Cyclic voltammograms in a) show an IL titration into Cfat. MeCN.
Cyclic voltammograms in b) show the polarization curves for IL/BICO
(green trace), IL/Bi/M (black trace), and IL/C®(blue trace). The inset
magnifies the polarization curves for Bi under £&hd N without IL
(purple and red traces respectively). The current density plot in c)
illustrates the kinetic comparisons between [BMIMJPBMIM]|BF 4,
[EMIM]BF 4, and [BMMIM]BF3, in orange, green, red, and purple traces
respectively.

The significance of incorporating IL was further highlighted when performing
controlled potential electrolysis (CPE) &1.95 V on a variety of ILs. CPE was
performed in a sealed twapmpartment eleatchemical cellequipped with CQ@
saturated electrolyte solution. The headspace of the cell was analyzed with gas
chromatography (GC) to monitor CO production reported in Faradaic efficiencies (FES).
Like the yield of a synthetic reaction, the FE of eledtemical catalysis is a measure
of moles of product formed divided by the theoretical m@enount of product
(equation 1.3)Catalytic systems associated with high FEs are systems that have high

product selectivity.

FE = x 100 1.3

The ILs studied varied in cation and anion combinatiofsethyl3-

methylimidazolium tetrafluoroborate ([EMIM]BJ; 1-butyl-3-methylimidazolium
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tetrafluoroborate ([BMIM]|BE), 1-butyl-3-methyimidazolium hexafluorophosphate
([BMIM]PFe), and Ibutyl-2,3-dimethylimidazolium tetrafluoroborate
([BMMIM]BF 4). The structures for these imidazolitlmased ionic liquids are shown
belowinFigurel.6The | LO6s behavior duri ntiigecerenectr ol y
density plot in Figure 1.5€ontrolexperiments were when either IL orBMEC were

not incorporated (Figure 1.5c, black and blue traces respectively).

F F F F
8, F -8, F FpUF B, F
F™F F™F F F™F
H H H ' F CH,
Et\ﬁ)\N,Me BU\&%N»MG Bu\ﬁékN,Me Bu\ﬂl/*N»Me
\—/ \—/ \—/ \—/
[EMIM]BF, [BMIM]BF, [BMIM]PFg [BMMIM]BF 4

Figurel.6. Structures for imidazoliwbased ionic liquids.

The current density plot showedasge enhancement in current density for the
Bi/1,3-dialyklimidazolium IL interfaces compared to when the Bi/IL interface did not
exist. This was found true regardless of the anion/(BFs') or C1 alkyl substitution
(IBMIM] *, [EMIM] *).

Table 1.3 showghat the BI/IL interface produced high CO efficiencies
exceeding 90 %. The impressive metrics were suggested to not be the result of IL or
solvent decomposition, as observed when performing CPE NMapeegligible current
and no CO evolution. If BCMEC was absent in the GQaturatedVleCN/IL solution,
the current density was negligible with trace amounts of CO produced. Conversely,

when Bi was present without IL, CO production was halved. This further supports that
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this is not a homogeneous system mediatgethe IL. If this were true, then the absence

of Bi would have minimal effeson the metrics. Lastly, a significant IL characterization

was revealed when the C2 proton was substituted by a methyl group, [BMMIM|BF
When [BMMIM|BF4was used in catalysithe current density was comparable to when
IL was absenfrom the electrolyte solution. Furth€ZO production was sacrificed by

nearly 20 %. This highlights the importance of the acidic C2 proton.

Table1.3. CPE netrics for BiFCMEC ati 1.95(V) vs. SCE22

electrode IL FEco(%)  jco(MA cni?)
GCE [EMIM]BF 4 trace <0.03"
Bi-CMEC [EMIM]BF 4 93+ 7 3.77+0.7
Bi-CMEC none 48 + 13 0.11+£0.1
Bi-CMEC [BMIM]BF 4 95 + 6 5.51+1.2
Bi-CMEC [BMIM]PF 6 90+9 4.82+0.7
Bi-CMEC [BMMIM]BF 4 76 £ 6 0.67 £ 0.5

A Total current ¢

The ener gy ef {CMEQ vas aalgulatedoby eqoafion By is
the applied potential for CPE aktto.cois the standard reduction potential for the2CO

to CO reduction.
Energy ef f—i—c—ij—e—n(c:Ey (&y =

This equation requires the estimatiorEafosco and overpotentiak coscois dependent
on t he el ect rotohdonhatedFsrow fystdmi thisyis likely influenced by
IL.26 Overpotential ) is a measure of the additional energy required (energy cost) for

an electrocatalytic reaction to overcome the kinetic barrier (equation 1.5), ldyése

the equilibriumpotet i al . A | ower d i mplies a | ower

system.

d Esppl Eeq (1.9
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The BI/IL interface experimentally demonstrated a lower overpotential of 0.16beV.

C2 acidic proton of 1:8lialkylimidazolium cations have a repedt Ka of ~32 in

MeCN and an observed experimental redox coupld 018 V.27 Applying these values

to equation 1. 4, 0 exceeded 85 %. These

potential of BECMEC acting as a heterogeneous platform fop @ductionto CO.

0.8

nv)
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log(j/ mAeCcm™)

Figurel.7. Tafel plot for BEtCMEC via step potential electrolysis.

The mechanism for this redaeactionwas studied with Tafel analysié\s
described by the Butlevolmer equation(equation 1.6) Tafel analysis provides
mechanistic information on thiate determining step (RDS). When expressed for a large

overmtential (>100 mV), equation 1ig obtained, whereis currentj,is the exchange
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current Uis a symmetry factor, arfds a combination of constants (equatib8, F is
faradays number, R &gas constant, and T is temperature id¥).
i =iofexpli Ud)iexp((iUfd ) 1 (1.6)
i =ioexp((1i Ufd) .7
d=7iblog () +a L.9
f=FIRT 1.9

Rearranging equation 7Lby solving ford, equation B is obtained, which shows a
' inear rel ati on 3.Mhegn this eelativrestepis ddscridad ch a [Tadeh
plot, the slope of this linear region provides information on the rate limifingvent.
Theoretical slopes have been derived to helpecidgte mechanistic information for
the RD$2930 For Bi-CMEC specifially, its Tafel plot (Figure 1)7suggested aafel
slope of 118 mV déé. This slope correlates to the first ET being rate determining for
the formation of surface adsorbed £@30

This RDS has been suggested for a variety of heterogeneous eletirbdes,
has recently been supported pgtential dependent density functional theory (DFT)
calculations performed in collaboration with the University of Minnesota. This was
based on a higher callated kinetic energy barrier for the first ET from the Bi/IL
interface to the adsorbed €@ comparison to subsequent/#l transfer events.
Interestingly, an even larger kinetic barrier was calculated in the absence of IL. The
acidic C2 proton on the_llikely interacts with the C& to stabilize this intermediate
and lower the energy barriérhe simulationalso suggested that proton transfer is not
from the adsorbed IL, despite it acting as a Lewis acid to staklizd. The Ka of
adsorbed IL isnicreased significantly, such that IL in the bidKikely providing the

protons towards catalysis. When bulk IL delivers a proton t@&(u(p)roduces carboxyl
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(COOH) and carbene. The secontddHtransferevents are faster in comparisamdare
theorizedto be similar to thdirst H*/€’ transfer to yield water and loosely bound CO

(Scheme 1.1).

RDS — +
CO +H

CO+e” COOH+e +H — CO + H,0

Scheme 1.1. Mechanistic depiction of the ZR€ transfer for CQ to CO
electrocatalysis.

Initial Bi-CMEC studies highlighted an impressive platform for.€@nversion
to CO which marked the first example of Bi functioning as a carbon monoxide evolving
catalyst. The Bi/IL interface demonstrated current densities rep8hima/cnf and CO
FEs exceeding 90 % that rival the historic silver and gold cathod€MBIC remained
robust during electrolysis (>12brs) and demonstrated no decay in rate. XPS showed
that the surface material that drives these high rates and C@vitgiecas a BY/Bi®*
assembly. The utility of this composition was initially unclear, i.e. f* Bissists in
stabilizing intermediates or if BBi* was the result of in situ reduction. To clarify its
significance, in situ electrodeposition of-BMEC was of interest. This requiretie
development ok new organic electrodeposition proceduretfa preparation oBi-
CMEC. Additionally, we hoped to achieve even faster rates by either strengthening

ohmic contact, or by changing cathode material itself.

1.2.2 Advancements in the BICMEC Platform
The previous ex situ acid aqueous plating procedure is incompatible with

organic electrolysis conditions. Therefongrevious ceworkers in the Rosenthal
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Research Labeveloped an in situ electrodeposition procedureddsectly from the
organic electrolysis conditior¥.Additionally, the extent to which the catholyte anion
effects CQ catalysis, and if the xpensive TBAPFE supporting electrolyte can be
eliminated without sacrificing CO production or current density, were also studied.

In situ electrodeposition streamlines an alternative method for modifying
electrodesSwitching from a concentrated HCI aadjueous electrodeposition am
organic electrodeposition allowed for the incorporation of more gentle substrates that
are sensitive to corrosion or too reactive to remain inert under acidic conditions. The in
situ plating deposition required the Bi maéto be reduced at potentials more positive
than the CQreduction potential and for the Bi complex to be soluble in organics. Most
Bi complexes are insoluble in organi@meBi complexes that are soluhbleorganics
are reduced at potentials more rtegathanthe CO, reductionpotentia) i.e. Bi(Ph}.
Fortunately, Bi(OTf} was found to fit these criteria. Importantly, ®OWfas previously
demonstrated to baert towards CQcatalysis.

Now having an attractive precursor, in situ electrodeposition pea®rmed
with 1.0 mM Bi(OTfk and CQ saturated electrolytsolutionvia CV. The electrolyte
solution consisted of 0.1 mM TBARFRand 0.1 mM[BMIM]OTf in MeCN. Upon
scanning through a range of potentials, a cathodic feataseshown ait1.2 V (Figure
1.8a,inset) and a larger current response was showh.&tV, (Figure 18a, red trace).
This is representative of Bi precipitating onto the GCE followed by &Quction
respectively. The intense current enhancemenl. & V is analogous to cathodic rise
for Bi when prepared with the acid aqueaissitu electrodeposition. When in situ

studies were performed unded,, the current enhancement was suppressed,
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representing no CQeduction activity. Likewise, negligible current was observed under

CO, when eitheBi or IL were absent.
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Figurel1.8 Cyclic voltammogramsn a) illustrate in situ electrodeposited Bi(O3
MeCN/IL. The inset shows the reduction of Bi(OsITurrent density plot
in b) shows in situelectrolysisfor Bi/GCE/IL (red trace) and GCE/IL

without Bi (black trace).

In situ capabilities were studied further via CRPE.Q V) when monitoring CO
evolutionand current density (Figure b8 When the electrocatalytic cell consisted of
just an unmodified GCE dmersed in a C&saturated MeCN/IL solution, no CO was
guantifiedand the current density was negligible. When 1.0 Bi{@Tf)z was added to
the cathode, high current densities were achieved (~12 nfA&md surpassed what
was observed previously with exsiacid agueous bath€0O was the only gaseous
product detected and the catholyte showed no detection of formate, oxalate, or

glyoxalate, other common production from £@duction332 Additionally, the
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electrode at the end of electrolysis possessed a fdarkrepresenting the in situ

modified Bi film.

Bi4d,, Bi 4f,,
* N 1s ‘B;‘fm

I1o kCPS .,

1200 1000 800 600 400 200 0
Binding Energy (eV)

c) Bi"4f,, d)
158.6 eV

Bi°

|
WY 'y

| 1 V' |

160 159 158 157 156 155 20 30 20 50 80 70
Binding Energy (eV) 2-Theta (degrees)

Figurel.9. Secondary electron microscopy image in a) shows the surface morphology
of the f il mfwindow.dhe XRS surveyspecteum and the Bi
4f high resolution spectrum are shown in b) and c) spmy. PXRD for

the BLCMEC film (black trace) and the Bstandard (orange trace) are
shown in d).
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The film was analyzed with SEM, XPS, and PXRD to probe for morphological
information and film comgsition. SEM imaging (Figure 1a9 revealed submicromete
sized particles arrandevith much depth and porosity to gi@espongdike appearance.
TheXPS survey spectrum (Figuredih) suggested that Bi, in addition to residual triflate
from the initial Bi(OTf} starting complex, is present on the surface. Agalis to the
Bi 4f high resolution spectrum for acdjueou®x situ electrodeposition for BEMEC,
the in situ Bi 4 high resolution spectrum revealed a component at 157.1 and 159.5 eV
representing Biand BP* respectively (Figure 1. PXRD demonstratetthat the Bf*
species is amorphous, such that the only peak observed repreSe(figBe 1.9).

This suggesd that the main difference between the acid agueous and organic

electrodepositions the crystalline vs amorphous morphology respectively.
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Figurel.10. Tafel analysis performed using rotating ring electrode techniques at 1000
rpm.
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Tafel studies were performed via rotating disc electrode (RDE). The Tafel plot

slope was found to be 135 mV dewhich suggests thahe RDSis thefirst ET to

reduce thdinear CQ species t@enerate théentCOA (Figure 110). This parallels

the RDS fomBi film prepared with acid aqueogsnditions. Therefore, it was concluded

that regardless dhe acid agueous electrodepositmrthe organic electrodepositipn

the mechanism for C@reduction to CO is analogous.
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Figurel.11 Cyclic voltammograms in a) show the [BMIM]Pfiration into CQ sat.
MeCN with an ex sitii-modified GCE via organic electrodeposition. The
current density plot in b) shows the comparisons betf@etiM] * ILs
with PR, BF', OTf, Br', and Cl anions in the red, purple, blue, orange,
and green traces respectively.

Because IL is known to act as electrolyte, it was of interest to observe if catalysis

can be as effective with the elimination of TBAPS&upporting electrolyté3 To

determine if TBAPEcan be removed, LSV studies were performed with ex situ organic

electrodeposited BCMEC/GCE in CQ saturated MeCN (Figure 11&) without
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electrolyte. [BMIM]PF was titrated into MeCN, which resulted in patation curves
resembling previously shown CVs that incorporated electrolyte (Figure 1.5b). With
additions of IL, the current responses increased until a platee200 mM.

Now knowing that impressive CQeduction activity is achieved with IL in lieu
of incorporating supporting electrolyte, more robust ILs were explored. This was
prompted from the previously studied ILs ([BMIM]PRnd [BMIM]|BF4) slowly
hydrolyzing during long electrolysis. Keeping withetfBMIM]* cation, the anions
studied included BE, CI', Br', and OTf. CO, reduction activity for these ILs were
studied similarly with LSV IL titrations. The resulting polarization curves were found
to be nearly identical to the PRlerivative. The cuant also plateaued at ~ 300 mM IL
and demonstratethonset potential of 1.78 V. Additionally, the onset potentialates
well to E cozicoseen previously with the acid aqueous electrodeposifi@n.

The screened [BMIM]ILs were then studied via CPE with an applied potential
ofi2. 0 V (d = of 220 mV) and an .sdiumtecat ed c
MeCN in the absence of supporting electrolyte. As summarized in Table 1.4, all
[BMIM] " ILs selectively evolved CO wWitFEs nearly reaching 90 %. The partial current
densities associated with CO generatiea)(ranged from 17 to 30 mA/cinaffording
higher rates than reported with 100 rTBAPFs and IL. Additionally,theBi film was
not found to become passivatadon inceasing amounts of IL. A robust film was
demonstratedby steady current densiti€gigure 1.1b). It is important to note, that

when either Bi or IL was absent, there was no CO evolution.

Tablel.4. CPE metrics for BCMEC with300 mM [BMIM]* ILs ati 2.0 (V) vs. SCE.

Electrode IL solvent  FEco (%) £&co(%) jco(MA cm?)
Bi-CMEC [BMIMJPFs MeCN 82+12 73 3142
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Bi-CMEC [BMIM]BF4 MeCN 82+11 73 26+4

Bi-CMEC [BMIM]CI MeCN 79+ 12 70 17+ 2
Bi-CMEC [BMIM]Br MeCN 74 + 4 65 20+ 2
Bi-CMEC [BMIM]OTf MeCN 87 +8 77 25 * 2
GCE [BMIM]OTf MeCN None 0.4

A Total curre

CO was produced in excellent yields in the absence of supporting electrolyte.
The halide derivatives had the lowest CO generation likely from the additional water
contentfrobei ng more hydroscopic. The 0O'surpas
(demonstrating the lowest CO FE). O©Tfad t he hi ghest CO FE
Discovering that [BMIM]OTf could yield thesenpressivemetrics was beneficial
towards thecontinuation of his study.[BMIM]OTf is one of the least expensive
commercially available ILs, $2/ g, and previously to date, only the expensive noble

metal Ag and Au cathodes could achieve these efficiencies.
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Figurel.12. Linear sweep voltammograna Bi, Au, Ag, SS, Zn, Cuand Ni in red,
green, blue, navy, purple, gold, and gray traces respectively.
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These studied highlighted the versatility thie electrolyte solution and the
electrode modificatiomethoddor Bi-CMEC to afford substantial current densities and
CO efficienges at low overpoterdls (~200 mV). This demonstratatlich promise in
the advancement of energy conversion devices due its low energyHaghber, faving
the ability to screen various substratevia the recently developeddrganic
electrodepositioimethod, future study for improvinghmic contacto create a more
robust electrocatalysvas of interest The impressive capabilitiesf the BFCMEC
platform washighlightedwhen directly comparinds polarization curveéo the historic
Ag and Ag cathodesnd other inexpensive cathode materials including Cu, Zn, stainless
steel (SS), and Ni (Figure P)J Seeing that many metal cathodes have larger
overpotentials for C&reduction, it was curious if other inexpensivblpck metals near
Bi on the periodicdble promote similar catalysis Bi. In doing so, it was of interest to
observe if the cathode/IL interface is as essential for other cathodes as it is for Bi

CMEC.

1.2.3 Investigation of p-block Metal Cathodes

The pblock metal complexes studied were Sn(QTPb(OTfp, and Sb(OTH.
Triflate complexes were pursued because of their solubility in organics and for direct
comparisons with Bi(OT#) The triflate complexes were either commercially available
(Sn) or easily synthesized (Pb and Sb). Organic ex gtiretleposition resulted in a
dark grayfilm which waslater characterized witlsurface techniques to determine its
morphology and elemental composition.

SEM imagining revealed similarities in film depth and porosity, however,
unique microstructures wer@ldntified. Bi and Sb illustrated amorphous granular

structures (Figures 134 and d respectively), whereas Pb showed striated cludters
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plateletsand Sn showed micrometer crystallitestttesembled ferns (Figures 1bland

c respectively). EDX identife the pblock metal, along with O, F, and P. XPS also
identified the respective metal, O, and F along with trace amounts of S, N, and P. These
elements are likely from the electrodeposition solutionkBwand PFE') and the triflate

anion (CESQs').

Figurel.13. Secondary electron microscopyages of a) Bi, b) Sn, c¢) Pb, and d) Sb via
ex situ organic electrodeposition.

The high resolution spectra for théofock metals all revealed an overwhelming
contribution of metal oxides on the surface (Figured)l.Bi 4f7» was fit to two

components, 157.6 and 159.4 eV corresponding t@m®i BF* respectively in a 6:96
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ratio (Figure 1.4a). Sn 85> was also fit to two components at 484.9 and 487.0 eV for
Srf and SA*** respectively in a 14:86 ratio (Figure a). Sh3ds; was in a 19:81 ratio
for S to SB*at 528.1 and 530.5 eV respectively (Figudd)l Interestingly, Pb showed
only a single component at 139.0 eV in the PP High resolution region indicative of

PI?*4* (Figure 1.4c).

b) Sn 3ds2

162 160 158 156 490 488 486 484 482
Binding Energy (eV) Binding Energy (eV)
Pb 4f772 d) _ Sb 3ds.

1500 CPS
ppV

142 140 138 136 5% 50 55
Binding Energy (eV) Binding Energy (eV)

Figurel.14. XPS highresolution spectra for a) Bif#, b) Sn 8s,, ¢) Pb 472, and d)
Sb 35/
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After uncovering their unique surface compositions, their activity for CO
reduction was studied via LSV with 100 mM [BMIM]OTf and TBAPH CO;
saturated MeCN with either a GCE (Bi, Pb, and Sb) or Ni electrode (Sn). Bi was found
to have the earliest onset potentidl,80 V, closely followed by Sn and Sb. Pb had the
latest onset potential of +1.95 V (Figure 1.%a), suggesting that Pb has thedast
kinetic barrier When performed under.Nthere was negligible current for all cathodes.
Interestingly, Sb was the only material to show no current enhancement even upder CO
implying no activity towards C&reduction. Bi and Sn both showed simppatarization

curves, whereas Pb demonstrated a less intense rise in current.

e Bi___b)

Sn

110 mA/cm?

6 Pb, -2.05 V

PN RPN RPN SR R R . 1GC.E 0 " N N M M R
-14 15 -16 1.7 -18 -19 -20 -21 -22 0 10 20 30 40 50 60
E (V) vs. SCE Time (min)

Figurel.15. Linear sweep voltammogramsan for Bi (marron trace)Sn(cyan trace)
Pb(green trace)Sh(yellow trace) and theirespective inert substrates (Ni
(pink trace)and G (black trace). The arrent density plot iflustrated
in b).

The product distribution for C&reduction was studied via CPEpecifically,

it was curious if the greater O or F content affects catalysis. Because Bi, Sn, and Sb
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demonstrated similar onispotentials, electrolysis was performed &t95 V. Pb was
performed afi 1.95 andi 2.05 V due to having a more negatiweset potentialThe
current density plot from CPE (Figure %) showed Bi and Sn having high and steady
currents affording no contrittion from theinertsubstrate. Pb began electroly$i2.05

V) with an equally high rate, but decreased over tiaven wheni 1.95 V was applied

to the Pb cathode, its current density did not exceed 2 ntAlethdecreaskirtherjust

10 minutes into electrolysis. THi@al current density was no higher than the bare GCE
Similarly, the current density for Sb was comparable to the unmodified GCE.

As shown in Table 1.5, Bi, Sn, and RI2.05 V) were ~ 80 % selective for CO
evolution with no Hz, methane, or other small hydrocarbon production. The
uncompensated 20 % of charge is likely attributed to nonvolatitg€iDction products
that are not detectible within our GC detection limits. Sb showed no selectivity for CO
and produced aaquivalent amount dfl; andformic acid HCOOH). At 11.95 V for
Pb, CO selectivity was halved (40 %) and it now produced HCOOH (31 %jaid
%). When performed under,Nhe current densities for Bi, Sn, and Pb were negligible.
When IL was removed fra the electrolyte solution under @@he current density and
CO production dropped significantly. This highlights that the cathode/IL interface is not

only essential for Bi, but for Sn and Pb as well.

Tablel1.5. CPE metrics for the Bi, Sn, Pb, and&ithodes.

electrode Eappi( d ) jiot (MA cm?)  FEco (%) FEu2 (%) FEra (%)  jco (MA cni?)
Bi 7195V (~200mV) 10.1+2.1 785 8417

Sn 1195V (=200 mV) 7.2+1.9 77+5 51 50+1.8

Sb i1.95V (~200mV) 0.5+0.1 30£20 29+21

Pb 1195V (-200mV) 1.0£0.4 40+£12 116 31+£17 0.4zx0.2

Pb 12.05V (~300 mV) 5.0+ 1.0 81+5 4.1+0.9
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Of the four pblock metas, only Bi, Sn, and Pb demonstrated the ability to
reduce CQwith impressive metrics. The Pb cathode, however, became passivated with
current densities reaching below 4 mAfcamd CO evolution steadying at ~10 $n
demonstrated catalytic behaviors that resemBI@€O selectivity, onset potential, and
kinetics) ad therefore modeled a promising platform for organic electrolysis for the
rapid conversion of CoOto CO. Sn also demonstrated the same essential cathode/IL
interface, highlighted in Figure 1.15a via CV. A desire to further optimize Sn was
prompted by itsbility to be preparedia in situtechniquesSn is a good candidate for
in situ catalys because Sn(OT{)s soluble in organics and has a reduction potential

lower thanthe CO; reductionpotential

80 |-

60
[SN(OT),], [BMIM]OTT, CO,

MCMEC. [BMIMIOTf, CO,
IZ mA/ cm?

Sn-CMEC, [BMIM]OTFf, N,

401}

Jiy (MAfCM?)

[Sn(OTN,],
TBAPF,, CO,

Sn-CMEC, TBAPF,, CO,
0 10 20 30 40
Time (min)

1 |

[Sn(OTH),], [BMIMIOTY, N, [SN(OTF),], TBAPF,, N, [Sn(OTH),] added

1 " L i L i 1 " 1 1 1 1 1 1 1

-1.6 1.8 2.0 22 2.4 % 20 40 60 80
E (V) vs. SCE Time (min)

Figurel.16. Cyclic voltammograms in a) showhe current esponsefor Sn in
MeCN/IL/TBAPFs under CQ (red trace) and N(black trace), and for
MeCN/TBAPFs under CQ (green trace) and Nblue trace)The arrent
density plot in b) shows 0.1 M Sn(O7fadded in situ to the catholyte
during CPE. The inset describt#®e current density for Sn in GQat.
MeCN/IL (red trace), N sat. MeCN/IL (blue trace), an€0O, sat.
MeCN/TBAPFs (black trace).
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The in situ capabilities fd8n were highlighted during CRihen a bare Ni disc
electrodevassubmersed in C&saturated MeCN/IL (Figure 16b). The current density
was negligible until 1.0 mM Sn(OTfwas added to the catholyte where a sharp rise in
current density was observed, reaching ~9 mA/¢haired with GC analysis, CO was
thesoleproductdetectednly ater Sn was added (~75 %).

These studies demonstrated that there are other inexpensive earth abundant
materials that are capable of electrochemically transformingt€QO, highlighting
that these materials can be prepared via ex situ and in situ techr@fube additional
p-block metals studied, Sn stands out as a [miogp platform for CO evolution
Additionally, the IL interface for Bi and Sn watemonstrated to be asssential

componentor establishindnigh CO selectivity, appreciable rates, and &vergy costs.

1.3 Conclusions and Future Directions
In summary, the Rosenthal Research Lab Whes first to explore the
electrocatalytic capabilities of Bi; an inexpensive and earth abundant material that can
electrochemically transform GQo CO with high slectivity, appreciable current
densities, and low energy cost.-BMEC is comparable to the historic noble metal
cathodes, but it is not impeded te costof materialfor industrial scaling. Industrial
integration can be promoted further upon redesmgnour two-compartment
electrochemical cell into a flow cell. This may also encourage enhanced mass transport.
Already demonstrating impressive metrics, the versatility cCBIEC was
further demonstrated upon developing an organic plating procedureditu studies.
The organic electrodeposition tolerated delicate substrates that are reactive under acidic
conditions. The organic electrodeposition is easily modified and allowed for materials

other than Bi (Sn, Pb, and Sb) to be studied. Despite Sb sh@eor CQ reduction
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activity, Sn and Pb demonstrated hagttivity towards CQreduction andgelective CO
evolution. The Sn cathode demonstrated the greatest resemblance to Bi. Pb, however,
was not robust during CPE and instills curiosity as to wisyfillm becomes passivated.
It was of interest to perform additional studies on Pb to investigate this behavior.

An essential cathode/IL interface was revealed and was suggested to play a
critical role in stabilizing the electrode bias, suppressipgvolution, and stabilizing
the CQ”. It was curious to observe how neat IL systems (the absence of solvent) would
behave during catalysis. Additionally, their physical properties (viscosity are) T

would provide valuable insight on diffusional effects andtiuctural durability.
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Chapter 2

Bi-CMEC ASSIMILATION INTO INDUSTRY VIA A3D -PRINTED FLOW
ELECTROLYSIS ASSEMBLY

2.1 Introduction

The fossil fuel industry has been implemented for decades and has optimized
their fuel production to easily adapt to fluctuations in energy demaalar energy,
however, currently faces a challenge with meeting supply and demand of its global
consumers due to its intermittency and lack of a{@mm energy storage mechanidm.
When sunlighemits solar energy via high power energy irradiation, it is not guaranteed
that it will be duringthe peak energy demand. Because of this, the development of
inexpensive solar energy storing devices remains essential. If estergge devices
can provie energy during seasonal changes and unexpected weather, renewable energy
could displace facilities that are less efficient and more expensive. The ability to provide
for sudden demands in energy may also encourage an energy dependency switch to
renewables This can ultimately suppress environmental damages from fossil fuel
combustion (C@ from the fossil fuel industry.Additionally, solar energy electrical
starage devices offer benefit during off energy peaks by pumping/ charging to further
optimize operations.

One proposed solar energy storing devise is through the chemical bonds in solar
fuels#° Chemical bonds in hydrocarbons, i.e. methanol, are amdmegkighest energy
dense materials, greatly surpassing other energy storage devices, i.e.-ibtihium

batteries (chemical energy) and flywheels powered by wind turbines (kinetic eh&rgy).
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If the proposed solar energy storage device can be manufactured in a cost effective and
efficient manner, then solar fuels would act as an efficient platform to provide clean
renewable energy to the consumer during the lowhagia energy peaks. This would
mark a critical transition of energy dependency from fossil fuels to solar energy. This
demonstrates high potential for a switch in energy dependentyat solar energy
utilization has been increasing yearly by approxinyz6él %’

Implementing solar fuel production is envisioned by coupling solar energy to a
photovoltaic to drive the reduction of 2@ CO. CO will then undergo the wédhown
FischerTropsch process, as it is the C1 feedstock, to produce hydrocarbofustsar
There are two key challenges associated with the anticipated production of solar fuels;
(1) the development of an inexpensive catalyst for the initial reduction eftcCthe
high-energy CO molecule and (2) designing an electrolysis assembly thetema
industrial requirements while encouraging optimal CO production.

In recent workco-workers in the Rosenthal Research dabeloped a bismuth
carbon monoxide evolving catalyst (BMEC) that can undergo the initial
transformation from Ceto CO. BIFCMEC was identified with high selectivity for CO
evolution (90%), high energy efficiency
mA/cn?), and low energy cost (~200 mV). These metrics rivaled the historic noble
metal cathodes, Ag and Au, for @@ CO heterogeneous electrocatalysis. Comparing
the cost of Ag and Au ($700 and $45 000/ kg respectively) to the cost of Bi (~ $18/ g),
however, BEICMEC was more attractive for industrial scaling.

Bi showed promise in the advancement of solar energggadry acting as an
inexpensive material to catalyze CO production. To further this advancement and

overcome the second challenge associated with implementing solar fuel progiaction
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a solar energy storage devithe twecompartmentlectrochemicatell architecture

used previously for electrocatalysis was redesigned to encourage integration into
industry. Specifically, the fragile glass cell was transformed into a robust 3D printed
electrolysis flow cell assembly. The flow cell incorporated inexpemsi@ material,
low-costing carbon supports that can easily be scaled, and commercially available and
inexpensive Bi* complexesFurther,3D printing the redox cell offered rapid and cost
effective prototyping for easily optimizing the cell design witlghhiprecision and
accuracy. Additionally, the constant flow of recycled electrolyte over the catalyst

surface showed a substantial enhancement in mass transport.
2.2 Experimental Method

2.2.1 Materials and Methods

Reagents and solvents were purchased from Sigm&Aldklfa Aesar, Acros
or Fisher. Imidazolium ionic liquid  -butyl-3-methylimidazolium
trifluoromethanesulfonate ([BMIM]OTTf), Nafion perfluorinated temchange resin (5
wt.% soltion in lower aliphatic alcohols#® mix), bismutlilll) carbonate,
bismuth(Il) nitrate, and bismuth(lIl) subsalicylate were purchased from Sigma Aldrich.
Tetrabutylammonium hexafluorophosphate (TBAPRvas purchased from TCI
America and purified by recrystallization with ethanol. Multiwall carbon nanotubes
(MWCNTSs) were purchasddom Fuel Cell Earth. Carbon dioxide (@Qvas purchased
from Keen Compressed Gas Company.

Platinum gauze (99 %) was purchased from Sigma Aldrich. The bare glassy

carbon disc electrode and the Ag/AgCI reference electrode were purchased from CHI
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Instrumensg. Carbon paper, carbon cloth, and 10 % Pt on Carbon Cloth were purchased

from Fuel Cell Earth.

2.2.2 Bismuth Slurry Procedure

The solution wa prepared by suspendimgBi* complexin tetrahydrofuran
(THF, 10 mL) where itwasimmobilized on multiwall carbon natubes (MWCNTS) in
a 40:1 wt.% ratio in the presence of 5% Nafion (1.1% of sluflilyg suspension was
sonicated fo20 mirutes before drop castinr op casting i1involved
of the slurry onto carbon paper, carbon cloth, or a GCE using amaietd pipet
(100/1000). The Bf complex was either bismuth(lll) carbonate, bismuth(lll) nitrate,

or bismuth(lll) subsalicylate.
2.2.3 Instrumentation

2.2.3.1 Electrochemical Measurements

Electrochemical studies were conducted wusing a -&80D
potentiostat/galvanostabr a CHI720D bipotentiostat. Electrochemical apparatus
consisted of a threelectrode system; working (bare glassy carbon disc (3.0 mm
diameter), carbon paper.Qicm x 2.2 cm), carbon cloth .(Lcm x 2.2 cm)), counter
(platinum gauze (Dcm x 2.2 cm))and a reference (Ag/AgCl, (1.0 M HCI)) or pseudo
reference (Ag wire)). Cyclic voltammetry and linear voltammetry experiments were
performed with iR drop compensation with 100 ¥ scan rate. Ag/AgCI reference

was converted to SCE referencing by the équatsce= Eagiagci + 0.044 V.
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2.2.3.2 X-ray Photoelectron Spectroscopy

XPS analysis was performed using a Thermo Scientifiglphd spectrometer
wi t h monochr onmya(14B6c7 eW land RAOW & power (12 kV, 6 mA)
equipped with a 128 CCD detector plate. Operating vacuum pressure in the main
chamber was less than 18®rr. XPS survey scans were collected with a step size of
1.0 eV and a pass energy of 100 eV. High resolution spectra were collected with a step
size of 0.1 eV and a pass energy of 20 eV. Thay<spot size was an elliptical shape

withasemimaj or axi s of approximately 400 & m.

2.2.3.3 SEM and EDX
Secondary electron micsoopy (SEM) and energy dispersivaa§ (EDX)
were performed on a JEOL JSM 7400F scanning electron microscope. Data was

collected Pwndaw. 40 x 40 €m

2.2.3.4 COz2 Reduction Electrolysis and Headspace Analysis

Current densities were obtained by performing culetd potential electrolysis
(CPE) on a nylon 3D printed cell. The electrolyte solution contained 50 mL ef CO
saturated acetonitrile with dissolved ionic liquid and/or 0.1 M TBARTRe solution
was sparged for 30 minutes prior to electrolysis.

During CPE the electrolyte solution was continuously mixed by the peristaltic
pump (100 mL miht) with a continuous flow of C@into the headspace (30 mL rhin
1. The single cell head space was vented directly into a flow gas chromatograph (SRI
Instruments, SR8610C). A chromatograph was obtained every 15 min throughout the
duration of electrolysis by placing the sampling loop in line with a packed HayeSep D
column and a packed mole Sieve 13X column. The columns led directly to a thermal

conductivity detector (TCDand a flame ionization detector (FID) equipped with a
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methanizer to quantify hydrogen and carbon monoxide production respectively. The gas

carrier was Argon (Keen, 99.999 %).

2.2.3.5 Solvent SuppressiortH NMR

Solvent suppressiofH NMR was performed with aliquofsom the electrolyte
solution to detect any solution products from electrolysis and/or decomposition of
electrolyte solution. The acetonitrile resonance was suppressed at 1.96 ppm. Formic

acid production was monitored at 8.1 ppm.

2.3 Results and Discussions

2.3.1 Flow Cell Inspiration for Energy Storage

A variety of electrolyzer architectures have been designed and implemented in
industry since the 1920s and 193@ommercial electrolyzers have demonstrated the
ability to store electrical energy for extended pasiof time,such as for redox flow
batteries (RFB) for hydrogen gHfuel productior? Manufacturing electrolyzers for
large-scale production, however, is costly. Even when constructed, the capital cost for
implementing them into industry is hi§hFrom an industrial standpoint, using low
costing hydrocarbons is a more attractive alternative to electbaigd energ.
Energy storage devices typically require frequent maintenance and are heavy, which
places additional limitations on profit and transportabiltyltering the design and
method of manufactung existing bulky electrolyzers may greatly lessen the price and
may ultimately make industrial integration desirable. 3D printed flow assemblies help
to negate these costs and also sftlsirable assets for industrial corporations; rapid

and cost effecte prototyping for facile design optimization, assemblies can be
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constructed with intricate designs and flow ports with high precision and accuracy, and
the weight is reducedonsiderabl\t! It has an adaptable design that results in
maintenance and manugtaring costs to be less than other electrical storage methods
stated previously? 3D printing also allows for thejuick fabrication of multiple
electrolyzergo test differentlesign architectures, i.e. channel width and flow path, that
were once difficult, time consuming, and expensive to sctédow cells are saed
systems that are not affected or influenced by the surrounding environment. This results
in little need to reoptimize existing systems while also offering a safer environment for
industry workers.

Flow technologies have also shown promise for athemical systems, such as
continuousflow organic synthesis and water electrolyzers. These systems used 3D
printing technologies that took advantage of design schemes with inline analytics to
observe results in real timé12 Redox flow cells have been designed for the purpose
of storing and dispensing electrical energy for Fe/Cr, V(I)/V(IlI), or V(IV)/ V(V)
systems, but they lacked the industrial advantag8®girinting technologies314 For
the encouragement of solar fuel production specifically, our redox electrochemical cell
was designed with appropriate dimensions to encourage the flow of electrolyte over the
catalyst to swiftly bring Coto the electrodsurface and ultimately diffuse away CO.

In doing so, we anticipated an enhancement in mass transport (rate) in addition to

making our system more industrially feasible.

2.3.2 Flow Cell Design
As stated previously, our electrochemical flow cell was manufactused)
nylon 3D printing technologies to prepare the central flow body and the exterior flow

plates. The design was modeled on computer aided design (CAD) software and
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ultimately constructed layer by layer by a 3D printer. The architecture for the
electroclemical flow cell is displayed in Figure 2.1a. Structural support was added to
the flow cell by incorporating stainless steel (SS) plates adjacent to the exterior nylon
plates. Two sets of silicon strips, one with a central window and one without,
sandwichd the auxiliary (Pt/ C cloth) and working electrode (inert carbon substrate)
individually. The silicone strips encouraged a sealed system thus to prevent leaking and
contamination from the surrounding environment. The working and auxiliary electrodes
wereplaced on either side of the central flow pla#idonewindow facing the central

flow plate). Because the auxiliary and working electrode are trapped inside the cell, SS
conducting strips (® cm x 10 cm) were used to extend these terminals to the
potentiostat leadsThe complete layering of the various components to the cell are

secured together with screw and bolt clamping pressure at each of the four corners.

Ag Wire b) c) €O, In

S8 Current Collector SS Plate

— Products
‘!’ ™~ Out
Electrolyte
Flow In Electroly
— ectrolyte
— Flow Out
Pt/C  Silicone Nylon Substrate Central Flow Port -

Figure2.1. Flow cell design, central flow port architecture, and single cell reservoir are
illustrated in a, b, and c respectively.

The central flow plate was designed with an internal windo@qth x 2.2 cm),

as illustrated in Figure 2.1b. This allows for the flowing electrolyte solution to interact
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simultaneously with the anode and cathodeth solution flows out of the exit channel

of the central flow plate, it comes into contact with the pseudo reference electrode (Ag
wire) and is collected in a single cell reservoir (Figure 2.1c). Here, any gaseous products
will migrate out of solution ad fill the singlecell headspace whicis tethered with

inline analytics to a flow gas chromatograph (GC). Gaseous products could now be
detected in real time during the duration of the electroly$is.final flow device when

assembled is shown in Figuze?.

Figure2.2. Assembled 3D printed electrocatalytic flow cell.

Although flow systems have been successful for heterogeneous systems with a
liquid/solid interfaces, they were previously restricted to steady state condftidaee,
we demonstrate channel wdths that wereptimized (4 mm diameter) to encourage
nonrestrictive electrolyte flow for the 2I2€ redoxreaction To further enhance the
industrial use of our flow cell, the substrate material (GCE) and substrate modification

method (electrodepositiomere also modified.

42



2.3.3 Substrate and Catalyst Modification Assessment

Bi-CMEC was previously prepared by electrodeposition techniques onto a
glassy carbon plate (GCP) from an acid aqueous or organic bath. The time needed to
pass 3 @m 2 of charge to precifate Bi onto the substrate was not adequate for the fast
pace of industry. Additionally, if the Bnodified GCP were to be equipped in the flow
cell, the GCP would not guarantee a sure seal for the flow cell. The GCP would
unequally displace the clampimpgessure and result in leaking. Furthermore, the flow
cell promotes an enhanced surface area that is nearly 12x larger than the GCP. Scaling
GCPs wouldbe expensive ($16/ cfpricing from Sigma Aldrich) and not ideal. To
encourage substrate compatibilityth the flow cell and rapid catalyst preparation,

alternate substrates and modification methods were explored.

2.3.3.1 Substrate Evaluation

Two common substrates that have been used for flow systems are carbon paper
and carbon clothé Both are inexpensive pliablmaterials that are capable of being
compressed and scaled ($0.127@nd $0.05/ crfor carbon paper and carbon cloth
respectively, pricing from Fuel Cell Earth). These substrates differ merely in
morphological arrangement of carbon fibers; carbon p&peran arrangement of
compressed carbon fibers (Figur8&).and carbon cloth has interwoven carbon fibers
(Figure 2.®). This arragement becomes significant when consideringréisestivity
and intrusiorof the flow cell These properties are unique $pecific systems and flow

cell designs.
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Figure2.3. Secondary electron microscopy images of a) carbon paper and b) carbon
cloth.

When materials are compressed, resistivity is reduced and the flow of electrons
become more favorablé. Carbon paper is already a characteristically compressed
material. This results in carbon paper reaching its resistivity limit sooner than carbon
cloth. Carbon cloth is an overall thicker material and can show more intrusion into the
central flow port andnterrupt the flow path. Intrusion becomes significant when
channel widths of 2 and 3 mms are reached. The channel width for our electrochemical
cell is 4 mm. The difference in physical structures between the two substrates suggests
that the redox chemistrat the surface will be different for each material. Because
reduced resistivity and less intrusion were suggested to occur with carbon paper, carbon
paper was the substrate chosen for our flow cell. Despite carbon paper being a more

fragile material, thélow cell would provide structural support to prevent fracture.

2.3.3.2 Optimizing Drop Casting Method for Bi-Modified Surface
Drop casting is a common surface modification technique featured in the

literature to strongly adhere catalysts, or materials, to sudrstrate$’ Drop casting,
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as the name implies, drops the catalyst onto a substrate where it is set (cast) within a
matter of minutes prior to its use. This technique highlights ease in solution preparation
and substrate modification. Unlike the necessaily set required by electrodeposition
methods, drop casting does not require technical training. This reduces the external cost
for training employees. Additionally, this film may ultimately be prepared via a spray
gun with constant slurry convectiondoat very large surface areas. This would afford
reduced catalyst preparation time for large scale productions. One of the attractive
features for Bi, and what sets it apart from the historic Ag and Au catalysts, is its cost.
Remarkably, the overall cofir Bi-CMEC was further reduced with the incorporation

of multiwalled carbon nanotubes (MWCNTS) in the drop casting slurry, such that
MWCNTSs encourage lower catalyst load#¥g?

Previously, bismuth(lll) nitrite (Bi(NG)3) was the precursor for BEMEC acid
aqueous electrodeposition. Initial-BMEC surface studies revealed that there was a
significant contribution of Bi*. Therefore, when optimizing the drop casting slurry, a
sampling of inexpensive and commercially availablé* Bomplexes were studied.
Saeening the different Bicomplexes could ultimately provide information on if the
specific BF* complex structure influences the outcome ob@OCO catalysis.

The BPf* complexes studied were Bi(NJ3, bismuth(lll) carbonate
((BiO)2C0s), and bismuth(ll subsalicylate ¢7HsBiO4). These Bi* materials are
insoluble in organics (MeCN) and well suited for organic electrolysis. Their respective

structues are illustrated in Figure 2.dlong with their respective cost per mole of Bi.
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Figure2.4. Structures for bismuth(lll) nitrate (purple), bismuth(lll) carbonate (orange),
and bismuth(lll)subsalicylate dreer) with their respective commercial
cost per mole of bismuth.

Per one mole of Bi, each Bicomplex is <$1 to purchase via chemical retailo
Specifically, Bi(NQ)3 was of interest because, as stated previously, it is the precursor
for the acid aqueous electroasjtion. This would allow fosignificant comparisasto
be made between modification techniq&s0).COs andC7HsBiO4are both arrently
used in industry(BiO).COs has production in recreation use, specifically in fireworks,
but also in health care to offer antibacterial properties towards peptic ulcers and
gastritis20 C7HsBiO4 also finds benefits in health care as it is an esda@mponent in
the commercially produced medication for indigestion relief, RBgmol.

Once the slurries were prepared for each @mplex, their films were cast onto
carbon paper and characterized with surface techniques to obtain information on film
morphology and elemental compositions. Electrochemical methods were used to
observe C@ reduction activity for the Bi catalysts. Whe equipped in the newly
designed flow cell, current densities and product distributions were monitored.
Specifically, it was of great interest to observe how the flow cell impacts mass transport

for the 2H/2€d redoxreactionto evolve CO.
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2.3.4 Surface Analyss of Drop Cast Bismuth Modification

Drop castingvasfacile surface modificatiomethodto produce a dark gray film
for all Bi** complexes. The surface morphology and elemental composition for-the Bi
modified carbon paper (fdBiO)2COs, Bi(NO3)s, andC7HsBiO4) were then analyzed

with secondary electron microscopy (SEM), energy dispersirayXspectroscopy

(EDX), and Xray photoelectron spectroscopy (XPS) respectively.

Figure2.5. Secondary electron microscopy images of a) bismuth(lll) carbonate, b)
bismuth(lll) nitrate, and bismuth(lll) subsalicylate at magnifications of 5
K and 10 K (inset).

The SEM images(Figure 2.5) reveaéd morphologies resembling the
electrodeposited Bi surface in terms of depth and porosity. Enhanced porosity is
desirable beause it encourages more available active sites for the binding of reagents
or adsorbates. The porosity is likely encouraged by gentle solvent evaporation from
THF, such that Bi loaded on MWCNTSs can settle into optimal sites with maximum
stability. Unlike éectrodeposited Bi surface modifications, the drop caltdimplexes
do not undergo a chemical transformation, such that there is no applied reduction
potential to precipitate Bi onto the surface. The cadt @mplex retains its starting

composition. Therefore, the observed microstructuresBitOs)s, (BiO).COs, and
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C7HsBiOs each portray their characteristic architectural identitiéBiO).COs
demonstrates clusters of platelets (FigursaR.Bi(NO3)s appeas as an amorphous
spongelike material (Figure 215), andC7HsBiO4 showsstick-like striations spanning
across the surface of the film (Figuréd.

The characteristic identities for the®Bcomplexes were further illustrated with
XPS when analyzing théBi 4f high resolution region for each i surface.
Characteristic binding energies (BEs) were revealed(Bi®).COs (Figure 26a),
Bi(NOg3)3 (Figure 2.®), and C7HsBiO4 (Figure 2.€) at 159.0, 159.9, and 159.5 eV
respectively. Unlike the electrodepositBd surface, there was no metallic Bi°)
component (157.0 eV). It is curious to observe how catalysis will diffem there is

no starting Bi on the electrode surface.
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Figure2.6. Bi 4f high resolution spectra for a) bismuth(lll) carbonate, b) bismu}h(lll
nitrate, and c¢) bismuth(lll) subsalicylate modified carbon paper.

The survey spectra for these prepared films identified F, S, O, C, and Bi. The
presenceof F, S, and O are likely from the Nafion binder. Appropriately, the survey

spectrum for Bi(N@)z showed the incorporation of N.
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Figure2.7. XPS survey spectra for a) bismuth(lll) carbonate, b) bismuth(lll) nitrate, and
c) bismuth(lll) subsalicylate modified carbon paper.

Bi, C, F, S, and O were also identified by EDX in the film bulk. F and S appeared
in trace amounts, whereas the greatest elemental contribution was from C, Bi, and O.
The abundance of carbon is likely due to the incorporation of MWCNTs and not from
penetration into the carbon paper support. Drop casting provides a robust film microns
in thickness which makes the detection of carbon paper unlikely. WheMBC was
prepared by organic electrodeposition, an overwhelming amount of oxygen was also
observedl22Comparatively, the oxygen contribution was less significant, such that the
ratio of Bi to O forBi(NO3)s, (BiO)2COs, and C7HsBiO4 were 1:6, 1:5, and 1:3
respectively. These ratios resemble what would be expected for éachrBplex. This
suggests that @e the surface is modified, Bi does not become further oxidized.

The organic electrodeposition for-BIMEC also identified F, S, and O on the
film surface from either residual supporting electrolyte (TBARJ residual triflate
(CRSG;').21 These elements did not demonstrate negative correlations toward the
efficacy of catalysis (CO evolution, current density, energy cost). This suggests that
these elements witemain inert during catalysis, however, this will be investigated in

greater depth upon performing electnemicalstudies.
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Noting the resemblances to previously prepared electrodeposited Bi materials,
the drop casting method appeared promising forgsneg a Bi platform for industrial
COz reduction to CO. Importantlyt was curious to observe if these filldemonstrate
resemblancein CO; reduction activity and CO selectivity tthe analogous BCMEC
system. Because these films no longer shothoBihe prepared surfacé will be a
significant contribution tevards CQ to COelectrocatalysiso observe if it i;mecessary
to have this componeptesent on the surfate initiate catalysis. Additionally, it as
of interestto observe the durability dfie drop cast films once equipped in the flow cell.
If high CO selectivity and enhanced mass transport are achieved, the designed redox
flow cell would be a significant contribution to the advancen@nénergystorage

devices.

2.3.5 Activity Towards CO2 Reduction and CO Evolution

It was encouraging to observe similarities in surface structure and composition
to previously studied electrodeposited Bi surfaces. To observe if there were also
resemblances in the G@eduction activity, the film itself (in the absenof the flow
cell) was first studied with cyclic voltammetry (CV). Once the activity and peak
potential have been identified, controlled potential electrolysis (CPE) was performed
with the Bicast modified surface equipped in the flow cell and tethered &L to
monitor the evolution of CO, £lor methane (CkJ. To support that carbon paper is the
optimal substrate for the redox flow cell, CPE was also performed withoBified
carbon clothwhere CO evolution was monitoredhis is expected to highliglheir

unique resistivity and intrusion properties as suggested in the litetature.
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2.3.5.1 COg2 Activation Demonstrated by Cyclic Voltammetry

CVs were performed by spending the modified substrate in electrolyte
consisting of supporting electrolyte (100 mM TBAPFand Zbutyl-3-
methylimidazolium trifluoromethanesulfonate (100 mM [BMIM]OTY) in either £
N saturated MeCN. In lieu of using carbon paper, th& Sirries were cast onto a
glassy carbon disc electrode (GCE, 3.0 mm diameter) due to the current limitation on
the potentiostatCarbon paper has a larger surface area which would resultaartieat
limits of the potentiosabeing maxedat potentialsvhere you wouldexpect tosee the
cathodic rise for C@reduction Additionally, preparing carbon paper with a smaller
surface areas may result in fracture. Any of these outcomes would result in unreliable
voltammogram readings.

A GCE and carbon paper denstrate different ohmic interactions based on their
unique microstructures and ultimately encourage different surface chemistries for the
2H'/2€ redoxreaction Therefore, direct comparisons between th# &mplexes are
not encouragedCV analysis aime to observe if the Bi complexes demonstrate the

ability to reduce C@
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Figure2.8. Cyclic voltammograms a) for bismuth(lll) nitrate (brown), bismuth(lll)
subsalicylate (cyan), bismuth(lll) carbonate (yellow), and no bismuth
(black) drop cast on GCE submerged 00 mM IL and 100 mM TBAP§
in COz saturated MeCN. Cyclic voltammograms for b) control studies are
shown with bismuth(lll) nitrate.

The overlaid CVs in Figure 8 suggesethat regardless of the Bicomplex,
the slurry was active towards G@duction. Bi(NOz)z demonstrated the earliest onset
potential, ~ 1.75 (V) vs. SCE (all potentials will be referred to this reference), followed
by C7HsBiO4 (cyan trace) anBiO).COs (yellow trace). Each Bf complex showea
cathodic peak maxima at ~2.0 V. Tighlight that the Bi* complex is responsible for
CQO; reduction, the slurry was prepared with only the MWCNTs and Nafion. The
resulting polarization curve (Figure 2a8 black trace) revealed negligible activity
towards CQ reduction suggesting that the fidm and MWCNTSs are not responsible
for the cathodic feature. Further, thé'Hilms demonstrated a similar potential for the
CO, redox event. This observation was significant because it is analogous to the

electrodeposited BCMEC systems.
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Bi(NO3)s/GCEdemonstrated the greatest enhancement ur&€fdiction activity
and demonstrated a stronger ohmic contact to glassy carbon compéBed)t€Os
and C7HsBiO4. Because the current response was substantial and the film was robust
under these conditionBj(NOs)zwas ideal for exeding control studies (Figure 28
Specifically, it was of interest to observe the stability of the film and the IL, in addition
to observing if there is still an essential Bi/IL interface that encouragesedQction,
as demonstrated from previous electrolysis with electrodepositEMEC 2123

The stability of the film and IL were studied upon saturating thetreligte
solution with N (Figure 2.®, purple trace). The polarization curve was flat until an
observed cathodic featurei&.15 V. This is the observed reduction potential for 1,3
dialkylimidazolium ILs. This observation suggests that the film is stabtker these
applied potentials. Furthermore, the negligible current response discredits the possibility
for the breakdown of IL or solvent to result in a featuré2a@ V. The absence of a
cathodic feature underaupports that Bi is responsible for t8€, redox reaction
under CQ saturated conditions.

To highlight the essential interplay between Bi and IL, separate CVs were
performed in the absence of IL under £d N> (Figure 2.®, black and pink traces
respectively), and in the absence of enRBidfied electrode under CGand N (Figure
2.8, cyan and red traces respectively). The polarization curve in the absence of IL
demonstrated no activity under €©Or N.. With just the bare GCE submersed in
MeCN/IL, the only cathodic feature was IL reductioAppreciable current
enhancements were only observed for the Bi/IL interface under Ttse results
support initial electrodeposited-BIMEC studies which highlighted the significance of

incorporating both components to mediate the @ACO redoxeacton.
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2.3.5.2 Product Distribution Elucidation

More direct comparisons in electrochemical behavior were made by performing
CPE with the Bimodified carbon paper equipped in the flow cell. These conditions now
incorporate the appropriate substrate (carbon paper) to reveal the true durability of the
catalyst. Here, the ability to catalyze ©£&as monitored by current density and product
distribution. Gaseous products were monitored by GC (CQ, Ehand solution phase
solvents (formic acid (HCOOH)) were monitored ¥y NMR. CPE was performed at
11.95 V with CQ saturated electrolytgolution(100 mM IL, 100 mM TBAPE).

Table2.1. CPE metrics for Binodified carbon paper at.95 (V) vs. SCE.

Bi3* IL IL conc. FEco(%) jco(mMA cm?) jiot (MA cmi?)
nitrate [BMIM]OTf 100 mM 458 56+£1.9 126 +£45
subsalicylate [BMIM]JOTf 100 mM 506 3321 6.9+4.3

carbonate [BMIM]OTf 100 mM 54 +3 125+1.3 23.0x15

As demonstrated in Table 2.1, the®Bicomplexes produced CO with
comparable efficiencies and suggests th&tdBes not need to be present to initiate
catalysis(BiO).COsdemonstrated the highest CO efficiency and current density which
suggests that it is an ideal platform for industry. 8simmgly, Bi(NOz3)sevolved the least
amount of CO. This is the precursor for-GBMEC prepared by acid aqueous
electrodepositin which evolved CO with >90 %aFadaic efficiencies (FEs). Without
experiencing a chemical changBi(NOs)z demonstrate less impessive metrics.
Electroreduction of N@ anions can produce side products such as ammonia or
hydroxylamine24 Additionally, some metaN bonds experience stronger binding
interactions which result in film passivation for cathodic processes. In analyzing the

current density plot for in Bi(N€)s (Figure 29, maroon trace), passivation is unlikely
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due to the observed steady rates over time. Therefore, tierédiDction products are

likely interfering with CO selectivity.
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Figure2.9. Current density plot for thBi(lll) carbonate (yellow trace), nitrate (maroon
trace), and subsalicylate (green trace).

The current density for(BiO).COs; exceeded 20 mA/ctwhich greatly
surpassed electrolysis performed in a -temnpartment electrolytic cell where
convection was controlled by vigorous catholyte stirri@g-sBiO4, not showing as
high of rates, still demonstrated comparable current densities to the exdag@aeous
electrodepositiodl23 Despite (BiO).COz and C7HsBiO4 evolving CO with similar
selectivity (~60 %), their rate for the 2/2€ redox reactionvaried by nearly 18

mA/cn?. This is highlighted in the current density plot in Figur@ gellow and green
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traces respectively. It was curious if the differenceaite was the result of the Bi
molar dependence for catalysis, or the complex structure itself. The mol€e$ oé&i

in the drop casting slurry f¢BiO).COsandC7HsBiOswere 1.57 mmol and 1.10 mmol
Bi3* respectively. These amounts were calculateedas the 40:1 wt.% ratio of Bi

to MWCNTSs for preparing the slurry. To determine if the higher rates were the result of
slightly elevated Bi loadings (+0.47 mmol fqiBiO).CQs), CPE was performed where

the moles of BY" were switched fo(BiO)>COs and C7HsBiO4: (BiO)COs; would now

have 1.10 mmol Bf andC;HsBiOswould have 1.57 mmol Bf-

2.3.5.2.1 Bi®** Molar Dependence for Catalysis

Switching the catalyst loadings f@8i0O).COs and C7HsBiO4 will reveal if the
specific BF* architecture or if the moles of Biincorporated in the slurry have a greater
influence on CQto CO catalysis. The new wt.% ratios {@i0)>COz and C7HsBiO4
are 28:1 and 56:1 respectively. CPE was performed with the same electrochemical
apparatus where product distribution and currensitemere monitored. The current
density plot for(BiO).COz andC7HsBiO4is illustrated in Figure 20, yellow and green

traces respectively.
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Figure2.10. Current density plot of Bi(lll) carbonate (yellow trace) and subsalicylate
(green trace) with 1.10 arid57 mmol Bi respectively.

Regardless of exchanging the mmoles of* BiBiO).CQO:; still demonstrated
higher current densiésthanC;HsBiO4 by ~5 mA/cnt. Because the current density for
C7/HsBiO4 was only slightly elevated by the 0.47 mmoP'Bincrease, e rate is
suggested to be less affected by Byading and more affected by the architecture for
the Bf* complex. The local bonding fafBi0).COs; and C7HsBiO4 are unique, as
illustrated by their oxidativererironments from XPS (Figure Za@nd c respeotely),
and may ultimately interact with intermediates differently. This is likely to play a more

significant role in the progression of @@ CO catalysis.
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Table2.2. CPE metrics for Bi(lll) carbonate and Bi(lll) subsalicylate mole dependent

study.
Bi3* IL IL conc. FEco(%) jco(MA cm?) jiot (MA cni?)
carbonate [BMIM]OTf 100 mM 43 +6 56+1.6 15.8+5.1
subsalicylate [BMIM]JOTf 100 mM 48 +38 45+0.2 96+1.8

Table 2.2 summarizes the metrics for the mole dependent CPE study. The
selectivity for CO is comparablén that the efficiencyis still within the standard
deviations of the previously reported metrics (Table 2.1). These results suggest that
slightly lower catalyst loadings will not jeopardize efficient €@ CO catalysis. This
observation was significant in furthering the progression of industrial integration, such
that catalyst loading can be reduced further to result in a greater industrial profit.

Because the complex structure appears to play a significant role in catalysis,
observing the structural durability of tkiBiO).COs; and C7HsBiO4 was of interest. If
the architecture is durable, minor surface deviations would be expected after
electrolysis. Ifthe morphology demonstrates significant deviations from the starting
composition, the film durability would be poor and the charigearchitecture may
likely alter the CQ@to CO redoxeaction To analyze thewtability and evolution of the
Bi film, the film morphology after CPE was studied via SEM. EDX and XPS were used

to study the elemental composition of the surfaces after CPE.
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Figure2.11. Secondary electron microscopy images of a) Bi(lll) carbonate and b)
Bi(lll) subsalicylate after electrolysis afi1.95 (V) vs. SCE.
Magnifications of 2.5K and 15K (inset).

It was fascinating to observe hq®iO).COs; and C7HsBiO4, when prepared in
the same manner and enduring identical electrolysis conditions, demonstrated unique
surface deviations after electrolysis. Timerphology fo (BiO).COs (Figure 2.14)
after electrolysis was nearly identical to the prepared surface. The morphology for
C7HsBiO4 after electrolysis, however, barely resembled the initial surface architecture.
The sticklike striations were sparse aadnajority of the surface demonstrated a more
rugged morphology. Interesting, the new surface microstructure showed similarities to
(BiO)2LC0Cs.

Because the surface f@;HsBiO4 showed similarities in surface structure to
(BiO)2CGs, it was curious to iderfti if C7HsBiO4 underwent a compositional change
during electrolysis. Elemental analysis was performed to observe possible
transformations. First, EDX revealed that the oxygen conten(Bi®).COsz which
suggestdthat (BiO).COs was robust and did not become further oxidized. The oxygen

content forC7HsBiO4 increased to a 1:5 Bi to O rati@7HsBiO4 is likely becoming
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more oxidized during electrolysis and may experience a new oxidative environment. To
clarify this observation, XPSomplimented EDX by identifying the elemental
composition of the Bi species specifically. The Bif 4igh resolution spectra for

(BiO).COzsandC7HsBiOs are illustrated in Figure 224 and b respectively.

a) Bi 4f b) Bi 4f

IS kCPS

1200 CPS

168 166 164 162 160 158 156 168 166 164 162 160 158 156
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Figure2.12. Bi 4f high resolution spectra for a) Bi(lll) carbonate and b) Bi(lll)
subsalicylate.

XPS revealed a slight change in thé*Rixidative environment fo€7HsBiO..
Specifically, the Bi #, component foiC7HsBiO4 demonstrated a shift to lower BE.
Here, the spenim was optimally fit to two components, 158.9 and 159.5 eV.
Interestingly, these BEs repres¢BtO).COz; and C7HsBiO4 respectively. Having both
components present corresponds to the obs&idd image(Figure 2.10b), such that
stick- and spongdike morplologies were identified. As supported by SEM (Figure
2.11a), XPS demonstrated that the oxidative environmen(Bi@®).COz; remaineddle

and suggested no compositional changes.
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Observingthat the final Bi* compositions after CPE wd8i0).CO; was a
significant observation for understanding the evolution of the active species during
catalysis. Further, this correlates to the Bi composition after electrolysis when prepared
viaacid aqueous electrodepositidiis suggests that despite the'22d redox reaction
occurring in a different electrochemical apparatus an@MEC being prepared by a

different surface modification method, the pathway for catalysis appears analogous.

2.3.5.3 Energy Efficiency for the Redox Flow Cell

The BP* complexes demonstrat@D selectivity with high current detisis and
a |l ow overd®tOemtVi)al Thae Ee& Efpoeffect@h®enargyd d (
efficiency (0) for the redox event, whi c
demonstrating a low energy cost, roughly 94®f charge was unaccounted for. The
| ow selectivity siBOLhidemonstyr at éedct e ¢he
a maximum of 53.1 % (considering upper end of standard deviation). This is a ~30%

drop in efficiency from the twgompartment eldrochemical assembly.
0 —xFE (2.1)

The Bi film was robust during CPE and demonstrated no signs of passivation.
Only trace amount®f H> were produced (<5 %) with no GHbr oxalate detected.
HCOOH was only detected f@¢BiO).COs (<2 %). It is likely that part of the charge
goes towards stabilizing the larger electrode surface area, such that altered efficiencies
are not uncommon for larger electrodes. Additionally, the production of small reduced
hydrocarbons that are not deteceahlith the GC detection limits may also occur.
Lastly, it is possible that lower selectivity may be the result -@idation of evolved

CO. The flow path for C&to leave the electrolyteolutionand enter the headspace is
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longerfor the flow cell thantiis for the twecompartment cell. This may encourage

additional interactions with the reactants and products-¢xictkze CO to CQ.

2.3.5.4 Detection of the Bismuth/IL Interface
The B/IL interface was highlighted when performi@PE without either IL or
the Birmodification. CV studies demonstrated that:@&€luction activity was sacrificed
without this interface. CPE will investigate this behavior further by understanding
catalytic effects on product distribution and current dgrigate). Additionally, it was
of interest to observe if the supporting electrolyte can be removed from the electrolyte
solution completely. IL has been reported to possess-fuoalttional properties, which
involves promoting ion conductivi3 It would be advantageous for promoting
industrial integration if the expensive supporting electrolyte can be eliminated.
[BMIM]OTf was shown to be robust during catalysis and demonstrated a highly
energy efficient system (~87 %) when used at slightly elevatedeotmations (300
mM) without electrolyte2! This efficiency had only been seen previously witlhlao
metals (Ag and Au¥S Additionally, [BMIM]OTf is among thdeast expensive ILs ($2/
0). Itis curious to observe if IL still demonstrates these multifunctional properties when

flowing continuously in the redox cell.
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Figure2.13. Current density plot for 300 mM IL/MeCN/Bi, 100 mM IL/MeCN/Bi,
TBAPFs/MeCN/Bi, and IL/TBAPE/MeCN in the navy, purple, red, and
pink traces respectively

The control studies were performed wiBiO).COs because it has higher
current densities and CO efficiencies comparedBtfNO3)s or C/HsBiO4. To
demonstrate the BIi/IL interplay, separate GRaktlies were performed where either Bi
or IL were not included in electrolysis (Figure 2.Dink and red trace respectively).
When Bi was absent, the slurry was only composed of MWCNTs and Nafion. Lastly,
to determine if supporting electrolyte can be aliamted, CPE was performed with 100
and 300 mM IL (Figure 23, purple and navy traces respectively). The metrics are

summarized in Table 2.3
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Table2.3.CPE metrics for Bi(lll) carbonate and variable IL conditiorisla@5 (V) vs.

SCE.
Bi3* ionic liquid ~ IL conc. FEco (%) jco(MA cm?) jiwot (MA cmi?)
none [BMIMJOTf  100mM 1+1 trace 43+1.3
carbonate none 4+2 0.3x0.2 59+14
carbonate* [BMIM]OTf 100mM 57 %6 6.7 3.9 12.1+3.8

carbonate* [BMIM]JOTf 300mM 577 11.3+14 198+1

A T current density
* No TBAPFs supporting electrolyte

These metricscompliment previous BiCMEC studies describing the
relationship between Bi and AL23 These metrics also compliment the CV traces
presented in Figure 2.7b, such that currensiters reduced significantly without the
Bi/IL interface. Despite being reduced, the current densities were still slightly higher
than expected for these two controls studies. Previously, the current densities for an
unmodified GCE ofor Bi-CMEC withoutIL were <1 mA/cn¥. This may result from
the enhanced surface area and mass transport effects from the flow cell. The enhanced
surface area is not only due to the size of the substrate, but also in part with the
incorporation of MWCNTs. MWCNTs have been shoto lower the resistance of
charge transfer for the reaction occurring at the cath®de.

These studies highlighted the multifunctionality for imidazolium doga
protons for the 2H2¢€ redoxreaction neutralizing surface charge from bias, stabilizing
radical intermediates (Cf)), and functioning as electrolyte. Comparable selectivity for
CO evolution was observed with only 100 mM IL and no electrolyte, texyehe
current density was slightly reduced. Increasing the IL concentration to 300 mM, the
selectivity for CO evolution and current density now matched the metrics for the

TBAPF/IL electrolyte. These electrolyte conditions are identical to previostuBlies
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in the absence of electrolyte, and demondirate analogous dependency on-1,3

dialkylimidazolium L2123

2.3.5.5 Elucidating the Significance of the Modified Substrate Material

It was previously suggestethat carbon cloth would demonstrate greater
intrusion and resistivity than carbon paper when equipped in the flow cell. Intrusion
would interrupt the flowing electrolyte and would likely accumulate pressure from the
restricted flow. Added resistivity wodlinterfere with facile electron transf@ET)
events and further increase the kinetic barrier for the rate determining step (RDS). For
these reason, carbon paper was pursued. It was of interest, however, to observe these
properties experimentally and tmmpare the differences in electrolysis between the
two carbon substrates. The influence that the substrate has over the outcome of
electrolysis was studied by performing CPE on th& Biodified surfaces for carbon
cloth and carbon paper when equippethim flow cell. The effects on CO evolutit

highlighted in Figure 24.
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Figure2.14. Bar graph describes the CO Faradaic efficiencies for carbon paper
(maroon) and carbon cloth (blue) substrates. Substrates were modified
with Bi(lll) nitrate, Bi(lll) subsalicylate, and Bi(lll) carbonate.

Regardless of the Bicomplex, carbon cloth demonstrated lower selectivity for
CO than carbon paper. Because the substrate is the only variable changing in these
electrolysis experiments, it is likely that the surfelsemistry deviates due to the unique
microstructures. Therefore, these results suggested that the compressed fibers in carbon
paper encourage ideal binding for the adsorption and desorption pfa@DCO
respectively. Carbon cloth demonstrates780% ofcharge unaccounted for (no,H
CHa, or HCOOH production). It is possible that intermediates may become trapped
carbon cloth and become further reduced to small hydrocarbon species. This may result

from restricted flow to allow a longer interactiomesbetween intermediates and the
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Bi-modified surface. Further, electrolysis efficiencies have been demonstrated to have

a strong dependence on the substrate pore size (porosity/architétture).

Table2.4. CPE metrics for Binodified carbon paper &i..95 (V) vs. SE.

Bi®* ionic liquid 1L conc. FEco (%) jco(MA cm?) jiot (MA cm?)
nitrate [BMIM]OTf 100 mM 29+8 43+1.1 15.0x15
subsalicylate [BMIM]OTf 100 mM 41+4 55+£1.6 13.2+£2.7
carbonate [BMIM]OTf 100 mM 505 88+1.0 17.9+0.3

Interestingly, Table 2.4 describes current densities that do not deviate
significantly from carbon paper (Table 2.1), within standard deviation limitations. It was
expected to observe an increase in current density with increased surface area. The
anticipded increase in rate may have been offset by the added resistivity from carbon
cloth.

These studies highlight the intrusion and resistive properties for carbon paper
and carbon cloth. It was fascinating to observe diff@rentmicrostructures of the see
elemental material influence differeatirface interactions. Additionally, these CPE
results afford confidence in selecting carbon paper as the substrate for the redox flow

cell.

2.4 Conclusions

In transitioning our energy dependency from the combustionssilftuels to
renewable solar power, challenges are faced when matching energy demands for
spontaneous weather and seasonal ch&n@kss is brgely attributed to solar energy
lacking an efficient energy storage device to provide energy during high and low energy

peaks. An energy storage method that has received much attention in the literature is
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solar fuel,in that they are among the most eyyedense storage devic&dn producing

these fuels, we have successfully developed a bismuth carbon monoxide evolving
catalyst(Bi-CMEC) capable of producing the C1 feedstock (CO) for the well known
FischerTropsch process. In this work, we modified our@VIEC system to function
optimally in an industrial setting to encourage integration of energy storage devices.

The modifications that were necessary to encourage industrial integration
included redesigning the electrochemical cell, exploring a siface modification
method, and exploring more cesficient materials. First, the architecture of the
previous fragile twecompartment electrochemical cell was redesigned into a robust,
compact, and cost efficient 3D printed electrolysis assembly.|®Weckll encouraged
a sealed environment for the redox event to take place that reduces the need for constant
re-optimization of reaction conditions. The technical and time consuming
electrodeposition technique was replaced by drop casting methods. &lodigions
were adapted from the literature and incorporated inexpensive commercially available
Bi3* salts (<$1/ mol Bi). When cast on inexpensive carbon supports, a strong ohmic
contact was demonstrated from high and steady current densities. The denstées
were also found to greatly surpass published values feCMEC in the twe
compartment cell. The enhancement in mass transport is likely due to the continuous
flow of recycled electrolyte refreshing the catalyst support.

It was also discovered dh expensive supporting electrolyte can be eliminated
with the incorporation of IL ((BMIM]OTf, 300 mM). [BMIM]OTTf is one of the least
expensive commercially available id&lkylimidazolium ILs. Furthermore, ILs can
also be recycled which would further @mite industrial profi£23031 [BMIM]OTf

demonstrated appreciable rates that were steady during electrolysis, except for when
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there was no Bmodified surface. An essential interaction between IL and Bi was
revealed and complimented previous@VIEC studiesThe BI/IL interface proves to
be critical for the outcome of GOio CO electrolysis; current density, product
distribution, and selectivity. If either Bi or IL is removed, these metrics were sacrificed.
The ease in cell modification encourages furtrtiraacements in cell design.
The cell architecture can be screened easily and quickly from the ability to 3D print.
This allows the cell to easily adapt to the eslanging demands of industry to fit
specific criteria or goals. This feature further hightgthe significance of our proposed
electrolysis assembly. A potential modification in cell design would be through stacking
multiple flow cells (Figure 2.1&). This involves more than one flow plate incorporated
in the architecture. Multiple flow platesquire multiple catalyst supports which would
result in enhanced CO production. The stacking design has shown interest in the
literature for energy storing devices, but could further be improved upon by this

lightweight and robust material.

a) SS Current Collector SS Plate b)

Silicone Nylon Pt/ C Substrate Etched Flow Path

Figure2.15. Stacked flow cell design is featured in a). lllustration in (b) shows etched
engravings for gas flow systems.
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An additional modification involves the redesign ba flow cell into a gas flow
system. A flow plate can be designed with etched grooves with high precision to direct
the flow path for gasses (Figure 20). The grooves encourage direct interaction with
the gas reactants and catalyst support. Dependitigedength of the flow path, short
or long interaction times can be achieved. In lieu of constant electrolyte flow, gas flow
systems would involve an IL bath suspended below thmdilified surface (Bi/IL
interface remains). The elimination of supporteigctrolyte and organic solvent both
reduces the cost and encourages greener soRfents.

Additionally, the IL would be used in 1.5 mL volume. This is a small volume
that does not result in a costly supply of IL. However, implementing neat IL alters our
previously explored dilute IL electrolyte conditions. It would be curious to observe if
the physical properties of IL alter the outcome of electrolysis. ILs are highly viscous
which would provide valuable insight on diffusional effects despite havingtie-

functionality of IL being an electrolyte aqaoton donor. (Se€hapter 5).
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Chapter 3

INVESTIGATING THE CATALYTIC DISCREPANCIES BETWEEN THE
BISMUTH AND TIN PLATFORMS TO THE LEAD PLATFORM FOR THE
ELECTROCATALYTIC REDUCTION OF CO2to CO

3.1 Introduction

With energy consumption and the atmospheric concentration efr&suly
increasing, electrochemical conversion of@®reduced carbon species has grown in
interest to mitigate COemissions:23 Specifically, reduaig CQ to CO hageceived
much attention becaug@O is the C1 feedstock for producing liquid fuels via the
FischerTropsch process. Recycling @By storing electrical energy in chemical bonds
is a promising route for decreasing our contributions to rigtngspheric Colevels
a carbomneutral systemd? This reduction, however, is kinetically challenging due to
high CQ stability and therefore requires a catalyst. There is continued research devoted
towards discovering noble metal heterogeneous electrocatalysts that can facilitate this
reduction with high efficacy with the intent of developing more energy efficient
systans® Additionally, by studying a slew of potential platforms, this research would
also help to further understand the currently unclear mechanistic pathway.
Unfortunately these noble metal platforms are expensive and even if they are found to
demonstrate the ability to selectively and efficiently transform @0CO, the price
would make the systemimpractical for further applications.

Thus, when deviating from the expensive noble metal cathdlesas found to

possess analogous metrics at a much lower cost. Becaug@ tagbon monoxide
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evolving catalysts (BCMEC) was a promising platform for the heterogeneous
reduction of CQto CO, othemp-block metals were explored near Bi on the periodic
table to determine if they alsbave high electrocatalyticic activity towards this
reduction.To explore the C@reduction capabilities of a library offdock materials, a
general organic electrodepdsit method was developé&d.This deposition bath was
no longer acidic and could accommodate a slew of materials and sensitive substrate
supports that were once hindered from electrochemical analysis due to being reactive
under acidic conditions. Incorpdidg these substrates aided in enhancing the ohmic
contact for certain materials to strengthen its durability as a catalyst; greaier CO
reduction activity, CO selectivity, and current density. Specifically, the expanded p
block metal library included Si®b, and Sb on eitherglassy carbomlectrode (GCE)
or Ni supports. Here, the variety of inexpensive materials allowed further discovery of
more efficient catalytic systems and enal@ddditional mechanistic insights for the £0
to CO reduction pathway.

Of the variety of heterogeneousbjfipck metals studied, Sn and Bi derstvated
the greatest potential dfeing a CO evolving catalyst. Regardless of the substrate
material, however, Sb was not active towards 20uction and Pb did not demonstrate
film durability as high as Bi or Sn. The Pb cathode initially produced @iosslectivity
exceeding 80 % & adaic efficienies (FES) with current densities of ~10 mA/énbut
became passivated during electrolysis within a matter of minutes.

Passivation of the Pb cathode inspired a series of investigations to understand
why the Pbmodified surface demonstrated different metrics and catalytic behaviors
than the Bi and Sn platformis was possible that Pb endurediquepathway if 20 %

of unacounted charge is going towards the evolution of a counter species. Reports have
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suggested that Pb foil electrodes are prone to prodaimgidazoliumcarboxylate
adduct(Figure 3.1)upon polarization at very negative applied potentials in a [BMIM]

andCO; environmentt

Figure3.1. Structure of imidazoliurnarboxylate adduct.

This electrolyte environment parallels the electrolyte solution used in these studies with
Bi, Sn, and Pb. Therefore, the formation of this adduct mayfob@ing and
thermodynamicallgtabilizingon the Pb surface to result in passivation and subsequent
loss of CO production due to competing pathwBsand Sn can activate G@t a less
negative applied potential and may circumvent the formation of this adduct as a side
product, thus, to be selective towards one product, CO.

If this theory represents treurface chemistry occurring at the Pb cathatle,
would be a significant discovery towards the continued mechanistic research for the
heterogeneous electroreduction of £0 CO. Currently, the adduct is believed to
encourage catalysis and the productminCO, not poison the transformati®if
Interestingly, despite these statements, there has been no evidence to support the

mechanistic interaction of the add&é&t2
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3.2 Experimental Method

3.2.1 Materials and Methods

Reagents and solvents were purchased from SAJdrech, Alfa Aesar, Acros
or Fisher. Bismuth(lll) trifluoromethanesulfonate (Bi(@))fand imidazolium ionic
liquid 1-butyl-3-methylimidazolium trifluoromethanesulfonate ([BMIM]OTf) were
purchased from Sigma Aldrich. Tin(ll) trifluoromethanesulfonatg8if)2), lead(ll)
oxide (PbO) 99.999 % puratrem, and potassium superoxidg (e purchased from
Strem Chemicals. Electrochemistry grade hydrochloric acid@38%0 % in HO) was
purchased from Sigma Aldrich. Tetrabutylammonium hexafluorophosphateRHsBA
was purchased from TCI America and purified by recrystallization with ethanol. Carbon
dioxide (CQ) was purchased from Keen Compressed Gas Company.

Platinum gauze (99 %) was purchased from Sigma Aldrich. The bare glassy
carbon disc electrode, baxe disc electrode, and the Ag/AgCl reference electrode were
purchased from CHI Instruments. Graphite plates werehased from Ohio Carbon

and Nifoil was purchased from Sigma Aldrich.
3.2.2 Instrumentation

3.2.2.1 Electrochemical Measurements

Electrochemical  studies wer conducted wusing a  C#ROD
potentiostat/galvanostat or a GH20D bipotentiostat. Electrochemical apparatus
consisted of a threelectrode system; working (bare glassy carbon disc (3.0 mm
diameter), bar&li disc (3.0 mm diameter)), counter (platinum gguand a reference
electrode (Ag/AgCl (1.0 M KCI)). Cyclic voltammetry and linear voltammetry

experiments were performed with iR drop compensation with 100 'm¥can rate.
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Ag/AgCI reference was converted to SCE referencing by the equaties Eag/age

+0.044 V.

3.2.2.2 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) was performed using-a CHI
720D bipotentiostat. Electrochemical apparatus consisted of adle@eode system;
working (bare glassy carbon disc (3.0 mm ditar)e bareNi disc (3.0 mm diameter),
Ni foil (~1 cm x 10 cm x 0.00125 cm), or graphite plate (~1 cm.@dm x 0.1 cm)),
counter (platinum gauze), and a reference electrode (Ag/AgCl (1.0 KCI)). Frequency
ranged from 0.1 Hz to 100 000 Hz. The electrolgtdution consisted of 0.1 M
[BMIM]OTf and 0.1 M TBAPFs in CO, saturated MeCN.

3.2.2.3 Rotating Disc Electrode

Rotating disc electrode (RDE) was performed using a 28D bipotentiostat.
Electrochemical apparatus consisted of a tHaleetrode system; working (gsy
carbon disc (5.0 mm diameter)), counter (platinum gauze), and a reference electrode
(Ag/AgCI (1.0 KCI)). Linear sweep voltammograms (LSVs) were obtained between
scanned potentials ranging frarh.45 toi 2.95 V. Rotation rate was performed at 1000
rom and scan rate of 100 mV sSécThe electrolyte solution consisted of 0.02 M

[BMIM]OTf and 0.1 M TBAPF in CO, saturated MeCN (80 mL).

3.2.2.4 X-ray Photoelectron Spectroscopy

XPS analysis was performed using a Thermo Scientfalghd spectrometer
with monochrom t i ¢ Aray (K86.7 ¥V) and 72 W of power (12 kV, 6 mA)
equipped with a 128 CCD detector plate. Operating vacuum pressure in the main

chamber was less than 1x8®rr. XPS survey scans were collected with a step size of
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1.0 eV and a pass energy of01€V. High resolution spectra were collected with a step
size of 0.1 eV and a pass energy of 20 eV. Thay<spot size was an elliptical shape

withasemimaj or axi s of approximately 400 & m.

3.2.2.5 CO:2 Reduction Electrolysis and Headspace Analysis

Current densiés were obtained by performing controlled potential electrolysis
(CPE) on a sealed twoompartment electrochemical cell with the cathode and anode
separated by a proton permeable Nafion membrane {AIRE The anode and cathode
compartment both contained0 mL of electrolyte solution; 0.1 M ionic liquid
([BMIM]OTf) and 0.1 M TBAPFs that was dissolved in GGsaturated MeCN. The
solution was sparged for 30 minutes before the start of electrolysis.

During CPE, the cathode was stirred at a steady rate \lindlee was a
continuous flow of C@into the headspace (5 mL/min). The cathode was vented directly
into a flow gas chromatograph (SRI Instruments,-8&RI0OC). A chromatograph was
obtained every 15 min throughout the duration of electrolysis by placingialiag
loop in line with a packed HayeSep D column and a packed mole Sieve 13X column.
The columns led directly to a thermal conductivity detector (TCD) and a flame
ionization detector (FID) equipped with a methanizer to quantify hydrogen and carbon

monoxde production respectively. The gas carrier was Argon (Keen, 99.999 %).

3.2.2.6 NMR

Solvent suppressiotH NMR was performed with aliquots from the cathode
solution to detect any solution products from electrolysis and/or decomposition of

electrolyte solution. Té acetonitrile resonance was suppressed at 1.96 ppm. Formic
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acid production was monitored at 8.1 ppm and imidazelanboxylate adduct was

monitored at 7.17 and 7.13 ppm.

Synthetic products were characterized wité and*H NMR. 3C NMR was
performed asin attached proton test (APT) experiment with 2048 sélNMR was

performed with 8 scans. The samplesresolvated in deuterateldeCN.

3.2.2.7 Lead (Il) trifluoromethansulfonate

Lead(ll) oxide was reacted with excess triflic acid in correspondence to a
modified literature proceduf8. A Schlenk flask, equipped with lead oxide (2.00 g),
triflic acid (4 mL) and 40 mL dry toluen@he mixture was heated at 1XD under N
for 5 hrs. The Schlenk flask was transferred ipdilled glove box upon the removal
of solvent and a slightly reduced pressure. The crude material was dissolved in
acetonitrile and filtered through celite. The filtrate was then concentrated under vacuum
to yield an offwhite powder in a 62 % yield®F NMR (376 MHz, CRCN, £5 /
ppm=i78.67.

3.2.2.8 1-butyl-3-methylimidazolium-carboxylate

In aNz-filled glove box, was suspendedriethyt3-butylimidazolium bromide
([BMIM]Br; purchased from Alfa Aesar) in dried toluene and let it react with sodium
hexamethyldidizane (NaHMDS; purchased from Sigma Aldrich) for 2 hrs. This
solution was filtered through celite and the filtrate, carbene, was sparged witha€O
for 0.5 hr. This solution underwent a second filtration step where the product was

collected as a whitprecipitate in a 78 % vyield.
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3.2.2.9 1-butyl-3-methyl-2-imidazolone

In aN>-filled glove box, ibutyl-3-methylimidazolium bromide (1.0 M, 0.4382
g) was solvated in dry dimethylsulfoxide (DMSO, 2 mL) in a 20 mL conical vial
equipped with a stir bar. 1 eq. potassisuperoxide (K@ 0.1422 g) was added to the
round bottom and let react overnight with vigorous stirring. The round bottom was
removed from the glove box and washed with water and dichloromethane (DCM). The
DCM layer was collected and dried witagnesiunsulfate. DCM was then removed
under reduced pressure. The produas a viscous liquid collected & 25 % vyield.

Product was analyzed vl NMR, 3C NMR, and XPS.

3.2.3 Electrodeposition of Bi, Sn, and Pb Electrodes

Prior to electrodeposition, théi disc ekctrode (3.0 mm diameter), carbon disc
electrode (3.0 mm diameter), or graphite plate (~1 cn®xrh x 0.1 cm) was polished
with 0.05micron alumina powder in Millipore water and then sonicated in Millipore
water for five minutes to remove residual powdéstarting withNi foil (~1 cm x 10
cm x 0.00125 cm), it was sonicated in water, acetone, and lastly acetonitrile for 20
minutes for each step to remove excess oils. The substrate was then submersed in an
acetonitrile organic electrolyte solution cantag 0.02 M of the respective triflate
metal and 0.1 M TBAP#saturated with N A series of cyclic voltammetry sweeps (10
cycles, 100 mV$) were performed with applied potentials ranging fid®5 toi 2.25
(V) vs. SCE. Following the electrode conditing, the GCENi disc was agitated to
remove exfoliated material formed on the electrode surface. Using the same electrolyte
solution, controlled potential electrolysis (CPE) applied a constant poteritiaBaffor

Bi(OTf)3, 10.55 V for Sn(OTf), andi 1.35 (V) vs. SCE for Pb until a total of ~1 C cm
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"2was passed. The modified electrode was rinsed with acetonitrile followed by a drying

step consisting of a gentd» flow over the modified surface.
3.3 Results and Discussions

3.3.1 Identifying Surface Impurities

Literature has openly stated that the imidazolaarboxylate adduct is an
essential intermediate for the heterogeneous electroreduction pftaCQ0O1415
Therefore, there is apprehension in confidently stating that the adsorption of this species
leads to filmpassivation, despite the likely thermodynamic formation for Pb surfaces as
discussed previously. Because of this, careful and vigorous studies were performed to
first support that there is an impurity adsorption event for Pb. This should also support
thatfilm passivation is not simply due to film thinning, which was further demonstrated
by a sleek gray film existing on the electrode surface after electrolysis.

Further, understanding how surface adsorbates interact with the specific cathode
is critical towards gaining clarity on the mechanism for CO evolution. Detecting a
difference in adsorbate interactions would be a key insight for understanding why the
mechaimsm for Pb leads to film passivation. Importantly, because impurity adsorption
likely alters the pathway that catalysis proceeds, it was therefore critical to first identify
if the mechanism for Pb is analogous to Bi. Tafel analysis was used to eluhidate t
mechanism based on the rate determining step (RDS). To monitor impurity adsorption
events specifically, the cathode surface before and after controlled potential electrolysis
(CPE) was monitored via-¥ay photoelectron spectroscopy (XPS) to observe thew

adsorbates evolve. Because impurities can complicate charge transfer events, the
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resistivity of these events were investigated with electrochemical impedance

spectroscopy (EIS).

3.3.1.1 Tafel analysis

Tafel analysis, as described by the BulWfeimer equatia (equation 3.1),
provides information on the type of rate determining electron transfer (ET) event
occurring in an electrocatalytic redox reacti@izor a simple irreversible twelectron
redoxreaction such as for BCMEC, the ButlefVolmer equation cabe manipulated
to provide the Tafel equation (equation 3.2) which affords a linear relationship between
overpotenti al (d) @®»nd the | og of current (

i=n F A(Ca(0,)exp{ UF(EI E ) i Cs(0,t)exp((i UNEI E)) (3.1

d iblogl) +a (3.2

A is the area of t he «lisagascomsthd, nisthe nusberf ar ad
of electrons transferred, U iEE rdesentsr ansf €
t he over po tCetyandCd(0,t)(arg e ,coneemrdtions of the oxidized and
reduced species at the surface respectively. In equation 3.2, b represents the Tafel slope.
Slopes for this equation have been theoretically derived with an absolute maximum of
120 mV dec.

Tafel analysis for Bi reveatl Tafel slopes of ~120 mV d&cé17 which
suggestd that the first ET event is rate determining for the reduction of.&lhis
results in the formation of a G@adical anion (C&) after the first ETevent which is
common for many heterogeneous catalysts f@» @duction'®8 To observe if Pb
experiences a similar mechanism to Bi based on the RDS, Tafel experiments were
performed via rotating disc electrode (RDE) studies. Stsgatg Tafel analysis is

beneficial for minimizing diffusional effects, whichiimportantfor Pb19 Specifically,
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poor diffusion of the ceatalyst (imidazolium), reactant (GQor product (CO) may

complicate adsorption events and result in-it@al adsorbates (impurities).
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Figure3.2. Linear sweep voltammogram in a) and b) show the Tafé$ do the Pb
modified electrode for the first (LSV (1), blue trace) and fifth (LSV (5),
green tace) sweep respectivelyloP c) overlaysfive Tafel plots LSVs
obtained at 1000 rpm and scan rate of 100 m\:.sec

Upon multiple executions, a Tafel slope 125 + 11 mV ded was obtained
(Figure 32a). This value correlates to the RDS being the first ET to yieId‘CUﬂs
suggestedhat Pb undergoes a similar mechanism to Bi. Interestingly, upon sequential
sweeps using the same-Rindified electrode (witbut replating the Pb surface), the
Tafel slope became larger and exceeded the maximum 120 riodedwo-stepET
mechanismThis feature is unlike what was observed for Bi.

When the Tafel slope exceeds 120 mV-Yeaften it is the result of neideal
charge transfer condi t8iSpenifcally, gh Tdiel sloges f or w
have been observed for whem 3. k< 0.i5s tAlse
factor for the distribution of electrons going towards oxidation or reduction. When
U<<0. 5, there are fewer electrons going t

reduction. This leads to an irreversible redeactionto favor product formation. An
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explanation for this event has been attributed to impurity adsorption to hinder charge
transfer® Once formed, the impuyi is stable and can be displaced by either solvent
(MeCN) or reagent (Cg)itself. This results in additional energy required to remove the
impurity to make available active sites to continue charge transfer events. The extra
energy required to remove timpurity, in addition to the already high potential barrier,

is representative of the higher Tafel slope (>120 mVjieEherefore, the increasing
Tafel slope upon sequential sweeps (FiguPe)3upports the theory that an impurity is
thermodynamicallyormed and adsorbed to the Pb cathode.

The higher potential barrier from the surface impurgtyalso highlighted in
Figure 3.2. Here, the overpotential becomes more negative upon additional LSV sweep
segments using the same-bdified eletrode. Additonally, Figure 3.B suggestd
that the shift to more negative overpotentials is not a function of rotatiobeeseise

the change in overpotential shifts accordingly for the two separate RDE studies.

50 40

| a) b)

40 1000 rpm 30t
—30F —LSV 01 — ——0rpm
g — LSV 02 ool —250r1pm
< ——LSVo03 Eé’ —— 500 rpm
~ — LSV 05 ~50l —— 1000 rpm
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0 0
-1.8 I -2.0 ‘ -2.2 I -2.4 ‘ -2.6 I -1.6 I -1.8 I -2.0 I -2.2 I -2.4 I -2.6 I -2.8 I
E (V) vs. SCE E (V) vs. SCE

Figure3.3. Linear sweep voltammograms are overlaid in a)gghe same Rmodified
electrode using RDE. Overlaid voltammograms inllofsirate a rotation
rate studyperformed with the same Rhodified electrode for all rpms.
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These Tafel studies suggedthat there is an adsorbate that forms on the Pb
cathode. This results in active sites being occupied by the impurity and not by the
reactant to undergo the 2l€ redoxreaction The formation of the adsorbate appears
to be thermodynamically favored for the Pb cathode because of the lower apparent
charge transfecoefficient and higher Tafel slopes for continuous LSV sveegments
Understanding that the Tafel slope for Bi does not change upon multiple LSV sweep
segmentsn that it does not demonstrate impurity adsorption, it was curious to see how
the active mtal species for the Bi Sn, and Pbmodified surfaces evolve during
electrolysis. Specifically, it was curious to observe if the surface evolution for the Pb

cathode is unique from Bi and Sn due to demonstratswgfaceimpurity.

3.3.1.2 Evolution of Surface Composition

Elemental surface changes of the metal cathodes were analyzed with XPS for
the Bi 4, Sn 31, and Pb #ihigh resolution regions. High resolution spectra forgDCL
1s, S 2, and F &, in addition to Bi, Sn, and Pb standards, were also acqoisagoport
component labeling for the active metals (Appendi¥dB3). The type of components
identified for the active species can provide significant information on how adsorbates
may interact with the oxidative environments. This was highlighted by anglyhe
stability of the metal catalyst components on the surface from Gibbs free energy values

(pG), which are summarized in Table 3.1
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c) Pre Pb 4f

[skeps
1\ Poso,

‘A PbO

PbF;

168 166 164 162 160 158 156 500 496 492 488 484 480150 148 146 144 142 140 138 136 134

d) Post Bi 4f e) Post Sn 3d f) Post Pb 4f

Ts00 cps T1keps ‘ [sKcps
i PbCO,

168 166 164 162 160 158 156 500 496 492 488 484 480150 148 146 144 142 140 138 136 134
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure 3.4. XPS spectra showing the Bfi, &n 31, and Pb #ihigh resolution region for
their respective cathodes as plated (pre, a, b, and c respectively) and after
electrolysis (post, d, e, and f respectively).

Bi and Sn shoed similar surface compositions via organic electrodeposition
(Figure 34a and b respectively). Interestingly, theseface compositions also relate to
the surface composition of the acid aqueous electrodeposHeMB(C, such that there
is a metallic and metal halide compon&hSpecifically, organic electrodeposition of
Bi(OTf)sshows metallic bismuth (Bired trace), bismuth oxide @s, blue trace), and
bismuth oxyfluoride (BiOF, green trace). In this caseOBiis the result of ex situ
oxidation of BP, not from eletrochemical formation. The same conclusions were found
for electrodeposited Sn(OEf)which shoved metallic Sn (Sh red trace), tin(ll/1V)

oxide (SnO (blue trace) and Sn@ellow trace) respectively), and tin(ll) fluoride (SnF
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green trace). The thermgmamic stabilities of these species are roughly similar and do
not exceed ~500 kJ mél Similar G values corresponc

potential for Bi and Sn; neither requiring a significant overpotential.

Table3.1. Gibbs free energy values for Bi amd@®mponents detected in the Bi 4
and Sn 8 high resolution region&?

Bi component G ( kY  Sncomponers G ( kY mc
Bi(0) 0 Sn(0) 0

Bi(Ill) oxide i 494 sn(ll) oxide 1252

Bi(lll) oxyfluoride N/A Sn(ll) fluoride 1316

Sn(lV) oxide 1516
Unlike Bi and Sn, Pb showdo evidence for a metallic componeRb was

composed primarily of lead(ll) sulfate (Pbs@reen trace) with slight contribution
from Pb(II/IV) oxide (PbO (navy trace) and Pb@ellow trace) respectively) and lead
fluoride (Pbk, blue trace). Significant PbSQrontribution is rationalized by its
thermodynamic stability compared to PbO (Table 3.2). Such a high contribution may
result in the more negative onset potential to reduce the thermodynamically stable Pb
active species. More native applied potentials commly bind intermediates more
strongly2! thus slowing the rate of catalysis. Slower rates can have negative effects on
proton availability and result in intermediate rearrangement on the surface. This can

negatively impact catgsis for Pb significantly.

Table3.2. Gibbs free energy values for Pb components detected in ttidigh 4
resolution regior#?2

Pbcomponens PG Mm&?
PK(0) 0
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PK(I1) oxide 1188

PK(IV) oxide 1217
PI(I1) fluoride 1617
PK(Il) carbonate 1626
PI(11) sulfate 1814

The surface compositions post electrolysis demonstrated a common trend; a
metallic component for all cathodes. For Bi and Sn, ¢himponent nearly double in
atomic percent. After electrolysis Bi was composed primarily eOBiSn showed
greatest contribution frol8nO andSnQ with slight contribution still from SniH{more
thermodynamically stable, Table 3.1), and Pb favored lead(ithonate (PbC§purple
trace). Here, Pb now devidtédrom what wa observed for the highefficient Bi and
Sn cathodes)o metal oxides wengresent. PbCgs highly stable at room temperature
(1 625.9 kJ moh)22 which may therefore not be readily reed to PBduring catalysis.
Carbonate likely forms at the electrode surface when there is limited proton availability.
The local pH at the cathode surface is typically higher than in the bulk, especially with
a more negative applied potentidThis can result in C&reacting with OH to yield
COs?, which would then favorably bind to PbHere, the active Pb component is >100
kJ mof! more stale than the Bi and Sn active species. This likely contributes to the

greater energy cost for Pb to perform thex@0OCO redoxeaction

3.3.1.3 Impedance Studies

Once understanding the composition of the cathodes before and after
electrolysis, it was curious tobserve how these materials interact with the catalyst
support by analyzing ohmic resistanceni®). Ronmic IS @ measure of the resistance
between thelectrode surfacand the electrodeposited film to facilitate ET events. EIS

is a highly sensitive témique for measuring the electronic behavior for the rate
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determining ET event. In particular, EIS is highly beneficial for catalyst electrodes for
COz reduction because it provides capacitance and resistance values for charge transfer
and mass transpogventsupon detailed analys®. Therefore, this is a highly reliable
method for measuring the resistivity associated with the rate determining electron

migrating through the film for the differeptblock materials.

3.3.1.3.1 Elucidating the Ohmic Strength for Bi, Sn and Pb Platforms

Electrochemical responses are generated from alternating potential signals that
out put different frequencies. The systembs
summarized in a Nyquist plot (complex plane plot) to describe curveattige
relationships. For monitoring the ohmic strength specifically, high frequency and short
time intervals were applied (Figure 3.4) This high frequency region carefully detects the
electrochemical response of applied input frequencies for the mdasteeaction
bet ween the film and substrate. For an ohn
is featured. This feature highlights the capacitive and resistive contributions.af R
suppressed elbow signifies a more resistive system prahaunced elbow suggests an
electronic distribution between capacitive and resistive components.

The electrolyte solution for the EIS studies mimicked electrolysis conditions. A
potential range was studiedl(80 toi 2.20 (V) vs. SCE (all potentials witle referred
to this reference)) to observe how robust the film is not only at the applied potential for

catalysis, but also for a slew of reaction conditions.
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Figure3.5. Nyquist plots (high frequency region) for a) Bi, b) Sn, and c) Pb are shown
for potentialsranging fromi 1.80 toi 2.20 (V) vs. SCE.

Bi and Sn both show a significant feature (elb@whigh frequencies (Figure
3.5a and b respectively). This elbow is not dominanthie responses for Pb (Figure
3.5¢). This suggests that Bi and Sn have a lessties ohmic interaction than Pb to
facilitate charge transfer. Resistivity is measured bythgis (Z, real) and capacitance
is measure by theg-axis [ Z& imaginary). The ohmic response for Pb remains near Z
with minimal contribution froni Z& Bi andSn both have an ohmic response along the
Z andi Zéaxis, suggesting a combination of capacitive and resistive properties which
is ideal for electrocatalysi&; not completely energy storing or resistive such as to
prevent charge transfer events.

The Nyqust plot for Pbcomplimented therevious Tafel results,in that a
surface impurity for Pb may complicate charge transfer events, thus becoming more
resistive. Complicated charge transfer events result in greater difficulty (resistance) for
transferring edctrons through the substrate to reduce.CO

Interestingly, Bi and Sn maintadimpressive ohmic contact with the substrate
even at more negative applied potentials. This further highlights these impressive and

durable platforms for efficient CQo CO dectrocatalysis.

91



3.3.1.3.2 Resistivity Comparisons for Bi, Sn, and Pb Cathodes

In expanding the impedance window to include lower frequencies obtained at
longer time intervals, information on diffusion effects and the resistance to charge
transfer (Rt) was reveald. Rct provides information on how easily the rate
determining ET step occurs. MinimakRvalues are ideal, such that a smallesr R
implies a less resistive and more favorable ET event.

As illustrated in Figure 3& the Rt value is obtained by takingetdifference
between the sum ofdR and solution resistance {f§ (orange trace) and justdrgreen

trace). This yields the resistance for the diameter of the semicircle.

4 a) _Increasing Frequency, w b)

bl

_ZIM

sol

} |
R ZREAL R_'_ + Rc—

sol

Figure3.6. The Nyquist plot in a) features a simple Randles impedance respomse fo
oneET event. The circuit in b) shows the Randles circuit to describe the
mechanism shown in a)c€is the charge transfer capacitance.

These EIS studies for lower frequencies were performed under identical
electrolyte conditions as used previouslyt tvere performed with a constant applied
potential ofi 1.95 V. Pbwas also performed &22.05 V becaus¢his is the optimal

potential for Pb catalysis. Performing EIS at both applied potentialsedifmw direct
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comparisons to be made between the varmathodes. Here, the objective was to
elucidate mechanistic information under optimal catalytic conditions based on the RDS.
In addition to R, adsorption phenomenon AR were monitored and the impedance

responses were simulated with circamalysis (example in Figure 36

Figure3.7. Nyquist plot for the Bi (red trace), Sn (blue trace), and Pb cathodes (green
trace,12.05 V; purple tracej1.95 V). Black lines represented 3RC
simulated data.

Figure 37 summarizes the impedance responsesverlaid 3D-Nyquist plots
for Bi (red trace), Sn (blue trace), and PB.Q5 V (green tracej,1.95 V (purple trace)).
Upon comparison of the-plock metal cathodes, Bi was found to have the smallest R
followed by Sn and Pbi2.05 V) respectively. Intergagly, Pb {2.05 V) and Sn

demonstrate comparablecRvalues. When Pb was exposed to the same applied
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potential as Bi and Sri 1.95 V), however, its & nearly doubled. This supports initial
CPE studies and Tafel studies, that at higher applied potelais initially capable
of reducing CQG.

When looking more closelyt ¢he Nyquist plot in Figure 3, Bi showeda more
complex impedance response.d@monstratedwo fusedsemicircles opposed to one.
In EIS, a fuseésemicircle suggests an adsorptiorepbmenon, which could likely be
due to the adsorption of imidazolium on the surface to facilitate the RDS. This is based
on the essential cathode/IL interface. Without this interface, tfi2&Hedoxreaction
is jeopardizd significantly&17

In comparison to Sn and Pb, neither shdw defined fusd-semicircle. The
possibility for an adsorption phenomenon is not eliminated, however, because this could
be the result of two semicircles overlapping to give the appearance of one more broad
semicircle. Because it is unclear if an adsorption phenomexists éor Sn and Pb,

circuit analysis will be beneficial for elucidating their mechanism.

3.3.1.3.3 Circuit Analysis for Detection of Adsorption Phenomenon

Circuit analysis involves the strategic arrangement of basic elements into a
network of connected resistomscacapacitors. The different values for the resistor and
capacitor, based on the path of the electrons, gives information on the kinetics and
mechanism for the catalytic systéaFor example, a simple Randles circuit is featured
in Figure 36b to describe an ideal impedance response (Figka® #or a perfect
semicircle. This circuit is designed with one resistor (R) and one capacitor (C) in
parallel, which represents a time constant (RC). When designing circuits, the first
resistor typically representssd® A time constant is implemented for each subsequent

event leading up to the ET event. For simple impedance responses, such as the Randles
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impedance response (Figure &.,6one time constant is sufficient in describing the
electrochemical event. The more complex the ET event is, such as for'f@d 2etlox
reaction more time constants will likely be required to describe the complex
electochemical behavior; no longer demonstrating a perfect semié#cle.

Two circuits were designed to represent possible electrochemical events for the
Bi, Sn, and Pb cathodes, the 3RC and 2RC. As the name implies, the 3RC has three time
constants, whereas tB&C is less complex and has only two time constants. The 3RC

and 2RC circus are illustrated in Figure 3a&nd b respectively.

CPE,,
4

—1 0

| Rohm\c I | RAD . | RCT _@_

b) Cohmic
| CPE_,
| Vi

'sol 1

] Rohmlc _ | RCT _®_

Figure3.8. lllustrations of the a) 3RC and b) 2RC circuits.

Each capaciteresistor time constant represents a diffepdr@nomenon; Rmic,

adsorption resistance (R, and Rt. The Warburg element (W), the constant phase

95



element (CPE), andsRare featured in both circuits. W accounts for diffusional effects,
such that it is an infinite array of resistors and capacH#d@fE accounts for an unideal
capacitance of the double layer, which may be due teundorm surface area or
charging and results in the imperfect semicifél&he only difference in circuit design,

is that the 3RC accounts for an adsorption phenomendrthen2RC does not. This
resembles the two possible electrochemical events to clarify if there are two semicircles
overlapping to give the appearance of one for Sn and Pb. Therefore, circuit analysis will
reveal which circuit best mimics the ET event. Egample, if the circuit simulation
suggests better fitting to the 3RC, the material is likely to experience an adsorption
phenomenon. If the circuit simulation shows better fitting to the 2RC, it is unlikely to

experience an adsorption phenomenon.

1.000 a)'\_/_/_‘H 1.000 } b)
0975} 0.975} j;
ND: 0.950 nIII 0.950 |
0925} 0925}
——3RC ——3RC
——2RC ——2RC
0900 1 1 1 1 1 0900 1 1 1 1 1
-1.7 -1.8 -1.9 -2.0 -2.1 -2.2 -1.8 -1.9 -2.0 -2.1 -2.2
E (V) vs. SCE E (V) vs. SCE

Figure3.9. R-squared plots for the a) Sn and b) Pb cathodes for the 3RC (blue trace)
and 2RC (red trace) circuit fittings.
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The circuit fittings for & and Pb are shown in Figure 8.8nd b respectively,
with R-squared (R values with respect to applied potential foe 3RC (blue trace)
and 2RC (red trace) simulation. ThéRilues for Sn prior t®#2.0 V showed a strong
correlation to the 3RC circuit, suggesting that Sn experiences an adsorption
phenomenon and therefore has overlapping semicircles. Pb does not dataanst
greater correlation to either circuit, implying that the 2RC is appropriate in portraying
the redoxreactionwithout Rap. This suggests that the impurity adsorption may disrupt
adsorption of IL.

Because the 3RC and 2RC are nearly identical foit las curious to observe
how a simple 1RC circuit would comma As illustrated in Figure 3.40 the 1RC
represents & but is more complicated than the simple Randles circuit, such that

diffusion and unequal charge distribution are accounted for viad/ZBiE respectively.

CPE 300

CT

sol

100

| RCT 4@‘

4 © S %

Figure3.10. The 1RC circuit is illustrated in a). The 1RC simulation (black lines) and
experimental impedance responses (colored dots) are summarized in the
3D Nyquist plot in b) for Pb.
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It was clearly observed in Figure 3d.@hat the 1R(oorly simulates the rate
determining ET event. This suggests thaig in the 2RC circuit, plays a significant
role in the mechanism. This stresses the importance on the cathode material and its
unique interaction with intermediates, i.e. blockingfacilitating ET events. It is
therefore not surprising to see changes in catalysis upon impurity adsorption, such that
efficient charge transfer is highly dependent on sunfesistance

Interestingly for both Sn and Pb, neither the 3RC nor 2RC showed a stronger
correlation when 2.0 V was exceeded. Because the adsorption phenomenon is due to
the adsorption of IL, this result implies that the stability of the adsorbed IL is jeopardized
when approaching more negative potentials. Because Sn and Bi show similar catalytic
behaviors, it was curious to see if the loss of the adsorption phenomenon also exists for
Bi.

The impedance response for Bi was studied for the same range of potentials as
executed for Sn. Because Bi heery defined fused seraircles, these responses were
summarized visually in a Nyquist plot (Figure B.in lieu of calculating R This allows

for a clear visualization on the relationship between adsorption and applietigiote
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Figure3.11. 3D Nyquist plot for the Bi cathode at varying applied potentials.

As shown in Figure 3.11Bi demonstrated fusesemicircles between potential
ranges of11.85 to 11.95 V. Once exceeding these potentials, the adsorption
phenomenonno longerx i st ed . More negaiz0vyV¥resupipl i ed
a single semicircle followed by a linear response signifying diffusion into the bulk of
solution.

Here, Bi is showing similar behavior to what was observed for the Sn cathode
and highlights tie interplay between the cathode and IL. More negative potentials,
approaching the reduction potential of imidazolium may jeopardize the cathode/IL
interface. There is merely a 100 mV difference between the optimal reduction potential
for Pb and the reduoin potential for imidazolium IL. This may contribute to rapid film

passivation for the Pb cathode at05 V.
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Observing that Pb is not dependent on an adsorption time constant, there is now
a distinction between how the catalytic mechanisms differ. Téatrenic differences
suggest that the IL is not interacting with the cathode surfaces in the same manner.
Thermodynamic formation of an impurity for Pb may discourage adsorption of IL and
ultimately discourage its benefits towards effective catalysigadttherefore of interest
to next identify the composition of the adsorbate via XPS to gain greater mechanistic

information on how the impurity may form.

3.3.1.4 Clarifying Adsorbate Identity via XPS

As a complimentary technique to EIS, XPS was used to charadteeiadsorbing
species for each cathode surface after electrolysis. Because the imidazolium IL is
responsible for the adsorption phenomenon detected from EIS, theifjhIresolution
region was of greatest interest. Like the XPS surface studies perféomibe active
metal (Figure 3.3), the evolution of the N High resolution region was observed by
characterizing the surface before electrolysis (pre) and after (post). This provided a clear
description of how the adsorbing species for Pb evolves angdares to Bi and Sn.

In characterizing the Nshigh resolution region, an understanding of the different
nitrogen components was first necessary. From previous mechanistic study, 1,3
dialkylimidazolium ILs are believed to donate protons towards th&22Hredox
reaction Specifically, the acidic C2 proton is donated to£@ yield the resulting
carbene and carboxyl, as illustrated in Scheme 1.1. The imidazolium and carbene will

both be detected in the N fhigh resolution spectrum.
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Scheme3.1. Arrow pushing mechanism for the formation of the carbene and carboxyl
upon the first H transfer step.

The NCN imidazolium nitrogens have an oxidative environmiiatt is unique
from the NCN carbene nitrogens. This results in characteristic binding energies (BES)
observed at 402.1 and 400.3 eV respectively. Additionally, supporting electrolyte
(TBAPF) is also detected in this region and has a unique BE of 402.7h&\0.3 eV
difference between TBAand imidazolium is stated with confidence upon multiple

standards acquired.
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Figure3.12. N 1s high resolution spectra for Bi, Sn, and Pb cathodes pre (a, b, and c
respectively) and post (d, e, and f respectively) electrolysis.

Upon analyzing the surfaces after electrodeposition for Bi, Sn, and Pb (pre,
Figure 3.2a, b, and c respectively), therasvlittle to no nitrogen contribution. Any
nitrogen detection would be residual from the electrodeposition bath (TAPGSt
electrolysis, the N dregion now showed components for TB#ed trace), [BMIM]}

(blue trace), and carbene (green trace) focattodes.

The N X high resolution spectra post electrolysis for Bi and Sn were nearly
identical (Figure 2.2d and e respectively). Interestingly, Pb demonstrated a more
complicated surface and had an inverse relationship between the amount of [BMIM]
andTBA™ on the surfaceompared to Bi and SiThe greater contribution of [BMIM]
may signify complications during catalysis to prevent proton transfer events. The two

additional components contributing to the complicateatspm (Figure 2.1 orange
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trace, are likely the source of impurity adsorption as previously suggested by Tafel
analysis and EIS. The BE for the two new components are 401.3 and 399.3 eV. The
401.3 eV component has a nitrogen oxidation environment that is less electropositive
than imidaolium and less electronegative than carbene. To match this electronic
environment, the C2 position is likely bound to a separate species in solution to form an
imidazoliumbased adduct. If this represents the impurity for Pb, the theorized adduct
(imidazdium-carboxylate) may prove to be irreversibly formed, thus creating a
thermodynamic sink. The 399.3 eV component lies in a more electronegative
environment than carbene. This suggests that C2 is bound to an electaedimgion
substituent, such as oxygea,yield X-butyl-3-methylimidazolone. This would provide

an electronic environment analogous to urea. It is curious to observe if this species is
electrochemically generated during electrolysis, or if it simply the decomposition of the
401.3 component whezxposed tair.

It was previously stated that Pb can thermodynamically form an imidazolium
carboxylate species when exposed to imidazolium and &Ohegatively applied
potentials. This is illustrated in Scheme 3.2, where the reactive carbene performs a
nucleophilic attack on neutral GQhat saturates the system to yield imidazohum

carboxylate.
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Scheme 3.2. Arrow pushing mechanism for the thermodynamic imidazolium
carboxyate adduct.

Experimental results via Tafel, EIS, and XPS now support the probable
formation and adsorption of this adduct; there is an impurity adsorbed which blocks
charge transfeand increases resistivityand the adduct offers an ideal oxidative
environment for the 401.3 eV component. To confirm that the identity of the 401.3 eV,
surface characterization of the adduct itself was necessary. Characterization required
the synthesis and subsequent BE standards obtained via XPS to confirm the nitrogen
oxidation environment for imidazoliursarboxylate. Further, this will also provide

insight on if the 399.3 eV component is from decomposition or if it is its own entity.

3.3.1.5 Synthesis and Characterization of ImidazoliumCarboxylate

To confirm the identity of théd01.3 eV component featured in the Blhigh
resolution region for the Pb cathode, imidazolicanboxylate was synthesized from a
known literature proceduf8.'H and'*C NMR characterized the isolated adduct and
XPS identified its BEin addition to any decomposition products (399.3 eV). NMR was
not only beneficial in describing the purity of the isolated product, but also in providing
a solution standard. This will allow for adduct detection in the cathode solution after

electrolysisThis is expected to elaborate on if the adduct only forms and adsorbs to the
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surface, if it adsorbs to the surface and diffuses into the solution bulk, or if it only exists

in solution without adsorbing to the surface.

3.3.1.5.1 'H and 3C NMR Standards
The *H and**C NMR spectra were obtained in dgIN. 'H NMR revealed

signature structural characteristics for successful transformation of imidazolium to
imidazoliumcarboxylate in the aromatic region in Figure3hnd b respectively; (1)

A loss of the C2 proton & 16 ppm and (2) a shift of the doublet (C4 and C5 protons)
at 7.46 and 7.42 ppm to 7.17 and 7.13 ppm respectively.
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Figure3.13. 'H NMR of the a) [BMIM]CQ product and the b) [BMIM]Br starting
material. NMRs obtained in dGON at25 C.
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Likewise, the*C NMR showed the appearance of a new C resonance at 155.34
ppm for the reaction product; 9 carbons for imidazoltarboxylate and 8 carbons for
imidazolium IL (Figure 3.4a and b respectively). This also represents a successful

transformation of imidazolium timidazoliumcarboxylate.
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Figure3.14. 1*C NMR of the a) [BMIM]CQ product and the b) [BMIM]Br starting
material. NMRs obtained in dGON.

3.3.1.5.2 Detecting Imidazolium-Carboxylate in Cathode following Electrolysis
Having NMR standards of the imidazolivcarboxylate aduct encouraged
investigation of the cathode compartment to observe if the adduct exists in solution for

Bi and Sn, yet not adsorbirig the cathode surface. Additionally, it was of interest to
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observe if the adduct exists in the solution for Pb, in audii likely adsorbing onto

the cathode. This study required surface modification to be performed on either glassy
carbon plates (Bi and Pb) or Ni foil (Sn) opposed to the glassy canbdh disk
electrode. A greater surface area (0.07 (GCE) vs. 0.7 m? (plate/foil)) encourages
greater quantities of product to form for heightened detection of solution products. For
comparison, the cathode solution before electrolysis is shown (Figi&).3ThelH

NMRs were obtained after 1 hour of electrolysis araidustrated for Bi, Sn, and Pb

in Figure 3.5Bb, ¢, and d respectively.
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Figure3.15. 'H NMR of the cathode compartment after electrolysis1a®5 V for Bi
and Sn, an@2.05 V for Pb.



Bi and Sn overlaid well with the catholyte solution before electrolysisualet
resaance at 7.36 and 7.33 ppm (C4 and C5 prgtand a singlet wit a resonance of
~8.44 ppm (C2 protgn There wereno characteristic doublet resonasie¢ 7.17 and
7.13 ppm, supporting that Bi and Sn do not favor the thermodynamic production of the
adduct, neither in solution nor on the surface. Additionally, the IL does not show any
signs of decomposition. The Pb cathode, however, showed a mixturedakzatum
and imidazoliumcarboxylate in solution. This suggests that imidazolaarboxylate
may complicate diffusion of IL and reactants (@ the bulk, thus to further effect
mass transport. This is supported by the intense decrease in curreng dansi
electrolysis.

Identifying the adduct in solutiofor only Pb further supports that its surface
chemistry is unique. Therefore, it is critical to now observe if this adduct contributes to
the complicated Ndhigh resolution spectrum at 401.3 eM Pb. This was studied by

obtaining the XPS standard of the isolated imidazolaamboxylate product.

3.3.1.5.3 XPS standards for the Complex N & Spectrum for Pb

The isolated imidazoliurcarboxylate product (stored inxffllled glove box)
was transferred to the X3 ntrochamber using a vacuum transfer medwés illustrated
in Figure 3.1@, the resulting Ndspectrum showed a BE of 401.3 eV which correlates
appropriately to the unidentified higher BE component for the Pb cathode (Figsfre 3.1
orange trace)Detecting imidazoliumcarboxylateon the Pb cathode suggedthat
adsorption of this species blocks charge transfer events that result in film passivation.
This is the first report of imidazoliwoarboxylate inhibiting Ceto CO heterogeneous

electrocatalysis
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Figure3.16. N 1s high resolution spectra for the synthesized imidazoloamboxylate
adduct a) when stored inNg environment and b) when it is exposed to
air.

To detect if the 399.3 eV component is the decomposition product of
imidazoliumcarboxylate, theisolated product was exposed to atmosphere and
transferred to the XPS intcdhamber ex situ. Two components were observed in the N
1s high resolution spectrum at 401.3 and 399.3(Eigure 3.16). These components
overlay with the observed Nstomponentdeatured on the Pb cathode (Figure3s.1
orange traces).

The 399.3 eV decomposition component is believed to have an oxidation
environmentlike urea, such that its electronic structure suggests an electron rich

environment for the nitrogen oxidation eronment. This complex would likely form



through the proposed decomposition mechanism in Scheme 3.3. Whensties#ive
imidazoliumcarboxylate adduct is exposed to moisture in the atmosphere, water can do
a nucleophilic attack at the C2 position tarakitely remove C@to yield CO, water,

and 2imidazolone.

H ~ H

\

_ _
0O Oy oH 07 7\
Bu\;\rlj N,Me —»BU\N N/Me —_— BU\N N/Me

H
+g’H
R 0L
BU\N N/Me e BU\N N/Me
\—/ \—/
CO + H,0

Scheme3.3. Arrow pushing mechanism for the decomposition of imidazolium
carboxylate to urea when exposed to air

To test this theory, the-itnidazolone complex was synthesized by known
literature technique&¥30. This procedure is a facile single oxidative deprotonation of
imidazolium31 Upon developing a protocol for isolating and purifying this product, the
2-imidazdone species was characterized via NMR and XPS to obtain resonance (ppm)
and BE standards respectively.

H and®*C NMR were first performed to obtain the purity of the synthesized

imidazobne. ThetH NMR spectra illustrated a shift in resonances betweertbutyl-
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3-methyt2-imidazolone product and thelltyl-3-methylimidazolium bromide starting

material in Figure 32a and b respectively.
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Figure3.17. *H NMR of the a) ibutyl-3-methyt2-imidazolone product and the by 1
butyl-3-methylimidazolium bromide stang material.

Importantly, the Zmidazolone product does not show a proton resonance for
the C2 proton at 9.16 ppm. ThackboneC4 and C5 protons are shifted upfield to 6.28
and 6.26 ppm. Likewise, the methyl and C1 protons in the butyl chain arendtsd s

upfield due to the greatetectron density in theng. These shifts are also illustrated in
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the 13C NMRs for the Zmidazolone product and imidazolium starting material in

Figure 3.Ba and b respectively.
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Figure3.18. 13C NMR of the a) ibutyl-3-methyk2-imidazolone product and the b) 1
butyl-3-methylimidazolium bromide starting material.

Having made and isolated the imidazole product with high puxiBS was
performed. Figure 3.HRillustrates the Ndlhigh resolution spectra foritnidazolone

and itscomparison to the decomposed imidazolicanboxylate adduct (Figure 3[40
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Figure3.19. N 1s high resolution spectra overlay of the a) synthesizduityl-3-
methyl2-imidazolone and the b) decomposed -butyl-3-
methylimidazoliumcarboxylate.

Figure 3.1 reveded a BE of 399.5 eV for the-ilhidazolone product. This BE
is within error of the XPS capabilities (0.3 eV). Decomposition was only observed
after the conclusion of electrolysis and therefore does not play a role during the CO
CO redox reaction However, it is fascinating to uncover the instability of the

imidazoliumcarboxylate adduct into its subsequent decomposition complex.

3.3.2 Unique Mechanistic Pathway for Pb
The difference in surface adsorbates between Pb and the efficient Bi and Sn
cathodes suggesd that their mechanistic pathways deviate. To appreciate the

differences in mechanistic pathways, it was important to first understand tHg@&H
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mechanisnfor the BFCMEC. The following mechanism in Scheme 3.4a and b was
proposed based on Tafhalysis and MD simulation performed in collaboration with

the University of Michigan. The simulations and Tafel analysis supported that the first
ET event is the RDS (Scheme 3.4a) to reduce surface boundaCOO#”. The
simulations also revealed thaetRDS is influenced by the addition of IL, such that the
kinetic barrier was mitigated by the addition of imidazolium IL. The decreatieein
kinetic barrier was suggested to be the result of IL stabilizing the electrode bias and the
highly energetic C& intermediate by Van der Waals nbonding interactions.
Therefore, the IL adsorbed on the surface (purple trace) does not participadte in H

transfers
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Scheme 3.4. Proposd mechanism and mechanistic deviations leading to film
passivation (c) for the 2¥#R2€ redoxreactionfor CO; reduction to CO for
Bi, Sn, and Pb.

Following the RDS and the first proton transfer to faranboxyl and carbene
the mechanism proceeds to pathwa where IL becomes reprotonated from other
nearby ILs in the solution bulk, or by protons migrating through the proton permeable

Nafion membrane. The IL in the bulk (blue trace) have been calculated to have a pKa
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of ~32 suggesting that these speciesi@eal to participate in Lewis acid/ Lewis base
activity and will participate in the 2i2€ redoxreaction

After reprotonation of the carbene to regenerate the IL, the secésdrainder
event take place which are believed to occur in a similar manrBecause Bi and Sn
produce similar metrics, their mechanisms are thought to be analogous. Importantly,
simulations did not detect the generation of imidazolazarboxylate in solution or on
the surface.

Because Pb became passivated after only prodbhahgCO efficiencies (83 %)
for short durations, it likely proceeds through pathways a and b for minimal catalytic
cycles efficiently. Because impurity adsorption of imidazohcanboxylate was
detected for Pb, film passivation likely deviates after payhaao proceed through
pathway c (Scheme 1.4c). Here, carbene nucleophilically attacks a nearby newtral CO
species to form the stable atdse adduct and unalterimgrboxyl Carboxyl now
exists on the surface for longer and may undergo additional sucfemistry to be
transformed into more reduced carbon species not detectable within our GC detection
limits.

The deviation from pathway a to c is largely influenced by the stability of the
carbene32 After imidazolium donates a proton to yield carbene, it is sensitiaetive
and eagerly wants to alleviate the divalent C2. If the surface environment is preventing
carbene from becoming reprotonated, it will capturex.d&@rmation due to limited
protonavailability isfurther enhancetly the detection of imidazoliwoarboxylate in
solution via'H NMR, such that the adduct in solution negatively effects mass transport.

This irreversible adsorption impurity leading to the restriction of charge transfer

ard reduced surface active sites was first suggested by Tafel analysis for Pb (Figure
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3.2c). Here, we have identified the souodeghe impurity and revealednaechanism for
likely formation which deviates from efficient catalytic pathways. Impurity adswopti

is likely influencel by Pb inherently binding to intermediates more strongly than Bi and
Sn, and due to having a more negative applied bias to effect difftésitnis is the first
report for identifying the controversial behavior of imidazolioarboxyate that

deviates from whatasbeenfaccept edo in the | iterature.

3.4 Conclusions

The development of the general organic electrodeposition procedure contributed
significantly to the existing drive to develop electrocatalysts for thetG@@O redox
reaction This procedure was easily modified to incorporate a variety of inexpensive p
block metals (Bi, Sn, Pb, and Sb) in lieu using expensive transition metal catalysts.
Initial electroanalytical studies via CV illustrated that while Sb was found to not be
active towards CQ@reduction, Sn and Pb demonstrated activity towardsréduction
and were potential platforms for the organic electroreduction eft€GO. CPE later
illustrated that Sn was nearly identical to Bi with respect to rate, energy efficiency (~70
%) and CO evolution (~80 %). Pb required a 100 mV greater overpotential to match the
rate and production of CO for Bi and Sn, but the current density and CO selectivity was
found to drop substantially after the first 5 minutes of electrolysis. When CBE wa
performed at the same overpotential as Bi and Sn, the current density was negligible (<1
mA/c?) and CO production was reduced by half. It was curiousdenstand why the
Pb cathode beoae passivated so quickly, and why Pb reqlaegreater overpoteat
than Sn and Bi.

Tafel analysis was performed to first observe if Pb goes through the same rate

determining ET event as Bi and Sn. The first linear sweep revealed a Tafel slope of 126



mV dec! suggesting that the RDS is the first ET to reduce 8@0y"*, which matches
the Tafel studies performed with Bi. Continuous LSV sweeps were performed on the
same Pbmodified electrode and revealed that the Tafel slope was growing larger to
exceed the maximum 120 mV defor a two ET redoxeaction Exceeding 120nV
dec?! indicates impurities adsorbing to the surface to block charge transfer events in an
irreversible fashion.

EIS studiessuggested that an kdsorption phenomenon existied Bi and Sn,
but not for Pb. This suggests that the surface impurityepted by Tafel analysis for
Pb, complicates the necessary adsorption of IL to satisfy the cathode/IL interaction.
Because the impurity adsorption phenomenon is not detected via EIS, the surface
impurity is likely not electrochemically generated. Ratherisita thermodynamic
product that favorably forms and adsorbs only to the Pb cathode under these conditions.

XPS monitored the Nslhigh resolution regions for Bi, Sn, and Pb surfaces both
before and after electrolysis to observe the evolution of adserioateach cathode. All
cathodes demonstrated adsorption of supporting electrolyte, imidazolium, and carbene.
Interestingly, the imidazolium atomic% for Pb was greater than Bi or Sn, which implies
that something is prevent IL from participating tiee surfice chemistryand being
strongly bound to the surfacédditionally, Pb demonstrated a more complicated
spectrum which included two new components located at 401.3 and 399.3 eV. XPS
provided identity to these species as being imidazetarboxylate and-Emidazolone
(adduct decomposition product) respectively.

In addition to surface adsorption, the adduct was also identified in the Pb
cathode after electrolysis viddH NMR. Neither Bi nor Sn demonstrated the two

signature resonances for this adduct at @Zrid7.14 ppm. For Pb, this discovery further
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supported the thermodynamic formation of the adduct and identified it as being
adsorbed to the surface while also existing in the solution bulk. Like complicated charge
transfer events at the surface, the atidtu¢he cathode solution likely interferes with
diffusion and contributes to poor proton transfer events. Limited proton transfer likely
encourages additional adduct formations.

Based on the detection of the adduct with the passivation of the Pb cdki®ode,
validity of current knowledge regarding the imidazoligarboxylate adduct was
guestionable. These studies point towards the adduct being a thermodynamic sink, such
that it is stable and irreversible within our redox potentials. Despite confidently
identifying theadsorption impuritya thorough investigation on the electrochemical
behavior of the adduct itself waecessary. Understanding its electrochemical behavior
will provide clarity to the previously discussed experiments and will support if the
adduct truly complicates catalysis. Now having a method to synthetically prepare the
adduct, in addition to having XPS and NMR standards to allow for precise identification
during experimentation, electroanalytical studies can be perfooméue adduct self
to probefor its true behavia during theCO> to CO heterogeneous electrocatalysis, i.e.
effect on current density, CO evolution, onset potential, etc. Screening the
electrochemical behavior of the adduct would be a significant contribution for
electrocatalyst design and provide valuable insighthen @Q to CO mechanistic

pathway.
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Chapter 4

UNCOVERING THE TRUE CATALYTIC BEHAVIOR FOR THE
MISINTERPRETED IMIDAZOLIUM -CARBOXYLATE ADDUCT

4.1 Introduction

Fossil fuels have dominated our global energy profile for decadésare a
major contributor towards the rising atmospheric,@G®els! Environmental warning
signs, i.e. extreme weather, climate change, and encroaching oceans, have become
prevalent and suggest that we are at a critical tipping point to make the fwitch
fossil fuels to renewablesHeterogeneous GQo CO electrocatalysis has received
much attention due to being a promising carhentral platform for lessening our rising
atmospheric C@ contributions34 Electrochemically transforming GQo CO is a
simple 2H/2€ redoxreactionwhere CO is a versatile product to produce a slew of
more reduce hydrocarbon synthetic fuels via the Fis€hgpsch process. The Fischer
Tropsch process is an established reaction leaving most research towards catalyst
devebpment for this endergonic transformation.

A key feature in developing an efficient catalyst, is understanding the
mechanistic pathway by which catalysis proceettteally for heterogeneous redox
reactions, the catalyst satisfies the Sabatier principatevth will bind to the reactants
and products optimally. Understanding how the catalyst binds to those intermediates,
and what those intermediates are, is critical for appropriate catalyst 8esign.

Our work recently explored the mechanistic differenceés/éen three cathode

materials; Bi, Sn, and Pbmodified electrode$These catalytic systems were mediated
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by the incorporation of imidazoliwbased ionic liquids (ILs). While Band Skacarbon
monoxide evolving catalysts (CMECs) were promising platfoforsCO; to CO

electrocatalysis, Pb demonstrated film passivatiatsacrificed CO evolution, current

density, and energy efficiency. Vigorous surface and solution phase studies were

performed to understand the mechanistic differences leading to théedawietrics for
Pb. Ultimately, an adsorption impurity was found for Pb, butfootthe Bi or Sn
cathodes (Seel@pter 3), which was believed to be the source of film passivation.
Interestingly, the impurity was identified as the same intermediate Higgadigin
literature to decrease the overd&ihetic energy barrieran imidazoliumcarboxylate
adduct(Chapter 3, Figure 3.1This contradiction triggered further study to understand
this discrepancy between our experimental results and published Igezatioqunts.
Imidazoliumcarboxylate is believed toe an essential intermediate oD, to
CO electrocatalysi8. Literature hypotheses statéhat the adduct forms when
imidazolium bound to the surface stabilizes the fegkrgy CQradical anion (C@)
after the first electron transfer (ET) rate determining step (R®3$his is illustrated in
Scheme 4.1Published work documented this addastbeing an essential intermediate
towards encouraging enhanced efficiency and activity towards r€@Quction to
CO1011 The hyothess in the literature also state thiithe CO* species does not

form a complex with imidazolium, thus to lower taetivaion energy catalysis will not

OCcCur.
Bu - Bu
, _
I\,]'*' O\C//O N ’—__,,—’\C//O
E\>/H 5 E ba
N - H N
\ \

Scheme4.1l. General iterature scheme for the essential formation of imidazelium
carboxylate310
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The stabilization of the CO* intermediate is critical towards catalysis.
However, initial mechanistic studies for-BMEC found fault with the proposediduct
formation in regards the surface bound imidazolium participating in surface chemistry
to form the adduct. MD calculatisrperformed in collaboration with the University of
Minnesota suggested that the surface bound imidazolium serves two purposes; (1) to
neutralize the negative applied bias and (2) to stabilize theemgigy cQh by Van
der Waals interactions. Despiteetburface bound imidazolium acting as a Lewis acid
to stabilize CG@", it does not lose its C2 proton. This is based on its high calculated pKa
value. Therefore, it is suggested that only imidazolium in the solution bulk or near the
electrode surface (pkaf ~32 in MeCN) can donate protons towards thé/2&] redox
reaction Further MD calculations provided no evidence of the resulting carbene
nucleophilically attacking C& on the surface for BEMEC under typical electrolysis
conditions.

Regardless ofhis mechanistic discrepancy for the formation of surface bound
imidazolium,prior publicationsalso stated that there is a reversible exchange between
carbene and imidazolinmarboxylate, shown in Scheme 4.2, to allow for such a

stabilization!011
Oy .0

Bu\N/\NzMe

C
Bu\ﬁ)\NzMe
+CO,
\—/

Schemed.2. Reversible reaction scheme of the carbene and imidazckuboxylate
adduct proposed by previous literattfté:

In contrast to the proposed equilibria, our previous electroanalytical studies

performed with Pb, i.e. Tafel analysis, suggedteat the adduct is irreversible and
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thermodynamically stable. Tafel revealed that the formation of this impurity is favored
basedonnoidealET( U < 0. 5) event s, ateshatherrmodywngmicn f or n
sink (See hapter 3}t2 As Tafel analysis suggted, the adsorption of this impurity

interferes with charge transfer events and ultimately leads to film passivation.
Therefore, if imidazolium were to form a stabilizing bond to.&Qhis species would

not be reduced back unless more negative poteratia applied. Further, this would

now jeopardize the energy cost of catalysis.

Our studies advocate adduct formation only when the carbene cannot become
readily protonated as a means for stabilization, i.e. low proton availability, poor
diffusion, etc.For example, if the highly reactive carbene cannot readily become
reprotonated near the electrode surface (where the chemistry occurs), it will likely
interact with neutral C®which saturates the solution to form the robust imidazelium
carboxylateadduct This is illustrated in Scheme 4.3. Catalytic conditions where
diffusion or proton availability is poor can occur when a more negative bias is applied
to result in a greater interaction between intermediates and subistithia, these are
potential depetient interaction&3 Additionally, the greater attraction can also occur
when the cathode material inherently binds to intermediates more strongly, such as for
Pbl4Here, activating the intermediate to leave the surface limits the rate of reaction for
catalysis, and ultimately charge tranfeTherefore, when testing neatals for
heterogeneous catalysis, it would be ideal to find a catalyst that does not stabilize
intermediates so strongly, yet is not limited by desorptionntdrmediates This

observation is critical for progressing catalyst design
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Oy O~
H
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c
_tC0 Bu\,t,)\N,Me

N/Me —> BU\N N—Me

Schemet.3. Scheme describing imidazolium donating its proton to form carbene where
upon Lewis acid/base chemistry the carbene reacts with t€@orm
imidazoliumcarboxylate

Based on thee onflicting hypothesesit was imperative to discover the true
mechanistic behavior of this adduct. $tudy the behavior of thisadduct for our
electrocatalytic systema series of electoemical studies were performed to
understandits reversibility, eféct on current density (rate) and activity for £O
reduction, andiltimatelyits effect onthe RDS. These studies were performed with our
Bi, Sn, adl Pb platforms. Additionally, wererealso curious if the adduct can exist in
solutionwhile remairing inerttowards the surface redox events, specifically for the Bi

and Sn systems.
4.2 Experimental Method

4.2.1 Materials and Methods
Reagents and solvents were purchased from Sigma Aldrich, Alfa Aesar, Acros
or Fisher. Bismuth(lll) trifluoromethanesulfonate was purchésech Aldrich, and
tin(ll) trifluoromethanesulfonate and lead(ll) oxide 99.999 % puratrem were purchased
from Strem Chemicals. Imidazolium ionic liquid-bltyl-3-methylimidazolium
trifluoromethanesul fonate ([ BMIM]OTf) O 9¢

Tetrabutylammonium hexafluorophosphate (TBAPRvas purchased from TCI



America and purified by recrystallization with ethanol. Carbon dioxide2)@@s
purchased from Keen Compressed Gas Company.

Platinum gauze (99 %) was purchased from Sigma Aldrich. The bare glassy
carbon disc electrode, baxe disc electrode, and the Ag/AgCl reference electrode were
purchased from CHI Instruments. Graphite plates were purchased from Ohio Carbon

and Ni foil waspurchased from Sigma Aldrich.
4.2.2 Instrumentation

4.2.2.1 Electrochemical Measurements

Electrochemical  studies were conducted using a -&40D
potentiostat/galvanostat or a GH20D bipotentiostat. Electrochemical apparatus
consisted of a threelectrode systemyorking (bare glassy carbon disc (3.0 mm
diameter), bare nickel disc (3.0 mm diameter), bare graphite plate (~1 dicm X
0.1 cm), bareNi foil (~1 cm x 1cm x 0.0025 cm)), counter (platinum gauze), and a
reference electrode (Ag/AgCl (1.0 M KCI)). Cixl voltammetry and linear
voltammetry experiments were performed with iR drop compensation with 108'mV
scan rate. Ag/AgCl reference was converted to SCE referencing by the eque&tion, E

= Eagiagel + 0.044 V.

4.2.2.2 Electrochemical Impedance Spectroscopy

Eledrochemical impedance spectroscopy (EIS) was performed using a CHI
720D bipotentiostat. Electrochemical apparatus consisted of adle@eode system;
working (bare glassy carbon disc (3.0 mm diameter), bare nickel disc (3.0 mm

diameter),Ni foil (~1 cmx 1 cm x 0.0025 cm), graphite plate (~1 cmIxcm x 0.1
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cm)), counter (platinum gauze), and a reference electrode (Ag wire)). Frequency ranged

from 0.1 Hz to 100 000 Hz.

4.2.2.3 X-ray Photoelectron Spectroscopy

XPS analysis was performed using a Thermo Scierifadphd spectrometer
wi t h monochr onma(14B6c7 eW land RAIW & power (12 kV, 6 mA)
equipped with a 128 CCD detector plate. Operating vacuum pressure in the main
chamber was less than 18®rr. XPS survey scans were collected with a siep of
1.0 eV and a pass energy of 100 eV. High resolution spectra were collected with a step
size of 0.1 eV and a pass energy of 20 eV. Thayspot size was an elliptical shape

withasemimaj or axi s of approximately 400 & m.

4.2.2.4 CO2Reduction Electrolysisand Headspace Analysis

Current densities were obtained by performing controlled potential electrolysis
(CPE) on a sealed twmompartment electrochemical cell with the cathode and anode
separated by a proton permeable Nafion membrane {AIRE The anode a@rcathode
compartment both contained 20 mL of electrolyte solution; 0.1 M ionic liquid and/or
0.1 M TBAPFs that was dissolved in GGaturated MeCN. The solution was sparged
for 30 minutes.

During CPE, the cathode was stirred at a steady rate while theseaw
continuous flow of C@into the headspace (5 mhint). The cathode was vented
directly into a flow gas chromatograph (SRI Instruments, -&RI0C). A
chromatograph was obtained every 15 min throughout the duration of electrolysis by
placing the samptig loop in line with a packed HayeSep D column and a packed mole

Sieve 13X column. The columns led directly to a thermal conductivity detector (TCD)



and a flame ionization detector (FID) equipped with a methanizer to quantify hydrogen
and carbon monoxide@duction respectively. The gas carrier was Argon (Keen, 99.999

%).

4.2.2.5 Solvent SuppressiotH NMR

Solvent suppressiotH NMR was performed with aliquots from the cathode
solution to detect any solution products from electrolysis and/or decomposition of
electolyte solution. The acetonitrile resonance was suppressed at 1.96 ppm. Formic
acid production was monitored at 8.1 ppm and imidazelianboxylate adduct was
monitored at 7.17 and 7.13 ppBamples were prepared iAMeCN (purchased from

Alfa Aesar).

4.2.3 Synthetic Protocols

4.2.3.1 Lead (ll) trifluoromethansulfonate

Lead(ll) oxide was reacted with excess triflic acid in correspondence to a
modified literature procedure. A Schlenk flask, equipped with lead oxide (2.0029 g),
triflic acid (4 mL) and 40 mL dry toluene. €mixture was heated at 110 under N
for 5 hrs. The Schlenk flask was transferred tdpdilled glove box upon the removal
of solvent and a slightly reduced pressure. The crude product was dissolved in
acetonitrile and filtered through celite. Therile was then concentrated under vacuum
to yield the resulting offvhite powder in a 62 % yieldF NMR (376 MHz,dCDsCN,
25 C) | 1 7®.6vm=
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4.2.3.2 1-butyl-3-methaneimidazolium carboxylate

In a N2-filled glove box, we suspendedmethyt3-butylimidazoliumbromide
([BMIM]Br ; purchased from Alfa Aesar) in dried tolgeand let it react with sodium
hexamethyldisilizane (NaHMDSpurchased from Sigma Aldrighfor 2 hrs. This
solution was filtered through celite and the filtrate, carbene, was sparged witie€0O
for 0.5 hr. This solution underwent a second filtration step where the product was

collected as a white precipitatea 78 % yield

4.2.4 Electrodeposition of Bi, Sn, and Pb

Prior to electrodeposition, the nickel disc electrode (3.0 mm diameter), carbon
disc dectrode (3.0 mm diameter), or graphite plate ¢aix 1.0 cm x 0.1 cm) was
polished with 0.05micron alumina powder in Millipore water and then sonicated in
Millipore water for five minutes to remove res@ powder. If starting with Nioil (~1
cmx 1.0cmx 0.00125 cm), it was sonicated in water, acetone, and lastly acetonitrile
for 20 minutes for each step to remove excess oils. The substrate was then submersed
in an acetonitrile organic electrolyte solution containing 0.02 M of the respective triflate
metal and 0.1 M TBAP#saturated with N A series of cyclic voltammetry sweeps (10
cycles, 100 mV$) were performed with applied potentials ranging fidh®5 toi 2.25
(V) vs. SCE. Following the electrode conditioning, the GRiEdisc was agitated to
remove exfoliated material formed on the electrode surface. Using the same electrolyte
solution, controlled potential electrolysis (CPE) applied a constant poteritiaBaffor
Bi(OTf)3, 710.55 V for Sn(OTH), andi 1.35(V) vs. SCE for Pb until a total of =Ccn
2 was passed. The modified electrode was rinsed with acetonitrile followed by a drying

step consisting of a gentié flow over the modified surface
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4.3 Results and Discussions

Imidazoliumcarboxylate was synthesized using known literature techniques t
effectively characterize its catalytic behavidété Having a method to prepare the
adduct synthetically andaving XPS and NMR standards allowed for precise
identification upon experimentation. The adduct was incorporated into electroanalytical
studies ya titrations, as an added component in the electrolyte solution (1:1 equivalent
to imidazolium, 0.1 M), and as a substitute for imidazolium (no [BMIM]OTf). The
range of experimental conditions are anticipated to provide a clear understanding of its
behavor during electrolysis to either confirm or discredit published theories.

Specifically, the reversibility of the adduct was investigated with linear sweep
voltammetry (LSV), its effects on electrolysis were studied with controlled potential
electrolysis(CPE), the evolution of adsorbates on the cathode surface was monitored
with X-ray photoelectron spectroscopy (XPS), and deviations in charge transfer events
were monitored via electrochemical impedance spectroscopy (EIS) for the Bi, Sn, and

Pb cathodes.

4.3.1 Observing the Reversibility of Imidazolium-Carboxylate

The reversibility of the adduct was studied with LSV to observe its experimental
redox potential. The literature states that the adduct exists in equilibrium with carbene.
Based on the thermodynamialsility for the adduct, however, the adduct would need
to be electrochemically reduced for this equilibrium to hold true. If the potential applied
for CPE is not at the appropriate overpotential to encourage the reduction of
imidazoliumcarboxylate, the aaplex will remain stable during electrolysis.

For these studies, the electrolyte solution consisted of 100 mM imidazolium

carboxylate and 100 mM supporting electrolyte (TBAPIR CO; saturated MeCN.
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Potentials ranged froiinl.55 toi 2.95 (V) vs. SCE (albotentials will be referred to this
reference) for Bi (black trace), Sn (red trace), and Pb (blue trace) as shown in Figure
4.1. Here, imidazolium is absent from the electrolyte solution. The reductiona6CO

not likely to occur without a proton sourc&herefore, the only cathodic feature

expected within this spectral window should be the reduction of the adduct.

]: Bi, GCE, [BMIM]CO,
20 mA/cm?2

sn, NiE, [BMIM]CO,

Pb, GCE, [BMIM]CO,

-1.6 . -1.8 l -2.0 . 2.2 . 2.4 ‘ -2.6 ‘ -2.8 l
E (V) vs. SCE

Figure4.1. Overlaid linear sweep voltammograrus the Bi, Sn, and Pb cathodes in
CO, saturated MeCN with 0.1 M TBARRNd 0.1 M [BMIM]CQ.

The arrent responses for each cathode showed negligible curremt #r& to
12.05 V. This suggesteithat CQ reduction does not occur without the imidazolium
proton source. The first cathodic peak has an onset potential 6f2.%

V and a peak maximum ofi2.3 V. This is the observed redox event for the adduct.
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The cathodic feature ati-2.55 V is reduction of solvent, as the electrochemical window
for MeCN is exceeded.

The first observed redox event is significant such that it discredits the adduct
existing in an equilibrium with carbene. There is ~300 mV difference between the
applied potential for catalysis and the potential at which the adduct is reduced. This is a
significant overpotential and suggests that firenation of theadduct is irreversible
during catalysis for our applied potentials. The irreversibility of the adduct is critical,
such that upon formation it will act as a thermodynamic sink. Additional adduct
formations will decrease imidazolium concentration because its formation shifts the
equilibria towards its fomation (e (hapter 3). Fewer imidazolium protoresults in
the lowe current densities observed: lowgnoton availability for the 2H2€ redox

reaction

4.3.2 Detecting the Influence of the Alduct for CO2 Reduction Activity

Understading that the addudbrmationis irreversible during electrolysis, it
was curious to observe if its presence in the electrolyte solution has a direct effect on
CO. reduction activity. Specifically, it was of interest to observe if additions of
imidazolium-carboxylate will shifthe equilibrium to favor further adduct formations,
thus to lower the imidazolium concentration and ultimately reducing ré@uction
activity. Alternatively, it was curious if adduct additions would have no effect (inert) or
a postive effect (enhancement) for G@eduction activity. A positive effect would
suggest that the adduct plays a role in the mechanism for the stabilization the
intermediate (Cd‘), as suggested by the literature.

LSV was used to probe for deviations in £@duction activity. Bi, Sn, and

Pb-modified electrodes were submersed in 100 mM imidazolium and 100 mM TBAPF
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in CO, saturated MeCN. Aliquots of imidazoliuoarboxylate were titrated into the
electrolyte solution up to 1 equivalent (100 mM). Deviationgurrent response, in

addition to shifts in onset potential were monitored.

—39mM Iﬂ) mA/em?

. . . .
-14 -1.6 -1.8 2.0 2.2
E (V) vs. SCE

Figure4.2. Linear sweep voltammograms for a) Bi, b) Sn, and c¢) Pb upon titrations of
imidazolium carboxylate into 100 mM [BMIM]OTf and 100 mM TBA®F
in CO, saturated MeCN.

The LSVtitrations are summarized in Figure 4.2. The voltaogram in Figure
4.2a illustrateghe adduct titration for Bi, which suggested that the adduct is inert
towards CQreduction activity. The polarization curvetainsits shape and the onset
potential at 4 1.85 V. Sn showed greater deviation in its current response compared to
Bi (overpotential shift of ~150 mV), but still maintains high £@duction activity
(Figure 4.2b). The polarization curve for Sn demonstrated that the adduct is slightly
jeopardiziig CQ reduction ativity, but not so much as to poisoatalysis. Pb displayed
the most extreme deviation in current response (Figure 4.2c), such that upon the first
addition of the adduct (8 mM, red trace) catalysis shut down. There was no longer a
cathodc feature indicative of C@reduction. This demonstrated how the cathode

material significantly influences adsorbate interactions during catalysis. Importantly,
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neither cathode demonstrated enhanced reduction activity due to greater concentrations
of imidazoliumcarboxylate in solution.

These observations discredit the belief that the adduct plays a stabilizing role
during catalysis to lowering the kinetic barrier for the rate determining ET step. While
the adduct was relatively inert towards the Bi cdthat resulted in complete cathode
passivation for Pb and demonstrated a slightly greater energy cost for Sn. Unlike Pb, Bi
and Sn must therefore preserve active sights for the adsorption of imidazolium to
promote catalysis. If the adduct were to stabittee CQ*, a rise in current or a decrease
in overpotential would be obse@nce the complex was added via titratiohis
insinuated that the adduct does not function as it is believed to in the literature. Notably,
this belief assumed that imidazoh-carboxylate was in a reversible exchange with the
carbene, which was previously discredited (Figure 4.1).

Ultimately, these titrations suggested that imidazolzarboxylate does not
favorably adsorb to the Bor Snrmodified surfaces to interfere wittharge transfer
events. This surface interaction would later be studied via XPS. In correspondence with
reduction activity, however, it was curious if the adduct effects electrolysis (CO
selectivity, current density, etc.) upon the reduction ob @€spie appearing inert

towards CQreduction activity for Bi and Sn cathodes.

4.3.3 Monitoring Deviations in CPE with Intentional Adduct Incorporation

Noting how imidazoliumcarboxylate remained relatively inert towards 2CO
reduction activity for Bi and Sn, while opletely suppressing reduction activity for Pb,
it was of interest to see if these behaviors persist during electrolysis. The literature states
that the adduct will enhance the catalytic rate and efficiency of CO evolution during

electrolysist’ Therefore the product distribution and current density were monitored
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specifically. To observe the true behavior during electrolysis, a series of CPE
experiments were performed where the adduct was added to the cathode compartment
during electrolysis. Here, it woulde clear if CO efficiency is enhanced or reduced, or
if there is an abrupt change in the steady current densities upon the addition of the
adduct.

CPE began with 100 mM imidazolium and 100 mM TBARFCO; saturated
MeCN with an applied potential 6f1.95 V for all cathodes. Pb was run at the less
negative potential so film passivation was not the primary cause of rate loss. After the
rate and CO productioplateaued at its published CQ@r&daic efficiencies (FEs) and
current densities after ~120 miegt one equivalent (100 mM) of the adduct was added
via syringe to the cathode compartment. The current densities (black traces) and CO

FEs (blue traces) for Bi, Sn, and Pb are summarized in Figure 4.3a, b, and c respectively.



Figure4.3. Current density plot@nd analogous CO FEs during CPE when 0.1 M
[BMIM]CO 2> was added to the cathode after 120 utesof electrolysis
time with an applied potential ®f..95 (V) vs SCE for a) Bi, b) Sn, and c¢)
Pb.

The rate for Bi and Sn remained steady for the first 120 minsigsifying
strong ohmic strength between the cathode and substrate. Even at a less negative
potential applied for Pbi (.95 V), cathode passivation occurred just minutes into
electrolysis. Nevertheless, the CO FEs for Bi, Sn, and Pb plateaued at + &8 45
respectively.

When the adduct was added after 120 minutes, the rate dropped instantly

(between 23 mA/cn¥) for both Bi and Sn. At this point during electrolysis, the current
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