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ABSTRACT

The development of sustainable energy technologies is critically needed to
reduce greenhouse gas emissions and mitigate anthropogenic climate change. The
electrochemical conversion of carbon diox{@€QR) is a promising technology to
produce valuable, lowarbon fuels and chemicals with renewable electricity, thereby
facilitating renewable energy penetration into the transportatiomandtrial sectors
However, significant improvements in energetic edficy and reactor engineering are
needed for eC&R to become commercially competitive. In this thesis, | present a series
of works which utilize a flow electrolyzer to provide fundamental insights into catalyst
design and eC£R reaction mechanism for muttarbon chemical (&) production at
industrially relevant reaction rates. In addition, | show that decouplingrRr@@ugh
the CO intermediate enables sustainable operation in alkaline conditions, which enhance
Co+ formation, as well as the productiontadteroatomic products.

| begin by presenting a general tecketmnomic analysis of a G@lectrolyzer
system which integrates capital and operating costs for electrochemical conversion and
product separation. | find that while only @roducts such as Cand formic acid are
commercially viable under current conditions, more desirablep@®ducts such as
ethylene and alcohols could become amshpetitive if electrolyzer performance can
be dramatically improved. This model is extended to agdig@p proces where required
performance metrics for acetic acid and ethylene production are provided, and a life

cycle analysis is conducted to demonstrate thatsiep eCGR can offer reduced
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greenhouse gas emissions relative to commercial, ftggdn processe driven by
renewable electricity.

Next, | present the synthesis and incorporation of a higbipus copper
catalyst into a threeompartment flow electrolyzer for eGRto G- products. The high
porosity provides excellent bubble management, emgabtableoperation at current
densities up to 650 mA/cinThen, an electrolyte study is conducted showing that
alkaline conditions greatly enhance-:Gelectivity relative to neutral electrolytes.
However, the inevitable formation of carbonates with alkadieetrolyte motivates the
two-step conversion of CQhrough the CO intermediate.

Motivated by the previous study, | then presentaleetrochemical conversion
of CO (eCOR)in a flow electrolyzer in alkaline electrolyteshow that compared to
eCQOR urder identical conditions, eCOR has a significantly highers€lectivity, and
that acetate becomes a significant product. The formation of acetate is attributed to a
higher surface pH during eCOR facilitating hydroxide attack of a surface intermediate.
This hypothesis is supported through isotopic labeling which shows electrolyte oxygen
incorporation into eCOR products.

Based on the preceding hypothesis of electrolyte incorporation into eCOR
products, | then present the electrolysis of CO in the presd#ram@monia, leading to
the formation of acetamide with up to 40% selectivity at 300 mA/BAT calculations
suggest acetamide is formed through nucleophilic amine attack of a ketene intermediate,
in competition with hydroxide attack leading to acetatee Phesence of additional
amines leads to their respective acetamides, providing valuable insight into the eCOR
mechanism and demonstrating the concept of electrochemical heteroatomic product

formation from a C@feedstock.
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Chapter 1

INTRODUCTION

1.1 Motivation for Electrocatalytic Chemical Production

The mitigation of anthropogenic climate change is among the greatest human
challenges of the 21st century. Decades of heavy fossil fuel usageelsaited in a
global mean surface temperature increasé©fsince the prandustrial period, with an
additional increase of 0.5 °C projected to occur by around 204tlle warming of 1.5
°C will inevitably cause detrimental ecological effects aroundvid, stabilizing the
surface temperaturat this level will avoid significantly more dire climate change
effects, and could be achieved through reducing €fiissions to netero by 2055:3
However, global energy demand is expected to nearly doubiere/same time frame,
severely complicating thehallenge ofCO, emissions reductioh.Therefore, the
immediate development of sustainable energy technologies which supplant fossil fuel
usage and decarbonize our energy infrastructure is critical to aghi@substantial
reduction in carbon emissioRs.

In recent years, the electricity generation sector has seen some progress towards
decarbonization. As a result of policy initiatives and declining photovoltaic production
costs, the price of solgyeneratd electricity has decreased significantly over the past
decade and is projected tolbalow$0.03/kWh by 2036.Furthermore, winehenerated
electricity is already currently available in some United States regions for as low as
$0.02/kWh’ Consequently, thg.S. Energy Information Association currently projects

that by 2050 renewable sources will account for the majority of electricity generation



(38%)8 However, due to an overall projected increase in electricity demand, carbon
emissions from the electrigitsector in 2050 will only decrease b{7% relative to
current levels. Low energy storage capacity and lack of grid management technologies
remain a significant impediment for complete electrical generation from intermittent
solar and wind sourcé€£venmore concerning, renewaké@urced energy is currently
projected to only account ferl% and 10% of energy use in the transportation and
industrial sectors, respectivélyAs a result, total C®emissions comingrom these
sectors willseeno overall deche between 2019 and 2050, and will account for the vast
majority of energyrelated emissionsTo alter these projections, we must rapidly
develop groundbreaking technologies which can utilize renewable energy across the
transportation and chemical indussiin order to achieve reéro CQ emissions by
2055

Currently, significant research efforts are being dedicated to carbon dioxide
utilization (CCU) processes which can leverage renewable energy to convert captured
carbon dioxide to valuable fuels andhemnicals. These include photochemical,
thermochemical, electrochemical, and biological methods, each of which have distinct
advantage$®!? The use of C@as a chemical feedstock enables processes to be €arbon
neutral (if driven by renewable energy), apbvides a means for offsetting the
additional costs with capturing GQt is important to note that CCU alone is likely not
sufficient to mitigate global COemission$®, however, in tandem with loagerm
geological sequestration and direct @pture, CCU could play a considerable role if
conventional, fossibased chemical production processes can be replhcHus
requires that any new CGCderived products can be casimpetitive, which is a

significant challenge as decaed fossitbasedprocesses are highly optimized, as



illustrated by enhanced oil recovery being the only commercial CCU technology at this
time, even thoughenhanced oil recoveryurther promotes the usage of fossil

resources®
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Fuels/Chemical products

.

Direct air capture

CO‘ &HCOOH

Platform chemicals

CQ'—» I | CXHYO j

Point source capture CO, electrolysis

Figurel.1l: Schematic of electrochemical £€ectrolysis process for carbon capture
and utilization towards valuable chemical feedstocks

Among all CCU process, the electrochemicatiuction of carbon dioxide
(eCQOR) to valuable products is highly promising because cheap, renewable electricity
from sola and wind can be directly utilized for chemical production. Electrochemical
reactors are modular and operate at ambient conditions, allowing them to compliment
the distributed nature of renewable electricity generation. Most importantly, some
preliminary techneeconomic assessments have found that at low electricity prices,
carbon dioxide electrolysis can become economically competitive with -fuzsseld

process to produce widelysed chemicals such as carbon monoxide, ethylene, and



alcoholst®’ CO; eledrolysis could then play a significant role in mitigating carbon
emissions(Figure 1.1) However, significant challenges regarding system efficiency,
stability, and scalability must to be overcome &OQR to become commercially

viable.

1.2 Fundamentals ofElectrochemical C&Q Conversion

As carbon dioxide is thermodynamically stable, energy must be input to convert
COztowards a more useful product through a redox reaction, whe@O#is reduced
(accepts electrons). In contrast to thermochemical converstare the energy input
is heat and the reducing agent (often hydrogen) directly delivers electronsG@zthe
the energy input irelectrochemicalCO, conversion is an applied voltage, and the
electrons flow through an external circuit. The electrocheméchlction and oxidation
reactions occur at separate electrodes (called the cathode and anode, respectively),
which are separated by an {oanducting electrolyte. The electrolyte is typically an
agueous solution containing an inorganic salt, where watees as the proton donor
through water oxidation at the anode. Many organic electrolytes consisting of solvents
such as methanol and acetonitrile have also been sttitheatiditionally, ionic liquids
have been employed as-catalyst£>?! However, wéer-based electrolytes are more
practicalat scaledue to their higher conductivity, stability under applied potential, and
high abundanceé schematic of a C&electrolyzer with water oxidation at the anode in
alkaline conditions is shown in Figure 1.2.

Many different chemical products can be formed through carbon dioxide
electroreduction depending on the number of proton/electron transfers that occur. Table
1.1 lists the cathodic reactions for several typ@@$ reduction products along with the

hydroge evolution reaction, which inevitably competes vt reduction in aqueous



electrolyte. Also listed are the thermodynamic potentials vs. the reversible hydrogen

electrode (RHE) for the cathodic hakll reactions.
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Figurel.2: Schematic of a Clectrolyzer

These values are calculated by first deriving the standard cell voltaie foverall

reaction of CQreduction with water oxidation (E*) from the equation:
. y
g — (1.1)
w h e r eis tlip&ibbs free energy of reaction for the overall reaction, z is the number
of el ectrons transferred, Gma?). Fhenjtse Far ad
thermodynamic haltell potentials (&) vs. RHE can be obtained by subtracting the full

cell potential from the thermodynamic halll potential of water oxidation:
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The full cell voltages and hatfell potentials listed in Table 1.1 represent the
theoretical minimum energy needed to dre@QR. However, in order to drive the
reaction at a significant rate, there aexeraladditional energetic barriers that must be
overcome. This requires that the actual operating full cell voltage of practical systems
(E) is higher than the thermodynamic minimum, with the difference defined as the
overpotential d) by:

- 0 ©O (1.3)
This full cell overpotential can be broken doimto different terms representing the
various energy barriers in the system:
- —-hF —h - - (1.4)
wh e & ndi.am the activation overpotentials needed to drive electron transfer in
the cathodic and anodic reactions, respectj\glys due to Ohmic losses in the system,
and dmt is due to mass transport limitations. The current density (j) is the flow of
electrons per electrode area (production rate), which at moderate overpotentials is
related to the activation overpotential Ine ButlerVolmer equation
0 ™ 7 (1.5)
where jis the exchange current densityhich represents the intrinsic reactivity of the
electrode)Uis the symmetry factor, F is Faraday's constant, R is the ideal gas constant,
and T is temperature. As shown by this equation, in the absence of mass transport and
Ohmic losseqgsuch as in a threelectrode setip with iR correctionas discusseth

Chapter?), the current density will increase exponentially with increasing overpotential.



Tablel.1: Standard potentials for G&ductionto various products

Cathodic half-cell reaction Ce:l:*v (o\l/t)age ;?tg;ﬁg:
# o (1 cAo#/l cl 1.33 -0.1
#oo (1 cAo(#I1 I 1.40 -0.17
# o oe(/ YA OH Wl 1.06 0.17
c#  @(/ YAOH H#HI (PN 1.13 0.10
c# w(/ pAOoO#H # I ( pc( 1.15 0.08
c# Yw(/ pAdo#( pc( 1.15 0.08
o# po( pdO#H(/( pyl 1.13 0.10
¢(/ cAo( cf 1.23 0.00

As also detailed in Equation 1.5, the intrinsic nature of the electrode material
can facilitate the transfer of electrons and reduce the amount of energy (overpotential)
required to drive the electrochemical reaction. These materials are known as
electroc#alysts, which reduce the activation energy required to reach the transition state
by enabling an alternative mechanistic pathway for proton/electron transfers to occur.
Electrocatalysts can be in the same phase as the reactant (homogeneous) or itea separa
phase (heterogeneouglCOR on homogeneous electrocatalysts has seen significant
investigation (seeRef. 22); however, for practical electrochemical devices,
heterogeneous metallielectrocatalysts are most often employed due to their high
reactivity. The following section contains an overviewe@QR research on metallic
electrocatalysts.

As seen in Tabld.l, the thermodynamic cathodic potentials for eBOR

products are very miilar, along with that of HER. Therefore, the production of a single



desired product cannot be controlled by applied potential alone, and the nature of the
electrocatalyst is critical for determining product selectivity. The Faradaic efficiency
( Febadaid is how many total electrons go towards one product and is defined:

; 29 (1.6)

where z is the number of el ectrons trans
geometric molar production rate, arglig the total geometicurrent density. Then, the
total energetic efficiency of the eGR process is defined as:

; = P (L.7)

whereE;" is the theoretical voltage for a given product drid the overpotential. The
enepgetic efficiency is the most critical figure of merit for the practicality of an
electrochemical system, whdtes desirable to achieve a high energetic efficiency and
high current density simultaneously. This requires a selective electrocatalystavith a
activation overpotential, and an electrochemical reactor design that minimizes mass
transport and Ohmic losses.

Of the many products listed in Table 1.1, which of these products should be
targeted? What performance metrics must be achievech@mic production from
eCOR to becomecommercially competitive with existing processes? This critical
guestion is unknown due to the still preliminary statue@©R technology. Techno
economic analysis (TEA) have provided some insight into the performandesnaad
market conditions necessary BCOR to be viable (see Chapter 3 for a TEA that seeks
to answer this question). To summarize, the steghbon products CO and formic acid
are most promising from a purely cdmtsed perspective due to their higthue relative

to the amount of electricity required. However, the global usage of formic acid is



currently modest (MT), and while CO is widely used for liquid fuel synthesis, this
process is energetically intensive and requires enormous scale. @methigamd, multi
carbon(C»+) products such as ethylene, ethangbropanol, and acetic acid are among

the widest used chemicals and can be more easily converted into other platform species.
Co+ products require more electricity, and therefore need thgtaes £$0.03/kWh)

which can be provided by renewable sources. For@po#mdC>- products dectrolyzer
performance with>60% energetic efficiency at industrially relevant current densities
(>300 mA/cn?) should be targetet§!” Once this performance is achieved at the lab

scale, pilotscale processes can be developed to further gauge commercial viability.
1.3 Current Status of eCQ:R Towards Multi -Carbon Products

1.3.1 Historical development

The study ofeCQR dates back many decades, witie most significant
pioneering work completed during the 1980's by Hori &1 &@his early work provided
critical fundamental insights regarding how the nature of the electrolyte, electrode
material, and applied potential influence@OQR and laid the goundwork for current
research efforts. More recentlgCQOR research has attracted remarkable attention,
encompassing many subtopics including theoretical computational studies, fundamental
mechanistic studies, electrocatalyst development, and electrglygtem design. This
section will summarize research progress relevant to this thesis, and the reader is
referred to some excellent reviews for a more comprehensive oveiAEar.

Early eCOR experiments were conducted in batch reactors wiB€ye was
bubbled into the electrolyte and simple, planar electrodes were studied. Hori et al.

observed that th€O;, productdistribution of various transition metal electrodes could



be classified into four groups: Carbon monoxide producing metals (Au, Ag, Zn),
formate producing metals (Sn, In, Hg), hydrogen producing metals (Pt, Ir, Ti), and
copper (Cu), which could generate significant amounts of roafton Cz+) productst®
It was proposed that carbon dioxide adsorbs and undergoes electron transfer to form a
CO; species, which then is protonated to form suramend CO® On weak binding
metals, CO will desorb as the major product, while stioinging metals will have a
CO-poisoned surface, leading to HER at low rates. Cu has an intermedidtimQy
energythat allows for GC coupling to occur, and these trends provided strong evidence
that CO is the key intermediate ®CQR to Co+ products. Formate iselievedto have
an alternative mechanistic pathway wh€&@, adsorbs via the oxygens rather than
carbon?®

While Hori's work provided valuable early insight ine€QR on metallic
electrodes, the catalysts used required substantial overpoteriti)s¢ achieve a low
current density (5 mA/ch). Furthermore, the batch cells utilized for electrocataly
testing had mass transport limitations due to the low solubilit¢@©f in aqueous
electrolyte. Since then, advances in material science and nanoparticle synthesis have
enabled the development of significantly more active and selective electrocatalysts,
especially for singlearbon products. For example, nanostructured Ag and Au catalysts
with high surface area have been developed that ere®@R to CO at low
overpotentials €0.4V) with more than 95% Faradaic efficierféy® Additionally,
bimetallics®®! carbonbased catalyst®, and singleatom catalysf§3* have been
demonstrated with high efficienciResearchers have implemented flow electrolyzers
for catalyst testing to overcome mass transport limitations (See Chapter 2 for discussion

on CO; electrolyzer design$® Some of these results areludedbelow in Figure 1.3,

1C



which illustrates the Faradaic (a) and energetic (b) efficiencies for the production of

singlecarbon products vs. total current density reported in the literature up to the year

2016
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Figurel.3: Summary of literature reports through 2016 of Faradaic and energetic
efficiencies vs. current density for varioush(aC: and (ed) G+ eCOR products (see
Ref. 16 for details).

As shown in Figure 1.3h, production of CO and formiacid has been

demonstrated at moderate current densities with high Faradaic efficked@¥) and
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modest energetic efficiencies. The performance metrics achieved thus far by
electrocatalysts in the literature are close to those proposed by TEA, and st st
companies have begun process development to commercelif@R to C:
products®®3” In contrast, the performance e€CQR to Co+ products is significantly
worse, with no reportsp to 2016achieving higher single product selectivity than 40%
at moderate current densitieigading to low energetic efficienciex20%). The
challenge in producing .+ products is due to the complex mechanistic pathways
requiring up to 18 electron transfers, which are in competition with each other in
addition tothe simpler 2 electron pathways towar@s products. This complexity is
illustrated by Kuhl et al., who showed sixteen different products from a bulk copper
electrode with varying degrees of selectivitysince copper is the only monometallic
that can faciliate GC coupling duringeCOR, much research has been dedicated to
developing improved copper electrocatalyéts order to advanceCQ:R technology

for Co+ production, additional fundamental insights regarding copper stregtaperty

relationship, influence of electrolyte, and mechanistic understanding are needed.

1.3.2 Mechanism for multi-carbon products

While the mechanisms for CO and formate production are generally agreed upon
in the literature, the mechanism leading to variGagroducts followiry the generation
of *CO on copper catalysts is highly debatkutial theoretical work utilizing density
function theory (DFT) calculations proposed the initial 1@déermining step fo€o+
production ona Cu(100)surfaceis the dimerization of two *CO to fon *OCCO3*
Additional proposed pathways include the protonation of *CO to *COH or *CHO
before GC coupling occuré®*L These distinct pathways depend on the electrolyte

conditions and applied potential, where early dimerization to *OCCO is more féorab
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at low overpotentials due to a higher *CO coverage and leads prdtiucts*? At high
overpotentials, *H becomes the dominant surface species, leading to *CHO formation
and CH as the major produét. Following the initial GC coupling stepsseveral
distinct pathways have been proposed for the production of ethylene and ethanol
through DFT calculatiori&*144 While continually improving computation techniques
will lead to more rigorous modeling of the complex electrochemical interface
experimentalinsights into the & formation mechanism are critical for guiding
theoretical studies.

Experimentally, mechanistic insights have been more challenging to achieve.
Aside from *CO, few intermediates leading to ethylene and alcohol production have
been confirmedIR spectroscopy has been employed to view surface intermethates;
however, only oe surface intermediate towards:@roducts (*OCCOH) has been
reported to daté® Bertheussen et al. demonstrated that acetaldehgdikely an
intermediate for ethanol producti6hand a similar mechanism has been proposed for
n-propanol formation thnagh propionaldehyd®. Isotopic labelling is a powerful tool
that has been employed to provide experimental mechanistic in§ighits Chapter 5,
isotopic labelling is used to support a mechanism for acetate formation through
hydroxide attack on a *CC@htermediate, with computational support presented in

Chapter 6.

1.3.3 Development of copper electrocatalysts for £ production

One strategy towards developing improved copper electrocatalysts is the
exposure of selective facets. Singlgstal studies hav&hown that the overpotential for
ethylene production on Cu(100) is lower than that of Cu(111) and Cu(110), and the ratio

of ethylene to methane is significantly higher on Cu(100) than Cufi There remains
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a lack of consensus to these effectsD&3 cdculations have attributed the higher
activity of Cu(100) to surface reconstruction, or a reduced energetic barrier to a *OCCO
dimer?® These singlerystal studies are hampered by the propensity of copper to
undergo severe reconstruction und@&QR condtions, requiring the use of operando
characterization techniques to draw accurate conclu$iGAsin addition to
fundamental studies, higgurface area copper materials including nanoparticles,
nanowires, and nanocubes, with distinct surface featuresiiean demonstratédiA
highly-porous copper catalyst for G@lectrolysis imaflow cell is presented in Chapter

4,

"Oxide-derived" copper catalysts (GDu), formed through chemical or
electrochemical reduction from a cuprous oxide precursor, havebato heavily
investigated. Li et al. first showed that €@Iu can selectively produce acetate and
ethanol from electrochemical carbon monoxide reduction (eCOR) with up to 57%
Faradaic efficiency at very low overpotentigi§everal variations of OfZu havebeen
shown in the literature, and their high activity towards oxygenate production has been
attributed to grain boundaries, selective facets, high sudia or subsurface
oxygen>+°® The evaluation of an OZu copper for eCOR at high rates is préseiin

Chapter 5.

1.3.4 Influence of the electrolyte on G+ production

The pH and composition of the electrolyte is also a critical facteCi®R. In
agueous electrolyte€ 0, equilibrium reactions combined with cation and anion effects
lead to a highly compk electrochemical interface. Mdsttch reactor eC4R research
studies are conducted in neutral pHaaglic conditiongpromot the undesired HER,

and carbon dioxide spontaneously reacts with hydroxide to form carbamatkaline
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conditions.The use bvaporfed electrolyzers (see Chapter 2) can enable,BGO
alkaline electrolytes, where enhanced erformance is observédlt is hypothesized
that alkaline conditions, where water is the proton donor, lead to a decrease in the
activation energy oan RHE scale for the protonation of *OCCO to *OCCOH, which
is the ratdimiting step for G+ producté?. While eCQOR can be performed at lazale
in alkaline conditions, the formation of carbonates is a severe practical issue, motivating
a two-step process (see Section 1.4).

In addition to pH effects, the role of catiossd anions have aldi®en studied
Hori et al. showed that Csmost effectively promotes 4 formation in bicarbonate
electrolytes, which was later attributed to an electric field stabilization decreasing the
activation energy of *OCCO formatidf®® The effects of cations and pH are
interrelated, adocal pH gradients will induce cation concentration gradients. pH
gradients will occur during electrolysis due to generation of hydroxide at the catalyst
surface and must be considered during electrolyte studies. The critical role of
monovalent cations faC+ production was recently shown by Xu et al., where chelation
of Na' led to a substantial decrease in @roductior?®. Anions with varying buffering
capacity can affect eGR activity by modulatng the surface pH duringCOR (see
Chapter 4)Additionally, halide ions can specifically adsorb onto copper facets, leading

to altered activity’

1.4 Motivation for Two-Step Process for eCQR Towards Multi-Carbon
Products

As described in the previous section, alkaline electrolytes facig&@&R
towardsC,+ products by dramatically improving the Faradaic efficiency and lowering

the overpotential (see Chapter 4). As a result, many researchers have begun utilizing
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alkaline flow electrolyzers foeCQR studies, with a recent stabé-art performance
having been ahieved in a 10M KOH electrolyfé. These results are summarized in
Figure 1.4a below, which shows the energetic efficiency vs. production current density
for recenteCQOR reports towards mukltarbon products in alkaline and neutral
electrolytes, as wells CO production in neutral electrolyte (6 Recent reports for

Co+ production in alkaline conditions have moderate energetic efficiendd®% at high
product current densities. By comparison, the energetic efficiencies reported in neutral

conditions are significantly lower, especially at product current densg@snA/cnt.
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Figurel.4: (a) Recent statef-the-art full-cell energy efficiencies anproduct current
densities for COQ electrolysis to @ products or CO in various electrolytes (b)
Schematic illustrating the G@onsumption by OHto form CQ?. (c) Schematic of a
two-step electrolysis process for €fnversion taC,+ products(From Ré. 60)
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Despite the improved performance @ QR at high pH, the use of alkaline
electrolyte is fundamentally unsustainable due to the formation of carbonates as
illustrated in Figure 1.4b. Due to water acting as the proton don@G®R, each
electron tansfer generates a hydroxide ion at the catalyst surface, which will
spontaneously and rapidly react wil©,. Under high pH conditionsCO; is fully
converted to carbonate, consuming 1 @@k for each mol of hydroxide generated.
Considering the exampt# ethylene production, where 12 mol hydroxide are generated,

6 mol CO; are converted to carbonate for each mol of ethylene produced, representing
a 75% loss in th&€€O, feedstock. The regeneration cost of the carbon dioxide and
alkaline electrolyte can cearvatively be estimated at $300 per ton of ethylene
produced, which substantially reduces the profitability ofB&R process?

In contrast taCOp, carbon monoxide is essentially inert in contact with alkaline
solution. Furthermore, as shown in Figure 1.4a, CO can be electrochemically produced
from CO; at neutral conditions with up to 55% energetic efficiency at moderate current
densities. Thereforean optimal process design would be to decouple Gk
electrolysis process into two steps through the CO intermediate, whereby CO is
produced fromeCQR at nonalkaline conditions, and then subsequently converted to
valuable multicarbon chemicals in aalkaline electrolyzerA TEA demonstrating the

potential profitability for this twestep process is detailed in Chapter 3.

1.5 Thesis Scope and Structure
The following chapters will detail efforts to study and improve the
electrochemical conversion of carbdioxide into valuable chemicals, with the goal of

gaining insights into reaction mechanisms utilizing a flow cell electrolyzer.
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In Chapter 2, fundamental electrochemical methods utilized in this thesis, such
as a threelectrode setip, iR correction, ah electrochemical surface area
measurement, will be described. Furthermore, the design and operation procedures of a
threecompartment flow cell electrolyzer will be detailed, along with product
identification methods.

In Chapter 3, a general techaooromic model is presented which analyzes the
feasibility of eCQR to various products at a commercial scale. Capital and operating
costs for electrolysis and product separation are estimated from literature sources and
Aspen modeling. Performance targetsdtactrocatalystsequired for various products
to become profitable are given. Finally, the TEA is extended to atsyoelectrolysis
process, and a lifeycle analysis is conducted.

In Chapter 4, a highlporous copper catalyst is developed and dematest in
a flow cell electrolyzer for eC4R towards G: products. The porosity of the catalyst
allows for excellent bubble management, enabling-bigihent densities to be achieved.

The influence of different anions onGormation is studied, with trapsrt modeling
conducted to account for variations in surface pH. It is shown that alkaline conditions
dramatically enhancexCformation relative to other electrolytes.

In Chapter 5, a threeompartment flow cell electrolyzer is used for higie
eCOR tavards G+ products. An OBECu catalyst and commercial bulk copper catalyst
are compared. Furthermore, direct comparison of @nd eCOR in alkaline
conditions is conducted, with the enhanced acetate formation during eCOR attributed to
a significantly higler surface pH.

In Chapter 6, eCOR in the presence of ammonia is demonstrated, leading to the

formation of acetamide with almost 40% selectivity at high rates. DFT calculations
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show this GN bond formation occurs through nucleophilic ammonia attack ofeake
intermediate, in competition with Oldttack to form acetate. Other amine precursors
including dimethylamine and ethanolamine are tested, with their respective acetamides
formed with high selectivity.

In Chapter 7, the conclusions of the work dethitethis thesis are presented, in

addition to recommendations for future work.

19



10

11

12

REFERENCES

HoeghGuldberg, Oet al. Science365 eaaw6974, (2019).

IPCC. inGlobal warming of 1.5°C. An IPCC Special Report on the impacts of
global warming oflL.5°C above préndustrial levels and related global
greenhouse gas emission pathways, in the context of strengthening the global
response to the threat of climate change, sustainable development, and efforts
to eradicate poverty(ed P. Zhai V. MasseBelmotte, H. O. Pértner, D.

Roberts, J. Skea, P.R. Shukla, A. Pirani, W. MoufoWka, C. Péan, R.

Pidcock, S. Connors, J. B. R. Matthews, Y. Chen, X. Zhou, M. |. Gomis, E.
Lonnoy, T. Maycock, M. Tignor, T. Waterfield) (World Meteorological
Organization, 18).

Trisos, C. H., Merow, C. & Pigot, A. INature10.1038/s4158620-21899,
(2020).

U.S. Energy Information Administration. International Energy Outlook 2019
with projections to 2050. (2019).

Davis, S. Jet al. Science860, eaas97932018).
Haegel, N. Met al. Science856, 141:143, (2017).
Ryan, H. W. & Mark, B. 2017 Wind Technologies Market Report. (2018).

U.S. Energy Information Administration. Annual Energy Outlook 2019 with
projections to 2050. (2019).

Haegel, N. Met al. Science864, 836:838, (2019).

Goeppert, A., Czaun, M., Jones, J. P., Surya Prakash, G. K. & Olah, G. A.
Chem Soc Red3, 79958048, (2014).

Otto, A., Grube, T., Schiebahn, S. & Stolten Hdergy & Environmental
ScienceB, 32833297, (2015).

Chen, C., Khosrowabadi Kotyk, J. F. & Sheehan, SGNem4, 25712586,
(2018).

20



13

14

15

16

17
18

19

20

21

22
23
24
25

26

27

28

29
30

Mac Dowell, N., Fennell, P. S., Shah, N. & Maitland, GN@ture Climate
Change7, 243249, (2017).

Hepburn, Cet al. Nature575, 87-97, (2019).

Jaramillo, P., GriffinW. M. & McCoy, S. T.Environmental Science &
Technologyt3, 80278032, (2009).

Jouny, M., Luc, W. & Jiao, Andustrial & Engineering Chemistry Research
57, 21652177, (2018).

De Luna, Pet al. Science864, (2019).
Konig, M., Vaes, J., Klemm, & Pant, D.iSciencel9, 135160, (2019).

Hori, Y. in Modern Aspects of Electrochemistfgl. 42 (eds Constantinos G.
Vayenas, Ralph E. White, & Maria E. Gamb&laleco) 89189 (Springer
New York, 2008).

Rosen, B. Aet al. Science334, 643644, (2011).

Atifi, A., Boyce, D. W., DiMeglio, J. L. & Rosenthal, ACS CataB, 2857
2863, (2018).

Francke, R., Schille, B. & Roemelt, @hem Re18 46314701, (2018).
Nitopi, S.et al. Chem Rex0.1021/acs.chemrev.8b00705, (2019).
Raciti, D. & Wang, CACS Energy Letter3, 15451556, (2018).

Birdja, Y. Y. et al. Nature Energyl, 732745, (2019).

Kortlever, R., Shen, J., Schouten, K. J., G&lddlejo, F. & Koper, M. T.J
Phys Chem Le#®, 40734082, (2015).

Lu, Q.et al.Nat Commurb, 3242, (2014).

Chen, Y., Li, C. W. & Kanan, M. W Am Chem Sat34, 1996919972,
(2012).

Verma, Set al. ACS Energy Letter3, 193198, (2017).

Kim, D., Resasco, J., Yu, Y., Asiri, A. M. & YgnP.Nat Commurb, 4948,
(2014).

21



31

32

33
34

35

36

37

38

39

40

41

42

43

44

45

46

Luc, W.et al.J Am Chem Sat39, 18851893, (2017).

Jia, C., Dastafkan, K., Ren, W., Yang, W. & ZhaoSGstainable Energy &
Fuels3, 28902906, (2019).

Jiang, K.et al. Energy & Environmental Sciendd, 893903, (2018).

Gu, J., Hsu, GS., Bai, L., Chen, H. M. & Hu, XScience364, 10911094,
(2019).

Weekes, D. M., Salvatore, D. A., Reyes, A., Huang, A. & Berlinguette, C. P.
Accounts of Chemical Researsh 910918, (2018).

Liu, Z., Yang, H., Kiz, R. & Masel, R. IJournal of The Electrochemical
Societyl65 J3371J3377, (2018).

Service, R. F. Can the world make the chemicals it needs without oil?
10.1126/science.aaz5517 (2019).

Kuhl, K. P., Cave, E. R., Abram, D. N. & Jaramillo, THrergy &
Environmental Sciencg (2012).

Calle-vallejo, F. & Koper, M. TAngew Chem Int Ed Engk, 72827285,
(2013).

Garza, A. J., Bell, A. T. & HeaGordon, M.ACS Catalysis, 14901499,
(2018).

Luo, W., Nie, X., Janik, M. J. & Asthagiri, ACS Catalysi®, 219229,
(2015).

Liu, X. et al.Nat Commuri0, 32, (2019).

Bagger, A., Arnarson, L., Hansen, M. H., Spohr, E. & Rossmei$lAth
Chem Sod41, 15061514, (2019).

Cheng, T., Xiao, H. & Goddard, W. A., 3rfdroc. Natl Acad. Sci. US114,
17951800, (2017).

Handoko, A. D., Wei, F., Jenndy, Yeo, B. S. & Seh, ZNature Catalysid,
922-934, (2018).

PerezGallent, E., Figueiredo, M. C., Caléllejo, F. & Koper, M. TAngew
Chem Int Ed Engb6, 36213624, (2017).

22



a7
48
49

50

51

52
53
54
55

56

57
58
59
60

Bertheussen, Eet al. Angew Chem Int Ed Engb, 14501454, (2016).
Clark, E. L. & Bell, A. T.J Am Chem Sat40, 70127020, (2018).

Chang, X., Malkani, A., Yang, X. & Xu, Bl Am Chem Sat42, 29752983,
(2020).

Lum, Y. & Ager, J. WNature Catdysis2, 8693, (2018).

Schouten, K. J. P., Pérez Gallent, E. & Koper, M. TAG@S Catalysi§,
12921295, (2013).

Kim, Y.-G. et al. Journal of Electroanalytical Chemisti#B80, 290295, (2016).
Li, C. W., Ciston, J. & Kanan, M. WNature508 504507, (2014).
VerdaguerCasadevall, Aet al.J Am Chem Sot37, 98089811, (2015).
Raciti, D.et al. ACS Catalysig, 44674472, (2017).

Fields, M., Hong, X., Ngrskov, J. K. & Chan, Khe Jourmal of Physical
Chemistry C122, 1620916215, (2018).

Dinh, C-T. et al. Science860, 783787, (2018).
Resasco, ket al.J Am Chem Sat39, 1127711287, (2017).
Li, J. et al. Angew Chem Int Ed EngB, 44644469, (2020).

Jouny, M., Hutchings, G. S. & Jiao, Rature Catalysi®, 10621070, (2019).

23



Chapter 2
EXPERIMENTAL METHODS

In this chapter, the design and operation of the tbhoeepartment flow cell
electrolyzer utilized in Chapters 4, 5, and 6 is described, along with fiamdaim

electrochemical methods and product quantification.
2.1 Design of ThreeCompartment Flow Electrolyzer

2.1.1 Prior development offlow electrolyzers for eCO:R

Historically, the majority of eC&R research has been conducted in batih
reactors where the ekeacatalyst of interest is submerged in the electrolyte angisCO
delivered by bubbling into the bulk solution (Figure 2.1a). The major challenge of using
batch reactors for evaluating egFand eCOR electrocatalysts is the low solubility of
COz and CO imqueous solutions (~33 mM and 1 mM, respectively). As a result, mass
transport limitations are quickly reached even at low overpotentials, and the maximum
current density that can be achieved for éR{3 <100 mA/cm. This limitation is most
severe foeCOR, causing most studies to operate only at the low overpotential regime
(<-0.5V vs. RHE) As mass transport effects become significant, hydrogen evolution
reaction (HER) becomes dominant, limiting true evaluation of electrocatalytic activity.
For exampe, it is unclear based on batch cell @D studies if the high oxygenate
selectivity would be maintained at high overpotentials (as shown in Chapter 5, ethylene

becomes the dominant product).
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Figure2.1: Schematics of electrochemical (a) batch and (b) #@aetors for evaluation
of eCQR catalysts, illustrating the dramatically reduced diffusion layer thickness when
using a gas diffusion electrodaabling high current densities

To overcome mass transport limitations, flow cell electrolyzeitizing gas
diffusion electrodes (GDL) must be used (Figure 2?£3DLs have been widely used
in fuel cells for decades and many variations are commercially available. Typically, the
GDL consists of two layers: a porous, carbon fiber layer with shgitproofing (~5%

PTFE) and a microporous layer consisting of carbon black with betweer80®9%0
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PTFE? The carbon fiber backing allows for easy diffusion of.@@d gaseous eGR
products, while the microporous layer enables a high surface area cowgiact re
between the catalyst and the electrolyte/membrane. The PTFE is critical for water
management, as the hydrophobicity provides for clear gas channels throughout the
electrode, allowing for triplgphase interface between the gaseous;, A@Quid
electrolyte, and solid catalyst to be achieved. It should be noted that in-fexptiow

cells, the CQstill reacts by first dissolving into the liquid electrolyte and diffusing to
the catalyst surface. In contrast to batch cells, the hydrophobic structure@bthe
creates very thin electrolyte diffusion layers in the catalyst layer (Figure 2.1b), allowing
for fast transport of COto the catalyst surface and high current density operation.
These thin diffusion layers also allow for operation in alkaline cadit where the

CQOz can reach the catalyst before carbonate reaction occurs.

The design of C&electrolyzers is still an active area of research, as no standard
reactor design has been developed. In a seminal early work, Newman et al. tested
various fuel cell configurations utilizing a membrane electrode assembly (MEA) for
eCQOR to CO, where the GDis in direct contact with a polymer solid electrolyte
membrane (Figure 2.2&)nitially, they utilized a Nafion membrane, which is typically
used i n fuel cells, and observed mostly
To overcome this, a KHCSbuffer layer was incorporated between the cathode and
membrane, although this required the GO be transported across the buffer layer,
limiting the product current density to <30 mA/&msimilar to a batch cell. These results
highlight a crucial challergyof controlling the catalyst/solid electrolyte interface in
MEA flow electrolyzers, which is subject to numerous factors including ionomer

distribution, membrane hydration, and flow field pressure distribution. Furthermore,
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fundamental evaluation of elegtatalytic performance requires an accurate isolation of
the cathodic haltell potential, whereas MEA electrolyzers are typically utilized
without an external referen@dectrode Despite these challenges, MEA electrolyzers
are likely the most practicatonfiguration for eC@R systems, motivating further

development (see Chapter 7).

Electrolyte Electrolyte
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Figure2.2: (a) Schematic of a typical membrane electrode assemblgl€xolyzer
and (b) schematic of a threempartment Ceelectrolyzer

Following initial studies in MEA eCgR flow cells, the Kenis group pioneered

a threecompartment configuratioh® In this design (Figure 2.2b), the cathode and
anode are separated from the membrane by two flowing liquid electrolyte streams
(catholyte and anolyte, respectively). In contrastan MEA design, a reference
electrode can easily be placed in the catholyte stream, allowing for explicit control of

the cathodic potential. Furthermore, the liquid products will accumulate in the catholyte
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stream and can be quantified by analyzing tithayte exiting the cell. Finally, since
the GDL is in contact with a liquid electrolyte, the complexities of preparing an efficient
MEA interface are eliminated, since the ionomer composition and membrane structure

are of reduced importance for the etecttalytic process.

2.1.2 Three-compartment electrolyzer design

Inspired by the work of Kenis et al., a the@mpartment flow electrolyzer
was designed and fabricated for eB@&nd eCOR. An image of the assembled flow
cell is shown below in Figure 2.3. Thdldow fields and end caps were fabricated

out of Acrylic which enables the cell to be transparent.

(b)

Figure2.3: (a) Image of the microfluidic thremmpartment flow electrolyzer
developed for eC¢R and eCOR at high reaction rates, and (b) Image of the datalys
coated GDL in contact with the catholyte flow field.

This is very important as it enables the condition of the vital GDL/electrolyte interface
to be monitored, as bubble accumulation and flooding can be easily detected. The

Acrylic parts and gaskets wermade via laser cutting, which maximized the
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transparency of the flow field following fabrication. The flow fields are 2 cm x 0.5 cm

x 0.15 cm, providing a geometric electrode area of 1 @ime flow fields were made

0.15 cm thick to minimize the volume the electrolyte needed, which serves to
minimize the cell resistance as well as maximize the concentration of liquid products in
the exiting catholyte stream. Stainless steel tubing was inserted into holes drilled on
each side of the flow field and seedrin place using epoxy.

A PTFE gasket is placed between each Acrylic component to make each layer
gastight and to secure the electrodes in place. To prevent electrolyte from leaking into
the gas chamber, the GDL is cut slightly larger than the flow fieigure 2.3) and is
nested into a slightly thinner PTFE gasket. Laser cutting the PTFE gaskets provides a
high precision with almost no gap between the GDL and gasket, providing an excellent
seal. PTFE was utilized as the gasketing material becausecbiinical inertness and
relative lack of compression compared to silicone/rubber. This prevents the gasket from
expanding into the GDL when the cell is tightened. Furthermore, the gasketing is made
slightly thinner than the GDL, allowing the GDL to sela¢ tcatholyte chamber. Six
holes were placed around the edge of the cell for insulating bolt sleeves. These are
critical for aligning all cell components during assembly. The cell is then tightened using
bolts nested within the sleeves. The electrodes @maected to a potentiostat using
copper and titanium shim stock for the cathode and anode, respectively-lFy-step

assembly procedure for the thveempartment flow cell can be found in R@f.
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2.2 Operation of Micro-Fluidic Flow Electrolyzer

2.2.1 Electrode preparation

The preparation of the catalystated GDL can dramatically effect egfoand
eCOR performance, especially at high reaction rates. Typically, the catalyst is mixed
into a catalyst ink along with a small amount of a binder to secureatagyst to the
GDL. Common binders include PTFE and Nafion ionomer, and catalyst ink solutions
are usually a mixture of water, alcohols, THF, glycesobther organic solvent8 The
nature of the catalyst ink solvent may alter the distribution abtin@mer; for example,
the catalyst ink can have a profound effect on fuel cell performarfear. a three
compartment cell, iolgconduction is provided by the liquid electrolyte layer, limiting
the impact of the binder on catalyst performance. In this veocktalyst ink containing
water and isopropanol, along with a Nafion ionomer (~5 wt.%) is typically used.

The catalyst ink can be deposited onto the GDL via-@esbing, sprayainting,
or transfesprinting 1° The influence of deposition method on e®3 CO was studied
by Kenis et al., who showed that sprayed cathodes enabled higher CO Faradaic
efficiency, whichwasattributed to the evenly coated layer limiting HER on the carbon
supportt? MicroCT images showed that for hapdinted electrodes, thetadyst was
unevenly deposited, leaving bare spots on the GDL. However, this can also provide
some benefit in regard to bubble management, as the product gasses frgfnca@0O
easily pass to the gas side where the GDL is uncovered. As shown in Chapter 4,
suficient bubble management is a critical factor in operating £C& high rates. The
catalyst loading also plays a role, where increasing loading will increase active catalyst
surface area up to a certain point, after which the catalyst will begin kofiliic This

can dramatically hinder bubble management, and it is important to monitor bubble
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management during the electrolysis and adjust the electrode preparation accordingly. In
this thesis, catalyst loadings of 0.6.0 mg/cn wereutilized alongwith a dropcasting

deposition method with the goal of maximizing bubble management.

2.2.2 Three-electrode vs. tweelectrode setup

As stated earlier, one advantage of the Ho@wapartment electrolyzer is easy
incorporation of an external reference electrode. uelectrolysis, current is passed
through the cathode and anode, and their respective overpotentials cannot be gauged
from the total cell voltage alone. For evaluating electrocatalytic performance, a three
electrode setip is typically added to isolatedipotential of electrode of interest (the
cathode for eCeR). The additional reference electrode consists of a redox pair of
known potential which is not polarized (i.e. no current is passed), so that its potential is
constant. Figure 2.4a depicts a schinaf a threeelectrode setip for the three
compartment flow cell where the reference electrode is held in an external vessel and
connected to the flow cell via tubing. Typically employed reference electrodes are the
Ag/AgCl and Hg/HgO, and the referemceotential is usually converted to the
reversible hydrogen electrode (RHE) scale. For analyzing the voltage of the full cell, a
two-electrode setip is used between the cathode and anode.

Electrolysis experiments can be conducted at either a constastipbt
(chronoamperometry) or constant current (chronopotentiometry), with typical
potentiostatic curves for each depicted in Figure -2.4Historically, electrocatalytic
studies for eCeR conducted in batch cells have operated at constant potential;drowe
for flow cell experiments, constant current electrolysis is more optimal. When operating
a high currents, bubble formation can induce substantial noise in the etoitage

response. As discussed in the following section, accurate product qutiatifida on
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line GC requires a steady production rate which can only be obtained through constant
current electrolysis. Finally, due to the exponential relationship between current and
potential, the fluctuations in potential are significantly lower, egfigaccompared to

the window of electrocatalytic activity being analyzed.
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Figure2.4: (a) Schematic of thresectrode setip for threecompartment flow cell,
(b) Typical chronopotentiometry plot (constant applied current), (c) Typical
chronoamperometry plotdnstant applied potential), and (d) Randles equivalent
circuit between reference and working electrodes

2.2.3 IR correction

Figure 2.4d illustrates the electrical circuit equivalent between the reference and

working electrodes in aelectrochemical system, known as Randles cifcufthis
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consists of three components: the solution resistance between the reference and working
electrode (Ro), the doubldayer capacitance of the working electrode()Cand the
chargetransfer resistase (R.1). When applying a potential on the working electrode, a
potentiatdrop proportional to R occurs, which is related to the conductivity of the
electrolyte. This is unrelated to the electrocatalytic activity, and must be accounted for
through IR corection to compare catalyst performance across different electrolytes
where the true potential {&.a) is:
(0] (0] Y (2.1)

Note that in this equation(¢urrent)is negative for cathodic reactions such as ¢€O

The soltion resistance KRis commonly measured through two techniques:
Electrical impedance spectroscopy (EIS), and the cuimésrupt technique. EIS is
more complex and usually requires dedicated instrumentation, while cuntenntipt
can be done on mosbofentiostats. In eCiR systems, both techniques provide similar
results for the solution resistaneror the threecompartment cell used in this work,
the small tubing used acts as a Luggin capillary, limiting the solution resistance despite
the reference electrode being far from the cathode. Typical solution resistance in 1M
KOH electrolyte is 0.8§ 1.0q . Nonet hel ess, operation at
high iR drop on the system. For example, at 1 A of current in 1M KOH, the iR drop will
be 8061000 mV, which is more than the overpotential applied. Thus, care must be
taken when performing iR cartion at high currents, as small inaccuracies in the
measured solution resistance can lead to unrealistic cymoeemtial curves?
Furthermore, Rcan only be measured either prior to or following electrolysis, and R
can change dramatically duringkftelectrolysis due to bubble accumulation, leading

to fluctuations in the measured potential. Since the values@ve& the course of
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electrolysis is unknown, the reported potential for iR correction is generally taken as the
initial stable potential redned in the chronopotentiometry plot, whekgsRhe average

result of several curremterrupt measurements prior to each applied current.

2.2.4 Cell operation and product quantification

In the threecompartment electrolyzer, maintaining dagiid interfaceacross
the cathode GDL is critical for stable and efficient operation at high rates. Commercial
gas diffusion layers are typically designed for use as MEAs in fuel cells, and prolonged
operationin contact with liquid electrolytean lead to flooding ifte gasside pressure
is not carefully set. Flooding is when the electrolyte creeps into the pores of the GDL
and covers the catalyst, leading to a loss of active catalytic area and increased hydrogen
production due to C&(or CO) being unable to reach tbatalyst. To accomplish this,
a backpressure controller (Cabarmer) is placed downstream from the gas outlet. To
prevent flooding, the gas stream is kept slightly above atmospheric pressure. The
pressure cannot be too high, or feed gas will begin bubblirough the GDL into the
liquid stream. To set the optimal pressure, the backpressure is increased at open circuit
(prior to electrolysis) until gas bubbles begin to form, then decreased slightly. Flooding
is monitored throughout testing via the transparend plate, and a fresh cathode is
installed for each experiment.

To quantify the gas products, the gas outlet stream is fed through an online GC
equipped with FID and TCD detectors (SRI Multigas #5). The Faradaic efficiency of

gas products can then balculated from:

z z z

e b

zpmmb (2.2)
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where yis the mole fraction of species jjizs t he number of el ectro

constant, N is the molar flow rate, ang: js the total current. One important
consideration is thahe calculation of Faradaic efficiency is dependent on the gas flow
rate through the GC. The gas flow rate exiting the reactor can be significantly low than
the inlet due to a substantial conversion at high rates, as well asdd@ersion to
carbonates imlkaline electrolytes. Therefore, the flow rate exiting the reactor must be
measure for accurate analy$ign this work, the exiting flow rate was measured using
an Agilent ADM1000 flowmeter.

Liquid products are quantified by collecting the catholydérey the electrolyte
and performing NMR analysis. The catholyte is added to an NMR tube along with some
internal standard of known concentration, such as DMSO or phenol, and then analyzed
using 1H proton NMR with water suppressi§riThe Faradaic efficiecy for liquid

products is then calculated as:

200

"O0p (2.3)

where M is the molarity of species i, V is the volume of catholyte collected, and Q is
the charge passed during catholyte collection. The catholyte flow rate must be set high
enough to prevent liquid product crossover through the membrane, but low enough so

that electrolyte is not forced through the GDL. Typically, a flow rate oflOniL/min

is sufficient.

2.2.5 Limitations of three-compartment flow cell for eCO:R
Finally, there a& some limitations for the thremmpartment flow cell that
should be noted. This configuration is not ideal for electrocatalytic evaluation at current

densities less than 10 mA/énbecause quantifying the trace amounts of products
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generated becomes clalbing. This leads to a low total Faradaic efficiency at low
potentials, particularly for eC® on Cu electrodes where highly volatile acetaldehyde

is generated’ Batch cells are better suited for these evaluations because products can
be concentrated ovea long time period. Furthermore, the stability of three
compartment systems for eel®is relatively poor (<100 hours), as the GDL is prone

to flooding!®!® This makes it challenging to differentiate performance loss due to
catalyst behavior or floodingCustom PTFEbased GDLs can be used to improve

system stability?
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Chapter 3

GENERAL TECHNOECONOMIC ANALYSIS OF CARBON DIOXIDE
ELECTROLYSIS SYSTEMS

This chapter is adapted from works publishedndustial and Engineering
Chemistry ResearcfiDOI: 10.1021/acs.iecr.7b03514nd Nature Catalysis(DOI:
10.1038/s419291903882). Permission has been given for the reproduction of text
and figures for this dissertation. As first author, | developed the testmmmomic model
and performed the analysis for €@lectrolysis to different products. Dr. Gregory
Hutchings performed the TEA for the tvetep process and developed the-tijele

analysis.

3.1 Introduction

Despite the significant amount of research thatbessh performed on eGR
catalysts and electrolyzers, there have been few technical and economic analyses that
evaluate the potential and feasibility of implementing the €l€ctrolyzer technology
on a large scale. Previously, Pefemtes et al. analyzed the economic and
environmental potential of C@eduction to formic acid using ChemCAD simulatidns.
Li et al. investigated the greenhouse gas emission reductions andnéceorability of
an electrochemical COto CO system coupled with a Fisckieopsch process to
produce synthetic fuefsFurthermore, Verma et al. developed a giossgin model to
determine and compare the maximum feasible operating voltage for the tpodic

various CQ electrolysis products.
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Although these various investigations provide useful insights to the economic
potential of CQ reduction, there still lacks a capital investment analysis of a general
CQO; electrolysis system, from which the retwn capital investment and tirvalued
net present value (NPV) for the production of the most commonly reported products can
be determined. Due to the lack of commercially developed analogues for.a CO
reduction process, a highly detailed analysis isiadif. However, the use of
engineering approximations and assumptions based on existing technologies allow for
an insightful analysis to be made.

Herein, we developed an economic model for & €l@ctrolyzer system that
calculated the material and enerfgglances for the process, estimated the capital
investment and operating costs, and performed a cash flow analysis to determine the
endof-life net present value (NPV)This allowed for the comparison of various £0O
reduction products, as well as the sevisy to the potentially changing
operating/market conditions. A schematic of the generalr€duction system is shown

in Figure3.1

co, Compression
Gas Gas products & Storage
Gas products/CO, | Separation

Air/Flue gas Purified CO,

CO, Capture

& Purification C0; Reduction

Liquid products Fuels and

Chemicals

Liquid products/ Distillation
H,0 electrolyte

Electrolyte

Figure3.1: Schematic of a general €€lectrolyzer process including carbon capture
and product separation
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In a general eC&R process, C@is first captured from either a point source or
the air, and purified for use in the €€ectrolysis system. The concentratecbGtleam
is fed along wit water to the C&electrolyzer system, where liquid and gas products
are formed. The liquid products that are formed in the electrolyte stream are fed to a
separation system (distillation) to extract the liquid products, while the electrolyte is
recycledback to the electrolyzer. Since the single pass accumulation for liquid products
is typically very small (~0.03%, sefppendix Afor calculation); the electrolyte can
be recycled until the liquid products accumulate to an appreciable amount before steady
state separation begins, after which the exiting electrolyte is continuously distilled.
Significant accumulation of product in the electrolyte could have a negative impact on
electrolyzer performance, but was not considered in this analysis. The gastgroduc
along with unconverted G@nd byproduct hydrogen, are separated in a gas separation
unit, from which the C®@is recycled back to the reactor. The gas products are then
compressed for storage and transportation, or fed to another downstream chemical

process.
3.2 Modeling of System Components

3.2.1 COg2 capture

To provide an estimate for the capital costs of the €fpture & purification
process, various existing technologies were first examined. Thée@@stock for the
electrochemical process can be obtaindteeirom a point source such as a power plant
or chemical facility, or directly from the atmosphere. The incorporation efc@@ture
systems to coal and natural gas power plants is currently an area of intense research.

The current statef-the-art involves chemical adsorption using monoethanolamine
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(MEA) at a cost of $70 USD per ton of g€apturec. This high cost is the main barrier

for the incorporation of C®capture to power plants. Through solvent and process
design improvements, the cost of capture could be reduced to as much as $44 USD per
ton CQ.” Furthermore, the use of G an electrochemical conversion to create value
added products could also inase the economic viability of capture. One concern of
COr capture from point sources is the presence of other combustion products such as
SOcand NQ compounds. The impact of these compounds on electrolyzer performance
is not yet understood, but the g§ream likely needs to be of high purity for stable and
efficient conversions.

Alternatively, the capture of CGhrough direct air capture (DAC) has yet to be
commercially developed, although a small demo facility by Climeworks in Switzerland
recently opead. The cost estimates for such a system range anywhere between US$30
i US$1000 per ton of C£3° One advantage of DAC is the portability of the process,
which allows for distributed use, which couples well with renewable energy sources.
Furthermore, theapture of CQfrom air represents a negduction in CQas opposed
to avoided emissions since the £©being taken from the atmosphere. For the purposes

of this analysis, it was assumed that-@@s obtained at a base price of US$70 per ton.

3.2.2 Electrochemicalcell

Currently, CQ electrolyzers exist only at the bench scale. Furthermore, there is
no standard design for a @lectrolyzer cell with several configurations reported to
date>1%1 To provide an estimate for the capital costs of an electolyygstem, an
alkaline water electrolyzer stack as a representative model was used.dle@@lysis,
non-precious metal catalysts can be used to produce all products. Furthermore, the best

benchscale CQ electrolyzers to date utilize alkaline condisowhich allows the use
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of nonprecious metals at the anode, making the comparison to alkaline water
electrolysis appropriate! Furthermore, the auxiliary systems and balance of plant for
a CQelectrolyzer are likely to be similar. The main differem@rild be the electrolyzer
design requiring a direct feed of €@ the catalyst surface, which would have a
minimal cost difference. The design of the reactor between different products would
also be consistent, with the exception being formate requinompation to formic

acid. This has been demonstrated at the lab Scalerefore, the capital and operating
costs for the C®electrolyzer were based on the DOE Current Central H2A base case
for an alkaline electrolyzéf.In this analysis, the uninstatl capital costs attributed to

the stack component were $250/kW.

To make the model sensitive to current density, a cost per surface area was also
determined. This cost was calculated based on the typical operating conditions of 175
mA/cn? and 1.75 V forthe Norsk Hydro HPE Atmospheric Type No. 5040 alkaline
electrolyzer on which the base case was derived from, corresponding to an installed cost
of $920/nt. An installation factor of 1.2 was used for the capital investment.
Furthermore, it was assumed thaintenance costs were 2.5% of the capital investment
per year. These costs included replenishing the catalysts and electrolytes used in the
system. The balance of plant (BoP) costs were assumed to be 35% of the total cost of
the electrolyzer system, andese values were derived from the H2A mddélhe
electricity usage for the electrolyzer subsystem was calculated based on the Faradaic

mass balances across the electrolyzer.

3.2.3 Product separation
For gas product separation, pressure swing adsorption (B3#A)industrially

used process with low operating costs, high efficiency, and limited footpRot. CQ
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electrolysis, the reactor exit gas consists of unconverteda@@®gas products, as well

as some hydrogen. A similar separation is the upgraditgoghs, which consists of
roughly equal amounts of methane and>Cl@dustrial reports have been developed
regarding the costs of biogas upgrading with PSA and allowed for an estimation of the
separation costs for GQCelectrolysis gas product separatiorsé on commercial
systemg?1° Based on these studies, a reference cost of $1,990,000 per 3000 m
capacity was used, with a capacity scaling factor of 0.7 and operating costs consisting
of only electricity at 0.25 kWh/Axt® After separation, the gas products need to be
compressed and stored, unless they are transported to and used immediately in a
downstream process. Here, this additional cost was neglected.

Distillation was used as the separation process for the r€&gton liquid
products, as alcohols are separated by distillation commercially. Formic acid can also
be separated by distillation, although it is highly energy intensive due to the close
boiling points of water and formic acid. Furthermore, water was th#ladestproduct
leading to a high heat duty needed for the column. Alternatively, BASF utilizes a liquid
liquid extraction process to purify formic acid solutions up to 95% by wéight.
However, to allow for consistent comparison, the separation of forcidcveas also
modeled through distillation. The separation processes were modeled using the RadFrac
block in Aspen Plus, and capital and utility costs were estimated using the Aspen Plus
Economic Analyzer. An electrolyte flow rate of 1000 L/min was assurethe base
case, with a concentration of 10% product in water. The separation was modeled as a
single column with the product leaving near the azeotropic concentration. In practice,

more elaborate methods such as extractive or pressure swing distilatidch allow
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for higher product purity. The capital costs were then scaled with a capacity factor of

0.7, while the utility costs were scaled linearly.

3.3 Model Assumptions

3.3.1 Basemodel assumptions

To perform a comparison of the various ££€duction productseveral process
assumptions were made. We considered two sets of parameters: a base case based on
current feedstock prices and electrolyzer performance, and an optimistic case that
considered what these values may be in the future. These assumptiamaraggized

in Table 31.

Table3.1 Process assumptions for €€ectrolyzer model

Parameter Base Case Optimistic Case
Production Rate (ton/day) 100 100
Lifetime (years) 20 20
Operating time (days/year) 350 350
Electricity Price ($/kWh)  0.05 0.03
Current Density (mA/ck) 200 300
Cell Voltage (V) 2.3 2
Product Selectivity (%) 90 90
Conversion (%) 50 50
CO; Price ($/ton) 70 40
Interest Rate (%) 10 10
Electrolyzer Cost ($/R) 1840 920

For both cases, a product production rate of 100 tons/day was chosen to allow
for large scale chemical production, for which the capital costs were more favorable and

differences between products were more discernable, while keeping the electrolyzer
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systempower requirements within the range of the largest commercial systems (~100
MW). It was assumed that the system would require 2 weeks of downtime each year for
maintenance over a 3(@ar lifetime. The base case electricity price of 0.05 $/kWh was
consistat with the cheapest industrial electricity rates currently available. As
renewable energy sources such as solar and wind continue to become cheaper, the price
of electricity could be as low as 0.02 $/kW#An optimistic case value of 0.03 $/kWh

was chosn as this could be reached as soon as Y0B6e electrolyzer total current
density of 200 mA/crhhas been demonstrated in numerous laboratory reactors at
roughly 2.3 V2 For the optimistic case, a current density of 300 mAisas assumed

at cell voltag of 2 V, which fell within the range of commercial water electrolyzers. As
shown inChapter 1Faradaic efficiencies of 90% have been demonstrated for numerous
CQOz reduction products such as CO, formic acid, and methanol, and were assumed for
these case# baseline reactor conversion of 50% was chosen for the analysis, with the
assumption that high selectivity can be reached at this conversion. It must be noted that
COz conversion is not often reported in the literature because most of studies are
performed in either a batch cell or singbass flow cell with conversions less than 10%,
although higher conversions near 35% have been shoi@ better electrolyzer
design could potentially boost the €€nversion to well over 50%. A low conversion
resultsin a more challenging product separation due to the unreacteid €@ reactor

effluent that needs to be recycled.

3.3.2 Financial modelassumptions
To estimate the return on capital investment for the development of;a CO
electrolysis facility, a cash flogpreadsheet was developed to estimate the yearly

revenue and present value of the plant over the project lifetime. It was assumed that
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construction of the facility was completed in the first year, with product production
beginning in the second year. Tilerking capital was assumed to be 5% of the capital
investment. A Modified Accelerated Cost Recovery Syqté#hCRS) 10year
depreciation schedule was used with a 20% salvage value at the end of plant life. A base
case nominal interest rate (NIR) of 10%pgmunded annually, and a total effective
income tax rate of 38.9% were assumed. These financial assumptions were consistent
with those in the DOEO®&s HZ2TAe yaarhagrofitsvass f or
calculated as the income from selling produatus the yearly operating costs of the

plant. The cost of sales, cost of labor, and inflation were not accounted for in the
financial model. From this model, the net present value of the facility at the end of life

was calculated.
3.4 Techno-Economic Assessmeinof Direct eCO2R to Various Products

The net present value for the main products using the base case and optimistic
case assumptions are shown in Figdiz2 Methane and syngas are not shown because

their current market values are so low that profitability impossible regardless of process

pef or mance. The X0s indicate that the prod

basis, so the eraof-life NPV would be highly negative.
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Figure3.2: End-of-life NPV values for the production of various chemicals through
eCQOR under base and optimisticconditn s . X6s i ndicate that th
was negative, so NPV was not calculated.

At the base case conditions, CO and formic acid were the only profitable
products for the C®electrolysis system, whereas the other products other than n
propanol were ot even profitable on a yearly basis. This is because CO and formic acid
have the highest product value per electron. Even at a modest electricity cost of
$0.05/kWh, the amount of electricity needed to produce hydrocarbons and alcohols
outweighed the valgeof the chemical products. However, these products became much
more favorable under the optimistic case assumptions. The productiepropamnol
was the most favorable product, with methanol being the only product with a negative
NPV. Based on C&reducton studies in the literature, selectively obtainingrapanol

as the sole product is likely to be a major challenge, as the selectivity towanazamol
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is still quite low.Still, a mixture of these liquid &Cs alcohols would be econaoal

since ethaol was also favorable under the optimistic case.

(a) Capital costs (b) Operating costs
Etyene I Etnene [
Propanol - [ | Propanol I |-
Ethanol ] | Ethanol 1
Methanol - [ | Methanol M i ater
[ co, Purchase
[ Distillation [ Distillation
[ BorP . Maintanence
Carbon Monoxice [T ] [ IElectrolyzer Carbon monoxide | Electrolyzer Electicity
0 10 20 30 40 0 20 40 60 80 100

Capital Cost ($ millions) Operating Costs ($ thousands/day)

Figure3.3: @) Capital andb) operating costs for various products under optimistic
case assumptions.

To give a relative sense of the various costs of the process, the breakdown of
capital and operating coster each product under optimistic case assumptions are
shown in Figur&.3. Of all products, ethylene had the highest capital and operating costs
due to the large amount of current (electricity) needed per kg of product. These high
costs, along with a laegCQ feedstock requirement, contributed to the low profitability
of ethylene relative to other products. In contrast, formic acid and CO benefited from a
small power requirement, which reduced the cost of electricity and electrolyzer size. For
formic acid much of the cost was associated with the challenging distillation process.
As stated earlier, there are industrial processes that may be more cost effective than
distillation, which could further improve the profitability of formic acid. For example,

a 9% reduction in the operating and capital costs for formic acid separation gave an

NPV of $888.8million. It must be noted, that while the distillation and PSA systems had
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similar capital investment requirements, the PSA systems had a much lower operating
cost. Although this cheaper separation was an advantage for gaseous products, they will
likely require additional compression for transportation/storage, which could increase

costs significantly.

Table3.2 Range of values for sensitivity analysis

Sensitivity Parameters  Better Base Worse
Electric Price ($/kWh) 0.02 0.03 0.04

Selling Price ($/kg) +15% Base -15%
Selectivity (%) 80 90 100
Voltage (V) 1.7 2 2.3
Electrolyzer Cost ($/&) 460 920 1840
CO; Cost ($/ton) 0 40 70
Current DensitfmA/cn?) 500 300 100
Conversion (%) 70 50 30

To understand the sensitivity of the process profitability to different parameters,
a sensitivity analysis was performed. The range of values considered for each parameter
is listed in Table.2, with the results shown in FiguBe4. For all products, aeviation
in selling price of 15% had a significant impact on the-efaife NPV of the process.
Over a 206year period, the product price could fluctuate significantly due to changes in
market demand and development of new technologies. Therefore, thectpyodof
products such as CO;propanol, and formic acid are advantageous since they remained
profitable even if the product selling price dropped significantly. For all products other
than CO and formic acid, electricity was the major operating castltireg in a strong
economic dependence on the price of electricity. Even a change of just $0.01/kWh

resulted in a NPV difference of nearly $40 million fgpropanol production. Therefore,
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it is critical for the CQ electrolyzer to have a steady supply of cheap electricity if

hydrocarbons and alcohols are produced, which could be obtained through renewable

sources in the near futute.
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Figure3.4: Sensitivity analysis of endf-life NPV for CG reduction products: (a)n
propanol, (b) carbon monoxide, (c) ethylene, and (d) formic acid.

In terms of electrolyzer performance, selectivity and voltage were the most

important parameters for higher electron products such as alcohols and ethylene. A

higher selectivity reduced thetal current needed because less electricity was wasted

on hydrogen generation. This led to a lower power requirement and subsequently a

lower electricity operating cost. Less hydrogen also reduced the separation requirement

51



for recycling the CQ@ which wa a significant cost even for liquid products. Also, a
decrease in total current reduced the total electrolyzer area, resulting in a lower
electrolyzer capital cost. Reducing the cell voltage (overpotentials) lowered the overall
power requirement, whichignificantly impacted products with high electricity
operating cost fraction. Furthermore, the reactor conversion also impacted the
economics. A lower reactor conversion resulted in a higher separation cost due to an
increased amount of unconverted £ the separation/recycle loop, and this
consequentially increased the size/capital cost of the PSA system. However, in the case
of low conversion and high selectivity towards liquid products, the gas stream exiting
the reactor consisted almost entirely of O@ith some residual hydrogen. Thus,
multiple passes were made before separation, as a small dilution of itiegd€tock

did not significantly influence reactor performance.

Interestingly, the current density was the least important parameter of
electrdyzer performance once above a certain threshold. This was due to the inverse
square relationship between the electrolyzer capital cost and current density. Thus, for
products that required large amounts of electricity, increasing the current density to at
least 256300 mA/cnt was critical. In the case of ethanol, a decrease in current density
to 100 mA/cnd resulted in a NPV decrease ¢f357 million, while an increase to 500
mA/cn? only gave an extra31 million (Figure A.1). After a certain threshold, ¢h
capital costs of the electrolyzer, which were directly influenced by current density,
became insignificant to the other costs. Stemming from these calculations, since the cell
voltage was a significant cost due to the extra power requirement, theleCttolyzer
should operate at as low of a voltage possible while still maintaining an appreciable

current density.
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3.5 TechnoEconomicAssessment of wo-Step eCO:R Process

In Chapter 1, a twstep eCGR process decoupled through the CO intermediate
was proposewhich allows for G+ production in alkaline conditions. As will be shown
in Chapter 5, acetate is a major: @roduct for eCOR at high current densities, along
with ethylene.To illustrate the market potential of higlelume product production
from a twastep process beginning with captured C®e haveadapted the TEA above
for both acetic acid and ethylene targeted production. A useful metric to assess viability
is to calculate the required sale price (RSP) at which thetlig net present value of
a full-scale, 100 metric ton/day plant would be exactly $0. The results are given in
Figure 3.5, which shows the RSPs as a function of electricity price and the total cell
potential.

The analysis in Figur8.5a-b is adapted fronthe techneeconomic analysis
detailed in Sections 3.2 and 3.3 fiirect CQR, which has been extended to include
COR and acetic acid (se¥ppendix A for details).At a reasonable total operating
voltage of 2 V (cathodic overpotential of 0.651 V for acetic acid and 0.541 V for
ethylene, assuming an additional 0.4 V for the total impact of both anodic and membrane
overpotentials), the RSP of acetic acid becomes catinpett electricity prices below
5.0 ¢/kWh and undercuts the range below 2.7 ¢/kWh. Ethylene production under the
same conditions enters the market price range at electricity prices below 3.3 ¢/kwh and
falls below the range at 1.8 ¢/kWh. The US nationakage electricity price for 2018
was 6.9 ¢/kWh and as low as 4.6 ¢/kWh, indicating that aaeitibcnay be immediately
profitable without substantial further technical improvements to the core
electrochemical devices, though shiemm ethylene productiowould require plant
construction in regions with ample loweost electricity. An important note is that this

analysis neglects any future polidyiven incentives for carbon utilization, which would
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make this twestep process profitable much sooner withwvaiting for fair market
electricity prices to drop. The practical cell voltage for mature devices is not yet clear
but is unlikely to exceed 2.5 V; this minimizes both incidental production afx@lkth
occurs at large cathodic overpotentials (maintgjrethylene as the sole hydrocarbon
product) and cooling requirements for handling accumulation chl@asle heat.

The heavier dependence of ethylene RSP on electricity prices is unsurprising
given that COR to ethylene is an @eocess compared to 4er acetic acid (starting
from CO), but this dependence also leads to a much faster decrease in ethylene RSP as
the electricity price drops below the 3 ¢/kWh target under both operating scenarios. Co
production of both ethylene and acetic acid together be¢atie costs and leads to a
much wider range of profitable scenarios. Producing a mixture such as this is likely to
occur based on the current state of research on Cu catalysts; discovery of newer, more
selective catalysts could improve the prospectsitgr electivity. Additionally, acetic
acid production directly in alkaline electrolytes would be in the form of ®Alanced
by the alkaline cation and requiring some form of cyclical ion exchange to generate the
end products. This motivates efforts toeogie the COR cell at closer to neutral
conditions which would minimize this separation cost, making this a-Vagle

development target going forward.
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Figure3.5:(a) and (b), TEA for a COR device producing a, acetic acid or b, ethylene in
a complete twestep conversion from C@®feedstock, showing the dependence of the
required sale price (RSP) of each product {efaife NPV = $0 with 20% rate of return)

on the electricity price and cell voltage. The solid white contours show the approximate
range of currenmarket price$:?> The dark red area in b denotes RSP greater than
double the maximum of the market price range.

A critical result of this analysis is that it points to a wide range of practical
scenarios for implementing highte COR as a commerciald-step process from GO
indicating that this technology should no longer be thought of as simply a way to probe
the CQR mechanism and should instead be developed as its own procebewAsin
Chapter Sacetatgroduction is most effective at high cemt densitieand high surface
pH. These practical characteristics parallel those used to justify calls for studylRf CO
at high rate$® and along with the promise of commercial practicality we strongly
suggest that COR development efforts shift towardsdesigns which allow for high

rate, flowtype operation.
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3.6 Cradle-to-Gate Life Cycle Assessmentf Two-Step eCO:R

The primary motivation of Cgutilization is to reduce total life cycle emissions
of greenhouse gases by switching to new technologies eamemarness emissions from
other sectors. It is critical that these new technologies have lower emissions footprints
than existing technologies, which requires a comprehensive inventory for fair
comparison. To model emissions appropriately for COR a®a@duption method for
both acetic acid and ethylene, we have conducted a complete-torgaie life cycle
assessment (LCA) for the cradtegate CQ equivalent emissions (in kgGex) of the
two-step CQ conversion through sequential RDand COR from C® The total
emissions have been assessed as a function of overall cell potential of bothkhe CO
and COR devices and the percentage of renewable onshore wind power utilized instead
of the current electrigrid mix. The LCA totals include contributions of electricity to
drive the electrolyzer, distillation or PSA powered by electricity, and upstream

emissions leading to the G®ource. The overall results are shown in Figu6zb.
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Figure3.6: Cradleto-gate @ emissions from LCA and the local carbon balance
(LCB) for two-step CQ utilization through COR producinéa) acetic acid or (b)
ethylene. Emissions are calculated using IPCGyE0 global warming potentials for

all contributing gases. Results are preed as a function of total cell voltage (both
CO:R and COR) and percentage of onshore wind power electricity instead of the current
US grid mix. Both models include upstream emissions from energy sources and material
processing. Total emissions for edistied production of acetic acid from methanol
carbonylation and ethylene from steam cracking are indicated by dashed lines.

In this analysis, each unit operation was modeled as a separate process in the
openLCA software package using IntergovernmentaéRam Climate Change (IPCC)
100year global warming potential impact methods (version 1.9.0, https://openlica.org).
Mass and energy inventories for gand COR follow the model employed in the TEA
section. The US National Renewable Energy Laboratory (NRELEycle inventory
database was used as the primary data source for upstream emissions and basis for state
of-the-art methanol carbonylation to acetic acid and steam cracking to etR{lase.
connectivity within this database often involves processigl wmultiple product
outputs, physical allocation has been employed to limit the final product systems to a

single product output (scaled to 1 kg of acetic acid or ethylene). Supplementary power
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grid emissions data was added from a separate IPCC lifeaymbeinting®, reflecting
more recent worldwide electricity generation trends and including albedo effects.

While it is common to label CQutilization technologies carbemegative by
simply treating captured G@s a negative emission, the ideal metmoeMaluating new
technologies is a complete cradtegate LCA where all upstream emissions are
considered and CQs an internal product stream between the direct emission source
and the point of capture (labeled Cratbegate LCA in3.6ab). This methodallows for
direct comparison with fossderived product systems by considering identical system
boundaries. In this case, we consider a-base scenario where @ derived from
natural gas processing, which produces a nearly pus@@put stream vt effectively
no energy cost for capture (0.0391 kg Qg2r scm natural gas). Upstream capture
emissions in this case are allocated as 0.232 kg@Kky acetic acid and 0.496
kgCOeq/kg ethylene in terms of the final contribution to downstream produciish wh
are then net positive. The use of nearly pure K@ritical because contaminants such
as SQ can have detrimental effects to catalytic performance, especially on c8pper.
The investigation of other impurities such asN@d Q on COR performance Hill
needed.

If the CQ feedstock was instead treated as a negative emission in the system
balance, then the 1.47 kg @Ky acetic acid and 3.14 kg Gfg ethylene used as
feedstock could simply be deducted from the combined electrolyzer and separation
emissions. We refer to this as the local carbon balance and also report results for this
method in Figure3.6ab. This form of carbon accounting neglects following the
complete life cycle of C&¥rom the point of emission from a fossil or Rfwssil source,

but the argument may be made that diagctcarbon capture treats €@s a natural
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resource agnostic of the actual source. Such values may be used-twanpase with
other studies which mgpre total life cycle emissions for G@puts or count migstream
consumption as a negative emission.

The direct comparison in FiguBe6ab ultimately reveals that renewable energy
utilization above 90% allows both acetic acid and ethylenestep prodation to emit
less than competing technologies in the complete LCA, and rapidly scales to less than
1 kgCQeqg/kg product for even the leadficient ethylene production scenario at near
100% wind power. In thiocal carbon balangeegative emissions begaround 80%
wind power utilization and likewise continue to improve with more renewable power in
the mix. Consequently, shesgrm implementation of this twstep electrolysis should
be colocated with renewable electricity generation, where the lowggatimes also
raise the prospect of using chemical production as a load balancing mechanism. Using
cheap energy in bursts may be practical when the current density can pass a certain
threshold Figure A.29 and focusing improvements on increasing currensdy has the
added effect of reducing overall capital costs for the electrolyzer. However, further

investigation of catalyst stability under highly variable current load is needed.

3.7 Conclusions

The generalized techreconomic model for eCB presented irthis work
provides insight into the feasibility of various common xd@duction products for
largescale chemical production. We found that current density is the least important
electrolyzer parameter after a certain thresheffDQ0maA) is reached, whilselectivity
and overpotential are critical, especially for higbctron products. Simple products

such as CO and formic acid were more profitable under current economic conditions
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and performance based on the current gibtbe-art electrocatalysts, talbugh only
lab-scale electrolyzer systems have been demonstrated. However, the small market
potential for formic acid angure COmotivates themulti-carbon products such as
ethylene, alcohols, and acetic acmhich could be profitable under more favdeab
economic conditions in the future and have a much higher market potential. For higher
order alcohols to become profitable, cheaper electricity costs and improved catalytic
performance are needdebr a twestep eCGR to ethylene process with electricay
$0.03/kWh, cell operating voltages at 300 mA?@nd 90% FE must be <2.4V; acetic
acid production can tolerate higher cell voltages and remain economical. Finally, a
Cradleto-gate life cycle analysis found acetic acid and ethylene production frosReCO
can reduce emissions relative to conventional process if a highly renewable electricity

source is available.

3.8 Acknowledgements

This work was supported by thdational Science Foundation Faculty Early
Career Development program (Award NOBET-1350911)and theDepartment of
Energy undeaward no. DEFE0029868I personally thank Dr. Gregory Hutchings for
his contributions to the techrezonomic analysis and for conducting the-tfele

analysis.

60



10

11

12

13

14

REFERENCES

PérezFortes, M., Schénebengel. C., Boulamanti, A., Harrison, G. & Tzimas,

E. International Journal of Hydrogen Enerdyl, 1644416462, (2016).
Li, X. et al. Energy & Fuels30, 59805989, (2016).

Verma, S., Kim, B., Jhong, H. R., Ma, S. & Kenis, RClemSusChe®
19721979, (2016).

Seider, W. D., Seader, J. D. & Lewin, D.RRoduct & Process Design
Principles: Synthesis, Analysis, and Evaluatigdohn Wiley & Sons, 2009).

Ma, S.et al.Journal of Power Source301, 219228, (2016).

Ho, M. T., Allinson, G. W. & Wiley, D. EEnergy Procedid, 763770,
(2009).

Raksajati, A., Ho, M. T. & Wiley, D. Bndustrial & Engineering Chemistry
Researclb2, 1688716901, (2013).

SanzPerez, E. SMurdock, C. R., Didas, S. A. & Jones, C. Bhem Rewl16,
11840611876, (2016).

Zeman, FEnviron Sci Technat8, 1173011735, (2014).

Dufek, E. J., Lister, T. E. & Mcllwain, M. Blournal of Applied
Electrochemistrytl, 623631, (2011).

Yang, H.,Kaczur, J. J., Sajjad, S. D. & Masel, RJournal of CQ Utilization
20, 208217, (2017).

Steward, D., Ramsden, T. & Zuboy, J., (2012).

Wiheeb, A., Helwani, Z., Kim, J. & Othman, eparation & Purification
Reviewgl5, 108121, (2016).

Tamm, D, Persson, T., Hulteberg, C. & Bauer & C Rappor270, (2013).

61



15
16
17

18

19
20

21
22

23

24

25

26

Persson, M., Jénsson, O. & Wellinger, A.
Paturska, A., Repele, M. & Bazbauers,Kaergy Procedi&2, 71-78, (2015).
Wolf, D. et al. (Google Patents, 1982).

Wiser, R. & Bolirger, M. 2014 Wind Technologies Market Report. Report No.
DOE/G(01020154702, (Lawrence Berkeley National Laboratory, 2015).

Haegel, N. Met al. Science856, 141-143, (2017).

Kim, B., Ma, S., Jhong, FR. M. & Kenis, P. JElectrochimica Actd 66 271-
276, (2015).

Lewandowski, S. iAsia Chemical Conference(lHS Markit).

ICIS. Indicative Chemical Prices-&,
<https://lwww.icis.com/explore/chemicals/chanivdb-chemicalsa-z/> (

Higgins, D., Hahn, C., Xiang, C., Jaramillo, T. F. & WeberZAACS Energy
Letters4, 317324, (2018).

National Renewable Energy Laboratod;S. Life Cycle Inventory Databgse
<https://www.lcacommons.gov/nrel/searc{2012).

Schliémer S., T. B., L. Fulton, E. Hertwich, A. McKinnon, D. Perczyk, J. Roy,
R. Schaeffer, R. Sims, P. Smith, and R. WiserClimate Change 2014
Mitigation of Climate Change. Contribution of Working Group Il to the Fifth
Assessment Report of tergovernmental Panel on Climate Chanded O.
Edenhofer, R. PichMadruga, Y. Sokona, E. Farahani, S. Kadner, K. Seyboth,
A. Adler, I. Baum, S. Brunner, P. Eickemeier, B. Kriemann, J. Savolainen, S.
Schlémer, C. von Stechow, T. Zwickel and J.C. Mirjambridge University
Press, 2014).

Luc, W.et al.J Am Chem Sat41, 99029909, (2019).

62



Chapter 4

A HIGHLY POROUS COPPER CATALYST FOR CARBON DIOXIDE
REDUCTION

In this Chapter, | present the development of a nanoporous copper catalyst,
which when implementethto a threecompartment flow cell enables higate G-
production from eCQR. The porosity of the catalyst provides excellent bubble
management at the gas/electrolyte interface. We test this catalyst in several electrolytes
and show that alkaline conditis are optimal for £ product formation, even when
accounting for variations in surface pH through transport modeling. Chiaipteris
reproducedwith permission from a publication in Advanced Materials(DOI:
10.1002/adma.2018031)L1As cafirst author,| developed the flow cell electrolyzer
setup, aided in evaluating electrocatalytic performance, and performed the surface pH
calculations. My cdirst author JingjingLv synthesized the copper catalyst and
performed electrochemical testing. Dr. Wesley lamel Dr. Wenlei Zhu helped with

catalyst characterization.

4.1 Introduction

Current commodity chemicals are largely based on fossil fuel derived carbon
sources such as coal and crude oil. Using carbon dioxidg @S@n alternative carbon
feedstock is an atictive approach toward tackling €@missions in the chemical
industry because it can drastically reduce or even result in negative carbon fd@tprint,
whereas traditional chemical processes such as steam methane reforming and coal

gasification are carbointensive. C@Qreduction can be performed through biological,
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thermochemical, photochemical, and electrochemical means, each of which has been
widely studiect>® Among all potential approaches, electrochemical conversion of CO
has attracted much atten because this technology has several advantages over other
competitive technologies, including fine control of production rates, wide scalability of
modular electrolyzer designs, and the potential to produce a variety ovdligh
products”® More importantly, this technology can be readily powered by caftem
energy sources such as wind, solar, and nuclear, providing-&@eemission (or even
negative) pathway for commodity chemical production. A recent scientific study on
photovoltaic (PV) clarly showed a decrease of PV electricity price over time with a
projected PV electricity price as low as $0.03 per kWh in the near fftdraimilar

trend also holds for wind energy with an electricity price already being ~$0.02 per
kwh.!! Thus, the lowelectricity price makes electrochemically driven Agilization
technologies potentially profitable for commercial applications.

Recent studies in electrocatalytic ©@@duction have been primarily focused on
high-value multicarbon (G.) products, such as ethylene, ethanol, apdopanolt>16
Among all the catalysts, copper (Cu) is the most widely studiegr€@i{dction catalyst
with a relatively high &. selectivity!”?! Therefore, many efforts have been devoted to
exploring nanostructured Cu catalysts such as nanopattiéfes, nanofoan?*2°
nanowires’®2?” and nanoporé8 to further elucidate the structupeoperty correlation
for COp reduction over Cu cataliss However, most of these investigations are typically
performed in batch cell configurations which have some technical limitations. For
example, the low solubility of COn electrolyte (usually an aqueous solution) greatly
limits the maximum C@reductbn current density to ~40 mA/érmaking it difficult

to examine catalytic behavior at more practical current densities (>200 M&?cftin
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addition, because batdell type studies often utilize GQaturated electrolytes, it is
not possible to use akne electrolytes because hydroxide ions strongly react with
dissolved CQto form carbonates. In order to overcome these challenges associated
with batchcell type configurations, a flow cell configuration can be utili#eahich
has been recently demsinated for silver catalyzed G@eduction to CG?%33 Despite
these efforts, there is currently no systematic flow cell study on how nanostructuring
and electrolyte can affect G@duction properties of Cu catalysts, especially in alkaline
electrolytes.

In this work, we synthesized a nanoporous Cu catalyst with a pore size-of 100
200 nm and examined its catalytic properties for, @€uction in a microfluidic
electrolysis cell. At an applied potential €%.67 V vs. reversible hydrogen electrode
(RHE), he catalyst exhibited a total Faradaic efficiency (FE) of 79% farr€uction
products at a current density of 653 mAfciA FE of 62% for G. products was
achieved together with axCpartial current density exceeding 400 mAf¢cnvhich is
among the higlst G+ partial current densities that have ever been obtained in CO
electrolysis. Moreover, a variety of electrolytes (KOH, KHCRCI, and KSQi) were
also investigated, and the results demonstrated thatedOction in alkaline electrolyte
(i.e., KOH)exhibited the highestL FE. In the case of nebuffering electrolytes, the
significant change in bulk pH due to the generation of hydroxide ions duringdtigh
electrolysis illustrates the uncertainty of the actual pH at the eleetted®&olyte
interface during operating conditions and demonstrates the challenges associated with
using the reversible hydrogen electrode (RHE) scale. We also emphasize the need for
further modeling of the complex triplghase boundary at the electreslectrolyte

interface for a CQflow cell electrolyzer.
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4.2 Methods

4.2.1 Synthesis of nanoporous copper

All chemicas were of analytical grade and used as received without further
purification unless otherwise noted. Tienoporous copperagfabricaedthroughthe
annealing of Cu(OH)nanorods and the electrochemical reduction of nanoporous CuO.
Firstly, Cu(OH) nanorods were preparbgt following a literature methoét: Typically,
1g of Cu(NQ). wasfirst dissolved in 100 ml distilled water. Then, 30 mL yHO
(0.15 M) solutionwasadded to the Cu(N£§) solutionunder constant stirring at room
temperatureA blue precipitate of Cu(OH)wvasproduced when dropwise added 10 mL
of NaOH (1 M) solution (ca. 2 mL/min) to the above solution to adjust the pH value to
9-10. After 30 min, the blue Cu(OHprecipitatewasfiltered, and washeseveral times
to obtain a solid produathich was driedn a vacuum oven overnight. Secondly, the
nanoporousCuO was prepared by annealing the Cu(ohgnorods in the static air
atmosere at 500C for 2 h with a heating rate of 3¢ min'®. At last, thenanoporous
copperwas obtained by electrochemical reductioonahoporousCuO on GDL at a
constant current density of 10 mA @nn the flow cell prior toelectrochemical CO

reduction.

4.2.2 Materials characterization

The morphology andmicrostructure were characterized by field emission
scanning electromicroscopy (SEMAuriga, 1.5kV), transmission electramicroscopy
(TEM), and high resolution TEM (HRTEM) usy aJEM-3010 TEM operating at 200
kV. The SEM images were taken directly by coating the sample on gas diffusion layer
(GDL, Fuel Cell Store). The TEM sample was acquired by scrapeing off from the

nanoporous copper coated GDL. PowHeray diffraction (XRD) measuremestwere
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conduced on ab8 ADVANCE X-ray diffractometelBruker Corporation America)

To analyze the composition near the surface of the nanoporous Cu catalyst, the
commercial CuO powder (98%, Sigmédrich) and Cu foil (99.999%, Alfs\esar)

were measured as control materials. A Thermo ScientHdpha X-ray Photoelectron
Spectrometer (XPS) System was used and XPS fitting was conducted by CasaXPS
software with the adventitious carbon peak being calibrated to 284.8 eV. All peaks were

fitted ushg a Gaussian/Lorentzian product line shape and a Shirley background.

4.2.3 Flow cell éectrolysis

Electrochemical measurements were conduetgd an Autolab potentiostat
(PG128N in a three electrodeonfiguration In this study, the carbon papeith a
microporous layer$igracet 29 BC, Fuel Cell Stgreas used as the gas diffusion layer
for supporting catalyst, collecting current and acting as a pathway for gas from flow
channels to the catalyst surface. Thexle@ated GDL lpading: 0.5 mg crf) was used
as the counter electrode and Ag/AgCl (saturated KCI) as the reference electrode. The
nanoporous Cu coated GDL was applied as the working electrode, which was prepared
by handpainting the ink of nanoporous Cu as in previously reported WofkWe
weighed the GDL before and after deposition to record its actual catalyst loading. To
prepare the catalyst ink, 25 mg of catalyst was ultrasonically dispersed in the mixture
of 3mLofnpropanol , 500 €L of -weaNTI esdo!l GQNT o(n,
Sigmaal dri ch) dispersed in 5 mL THF) and
Fuel Cell Store). The MWCNTs were used to facilitate oxide reduction and did not
contribute to the electrocatalysis (FigiBel). Then, the mixture was sonicated for 30

min.

67

(%

20



CO; electrolysis were performed in a threlgannel flow cellas described in
Chapter 2The electrode area was 1 cand the electrode to membrane distance was
1.5 mm. An external Ag/AgCl reference electrode (Pine Research) located ~5 cm from
the catlode was used to measure the cathodic-¢sllf potential. All potential
measurements were converted to the RHE based on the following formudas E
Eagiagel + Eagiagel + 0.059 x pH (in volts). The pH values of bulk electrolyte after
electrolysis were usefor RHE conversions unless stated otherwi$e gas flow rate
into the flow cell was set as 10 sccm via a mass flow controller (Brooks GF40). The
catholyte flow rates were controlled via a peristaltic pump (Cole Parmer), with the
catholyte flow rate raging from 0.21 mL/min depending on the current density (lower
flow rates were used at lower current densities to allow for sufficient accumulation of
liquid products). The anolyte flow rate was 2 mL/min. An anion exchange membrane
(FAA-3, Fumatech) was ad in KOH and KHC®electrolyte, and a proton exchange
membrane (Nafion, Fumatech) was used in KC|I ang8QX electrolyte. The
backpressure of the gas in the flow cell was tuned to atmospheric pressure by adding
vacuum as controlled by a backpressure ctiatr¢Cole-Parmer). Each reported data
point reflects the mean of at least 3 measurements, where the error bars are the standard
deviation.

Gas products were quantified on a Multigas #5 GC (SRI Instruments) equipped
with a Hayesep D and Molsieve 5A colusnoonnected to a thermal conductivity
detector (TCD) and a Hayesep D column connected to a flame ionization detector (FID).
Hydrogen was quantified using TCD, while ethylene, carbon monoxide (for CO

electrolysis), and methane were detected on both FIOD'&@md The low concentration
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of ethylene and CO was detected by FID after using a methanizer. The Faradaic

efficiency for products was calculated using the following equation:

"00b

ZpTT (4.1)

where nis # of electrons transferredf is Fa ad ay 6 s, x s onale ftaetiont of
product V is thetotal molar flow rate of gasndjret is thetotal current

Liquid products were quantified using a Bruker AVIII 600 MHz NMR
spectrometer. Typically, 500 uL of collected dilutatholyte was mixed with 100 pL
of internal standard solution (20 ppm (m/m) dimethyl sulphoxi®® 0%, Alfa Aesar)
in D20). The onedimensionalH spectrum was measured with water suppression using

a presaturation method.
4.3 Results

4.3.1 Synthesis of nanoporoa Cu catalyst

Nanoporous Cu catalyst was synthesized by precipitating a Cu salt in an
ammonia solution, followed by thermal annealing emsitu electrochemical reduction.
In the first precipitation step, interconnected Cu(®Hanorods were synthesized
(Figure B.23 to form a fiberlike network (FigureB.2b). The high phase purity of
Cu(OH) was confirmed by powder-Xay diffraction (PXRD) analysis (Figui®.2c).
The following thermal annealing step transformed the Cug®@Ejorods into porous
CuO with tireedimensional interconnected pores of WD nm in diameter (Figure
B.3a-e). The PXRD pattern confirmed the phase purity of monoclinic CuO (Figure
B.3f). N> adsorptiordesorption measurement showed a Brun&mmettTeller
surface area of 7.02%g (Figure B.4). After deposition of the CuO sample onto a-gas

diffusion layer (GDL) and am-situ reduction treatment, a highly porous network was

69



formed (Figure4.19, an essential property that is needed during -hegd CQ
electrolysis due to the substahtigeneration of gaseous products at the gas diffusion
electrode interface.

The atomic structure of the Cu catalyst was further examined using high
resolution transmission electron microscopy (HRTEM) and PXRD techniques. The
typical HRTEM images are showmFigure4.1b and Figur&.5where a polycrystalline
nature of this catalyst was observed. The image clearly shows both metallic Cu and CuO
domains, in which the particles were mostly metallic Cu whereas the surface was
dominated by CuO. Additionally, thiattice fringes corresponding to Cu(111) were
widely spread out through the sample, indicating the high population of the Cu(111)
facet3”3 These observations were in good agreement with the PXRD analysis, where
diffraction peaks for both metallic Cu @CuO phases were identified (Figutdc).

For the peaks corresponding to the Cu phase, the Cu(111) peak was much higher than
the Cu(200) peak, suggesting the predominant Cu(111) facet in the $&fidlke
oxidation state of Cu on the catalyst surfasas also analyzed using-rdy

photoelectron spectroscopy (XPS) technique.
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Figure4.1: Characterization of nanoporous Cu catalyst. (a) A typical scanning electron
microscopy image, (b) a typical HRTEM image (red dash line indicates the rough
particle surface)c) PXRD patterns (standards were also shown for comparison), and
(d) XPS spectra (CuO and Cu standards were added for comparison

The XPS results (Figuré1d) showed a surface consisting of mostly metallic Cu with
the presence of Cl It isimportant to note that because naiwed Cu can be readily
oxidized by Q, it is possible that the observed CuO phase was formed during sample

handling in air followingin-situ reduction. Future studies using surface sensitive
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operando techniques are vegd to determine the true surface nature of catalyst under

reaction conditions.

4.3.2 Evaluation of electrocatalytic properties

The assynthesized nanoporous Cu catalyst was investigated in a microfluidic
flow cell electrolyzer, which composed of two compastits for liquid electrolytes
(catholyte and anolyte) and one gas compartment for delivery and gas product
collection (Figured.2a). This configuration allowed for C@ be abundantly fed to the
catalyst surface at the complex tryplease boundary ofthe electrodeslectrolyte
interface which allowed for the investigation of £@lectrolysis at high current
densities. However, one major challenge is managing the transport of gaseous products
through the gas diffusion electrode during higtes of elecblysis to prevent bubble
accumulation that would otherwise block catalytic sites. Therefore, maintaining a
degree of porosity in the gas diffusion electrode is critical for allowing gaseous products
to rapidly exit the reactor while achieving high currdensities’! The porosity of the
electrode is demonstrated by the crssstional SEM image shown in Figutb. As
such, we investigated the loading effect of nanoporous copper by conducting CO
electrolysis under a constant current density (200 mA/amith different catalyst
loadings and the results are summarized in Figi2e. An optimum @: Faradaic
efficiency was observed with a catalyst loading of 0.6 mg/cfurthermore, for a
catalyst loading of 1.0 mg/cnthe current profile was unstable digeinsufficient
porosity causing gaseous product bubbles to accumulate and block catalytic sites
(Figure B.6). Therefore, we chose the 0.6 mgfcoatalyst loading for the rest of

investigations.
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Figure4.2:(a) A diagram of the microfluidic electrolyzer withzoomeen schematic

of the electrodelectrolyte interface illustrating how a highly porous structure
facilitates bubble management, (b) a cresstional SEM image of the nanoporous
copper catalyst on GDL, and (c) the influence of catalyst loadingecaptblied potential
and Faradaic efficiency at a constant current density of 200 nfA/cm

At a catalyst loading of 0.6 mg/érstable current profiles are evident at a wide
range of potentials (Figurd.3a). The highest current density (656 mA#rwas
achieved at an applied potential €f.66 V vs. RHE (all the voltages are on the RHE
scale unless stated otherwideigure4.3b shows the correlation betweep: Earadaic
efficiency, G+ partial current density, and applied potential, in whieh 2oduction
through GC coupling reaction is clearly favored at high overpotentialsO&7 V, we

have successfully obtained a.EE of 62% with a €. current density of 411 mA/cin
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More importantly, a high C&reduction FE of 81.9% was also achieved simultaneously
with the high current density a0.65 V. Product analysis showed that the majority of
CQOe reduction products were ethylene (39.3%), ethanol (16.3%), CO (16.5%); and n
propanol (5.2%) (Figurel.3c). A small amount of acetate and formate were also
produced At less negative potential (vs. RHE), the ethylene selectivity dropped
significantly, whereas both CO and Bklectivities increased considerably. The trend
suggests that € coupling is promoted at high overpotentials through the further
conversion of surface bound CO, while suppressing hydrogen evolution during CO
electrolysis.

A comparison of the values this work against literature values is shown in
Figure B.7 and TableB.1.13142427.438 The nanoporous Cu catalyst performance is
among the best that has ever been achieved fere@@0troreduction to £ products.
Attempts to operate the cell at higlemerpotentials failed because the current profile
became highly unstable, which was predominantly caused by electrolyte flooding and
high-rate gas evolution at cathode. Additionally, the stability ot €@ctrolysis using
nanoporous Cu catalyst was inttgated by conducting a continuous £€ectrolysis
under constanturrent mode at 200 mA/ériThe results (FigurB.3d) showed a very
stable potential profile over 2 hours without any significant voltage change. The product
distributions were almost ideoal over the course ofRour electrolysis except the first
20 minutes, which could be due to initial activation (Figdir@. Both the morphology
and the composition of the nanoporous Cu electrode were maintained as indicated from

postreaction SEM and RS analysis (FigurB.9).
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Figure4.3: (a) Chronoamperometric curves at various potentials forr€duction on
nanoporous Cu in 1 M KOH electrolyte, (b):@artial current density for electrolysis
of nanoporous Cu in 1 M KOH electrolyte and (c) correspondargdaic efficiencies,
and (d) the voltage profile anddaradaic efficiencies at a constant current density
of 200 mA/ci.

4.3.3 Electrolyte and pH effects

The influence of electrolyte and pH has been previously modeled and studied on
Cu electrodes in bateype electrochemical configuratiof®>2 However, these studies
were conducted at relatively low current densities and are unable to utilize alkaline
electrolytes that have been shown to enhancer@idiction on Ag and Au catalyst>?

Herein, we investigted the catalytic properties of nanoporous Cu in four different
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electrolytes, i.e., KOH, KHC& KCl, and KSQu. To isolate the anion effect, we held
the K" concentration constant at 1 M for all the electrolytes. The bulk pH values were
measured before arafter electrolysis at each applied potential and are presented in
Table B.2. For the KOH and KHC®electrolytes, no significant pH changes were
observed after electrolysis; whereas both KCl an&@ electrolytes showed a
substantial increase in pH, a dga up to 4 pH units at high current densities. This is
likely due to large quantity of hydroxide (OHanions produced at cathode during high
rate CQ electrolysis which caused a significant increase in bulk pH forbubtering
electrolytes (i.e., KCI and #6Qs). In contrast, a smaller increase in bulk pH was
observed in 1 M KHC®@due to its buffering capabilities. In the case of KOH electrolyte,
the anount of OHanions generated at cathode was negligible in comparison to the total
guantity of OHin the bulk electrolyte.

The CQ electrolysis results are presented in Figurd Aahere we calculated
the applied potential at each current density utiegpH value of the bulk electrolyte
after electrolysis (Tabl®.2). Among all four electrolytes, the performance of KOH
electrolyte was substantially better than those of other electrolytes in terms of C
current densities, overpotentials, ang EE (Fgure4.4). A detailed product analysis
for each electrolyte was are provided in TaBI8. We attempted to operate the
electrolyzer in KCI and ESQ; electrolytes at higher overpotentials (i.e., higher current
densities); however, the electrolyzer expereghdigh resistance, which quickly
overloaded the system. The high resistance is likely due to the poor ionic conductivity
of membrane in KCI and #Q; electrolytes. We also studied both anion exchange
membrane and cation exchange membrane, with neithéreai being conductive

enough for high current densities. Future studies using a suitable membrane or a
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membrandess cell is necessary to explore the @ctrolysis performances

nearneutral pH electrolytes.
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Figure4.4: (a) Total current density an(b) G+ Faradaic Efficiency for C&R of
nanoporous Cu in different electrolyte. Note that the potentials (vs. RHE) were
estimated using the pH value of electrolyte exiting the flow cell. (c) Calculated surface
pH vs. current density for different electrtdg and (d) total reduction current density

vs. potential based on the calculated surface pH

As evidenced by the significant increase in measured bulk pH, the OH

concentration at the catalyst surface is likely much higher than that of the bulk
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electrolyteunder CQR conditions®49°455Therefore, a better method is needed to
estimate the applied potentials on the RHE scale that accurately reflects the true pH at
the electrodeslectrolyte interface. At the alkaline tripdhase boundary in the flow cell,
OH hydrates C@to form carbonates, leading to a complicated transport problem
involving the diffusion of these reactive species between thge@®0trolyte interface
near the catalyst surface and the bulk electrolyte. We estimated the surface plH for eac
electrolyte tested using a transport model similar to that recently demonstrated by Dinh
et al. (seeAppendix Bfor calculation details}® The relationship between the applied
current density and calculated surface pH for each electrolyte tested is ishieigure
44c. For 1 M KOH, the surface pH is slightly reduced relative to the bulk pH due
significant carbonate formation near the catalyst surface. In contrast, the surface pH for
the nonbuffering electrolytes (1 M KCI and 0.5 MBQy) is significanly higher than
the bulk pH for all current densities. Furthermore, there is a strong correlation between
the calculated surface pH and the production afp@ducts (Figure 4b), which is
consistent with theoretical suggestions that 1seaface OHfacilitates GC coupling
for CO,R. 4852

When the applied potential for GR is referenced to RHE using the calculated
surface pH (Figure.4d), the overpotential for KCl and&Qs became less than that of
KHCOs. The same set of results were also plotted using the potentials vs. Ag/AgCI for
comparison (Figur®.11). Interestingly, the trend in activity matches to some degree
with the trend in electrolyte conductivity with KOH>KCI>8Qs> KHCO;s (Figure
B.12). The onductivity may likely have a significant effect on the total current density
by increasing the active triplghase boundary area due to a lower resistance between

thin electrolyte coating within the catalyst layer and the bulk electrélyte.
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4.4 Discussion

As we mentioned previously, operating a microfluidic C&ectrolyzer at
current densities higher than 650 mAfds challenging, which is due to the fact that
CQO electrolysis at high rates (i.e., high current densities) produces tremendawug amo
of gaseous products that disturb and interrupt gas and ion diffusion pathways to/away
from the catalytic sites. As a result, large quantity of liquid electrolyte is forced to the
gas compartment causing significant flooding and internal resistanceiatioo.
Although we have successfully achieved a stable operation at 200 fmfsicmore
than 2 hours, it is considerably difficult to maintain an efficient electedeletrolyte
interface at higher rates to ensure that both gaseowsa@Dliquid electrtyte are in
good contact with the solid catalyst.

Another technical challenge associated with the microfluidie €€xtrolysis
cell is salt accumulation at the electreslectrolyte interface, especially when a strong
base (e.g., KOH) is used as cathalyldhe performance degradation due to salt
accumulation at the electro@¢ectrolyte interface has been previously reported in the
case of Au catalys€ In this work, a highly porous Cu catalyst was employed to
improve the accessibility of catalyst sudad-igure4.2a). However, the formation of
carbonate salt still slowly blocked the pores of the catalyst and the GDL, causing
substantial voltage losses and reactant/product transport issues at the interface.

Addressing these issues requires innovatiomedntor engineering and catalyst
design. For example, tuning the hydrophobicity of the GDL support and/or catalyst
surface could potentially enhance the gas transport across the gas diffusion electrode.
Previous study has shown that the hydrophobicitsDL strongly affected the cell
performance in the case of g@duction to C3® Using the same strategy, the

efficiency of electrolyzer cell dedicated te+Qproducts could be further improved.
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Moreover, understanding the pH and electrolyte effects aeldgtrodeelectrolyte
interface is also crucial to the design of new generation flow cell electrolyzers with a
more robust interface. Strategies to minimize carbonate formation at interface by
controlling the interfacial pH will benefit lonterm operatia of the microfluidic cell.
Additionally, a more selective catalyst than Cu could suppress salt product formation

(e.g., formate and acetate) if they are not desired products.

4.5 Conclusions

In this work, we have synthesized a nanoporous Cu catalyst, wHidbiteg
high performance in a microfluidic G@lectrolyzer. At an applied potential &.67 V,
we have achieved a current density of 653 mAfesith a G- selectivity of 62%, which
is among the best performances that have ever been achieved:fele€@reduction
to G+ products. The systematic study of electrolyte effect showed that KOH exhibited
much better performance than bicarbonate and otherbuffer neameutral
electrolytes, suggesting thatcoupling reaction on Cu are favored at high pldes
Further efforts are required to improve the interface robustness of thel€@olyzer

in order to achieve lonterm operation at industrially relevant rates.
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Chapter 5

HIGH -RATE ELECTROREDUCTION OF CARBON MONOXIDE TO
MULTI -CARBON PRODUCTS

In Chapter 4, | showed that alkaline conditions enhanceR@¢&tivity towards
multi-carbon products. In Chapter 1, | motivatetiva-step electroreduction process
decoupled through the CO intermediate to sustainably produgqedtiucts in alkaline
conditions. In this chapter, | present an oxitigived copper catalyst incorporated into
a threecompartment flow electrolyzer for higlate CO reduction to muitarbon
products. | show that under identical conditions in alkaline electrolyte, CO reduction
leads to enhanced acetate production relative tor€diction, which is due to a higher
surface pH under CO reduction conditions.sTisisupported by transport modeling and
isotopic labelling studies, which shows produced acetate comigicisolyteoxygen,
indicating formation through hydroxide attack of a surface intermediate. This work is
reproduced with permission from a publicati in Nature Catalysis (DOI:
10.1038/s4192918-01332). As first author, | developed the flow cell electrolyzer and
performed electrocatalytic evaluations. Dr. Wesley Luc performed surface pH

calculations and material characterizations.

5.1 Introduction

Therapid development of novel energy technologies has decreased renewable
electricity prices significantly over the past decade. For example, the photovoltaic
industry has consistently made strides on improving solar cell efficiencies and reducing

manufactumg costs with a projected electricity price as low as $0.03/kWh by 2030.
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This foreseen cheap electricity has motivated significant research interest in the
development of electrified pathways for chemical and fuel production. Compared to
traditional chengal processes driven by fossil energy, electrochemical processes are
often more environmentally friendly, can operate under relatively mild conditions, and
can also be coupled with renewable electricity sources at remote loc&itiFhs.
electrolysis of arbon dioxide (C@ has attracted significant attention as a process to
produce highvalue chemicals such as ethylene and ethanol, but currenbttateart
CQO, electrolyzers generally suffer from low selectivity and high overpotentials at
practical raction rates (>300 mA/cHh>’

As an alternative to direct G@lectrolysis, a twestep cascade process where
CQO is initially reduced to carbon monoxide (CO) and then sequentially reduced to
multi-carbon (G+) products holds several advantages. As COidelyw accepted as a
key reaction intermediate for-C coupling in carbon dioxide reduction (gR)2
directly feeding CO as the reactant into a CO electrolyzer to increase th&urfaae
CO concentration (and consequently *CO surface coverage) may cagilfienhance
the performance toward producing:@roducts>® Furthermore, CO reduction (COR)
can be done in alkaline electrolytes that suppress the competitive hydrogen evolution
reaction, improve charge transfer kinetics, and boost selectivity tevZargroductst®
13 without the significant carbonate formation that plagues @@uction'* Finally,
while a cascade process would require an additional gas separation step to purify the
CO feed, this is likely to be minor relative to the total systeamemics:®

Copper is currently being extensively studied as it is the only monometallic
CO/CO reduction catalyst that can producge 8ydrocarbons and oxygenates with

appreciable selectivities. The majority of research efforts have primarily focused on
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particle size effect®®® nanostructuring®?? facet dependency;>>?* bimetallic
alloys?>?° and surface modificatio?®**Inpa t i c u |l are,r i iveexdiod@up pper (
has shown significant COR selectivities towards ethanol and acetate at low
overpotential$>3’ To date, most COR investigations were performed in a dgpeh
electrochemical cell configuration, where mass trarisjportations arise due to the
extremely low solubility of CO in aqueous electrolytes such as KOH softition.
Consequently, high oxygenate Faradaic efficiency up to 70% has been demonstrated,
but only at very low reaction rates (~1 mARMn order to cicumvent mass transport
limitations, a flow cell reactor can be engineered where the gaseous reactant is directly
fed to the electrodelectrolyte interface to form a tripjghase boundary such that high
rates of COR can be achieved. However, to the bestiroknowledge, a flow system
that can achieve high rates for COR has yet to be demonstrated in the literature.
Herein, we constructed a threempartment CO flow electrolyzer in which a
hydrophobic porous carbon support was loaded with a copper catadypbaitioned
between a gas and liquid chamber where CO is directly fed on one side while electrolyte
was fed on the other (FiguBela). The welengineered electrogsectrolyte interface
(Figure5.1b) allowed us to convert CO at high reaction rates witemarkable &
selectivity. At the optimal conditions, the flow cell utilizing an @D catalyst exhibited
a 91% G selectivity at a partial current density of 635 mA#crapresenting the highest

performance that has ever been achieved for COR.

87



(@)

Gas Products
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Electrolyte

Figure5.1 (a) A schematic of the thremompartment microfluidic CO flow
electrolyzer and (b) a schematic of the woalhtrolled electrodelectrolyte interface
for CO reduction at high current densities.
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Further studies revealed that maintaining an efficient etetstelectrolyte interface
where gaseous reactant/products can easily transport in/out of the porous electrode
without disrupting ionic and electrical conductivity is crucial for a stable performance
at high reaction rates. Additionally, we comparedoR@d COR performances in an
identical setup and demonstrated that CO reduction has multiple advantages pver CO
reduction in a flow cell configuration, such as a highgrsglectivity and a more robust
interface. Finally, surface pH calculations under CQ®@QR conditions and isotopic
labelling studies suggest that the higher surface pH for COR facilitates the improved

activity as well as acetate production.
5.2 Methods

5.2.1 Preparation of electrodes

Commercial copper powder (0155 um, 99%) was purchased fronfa@Aesar
and stored under Ar atmosphere. 1 g of copper powder was placed in a ceramic crucible
and immediately heated to 500 for 2 hours. Following thermal annealing, the copper
powder sintered into a black sheet, which was hand ground to fbna powder. 100
mg of powder was mixed with 0.5 mL tetrahydrofuran containing 0.5 mg/mL
multiwalled carbon nanotubes (>98% carbon basis, O.D. xXIB m x 252 0 & m,
Sigma Aldrich), 2 mL of isopropanol, and 20 pL of Nafion ionomer solution (10 wt%
in H20). The oxidederived copper (OBCu) electrode was prepared via-situ
electrochemical reduction at a constant current density of 15 niAfsmidentical ink
was prepared using the-parchased commercial micron copper. The catalyst inks were
sonicated foB0 minutes and then dropcast onto a Sigracet 29 BC gas diffusion layer

(GDL, Fuel Cell Store) to a loading of 1 mg&nrO, anodes were prepared by mixing
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50 mg IrQ nanoparticles (99%, Alfa Aesar) with 0.5 mL of Db® 2 mL of
isopropanol, and 20 uL dfafion ionomer solution (10 wt% in J4@), which was
sonicated and dropcast onto Sigracet 29BC GDL at 1 nidéading. A fresh cathode

was used for each flow cell experiment, while anodes were reused 3 times.

5.2.2 Materials characterization

Scanning electron reroscopy (SEM) images were obtained on an Auriga 60
Crossbeam. Xay diffraction (XRD) was performed on a Bruker D8 Discovery
di ffractometer using a Cu KU -AphdXey i on so
Photoelectron Spectrometer (XPS) System was tesadalyse the surface composition
near the surface. XPS fitting was conducted with CasaXPS software with the
adventitious carbon peak being calibrated to 284.5 eV. All peaks were fitted using a
Gaussian/Lorentzian product line shape and a Shirley baakgro

The electrochemical surface area (ECSA) was determined by measuring the
doublelayer capacitances of the commercial micron Cu andGDxand comparing to
a polycrystalline copper foil (99.999%, Alfa Aesar). The double layer capacitande (C
was foundby performing cyclic voltammetry of the electrodes in 0.1M H{lOa H
cell. The electrodes were scanned at scan ratesd®@0nV/s in the potential region
of no Faradaic current, and the observed current was plotted vs. scan rate to obtain the
doublelayer capacitance. The ECSA was then calculated usinggihtoCthe copper
foil.

In-situ X-ray adsorption spectroscopy (XAS) was performed at Beamline-5 BM
D at the Advanced Photon Source (APS) at Argonne National Laboratory through the
general user pgram. The XAS data was processed using the IFEFFIT package,

including Athena and Artemi.A mo d i yoemdpartmeny Hype electrochemical
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cell made from acrylic was used fiorsitu XAS experiments and is shown iRigure
C.3). The electrolysis was germed in 0.1M potassium hydroxide under a flowing
atmosphere of 5 sccm carbon monoxide. The@Delectrodes were reduced at 10

mA/cn?, and then held at potentials ranging fre2V to-0.5V vs. RHE.

5.2.3 Flow cell electrolysis

CO and CQ electrolysis were @formed inthe threecompartment flow cell
described in Chapter Z'he flow cell design was modified based on engineering
drawings kindly provided by Dr. Paul Kenis at University of lllinois at Urbana
Champaign (USA). The electrolytes were aqueous solitad potassium hydroxide
(99.99%, Sigma Aldrich). The gas flow rate into the flow cell was controlled at 10 sccm
via a Brooks GF40 mass flow controller. The catholyte and anolyte flow rates were
controlled via a peristaltic pump, with the catholyte floater ranging from 0:1
mL/min depending on the current density (lower flow rates were used at lower current
densities to allow for sufficient accumulation of liquid products). The anolyte flow rate
was 5 mL/min. The cathode and anode were separated waraxhle exchange
membrane (FAA3, Fumatech). The backpressure of the gas in the flow cell was
controlled to atmospheric pressure using a backpressure controlleiR@ater).

Chronopotentiometry experiments were performed using an Autolab PG128N.
For the 3electrode setip experiments, the cathode potential was measured using an
external Ag/AgCl reference electrode (Pine Research). The resistance between the
cathode and reference electrode was measured using the -cuteemipt technique
prior to eachapplied current density, and the measured applied potential was IR
corrected following electrolysis. For each data point, the cell was allowed to reach

steady state, and products were quantified over a 300s period. At least three replicates
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were performedat each current density. For the CO/Q§as switching experiments
where the cell voltage is recorded over time, the voltage data were smoothed using the
SavitzskyGolay method to reduce oscillations due to bubble formation at the anode.
Gas products werguantified using a Multigas #5 GC (SRI Instruments)
equipped with a Hayesep D and Molsieve 5A columns connected to a thermal
conductivity detector (TCD) and a Hayesep D column connected to a flame ionization
detector (FID). Hydrogen was quantified usingD,@vhile ethylene, carbon monoxide
(for COs electrolysis), and methane were detected on both FID and TCD. The Faradaic

efficiency for products was calculated using the following formula:

"00bp

Zpmm (1)

where nis the# of electrons transferreBisF ar a d ay 6, % is themols ftactiont
of product V is thetotal molar flow rate of gasndjrot is thetotal current

Liquid products were quantified using a Bruker AVIII 600 MHz NMR
spectrometer. Typically, 506L of collected catholyte exiting the reactor was mixed
with 100eLD>O cont aining 20 ppm (m/ m) di met hyl
as the internal standard. The afimensional'H spectrum was measured with water

suppression using a psaturation methd.

5.2.4 Labelled C'®0 experiment

A low pressure €0 lecture bottle (Sigma Aldrich, 95 at$©) was used for all
labelled experiments. A 30 mL syringe was used to extract @ @gas and a syringe
pump was used to feed the gas into the flow cell at 5 mL/BElectrolysis was
conducted at constant current of 300 mA/dior 5 minutes and the catholyte was

collected for analysis. The liquid products were acidified in an ice bath with
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hydrochloric acid to a pH value of ~2. Acidification did not affect the massrsjpe
analysis, other than allowing for the detection of acetate through acetic acid.
Identification of the liquid products was performed using an integrated gas
chromatographynass spectrometry (GRS, Agilent 59771A) system. The GC
(Agilent 7890B) was agjpped with a DBFFAP column and interfaced directly to the
MS (Agilent 59771A). Identification of the GBS spectral features were accomplished
by comparing the mass fragmentation patterns with those of the NIST library and

focused on the shifts of theneat ion of the molecules.
5.3 Results

5.3.1 Catalyst characterization and COR performance

OD-Cu catalyst was prepared following a literature procedure where Cu
particles were annealed in air, followed by Bmsitu electrochemical reduction
treatmenf®l n a typical preparation, commerci al
average particle sizof 0.51 . 5 ¢ m 5dy weageufirsteannealed at 500 for 2
hours. After annealing, a clear morphology change from spherical particles to irregular
particles (0.1 to 1 em) was oOobserved and a
image is shownn Figure C.2 Structural characterizations using powdetray
diffraction (XRD) technique revealed a phase transition from cubic metallic Cu into
monoclinic CuO (Figure5.2c), which is consistent with -Xay photoelectron
spectroscopy (XPS) results (Figsd). The resulting CuO particles were dispersed
in a catalyst ink with a small amount of muMalled carbon nanotubes and dropcast
onto a gasliffusion layer (GDL) with a final catalyst loading of ~1 mgfcriThe

electrode was then ponditioned throuly anin-situ electrochemical reduction at a
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constant current density of 15 mA/&mAfter the preconditioning, the OBCu sample

became highly porous with a pore size of2ZIDnm (Figure®.2b andFigure C.3)
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Figure5.2: (a) SEM image of commerciabpper powder (Micron Cu), (b) SEM
image of oxidederived copper (OBCu) particles on GDL, (c) XRD of copper
sampleswith copper standargdand (d) XPS of copper samples.
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In-situ X-ray absorption spectroscopy (XAS) under COR conditions (5 m#Arct1M

KOH) in a custorrbuilt H-cell (Figure C.) indicates that the catalyst is metallic°Cu

after prereduction and under reaction conditionsiglre C.4). The micron Cu
electrodes were prepared using the same commercial Cu powder and the spherical
morphology 6 the particles was maintained throughout the preparation procedure
(Figure C.5.

The COR activities of both OBu and micron Cu electrodes were evaluated
using a threeompartment flow electrolyzer (Figurg.la). The COR results are
summarized in Figur®.3 and the products detected in significant quantities were
ethanol, acetate, ethylene, angropanol, with the remaining charge attributed to the
competing hydrogen evolution reaction. For both-OD and micron Cu electrodes,
there was a near exponeliiarease in the CO reduction current density with respect
to applied potential (Figurg.3a), indicating excellent transport of CO to the catalytic
surface at the tripphase boundary. Furthermore, a remarkable partial current density
for Co+ products (830 mA/cR) was obtained using GBu at a moderate applied
potential ¢€0.72 V vs. RHE). To compare the reaction rates of both Cu electrodes, the
performance was normalized to the electrochemical surface area (ECEHAgLseeC.6
for measuremeitThe ODCu copper electrode exhibited higher geometric and ECSA

corrected @: current densities than micron Cu at lower overpotentials (Figugeb).
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from at least three independen¢asurements.

The enhanced activity of GBu for COR in batch systems at low overpotentials

has been attributed to the presence of grain boundafe®,***or other unique Cu

facets®’*2 However, copper can undergo significant surface restructuridgr a C@

rich environment>* and future work involving advancedperando techniques

mirroring flow cell conditions is needed to elucidate true strugtuoperty
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relationships. The nelnearity of Figures.3b at high overpotentials is likely caudad

mass transport limitations of the product gas bubbles which begin to block the catalyst
at high current densities (>500 mA/&m The two electrodes exhibited similar
normalized total current densitieSigure C.5. After a hour constant current densit
electrolysis at 500 mA/cfnthe morphology of the OZu particles was maintained
(Figure C8).

At low overpotentials, OBCu showed significantly higher € Faradaic
efficiencies (69%, Figurg.3c) at-0.32V vs. RHE than what were observed with micron
Cu (Figure5.3d). At-0.42V vs. RHE, the OECu exhibited a 26% Faradaic efficiency
towards npropanol, which is the highest value reported forfCO electrolysis in the
literature. As the overpotential increased, the-O began to produce significant
amourts of ethylene with the total oxygenates Faradaic efficiency remaining constant
at ~40%, whereas the Faradaic efficiency towargsopanol declined to ~6%. We
attribute this to the rate of the© coupling reaction (which may be a thermochemical
reactionstep) for npropanol formation becoming relatively slow compared to the C
intermediate protonation reaction at high overpotentfdisterestingly, the micron Cu
electrode showed a similap{selectivity profile at high overpotentials, with a total C
Faradaic efficiency of ~80%. This demonstrates that polycrystalline copper exhibits

similar selectivity as OBCu for COR to G+ products at high overpotentials.

5.3.2 Comparison between COR and CGR

To further illustrate the advantages of €l@ctrolysis over C&electrolysis for
Co+ production, we operated the flow electrolyzer using 1 M KOH electrolyte, while
switching the gas feed between CO anc@@xing a constant current electrolysis at

300 mA/cnt on OD-Cu and micron Cu. Products werangpled after 20 minutes to
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ensure that steaetate was reached. Figurgglab show the total cell voltage and
Faradaic efficiencies over time. Remarkably, the overall Faradaic efficiency for
COR (~80%) is much higher than that of &R(~55%), as C®reduction produced
significant amounts of CO (~15%) and HCQ©7%) that were not counted for the total
Co+ Faradaic efficiency. Furthermore, for the samepZoducts, COR requires 1/3 less
electrons than C£R. As a result, the molar production rate ef @roducts were more
than doubled for CORFgure C9 andC.10).

Additionally, the overall cell voltage increased by ~100 mV when the gas feed
was changed from CO to GOThe increase in cathodic overpotential could either be a
result of the additional engy required to activate CQelative to CO or a pH decrease
at the electrodelectrolyte interface. The latter would likely be caused by carbonate
formation through a fast chemical reaction between &@ KOH, which served as a
buffer layer and inevitalgllowers the pH near the catalytic surfat&ince carbonate
has a lower ionic conductivity than KOH, this would lead to an increase in the cathodic
overpotential.

In order to better understand the difference in interfacial pH betweeR &
COR, we mdelled the transport of GZCO between the electroddectrolyte interface
and bulk electrolyte (se&ppendix Cfor details)!**’ The pH gradients for C£CO
reduction under various current densities are shown in Figdice In the case of CO
reductionat 0 mA/cn, there is already a significant reduction in surface pH (emp

due to the fast equilibrium reaction between-@éd KOH.
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Figure5.4: (a) CO/CQ reduction on OBCu at 300 mA/crhin 1M KOH over two hours
showing the difference in£product selectivities, (b) CO/G@eduction on micron Cu

at 300 mA/cm in 1M KOH over two hours showing the difference in. @roduct
selectivities, (c) calculated pH profiles for CO/&®duction inlM KOH under various
current densities, and (d) mass spectrum of partially labelled acetic acid produced by
C*®0 reduction at 300 mA/cfin 1M KOH.

However, the surface pH increases with increasing current density in beth CO
and CO reduction cases dugfte generation of Otibns. At 300 mA/crf the estimated
OH concentration under CO reduction conditions is more than 1 order of magnitude
higher than under CQeduction conditions. It should also be noted that previous studies

of COy electrolysis using ®H as the electrolyte in a flow electrolyzer often assumed a
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pH value based on the bulk KOH concentration, leading to an underestimation of the
electrode overpotential for G@eduction in alkaline electrolyt&:*

Another observation from Figurésdab is that the selectivity for ethylene,
ethanol, and 1propanol did not change significantly before and after the C®/CO
switch, while the acetate Faradaic efficiency was much higher for COR and thus the
major contributor to the £ selectivity difference &tween CO and COreduction.
Mechanistically, the formation of acetate from £8CD reduction is poorly understood.

Li and Kanan suggested that acetate formation is due to hydroxide attack of a surface
intermediate due to observed increase in acetate RElar KOH concentrations.
Moreover, Kopetet al.recently reported a favourable acetate formation at high pH in
CQO, reduction due to the hydroxide ions promoted Cannizizgre reactions at the
catalytic surfac&® However, the molar ratios of the produced ethanol and acetate are
not equivalentkiguresC.9 andC.10), indicating there may be an additional pathway to
acctate. Garzat al.also proposed a direct reduction of CO to acetate without oxygen
donation from the electrolyte through the isomerization of *QQBH to a three

membered ring attach to the surfate.

5.3.3 C*80 isotopic labelling studies

To further gain medmistic insights into the formation of acetate, isotopic
labelledC*®0 (Sigma Aldrich, 95 at%®0) was fed to the electrolyzer at a constant
current of 300 mA/crhand a gas chromatographyass spectrometry (GEIS) system
was used to analyze the liquid puats. We note that this investigation can only be done
with labelledC*0 rather than €0, due to the rapid equilibrium exchange of oxygen
atoms when Céreacts with KOH. Furthermore, the use of the flow cell allows for easy

guantification oflabelledproducts due to the rapid production of concentrated products
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that would otherwise not be possible with a baggle reactor. The liquid products were
acidified with hydrochloric acid to a pH value of ~2 after electrolysis before injecting
into the GCMS to enable acetate detection as acetic acid. If the acetate is formed
through an oxygen donation from the electrolyte, it should only be pattab#jled(62

amu), while a direct reduction pathway would yield fudlipelledacetate (64 amu).

The mass fragmeation patterns of acetic acid produced framabelledCO
andlabelledC!0 are shown in Figur6.4d. The parent ion of acetic acid (60 amu)
produced fromunlabelledCO matches well to that of the NIST database. A clear mass
shift by 2 amu (62 amu) was observed whadrelledC'®0 was used, which indicates
that only one oxygen of acetic acidabelled A small signal at 60 amu is likely due to
C!®0 impurity in the fed. Since the signal at 64 amu, as well as at 63 amu, is even
smaller than the observed signal at 60 amu, we attribute this signal to the natural isotope
abundance of°C, and not acetic acid with both oxygen atdaiselled Additionally,
the signal ratidoetween 62 and 60 amu is close that of the ratf§®fand*®O in the
gas feed; and therefore, we conclude that the observed acetic acid with a signal at 62
amu consisted of one oxygen originating fraimelledC!20 and one oxygen originating
from the eletrolyte, most likely from a OHon reacting with an intermediate species.
Combining these observations with the estimated pH gradients shown in Figire
we attribute the high acetate selectivity in COR to a higher local pH at the electrode
electrolye interface, where the abundance of @iis near the catalytic surface can
easily react with an intermediate to form acetate. A proposed pathway to acetate is
shown inFigure C.11. However, we note that other effects such as the presence of

carbonates uret CQR conditions may also influence the selectivity.
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In addition to acetic acid, we also detected ethanol gm@panol via GEMS
along with a small amount of acetaldehyde. Surprisingly, acetaldehyde was entirely
unlabelled and ethanolApropanol wereonly partially labelled (Figure C.12). The
unlabelledacetaldehyde can be explained by the rapid oxygen exchange between
acetaldehyde and water which has been extensively studied by GreenzafdTéisal.
was verified by adding 0.2% of acetaldehyde, mtihaand acetic acid to 98%,HO.
Indeed, a clear mass shift by 2 amu (46 amu) was observed with acetaldehyde; however,
no oxygen exchange was observed with ethanol or aceticragid€ C.13. Therefore,
the observation of only partialiabelled ethand and npropanol is likely due to
acetaldehyde oxygen exchange prior to further reduction, since acetaldehyde has been
shown to be a reaction intermediate to these alcéh@serall, this demonstrates the
challenges of gaining mechanistic insights thioisptopiclabelledoxygen studies for
CO reduction, and future work such as direct sampling at the reaction interface through

differential electrochemical mass spectrometry (DEMS) is reqtired.

5.3.4 Influence of KOH concentration on COR performance

The pH effect on CO reduction was further studied by varying the KOH
electrolyte concentration from 0.1M to 2.0 M. The cathode polarization curvessfor C
products in 0.1M, 0.5 M, 1.0M, and 2.0 M KOH aqueous electrolytes are shown in
Figure5.5a. Both G- partialcurrent density and Faradaic efficiency increased (Figures
5.5ab) as the KOH concentration increased. While the HER partial current density also
increased with increasing concentration, the HER Faradaic efficiency was dramatically
reduced Figure C.14. We attribute this enhancement to two effects: 1) the reduction
of charge transfer resistance across the electrolyte that improved the active area of the

triple-phase boundary due to the increase in electrolyte conductivity at higher
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concentration$!>*and 2) higher pH at the electrocatalytic interface that favou@ C
coupling. Although previous studies on CO reduction were primarily carried out in a
0.1 M KOH electrolyte, recent computational work have suggested that a high pH
environment could enhanceCcoupling through the dimerization of adsorbed €0.

As reflected, Figure$.5ab clearly shows that high KOH concentrations are
favourable for CO reduction toproducts (see Tabfe.4 for specific product Faradaic
Efficiencies). The molar production ratio of acetate to other products generally
increased with increasing KOH concentratiBig(ire C15), further supporting that OH
ions shift selectivity to acetatdn 1.0 M KOH electrojte, we achieved a £ partial
current density of 829 mA/chwith a total G+ Faradaic efficiency of 79% at a moderate
potential of-0.72V vs. RHE. At a slightly lower potential)(67V vs. RHE) in 2.0M
KOH, a G- partial current density of 635 mA/éwith a total G+ Faradaic efficiency
of 91% was obtained. In terms of«Current density and Faradaic efficiency, our results
are significantly better than performances reported in the currenoéttiteart CQR

(Figure5.5¢c, see Tabl€ 5 for details)t32224:3033,49,5560
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Figure5.5: (a) partial current density for.Cproducts for CO reduction in varying
concentrations of KOH and (b) associated Faradaic efficiencies, (c) comparison of the
partial current densities and Faradaic efficiencies fep@ducts reported in this work
compared to current statd-the-art, (d) cell voltage and Faradaic efficiencies for CO
reduction on OBCu in 2M KOH at 500 mA/crhover 1 hour. Error bars represent the
standard deviation from at least three independenturerasnts.

The stability of the CO electrolyzer was also examined at a constant current of
500 mA/cnt with 2.0 M KOH electrolyte in a twelectrode flow cell configuration.
The applied cell voltage increased from 3.05 V to 3.25 V over the coursémirl
electrolysis with gradual increases and sudden decreases (Bgd)e which was
caused by the gradual builgh of gas bubbles in the liquid catholyte chamber until it

was flushed out at once. Despite this;leolr stable performance was achieved atla cel
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potential of ~3.2V and a current density of 500 mAichne slight decrease of tota.C
Faradaic efficiency after 30 minutes is predominantly due to flooding issues through the
GDL into the CO gas chamber, which was caused by the condensation of apater. v

At such a high current density, water quickly accumulated in the gas chamber and
caused cell voltage increase and fluctuations (Figsid. In the case of CQeduction,

the same water accumulation issue also existed, but much worse stabilityssaged
(Figure C.16). This severe degradation was likely due to carbonate formation at the
electrodeelectrolyte interface that blocks the pores of the GbAttempts to obtain
higher G+ partial current from CO reduction at higher cell voltages weréenaad a

total current density beyond 1 A/émvas achieved; however, the cell performance was
only maintained for less than 30 minutes because of severe flooding issues into the gas
chamber. Clearly, maintaining an efficient thygease boundary at the elsde
electrolyte interface is crucial to obtaining a hjggrforming CO electrolyzer that can

be operated at extremely high current densities while preserving a highl€rtivity.

5.4 Discussion

While we have successfully demonstrated a CO electroliiaécan operate at
high rates with a remarkableGelectivity, some critical challenges must be addressed
before this technology can be commercialized. The CO flow electrolyzer was operated
at ~3.2 V which is ~2.1 V above the thermodynamic potentialjtieg in an energetic
efficiency of <40%. Consequently, the low energetic efficiency will significantly
increase the cost associated with electricity consumption and reduce the profitability of
the whole process. For the CO electrolyzer cell presentddsiwork, the resistance
between the cathode and anode was ~1.5 Ohm, corresponding to a resistive loss of about

0.75 V (at 500 mA/cr). The voltage loss associated with internal resistance could be
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reduced by depositing the anode catalyst directly ommbrane and using a more
conductive anion exchange membrane. Maintaining a stable cell operation over a long
period of time is also important. Flooding and salt accumulation issues at the electrode
electrolyte interface must be addressed through intedageeering. For example,
Dinh et al. recently demonstrated excellent stability for @@duction using custom
designed gas diffusion electrodésAdditionally, the flow cell suffered from a low
single-pass conversion of CO gas feed, which would leadhimh cost to separate gas
products from the unreacted CO reactant.

In summary, despite the remaining process engineering challenges, we have
demonstrated a CO flow electrolyzer that can achieve over 630 mAvitma G-
selectivity above 90%, exceeditite performance for the current stafethe-art COR
and COR systems. The flow electrolyzer design successfully overcame mass transport
limitations associated with the low solubility of CO in aqueous electrolytes and allowed
us to achieve superior perfoances at high rates. This work also illustrated the critical
need to design a robust electraglectrolyte interface, which allowed us to investigate
COR and CG@R at practical reaction rates. The comparison between COR asiel CO
clearly demonstrated the femtial advantages of CO electrolysis over.@@ctrolysis
to produce valuable £ chemicals. With a C&derived CO source or other @@h
sources, CO electrolysis technology may be considered as an alternative approach to

produce higkhvalue G+ chemicas in practical applications.
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Chapter 6

FORMATION OF CARBON -NITROGEN BOND DURING CARBON
MONOXIDE ELECTROREDUCTION

In Chapter 5, | showed that compared to.@@ctrolysis, CO electrolysis in
alkaline condition produces significantly more acetate. This was attributed to a higher
surface pH, which facilitates hydroxide attack of a surface intermediate. In this chapter,
we hypothesized that other nucleophilic gps, such as ammonia, could also
participate during CO electroreduction, leading to new products. This concept is
validated by performing CO electroreduction in the presence of ammonia, leading to
acetamide production. DFT calculations suggest acetarmrdeafion occurs through
nucleophilic ammonia attack of a ketene intermediate, in direct competition with
hydroxide to form acetate. We successfully introduced additional amine precursors,
leading to their respective acetamides, and providing a platformeier chemical
synthesis routes through CO reduction. Thiaptetis reproduced with permission from
a publication inNature Chemistry As caofirst author, | designed the flow cell
electrolysis seup and assistezb-first authorJingjing Lv in collectinghe experimental
data. This work was done in collaboration with Dr. Tao Cheng and Dr. William Goddard

[Il from the California Institute of Technology, who performed the DFT calculations.

6.1 Introduction
The decarbonization of the chemical industry presesigraficant challenge in
breaking reliance on fossil resources and reducing carbon dioxidg €@@sions:*

Driven by the increasingly rapid deployment of renewable power generdtiergost

112



of renewable electricity has decreased significantly malategtrochemical C®
reduction (CGR) an attractive approach to produce sustainable fuels and chetficals.
Multi-carbon (G+) chemicals are highly desirable products because they are more
valuable than typical singlearbon products, such as carbon modex{CQO)%°10
Highly alkaline electrolytes are often used to enhanges€lectivity; however, the
inevitable reaction of hydroxide ions with @@ form undesired carbonates at the
electrodeelectrolyte interface disrupts the electrolysis proéessThis fundamental
challenge can be addressed through agt@p process, in which G first reduced to

CO electrochemically at neakaline conditions, followed by a CO reduction (COR)
step to produce £ chemicals in alkaline environments. RegardldsS@,R or COR,

only four major G- products, i.e., ethylene, acetate, ethanol, aptbpanol, have been
reported in aqueous electrolyté2® While these products are of significance in current
chemical industries, the ability to produce chemicals begongle carbon species are
critically important because highly valuable specialty chemicals often contain
heteroatom$®?! However, the formation of carbédreteroatom bonds in
electrochemical C&R and COR has not been reported in the literature.

In a recat study, we observed an enhanced acetate selectivity in COR in
comparison to CE&R under identical conditiorf€.Surface pH calculations and isotopic
labeling studies suggested that acetate was favorably formed through a nucleophilic
attack of hydroxide ta ketendike intermediate under high alkaline conditions, which
is in good agreement with a previous study by Kanan and higodeer!? Because
ketene is known to be highly reactive with nucleophilic agents, it is reasonable to
assume that the ketetige intermediate present on the Cu catalyst surface in COR

could readily react with other nucleophilic agents besides hydroxide ions. We postulated
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that if a nitrogercontaining nucleophilic agent such as ammonia was introduced to the

Cu-catalyzed CO eleattysis systema carbomnitrogen (GN) bond could be formed.

Carbon '
%

Acetic Acid Dioxide ~

* Ammonia Acetamide
o Ethanol ‘ '
Ethylene “

£ £ £ £ £ £ £ £ £ £ £ £ £ £ £ £ ¢
Electrode

Figure6.1: Schematic for @l bond formation during CO electroreduction in the
presence of ammonia

Here, we report the first demonstration ofNCbond formation resulting from
CO electroreduction ithe presence of ammonia. An electrochemical production of
acetamide with nearly 40% Faradaic efficiency was achieved at a current density of 300
mA/c?. Our full solvent quantum mechanical calculations showed eddfehat
under the neutral or basicratitions the reaction mechanism involves CO dimerization
and sequential transfer of H from two surface water to form the (HQ)OH
intermediate that subsequently leads through two separate pathways tolar(®326)
and ethanol/propanol (35%). We shonow that (HO)C*C*OH is also hydrolyzed to

*C=C=0, which in turn reacts with NHo form intermediates leading to acetamide
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while suppressing the formation of other:@roducts. We also successfully extended
the range of EN containing products to Metlylacetamide, Nethylacetamide, N, N
dimethylacetamide, acetic monoethanolamide, and aceturic acid. Our results provide
critical mechanistic insights into Gratalyzed CQ@CO electroreduction and
demonstrate the construction of cardmteroatom bonds in @O electrolysis. The

overall strategy for @ bond formation is outlined in Fige6.1.
6.2 Methods

6.2.1 Materials characterization

All chemicals were of analytical grade and used as received without further
purification unless otherwise note@ommercial coppenanoparticles with 25 nm
diameter (Cu NPs) and bulk copper particles with 1 um diameter (micron Cu) were used
as catalysts in this work, which were purchased from Sigldach. The
microstructure of the catalysts was characterized by field emission scanning electron
microscopy (SEM, Auriga, 1.5 kV). Powderrdy diffraction (XRD) measurements
were conducted on a D8 ADVANCE -pay diffractometer (Bruker Corporation,
America). A Thermo Scientific kAlpha X-ray Photoelectron Spectrometer (XPS)
System was used and XPS fitting was conducted by CasaXPS software with the
adventitious carbon peak being calibrated to 284.8 eV. All peaks were fitted using a

Gaussian/Lorentzian product linkape and a Shirley background.

6.2.2 Flow cell electrolysis

Electrochemical measurements were conduetgd an Autolab potentiostat
(PG128N in a three electrode system. ir(Alfa Aesal) coated gas diffusion layer
(GDL, Sigracet 29 BC, Fuel Cell Storeith aloading of 0.5 mg criwas used as the
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counter electrode unless otherwise noted. Ag/AgCI (saturatedR{i@d, Researqhor
Hg/HgO (filled with 1 M KOH,Pine Researghwere used as the reference electrodes.
The Cu NPs or micron Cu coated GDL was appliethasworking electrode, which

was prepared by harghinting a catalyst ink. We weighed the GDL before and after
deposition to record its actual catalyst loading and kept all the electrodes with a loading
of 0.6 mg cr?. To prepare the catalyst ink, 25 mg adtalyst was ultrasonically

di spersed in the mixture of -Baled tarbanf i
nanotube solution (5 -AdichMisgened in(5 mL BHEF) %,
and 20 €L of Nafion (10 wt % ageunxtorawas s o |
sonicated for 30 min prior to dropcasting.

The electrolysis experiments were performetthethreecompartment flow cell
detailed in Chapter ZThe electrode area was 1 Tand the electrode to membrane
distance was 1.5 mm. An external Agl or Hg/HgO reference electrode located ~5
cm from the cathode was used to measure the cathodicdilatfotential. Electrolysis
measurements were performed through chronopotentiometry using an Autolab
PGSTAT128N potentiostat/galvanostatl potential measurements were converted to
the RHE based on the following formulasHe = Eagiagel + 0.222+ 0.059 x pH (in volts)
or ErHE = EngiHgo + 0.097+ 0.059 x pH (in volts)where the standard values for the
reference electrodes were found ¢slibration through cyclic voltammetry in axH
saturated 1M KOH electrolyte with Pt cathode and andde.measuregH values of
bulk electrolyteexiting the flow cell, obtained using a pH meter (Apera Instruments),

were used for RHE conversions unlesgestantherwiseThe measured potential was

sop

Si g

ut i

IR-corrected 100% by measuring the solution resistance between the reference electrode

and cathode using the currénterrupt technique prior to each applied currérithe
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device is fabricated from Acrylic andaludes the gas channel for feeding CO and,NH
anode and cathode channels for flowing electrolgte,anion exchange membrane
(FAA-3, Fumatech)dr separating the anode and cathode, and solid Acrylic end pieces.
PTFE gaskets were placed between each coemtdor sealing and the device was
tightened using six bolts. The CO flow rate was set via a mass flow controller (Brooks
GF40) and the NEiflow rate was controlled by a rotameter (Cole Parmer, PMR1
010286). The electrolyte flow rates were controlled vipeaistaltic pump (Cole
Parmer), with the catholyte and anolyte flow rates set to 0.5 mL/min and 1 mL/min,
respectively. Amines were scrubbed from the effluent gas from the flow cell using an
acid trap (3 M HSQs solution) prior to entering the gas chroogriaphy (GC).

For CO electrolysis in the presence of ammonia, the gas channel-fembveith
CO and NH, with 1M KOH used as the catholyte and anolyte (Ag/AgCI reference
electrode). For CO electrolysis in the presence of liquid phase amines, a pgesCO
feed was used, with the catholyte consisting of the reactants Ki¥8, CHNHo,
CHsCH2NH2, CHsNHCHz, HOCHCH2NH2, and NHCH>COOH) and a supporting
electrolyte (KOH or KCI), and a 1 M KOH anolyte (Hg/HgO reference electrode). A
NiFe/Ni foam anode, preped following a previously reported meth&dyas used as

the anode electroder the acetamide production stability test

6.2.3 Product quantification

Gas products were quantified on a Multigas #5 GC (SRI Instruments) equipped
with Hayesep D and Molsieve 5A cwohns leading to a thermal conductivity detector
(TCD) and a Hayesep D column leading to a flame ionization detector (FID). Hydrogen

was quantified using TCD, while ethylene and methane were detected using both FID



and TCD. The Faradaic efficiency for pratsi was calculated using the following

equation:

"00b

fpmm 1)

where nis # of electrons transferreBisF ar a d a y 0, % is themoles ftaction tof
product V is thetotal molar flow rate of gasndjroet is thetotal current

Liquid products were quantified usifgl NMR (Bruker AVIII 600 MHz). The
H NMR spectra were obtained using a-paguration method for water suppression.
Typically, 500 pL of collected diluted catholyte was mixed with 100 pL of internal
standard solution (25 ppm (m/m) dimethyl sulphoxide9@.9%, Alfa Aesar) or 250
ppm (m/m) phenol{( 99%, SigmaAldrich) in D-O). Amide production was further
verified by GCMS (Agilent 59771A). The G@®AS spectral features were determined
by comparing the nss fragmentation patterns with those of the National Institute of

Standards and Technology library.

6.2.4 C*80 dectrolysis

The labeled isotope experiment was performed by using labéf@igas (95
at% 80, SigmaAldrich) for electrolysis. Typically, the ¥0 was extracted by a 30 ml
syringe and was injected to the flow cell at 5 mL 'ntloy a syringe pump, along with
NHs at a flow rate of 10 mL min! Electrolysis was conducted at a constant current of

200 mA cm Zor 5 min and the catholyte was collected domalysis by GEMS.

6.2.5 Models andmethods
Electronic structure calculations were performed within the Density Functional
Theory (DFT) framework, as implemented in the Vienna ab initio simulation program

(VASP), a planevave pseudopotential package. The exgeaand correlation energies
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were calculated using the Perdew, Burke, and Ernzerhof (PBE) functional within the
generalized gradient approximation (GGA). Spin polarization did not have an
appreciable effect on the overall energies. The-BPBEnethod was entpyed to correct

van der Waals interaction of watemter and wate€Cu. We simulated the
water/Cu(100) interface using 48 explicit water molecules (5 layers, 1.21 nm thick) on
a 4x4 Cu (100) surface slab (3 layers) with an area of 1.82Runthe casesvolving

NHs, we also included the explicit NHn our calculation along with 47 J@. The
simulation protocol of free energy calculations is the same as our previoud’Work.
confirm the robustness of the calculation, the onset potential for hydrogknicavo
reaction on Cu (100) was predicted to 424V vs. RHE, which is close to the
experimental valuéé More simulation details are included in the Supplementary

Informationof the online publication
6.3 Results

6.3.1 eCOR in thepresence oammonia

This concept of nucleophilic ammonia addition during CO electrolysis was
verified through a series of electrolysis experiments using a-tir@partment
continuous flow cell with a welllefined triple phase interfac€u cathodes were
prepared by coating Cu ngparticles (NPs) onto a gas diffusion layer (GDL). The size
distribution and monoclinic phase of the Cu Niare characterized using scanning
electron microscopy (SEM), -xay diffraction (XRD), and Xay photoelectron
spectroscopy (XPS)gure D.). The Gi NPs are mainly highly crystalline metallic Cu
with an average particle size of 50 + 20 nm, but they also contain a small fraction of

copper oxides. CO electroreduction activity was measured through -stadely
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galvanostatic electrolysis in a 1M KOH diextyte. Under a pure CO gas feed, a near
exponential polarization response was observedu(€i§.2b) with up to ~80% -
products for a total current density of 500 mAfcihe major CO electroreduction

products observed were ethylene, ethanol, acetaterpropanol (Figire6.1c).
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Figure6.2: (a)Electrode polarization curves for electrolysis in 1M KOH under pure CO
gas and 2:1 ratio of NgHCO. (b-c) Respective Faradaic efficiencies vs. applied
potential. ) Mass spectrum comparing acetanpdeduced from €0 and G®0. Error
bars represent the standard deviation for at least three independent measurements.
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After establishing the baseline of CO electrolysis activity, ammonia gas was fed
together with CO in an N#CO = 2:1 (mol/mol) ratio. Ithe presence of ammonia gas,
the required potential to achieve the same current density increased by ~30 m¥ (Fig
6.2b), possibly due to the reduced CO partial pressure in the flok’é@Remarkably,
the presence of ammonia led to the significantpction of acetamideyith a Faradaic
efficiency up to 38% and a partial current density of 114 mA/am0.68 V vs.
reversible hydrogen electrode (RHE). In addition, the observed amounts of ethylene and
alcohols were greatly decreased at moderate to biginpotentials, while acetate
selectivity was maintained (Rige 6.2d). Increasing the fraction of CO in the gas feed
shifted selectivity towards pure CO reduction products while increasing the ratio of
ammonia beyond 2:1 did not significantly influenbe tacetamide selectivityigure
D.2). Similar results were obtained using a mixture of ammonium hydroxide and KOH
or KCI as the catholyte together with a pure CO gas fEgpife D.3. This suggests
that acetamide can form in both gas and liquid phaseama with appreciable
Faradaic efficiency. To evaluate the stability of€aalyzed CO electrolysis process in
the presence of ammonia, ath8ur continuous experiment was performed at a total
current density of 100 mA/chteading to stable production atetamide irfFigureD.4.

The spent Cu catalyst was characterized by SEM, XRD, and XPS and no visible change
was observed in morphology and structure after electrolygisire D.5. XPS showed

some copper oxides following electrolysis, which is likely dmexposure to air, as
recent studigs*! have shown copper catalysts are fully metallic under reducing
potentials. This is further supported bysiu XAS performed on a 5 nm thick Cu
catalyst? in 5M ammonium hydroxide showing entirely Cieatures Figure D.6).

Furthermore, significant amounts of acetamide were also produced on othas&tl
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catalysts Figure D.7), suggesting that the formation of acetamide is universal in Cu
catalyzed CO electrolysis in the presence of ammonia. The use.@d0efeed gas
resulted in spontaneous carbonate formation and the observation of no amides,
indicating this chemistry may be difficult through direct€duction Figure D.§.

These experimental results strongly suggest that a surface ketene intermediate is
likely formed on the Cu catalyst surface during CO electroreduction and
nucleophilically attacked by either hydroxide or ammonia to form acetate or acetamide,
respectively, under highly alkaline environments. This is further supported by a shift in
selecivity from amide to acetate for CO electrolysis with ammonia in electrolytes with
increasing KOH concentrationFigure D.9. Additionally, because the ketene
intermediate contains one oxygen originated from CO, the resulting acetate should
contain two oxygn atoms with one from CO and the other from water, which is in good
agreement with our recent studfés$3In the case of a nucleophilic attack by ammonia,
the oxygen in acetamide should originate from CO. We verified the origin of oxygen in
acetamide byonducting a €0 isotopic labeling study, whet&0 labeled acetamide
was the dominant product (kige 6.2e), consistent with the proposed ketene mediated

reaction mechanism.

6.3.2 Theoretical insights into G-N bond formation

To further elucidate theeaction mechanism, we used Quantum Mechanics
(QM, PBED3 DFT) to investigate the electrocatalytic formation of acetamide in the
presence of ammoni&Ve used the full solvent methods previously applied te@ CO
reductiort® and CO reduction on Cu(100), whishthe dominant Cu surface under our
conditions and the most active for-G@ coupling?’:*3** The explicit solvation

calculations have been demonstrated to be robust considering that simulations from the
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independent work of Bagger et*alceached very siitar conclusions as our previous

work.
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Figure6.3: Mechanism for CO reduction on copper showing how it splits at
[HOC=COH] into two pathways. One pathway features *C=COH (and produces
ethylene, ethanol, and-propanol) and the other features *C=C=0 (and preduc
acetamide and acetate). The inset shows the structure 6fC{ONH,, the second
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Our earlier QM full solvent calculations show&®* that under neutral or basic
conditions the reaction mechanism involves CO diragion and sequential transfer of
H from two surface water to forfi{HO)C-COH with an overall free energy barrier at
2 9 8 K '=d.69 @/GThis then leadst6=COHw i t H=0.G1@V that subsequently
goes through two separate pathways to foprs@65%) ancethanol/rpropanol (35%).

Now we consider a new step starting WitlO)C-C OH. We 05he¥ oG
to form *C=C=0 through a watenediated pathway. The possibility of the *C=C=0
intermediate was first proposed by KofSewhich was postulated as an ime&diate in
the ethylene pathway. However, later full solvent QM showed that the formation of
CoHs derives from*C=COH as in Figre 6.3. Our new QM calculations find that
*C=C=0 derives from dehydration of HO)C-COH. Thus, in the competition with
*C=COH from protoncoupled electron transfer (PCET), *C=C=0 prefers high pH and
less negative potential. This is consistent with the experimental observation of exclusive
acetate formation on Cu nanoparticle at pH 14-b V vs. RHE'

We find that CN bond famation arises from Nfireacting with *C=C=0 to
form *C=C(OH)NH: wi t H=0p&eV via a watemediated reaction pathway. Then,
we find that *C=C(OH)NH isomerizes into *CHC(=0O)NHvia keteenol tautomerism
which is exergonic by0.11 eV. Theséatter two reactions are not electrochemical, so
that *CHC(=O)NH: remains a 2e intermediate just as for *C=C=0. The subsequent
steps consist of two PCET to acetamide product as shownureBi@. In competition
with NHz addition to *C=C=0, we find ace®@formation through direct OHeaction
with *C=C=0 to form *C=C(OH)Ow i t H=0q#BeV, which then undergoes a similar
keto-enol tautomerism and subsequent PCET. The presence’ ofilK stabilize

*C=C(OH)O on the catalyst surface.
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With these new inghts, we can extend the reaction networks of CO reduction
to ethylené’ and ethandf by including the branches of acetamide and acetate from
NHsz and OH addition, respectively (Fige6.3). The observed suppression of ethylene
and alcohols in the prasee of high concentrations of ammonia (Fig6.2c-d) is likely
due to decreased water availability, which hinders protonationlé®©)C-COH to
*C=COH. This results in an overall increase in *C=C=0 formation. Although
acetamide formation is more energdticdavorable than acetate formation from
*C=C=0, acetate production is maintained at high current densities since hydroxide is

generated directly at the catalyst surface.

6.3.3 Extension toadditional amine precursors

As the key intermediate towards acetate andtamide in Cicatalyzed CO
electroreduction, ketene is also known to be highly reactive with other -d@ypi@e
nucleophilic agents. Therefore, we investigatedc@ialyzed CO electrolysis in the
presence of additional amines with the hope to produceatiiesponding amides. We
performed electroreduction of a pure CO gas feed using 5M solutions of methylamine,
ethylamine, and dimethylamine containing 1M KCI as supporting electrolyte. 1M KCI
was used to enhance the ionic conductivity of the electrolyteshéwn in Figre 6.4
¢, analogous results were obtained to the CQ/#ydtem where significant amounts of
N-methylacetamide, Mthylacetamide, and N,-Nimethylacetamide were produced at
high total current densities up to 200 mAfowith peak Faradaic &€iencies of 42%,
34%, and 36%, respectivelhe formation of these amides was confirmed using mass
and*HNMR spectrometryRigures D.10 and D.}1

The molar fraction of each,Cproduct (excluding hydrogen) at 200 mAfim

each amine system is shownFigure 6.4d. Data for pure CO electrolysis were also
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shown for comparison. Similar to ammonia, the molar fractions for ethylene and ethanol

are decreased by about tfad and fourfold, respectively, for all amines
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tested. Remarkably, the trend of amide molar fraction across various amines is opposite
to that of acetate and correlates well with the reactivity, or nucleophilicity, of the
precur®r amino group. The reactive-N bond is weakest for dimethylamine and
strongest for ammonia, with methylamine and ethylamine in bet#f&ince the amine
competes with hydroxide for reaction with the ketene intermediate, it is reasonable that
dimethylamne produces the highest ratio of the amide to acetate, while ammonia
produces the lowest. Therefore, these observations further support the mechanism
proposed earlier and provide important mechanistic insight into theatalyzed CO
electroreduction reaoin.

Additionally, we were able to further extend the range of products to acetamides
containing hydroxyl and carboxylate functional groups. Acetic monoethanolamide and
aceturic acid were produced by performing CO electrolysis in solutions of ethanolamine
and glycine, respectivelyF{gure D.12. As these products contain reactive functional
groups, they can be used as potential precursors to build larger molecules with higher
values. This opens up a wide library of chemical transformations in which CO
electolysis can play an important role. While the goal of this work is to demonstrate
the concept of electrochemicalNC bond formation, future studies can identify and

optimize the production of additional species.

6.4 Conclusions

In summary, we demonstrate a nesute to produce a variety of acetamides
through CO electrolysis at ambient conditions. These products are commonly used
within the polymer and pharmaceutical industffe®. Particularly, N, N
dimethylacetamide has significant usage as a polymerizabtuent, and currently

requires harsh synthesis conditidAsAlthough the amines used in this work are



currently produced through methaderived ammonia and methanol, renewable
ammonia synthesis is currently an area of great interest and many promasingtjon
routes have been demonstrated recedfly. More importantly, the concept of
nucleophilic attack of ketene intermediate in-€alyzed CO electroreduction enables
the formation of a much wider range of chemicals containing carbtaroatom bauts,

which cannot be built in conventional CO electrolysis processes. The ability to produce
heteroatom containing carbon species would greatly increase the potential/6f0CO

electrolysis technologies for commercial applications.
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Chapter 7

CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

In this thesis, a threeompartment flow electrolyzer was designed and employed
for the evaluation of electrochemical €@nd CO reduction systems, allowing for
critical insight into the fundamental reaction mechanism for ncaltbon product
formation, as well as the achievement of stafe¢he art performance. The work
presented illustratebe key role of carbon monoxide electrolysis for carbon utilization
and motivates further development of a tstep CQ electrolysis process.

In Chapter 3, a genartechneeconomic analysis model is developed to gain
insight into the relative profitability of common e@®products. While singtearbon
products formic acid and pure carbon monoxide are profitable under current conditions,
dramatic performance improvents and cheap electricity are critically needed for
multi-carbon products, which are more desirable due to a high market potential.
Performance targets for a tvetep eC@R process to ethylene and acetic acid are given,
and cradlego-gate LCA was conduetl, which shows reduced emissions if driven by
>80% renewable energy.

In Chapter 4, a highly porous copper catalyst is synthesized and incorporated
into a threecompartment flow cell electrolyzer for e@® The high porosity enabled
stable operation at ¢ current densities (>650 mA/énwith 62% G. Faradaic
efficiency. eCOR performance is tested in different electrolytes, with alkaline

conditions showing dramatically improved:@roduction relative to neutral conditions.
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Surface pH calculations atttite this enhancement to a significantly higher pH in the
catalyst layer for alkaline electrolyte under high current density operation.

In Chapter 5, a threeompartment flow cell electrolyzer was employed for
electrochemical carbon monoxide reduction (&} alkaline conditions. An oxide
derived copper (OBCu) catalyst and commercial micron catalyst were tested. While
OD-Cu copper showed high alcohol selectivity at low overpotentials, both catalysts
showed mostly ethylene production at high current diessiComparison of eGR& and
eCOR at 300 mA/cfin 1M KOH showed significantly higher,CFaradaic efficiency
for eCOR, which was attributed to five times increase in acetate production. Surface pH
calculations estimated that the local hydroxide conceotras over an order of
magnitude higher for eCOR than efR) and isotopic labelling studies showed
electrolyteoxygen incorporation o acetatesuggesting that acetate is formed through
hydroxide attack of a surface intermediate. Finally, operati@&@MrKOH enabled up
to 90% G- Faradaic efficiency and up to 1 A/éitotal current density, demonstrating
the potential of eCOR for efficient2Cproduction.

In Chapter 6, eCOR is performed in a flow cell in the presence of ammonia,
enabling theproduction of acetamide with up to 40% Faradaic efficiency at 300
mA/cn?, demonstrating the formation of aN bond during eCOR. Variation in
electrolyte hydroxide concentration and ammonia fedid indicated acetamide
production occurs in competition thiacetate formation. This was supported by DFT
calculations that found acetamide forms through nucleophilic ammonia attack of a
surfacebound ketene intermediate, which can also react with hydroxide to form acetate.
Additional amine precursors such as dthylamine and ethanolamine were tested, with

their respective acetamides formed with up to 40% Faradaic efficiency. This work
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provides critical insights into the reaction mechanism terp@oduct formation during
eCOR, and also demonstrates the abilityetectrochemically produce heteroatomic

products, which widens the scope of possible chemical production from eCOR.

7.2 Recommendations

7.2.1 Towards membranebased reactors for practical eCOR

While the threecompartment flow cell electrolyzer utilizedtims thesis (Figure
7.1a) has enabled lezale eCGR and eCOR electrocatalytic evaluations at high
current densities, there are significant practical limitations associated with this device
configuration. Firstly, the use of flowing electrolyte streansejmarate the cathode and
anode imparts a substantial Ohmic resistance on the cell. For example, in 1M KOH
electrolyte, even only a 3 mm thick electrolyte layer adds am®@®oltage drop at
500 mA/cnt. As shown by the TEA in Chapter 3, a low cell voltégeritical for G-
production, especially for ethylene. Reducing this Ohmic drop by decreasing the
electrolyte thickness further would facilitate liquid product crossover to the anode. The
issue of crossover also makes the production of concentratédi piapduct streams in
the threecompartment design challenging even with electrolyte recycle, as it leads to
both the catholyte and anolyte requiring separation. Finally, as discussed in Chapters 4
5, flooding easily occurs for commercial GDLs in contadhva liquid electrolyte,
limiting stability to <100 hours.

The practical limitations described above have motivated the development of
membrane electrode assembly (MEA) based electrolyzers fosRe@l eCOR. As
detailed in Chapter 2, MERased designsalve low Ohmic resistance and can have

significantly longer stability; however, they require delicate engineering of the

134



catalyst/solid electrolyte interface. Recently, Kanan et al. incorporated a Nafion
membrane into an eCOR system for ethylene and sodagtate production (Figure

7.1b)? Sodium hydroxide was fed to the anode, and concentrated sodium acetate was

CO KOH KOH CcoO NaOH
@ (b)

Cathode

(d)

Figure7.1: Schematics of different CO electrolyzer designs including (a)-three
compartment, (b) catieaxchange MEA, (c) double membrane MEA, and (d)
hydroxideexchange MEA (reproduced from R8j.

produced at the cathode. While this was the first demonstration of concentrated liquid

product formation from eCOR, the sodium acetate needs to be acidified to the more
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useful acetic acid. An alternative réacdesign is a doublmembrane system that has
been demonstrated for e@®) where a middle icexchange chamber can lead to
concentrated acetic acid (Figufdc).*° An ideal design would simply be a hydroxide
exchange membrane (HEM) MEA configuratiorerkl, acetate will diffuse to the anode,
where a selective water oxidation catalyst could prevent oxidation. Then, alcohols could
be concentrated from the cathode in a cold trap, as recently shown by Sargént et al.
and ethylene then separated from unedhdCO. This could alleviate the selectivity
challenge of copper electrocatalysts by separating all products. However, this
configuration requires the development of dedicated HEMs for eCOR. The influence of
a solid electrolyte on eCOR performance is unesgal. It is feasible that a membrane
could be optimized for €€ coupling, similar to how Dioxid&a t e r Sustahiano

membrane facilitates G@dsorption, which could reduce the cathodic overpotefitial.

7.2.2 Integration of two-step eCQR electrolyzers

Onedownside commonly cited for a twaiep eC@R process is the need for
additional capital equipment and separation of unreactedrG@ the first stage. While
a recent TEA found additional capital costs are negligible compared to diregRe€O
Cz+ produds if electrolysis efficiency is improvedan ideal system would have
complete CQconversion in the first stage, removing the need for a separator. Recently,
several works on eG® to CO in an MEA using bicarbonate electrolyte have showed
that CQ is corverted to carbonate at the cathode due to local hydroxide generation and
transported to the anode chamber, where it is released as gaseddd'®@@venting
the shuttling of C@to the anode in an MEA would require the use of a different
membrane typefor example, bipolar membranes have been used to prevent product

crossover in eCER devices?
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CQ Electrolyzer CO Electrolyzer

Ir/Ti mesh Ag on GDL Cuon GDL Nii/Fe foam
KHCO; 7 ' L—CO, CH, —_ __ KOH/H,O
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§ CO OH
AcO
e
0, Co, — — CO, H, — — KAcO/
— 7 HAcO
Cathode: Cathode:
#o (1 cAo#l o/ #1 @ CAO#(/ U[
#/ ¢/ © # (/
Anode: Anode:
¢/( °o(/ m™/ cA ¢/( °©(/ m/ cA

#Wlo (1 O# K

Figure7.2: Schematic for integration of G@nd CO electrolyzers without G@O
separator

However, for HEM systems, if CQtransfer to the anode is inevitable and
CQO,/O, separation is needed, then it is possible to produce a highly pure (>99%) CO
outlet stream by operating under high £€onversion conditions. High singfeass
conversions >70% have already been shown in.B&@d eCOR device< This could
be fed directly to the second stage CO electrolyzer for conversion+tpr@ucts
(Figure 7.2), thereby eliminating the need for a(@® separator. In this configuration,
the electrolyzers could design into a single etdgrer stack through clever
engineering, where the first cells operate in bicarbonate and produce CO, and the

subsequent cells operate in alkaline conditions to prodecer@ducts.



7.2.3 Beyond monometallic copper catalysts for eCOR

As discussed in Chapter, the development of copper catalysts has seen
significant attenti on du e:ptoductcdormpeEOR s uni c
While Chapter 4 demonstrated a novel highly porous copper catalyst that enables
excellent bubble management in a flow cetimmercial copper particles were utilized
in Chapters 5 and 6 with eCOR activity compared to the-efdfge art. Despite many
works reporting copper electrocatalysts with novel nanostructures, many of these
catalysts all show similar polarization cusvewhen normalized to overall
electrochemical surface ar€surthermore, for higiiate eCOR, many copper catalyst
exhibit similar selectivities at high current densifieShese results indicate that
differences in activity between reported copper catglyan mostly be attributed due to
surface area variation. While monometallic copper shows decent activity towards C
products, significant reductions in overpotential are needed, motivating the
development of catalysts that can facilitat€@oupling atn intrinsically faster rate.

Bimetallic copper catalysts have been heavily investigated since theoretically,
the doping of copper lattice with a small amount of another metal can induce geometric
and electronic effects that break linear scaling retatior eCOR intermediaté$For
example, CtAl and CuAg alloys have shown enhanced selectivity compared to pure
coppert>® Another approach is to decorate the copper surface with adsorbates.
Markovic et al. showed that Ni(OH¥Elusters on Pt could inease HER activity by
supplementing Ptos ideal hydrogen binding
A similar approach could be applied to copper, where the RDS coupling of *CO and
protonation to *OCCOH i s -ifleal&GC touptingabidityl by ai

with a water dissociating surface adsorbate. This approach was very recently
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exemplified by Wang et al., who decorated copper with fluorine atoms leading reduced
overpotential for &: formation during eCeR.!®

While the studies menti@a here show some promise for developing catalysts
intrinsically more active for € coupling than copper, a deeper understanding of the
structureproperty relationships are needed. Many studies usa€the reactant, which
complicates the study of-C coupling formation because the adsorption and activation
of CQO; could be rate limiting. Furthermore, the interaction of,G@th hydroxide
generated at the electrocatalytic interface to form carbonates leads to a complex local
environment that must be aceed for. As such, in addition to the practical aspects of
decoupling eCeR to G+ products through the CO intermediate, researchers should
focus on eCOR for developing activecoupling electrocatalysts. Reactivity studies
in electrochemical flow cellswithout mass transport limitations need to be
supplemented with detailed operando studies to provide an accurate understanding of

changes to the electrocatalyst under reaction conditfons.
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Appendix A

SUPPLEMENTARY INFORMATION FOR CHAPTER 3: GENERAL
TECHNO-ECONOMIC ANALYSIS OF CARBON DIOXIDE ELECTROLYSIS
SYSTEMS

A.1 Calculation of Single Pass Accumulation of Liquid Products
Ma et al. reported electrochemical @@duction to ethanol with a partial current
of ~50 mA (1 crd electrode area). The flow rate in the electrolyzer was 0.5 mL/min.

Then, the volume percent of ethanol in the exiting electrolyte is:

OLQE & OQE OO Qi ¢
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FigureA.1: NPV andcapitalcost versus current density for ethanol case
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A.2 Modification of CO2R model for two-step process analys

The core COR electrolyzer is assumed to operdiasd case condition80%
product selectivity and 50%inglepass conversion, 100 ton/day production rate, 20
year operating lifetime, 350 days/year operating time, 300 m2¢ament density, and
2 V cell voltage (wherever the GR voltage is fixed in the analysis). The CO price
from the initial CQ converson was iteratively determined as a function of electricity
price by calculating the required sale price to operate the previog@D model at
breakeven conditions under optimistic assumptions for initial carbon capture and
electrolyzer operatior-orthe twastep process, the tagte and interest rates were 21%
and 20%, respectively.

For acetic acid, we assume a 10% stestdye volume in the electrolyte, which
is maintained with a recycle loop, and calculate the electrolyte flow rate accordingly.
For separation of acetic acid from the electrolyte stream, the Aspen Plus software
package with the Economic Analyzer plugin was used to model distillation with a
singlecolumn unit. Operating costs are determined by linearly scaling the resulting
utility cost to the actual flow rate ($34,000/day for 1000 L/min at $0.03/kWh). As acetic
acid is the higheboiling component and at low concentration, heat duties are extremely
high in this configuration. More complex distillation schemes would require higher
captal costs but should reduce the total operating costs significantly; this analysis is
beyond the scope of the present perspective. This is somewhat mitigated by the
anticipated costs of acidification if acetic acid must be produced in concentratedealkalin
solution, and several strategies exist to exploit solubility differences to make that

process less costly. To avoid unrealistically high costs from this simplified model,
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acidification has been neglected in the present study and the product purityedds fi

90%.

0 ? —=— Acetic acid, 3 ¢/kWh, 24 hours/day
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FigureA.2: Percentage change in RSP as a function of COR current density, referenced
to RSPs at 100 mA/cmTwo operating conditions are shown for both acetic acid and
ethylene: fullyear (350 days/year) operation at 2030 ggtectricity pricing
($0.03/kWh) and intermittent operation (120 days/year) with-dogt burst energy
(approximated as $0.01/kWh). Production scale: 100 metric tons of product per day. All
other parameters match the TEA model as outlined in the main text.
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Appendix B

SUPPLEMENTARY INFORMATION FOR CHAPTER 4: A HIGHLY
POROUS COPPER ELECTROCATALYST FOR CARBON DIOXIDE
REDUCTION
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FigureB.1: (a) SEM image of MWCNTs on GDL (0.1 mg/étoading), (b) total
current density, and (c) Faradaic efficiencies forROf MWCNTs on GDL.
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FigureB.2: (a) SEM image, (b) TEM image, and (c) PXRD spectrum for CufOH)
nanorods.
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FigureB.3: (azd) SEM images showing nanoporous network at various
magnifications, (e) TEM image, and (f) PXRD spectrum for nanoporous CuO.
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FigureB.5: HRTEM image of nanoporous Cu catalyst showing dominantly Cu(111)
facets.
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FigureB.6: Current density profiles for CQOelectrolyzer cell with nanoporous Cu
catalyst loadings of 0.3, 0.6, and 1.0 mgfciihe current density profile for 1.0 mg/ém

loading was not as stable as those of 0.3 and 0.6 rhgatalyst loadings, suggesting
that the catalyst loading has a signifitanpact on cell performance.
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TableB.1: Summary of C@R literature results on copper electrodes.

Potential | Cz+ current | Co+ Faradhic
Catalysts (V vs. density Efficiency Electrolyte Ref.
RHE) (mAcm?) | (%)
Nanoporous Cu -0.67 411 62 1 M KOH This
work
. 3.5 M KOH
Abrupt Cu interface | -0.67 608 81 with 5 M K] 1
Cu3 -0.63 232 52.8 1 M KOH 2
CuDAT wire -0.69 124 68.9 1 M KOH 3
CuAg wire -0.68 265 85.1 1 M KOH 4
ERD-Cu -1.0 87 54 0.1MKHCO: |5
Cu(100) -0.97 2 60 0.1MKHCOs |6
Prism Cu -1.1 10 35 0.1MKHCO |7
Cu NCs/Cu foils -0.96 24 60 0.25 MKHCG | 8
Mesoporous Cu foam| -0.8 7 57 0.5 M NaHCQ |9
CuO nanowire arrays| -1.1 2 44 0.1 MKHCG: |10
OD-CwZn -1.05 15 51 0.1 MKHCO: |11
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TableB.2: pH values of electrolytes (catholyte) before and after electrolysis (i.e.,
entering the flow cell and exiting the flow cell).

Electrolyte pH (befor_e Potential (V vs. | pH (after_ Potential (V vs.
electrolysis) | Ag/AgCl) electrolyss) | RHE)
-1.51 13.3 -0.50
-1.57 13.4 -0.56
-1.60 13.4 -0.59
1 MKOH 13.5 -1.63 134 -0.62
-1.66 13.4 -0.65
-1.68 13.4 -0.67
-1.25 8.7 -0.52
-1.39 8.8 -0.62
1M KHCOs | 8.6 -1.45 8.9 -0.74
-1.50 9.0 -0.77
-1.53 9.1 -0.80
-1.16 7.3 -0.52
-1.32 9.0 -0.57
1 M KCI 6.2 -1.42 10.0 -0.61
-1.45 10.2 -0.65
-1.50 10.5 -0.67
-1.11 6.9 -0.50
-1.29 9.4 -0.52
0.5 MKSOy | 6.2 -1.42 10.0 -0.62
-1.51 10.3 -0.69
-1.55 10.5 -0.71
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TableB.3: CO:R flow electrolyzer data obtained from different electrolytes

Electrolyte: 1 M KOH

Potential Current density Faradaic Efficiency (%)

(Vvs. RHE) | (mA cnm?) H2 | CO | CoH4 | EtOH | AcO | PrOH| HCOO
-0.50 79.5 23.7138.3/104 | 3.1 1.0 |39 |93
-0.56 166 16.0/295/24 |76 |081 |59 |73
-0.59 282 13.1{22.9(32.7 |11.3 |12 |53 |48
-0.62 399.5 11.4|19.9|37.1 | 121 | 1.3 |4.7 3.2
-0.65 516 10.7/16.5/39.3 |16.3 |19 |52 |27
-0.67 653 76 |14.7/386 | 166 |22 |45 |19
Electrolyte: 1 M KHCQ@

Potential Currentdensity | Faradaic Efficiency (%)

(Vvs. RHE) | (mA cm?) Hz | CO | CoHa| EtOH]| AcO" | PrOH| HCOO
-0.52 13 67.1/0.97|0 0 0 0 11.5
-0.62 54 46.2|11.2| 0 0 0 0 29.2
-0.74 106 20.0/275(56 |22 |03 |17 |236
-0.77 176 13.6/30.8/15.1 (65 (0.6 |49 |129
-0.80 238 13.0127.4|/21.2 (94 |15 |6.0 |99
Electrolyte: 1 M KCI

Potential Current density Faradaic Efficiency (%)

(Vvs. RHE) | (mA cn?) H2 | CO | CoHs | EtOH | AcO | PrOH| HCOO
-0.52 2.4 37.0| 2 0 0 0 0 8.6
-0.57 19 309/4.2 |04 |O 0 0 21.9
-0.61 62 16.2131.7/56 |24 |03 |20 |18.7
-0.65 100 1261299125 |49 |04 |43 |135
-0.67 150 11.9|26.4| 194 | 8.2 05 |54 10.7
Electrolyte: 0.5 M KSQq

Potential Current Slensity Faradaic Efficiency (%)

(Vivs. RHE) | (A cnm) Hz | CO | C:Ha | EtOH ]| AcO" | PrOH| HCOO
-0.50 3.3 445/0.1 |0 0 0 0 4.8
-0.52 19 61.1/43 |0 0 0 0 12.9
-0.62 56 29.9/ 20554 |0 0 0 26.6
-0.69 85 17.2/300/78 |31 (04 |29 |19.2
-0.71 120 16.3| 26.5/10.4 |58 |10 |41 |252




B.1 Calculation of Surface pt
The surface pH at the catalytic gaguid interface wagalculated by adapting
models previously developed by Gupta efalnd Dinh et at.In aqueous electrolytes,
CO. can undergo a number of reactions to form carbonates and bicarbonates. Under

alkaline conditions, the two major reactions are:
# AN /( =z (# (1)
(# 1( z# (/ (2)
The forward and reverse rate constants for these reactions have been reported in the

literature and are summarized in TaBld:13

TableB.4: Reaction Rate Constants.

Kaf 2.23 x 16 Mtsect
Kir 5.02 x 1P sect
Kot 6 x 10M1sect
Kor 1.29 x 16sect

A schematic of the gas/liquid interface is shown in FigBr#0. At x=0, CQ is
introduced through the back of the catalyst layer and into the electrolyte. Film theory is
applied where transport through the hydrodynamic boundary layer occurs via diffusion,
and equations for the steadiate conservation of mass involving the foeactive

species (C@ OH, HCOs, and C@?) can be written as follows:

0=% ——3iE #/ | ( +E (#/ i2@1
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0=% TE #/ [ ( +E (#/ TE (#/ 1 ( +E #/ +
2 o1

0=% +E #/ [/ ( TE (#/1E (#/ | ( +E #/
0=% +E (#/1 1 ( TE #/

The diffusion coefficients for each spes are taken from Gupta etdland are listed

in TableB.5.

TableB.5: Diffusion coefficients for reactive species

$ 1.91 x 1 m? sec!
$ 5.27 x 10 m? sect
$ 9.23 x 10 m? sect
$ 1.19 x 1@ m? sec?

The rate otonsumption of C® 2 @1 and rate of generation of OF2 @1 ) are
assumed to occur homogenously within the catalyst layer, and are directly related to
the current density (j) and the Faradaic efficiency (FE) as follows, where the reactions

arespatially dependent:

e

0 O25mm@ @1 =—

25mmO x1006m,2 @1 =0

0 O2& Mm@ @l =-=(1- )

25mmO x1006m,2 @1 =0



Catalyst

Electrolyte

X=0 X=2.5 ym X=100 pum

FigureB.10: Schematic of gakquid interface at the catalyst layer and bulk electrolyte

The thickness of the catal yst-sdctoyaeSEMwas de
(Figure42 b ) , and the porosity (U0) was assume
di ffusion | ayer was assumed t anixdidorx>00 & m,
100 e m. As s hehrves gs acifeal gas, the dissolved €@@centration can

be found by Henrybés | aw as foll ows:

60 (VI

where Ky = 34.1 mM atm for T = 298 K.
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For KOH and KHCQ electrolytes, the C&concentration is reduced due to

Asiamg out o effects which are accounted for

log(: ") =Ks [Cs]

where Kis the Sechenov constant and][i€ the molar concentration of the electrolyte.
Using parameters obtained from Weisenbermgenl!4, the Sechenov constant was
estimated based on the effects of cations and anions ens@@bility in KOH
electrolyte.
Ks=  Br(+lng)

Hg= hg,o+ hr(T-298.15)
where hyn is the ionspecific parametergh is the gasspecific parameter, and s gas
specific parameter for the temperature effect. Using these relationships, the maximum

CO; solubilities was calculated and are listed in Tdhig

TableB.6: Calculated Maximum Cg@Solubility

1 M KOH 24.5 mM
1 M KHCOs 23.9 mM
1 MKCI 27.7 mM
0.5 M KeSOy 25.7 mM

At x = 0, the CQ concentration was set to the calculated maximum sxubility in

the electrolyte. Ndlux boundary conditions were appliénl OH, HCOs', and CQ* at

x = 0. At the righthand boundary, a ritux condition was applied to CQand the
concentrations of OHHCOQOs, and CQ* were set to equilibrium values based on the
experimentally measured pH for the KOH and KHG®stems. For KCI and 36O,

the OH bulk concentration was set to the measured experimental pH, and
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concentrations for HCQ©and CQ?% were set to zero. For eachlculation, the total
current density, Faradaic efficiencies, and bulk concentrations were described. The
concentration profiles of the various species were then calculated using Matlab and the

surface pH was obtained.

—=— 1 MKOH
1 M KHCO, i
1 MKCI
0.5 M K,SO, y

s

o

o
|

w

o

o
L

200 -+

C,. Current Density (mA/cm?)
=
o

0

-1.0 1.1 -1I.2 -1I.3 -1I.4 -1',5 -1I.6 -1'.7 -1.8
Potential (V vs. Ag/AgCl)

FigureB.11: CO; reduction current density vs. potential on an Ag/AgCl scale.
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FigureB.12:Electrolyte conductivity vs. concentration for electrolytes uUSed.
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Appendix C

SUPPLEMENTARY INFORMATION FOR CHAPTER 5: HIGH -RATE
ELECTROREDUCTION OF CARBON MONOXIDE TO MULTI -CARBON
PRODUCTS

FigureC.1:Image of custonbuilt H-cell for XANES measurement.
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mm  Signal A= SESI  System Vacuum = 5.95¢-006 mbar
FIB Imaging = SEM ESB Gri 990 V

FigureC.2: Commercial micron copper after annealing at 8D@or 2 hours.
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Scan Speed=9  Mag
FIB Lock Mags = No

FigureC.3: Oxide-derived copper (OBCu) on GDL after preeduction at 15 mA/cf
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FigureC.4:In-situ XAS of the ODCu electrode in 0.1M KOH electrolyte.
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EHT = 150 kV wD InLens System Vacuum = 2.71e-006 mbar
FIB Prob 0kV:20pA FIB Imaging=SEM ESB Grid= 0V

FigureC.5: SEM image of commercial micron cogpparticles on GDL.
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FigureC.6: (a) Measured double layer charging current vs. scan rate feC@D
commercial Micron Cu, and Cu foil, and (b) measured specific double layer
capacitance for copper samples and corresponding roughness factors.
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FigureC.7:Total current densities vs. potential for COR over-Oland Micron Cu in

1M KOH. Error bars represent the standard deviation from at least three independent
measurements.
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EHT= 150kV wD= 50mm Signal A=InLens System Vacuum=158e-005 mbar  Scan Speed=9 Mag= 80.00 K X 100 nm
FIB Probe = 30KV:50pA  FIB Imaging= SEM ESB Grid= 990V FIB Lock Mags = No —

FigureC.8: SEM image of OBECu after thour electrolysis in 2M KOH at 500
mA/cn?. The ODCu particles retain their nanostructure during electrolysis.

172



1 3.5x10°7

[ ) -
364 e OD-Cu
3.0x107 .
<~ 3.4 ‘ QL
b 25x107 2
(3] ] Naw)
D 3.2-
8 321 co 12.0x107 &
o - oY
> 301 <! 411.5x107 €
© 1 [ ] r Y | ' 9
O 2.8 -7 2!
: 41.0x10 .g
: : o
2.6~ I 15.0x108 O
2.4_' T T T T T O-O
0 20 40 60 80 100 120
Time (min)

t c fOH ® C,,
[ C,H, M EtOH AcO [l PrOH C,

FigureC.9: CO/CQ electrolysis on OBCu at a constant current density of 300
mA/cn? in 1M KOH, showing the change in production rate (mol/s) over time for
COR and CGR. The color change of cell wabe profile (between blue and gold)
indicates the switch between CO and@fas feeds.
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FigureC.10:CO/CQ electrolysis on Micron Cu at a constant current density of 300
mA/cn? in 1M KOH, showing the change in production rate (mol/s) over time for
COR and CGR. The color change of cell voltage profile (between blue and gold)
indicates the switch between CO andx@@s feeds.
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FigureC.11:A simplified proposed pathway for the fornuat of ethylene, acetate,
ethanol, and #propanol.
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FigureC.14:HER (a) current densities anh) Faradaic efficiencies vs. potential for
COR over OBCu in various KOH concentrations. Error bars represent the standard
deviation from at least threedependent measurements.
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FigureC.15:Ratio of acetate molar production to total molar production for COR over
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with increasing KOH concentration.
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FigureC.16:CO;R in 2M KOH at 500 mAcn? on OD-Cu electrode. The electrode
flooded after about 40 minutes, leading to a sharp increase in cell voltage beyond
4.5V.



C.1 Calculation of surface pH for COz and CO reduction
The following model was adapted from Burdya al! and Dinhet al? to
estimate the surface pH near the electretxtrolyte interface for C£R and COR in

alkaline electrolyte during flow cell operation.

C.1.1 Calculation of the Maximum Solubility of CO2in KOH electrolyte

The solubility of CQi n pur e water was <calcul ated
the assumption of C{being an ideal gas:
[COz]agH= Kn [COg 1)
wherekiyii s t he Henryodés constant. The Henryds c

temperature which was calculated:

Kn=93.45174—) i 60.2409 + 23.3585|r{) )

The solubility of CQ was then adjusted to the effect of electrolyte as described by

Sechenov equation:

log( ") = Ks[C4] (3)

where K is the Sechenov constant and][i€ the molar concentration of the electrolyte.
Using parameters obtained frowWleisenbergeret al3, the Sechenov constant was
estimated based on the effects of cations and anions ens@@bility in KOH
electrolyte.
Ks = B(hion + hy) (4)
Hg = hyo+ hr(T-298.15) (5)
where v is the ionspecific parameter gh is the gasspecific parameter, and s

gasspecific parameter for the temperature effect.
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FigureC.17: Calculated maximum of C&olubility in various KOH concentrations

C.1.2 Calculation of Equilibrium Constants

In alkaline electrolytes, the equilibrium reactions are described by the following
equations:
COz(aqy+ OH @ A HCOs (6)
HCOs + OH & A COs%+ Hx0 (7)

and the correspondingjeilibrium constants are:

Ki=—= (8)

Ky= ————=— ©)
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where Ky is the water dissociation constant, assuming a value of#xa0d K" and

K" are the equilibrium constants as follow:

*

Kf=—— (10)

*

Ky =—— (11)

K1 and K" are functions of temperature and salinity and were calculated as fdllows:

oK1 = pKor' + 13.41985+ 00331 5.33x10°?-—2 &
2.07089n(T) 12)
pKor" = -126.340 +——>— + 19.5682In(T) (13)
pK2* = pK02* + 21.089S0.5 + 0.12553.687x104521 — 2 ° &
3.33450.51(T) (14)
pKoz' =-90.183 +——>— + 14.6132In(T) (15)

Thesalinity is a function of electrolyte ionic strength:

S =1000———— (16)
1=0.58  a (17)

The reaction rates for the equilibrium reactions in 1.0 M KOH at 298.15 K are tabulated

below and were used in the following diffusion motlel.

TableC.1: Reaction Rate Constants

Kaf 2.23 x 16 M1sec! Ref. [5]
K1p 1.33 x 1P sect Calculated
Ko 6 x 10 M tsect Ref. [5]
Kap 3.84 x 10sect Calculated
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C.1.3 Steadystate modeling of electrodeslectrolyte interface
A schematic of theelectrodeelectrolyte interface model is illustrated below.
CQO: or CO enters the interface at x = 0. A catalyst layer thicknessnof ith a
porosity €) of 50% was assumed sinceth Cu particles were deposited. Properties of

the bulk electrolyte wassaumed to be at 50n.

Electrolyte

X=500mm

FigureC.18: lllustration of electrodelectrolyte interface used in modeling

In the case of C&R, the electrodelectrolyte interface model simulated the chemical
reactions between GOOH, HCO; and CQ* and the consumption and production
rates of CQand OH, respectively. The steagyate governing equations for efare

as follows:

0=$%$ ——iE #/ | ( +E (#/ i2@1] (18)
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0=9% TE #/1 | ( +E (#/11VE (#/ | ( +
E #/ +2@1 (19)
0=9% +E #/ | ( TE (#/7i
E (#/ /| ( +E #/ (20)
0=% +E (#/1 1 ( -E #/ (21)

TableC.2: Diffusion coefficients of species obtained fr@RC Handbook

$ 1.91 x 16® m? sect
$ 2.30 x 10 m? sect
$ 5.27 x 10® m? sect
$ 9.23 x 10 m? sect
$ 1.19 x 16® m? sect

The consumption of C&2 @1 ) andproduction of OH(2 @1 ) are directly related

to the current density (j) as well as the product selectivity (FE). It was assumed that

2 @1 and2 @1 occurred homogeneously in the catalyst layer. The product FEs

were 15% H, 30% CO, 30% &Ha, 15% EtOH5% AcO, 5% PrOH, and 10% HCOO
, and these values were taken from experimental investigltionO 1 oxm, 2001 =

e

m h h h h h h (22)
1M O  x5000m,2 @1 =0 (23)
0 Olmm Pl =—X—(- ) (24)
1M O  X5000m,2 @1 =0 (25)

With these spatial dependencie20®@1 and2 @1 , this presented a twegional
boundary value problem in which continuous constraints were applied at the regional

interface at x L nm. At x = 0, CQ was set to the calculated maximum £0lubility

184



in 1.0 M KOH and neflux boundary conditions were ajigd to OH, HCOs', and CQ*
. At x = 500 nm, CQ, OH, HCOs, and CG* were set to their equilibrium
concentrations in 1.0 M KOH, experimentally measured pH of 13.5. These equilibrium
concentrations were calculated from equilibrium constanisafid k) by applying a
cationranion charge balance. From this, these sets of coupled equations were solved
numerically, and the pH and G@oncentration profiles were determined.

In the case of COR, the equations are simplified because therehemdcal

reaction between CO and OHhe steadystate governing equations are as follows:
0=%$ —-20l (26)

0=9%

+2 @1 (27)

Similarly, the consumption of CQ (@1 ) and production of OH2 @1 ) are directly
related tothe current density (j) as well as the product selectivity (FE). Again, it was
assumed tha2 @1 and2 @1 occurred homogeneously in the catalyst layer. The
product FEs were 20%2H35% GH4, 15% EtOH, 25% AcQand 5% PrOH, and again,
these values weteken from experimental investigation.

e

0 Olmm DT = ‘ ' ' ' (28)
m h h h h

1m0  x5000m,2 @1 =0 (29)

0 Olmm P =—23 (30)

1M O  x5000m,2 @1 =0 (31)
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Atx =0, CO was set to 1 mM and a-flox boundary condition was applied to Ot
x = 500mm, noflux boundary condition was applied to CO while G#&s set to the

corresponding concentration at the experimentally measured pH of 13.5.
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TableC.3: COR flow dectrolyzer data obtainddr OD-Cu and micron copper in 1M
KOH electrolyte.

Sample: OD-Cu 1M KOH
. Current Faradaic Efficiency (%)
Eﬂg‘“a' VVs pensity EtOH AcO ProH| C:Hs | Hz | Total
(mA/cn?)
-0.32 3 35.0 29.6 0.0 38 6.9 754
-0.42 10 156 7.0 256 19.2 18.8 86.2
-0.49 30 119 52 189 245 248 853
-0.54 80 13.8 6.3 128 327 219 875
-0.60 255 223 /10.1 10.2 375 16.0 96.0
-0.65 650 205 85 64 415 | 16.2 93.3
-0.72 1050 199 10.1 4.9 441 | 15.7 94.7
Sample: Micron-sized Cu, 1M
KOH
, Current Faradaic Efficiency (%)
E&tg\tlal (Vvs. Density EtOH AcO | PrOH CoHs Hz | Total
(mA/cn?)
-0.36 1 0.0 17.8 0.0 59 21.0 446
-0.43 2.5 7.1 10.8 0.0 11.2 | 38.7 67.9
-0.52 10 3.7 6.4 |16.3 | 17.9 40.2 84.5
-0.60 50 9.7 20.5 115 [ 18.0 33.9 935
-0.65 200 12.6 27.0 6.5 32.7 17.9 96.7
-0.70 500 17.1 249 45 38.1 10.8 95.5



TableC.4: COR flow electrolyzer data obtainéar OD-Cu in 0.1M, 0.5M, and 2M
KOH electrolyte

Sample: OD-Cu, 0.1M KOH
. Current Faradaic Efficiency (%)
Eﬂg‘“a' (VVS. " Density  EtOH AcO PrOH| CoHs | He | Total
(mA/cn?)
-0.33 2 11.8 4.2 |0.0 29 |253 441
-0.43 5 9.9 50 156 9.8 38.8 79.1
-0.51 15 6.9 16 13.2 16.7 49.5 87.8
-0.57 35 7.2 1.7 1108 21.1 49.7 90.5
-0.66 90 9.0 23 /9.8 23.2 | 38.0 82.3
-0.73 135 16.8 45 111 226 | 33.6 88.6
Sample: OD-Cu, 0.5M KOH
: Current Faradaic Efficiency (%)
E(:E;]t'al (Vvs. Density EtOH AcO PrOH CoHs H> | Total
(mA/cn?)
-0.34 2 23.7 1189 0.0 39 188 65.3
-0.40 5 136 6.6 |20.7 13.2 25.0 79.0
-0.49 20 104 35 175 20.4 | 355 87.2
-0.55 50 105 | 5.0 13.6 28.2 |38.0 95.2
-0.63 200 159 9.7 | 8.7 325 24.1 90.9
-0.72 450 20.3 1 10.0 6.6 38,5 16.1 914
Sample: OD-Cu, 2M KOH
. Current Faradaic Efficiency (%)
E&tg;‘t'al (Vvs. Density EtOH AcO PrOH CoHs H> | Total
(mA/cn?)
-0.31 4 17.3 31.8 /0.0 28 |34 553
-0.39 10 184 13.0 244 '16.6 11.6 84.1
-0.47 35 145 83 18.8 219 |18.1 81.6
-0.56 150 19.2 1 10.9 135 | 354 14.7 93.7
-0.62 410 23.7 113.8 10.1 394 12.0 99.1
-0.67 700 26.7 139 83 418 11.8 1025
-0.69 1020 204 96 |45 417 13.8 89.9
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TableC.5: Summary of aqueous GR literature performance on copper electrodes

foamt®

C2+ product| Cz+ product
Potential (V | current Faradaic
Catalyst Electrolyte vs. RHE) density Efficiency
(mA/cn?) | (%)

This work 2M KOH -0.67 635 90.7

1M KOH -0.72 829 79.0
Nanoporous Cu
wires on GDI” 1M KOH -0.69 138 68.9
CuAg alloy film
(6% AgF 1M KOH -0.68 264 85.1
25 nm Cu film on | 3.5M KOH
GDL2 +5M K] -0.66 607 82
Cu nps (1660 nm)| 1M KOH -0.63 231 52.7
on GDL® 1M KOH -0.79 215 70
O. plasmatreated i
Cu nanocubdé 0.1M KHCGs 1 24.8 73
O2 plasma treated
Cu foilt 0.1M KHCG: | -0.92 12 60
Cu np on Ndoped i
graphen® 0.1M KHCGs 1.2 2.4 63
Cu nanowhiskers
on GDLL NA -0.8 160 35.5
Cu nanowhisker$ | 0.1M KHCO; | -1.2 31 52
guwi?'de”"ed 0.1M KHCO; | -1.03 18.7 59.9
Li-ion cycled Cu | 0.25M KHCGQ; | -0.96 42 60.5
foil 1 0.25M KHCG; | -1.01 57 52
Cu (100) single | 4\ kHCOy | -1 2.9 57.8
crystat
fi’l'g um CuO 0.1M KHCO; | -0.99 17.8 50.8
Oxide-derived CU | 531 NaHCQ | -0.8 11 55
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Appendix D

SUPPLEMENTARY INFORMATION FOR CHAPTER 6: FORMATION OF
CARBON-NITROGEN BOND DURING CARBON MONOXIDE
ELECTROREDUCTION

C d cu Cu2p
——Cu (0)
3 S
8 @
2 z
5 g
= = Standard CuO
Cu NPs
(200)
| (220)
1 Standard Cu
Cu standard
30 4IO 5I0 6IO 7I0 80 970 960 950 940 930 920 910

2q (degrees) Binding Energy (eV)

FigureD.1: (a-b) Scanning electron microsgppnages of Cu nanoparticles on the gas
diffusion layer. (c) Powder Xay diffraction spectrum. (d) Xay photoelectron

spectroscopy spectra
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FigureD.2: Electrolysis performance for different CO/Nf¢ed ratios in 1M KOH.
(a8)2:1 (mol/mol) CO:NH, (b) 1:1 (molimol) CO:NH, (c) 1:4 (mol/mol) CO:NH
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FigureD.3: CO Reduction in ammonium hydroxide electroly{@1M NHsOH with

1M KOH, (b) 5M NH4OH with 1M KOH, (c) 10M NH,OH with 1M KOH, (d) 14.8M
NH4OH with 1M KCl.
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FigureD.4: Demonstration of $hour stability for CQelectrolysis with 2:1 (mol/mol)
NH3:CO in 1M KOH at 100 mA/c
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FigureD.5: Postreaction characterization of Cu nanopartic{as) Scanning electron
microscopy images of Cu nanoparticles on the gas diffusion, [@ye¢-ray
diffraction spectrum(d) X-ray photoelectron spectroscopy spectra.
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FigureD.6: In-situ X-ray adsorption spectroscopy of a 5 nm thick copper nanosheet
catalyst in 5M NHOH with 1M KOH.
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FigureD.7: Characterization and performance for CO electroreduction with 2:1
(mol/mol) NH/CO feed in 1M K® on micron Cu(a) Scanning electron microscopy
image of particles on GDl(b) X-ray photoelectron spectroscopy spedtaXx-ray
diffraction spectrum(d) Current density and Faradaic efficiencies vs. applied
potential.



FigureD.8: (@) Image of flow cell following cdeeding of CQ (7 sccm) and NEI(15
sccm) with 1M KOH electrolyte showing immediate carbonate formation without
applied current and (b) resultipgecipitate.
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FigureD.9: CO electroreduction with 2:1 (mol/mol) ammonia to CO ratio in different
KOH concentrationga-c) Current densities and Faradaic efficiencies for 0.1M, 0.5M
and 2M KOH (d) Molar production fraction of & products at 100 mA/ct
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FigureD.11: ObtainedH NMR spectra for amide produc(s) Acetamide (b) N-
methylacetamidgc) N-ethylacetamideg(d) N, N-dimethylacetamide.
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