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ABSTRACT

This thesis focuses on the use of use high-throughput experimentation and analytical
electrochemistry techniques to understand how organic films on (photo)electrode surfaces
alter catalyst selectivity. Specifically, the objective has been to deconvolute effects
associated with the organic film from the atomic identity of the catalyst, reactant and
intermediate concentration polarization effects, and temperature in the context of
electrochemical CO; reduction. The first chapter provides the motivations behind the
transformation of CO; into value-added materials using electricity and the challenges that
the field faces. The second chapter introduces the data-driven identification of a scaling
relationship between the partial current densities of methane and Cz+ products among 14 bulk
copper bimetallic alloys. This strict dependence represents an intrinsic limitation of
selectivity tuning through alloying. However, it can be disrupted to favor Co+ products by the
presence of an organic additive, highlighting the potential of hybrid organic—inorganic
catalysts to tune branching ratios in the CO2R reaction network. The third chapter highlights
that with the wide band gap CuGasSes chalcopyrite absorber, organic coatings can not only
provide dramatic increases in selectivity toward CO2R products compared to the unmodified
system, but also and significantly moderate catalyst corrosion. The fourth chapter unveils a
new class of molecular films on polycrystalline copper, derived from aryl diazonium and
iodonium salts, that are corrosion resistant even at pH 1 and have the potential for many
future electrochemical applications. In the fifth chapter, we demonstrate that increased mass
transport at the electrode surface directly resulted in changes to the ethylene and methane
Tafel slope values on copper electrodes. These findings emphasize that the apparent Tafel
slope reported for any copper system is not necessarily representative of the catalyst’s
intrinsic kinetics alone, but also contains information about the cell geometry and electrolyte
convective transport. The final chapter investigates the combined effect of organic films,
mass transport, and electrode heating on electrocatalysis. We find that we can use surface
heating to replace bulk heating, but that the complexity of CO2R prevents predictable
behavior. However, the addition of additive films to the electrode surface enables idealized
electrochemical CO> reduction kinetics, and therefore the calculation of important

parameters such as the activation energy for C,+ product formation.
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Chapter 1

INTRODUCTION



1.1 Opening Remarks

This thesis concerns itself with the influence of reactor design on electrochemical
carbon dioxide (COz) reduction to evaluate its feasibility as a methodology for combatting
climate change. Since anthropogenic climate change is reaching a tipping point of having
potentially irreversible and drastic effects on humanity, strategies to mitigate greenhouse gas
emissions become ever more pressing.! The Paris Agreement marks the international
recognition of the effect of CO> on the climate and the pledge of 196 countries to limit the
warming to less than +1.5 °C.2 Given that more than half of the CO; released into the
atmosphere originates from the energy sectors, the capture and conversion of CO; into fuels
to replace fossil fuels and other commodity chemicals is necessary to approach a net-carbon
negative society.> However, the current infrastructure for the sequestration and utilization of
carbon from the environment is limited.

CO; capture and conversion is an energy intensive process that has inspired a number
of prototype and pilot-level plants that are attempting to address the issue from different
angles, such as dissolving CO> in sorbents like water or zeolites, pressurizing it to form
minerals or feedstock gasses for electrochemical processes, or fermenting it using bacteria
(Fig. 1.1).* Most commonly, the end product of these processes are liquid fuels, which feed
back into and close the carbon-based energy cycle. However, this is not necessarily self-
defeating. Producing liquid fuels allows for the use of the current energy infrastructure,
which prevents significant waste and lowers monetary barriers toward achieving a carbon-
neutral energy economy. Furthermore, the hydrocarbons produced via electrolysis can be
made using 100% renewable energy and are compatible with the combined-cycle power

plants that exist today for liquid natural gasses. These plants are up to 60% efficient, far
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above the efficiency of coal or crude oil, and they do not release NOx or SOy into the

atmosphere because the fuels used only contain carbon and hydrogen.’> These economic
driving forces have not only incentivized the building of combined-cycle power plants over
those that pollute more, but the economics also motivate further research into the viability of

using CO» to produce liquid fuels for these plants.

& vac
o~ osrature uum Yo 2
OVE Contapsi -2
asen tam,na%\ /68’7/

ber
cement e gt

mineral
b [ _J
VN P Release CO,
: / from capture i

D material
AW

5
ENO
SPO 5
= /
‘CE) N -g Capture ¢ ‘ Compress CO,
poll B 3 CO, g d  Transform 2
= E Qs g HCOsCOS 3

CO, Cc=

~)\, source

- 3
Transform lL\»@ (DQQO
coz. ,& S

(3] CH,OH
(121 C,HsOH
) CO, HCOOH

CO,
H0 w
CQH5OH,C2H302'

CgH130H, C4HoOH

Figure 1.1: Diagram displaying various prototype systems for CO2 capture and conversion.
Blue and grey arrows indicate current commercial processes that undergo CO; capture and/or
conversion. The pink arrow represents a proposed process for a more direct utilization of
atmospheric CO: for the production of renewable fuels. The figure belongs to and the
numbers in brackets correspond to references from Ref [4].
1.2 Electrochemical CO; reduction

Professor Yoshio Hori and coworkers discovered in the 1980s that copper electrodes

are capable of converting CO» into value-added molecules like ethylene and methane.® To

date, it has been found that copper is the only metal able to produce appreciable amounts of
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carbon coupled products.”® All other metals produce carbon monoxide (CO) or formate,

which are not viable fuels, and often struggle to compete with high rates of the competing
hydrogen evolution reaction (HER). The origin of this disparity among metal catalyst
selectivities is primarily due to CO binding energies (*CO) —if bound too strongly, as in the
case of Sn or Ti, the catalyst will mainly produce formic acid, but if bound too weakly, like
Ag or Au, the catalyst will mainly produce CO.’ Additionally, the relationship between the
binding energy of metals and CO scales with the potential applied to the system as well as
with subsequent intermediates, forming robust scaling relationships that cannot be broken by
changes in morphology or facets exposed.!® These relationships demonstrate how the CO»
reduction reaction (CO2R) follows the Sabatier Principle, which states that the binding of
key intermediates can neither be too weak or too strong, as described above, resulting in a
volcano plot of reaction rate with respect to binding energy and activity. The disparity among
metal catalysts is also explained by the binding energies of *H; binding strongly leads to
formate and weakly leads to CO.!! Despite copper’s privileged nature, it suffers from a lack
of selectivity for any one specific product among a multitude of 16+ possible reduced
products (Figure 1.2).” Due to the ubiquity of certain products in industrial processes, like
ethylene for polymers or ethanol for liquid fuels, the field revolving around electrochemical
CO2R has become a key area of research. Current studies aiming to optimize CO; electrolysis
focus on a variety of research fronts from increasing total current densities at low
overpotentials, to selectively generating one product over all others, to understanding the

fundamental science behind the transformation occurring.'?
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Figure 1.2: Schematic of the product profile of electrochemical CO> reduction on copper
along with the number of proton/electron transfers associated with each product listed above
it.

In order to inform the design of systems that improve the selectivity and activity of
electrochemical CO;R on copper, considerable effort has been made to understand the
mechanism of the transformation. Hori and coworkers discovered that the exposed facets of
copper altered the product ratio of single carbon products (C;), like methane, and carbon-
coupled products (C»+), like ethylene.!® This finding suggested that the intermediates along
the reaction pathway towards Ci/Ca+ products interact differently according to the catalyst
coordination environment, which motivated the calculation of intermediate binding energies
and reaction barriers. Because Cu (100) has one of the highest selectivities towards forming
Cz+ products, early calculations focused on this facet.!* While studies initially pointed
towards metal-carbide like intermediates leading to products like methane and ethylene,
analogous to those observed during Fischer-Tropsch, most modern calculations have
diverged from this path (though not all).!>!¢ Because CO is the only reaction intermediate to

be observed experimentally, the majority of computational models use *CO as branching

point for C1/Ca+ products. Common pathways investigated include *CO dimerization, *CHO
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dimerization, *CH,O dimerization, and all permutations of heterodimerization.!” These

calculations helped reform the microscopic image of what may be occurring on the catalyst
surface. Unfortunately, varying calculation parameters between studies gives drastically

different results, and the exact mechanism remains an active area of research (Fig. 1.3).18-24
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Figure 1.3: Breadth of potential rate determine steps (RDS) proposed in literature for C; and
C> products, with each color corresponding to a different paper (note: this is not a complete
picture of all pathways proposed). *Refers to the event being coupled with electron transfer.
Colors correspond to the following references: grey [18], blue [19], yellow [20], orange [21],
purple [22], green [23], red [24].

Experimental investigations into the chemical mechanism have consisted of Tafel
analysis, systematic variation of catalytic conditions, and in-situ or operando spectroscopy
techniques. Tafel analysis is a linearization of the Butler-Volmer equation, which describes
the current as a function of applied potential, and it uses the change in current with respect
to applied potential to approximate the number of proton/electron transfer steps before the
rate-determining step (RDS).2> When this analysis is performed on electrochemical CO
reduction, the results suggest that the first electron transfer is the RDS.?® Despite having

significant effects on the selectivity of the reaction, altering the pH or cation identity do not
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result in a change in Tafel slope.?”?® When the facet is varied, a positive shift in onset

potential for ethylene is observed for Cu (100) but not Cu (111), which suggests two or more
concurrent reaction pathways could exist depending on what facets are exposed and potential
is applied.?” Spectroscopic investigations of these systems regularly observe CO, but rarely
are capable of identifying other species.’*? Recently, an *OCCO dimer and *CHO were
reportedly observed using time-resolved attenuated total reflection-surface enhanced
infrared absorption spectroscopy.®® In this work, they observe independent growth of these
two peaks, supporting the hypothesis that *CO is the branching point for Ci/Cz+ products.
However, the difficulties involved in obtaining these results and the infrequency with which
these species are observed further support a dynamic mechanism that may change depending
on surface composition, morphology, and potential applied, among a variety of other factors.
This concept is a main focus and is further explored in Chapter 2 and Chapter S.

Since pH and cations do not affect the apparent mechanism, but do change the
observed selectivity and activity, their effect is most likely attributable to changes in mass
transport. Since the hydroxides generated at the electrode surface can react with CO> to form
bicarbonate, mass transfer plays a pivotal role in maintaining a high concentration of CO; at
the surface.?*3¢ While the ionic radius of an alkali cation increases going down the group,
the resulting hydration shell decrease in size (i.e. hydrated Cs* is smaller than Li").3” Since
the effective sizes of the cations change, this results in altered local pH buffering, water
concentration, and electric field strength near the electrode surface.’®3° In other words,
cesium has a greater buffering ability, which increases the local CO> concentration and
decreases the local H>O concentration. Due to its smaller size, the effective electric field at

the electrode is greater, which increases selectivity, while its effect on the transport of
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reactants improves activity.*® It is important to note that while increased surface electric

field has been associated with higher C: selectivity, without limiting the local proton

concentration it can instead result in increased HER 4142
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Figure 1.4: Two examples of additive coatings that limit the proton concentration at the
electrode surface. Reductive electrodimerization of N-arylpyridinium and N,N’-
phenanthrolinium molecular additives affords an insoluble film on the electrode surface that
suppresses proton transport and facilitates selective CO, reduction to multicarbon
products. 43

Because protons are a reactant in any CO2R reaction, limiting water at the surface
has been the subject of a number of recent studies. One common strategy is to use a molecular
additive, such as an ionomer or polymeric film, which is proposed to impede proton diffusion
without affecting CO, transport (Figure 1.4).124-47 In these studies, HER and C; products
are greatly suppressed in favor of C,+ products. Furthermore, the films are stable over long-
term electrolyses, which is essential for their eventual industrial scaling and
implementation.*®* The stability of these films is a key subject in Chapter 3 and Chapter
4. However, while the use of molecular additives is a promising strategy for improving
performance, many aspects of their influence on the CO2R mechanisms, such as their
interaction with intermediates, interaction with the catalyst, and impact on transport of

intermediates, are underinvestigated. This gap in understanding is further explored in

Chapters 2, 5, and 6.
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Overall, this thesis begins with the premise that electrochemical carbon dioxide

reduction to multi-carbon products is an essential step in closing the carbon cycle and
achieving global sustainability goals. We center around catalyst development and methods
for promoting multi-carbon product formation, particularly with respect to the competing
hydrogen evolution reaction. We focus in particular on the use of molecular films and their
long-term stability as a practical tool for controlling selectivity in electrochemical CO:
reduction. To finish, we explore the influence of electrolyte hydrodynamics and electrode
heating on CO;zR, demonstrating non-traditional methods for controlling reactivity by taking
a holistic device-design approach instead of focusing exclusively on the catalyst surface. This
work provides new insights into the capabilities of molecular films and techniques for the

investigation and control of reaction mechanisms on electrode surfaces.

1.3 Chapter Summaries

In Chapter 2, we identify a scaling relationship between the partial current densities
of methane and Cy+ products via high-throughput experimentation on 14 bulk copper
bimetallic alloys. With this result, we reveal an intrinsic limitation to the performance of
CO:zR on bare copper electrodes. However, we demonstrate that coating the electrodes with
a molecular film unilaterally breaks the scaling relationship to promote C»+ product
formation.

In Chapter 3, we demonstrate that for the wide band gap CuGasSes chalcopyrite
absorber, molecular films provide a 30-fold increase in selectivity toward CO2R products

compared to the unmodified system and lowers Cd corrosion at least 10-fold. This dual
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functionality highlights the promise of hybrid solid-state-molecular photocathodes for

enabling efficient and durable solar fuel systems.

In Chapter 4, we identify polyaromatic layers derived from phenyldiazonium or
diphenyliodonium salts are capable of boosting selectivity and activity toward Cx+ products
at variable pHs. We demonstrate the robustness of the films in high-performance testing
under acidic conditions to emphasize their potential for use in other electrocatalytic
transformations where selectivity or electrode stability remains an issue.

In Chapter S, we find that increased hydrodynamics at the electrode surface results
directly in changes to the ethylene and methane Tafel slopes, demonstrating that CO2R
mechanistic work must be considered in the context of the mass transport conditions. We
extend our analysis to organic coatings, demonstrating that the films shield the active sites
from variability in hydrodynamics and increase the residence time of CO so that it may be
further reduced to desirable products.

In Chapter 6, we study the impact of local electrode heating on electrochemical CO»
reduction. We reveal that peak C»+ performance can be shifted by 0.1 V compared to ambient
conditions by heating the electrode to 60 °C in the presence of an organic film while
maintaining an ambient bulk electrolyte. This result highlights a novel approach to thermal
management and electrochemical systems design, as well as the opportunity to further probe

thermal effects in electrochemical reactions.
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2.1 Introduction

The development of high-performing catalysts for sustainable and economically
viable transformations remains a central goal of the chemical industry.! Chemical
transformations are controlled by thermodynamic and kinetic rate laws that manifest as linear
scaling relationships. Such relationships relating structure, activity, and reaction conditions,
are established for a range of reactions, including H>O oxidation and N>, O, CO», and H,O
reduction performed on both heterogeneous and homogeneous catalysts.'”” Because they
provide theoretical or empirical trends for a particular chemical process, these scaling
relationships not only help explain chemical reactivity but also guide the rational design of
new and improved catalysts. Determining the underlying connections in chemical processes
is particularly desirable toward deconvoluting fundamental selectivity limitations and
targeting specific products.>® Typically, the experimental establishment and breaking of
scaling relationships, including mapping of volcano plots, deals with a small set of data
points, a limitation that is sometimes compensated for by expansion of data sets through
computation. Our development of high throughput electrochemistry coupled to automated
product distribution analysis provides new opportunities for identifying scaling
relationships.”!® Herein, we demonstrate a combination of catalyst design, high throughput
experimentation, and data science as a paradigm shift in both the identification of scaling
relationships and the discovery of strategies for breaking them. We focus on applying this
approach to CO» reduction (CO2R) on Cu-based electrodes, an area where mechanistic
complexity has obscured identification of scaling relationships, hindered catalyst

optimization, and warrants further investigation.!!
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As strategies to transform CO; at scale are considered for a more sustainable

carbon economy, exploiting the unique ability of Cu to reduce CO> to Cz+ hydrocarbons and
oxygenates makes it an attractive catalyst for optimization. The complex pathways towards
a myriad reduced products of CO2R on Cu stymie efforts for producing carbon-coupled
products with high selectivity and has prompted investigation into the mechanism of the
transformation.!! Systematic trends affecting selectivity have been shown with respect to
7,12-15

adsorption energy scaling relationships and pH variation at the electrode surface.

Promising strategies for improving CO2R selectivity for Co+ products include changing

16-19 14,20

catalyst morphology and electrolyte composition,'**’ employing bimetallic systems and

21-23 and adding organic modifiers.?*2° While these techniques may facilitate altered

alloys,
product distributions, they are not amenable to identifying empirical scaling relationships
due to substantial variation in catalyst preparation and electrochemical testing conditions
across independent studies. It is consequently pertinent to conduct studies that systematically
and broadly vary select parameters. We have identified bulk alloying of Cu as an
underdeveloped, though promising strategy for catalyst optimization, with a large parameter

space available based on the metal identity and composition,>%3!

well suited for investigation
using our high throughput screening system.”!® Additionally, organic additives represent an
attractive orthogonal parameter of catalyst design. They can impact performance in a manner
that has seldom been achieved by tailoring inorganic electrocatalyst composition or
morphology alone.

Inspired by recent success using molecular films to enhance the selectivity of

catalysts for CO2R,?>*335 herein we describe the generation of a uniquely broad and

systematic CO2R catalyst database by combining a Cu bimetallic alloying strategy with the
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use of organic additives. Selectivity analysis highlights the impact of integrating high

throughput experimentation and data science to discover a power-low scaling
relationship between partial current densities of CHs and Ca+ that is broken upon coating
with an organic additive, demonstrating a fundamental limitation of CO2R on Cu and a

strategy to overcome it through hybrid inorganic-organic interfaces.

2.2 Results and Discussion

To elucidate correlations in CO2R, experiments were designed to observe a large
dynamic range of catalyst properties while mitigating conflation with experiment parameters
such as electrolyte composition and mass transport conditions. For the present work, we
varied catalyst composition, applied potential, and molecular additive presence. The choice
of Cu alloys was guided by our previous discovery that the alloying elements In, Co, Mn,
and Zn alter the activity and selectivity of Cu in different ways, although that study was
limited to detection of Hz, CHa, and C,Ha.!° Studying Cu alloys with each of these elements
and with different concentrations that span face-centered cubic (fcc) alloys and intermetallic
phases (XRD of homogeneous alloys shown in Figs. S2.12-16), we sought to obtain a more
comprehensive map of the reactivity of Cu-based alloy catalysts and to identify any
systematic trends. The molecular additive, N,N'-ethylene-phenanthrolinium dibromide (1-
Br»), was selected based on its ability to enhance Faradaic Efficiency (FE) and geometric
partial current densities for Cz+ products upon forming a well-defined film on polycrystalline
Cu, primarily composed of a para,para isomer of the one-electron reduced and dimerized

phenanthrolinium (Equation 1).33
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Figure 2.1: a) The electrochemical reductive coupling of two 1-Brz molecules results in a
mixture of two products; b) The high throughput catalyst screening system where a select
catalyst is positioned under a recirculating electrochemical batch reactor. After
electrocatalyst operation, a robot sample handler (RSH) uses a syringe (orange) to extract
aliquots from the headspace and then catholyte, with each aliquot injected into the respective
analytical instrument (green, syringe positions in translucent orange) for gas or high-pressure
liquid chromatography (GC, HPLC). The reference electrode (RE) is placed in the electrolyte
inlet to the working electrode (WE) chamber, which is separated from the counter electrode
(CE) chamber by a bipolar membrane (BPM).

Catalyst performance with or without the additive was evaluated by
chronoamperometry (CA) at a series of up to 6 potentials with subsequent product analysis
using the batch reactor flow system illustrated in Fig. 2.1. This system uses rapid electrolyte
flow, as opposed to vigorous CO; bubbling, to generate suitable and reproducible mass
transport conditions. The rapid concentration of reaction products enhances measurement

throughput by enabling shorter electrolysis and faster chromatography compared to



25
traditional methods. Hybrid metal-organic electrodes were prepared via electrodeposition

of organic films on the polycrystalline metal electrode from an aqueous 0.1 M KHCO;
buffered electrolyte containing 0.1 mM 1-Br». In total, experiments with 14 alloy catalysts
and pure Cu provide electrochemical and partial current densities for 137 unique
combinations of catalyst composition, additive presence, and applied potential, as shown for

select Mn-doped catalysts in Figs. 2.2a, 2.2b and for all catalysts in Figs. S2.1-2.2.



26

a) Cuo.98Mno.02 Cuo.84Mno.16 c) < Clo.esMno o
— 1 ¥ 1 Fe ' ) <
£ o it o gy [* Echem. Cuo.8aMno.16 P
g g H2 100 4
<\( < -1 %~ CO &
£g ° 4~ HCOOH £ «
\;Z -o— CH4 2 101 4
- -3 - Co+ g
10734 . : AL : : > "
b) 10t g 1 - RS
o 1l 10-2 4
Eo |
<@ 107 1 Pearon’s r = 0.99
E — 1073 4 . : T
a 10-3 1072 107! 10°
= 10734 : : AL T T T 2
-1.1 -10 -0.9 -11 -10 -09 -08 Jen, (mA/cm?)
potential (V vs. RHE) potential (V vs. RHE)
) d) f) o
correlation coef. - »ﬂ
2+ >
l0g10 Ja Vs. logio Js 100 4 -
1.00 ~ A
0.50 CHa . aad
0.00 | g 107y Al e Cu
’ S 10 10 £ .\ ' A Cug.98C00.02
—-0.50 co O oﬁ\ é k,-‘ 0.93 Cuo.84C00.16
—1.00 o ] L1027 Y Jeae=lyer ¥ Cuo.gslno.o2
y . 8 8 10| 7 |10 55 ¥ Cuosgslno.is
— 22 nlz s S]® No additive | > CU0.96ZNo.0s
Co|In y 1077 5 T g " » Cugg7Z
%/ N 10-3 102 10-1 100 0.87£N0.13
Zn | vn __HCOOH  CO CH;  Cas > Cugs0Zn
N 9) > > 7 ® RS 0.79£N0.21
> »a0 Y K Cuo.49Zno.51
e .
c) 1 s 46 1008 o~ ® <« Cuo.98Mno.02
2+ b R Cuo.84Mno 16
/ E > A
; CH4 1, 52 51 § 1073 o
Num. experiments 1 = < K
with Ja and Jg £ .g'
above 1 pA/cm? ?&‘ = v .
coq 59 $o’ 9}"” 41 \O 1072 ;;ﬂ .‘.’
N w.
HCOOH A 56 41 55 10-3 ' ' _1-Br:
1073 102 107! 100
Y T T T T
QL HCOOH €O CHi  Cou Jon, (mA/cm?)

Figure 2.2: Illustration of acquired data and correlation analysis. The electrochemical
and geometric partial current densities are shown for 5 electrolysis experiments with
Cuo.9sMno o2 and 6 electrolysis experiments with CuogsMng 16 catalysts, both a) without
additive and b) with 1-Br;. Select products or product categories were considered for
correlation analysis. For A = CHs and B = C»+, a) contains 8 electrolysis experiments with
geometric partial current densities for both A and B above 1 pA cm™. The corresponding 8
points are shown in ¢) and used to calculate the Pearson correlation coefficient to represent
additive-free Cu-Mn alloys. This analysis was applied to all 6 pairwise combinations of the
products HCOOH, CO, CHa, and C»+ and repeated for pure Cu and each Cu-M alloy system.
The resulting set of correlation coefficients is shown in d). The printed numbers in each cell
indicate the number of electrolysis experiments used in the calculation, for example 8 for the
A =C»+, B=CHa4, M =Mn cell corresponding to the plot in c¢). This analysis was also applied
to electrolysis experiments from all compositions, first with and then without 1-Br; additive,
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to assess the impact of the additive on the 6 pairwise correlation coefficients, as shown in
e). For A =Cz+ and B = CHg in ¢), the data underlying the correlation analysis is shown in f)
without additive and in g) with 1-Brz, where points are colored according to their
composition. The data in f) follow the power-law relationship indicated by the dashed line,
which is also depicted in g) to show the extent by which the data with 1-Br; deviate from
this power-law relationship. The horizontal error bars in a) estimate the variation in potential
in each electrolysis, and the quantified uncertainty for each partial current density is smaller
than the point size (see experimental uncertainty section in SI).

Pairwise relationships of the geometric partial current density and the FE for
representative products (Fig. S2.5) highlight the effect of the combined strategy of alloying
and organic films. The intrinsic modification of catalyst selectivity can be detected through
analysis of the Pearson correlation coefficient of the logarithm of partial current densities. A
close-to-unity positive correlation indicates that selectivity between the two products cannot
be tuned with the parameters under consideration, which is indicative of a free-energy scaling
relationship. A substantially negative correlation indicates a trade-off in selectivity, wherein
enhanced formation of one product occurs at the expense of the other, which is indicative of
kinetic competition for a shared reaction intermediate.

The large dataset provided here via high throughput experimentation enables study
of correlation coefficients and their modification (Fig. 2.2). Previous work on polycrystalline
Cu indicates that the kinetic regimes that govern the CO2R product distribution differ with
applied potential due to modulation of energy landscape as a function of overpotential as
well as second-order effects such as CO; mass transport and changes to the pH at the catalyst
surface.*%37 To facilitate observation of how the catalyst itself affects selectivity, we aim to
mitigate the influences from the extrinsic effects by limiting the overpotential range (-0.84

to -1.1 V vs RHE) and using rapid electrolyte flow over flat catalyst films with a maximum

current density of 15 mA cm, which promotes uniform mass transport and limits pH
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gradients in the electrochemical reactor. This potential range includes the onset of

substantial partial current density for highly reduced products, making alteration of
correlation coefficients in this range a prime target for controlling product selectivity with
catalyst modification. We first demonstrate Pearson correlation analysis to ascertain the
extent by which high correlation coefficients can be lowered via variation in catalyst
composition. For example, the box in Fig. 2.2d with A = CH4 and B = Co+ shows a high
correlation coefficient of 0.99 for these products when considering a series of 7 electrolysis
experiments with a polycrystalline Cu catalyst in which partial current densities for both CHa4
and Cs+ products varied from approximately 1 pA cm to 3 mA ¢cm. The analogous analysis
for polycrystalline Cu-M alloys is summarized by the boxes with A = C+ and B = CHa,
where the correlation coefficient was calculated for each alloying element using various
combinations of alloy composition and applied potential. The source data and its utilization
of correlation analysis are illustrated for the Cu-Mn system in Figs. 2.2a and 2.2c.

The total number of electrolysis conditions and range of alloy compositions (x in Cu,.
M) are as follows: 7 conditions with M = Co and x = 0.02 or 0.16; 10 conditions with M =
In and x = 0.02 or 0.17; 16 conditions with M = Zn and x = 0.04, 0.13, 0.21, or 0.51; 8
conditions with M = Mn and x = 0.02 or 0.16. Despite the variation in composition and
potential within each of these Cu-M systems, each correlation coefficient remains in excess
of 0.98, and in total the correlation coefficient for all Cu-M alloys is not meaningfully
changed from that observed with pure Cu. Fig. 2.2f shows the aggregation of data for Cu and
its alloys, demonstrating that a power-law relationship is closely followed over a broad range

of composition and applied potential. This striking relationship, over three orders of
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magnitude, in partial current densities, strongly suggests that on these bulk alloy catalysts

there is a common branching point, or combination of branching points, that consistently
partition between and CHs and C»+ products (Fig. 2.3a). Preservation of the CH4/C+ ratio as
observed here represents a newly discovered fundamental limitation for efforts to improve
selectivity through bulk bimetallic alloying alone.

A simple rationale for the near 1:1 ratio observed for CHs and Co+ products is
challenged by the complexity of the mechanism of CO,R.*® Under different reaction
conditions, such as using an alternate bicarbonate concentration, a similar power-law trend
is observed, but with a slightly different slope (Fig. S2.4). The up-shifted CH4 to C»+ ratio
agrees with the influence of KHCO3 concentration where 0.1 M was considered to be the
optimal environment for Cz+ products.!!4340 The preservation of the scaling relationship is
therefore supportive of an intrinsic mechanistic limitation for the production of methane and
Cz+ products for the set of experimental conditions used herein. Also, the alloying elements
substantially alter other aspects of the product distribution, making this collection of catalyst
electrodes particularly well-suited for inferring intrinsic reactivity trends; the catalyst
morphology is kept relatively constant with respect to the compendium of results in the
literature, !1:1416.17.20-2224-26,3041 For example, through study of well-defined Cu surfaces,
Hori and others identified that the relative production of CHs4 and C;H4 is highly facet-
dependent.!> The distribution of exposed facets of a polycrystalline fce-phase metal electrode
could be altered via alloying due to changes in growth kinetics and/or relative surface
energies upon addition of the alloying element, which would in principle provide a method
to break the CH4/Cy+ scaling relationship by tuning catalyst composition. However, the

observation that the scaling relationship holds over a broad range of alloy compositions with
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distinct product distributions indicates that facet selectivity is not the main contributor in

the observed product selectivity.

COzR to highly-reduced products such as CHs and Ca+ products proceeds via a
common *CO intermediate.***} Methane synthesis is proposed to proceed via a Langmuir-
Hinshelwood pathway, where a surface *H couples with *CO to form a *CHO or *COH
intermediate that is further hydrogenated towards methane.*>*+4> Meanwhile, the production
of Co+ products occurs via the coupling of two precursor *CO molecules, potentially
involving intermediate *CHO or *COH adsorbates.*>* The absence of CO-CH4 or CO-C2+
power law relationships without the additive and the observation of a negative correlation
coefficient between CO-ethylene in the presence of the additive are consistent with kinetic
competition for a common intermediate (Fig S2.5). Despite variation in free CO produced
(Fig S2.19), for the conditions tested, the assumed variation of CO concentration near the
surface of the electrode is inconsequential with respect to the CHas-Co- relationship.
Therefore, although the specific mechanism or mechanisms remain debated and may involve
multiple pathways depending on morphology or crystal facet, the observed scaling
relationship between CHs and C+ indicates that the relative kinetics at the branching point(s),
remarkably, remain rigorously locked at the same ratio over the many catalysts and applied
potentials tested herein. Breaking this dependence is highly desirable for improved
selectivity for Ca+ products.

The Pearson correlation analysis was extended to the impact of the 1-Brz additive
(Fig. 2.2e), where the correlation coefficient for each set of conditions includes the
aggregation of all catalyst compositions and potentials. Coating the catalysts using 1-Br:

lowers the correlation coefficient for CHs and Co+ from 0.99 to 0.74, a striking alteration
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whose implication is that, within the range of catalyst compositions considered in the

present work, tuning the selectivity between CH4 and Co-+ is only achieved in the presence of
the additive, underscoring the importance of multi-modal catalyst development.*®

The basis by which the additive disrupts the scaling relationship between CHa/Co-+
(Fig. 2.2f) by increasing C»+ production and suppressing CH4 formation (Fig 2.2g) is of
particular interest. Fig. 2.3a illustrates the portion of the CO2R reaction network wherein
branching ratios dictate whether the common CO* intermediate results in the generation of
CO, CHa, or Cy+ products. Fig. 2.3b highlights how catalyst modification with the organic
additive moves product distribution almost completely away from CHa, to the CO-C,+ vector
of the graph. While accessing the CO-rich portion of the graph is commonplace in CO2R
electrocatalysis, the Cz+-rich portion of the graph is only accessed in the presence of 1-Br».!!
The maximal selectivity was obtained with a Cuo.s5Zno.15 catalyst where 96% of the CO*
intermediate was reduced to carbon-coupled products.

The breaking of the scaling relationship in the presence of 1-Br; cannot be explained
by morphological changes or alloy segregation, as no nanostructuring was observed (Figs.
S2.7-10, XRD in Figs. S2.12-16), therefore suggesting that the molecular additive improves
selectivity via changes in the microkinetic pathway/s in this system. The organic additive
may affect CHs - Ca+ branching point(s) by 1) alleviating a rate limitation of the formation of
the bound *CHO/*COH intermediate and lowering the barrier towards C—C coupling or ii)
promoting dimerization of the bound *CO relative to hydrogenation toward CHa. In either
case, kinetic competition for the *CO would be enhanced in the presence of the additive,
which is consistent with the observation of a large and negative Pearson correlation between

Cz+ and CO (Fig. 2.2e). We additionally note that neither of these explanations for the
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mechanism underlying the scaling law disruption has implications for the selectivity

within the set of Co+ products. As shown in Fig. S2.6, additional correlations among these
products are observed both in the absence and in the presence of the molecular additive,
motivating future tuning of the catalyst system to tackle other branching points in the reaction

network for enhanced control over product selectivity.
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Figure 2.3: a) Possible reaction mechanisms, (selected from a multitude of variations
previously proposed),!! where pathways are highlighted in color with respect to their
products in Fig. 2.3b. There are two branching points between CH4 and C»+ products that
could be responsible for the relationship observed in Fig. 2.2. The strong relationship
between the grey and green pathways is broken with the addition of molecular additives,
implying a potential change in mechanism. b) Summary of molar selectivity for reduction of
the CO* intermediate. Measured partial current densities for CO, CH4, and C»+ products are
converted to molar flux of CO* required to produce the respective products, whose
normalization provides the ternary composition for inclusion in this figure. Each electrolysis
experiment produces 1 data point that indicates the catalyst’s selectivity with respect to the
three reaction pathways highlighted in part a) that start from the common CO* intermediate.

2.3 Conclusions
High throughput screening of the CO2R activity and selectivity of Cu alloys with Co,

In, Mn, and Zn revealed the propensity of organic additive 1-Br; to enable development of

hybrid electrocatalysts that can reduce CO- to high order products with improved activity
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and selectivity. The large data set led to the observation of a CH4-Ca+ scaling relationship

that demonstrates a particularly robust link between these products over a large range of
conditions. The CH4-C»+ relationship represents an intrinsic limitation of selectivity tuning
through alloying. However, it can be disrupted to favor Co+ products by the presence of the
organic additive, highlighting the potential of hybrid organic-inorganic catalysts to tune
branching ratios in the CO2R reaction network. These observations highlight the importance
of data-driven identification of relationships that provide mechanistic insights to guide study
of complex reactions and catalyst development. Disentangling the possible explanations of
the combined mechanistic influence of the additive and alloying elements will require
substantial further investigation that will be guided by the observed data relationships

elucidated in this study.
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Other potential ways to disrupt the scaling relationship observed here include
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nanostructuring, higher overpotentials and current densities resulting in pH
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gradients, and bimetallic system engineering.
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Chapter 3

MOLECULAR COATINGS IMPROVE THE SELECTIVITY AND
DURABILITY OF CO2 REDUCTION CHALCOGENIDE
PHOTOCATHODES

Adapted from:

Lai, Y.; Watkins, N. B.; Muzzillo, C.; Richter, M.; Kan, K.; Zhou, L.;
Haber, J. A.; Zakutayev, A.; Peters, J. C.; Agapie, T.; Gregoire, J. M.
ACS Energy Lett. 2022, 7 (3), 1195-1201.
10.1021/acsenergylett.1c02762.
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3.1 Introduction

The chalcopyrite family of semiconductors, exemplified by Cu(In,Ga)Se. (CIGS), is
one of the most important for thin film photovoltaic applications,! with >23% solar energy
conversion efficiency demonstrated in the lab and >19% efficiency as a solar module.? While
the standard CIGS absorbers have been studied as photocathodes in photoelectrochemical
(PEC) water splitting applications,> to increase the photovoltage, a CdS layer is usually
deposited to form a p-n heterojunction with the CIGS. However, due to the instability of the
CdS during PEC catalysis,%’ the surface is typically protected with a metal oxide (e.g., TiO»
or ZnO) and activated with a hydrogen evolution reaction (HER) catalyst. Additionally, the
1.2-1.3 eV band gap of the most common CIGS absorber, Culng7Gao3Se», is lower than
ideal for most photoelectrochemical architectures. More recently, the wider band gap
CuGaSe>,* ! Cu(In,Ga)(S,Se)2,'>"3and (Ag,Cu)- GaSe,'*4!* chalcopyrite photocathodes have
shown promise for PEC water splitting. Recent work has also expanded the use of CIGS-
based photocathodes to CO» reduction (CO2R).!¢-1

Among chalcopyrite absorbers, one promising CO2R photocathode is CuGasSes, an
ordered-vacancy compound derived from CuGaSe»,?° due to its wider bandgap of 1.8 eV and
suitable conduction band alignment for HER and CO;R.2! CuGasSes with ZnS or CdS
adlayers and platinum cocatalysts has reached photocurrent densities of 8~9 mA c¢cm ™2 at an
applied bias of 0 V vs RHE?*>* and having been pretreated in Cd** solution with a
MgxZni <O capping layer demonstrates close to 1 V of photovoltage vs RHE.?* In terms of
stability, a bare CuGasSes photocathode demonstrated 17 days of a continuous water splitting
operation,”® and a WOs-protected CuGasSes photocathode with a Pt catalyst layer sustained

solar hydrogen evolution for 6 weeks.?® These reports demonstrate the photoelectrochemical
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stability of CuGasSes, and durable surface modification of this material is one avenue to

realize highly efficient and long-lasting fuel-forming PEC cells.

The performance of semiconductor photoelectrodes has long been modified using
organic surface coatings of electrically conducting polymers to provide corrosion protection,
passivate surface recombination sites, alter band edge positions by introducing dipoles at the
surface, and accelerate interfacial charge separation.®’”-?8 Notably, conducting polypyrrole
coatings on CdS photoanodes has been shown to channel photogenerated holes to metal
catalysts embedded in the polymer matrix, while preventing Cd leaching.%” Additionally,
using methyl viologen as a protective conducting overlayer enhanced charge separation
between CuZnSnSs photocathodes with inorganic buffer layers (CdS, CdSe, or ZnSe),
which favorably shifts the flat band potential and improves electron transfer rates across the

interface.?’

Scheme 3.1: Electrochemical dimerization of pyridinium-based molecular additives a) Add.
1 and b) Add. 2 results in an insoluble, nonconductive film on electrode surfaces.
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An open question is whether nonconductive molecular films can improve

selectivity of CO2R photocathodes while also addressing the stability issues of the CdS
coating. In prior work, two N-substituted pyridinium-derived molecular additives, N,N'-
ethylene-phenanthrolinium dibromide (Add. 1) and N,N’-(1,4-phenylene)bispyridinium
ditriflate (Add. 2), have been used with Cu and/or Ag electrodes for electrochemical COzR.
Upon in situ reduction and dimerization/ oligomerization of the one-electron reduced
additive into a nonconductive layer on the electrode surface (Scheme 1), the metal
electrocatalyst exhibits a significant decrease in activity toward hydrogen evolution in favor
of CO; reduction.’*3* Mechanisms proposed to account for the change in selectivity by these
and other nonconductive organic films include slow diffusion of proton carriers to the
electrode, lower H>O and increased CO> concentration within the films, nanostructuring of
the electrode, and interactions of intermediates of COz reduction on the electrode with the

film 30-36
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3.2 Results and Discussion
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Figure 3.1. a) The HT-ANEC system with front-side electrode illumination includes an
electrochemical reactor with fiber-coupled LED illumination, a CuGaszSes/CdS working
electrode (WE), a Ag/AgCl reference electrode (RE), and a bipolar membrane-separated
chamber with a Pt counter electrode (CE). The electrolyte is recirculated through the reactor
and a cell with 1 atm CO» headspace where the reactant CO> as well as reaction products are
equilibrated with the headspace. After electrolysis, gas and liquid aliquots are robotically
sampled for product analysis. b) The multilayer structure of the photocathode is illustrated,
where the additive layer is generatedin situ where applicable. c) Representative
photoelectrocatalysis experiments at 0 V vs RHE both with and without molecular additive.
Each photocurrent signal is averaged and compared to partial current densities of H, and CO
from postelectrochemical product analysis to determine Faradaic efficiencies. The Cd
concentration in the electrolyte from a postelectrolysis aliquot is also shown for each
experiment.

Herein, we show that an organic coating derived from Add. 1 or Add. 2 improves
both CO2R selectivity and durability of a CdS-coated CuGasSes photocathode. Cd corrosion
and concomitant restructuring of the surface coating, as well as a H>-rich product stream, are
identified as primary shortcomings of additive-free photocathodes. Coatings formed during

photoelectrochemisty in the presence of either additive address these issues, while the

conformal coating formed in the presence of Add. 2 offers the best performance, with more
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than a 10-fold decrease in Cd corrosion and a 30-fold increase in CO:H». Exploration of

this new class of hybrid molecular-inorganic photocathodes was facilitated by the high
throughput analytical electrochemistry (HT-ANEC, Figure 3.1a) screening system reported
previously,’” adapted in the present work to include front-side illumination for accelerated
screening of CO2R photocathodes (Figure 3.1b). Initial experiments conducted on a high
throughput instrument (electrochemical mass spectrometry: ECMS)®® revealed that
CuGaszSes with a CdS coating exhibits a higher photocurrent, diminished dark current, and
lower FE for H> than the bare CuGasSes surface (Figure S3.1). The observation of a
negligible dark current in these initial experiments down to —0.4 V vs RHE informed the
choice of subsequent operating potentials between 0.2 and —0.4 V vs RHE, such that the only
current measured under illumination can be assumed to be the photocurrent. Continued
catalyst optimization on the HT-ANEC system (Figure 3.l1a) involved varying the
illumination source, spanning from 2.1 eV (617 nm) to 3.2 eV (385 nm) at zero applied bias
(Figure S3.2). While the 3.2-eV illumination showed a higher FE toward CO, the desire to
use visible illumination for solar fuel applications and the consistency in product distribution
at all lower photon energies led to the choice of 2.7-eV (455 nm) illumination for further
studies.

Even upon incorporation of molecular films, CO and H> were the only products
observed in this study, making the relative partial current densities toward these products the
primary results for each photoelectrolysis experiment (representative data shown in Figure
3.1c). Over the course of each 10- min photoelectrolysis experiment, an initial peak in
photocurrent was typically observed followed by a decay to a steadystate photocurrent. We

quantify the average product distribution and corrosion through characterization of the
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headspace and electrolyte upon conclusion of each photoelectrolysis experiment,

producing results such as those indicated in the inset of Figure 3.1c. Inductively coupled
plasma mass spectrometry (ICP-MS) was performed on postreaction electrolytes to quantify
the corrosion of Cd from the electrode into solution. X-ray fluorescence (XRF)
measurements on the electrode surface were performed to confirm the changes in elemental

molar loadings of the electrode (see Table S3.1).
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Figure 3.2. Summary of 32 photoelectrocatalysis experiments. For the indicated range of the
applied electrochemical potential, the three conditions of no additive, Add. 1, and Add.
2 form clusters indicated by shaded regions, where each additive offers improved CO2R
selectivity at the expense of the lowered photocurrent. The point for a given electrolysis
experiment indicates the median photocurrent density with error bars extending from the
minimum to maximum photocurrent density during the 10-min photoelectrolysis. The label
for each cluster shows the range of Cd concentration in the electrolyte observed for each
condition.

The experiments performed can be delineated using the CO:H: product ratio and the
median photocurrent density from each photoelectrolysis experiment (Figure 3.2). The

maximum and minimum of the photocurrent density are shown as vertical error bars. As
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expected, changing the applied bias resulted in variation in the photocurrent and product

ratio; however, these variations are relatively small compared to those observed when
including a molecular additive in the electrolyte. With no additive, CO:H> remained below
1 for all experiments. Electrodes modified with Add. 1 routinely produced CO:H; in excess
of 1, and electrodes modified with Add. 2 achieved CO:H> in excess of 30. As a result, these
electrolysis experiments are cleanly clustered into three distinct groups, with each cluster
labeled by the additive as well as the range of the observed concentration of Cd in the
electrolyte. Notably, the presence of Add. 2 lowers Cd levels in the electrolyte from 31 to 45
ppb observed in the absence of a molecular additive to below the noise level of 4 ppb. A
range of concentrations of Add. 1 was evaluated to assess any impact on product selectivity
(see Table S3.1), and the concentration was found to be less important than the presence and

choice of additive.
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Figure 3.3. a) Aggregation of the experiments in Figure 3.2 for the no-additive and Add.
2 conditions, showing that the presence of the additive provides high selectivity toward CO.
The error bars for both FE and J at —0.4 and 0 V vs RHE represent the standard deviation of
the respective measurements over several photoelectrocatalysis experiments shown in Figure
3.2. The shift of the green data points from the labeled potentials groups them with the barplot
at the same conditions (with or without Add. 2) and does not indicate that the potential is
shifted. b) Validation of the high throughput screening results with 10 mM Add. 2 using a
traditional H-cell at 0 V vs RHE with periodic headspace measurements. ¢) Continued
operation of the H-cell with the same electrode at the same potential but starting with the
additive-free electrolyte. The continued high CO selectivity and photocurrent demonstrate
that the organic coating formed from the initial operation persists and remains effective at
suppressing HER in favor of CO2R to CO. The error bars in b) and c) represent the
uncertainty of product quantification by the analytical instruments, and the photocurrent
density (green) in these panels corresponds to the right axis.

The potential-dependent selectivity and activity of CuGazSes/CdS with and without

the Add. 2 additive demonstrate how the organic film causes an increase in selectivity for
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CO vs H; by more than 30-fold at the expense of a 2—4-fold reduction in the photocurrent

(Figure 3.3a). While suppression of HER appears to be a primary contributor to the decrease
in the photocurrent (Figure S3.3), the additives may also attenuate the intensity of the
incident light and contribute to the observed lower photocurrent. The partial current density
for CO at 0 V vs RHE increases with Add. 1 and even more so with Add. 2 compared to the
no-additive baseline, which may be due to retention of the Cd coating that facilitates carrier
extraction from CuGasSes as discussed further below. In dark electrolysis experiments with
cathodic current densities between 0.5 and 15 mA ¢cm 2, the total FE of measured products
can routinely be as low as 80% due to imperfect product extraction from the headspace from
the HT-ANEC system.?” As shown in Figure 3.3a, measurements at —0.2 and —0.4 V vs RHE
both with and without an additive result in total FE near 80%. At higher potentials, lower
total FE is observed, although this may be due to the lower photocurrent densities causing
lower product concentrations and thus increased systematic error in FE quantification. These
results can neither confirm nor deny the presence of photoelectrochemical reactions beyond
the HER and CO:R. Possible side reactions include Cd corrosion and electrodeposition of
the molecular additive, and a more quantitative evaluation of FE will be pursued in future
work.

To validate the primary result of the high throughput screening, a pair of
CuGaszSes/CdS electrodes was tested in a traditional H-cell using 10 mM of Add. 2 and 0 V
vs RHE. One experiment involved isotopic labeling in which the cell was operated with a
sealed headspace of '*CO, for 2 h, after which the photoelectrochemical operation was
paused and the headspace was changed to flowing '3CO,. After acquiring a background mass

spectroscopy (MS) signal, photoelectrochemistry was resumed, resulting in the subsequent
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detection of !3CO in the headspace (Figure S3.4) and thereby confirming

photoelectrochemical reduction of 3CO, to *CO. The second experiment focused on
stability and involved a total of 4.5 h of photoelectrolysis at 0 V vs RHE. The first 1.2 h were
conducted in the presence of 10 mM Add. 2, followed by 3.3 h with the additive-free
electrolyte to ascertain whether a stable photocurrent and product distribution could be
obtained with the already-deposited molecular coating. The photocurrent and product
distribution are shown in Figure 3.3, which has a large uncertainty for FE of CO due to the
detection mechanism on this instrument. The results confirm that the high selectivity toward
CO in the presence of the additive is maintained upon replacement with the fresh electrolyte.
While a higher cathodic photocurrent is initially observed, the subsequent steady-state
photocurrent is comparable to that observed with the additive present in the electrolyte.
Furthermore, ICP-MS characterization of the additive-free electrolyte after 3.3 h of operation
did not show any Cd in the solution (Table S3.1). These results collectively show that Add.
2 may be applied as a final step of the electrode synthesis, resulting in an electrode that may
be operated with no requirements of the additive’s presence in the electrolyte, although the
stability and possible regeneration requirements for device-scale operation remain under

investigation.
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Figure 3.4. a) Cross section TEM measurements of the Cd-based layer and its interface to
the CuGasSes absorber layer for as-synthesized electrodes and electrodes operated at 0 V vs
RHE in the HT-ANEC system with no additive and with each of the molecular additives.
The overlay composition plot in each image shows the measured depth profile of Cd, S, and
O concentrations from EDS line-scan imaging (see Figure S3.7 for additional composition
data), and an arrow points to the retention of S due to the presence of Add. 2. Note that the
lack of additives seen on TEM images is due to their low contrast to the capping agent used
for preparing TEM samples. b) Cross section SEM images of an as-synthesized
CuGa3Ses/CdS electrode and the electrode with organic coating after the conclusion of
the Figure 3¢ experiment. The coating appears conformal with an approximately 200-nm
thickness (see Figure S3.5 for more information). ¢) XPS characterization of the five
conditions from a) and b) for the near-surface compositions. Other detected species can be
found in Figure S3.6b. Note that the H-cell data in b) and c¢) were acquired on the electrode
after both the 1.2-h operation with and the 3.3-h operation without Add. 2.

Characterization of the postcatalysis electrode surfaces lends insight into the
mechanism by which the catalyst performance is enhanced. Tunneling electron microscopy
(TEM) with energy dispersive spectroscopy (EDS) mapping was performed to compare the
ca. 50 nm CdS capping layer of the as synthesized electrode with electrodes tested by HT-
ANEC at 0 V vs RHE with no additive, 0.1 mM Add. 1, and 10 mM Add. 2 (Figures 3.4a

and S3.7). Images and compositions of the electrode surfaces postcatalysis show that without

an organic coating, the CdS layer is greatly depleted of sulfur in favor of oxygen. These
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observations are consistent with an electrochemical reaction that results in partial corrosion

and coarsening of the adlayer, which is evident in top-down SEM and TEM images with a
larger field of view that show a nanocube morphology (Figures S3.5a and S3.5¢). The same
phenomena are observed with Add. 1 but to a lesser extent, which combined with our
observation of variable Cd leaching concentrations (Figure 3.2, Table S3.1), suggest that this
additive only partially protects the Cd-based layer. With Add. 2, the Cd-based coating
remains compact, with a 30-nm sulfur containing layer near the interface with the CuGasSes
absorber that is not observed in the other samples (Figures 3.4a and S3.7). This remaining
CdS-like layer is key to preserving the photoactivity of CuGasSes and other chalcogenide
absorbers.?*

To understand the role of Add. 2 in protecting the CuGasSes photoabsorber and
preserving the CdS layer, scanning electron microscopy (SEM) and X-ray photoelectron
spectroscopy (XPS) measurements were performed. Analysis of the film created by Add. 2
by cross-sectional SEM revealed that after 4.5 h of operation, a near 200-nm conformal
coating is observed with some larger features (Figures 3.4b and S3.5). This result is
commensurate with the reported thicknesses of electrodeposited films derived from
analogous pyridinium salt precursors on copper and silver electrodes and is on average
thicker than the ~30-nm film afforded by Add. 1.2!** The Add. 2 coating results in lower
coarsening and improved retention of the CdS layer than in the other experiments, which we
attribute to improved protection from its high conformality and greater thickness. XPS near-
surface characterization supports the findings that the Cd and S in the as-synthesized

electrode are observed to a lesser extent after operation with no additive due to corrosion and
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oxidation of the CdS layer (Figures 3.4c and S3.8). The Cd signal is increasingly

suppressed with Add. 1 and Add. 2, as the molecular coatings attenuate the signals from the
Cd-based layers observed in Figure 3.4a. While the relative impact on product selectivity and
corrosion mitigation between the two additives is commensurate with the observed
differences in the morphology of the generated coatings, the chemical mechanism for the

absolute and relative performance enhancements will be investigated in future work.

3.3 Conclusions

Given the importance of CdS in passivation of surface defects for improved carrier
extraction efficiency,? the ability of Add. 2 to inhibit coarsening in the Cd-based layer, and
thereby maintain sulfur in CdS at the CuGasSes absorber interface, is an important
observation. Furthermore, due to the lack of Cu, Ga, or Se leaching and the persistence of a
compact Cd-based layer in the presence of either additive, we believe these results will
generalize to light absorbers beyond CuGasSes. Given that CdS is an effective contact
material for CIGS chalcopyrite and the multitude of other absorber chemistries,**° these
additives, especially Add. 2, may more generally improve the stability of the Cd-based
coating while substantially suppressing HER in favor of CO;R. Differences in photovoltage
provided by different absorber layers will likely alter the applied bias required to obtain the
equivalent (unquantified) surface potential of the electrodes in the present work. The
observation of CO2R with high selectivity at a bias of 0.2 V vs RHE demonstrates that the
turn-on potential for CO2R photoelectrocatalysis is even higher, making these photocathodes
competitive with state-of-the-art photocathodes, such as the Pt-TiO2/GaN/n* -p-Si

photocathodes with turn-on potentials near 0.47 V vs RHE*' and nanoporous Au thin films
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on Si photoelectrodes with turn-on potentials >0.2 V vs RHE.** To close, molecular

additives such as those described herein are attractive for the continued improvement of the

turn-on potential, durability, and CO2R selectivity, which are all critical to realize

photoelectrochemical generation of solar fuels.
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Chapter 4

IN SITU DEPOSITED POLYAROMATIC LAYER GENERATES
ROBUST COPPER CATALYST FOR SELECTIVE
ELECTROCHEMICAL CO> REDUCTION AT VARIABLE PH

Adapted from:
Watkins, N. B.; Wu, Y.; Nie, W.; Peters, J. C.; Agapie, T.
ACS Energy Lett. 2022, 8 (1), 189-195.
10.1021/acsenergylett.2c02002.
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4.1 Introduction

Electrochemical conversion of CO> into useful products by renewable electricity and
water holds promise in contributing to a carbon-neutral economy.!”> To make this process
viable, the development of electrocatalysts is essential to produce desirable products with
high reaction rates and energy efficiency.*> Ca+ products (e.g. ethylene and ethanol) are of
particular interest due to their higher market values and versatility.® With Cu-based
electrocatalysts being capable of catalyzing CO:> reduction (CO;R) to multi-carbon
products,”® a host of strategies have been employed to increase both activity and selectivity.
These include alloying, morphological engineering, surface modification of Cu, as well as
alteration of reaction parameters such as electrolyte composition, pH, and electrolysis
conditions.®!!

Previously, our laboratories discovered that N-aryl pyridinium-based additives in
aqueous electrolyte undergo reduction and dimerization to generate a water-insoluble film
on the electrode surface (Figure 4.1a).!> We have proposed this molecular layer significantly
enhances Cy+ product selectivity on Cu and completely suppresses the competing hydrogen
evolution reaction (HER) on Ag in a traditional H-type flow cell by limiting proton sources
near the electrode surface (Figure 4.1b).!% In the case of Cu, the activity for Ca+ products
remains the same with or without an additive film, whereas the total current density is greatly
diminished without nanostructuring of the metal surface.'* The efficacy of these existing
additives, however, motivates the exploration of other chemical precursors to prepare

similarly catalytically advantageous molecular films.!
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Figure 4.1: Preparatlon of hybr1d electrodes. a) Reductive dimerization of N-aryl pyridinium
additives provides a water insoluble dimer; b) Electrodeposition of the additive dimer onto
copper surfaces boosts CO> reduction selectivity to carbon-coupled products; ¢) Grafting aryl
groups onto the electrode surface using diazonium or iodonium salts d) provides a
perpendicular film orientation, which affords high selectivity and similar Ca+ selectivity
compared to previous films in part a).

A notable limitation is the delamination of thin organic films during catalysis due to
turbulence at the surface of the electrode.!® Electrografting molecules permits growth of an
organic moiety onto an electrode surface through the formation of radical species with
concomitant electron transfer to or from the molecules containing suitable activating groups,

such as diazoniums or iodoniums (Figure 4.1¢).!” This process affords an organic coating

with strong adhesion to many conductive substrates, such as Cu, Ag, glassy carbon, and



67
stainless steel, that can withstand sonication even in organic solvents and could therefore

be a promising alternative strategy to prolong catalytic performance.!”?> Unfortunately,
reports using ethynyl and azide aryl radical precursors on copper surfaces have shown little
promise for achieving significant enhancement to CO:R selectivity, likely due to the
conflation of effects from the highly functionalized film and the anodic grafting mechanism
employed. Alternative methods that allow a decoupling of the effects of deposition
techniques and film functionalization are therefore desirable to greater understand the
mechanism by which grafted films affect selectivity. Chemically simpler aryldiazonium and
diaryliodonium salts are deposited using only a negative bias and are yet to be investigated
on copper CO2R, making them excellent grafting precursors to investigate for their effect on

catalysis (Figure 4.1d).26:?7

4.2 Results and Discussion

Our initial efforts were dedicated towards surveying the electrochemical CO2R
performance of Cu foils after the electrodeposition of organic films from phenyldiazonium.
Due to the instability of diazonium salts in aqueous solutions, phenyldiazonium modified Cu
(PD-Cu) was prepared by electrodeposition of 10 mM phenyldiazonium tetrafluoroborate in
acetonitrile at -1 V vs Ag/AgCl for 15 minutes (for the detailed procedure see the SI). CO:
reduction electrolysis experiments were performed in a COz-saturated 0.1 M KHCO;
solution in an H-type flow cell as reported previously (see SI, Figures S4.1-3).28 At all
electrode potentials examined, PD-Cu showed a significant increase in selectivity towards
C»+ products compared to unmodified, bare Cu (Figure 4.2a, S4.4-5). Most notably, at -1.05

V vs RHE, PD-Cu showed 70.1+1.4 % selectivity for ethylene, ethanol, and 1-propanol
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(Table S4.1). As a comparison, freshly polished Cu without surface modification only

afforded 26.0+2.0 % FE for C+ products at the same electrode potential (Table S4.2), which
is consistent with other reports on Cu.8,12 In other words, the surface modification boosts
the selectivity and activity of Co+ products on Cu to up to 2.7-fold (Figure 4.2b, S4.4-5),
while substantially suppressing H> and CH4 formation. Given that the modified Cu is a
composite material with an organic coating on top, controls were performed to ensure CO:
was the only source of carbon in the CO2R products (Figure S4.6, Table S4.4).

Despite the precedented stability of diazonium-grafted films, the catalytic effect of
the polyaromatic layer decreased over the course of a 10 h electrolysis.!” The FE for CoHa
dropped from ca. 40% at the beginning of catalysis to ca. 20%, while the selectivity towards
CHsand H; slowly increased to over 10% and 40%, respectively (Figure 4.3a). Atomic force
microscopy (AFM) images of PD-Cu after 30 min of electrolysis show the agglomeration of
particles in the organic layer, causing inhomogeneity in the film, despite observing no change
in selectivity on this time scale. We suspect that the agglomerated film is less durable, and
AFM images confirm the delamination of the polyaromatic layer after 10 h, exposing the
underlying Cu (Figure S4.7). The instability of the deposited layer in this case likely
contributes to the diminishing C»+ product selectivity and activity over time, although surface
reconstruction and/or poisoning of Cu sites has been posited in a number of independent

studies to be the cause of catalytic instability and cannot be ruled out here.?
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Figure 4.2. Enhanced Cy+ product selectivity by phenyldiazonium (PD) modification. a)
Potential-dependent selectivity and activity of PD-Cu shows an increase in activity and
selectivity for C»+ products compared to bare Cu at its peak performing potential (see Table
S4.2, Figure S4.4 for other bare Cu FEs), with bars indicating FE (left axis) and circles
indicating total current densities (right axis); b) Comparing the C»+ partial current densities
to bare Cu controls highlights the increase in activity for PD-Cu.
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Figure 4.3. Comparison of catalytic performance over time during COzR. a) Gas product
selectivity during 10 h CO» reduction with PD-Cu; b) Comparison of Cu, PD-Cu, and
diphenyliodonium-Cu (PI-Cu) CO> reduction selectivities at near -1.05 V vs RHE, with
markers indicating their respective total current densities after 35 minutes of electrolysis; ¢)
Gas product selectivity during 24 h CO; reduction with PI-Cu.

We expect that the limited stability of the grafted film is due to the highly reactive
diazonium precursor undergoing competing polymerization in solution, in addition to
reactions at the electrode surface, followed by larger polyaryl fragments grafting to the
electrode surface and resulting in uneven films. Commercially available diaryliodonium salts
are markedly more stable than diazonium salts and their deposition is reported to be more
controlled due to the formation of aryl radicals only at to the electrode surface.?* Todonium
salts have reduction potentials more negative than diazonium analogues and can therefore be
dissolved in neutral aqueous solutions without decomposition (Figure S4.8,9).2° Their

stability enables the in-situ deposition of diphenyliodonium onto Cu (PI-Cu). PI-Cu affords

nearly identical selectivity and activity to PD-Cu at -1.05 V vs RHE, with 70.3% selectivity
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for Ca+ products (Figure 4.3b, S4.4-5 Table S4.3). Notably, PI-Cu offers a more robust

system than PD-Cu as it maintains selectivity for 24 hours and is especially outstanding as
compared to bare Cu’s deteriorating selectivity over time (Figure 4.3¢c, Figure S4.10). One
possible explanation for the change in film integrity is the deposition mechanism of the
iodonium salt enabling the formation of a denser film. AFM images of the grafted films show
smaller surface height variation in the case of PD-Cu than PI-Cu, suggesting that diazonium
film growth may be suppressed by solution polymerization (Figure 4.4a,b). Adding KI to the
electrolyte with PD-Cu does not change product selectivity, suggesting that increased
stability was indeed due to the more controlled in-situ deposition method and not iodide near

the surface sourced from the iodonium precursor (Table S4.3, entry 4).
a)

50.0 nm

-50.0 nm

b)

90.3 nm

-94.5 nm

Figure 4.4. Comparison of diazonium- and iodonium-based polyaromatic electrode
modification. a) AFM of PD-Cu surface; b) AFM of PI-Cu surface.
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Reflectance Fourier-transform infrared spectroscopy confirms that the films are
similar in nature, with PI-Cu having more intense peaks attributable to the increased
thickness, and are consistent with those reported previously (Figure S4.11).2! Each show
bands characteristic to phenyl rings in the range of 2900-3100 cm-1, 1400-1600 cm-1, and
700-900 cm-1, whereas the features corresponding to diazonium group stretching (2295 cm-
2) are not present after electrodeposition (Figure S4.12, Tables S4.5-6). X-ray photoelectron
spectroscopy (XPS) indicates the presence of C, N, O, and Cu on the surface of PD-Cu
(Figure S4.13) and C, I, O, and Cu on the surface of PI-Cu (Figure S4.14). The atomic ratio
of C to N in the deposited layer as probed by XPS is around 19 to 1 for PD-Cu and C to I is
around 330 to 1 for PI-Cu. The minor presence of N 1s feature (Figure S4.13c) can be
attributed to incomplete generation of N> from diazonium groups and the formation of aryl
substituted -N=N- moieties during electrodeposition, as has been documented in other
studies.?**! The intensity ratios of carbon to copper and carbon to iodine in PI-Cu is
consistent with a thicker film and fewer side reactions than PD-Cu, respectively. These data
indicate that the iodonium-derived film provides a film that is significantly less contaminated
with heteroatoms, important for catalytic comparisons where other organic films are rich in
functionality.'>
Previously, the strong adhesion of the coated layer to Cu was ascribed to the
formation of covalent Cu-C and CuO-C bonds, which was established based on indirect XPS
evidence in a study on the electroless grafting of phenyldiazonium on Cu under short
exposure time.!” Notwithstanding the literature precedents (including studies on other

metals®®3?), we are not sure whether the nature of interaction between the organic layer and
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underlying Cu in PD-Cu and PI-Cu is covalent (Figure S4.14-15). However, the nature of

the interaction between the film, cations, and intermediates is of considerable interest and
warrants further investigation.

The surface coverage of the grafted layer was found to be critical for the catalytic
performance of modified Cu. Exposure of Cu foil to electrodeposition conditions with either
phenyl radical source for just 1 min yields a non-uniform and possibly thinner coating (Figure
S4.16). The resulting catalytic performance of Cu with 1 min, and even 5 min, deposition
times show lower selectivity for Cz+ products than 10-minute pretreatment. Exposure to
electrodeposition times beyond 10 min did not yield further catalytic benefits (Table S4.7-8,
Figure S4.17). This can be rationalized by the self-limiting nature of the electrodeposition
process. Accordingly, chronoamperometry with PD-Cu resulted in little additional film
formation after 10 min under these conditions (Figure S4.18).

Given that PD-Cu and PI-Cu maintain total current density and increased C»+ partial
current density relative to bare Cu (Figure 4.2b), a behavior that contrasts with that of N-aryl

pyridinium additives and other organic-modified systems,'*

where increased selectivity
towards C»+ products comes at the expense of lower total current density, further studies were
performed to understand the impact of the film (Figure 4.5).

Measurement of the double layer capacitance via cyclic voltammetry at various scan
rates (Figure S4.19, Table S4.9) reveals that the post-catalysis modified catalyst has a similar
electrochemical active surface area (ECSA) to that of unmodified Cu (Figure 4.5a). The
previous tradeoff of activity for selectivity with N-aryl pyridinium additives can be

rationalized based on lower ECSA caused by an insoluble and non-conductive film laying

on top of active sites, thus limiting substrate access.!® Grafted films, however, have been
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proposed to grow perpendicular to the surface and create a low density film with channels

that may enable facile substrate transport through the film, maintaining catalytic activity.*
However, since we cannot conclude that a covalent bond exists between the polyaryl layer
and the metal surface in the present system, the unchanged ECSA may also be attributed to
other phenomena, such as a tradeoff between a roughened and more active surface and film
covering active sites.?* Other considerations include a possible change in the specific
capacitance of the system or changes in the ECSA being within error between measurements

due to the thin nature of the film.
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Figure 4.5. Electrochemical studies of the impact of the organic films. a) Relative ECSA of
Cu does not change appreciably upon modification of surface with polyaryl layer; b) RDE
studies show a change in the slope associated with HER, consistent with a decrease in the
proton diffusion coefficient in the presence of the PI-Cu organic film.
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Rotating disk electrode (RDE) experiments were performed in an unbuffered acidic
solution to probe whether the polymeric organic coating studied herein affects the transport
of protons. Previously, N-aryl pyridinium additives or surfactants have been shown to
impede proton transport to the electrode surface and thereby enhance CO:R selectivity.!33433
PD-Cu prepared through a 10 min deposition shows no decrease in plateau current and only
a slight decrease in the irreversible water reduction wave compared to the bare surface
(Figure S4.20, Table S4.10). Similar results were obtained with 10-minute deposition time
PI-Cu, with no appreciable change in proton diffusion coefficient (Table S4.10). The small
changes observed could be due to (i) these films having high proton diffusion, or (ii) the films
being sufficiently thin that the decrease in proton diffusion is very small (<5%, Figure S4.21).
PI-Cu with a 30-minute deposition time (analogous to a film formed in-situ during catalytic
run) was evaluated by RDE experiments and showed a decrease in proton diffusion
coefficient by 25+9%, in support of the second hypothesis (Figure 4.5b, Table S4.10). This
result suggests that the source of the effects of the films reported herein is likely similar to

those of pyridinium additives; nevertheless, it also reveals that the requisite decrease in

proton availability needed to cause a substantial increase in Ca+ selectivity is small.!3-!4
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Figure 4.6. Product distribution and electrolyte pH over the course of 5 hours with PI-Cu in
a gas diffusion electrode setting at -100 mA cm with an initial 1 M H3POj4 electrolyte. The
dashed line corresponds to the injection of additional fresh electrolyte to the system.

Given the promising stability observed for PI-Cu and the decrease in proton
diffusion, the performance of the modified electrode was tested under the more demanding
conditions of CO2R under acidic conditions of pH = 1.3%%7 Efforts to perform a blank
experiment using 300 nm of Cu on PTFE in 1 M H3PO4/ 1 M KCI were stifled by the
complete corrosion of the copper catalyst layer (Figure S4.22). Upon grafting the electrode
with diphenyliodonium, over 65% FE C»+ was obtained at -100 mA/cm? (Figure S4.23).
Reinjecting the system with fresh electrolyte did not change the selectivity, highlighting the
durability of the film (Figure 4.6). Minor deterioration of the selectivity is attributable to
mechanical failure of the electrode, rather than delamination of the film. In other tests, high
selectivity could be maintained over 5 hours as the bulk pH of the electrolyte swung from ca.
1 to 10 (Figure S4.24). Since the selectivity is the same across the pH range, we suggest that
the conditions of the catalyst microenvironment must be consistent throughout and shielded

from the bulk solution. The grafted layer appears to sufficiently protect the electrode surface

from corrosion at all operating conditions tested.
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4.3 Conclusion

In summary, we have described the enhancement in selectivity and activity towards
C2+ products for Cu-catalyzed electrochemical CO; reduction by thin polyaromatic layers.
These coatings were readily accessed electrochemically from phenyldiazonium and
phenyliodonium precursors. The thickness and uniformity of the deposited layer are shown
to be critical to the catalytic enhancement by the film. PD-Cu and PI-Cu provide similar
surfaces, but differences in chemical stability and deposition mechanism result in a
significant difference in film stability. RDE studies indicate that the thicker films act as a
barrier towards the diffusion of proton sources to the electrode surface, supporting previous
hypotheses that decreased proton availability near the electrode surface increases Ca+
selectivity. Taking advantage of the improved durability of these polyaromatic films,
selective CO2R can be achieved even under highly acidic (pH = 1) conditions for prolonged
periods of time. The durability of the grafted film under nonaqueous and corrosive conditions
electrode affirm the potential to use electrografted materials as electrocatalysts for
electrocatalytic transformations where selectivity remains a challenge due to electrode

decomposition, competing HER, and/or low gas solubility.
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Chapter 5

HYDRODYNAMICS CHANGE TAFEL SLOPES IN
ELECTROCHEMICAL CO, REDUCTION ON COPPER

Adapted from:
Watkins, N. B.; Schiffer, Z. J.; Lai, Y.; Musgrave, C. B. I.; Atwater, H. A.;
Goddard, W. A. 1; Agapie, T.; Peters, J. C.; Gregoire, J. M.
ACS Energy Lett. 2023, 8 (5), 2185-2192.
10.1021/acsenergylett.3c00442.
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5.1 Introduction

Heightened anthropogenic atmospheric CO; levels motivates the development of
processes to mitigate CO» emissions associated with climate change.!? Electrochemical CO;
reduction (CO2R) is being pursued as one solution towards a carbon-neutral economy.*
However, many challenges remain, including those associated with selectivity for multi-
carbon fuel candidates. Current trends focus on copper’s crucial ability to form appreciable
quantities of carbon-coupled products. As yet it is not possible to reliably tune the
downstream Cp+ products produced, such as ethylene and ethanol, and the mechanisms
defining such selectivities are not firmly established (Scheme 5.1).°> Even on a planar catalyst,
perhaps the simplest practical system for mechanistic studies, there are many effects to
consider, including, but not limited to: concentration polarization effects from dissolved CO»,
intermediates, electrolytes, fluctuations in local pH, and the faceting and restructuring of the

electrode surface.®

Ox 2 H o H* xH*
C. 26 Il e xe”
2 O_»2 C __, ? _50Cy

Scheme 5.1: Electrochemical reduction of CO; to CO requires two proton and electron
transfers. Reduction of CO is proposed to be the rate-determining step for producing carbon-
coupled products, but the exact species it is reduced to upon dimerization are still under
investigation.®

Tafel analysis, derived from Butler-Volmer kinetics, is one powerful tool that has

long been used to aid in the understanding of electrochemical mechanisms. By analyzing the

logarithm of current versus applied potential, information can be obtained regarding the
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number of proton and electron transfers occurring before the rate-determining step (RDS)

(Equation 5.1).” Through better mechanistic understanding, catalysts and systems can be
optimized to reduce energy barriers and alter selectivity.

Recently, it has come to light that this approach provides only limited reliable insight,
in part due to over-reliance on Tafel slopes and biases toward reporting cardinal values.?
Influences from mass transport can obscure observation of the desired Tafel behavior. CO,
an intermediate on-path to carbon-coupled CO2R products, has been used as the reactant to
try to simplify mechanistic studies.””!! However, such strategies cannot replicate the catalyst
micro- environment resulting from CO2/HCO; equilibrium, pH gradients, and equilibration
of the electrode with CO as a product, highlighting the importance of directly interrogating

CO; reduction systems.

60 mV dec™ 1

Tafel slope = oy

(D

Equation 5.1: A simplified equation for the Tafel slope, o!, is derived from the Butler-
Volmer equation, where n and g are the number of electron transfers before and during the
RDS, respectively.®

Gas diffusion electrodes and gas sparging have been investigated to address the issues
of low CO; solubility (34 mM) and low mass transport in aqueous CO, reduction.!? Gas
diffusion assemblies enhance CO- transport to the catalyst by decreasing the diffusion path
length of CO: to the electrode surface, but inherently create a distribution of mass transport
conditions and local electrochemical environments that impede their utilization for studying
catalyst mechanisms.!3:!4

H-cells, in which CO; is typically bubbled across the electrode surface, are widely

adopted for mechanistic studies. Their limitations in elucidating intrinsic catalyst behavior



88

include the documented sensitivity of product distribution to the bubble rate and size.!>!¢

Follow-up work on copper demonstrated that at -1.1 V vs RHE a difference in flow rate
between 5 and 10 sccm would afford a 20% swing in Faradaic efficiency (FE) in favor of
ethylene over hydrogen.!” The magnitude of the effect of bubble rate was further emphasized
on silver electrodes using the same cell geometry.'® Increasing the sparging rate from 2.5 to
40 sccm resulted in a 60% increase in CO FE at -1.4 V vs RHE and a >3x increase in the
partial current density (jco). Additionally, the authors determined that the average boundary
layer thickness decreased up to four-fold as the flow rate of CO> was increased. However,
the geometry of the diffusion layer as well as its variability are unclear due to the inconsistent
hydrodynamics that sparging produces.

Even with vigorous bubbling, the electrolyte flow closest to the electrode is
essentially stagnant, leading to well-defined Nernstian diffusion boundary layers.! As the
flow rate increases, the boundary layer becomes thinner and reduces the diffusion path length
for reactants to travel from the bulk to the surface (Figure 5.1a). In CO2R, the increased
exchange between species in the boundary layer and the bulk solution mitigates large
deviations in pH from the bulk electrolyte value.?’ While bubble formation from gaseous
products can disrupt the flow field, model laminar systems have been successfully deployed
to modulate CO; availability via flow rate and to facilitate cascade catalysis using multiple
CO3R catalysts (Ag and Cu).?!?? Rotating disk electrodes (RDEs) also serve as laminar
systems of interest for inspecting electrochemical CO» reduction.?*#* Typical RDE setups
are also challenged by bubble formation on the electrode surface, which has motivated the

development of rotating cylinder electrode (RCE) systems.?>26
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Figure 5.1: Graphical representation of the change in concentration of surface species due
to electrolyte flow near the electrode surface with a) laminar flow and b) turbulent flow.
Relative velocities and depth are indicated by arrow size and color, respectively (not to scale).

Unlike the electrolyte flow in an RDE, the RCE operates in a turbulent regime at
nearly all rotation rates. This difference enables an increased dynamic range of mass
transport to the electrode surface while mitigating the effect of bubble formation. While the
uniformity of the boundary layer is disrupted in this system (Figure 5.1b), the mass transfer
to the electrode surface can still be described well by mass transfer coefficient values.?” As
a result, increased rotation rates will see increased mass transfer and enable the study of mass
transport limited electrokinetics. Such studies have been performed on copper and have
revealed that increased turbulence results in a proportional increase in partial current
densities for CO (jco) and decrease in rates for carbon-coupled products.?>?¢ This result
supports the hypothesis that CO engages in a dynamic desorption-readsorption to the
electrode surface. However, these experiments were performed at single potentials and do

not provide greater insight into how these changes in the catalyst microenvironment affect

the mechanism of CO2R towards multi-carbon products as a whole. Additionally, while these
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experiments facilitated well-defined turbulent hydrodynamics, they required the use of a

hermetically sealed RCE, which limits data collection throughput.

In this study, we demonstrate that recirculation flow systems remove the
complications of gas bubbling and can be deployed on a range of cell geometries, creating a
combination of control and flexibility that complements traditional H-cell and RCE reactors.
Studying the influence of a range of reactor designs and mass transport conditions elucidates
the sensitivity of Tafel analysis to external factors in CO2R catalysis. Importantly, CO>
reduction kinetics towards multi-carbon products can be accelerated via increased
convection. Additionally, our observation of systematic variation in product selectivity with
hydrodynamics conditions provides an opportunity to better understand our team’s recent
high-throughput study of copper alloys. This study revealed a scaling relationship between
Jjcana and jcns that spanned more than three orders of magnitude of partial current densities
and that organic additive-derived film coatings can break this scaling relationship.?® The use
of hydrodynamics to observe or alter scaling relationships highlights the importance of

evaluating the sensitivity to mass transport in both mechanistic studies and reactor design.

5.2 Results and Discussion

To probe catalytic behavior with respect to hydrodynamics, we focus on two main
cell designs: H-cells similar to those reported by the Jaramillo and Ager laboratories and a
recirculation-based flow cell designed by the Gregoire group as part of the high throughput
analytical electrochemistry (ANEC) system (See Appendix Fig. S5.1a and 5.1b for cell

geometries).!>16-2
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Figure 5.2: COMSOL simulations of electrolyte velocity in the a) parallel-flow H-cell, b)
angled-flow H-cell, and ¢) ANEC cell are shown as cross-sections through the middle of
each cell, as shown for ANEC in d), where the electrolyte flow is from left to right, the
electrode is on the bottom, and the vertical axis is the height above the electrode surface. The
distribution in flow velocity within 1 mm of the electrode surface is markedly different
among the 3 flow geometries. By setting the concentration of a test species at the electrode
to 1 mM, the simulated CO flux from the electrode surface can be estimated for each flow
geometry in e), f), and g), respectively. This is shown schematically for ANEC in h). The
increasing transport from a) to b) to c) therefore has a marked impact on CO extraction from
the electrode surface.

ANEC was designed to deliver CO»-saturated electrolyte to the electrode via an inlet
oriented 20° from horizontal towards the surface, which enhances electrolyte convection and
mitigates bubble formation on the electrode surface.? Recirculating flow conditions were
also incorporated in a more traditional H-cell with 2 different flow paths: a horizontal inlet
hereafter referred to as the parallel-flow H-cell (Figure S5.1c), and a 20° inlet oriented
towards the working electrode, hereafter referred to as the angled-flow H-cell (Figure S5.1d).

COMSOL calculations were performed on the three variations of recirculation cells

to quantify the hydrodynamics (Figure 5.2a-c) and evaluate its influence on extraction of

desorbed reaction intermediates (Figure 5.2e-g). The modeling of the cell with CO,-sparged
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electrolyte is challenged by the ill-defined hydrodynamic conditions, although we expect

that the parallel flow of gas will produce hydrodynamics that are most similar to the parallel-
flow H-cell. Since the cells in question are not symmetric and have otherwise complex cell
geometries, the turbulence in each cell cannot be quantified using typical chemical
engineering parameters such as Reynolds or Sherwood numbers. For instance, the Reynolds
number for the parallel flow and angled-flow H-cells will be the same since the fluid,
velocities, and characteristic length scales are all the same. In the parallel-flow H-cell, the
majority of the electrolyte flow passes directly through the cell because the flow inlet and
outlet are aligned (Figure 5.2a). The only convection provided comes from mild eddy
currents in the near-surface region, which is likely similar to what would be observed with
vigorous bubbling. In the angled-flow H-cell, a large portion of the electrode area
experiences relatively high flow rates, creating high convection and preventing bubble
accumulation on the electrode surface (Figure 5.2b). The ANEC cell shows a similar
electrolyte path to the angled-flow H-cell, but with a larger affected region due to the relative
diameters of the electrode and tubing of the two systems (Figure 5.2¢,d).

While the fluid dynamics calculations describe the convection of CO- to the electrode
surface, they do not directly provide information about the residence time or flux of reaction
products from the electrode surface. To resolve this, COMSOL calculations were performed
on each cell design with Dirichlet boundary conditions at the electrode corresponding to a
chemistry-agnostic test species (Figure 5.2d-h).

We find, qualitatively, that the flux of a chemistry-agnostic test species away from
the electrode surface is, as expected, commensurate with the simulated hydrodynamics;

namely, the flux away from the electrode surface is largest in the ANEC cell, followed by
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the angled-flow H-cell, and then smallest in the parallel-flow H-cell. This is consistent

with experimental findings using potassium ferricyanide reduction, with a 3-fold smaller
average diffusion layer in the ANEC cell and angled-flow H-cell than in the parallel H-cell
(see Figure S5.2, Table S5.1).

Consistent with previous findings with RCEs, we observe that the differences in
convection are correlated with each system’s CO partial current densities (Figure 5.3). Since
the total CO2R current density is comparable among the systems in question, we attribute the
changes in selectivity to the changes in intermediate transport and not to differences in CO:
availability (Figure S5.3a). The differences in partial current density are more apparent at
higher overpotentials, likely due to increased activity, which is consistent with prior studies.*
We therefore posit that jco can be used as a probe for the level of convection near the
electrode in any electrochemical cell (with a Cu catalyst). This relationship is commensurate
with the observations from Figure 5.2 and arises from the equilibration of adsorbed and
desorbed CO, where increased convection facilitates removal of dissolved CO before it can

be further electrochemically reduced.
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Figure 5.3: Measured partial current densities for CO in each cell geometry with respect to
potential. Each data point corresponds to an individual experiment, with the exception of the
Sparged H-cell data, reproduced from [15], which is an average of three experiments.!>!6.2
The shaded regions correspond to a 95% confidence interval around a trend line fitting
function calculated via locally weighted scatterplot smoothing (LOWESS, see Appendix 5
for calculation details).

Based on the trends on Figure 5.2, we anticipate that the ANEC cell provides the
hydrodynamics that most substantially differ from a sparged H-cell, motivating comparison
of their potential-dependent performance towards products more reduced than CO,
commencing with jcons in Figure 5.4a and continuing with additional products in Figure 5.5a-
c. To quantify the differences in product distribution in the context of Tafel analysis, the
recently-reported Bayesian framework was adopted to generate the distribution of Tafel
slopes for each of the 3 H-cell flow conditions as well as for ANEC.?! The maximum
likelihood Tafel slope values for the ANEC cell are 39 and 41 mV dec™, respectively.® These
values are markedly different than those observed using data established by Kuhl, et al. for
the sparged H-cell, 99 and 80 mV dec™!, respectively (Figure 5.4a, S5.4a)."3

Applying the same analysis to the parallel flow and angled-flow H-cells, with each

increase in convection and corresponding increase in jco, a decrease in the Tafel slope for

ethylene and methane was observed (Figure 5.4b, S5.4b, full probability distributions in
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Figures S5.5-12). A larger change associated with the methane Tafel slope is consistent

with previous reports of jcns being more sensitive to pCO than ethylene.*° Based on Tafel
analysis alone, these results suggest that the RDS of copper catalyzed CO; reduction changes
with convection. Specifically, the Tafel slope suggests a shift in the RDS from an initial
electron transfer with the sparged H-cell (expected 120 mV dec™! for n =0 and ¢ = 1, see
Scheme 5.1 and Equation 5.1), toward a later step in the CO2R mechanism with ANEC (n >
1), such as a subsequent chemical step (¢ = 0, Tafel slope < 60 mV dec™) or electron transfer
step (g = 1, Tafel slope <40 mV dec™!). The lowered Tafel slopes provide an opportunity for
substantially increasing partial current densities with a modest increase in overpotential.
Figure 5.4a indicates that the present cell designs cannot fully realize that opportunity due to
a mass transport limit when the partial current density reaches ca. 10 mA ¢cm; we expect
future work on scalable reactor design can leverage the impact of convection on the Tafel

slope to increase partial currents toward highly reduced products.
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Figure 5.4: a) Tafel plots for ethylene comparing data from ANEC and the sparged H-cell.
A small plateau exists on the bottom of each ANEC plot due to the noise floor of the
instrument. Each data point corresponds to an individual experiment, with the exception of
the Sparged H-cell data, reproduced from [15], which is an average of three experiments.'?
b) Probability density curves for ethylene Tafel slope values using Bayesian statistics for
each cell geometry investigated. An identical figure for methane exists in Figure S5.4.
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Given the systematic variation in observed Tafel slope with level of convection,

we identify two predominant explanations for the underlying cause: increased CO:
availability or decreased surface coverage of CO with increased hydrodynamics. The former
explanation implies that insufficient convection causes depleted local CO; at the electrode
surface, resulting in low molecular collision probabilities and making CO. activation the
RDS.*? For the latter explanation, the combination of high near-surface [CO] under low-
convection conditions and the dynamic desorption-readsorption process of CO may interfere
with the activation of CO», which results in an apparent Tafel slope that conflates CO>
activation with CO reduction. In either case these findings emphasize that the apparent Tafel
slope reported for a Cu-based CO: reduction system, or any such system wherein
intermediates such as CO may be further reduced, arises from both the catalyst’s intrinsic
kinetics and mass transfer conditions. As a result, these studies must carefully consider the
convective conditions of the electrolyte, similar to how mechanistic studies in aqueous CO:

reduction often include discussions of surface facets, electric double layers, etc.!>!3
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Scheme 5.2: CO; delivery to the electrode surface is promoted by increased transport in the
cell, but so is the removal of CO produced at the electrode surface. In circumstances of high
transport with relatively low CO surface coverage, a scaling relationship between CH4 and
Ca+ products can be observed.?® Molecular films disrupt the trade-off between CO, delivery
and CO removal, breaking the scaling relationship in favor of increased selectivity for
carbon-coupled products. The additive can act as a physical barrier for CO leaving the
catalyst interface and attenuate the rate of CO removal.

Investigating changes to product selectivity and activity upon the addition of organic
films, derived from a molecular additive via electrodeposition, provides an opportunity to
differentiate whether CO, or CO availability is the primary driver of the hydrodynamics-
dependent Tafel slope. When a hydrophobic film is used, it has been posited to maintain the
local CO, concentration while inhibiting H,O transport.®* Accordingly, the local CO»
concentration is maintained while the additive acts as a physical barrier to trap and boost the
concentration of CO near the electrode surface (Scheme 5.2). Upon reductive deposition of
N,N'-ethylene-phenanthrolinium dibromide (1-Brz, Scheme 5.3) on Cu, the selectivities for
CO and CHg4 in both the sparged H-cell and the ANEC cell are suppressed while the
electrochemical active surface area is largely unchanged (Figure 5.5b,d, all other products in
Table S5.2).!1>** Following our previous use of jco as an indicator of electrolyte convection,

the attenuation of jco in the ANEC cell with an additive film (Figure 5.5d) suggests that the

catalyst interface experiences small amounts of convection relative to the unmodified system.
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Note that the reduction in jcus is consistent with the previous observation of an inverse

relationship between local CO concentration and jcgis.*°

] 12% 88%
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Scheme 5.3: Reductive dimerization of 1-Br; creates an insoluble film on the surface of the
electrode.

Analysis of the apparent Tafel slopes for systems with and without molecular
additives reveals the RDS in the organic-modified systems is likely the first electron transfer
(Figure 5.6). Maintaining similar Tafel slopes between the sparged H-cell and ANEC
systems indicates that the 1-Br: coating creates similar surface microenvironments
regardless of the cell’s hydrodynamics. These results indicate that any change in the RDS
induced by increased hydrodynamics is reverted upon addition of the 1-Br; coating.
Furthermore, total CO2R current density is comparable with and without organic films.
Accordingly, we expect changes in product selectivity and activity to be due to changes in

intermediate transport and not to differences in CO; availability (Figure S5.3b).
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Figure 5.5: The distribution of gaseous products are shown as stack plots for a) bare!> and
b) 1-Brz-modified* polycrystalline Cu electrodes with respect to potential in a CO»-sparged
H-cell. The product distribution from c) bare and d) 1-Brz-modified polycrystalline Cu
electrodes in ANEC are shown with smooth trend lines calculated using LOWESS (see
Appendix 5 for calculation details). Each data point corresponds to an individual experiment,
with the exception of the Sparged H-cell data, reproduced from [15], which is an average of
three experiments.!®> The presence of 1-Br; mitigates the influence of the difference flow

conditions in the H-Cell and ANEC cell.
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Figure 5.6: The distribution of ethylene Tafel slopes inferred from sparged H-cell'® and
ANEC systems, both without a molecular additive (data reproduced from Figure 5.4b) and
with 1-Brz.2* The organic film induces a much larger change in Tafel slope for the ANEC
system compared to the sparged H-cell system.

In addition to shielding the electrode from bulk electrolyte hydrodynamics, we
additionally consider whether organic films further concentrate CO near the catalyst surface.
Since the thin electrodeposited films are not amenable to experimental measurement of Dco,
we turn to computational investigation of CO transport near the electrode, with and without
additive films. Molecular dynamics calculations were performed using a single CO molecule
in a bath of either water or a mix of additive/water using LAMMPS (see S5.13-14 for
additional computational details).* The diffusion coefficient of CO in the simulated film was
determined to be less than 50% of that in pure H>O at 298 K. Given that residence time scales
inversely with diffusion coefficient (Equation 5.2), a decrease in the diffusion coefficient

results in a corresponding increase in the residence time. Here, L is the length of the diffusion

layer and v is the residence time.*¢

L2

)

Tres™ —
res
Dco

Equation 5.2: The mathematical relationship between residence time and diffusion
coefficient of intermediates is inversely proportional.
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The increased residence time facilitates further reduction of electrochemically

generated CO for any cell and flow configuration. This effect of increased residence time is
more pronounced for systems with high electrolyte convection because the lowered diffusion
constant provided by the organic coating is compounded by the increase in the minimum
diffusion layer thickness (set by the film) atop the working electrode, above which any
intermediates such as CO are rapidly removed. Without a molecular additive, the difference
in product distribution between the sparged H-cell and ANEC systems (Figure 5.5a,c) is
much more pronounced than the respective difference with the 1-Br; additive (Figure
5.5b,d). This finding highlights the opportunity to combine electrolyte convection and
organic coatings for both fundamental studies and reactor design, where the former mitigates
bubble formation at the working electrode and provides controlled and relatively uniform
hydrodynamics, and the latter provides an increased local concentration of CO to promote

C-C coupling and thus the formation of highly reduced products.

5.3 Conclusions

Systematic variation in hydrodynamics of Cu-based CO; reduction reactors was
achieved via adoption of electrolyte flow systems, as opposed to traditional CO»-sparged H-
cells. We show that increased electrolyte convection causes a substantial decrease of the
Tafel slope for ethylene and methane production. Since increased convection led to increased
jco, an inferred change in the RDS for ethylene and methane production is induced by rapid
extraction of desorbed CO under high-convection conditions. Furthermore, the lowered Tafel
slopes provided by high-convection conditions provide opportunities for electrolyzers with

high partial current density toward highly reduced products.



102
While our collective results do not negate the effects that local pH and cation

identity may have on the Tafel slope value, they highlight that Tafel analyses to-date have
been limited to a particular mass transport regime and that study of different regimes can
help elucidate reaction mechanisms. This type of strategy was utilized herein for the study
of organic additive-derived molecular coatings, which introduce a new mass transport regime
where product distributions and Tafel slope values are not as influenced by electrolyte
convection, due to diffusive transport within the coating. Furthermore, the relatively slow
diffusion of CO within the coating promotes its further reduction, especially toward C-C
coupled products. Together, these results provide context for the scaling relationship
previously disclosed between ethylene and methane partial current densities, and the role of
CO management within molecular coatings on electrodes towards the disruption of such a

scaling relationship, in favor of Cz+ products.
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Chapter 6

ELECTRODE SURFACE HEATING WITH ORGANIC FILMS
IMPROVES CO2 REDUCTION KINETICS ON COPPER

In collaboration with Yungchieh Lai, Zachary J. Schiffer, and Virginia Canestraight.
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6.1 Introduction

Decarbonization of the chemical industry is an important step towards halting the
progress of anthropogenic climate change. Electrochemical reactions driven with solar power
and other renewable energy sources to manufacture commodity chemicals, such as ammonia,
ethylene, and hydrogen have been recent targets to achieve this goal.! While these
commodity chemicals are currently being produced by well-established thermochemical
processes, such as the Haber-Bosch process, each product has a clear alternative
electrochemical synthetic pathway.? Ammonia can be produced either via nitrogen reduction
or nitrate reduction, ethylene via CO» reduction (CO2R), and hydrogen via water reduction
(Scheme 6.1).>* In addition, while the simplest operation is to drive these processes using
grid-based renewable electricity alone, eventual electrolyzers can be integrated with solar-
driven cells to afford photoelectrochemical (PEC) devices that directly harness the sun’s
energy and enable distributed chemical manufacturing. While these processes are currently
not economically viable, the development of improved catalysts, membranes, photovoltaics,

and government incentives drive forward their feasibility.?

N, + 6 H* 4+ 6e- —> 2 NH, E°=-0.15 V vs RHE
Ammonia electrosynthesis:
NO,™ + OHT +8e —> NH; + 3 H,0 E°=0.07 V vs RHE
Ethylene electrosynthesis: 2 CO, + 12 Ht +12e —> CH, +4H)0 E° = -0.34 V vs RHE
Hydrogen electrosynthesis: 2Ht +2e —> H, E°= 0V vs RHE

Scheme 6.1: Electrochemical pathways for the production of ammonia, ethylene, and
hydrogen. Next to each equation is the standard cell potential required for the reductive
transformation taken from Ref. 3 & 4.
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Thermocatalysis involves thermally-activated traversal of reaction barrier, which

is well described by the Arrhenius expression for the rate constant k£ (Equation 1).%” Here, 4
is a pre-exponential factor, E, is the activation energy for the reaction, R is the universal gas
constant, and 7 is the temperature of the reaction. Since lowering the activation energy is not

always possible, methodologies for increasing reaction temperature are therefore desirable.

_Ea

k = AeRT (1)

The electrochemical analogue to Equation 1 is the Butler-Volmer expression for the
kinetic current, ix (Equation 2). In the Butler-Volmer expression, in addition to the same
temperature dependent exponential with an activation energy, there is also a linear, potential
dependent term in the exponential. More complex theories expand on Butler-Volmer by, e.g.,
adding a quadratic potential term to the exponential, as is done with Marcus theory. Here,
is the transfer coefficient, which is a function of the pre-equilibrium electron transfers and
the rate-determining step, and ¢ is the applied potential with respect to a reference potential.®
In all cases, Butler-Volmer retains the qualitative form of the traditional Arrhenius

expression, and elevated temperatures will increase the kinetic current.’

—Egq+agp

i = Ae T @

Since temperature will improve reaction kinetics, the question remains how to
efficiently heat the system. Industrial water splitting and CO> reduction processes heat the
entire electrolyzer to 40-60 °C and operate at current densities of or above 500 mA/cm?2,1%!!
It is of note that the limitation for these operating temperatures is typically the stability of the

membrane and not of the catalyst.!?> While uniform heating is beneficial for homogeneous

reactions associated with many traditional thermochemical processes, electrochemistry is
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localized to the electrode surface; heating the bulk may therefore result in wasted energy.

Additionally, resistive heating at industrially-relevant current densities causes electrode
surface temperature variation from the bulk by more than 10 °C.1>* 1In
photoelectrochemically driven systems, irradiative heating can cause local heating of the
electrode surface by a similar margin.!®> Given the sensitivity of electrochemistry to changes
in temperature, these differences between set point and actual electrode temperature may
have significant impacts on catalysis.

Bulk heating experiments in electrochemical CO; reduction on copper have shown
variable results. While all reports show increasing hydrogen and decreasing methane at
elevated temperatures, ethylene promotion has varied between studies.!!” We expect that
this discrepancy may be due to variable convective mass transport between systems, which
has been shown to have a significant effect on selectivity at 25 °C and would become
especially important at elevated temperatures due to decreased CO> solubility.?*?? There is
evidence from the electrochemical sensor literature that enhanced reactivity can be achieved
by using local heating.?*>~> In the case of CO; reduction, this would overcome the tradeoff
associated with decreasing bulk CO; solubility.° Recently, this concept has been applied to
COzR catalysis with both surface heating and cooling, achieving altered performance without
significantly affecting the bulk temperature.?®?” In these works, Bi rotating disk electrodes
(RDEs) increased their activity for formate by a factor of 1.7 upon raising surface
temperatures to 65 °C and planar Cu electrodes boosted their methane selectivity to 80% by
cooling the electrode to -4.4 °C (and applying pulsed electrolysis). In contrast to previous
works, surface heating on copper showed no clear trend in ethylene or methane Faradaic

efficiencies with respect to temperature, especially in the absence of supporting EDTA in the
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electrolyte, supporting the fact that hydrodynamics can significantly impact

performance.?’ In this work, we evaluate how mass transport and electrodeposited organic
films affect the performance of heated electrodes for ferricyanide and CO: reduction to Ca+

products.

6.2 Results and Discussion

Cathodic chamber

m/s

CE

recirculation —&= 1 RE
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Figure 6.1: A) Schematic of the high throughput analytical electrochemistry (HT-ANEC)
screening system utilized in this report. The working electrode is placed on top of a Peltier
heating element to accurately modulate surface temperature and the internal temperature can
be monitored using a thermocouple inserted in the top of the cell. In the inset are cross
sectional images of the simulated velocity and temperature profiles within the cell given a
flow rate of 150 pL/s and a surface temperature of 60 °C.

To establish a system with variable electrode temperature and hydrodynamics, we
expanded the high throughput analytical electrochemistry (HT-ANEC) screening system to
include a Peltier heating element that is electrically isolated and thermally coupled to the

planar working electrode. To characterize the behavior of the cell with a heated working
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electrode and electrolyte flow, we invoked multiphysics modeling to establish the

distribution of electrolyte flow rate and temperature throughout the working electrode
chamber (Figure 6.1).28 The design of the cell varies slightly from our previous report on the
effects of hydrodynamics on Tafel slopes to allow for a thermocouple to be placed inside the
working compartment to monitor internal temperature.”> We measured internal and outlet
temperatures at five temperature points with surface heating (SH) to evaluate the degree of
global heating of the system. At a surface temperature of 60 °C, we experimentally measure
an internal temperature of 36 °C £+ 1.1 °C and an outlet temperature of 26.8 + 0.1, which
supports our goal of mitigating bulk electrolyte heating. Our simulations further support this
claim, with the average temperature in the cell showing Gaussian temperature distributions

at temperatures far below the surface temperature(Figure S6.1, Table S6.1).
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Figure 6.2: A) OCV measurements at variable electrode temperatures over time changing
from a fast electrolyte recirculation rate to a slower one at 300 s. B) Comparison of measured
temperature values for the two recirculation rates compared to the set temperatures. Error
bars indicate the standard deviation between two measurements for each temperature.
Electrochemistry was performed using a sputtered platinum film working electrode, a
platinum wire counter electrode, and a leakless Ag/AgCl reference electrode, in 0.5 M KCI
with 5 mM K3Fe(CN)s and 5 mM K4Fe(CN)e.



114
To characterize the effective temperature of electrochemical reactions under the

condition with a heated working electrode and ambient recirculating electrolyte, we
measured the open circuit potential with an electrolyte containing equal concentrations of
potassium ferri/ferrocyanide, whose temperature-dependent equilibrium potential is well
established.?? We performed open circuit voltage (OCV) measurements at our standard flow
rate of 150 pL/s as well as a reduced flow rate (Figure 6.2A). While the observed
temperatures reflect the expectation that rapidly flowing ambient electrolyte lowers the
effective reaction temperature with respect to the electrode temperature, these deviations are
within ca. 5 °C (Figure 6.2B, Table S6.2, Figure S6.2) and demonstrate our ability to
systematically vary with reaction temperature via electrode heating. To further understand
the differences between surface and bulk heating, we identified the mass transport limited
current for each heating system by performing constant potential electrolyses at variable
temperatures and using Fick’s second law to determine the average concentration boundary
layer (8¢) thickness (Figure S6.3-5).° Upon changing the temperature, we find that the 8¢
decreases in thickness for both systems, but marginally less with SH, which we expect is due
to incomplete/inhomogeneous heating of the concentration boundary layer with SH (Figure
S6.6). Partial heating is consistent also with the changes in cell resistance since we observe

slightly lower resistances with BH than SH. (Figure S6.7).
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Figure 6.3: Electrochemical CO; reduction performance without (left) and with (right)
organic films in 0.1 M KHCO;. Each data point corresponds to an individual experiment.
The organic film was deposited via a 10-minute pre-deposition of 10 mM diphenyliodonium
triflate at -1.2 V vs RHE in COz-sparged 0.1 M KHCO3. 10 mM diphenyliodonium was
present during electrolysis in the case of the additive film, as well to heal minor delamination,
as reported previously.’!

Applying surface heating to CO; reduction, we observe an increase in activity for
both CO2R and HER, which is consistent with previous reports (Figure S6.8).!1°1° However,
importantly, we see a 2x increase in partial current density and up to 10% increase in Faradaic
efficiency at -1.03 V vs RHE for carbon-coupled products, suggesting that previous reports
with this trend had higher levels of mass transfer (Figure 6.3A).!® We observe no appreciable
improvement in Cp+ partial current density heating the surface from from 43 to 60 °C,
supporting the hypothesis from Koper et. al that other factors, such as structural changes,
may be significant factors at these elevated temperatures.'® Unexpectedly, we do not observe
a noticeable shift in onset potential for C,+ products. We suspect this may be the case due to
the increase in partial current density towards hydrogen evolution dominating at more

positive potentials or the high convection in the system convoluting the transport of

intermediates at the surface.
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Scheme 6.2: Under reductive bias, diphenyliodonium iodonium polymerizes on the electrode

surface to form a robust polyaromatic coating that is electronically insulating, but permeable

to reactants and solvent.3!

In our previous work, we determined organic films create hydrodynamically isolated
electrode microenvironments.?> We hypothesized that the addition of an additive film would
protect intermediates for long enough close to the electrode surface to allow for them to
equilibrate with SH electrode temperatures. While we previously investigated films based on
N,N’-ethylenephenanthrolinium dibromide, herein we investigate those derived from
diphenyliodonium triflate due to their increased robustness (Scheme 6.2).3! Upon the
incorporation of an organic film, we observe a boost in C»+ FE and a systematic increase in
activity for carbon-coupled products with temperature. In addition to the change in catalytic
performance, we observe a positive shift in onset potential for carbon-coupled product
formation (Figure 6.3B; Figure S6.9, Table S6.2). The highest activity for C»+ products was
observed at -1.02 V vs RHE and SH=60 °C, where we obtained a FEc2+ of 44% and a partial
current density of 6.61 mA/cm?. With the organic coating, at ambient temperature an
additional 0.1 V of overpotential is needed to obtain comparable C»-+ activity, highlighting
how the temperature-based improvements to electrokinetics enable operation at lower
overpotentials. This activity and selectivity are beyond those observed without an organic

coating, regardless of temperature. The systematic increase in electrokinetics with increasing
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surface temperature is more apparent in the presence of the organic coating than in its

absence. This systematic improvement to C+ activity is observed up to 60 °C, above which

we suspect that the loss in improvement may be from delamination of the organic coating
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Figure 6.4: Probability distributions of the A) activation energy, Ea, for CO reduction with
molecular films using surface heating, B) observed change in applied potential with respect
to temperature given a fixed kinetic current, C) observed change in kinetic current with
respect to temperature given a fixed applied potential.

While the Butler-Volmer expression is analogous to a traditional Arrhenius rate constant
expression, calculating the activation energy for an electrochemical reaction is non-trivial
because any temperature dependent analysis (such as plotting logio(ix) vs 1/T) will result in
the calculation of a convolution of activation energy, transfer coefficient, and applied
potential. Specifically, the slope on a logio(ix) vs 1/T plot is not the activation energy as it is
with a thermochemical reaction, but instead is the quantity (—E.+a¢). Thus, to calculate the
activation energy of an electrochemical reaction, a comprehensive analysis of a range of
potentials and temperatures is necessary, which is seldom done due to limitations in sufficient
data collection for rigorous parameter estimation procedures. As a result, we took additional

data points at intermediate temperatures to better describe the transition in onset potential

across temperatures and fit the resulting data to a temperature dependent Butler-Volmer
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model coupled with a mass-transfer limiting current (Figure S6.10).%2? Using the data

collected from HT-ANEC at a range of temperatures and potentials with a surface film, we
simultaneously calculated posterior distributions for the activation energy (Figure 6.4A, See
Appendix for discussion and derivation). The result is an activation energy for CO; reduction
of ca. 1.0 eV, differs from previously reported values (ca. 0.5 eV), because here we calculate
Jjust the activation energy, while previous analyses calculate the value of the expression (—
Eatag).!® Note that we include all carbon-coupled products in this analysis due to their
presumed common rate determining step, and therefore activation barrier. In addition to the
activation energy, we can calculate practical system parameters such as the rate of change of
the onset potential with changing temperature (Figure 6.4B) and the rate of change of the
current with changing temperature (Figure 6.4C). These derivatives reveal that we expect ca.
2 mV/K shift in onset potential with changing temperature or 0.02 dec/K shift in logio(ix)
with changing temperatures. Overall, the estimation of these values and derivatives for CO>
reduction is only possible with the breadth of data achievable with the HT-ANEC as well as
comprehensive analysis of the complete data set with an accurate model for the current as a
function of temperature and voltage. Furthermore, we find that organic modification was

essential to enable the calculation of these fundamental parameters.

6.3 Conclusions

In this work, we identify surface heating with molecular films as an alternative to bulk
heating in electrocatalysis. We used the change in open circuit voltage of ferri/ferrocyanide
to show that we are able to maintain relatively cooled bulk temperatures, even with heated

electrode surfaces. Furthermore, we show that the high convection in the HT-ANEC cell
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affects the electrokinetics observed, supporting the fact that macroscopic forces are able

to directly affect the catalyst microenvironment. With CO> reduction, we show that without
additive films, SH enhances activity, but only marginally alters selectivity. Upon the
incorporation of an organic film, we demonstrate improved catalytic performance and
shifting onset potentials that are consistent with values suggested by fundamental equations.
Bayesian analysis of 40 electrolysis experiments at different potentials and temperatures
enables identification of a reaction barrier with a probability distribution centered around
1.0 eV for the rate determining step for Cz+ product formation with elevated temperature also
providing a decrease in overpotential of ca. 2 mV/K. The benefits of electrode heating are
observed up to 60 °C, above which other effects such as surface reconstruction and
delamination of the organic film disrupt the activity vs. temperature trend. Collectively, the
results illustrate the importance of decoupling mass transport and temperature effects for

establishing fundamental reaction parameters.
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Appendix 1

UNFINISHED WORK FOR FUTURE INVESTIGATION: CELL DESIGN
FOR WELL-DEFINED HYDRODYNAMICS

Work performed in collaboration with Virginia Canestraight
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Al.1 Introduction:

Electrocatalytic processes driven by renewable energy have the potential to
decarbonize the chemical industry and drive forward a more sustainable future.! The
optimization of electrocatalytic systems can be separated into catalyst and reactor design; the
former is focused on increasing the intrinsic activity for the desired product, whereas the
latter is focused on controlling the transport of starting materials and reaction intermediates
near the electrode surface. H-cells commonly used for catalyst benchmarking and high-
performance cells, such as gas diffusion electrode (GDE) assemblies, rely on stir bars or the
flowing of gas or electrolyte across the electrode surface to refresh reactants near the surface.
However, the large regions of stagnant electrolyte in H-cells and the low transport within the
pores of the GDE, as exemplified by the large pH gradients and salt precipitation observed,
lead to ill-defined mass transport catalyst interface.>” These uncertainties make it difficult
to model the reaction surface accurately or decouple the effects of mass transport from the
intrinsic electrokinetics of the catalyst employed within these cell architectures.

A. Rotating Cylinder Electrode B. Plug Flow Reactor

-

reactants

reactants

products /

Concentration
Electrode

products|
Porous
K / U Electrode } U

Figure S1.1: Representations of A. rotating cylinder electrode and B. plug flow reactor
assemblies with their respective reactant and product concentration profiles.
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The classical examples for studying reactions under idealized transport conditions

are via the use of continuously stirred tank reactors (CSTR) and plug flow reactors (PFR)
because they can be nondimensionalized and simplified into 0-1D kinetic models. CSTRs
benefit lower- or negative-order reactions due to their dilute reactant and product streams,
whereas the input stream in PFRs can be modified to suit either high- or low-order reactions.®
In electrochemistry, these two systems can be most closely represented by rotating electrode
and porous electrode flow-through assemblies (Figure 1).”8 However, it is advantageous for
experiment throughput to rapidly concentrate products and minimize the effect of support
materials on catalysis, making both of these systems undesirable for broad use.’ One solution
would be to use a thin, parallel plate flow reactor, which enables small electrolyte volume
and easily modeled mass transport in two dimensions. These reactors have been used to
experimentally validate theoretical models of how gas and electrolyte transport alter the local
pH and reactant availability at the electrode surface.! It is of note that this design mimics the
microfluidic cells that have been used broadly in electrochemistry but benefits from

increased electrode surface area.!!-13
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A1.2 Cell Design
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Figure S1.2: Schematic of the parallel plate reactor used in initial experiments.

A thin parallel plate reactor was fabricated using resin-based additive manufacturing
(FormLabs Clear V4 resin) to enable accelerated optimization and fewer design constraints.
The objectives were to minimize electrolyte volume, while also minimizing the effects of
boundary conditions on the flow over the electrode surface (Figure S1.2).!* To achieve such
goals, the electrolyte path was defined by the gaskets that seal the compression cell.
Additionally, the electrode is partially masked by nonconductive Kapton tape, to center the
working area in the cell. The minimum electrolyte required to operate the cell is ca. 6 mL in
each compartment but can be decreased depending on the flow regime of interest (due to
minimum tubing sizes for peristaltic pump operation).

To ensure that the electrode only sees uniform flow velocities, the conformity of the
fluidics of the cell must be evaluated along two planes (Figure S1.3). Since the reactor can

be simplified to a parallel plate model the liquid flow can be described by Equations S1.1,
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where vz is the electrolyte velocity in the z direction, p is the viscosity of water, and P is

pressure. '

(S1.1)

Figure S1.3: Qualitative descriptions of how boundary conditions will affect the electrolyte
flow velocity in the plane A. parallel and B. perpendicular to the flow in a parallel plate
reactor given liquid flow along the direction of the arrow.
A1.3 Evaluation of Cell Design

Along the width, H, of the cell, dye visualization can map the liquid velocity profile
and along the section of the cell, W, ferricyanide reduction can inform concentration

boundary layer thicknesses.!® Furthermore, continuum simulations can support these

approximations to inform accuracy of our real-world system.
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Dye visualization
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Figure S1.4: Comparison of velocity profiles over the width of the cell using fundamental,
continuum, and experimental models at varying flow rates. In the legend, the numbers
correspond to the flow rate in mL/min, and “lam” corresponds to the laminar flow model
employed in COMSOL.

Using a syringe inserted into the recirculation tubing, pulses of 10 mM red 40 were
introduced under varying flow rates. A video was taken of dye front at 60 fps as it passed
across the electrode surface and analyzed using a python script to determine the change in
dye front position with respect to time. We find that at slow flow speeds, we achieve excellent
agreement between experimental, COMSOL, and theoretical models (Figure 1.4). However,
at faster flow rates, such as 50 mL/minute we begin to observe an inhomogeneity in the front.
Furthermore, performing dye visualization at faster flow rates proved challenging due to the

rapid dilution of the dye. Fortunately, we find that our COMSOL calculations still show good

agreement with experimental results and can therefore be relied upon to revise the cell design.
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Figure S1.5: Schematic of the finalized parallel plate reactor used in electrolysis
experiments.

To improve the delivery of electrolyte across the electrode surface, a reservoir was
incorporated into the back of the working electrode manifold with a rectangular inlet the
width of the channel defined by the gaskets (Figure S1.5). This increased the total volume of
the system by only 2 mL and, according to COMSOL simulations, significantly improved
the uniformity of the flow (Figure S1.6) We predict a smooth dye front even at recirculation
rates of 150 mL/min, which is a marked improvement from the previous design. In addition
to the reservoir, several other changes were made. Due to an issue with the membrane
buckling upon compression, two thin gaskets were incorporated on either side of the
membrane. The cell was always tightened using a torque wrench to 15 in-1bs of torque. The
resistance of the new cell, according to impedance measurements, in 0.1 M KHCOs was ca.
4 Q. To allow for gas sparging throughout catalysis, a gas inlet and outlet were added to the

working electrode manifold.
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Figure S1.6: Comparison of velocity profiles over the width of the original parallel plate
reactor with the “new” version. In the legend, the numbers correspond to the flow rate in
mL/min, and “lam” corresponds to the laminar flow model employed in COMSOL.

Ferricyanide Reduction

Since dye visualization is not readily accessible along the perpendicular plane to the
electrode, the electrochemical reduction of ferricyanide can be used to provide insight into
the diffusion boundary layer of the cell at variable flow rates. Using Fick’s second law,
Equation S1.2, we can calculate the concentration boundary layer using the mass transport
limited current density, jss, the diffusion coefficient of potassium ferricyanide, Dr., the

concentration, Cre, and Faraday’s constant.!7:!8

nFDg,C
gy = —t° (S1.2)
]SS

Similar to the horizontal section of the cell, due to the cell’s simplicity, we can model

the surface flux both using continuum simulations and fundamental equations. The
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theoretical model is based on the continuity equation for a dilute species in flow, Equation

S1.3, and describes the flux, jss theoreticat, at the electrode surface.'

-F [tem  §[Fe]

Dp, 5 | =0 dz (S1.3)

]ss,theoretical = 1cm o

Upon performing cyclic voltammograms to determine where the mass transport
limited plateau exists in our system, we identified -0.8 V vs Ag/AgCl as a viable potential to
evaluate jss at. We then performed chronoamperometry at varying flow rates and converted
the current density into boundary layer thicknesses. Comparing this result to theoretical and
simulated models, we can identify how well-behaved our mass transport is in the

perpendicular plane (Figure S1.7).
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Figure S1.7: Graph showing the change in concentration boundary layer with respect to flow
rate using 10 mM K3Fe(CN)g in 0.1 M KHCOs3 sparged with CO; using a gold working
electrode, leakless Ag/AgCl reference electrode, and an IrOx counter electrode. Error bars
show the standard deviation from two measurements.

We see good agreement at between the three models at high flow rates but observe

some divergence at lower flow rates. We expect that this may be due to three main factors:
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1) the periodicity of the peristaltic pump lowering the surface flux, 2) background HER

varying between different flow rates, and 3) nonidealities in flow due to the membrane or
gaskets buckling. To alleviate these issues in the future, a pump with more rollers should be
employed for electrolyses at a more positive overpotential that is still in the mass transport
limited plateau with more rigid gaskets. Notwithstanding the small deviation, the designed
cell exhibits well-defined hydrodynamics and is viable for the study of electrocatalytic
reactions. It is of note, however, that CO; reduction was attempted with this cell only to
obtain statistically insignificant results. We believe this derived from the peristaltic pump
degassing the electrolyte at the accelerated recirculation rates, leading to multiple variables
changing simultaneously.!® Therefore, we recommend that this cell only be used to examine
the effect of transport for reactions that do not involve dissolved gasses in the future.
A 1.4 Conclusions

In this work, we developed an electrochemical cell that exhibits well-defined
hydrodynamics. Furthermore, we highlight how its simplicity enables the fluid dynamics and
surface flux to be described not only using continuum modeling, but also using fundamental
equations. This capability differs vastly from the majority of reports in literature where the
description of mass transport within the cell is exceedingly difficult. Given the significance
of mass transport in reaction performance and in mechanistic study, the wide range of
convective laminar transport afforded by this cell make it a valuable electrochemical research
tool.>® While we find that the scope of electrochemical reactions that can be investigated
with this cell at this time is limited to those not involving dissolved gasses due to the
peristaltic pump, we believe that the merits of the cell designed herein warrants its wider

application.
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Material Synthesis

Cu thin film electrocatalysts were fabricated using DC magnetron sputtering of a 2”
Cu metal target at 50 W in 6 mTorr Ar onto a 100 mm-diameter Si wafer with an
approximately 170 nm SiO» diffusion barrier and 10 nm Ti adhesion layer, using a previously
described sputter system with 10-5 Pa base pressure.! After deposition, the films were stored
in a nitrogen purge box until the day of electrochemical testing, although no other catalyst
treatment was performed prior to electrocatalyst screening. The Cu-X (X: Co, Zn, Mn, In)
thin film electrodes were deposited under similar conditions from elemental metal targets
with DC power adjusted to obtain designed composition in the wafer center. All the metal
targets were pre-cleaned in the presence of 6 mTorr Ar for 10 min to remove any
contaminants from the target surface. The non-confocal sputtering geometry provided a
continuous composition gradient across the Si wafer with the composition variation within
each 5 mm diameter electrode being less than 1% for the most Cu-rich catalysts and about

2% for the most Cu-poor catalysts.

Electrochemistry

ANEC Analytical and Electro-chemistry (ANEC) is an analytical electrochemistry
system previously published by our group that can efficiently detects a wide range of CO2R
product.? This system is applied in this study to further explore those Cu-X catalysts that are
representative of the primary conclusions. Prior to the electrolysis, the electrolyte 0.1 or 0.25
M Potassium bicarbonate (>= 99.95% trace metals basis) with or without 0.1 mM 1-Br; was
purged with COz (99.999%, Airgas) for at least 30 min. A bipolar membrane (Fumasep®

FBM single film, Fumatech) was used to separate the working and counter electrodes.
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Platinum wire (99.9%, Sigma Aldrich) was used as the counter electrode. The surface

area of the counter electrode was about 0.25 cm?, while the working electrode surface area
was 0.32 cm?. The working electrode chamber has headspace volume ~3.3 ml and electrolyte
volume ~1.1 ml which is the optimized ratio to maximize product concentration for
detection.? Electrolysis was carried out with a Gamry Reference 600™ potentiostat. The
uncompensated solution resistance was measured by performing electrochemical impedance
spectroscopy (EIS) in the frequency range of 100 Hz to 500 kHz with an amplitude of 10
mV at the open circuit potential of a Pt-Pt Working Electrode-Counter Electrode system. The
uncompensated resistance, Ru, was measured by using a Nyquist plot of the EIS spectra and
was found to be 70 and 32 Ohms for 0.1 and 0.25 M KHCO;, respectively. All
electrochemical data was collected vs. a Ag/AgCl reference electrode (LF2, Innovative
Instruments) and converted to a reversible hydrogen electrode (RHE) scale. Prior to
electrolysis, a constant potential at -1 V vs RHE (without IR compensation) was conducted
as pretreatment for each composition of the library. Since the co-sputtered plate was used as
is (unlike Cu foil which would be polished prior to tests), such pre-electrolysis was performed
to 1) reduce any impurity oxide on the surface and 2) to pre-deposit additives on the surface.
To be consistent, 15 min CA was applied to all libraries tested. Electrolyses were then
performed at constant potentials (chronoamperometry) mostly between -0.9 to -1.3 V vs
RHE (without IR compensation). While electrolysis, the electrolyte was recirculated to
quickly accumulate reaction product for detection at a flow rate ~150 uL/s. This high flow
rate, compared to other flow cells reported for CO2R (typically with 1-2 ul/s), creates an
environment for less mass transport limitations.®> It is noted that any electrolysis tests

associated with additive electrolytes used is in the presence of 0.1 mM 1-Brz. The duration
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for electrolysis typically ranging from 5 to 15 mins depends on the total current of each

test to maximize the concentration of reaction product while maintaining high throughput
experimentation and avoiding pH hikes in the case >5% of CO; in the headspace is
consumed.? To assure this varying reaction durations will not change the product ratios, we
do multiple tests on one Cu sample with different CA durations and range it from 3 to 15min.
The results show CO2R products grow linearly with time, for example, Figure S2.11 shows
[CH4)/[C2+] remains constant at this time range. At the end of each electrolysis, gaseous and
liquid products were sampled by the robotic sample handling system (RSHS) and analyzed
by GC (Thermo Scientific™ TRACE™ 1300) and HPLC (Thermo Scientific UltiMate
3000). Detailed product detection (method) can be found at the previous publication.> The
cell and all solution handling lines are purged with fresh electrolyte and CO> between
electrolysis to avoid cross-contamination. The actual (compensated) potential shown in this
manuscript was corrected with the uncompensated resistance Ru measured above prior to

further data analysis.

Experimental Uncertainty

Variation in the current during an electrolysis experiment leads to a variation in the
compensated resistance, and the standard deviation thereof is illustrated as horizontal error
bars in Figure 2.2A. For correlation analysis of partial current densities, since each pair of
partial current densities result from the same electrolysis, this variation in potential is
negligible under the assumption that it does not span multiple kinetic regimes. The
uncertainty in partial current density has one contribution from the aliquot and analytic

chemistry processes, which we characterize during chromatography calibration for each
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product. The uncertainty is well modelled as a relative error in each measured

concentration, which corresponds to the same relative error in partial current densities. For
example, the relative error in CH4 quantification is 2.7%. The relative error in Ca+
quantification varies depending on the specific combination of products and is between 2%
and 7% for all electrolyses reported herein. For every partial current density data point in
Figures 2.2a-c, and 2.2f, the corresponding error bars are smaller than the marker size. While
this sampling error is negligible, more substantial sources of variability in measured partial
current densities may result from the impacts of turbulent flow, bubble occlusion of part of
the working electrode, etc., which are unquantified in the present work. Rather than perform
many repetitions of a single experiment to quantify this variability, we perform a breadth of
experiments to better characterize the universality of the relationships, where a large
unquantified uncertainty would obscure the observation of correlations or other relationships;

fortunately, this is not the case.

Influence of Local pH

Local pH is important for CO2R product distribution, however, our current cell is not
capable of measuring the pH at the electrode surface. It is particularly difficult to accurately
measure the pH of the microenvironment at the catalyst surface and would be a significant
challenge to take these measurements. However, given the rapid flow condition, a substantial
pH change will be limited to the diffusion layer and will be driven by the total current density.
Therefore, an indirect study of any influence of pH shift can be made by evaluating whether
the current density is related to the observed product ratio. The Figure S2.18 shows that the

current density is not a primary determinant of the product ratio.



143
Impact of [CO] on CH4 and C»+ formation

Since *CO is understood to be the precursor for both CH4 and Cz+ products, as
opposed to formic acid per various mechanisms reported in the literature, we specifically
investigate whether there is evidence of molecular CO being a reactant for CHs and Ca-+
formation.*> Figure S2.19 shows the corresponding partial current densities as a function of
the [CO], showing no systematic relationship and especially not a strong positive correlation
that would result from CO reduction being a significant source of these products. In the
presence of the additive, the negative correlation between CO and both CH4 and Ca+ shows
that the competition for the common *CO intermediate is more prominent than CO reduction.
In the time-dependent measurements (Figure S2.11), the proportionality of both CH4 and Co+
with electrolysis time for Cu further corroborates that CO reduction is insignificant. This
finding is also intuitive in the context of the concentration data shown in Figure S2.19, where
a ~2% maximum CO concentration corresponds to a partial pressure of 0.02 atm of CO that
equilibrates to 0.02 atm * 9.5E-4 mol/L/atm = 19 uM, more than 1000x less than the
concentration of dissolved CO2 (~32 mM).

With a given population of *CO that may or may not be equilibrated with a local
aqueous [CO], Figure 2.3A illustrates that the reactions pathways fall into 3 important
categories labelled by the resulting (measured) products: CO, CH4 and Co+. For a given
catalyst and potential there is some branching ratio for each of these paths. Prior literature
does not address whether the relative free energy barriers for these products could be changed
independently. Since CO production can vary drastically without a systematic change in the
other 2 types of products, this indicates that no free energy scaling relationship exists between

CO and either CH4 or Cy+ products. Those null results are equally important observations as
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the scaling relationship that we did identify, although each null result demonstrates that

we don’t need a mechanism to break that (nonexistant) scaling relationships. Hence the focus
on the CH4-Cs+ relationship and its disruption via addition of 1-Br,. Although we find no
evidence of a CO-CH4 or CO-C»+ power law relationship, these products are linked through
their common intermediates, which is most evident in the presence of the additive where a

negative correlation coefficient indicates the kinetic competition for the intermediate.

Material Characterization

The bulk compositions of the Cu-X alloys were characterized via x-ray fluorescence (XRF,
EDAX Orbis MicroXRF). The composition of all the alloys screened is shown in table S1.
Additional XRD characterization shown in Figures S2.12-16.

Table S2.1: Alloy compositions tested in ANEC cell for performance in CO> reduction.

Cu CuMn Culn CuZn CuCo

- 26.5:73.5 — 29.5:70.5 -

- 48.5:51.5 — 48.7:51.3 -

— — — 79 : 21 -

- 84:16 83.5:16.5 87:13 83.5:16.5
- 97:3 — 95.8:4.2 96.7:3.3
- - — 97.0:3.0 -

100: 0 98:2 97.8:22 974:2.6 97.8:22
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Synthetic Procedures

Synthesis of N,N’-ethylene-phenanthrolinium dibromide (1-Brz) In a round bottom flask
charged with a magnetic stir bar, phenanthroline (500 mg, 2.8 mmol, 1 equiv.) was dissolved
in dibromoethane (5 mL, 67.4 mmol, > 24 equiv.) and the final mixture was heated to 110
°C for 18 h. The precipitate formed was collected by filtration and washed with hexane (3 x
10 mL) and acetone (3 x 10 mL) to afford the final product. Yield: 970 mg (94 %, 2.6 mmol).

1H and 13C NMR spectra were in accordance with reported values.®
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Figure S2.1: Cu alloy product distribution in the absence of additives in 0.1M KHCO3. The
error bars shown in the figure include sampling/leak as well as the analytical instrument
calibration errors.
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Figure S2.4: a) The data underlying the correlation analysis from 0.25 M KHCOs. b)
Comparison for the trends between 0.1 and 0.25 M KHCOs. The latter shows a relatively
gradual slope suggests an increased selectivity toward methane at higher bicarbonate
concentrations.
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Figure S2.5: Visualization of the pairwise relationships in the current density (bottom-left)
and FE (upper-right). Each data point corresponds to a single catalyst composition and
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the current density plots the total cathodic current density is also shown.
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Figure S2.7: SEM of catalysts before (left column) and after (right column) catalysis with
molecular additives. a) CuZn samples b) CuMn samples ¢) Culn samples d) CuCo samples.
Due to being deposited on SiO; disks, charging of the surface with SEM was notable. In the
second column with molecular additives, the dark charging regions correspond to additive
on the surface. No significant surface restructuring was observed for any catalyst tested. Any
texture observed in the right column corresponds to thicker regions of the film on the surface
of the catalyst.
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Figure S2.8: SEM of Cu catalyst after catalysis without molecular additives —no notable
nanostructuring is observed.
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Figure S2.9: a) Precatalysis SEM of CuMn shows a grain size of 34.2 £+ 18.5 nm. b) Zoomed
in postcatalysis SEM of CuMn with additive shows there is a film on the surface and the
surface structure underneath remains unchanged. ¢) AFM of precatalysis CuMn with grain
size of approximately 40.5 nm. d) Postcatalysis AFM of CuMn with additive shows
agglomerated film on surface, as shown by the increase in magnitude of the scale bar. e)
AFM of CuMn postcatalysis surface with additive after washing off film shows consistent
grain size with the precatalysis surface of approximately 38.7 + 14.1 nm.
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Figure S2.10: a) Precatalysis SEM of Culn shows a grain size of 50.2 + 17.3 nm. b) Zoomed
in postcatalysis SEM of Culn with additive shows there is a film on the surface and the
surface structure underneath remains unchanged. ¢) AFM of precatalysis Culn has a grain
size of approximately 35 nm. d) Postcatalysis AFM of Culn with additive shows
agglomerated film on surface, as shown by the increase in magnitude of the scale bar. e)
AFM of Culn postcatalysis surface with additive after washing off film shows consistent
grain size with the precatalysis surface of approximately 37.7 + 16.0 nm.
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Figure S2.11: Resulting CHs vs C2+ from CA at -1.04 V vs RHE with different durations on
Cuin 0.1 M KHCO:s. The testing sequence was 5, 3, 10, 15, and then 5 mins. The repeated 5
min CA experiment was conducted to check for variation after multiple experimental runs at
different duration. The lack of variation at 5 min suggests that the electrode performs
consistently and reproducibly over time
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Figure S2.12: XRD for the as-synthesized alloys investigated. All compositions shown are
alloyed cubic Cu structure and are with space group of Fm-3m. For In, Mn, Zn alloys, peaks
shift to smaller 2-theta (larger d-spacing) with increasing alloy content. For Co, peaks shift
to larger 2-theta (smaller d-spacing) with increasing Co.
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Figure S2.13: XRD for alloy CuCo before and after electrolysis. Blue: pristine, red: absence
of additive, and black: presence of additive. The slight shift of peak position is due to slight
sample composition variation from sample to sample and is estimated to be < 1% for the Cu-
rich catalysts and < 2% for the Cu-poor catalysts.
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Figure S2.14: XRD for alloy CuZn before and after electrolysis. Blue: pristine, red: absence
of additive, and black: presence of additive. The slight shift of peak position is due to slight
sample composition variation from sample to sample and is estimated to be < 1% for the Cu-
rich catalysts and < 2% for the Cu-poor catalysts.
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Figure S2.15: XRD for alloy CuMn before and after electrolysis. Blue: pristine, red: absence
of additive, and black: presence of additive. The slight shift of peak position is due to slight
sample composition variation from sample to sample and is estimated to be < 1% for the Cu-
rich catalysts and < 2% for the Cu-poor catalysts.
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Figure S2.16: XRD for alloy Culn before and after electrolysis. Blue: pristine, red: absence
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Figure S2.17: A complementary figure for Figure 2.3 in the main text.
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Figure S2.18: Electrochemical current density, CO> consumption (in the headspace) at the
end of electrolysis, gas product concentration, and liquid product concentration vs log
(C2+/CHa). Solid symbol: electrolyses with additive; hollow symbol: electrolyses without
additive in 0.1 M KHCO:s.
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Figure S2.19: Product CO concentration vs partial current density of CH4 and CoHs. The
gaseous (headspace) CO concentration was measured by GC at the end of each electrolysis,
while aqueous CO was estimated from the measured CO by Henry’s law. Solid symbol:
electrolyses with additive; hollow symbol: electrolyses without additive in 0.1M KHCO:s.
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Appendix 3

SUPPLEMENTARY INFORMATION FOR CHAPTER 3:
MOLECULAR COATINGS IMPROVE THE SELECTIVITY AND
DURABILITY OF CO2 REDUCTION CHALCOGENIDE
PHOTOCATHODES

Adapted from:

Lai, Y.; Watkins, N. B.; Muzzillo, C.; Richter, M.; Kan, K.; Zhou, L.;
Haber, J. A.; Zakutayev, A.; Peters, J. C.; Agapie, T.; Gregoire, J. M.
ACS Energy Lett. 2022, 7 (3), 1195-1201.
10.1021/acsenergylett.1c02762.
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Experimental Methods

Photocathode synthesis

CuGaszSes absorbers were deposited on soda-lime glass substrates with Mo back contact
deposited by sputtering. The deposition was performed at 600 °C using a three-stage co-
evaporation process, with Ga-Se sourced in the 1st stage, Cu-Se sourced in the 2nd stage,
and Ga-Se sourced in the 3rd stage. The solution for CdS deposition contained 1.2 mM of
cadmium sulfate (CdSO4) and 59 mM of thiourea (CH4N>S) in NH4OH and DI water, and
was heated to 65°C during the coating process. More details about these experiments can be

found in prior publications.???*

Additive synthesis and characterization
Additives were synthesized according to previously published procedures using chemicals

as received from commercial suppliers without further purification.3*3!

High throughput electrochemical testing

Prior to the electrolysis, the electrolyte (0.1 M KHCO3, >99.95% trace metals basis, Sigma
Aldrich) with or without additives (add. 1 or add.2, also referred to as 1,4PhPy>) was purged
with CO2 (99.999%, Airgas) for at least 30 min. A bipolar membrane (BPM, Fumasep®
FBM single film, Fumatech) was used to separate the working and counter electrodes.
Platinum wire (99.9%, Sigma Aldrich) was used as the counter electrode. Electrolysis was
carried out with a Gamry Reference 600TM potentiostat. All electrochemical data were
collected using an Ag/AgCl reference electrode (LF2, Innovative Instruments) and converted

to a reversible hydrogen electrode (RHE) scale using the measured solution pH of 6.8. All
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cells and all solution handling lines were purged with fresh electrolyte and CO» between

electrolysis to avoid cross-contamination. These systems were coupled with front-side
electrode illumination using fiber-coupled LEDs. The surface area of the counter electrodes
were about 0.25 cm?, while the working electrode surface areas were 0.32 cm?. The flow rate

of electrolyte was 160 pL/s throughout the tests.

Two cell designs were used for the bulk testing of photocathodes.

(1) An electrochemical mass spectrometry (ECMS) system was previously published for
rapid CO2R electrocatalyst screening.*® Mass spectra were acquired on a Hiden HPR20 mass
spectrometer connected to the outlet of the desiccant chamber. An electron energy of 70 eV
was used for ionization of all species, with an emission current of 500 pA to maximize
detection sensitivity. Hydrogen (m/z = 2), methane (m/z = 15), and ethylene (m/z = 26) ions
were accelerated with a voltage of 3 V. All mass-selected product cations were detected by
a secondary electron multiplier with a detector voltage of 1050 V.

(2) Analytical and Electro-chemistry (HT-ANEC) is an analytical electrochemistry system
previously published by our group to efficiently detect a wide range of CO2R products.® At
the end of each (photo)electrolysis, gaseous and liquid products were sampled by the robotic
sample handling system (RSHS) and analyzed by GC (Thermo Scientific™ TRACE™ 1300)
and HPLC (Thermo Scientific UltiMate 3000). Detailed product detection (method) can be

found at the previous publication.*®
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Durability test by H-cell

For photoelectrochemical CO> reduction durability experiments in an H-Cell a custom peek
cell was utilized.*! The anode and membrane had an area of 1 cm? whereas the area of the
cathode was further reduced by a Viton mask to 0.5 cm?. CO; saturated 0.10 M potassium
bicarbonate with and without additive was used as the electrolyte. A Pt foil anode was used
behind a bipolar membrane (Fumasep® FBM single film, Fumatech) membrane. A leakless
Ag/AgCl electrode was used as a reference electrode. A monochromatic LED illumination

with a wavelength of 450 nm and an intensity of 65 mW/cm? was used.

Carbon dioxide was provided to the electrochemical cell at a flow rate of 5 sccm as controlled
by an Alicat flow controller. The gas stream was humidified by a gas bubbler connected in
series between the electrochemical cell and flow controller. The gas exhaust stream of the
electrochemical cell was passed through a liquid trap before flowing through the gas
sampling loop of an Agilent 7820a GCMS/TCD with an Alicat flow meter connected to its
exhaust. Quantitative analysis of gaseous products was based on calibrations with several
gas standards over many orders of magnitude in concentration. With the help of the
calibration, the Faradaic efficiency towards CO2R and hydrogen evolution products could be
calculated from the measured current density. For isotope labeling experiments the same
experimental configurations as described above were employed except 3CO, was used as

the CO; source.
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Pre- and post- (photo)electrochemistry sample characterization

TEM/EDS

Cd(S) layer in CdS/CuGasSes at different conditions was characterized by cross-sectional
Transmission electron microscopy (TEM) and energy-dispersive X-ray spectroscopy (EDS).
To prepare a cross-sectional TEM specimen, a FEI DualBeam Focused Ion Beam/scanning
electron microscope (FIB/SEM) was used and the sample was capped carbon/I-C prior to
milling. TEM experiments were carried out in a FEI Tecnai Osiris FEG/TEM operated at
200 kV in bright-field (BF) and high-resolution (HR) TEM mode. The EDX elemental
mapping was acquired using Bruker Quantax. This characterization was performed by

Eurofins EAG Precision TEM in Santa Clara, California.

XRF and ICP-MS

The Cd in CdS/CuGasSes sample was characterized by X-ray fluorescence (XRF) using an
EDAX Orbis Micro-XRF system to identify if any was leached out during the
photo(electrochemistry) measurements. Inductively coupled plasma mass spectrometry
(ICP-MS) by Thermo Fisher Scientific iICAP™ RQ instrument was used to determine the

concentration of dissolved metals in electrolytes used for electrochemistry.

SEM
Morphology of the Cd(S) layer and additives were characterized by Cross-sectional and top-
down view Scanning-electron microscopy images and were obtained with a FEI Nova

NanoSEM 450 microscope.
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XPS

X-ray photoelectron spectroscopic (XPS) data were collected using a Kratos Axis Nova
system with a base pressure of 1x10” Torr. The X-ray source was a monochromatic Al Ko
line at 1486.6 eV. Photoelectrons were collected at 0° from the surface normal with a
retarding pass energy of 160 eV for survey XPS scans with a step size of 0.5 eV, and a pass
energy of 20 eV for high-resolution core level scans with a step size of 0.05 eV. No charge
neutralization was used. The XPS was calibrated using the Au 4f7; line (84 eV) of a sputtered
gold foil. Data was analyzed using CasaXPS. To calculate the composition (atomic ratio) a
Shirley background was subtracted. The core level intensities were corrected by the analyzer
transmission function and relative sensitivity factors to obtain corrected peak intensities

which were used to calculate the atomic ratios.
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Figure S3.1: Initial experiments in an electrochemical flow cell where for each of 2
electrodes without (left) and with (right) CdS coating were operated as a sequence of applied
bias, chronologically from left to right. At each potential, after 120 s operation in the dark
illumination from a 455 nm LED was used to observe any photocurrent and change in Ho,
CHa4, and C;H4 production rate, which were quantified using mass spectrometry via a
pervaporation cell in the effluent of the electrolyte from the electrochemical reactor. Both
samples show negligible dark current and appreciable photocurrent from 0 to -0.4 V vs RHE
with undesirably large dark current at more negative bias. While no hydrocarbons are
observed, the observed H» signal is used to estimate the Faradaic efficiency, which is near
100% without the CdS coating and is lower with CdS, indicating formation of a non-detected
product such as CO or another electrochemical reaction occurring.
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Figure S3.2: Evaluation of the product distribution with illumination ranging from 617 nm
to 385 nm at OV vs RHE. The testing sequence is 617, 530, 455, and then 385nm. The FE,
especially for CO, is similar for the first 3 illumination sources and increases at 385 nm
illumination. The 455 nm illumination was chosen for further experimentation to represent
visible illumination. Note that xrf was used to monitor the Cd corrosion with 81 (counts)
prior to test and 14.5 (counts) after photoelectrolysis with the four wavelengths.
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Figure S3.3: a) The data from Figure 3.2 is shown using the partial current density for CO
as opposed to the total current density, and multiple experiments on a given electrode are
shown with arrows indicating the sequence of measurements. b) Aggregation of the
experiments in a) for the -0.4 and 0V, indicating that the primary mechanism of selectivity
enhancement with the additives is suppression of HER. The error bars for both J eche and
J CO at -04 V and 0 V vs RHE represent the standard deviation of the respective
measurements over the several photoelectrocatalysis experiments shown in a).
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Figure S3.4: GC-MS analyses before (“pre”), at 3 time intervals during photoelectrolysis at
0 V vs RHE with 10 mM Add. 2, and after photoelectrolysis (“post”). For each of these 5
headspace samples, mass spectra were acquired at a series of GC retention times. The 2 m/z
values of interest are 28 and 29, which correspond to '2CO and *CO, respectively. The N
from air contamination has similar retention time as that of CO and contributes to both a)
m/z= 28 and b) m/z=29 signals as shown in the “pre” and “post” measurements. The mass
spectrum acquired at 1.68 min retention time best characterizes CO with some contribution
from N». For each of the 5 conditions, the relevant portion of the mass spectrum is shown in
c) where the colors match the legend in a). To compare the signals during photoelectrolysis
to those of the “pre” baseline, d) contains the relative intensity for each m/z value with
detected intensity. The approximately 5-fold enhancement in m/z=29 signal in each of the
measurements during photoelectrolysis is marked with an asterisk. As shown in a), the
m/z=28 “pre” signal, which is from !Ny, is similar to the m/z=28 signals in subsequent
measurements. The concomitant m/z=29 signal from 'N!*N is thus also similar in each
measurement, demonstrating that the ~5-fold increase in m/z=29 signal for the measurements
during photoelectrolysis arises from photoelectrochemical generation of 13CO from 3COs.
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Figure S3.5: a) Plan-view SEM images of electrodes including as-synthesized, each
condition from the HT-ANEC measurements of Figure 3.2, and the H-cell measurement of
Figures 3.3b-c. Without additives, the surface restructures into nanocubes. The images from
experiments with a molecular additive exhibit a morphology that is more similar to the as-
synthesized electrode with some apparent restructuring and/or changes in morphology due
to heterogeneities in organic coating. b) cross-sectional view for H-cell 1,4-PhPy, which
shows variations in the film thickness.
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Figure S3.6: a) XPS survey scans for the 5 electrode conditions of Figures 3.4a-b. The
analysis of the detected species from each electrode are shown in b) and figure 3.4c. All
samples that underwent electrochemistry have a signal near a binding energy of 293 eV that
is likely from precipitates of KCOs from the electrolyte. The samples with 1,4-PhPy> also
show F and C signals corresponding to CF3, which is the counterion in the molecular additive
(the CPS of the corresponding C 1s peak is shown in b), which may also result from
precipitates of the electrolyte. Adventitious carbon and the molecular additive both
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contribute to C1, C2 can be assigned to carbonate species (CO3), C3 and C4 are satellite
and shake-up peaks.
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Figure S3.7: Additional TEM data supporting Figure 3.4b. The depth profile of elemental
composition is obtained by horizontal averaging of the EDS mapping images for each
sample.
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Figure S3.8: High resolution core level spectra for the energy regions containing C 1s and
K2p(a, d, g, j, m),S2pand Se 3p (b,e, h, k, n) and Cd 3d and N 1s (c, f,i,1,0) core levels.
The N originating from the additive molecules is also apparent in the respective samples.
XPS signals from the as-synthesized and no-additive samples include an S 2ps» binding
energy near 161.5 eV (Ssuifige in Figure 3.4c), as expected for a CdS.*? The electrodes with
additive show an additional S signal with 2p3» binding energy of 168-169 eV (Ssuifate In
Figure 3.4¢), which is more characteristic of sulfate species.*** In the 1-Br; sample, this
signal may arise from CdSO4 from oxidation of the CdS layer, although the low Cd signal
may suggest some sulfate complexation in the molecular coating, which initially contains no
sulfur. In the 1,4-PhPy, samples, this signal may arise from the triflate counterion to the
molecular additive. The C 1s signal involves multiple components whose intensities vary
with condition (Figure S3.5), although the multiple sources of carbon from the electrolyte,
additive, and adventitious sources preclude detailed interpretation at this time. The XPS
signals collectively corroborate the findings from electron microscopy and provide guidance
for future detailed exploration of the chemistry.
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Table S3.1: The photocurrent and product distribution, as well as XRF and ICP-MS
characterization of Cd corrosion, from each electrolysis experiment tested with 455 nm LED
(450nm LED for H-cell tests). The measured Cd concentration prior to (photo)electrolysis
by ICP-MS ranges between 0-4 ppb, which is considered to be noise. The Cd characterized
by XRF prior to (photo)electrolysis is 80 + 6 (counts) and for post-run characterization it is
only conducted after all photo-electrolysis on a sample are completed.

Spot# | Additive |V vs |J eche | FE H»| FE CO | ICP- ICP- Xrf

protocol | RHE (mA/c | (%) (%) MS MS (counts
m?)* (ppb)* | (ppb)° | )¢

1 No 0 -0.32 41.05 14.31 N/M N/M N/M
Additive

1 No -0.4 -0.47 41.72 2042 | N/M N/M 30.83
Additive

2 No 0 -0.82 43.83 23.58 | N/M N/M 9.2
Additive

3 No 0 -0.47 45.94 14.88 | N/M N/M 14.5
Additive

4 No 0 -0.5 51.28 16.04 | N/M N/M N/M
Additive

4 No -0.4 -1.96 58.49 22.73 N/M N/M 5
Additive

5 No 0 -0.57 49.15 20.71 4.2 45.53 N/M
Additive

5 No -0.2 -0.98 55.37 24.41 4.2 38.06 |N/M
Additive

5 No -0.4 -1.01 60.93 23.45 4.2 40.94 19
Additive

6 No 0 -0.38 41.99 11.86 2.9 39.05 68
Additive

7 No 0 -0.76 56.67 14.93 0 30.59 69
Additive

8 0.lmM |0 -0.38 13.78 4237 | N/M N/M N/M
add.1

8 0.lmM | -04 -0.54 4.83 69.53 N/M N/M N/M
add.1

8 0.lmM | -04 -0.5 7.62 61.66 | N/M N/M 22
add.1

9 0.lmM |0 -0.38 16.95 39.84 53 3.88 N/M
add.1

9 0.lmM | -04 -0.82 14.05 59.18 53 23.13 N/M
add.1

10 0.lmM |0 -0.44 20.82 3491 6.8 28.20 67
add.1
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11 0.lmM 0 -0.41 19.29 36.22 2.9 427 74
add.1

12 0.3mM 0 -0.35 17.27 30.41 44 32.50 60
add.1

13 0.3mM 0 -0.38 30.4 22.67 1.5 48.70 52
add.1

14 10mM 0 -0.32 3.02 24.79 3.6 37.13 64
add.1

15 10mM -0.4 -0.47 8.18 5991 3.6 0.58 54
add.1

16 10mM 0 -0.28 2.96 67.36 6.59 4.08 82
add.2

17 10mM 0 -0.19 2.21 53.16 1.32 0.76 N/M
add.2

17 10mM 0 -0.25 1.99 64.57 1.32 0.57 N/M
add.2

17 10mM 0 -0.22 2.03 67.52 1.32 0.46 N/M
add.2

17 10mM 0 -0.16 3.63 70.86 1.32 0.36 N/M
add.2

17 10mM -0.4 -0.35 1.97 74 1.32 0.31 83
add.2

18 10mM 0 -0.32 33 55.36 0.73 0.46 N/M
add.2

18 10mM 0.2 -0.06 4.86 34.01 0.73 0.59 N/M
add.2

18 10mM -0.2 -0.44 2.68 75.92 0.73 0.17 N/M
add.2

18 10mM -0.4 -0.28 3.15 83.28 0.73 0.32 82
add.2

19¢ 10mM 0 -0.13 8.7 53.89 N/M N/M N/M
add.2

19f No 0 -0.13 14.0 50.96 N/M 0.23 79
Additive

N/M: not measured

a. Pre-PEC electrolyte measured for Cd by ICP-MS and it is only measured once prior to
1% PEC of each sample spot

Post-PEC electrolyte measured for Cd by ICP-MS

Post-PEC sample measured for Cd by Xrf

Averaged J eche current during the CA period

First 1.2 hour of stability test by H-cell from figure 3b

Continued 3.3 hour of stability test by H-cell from figure 3c

me e o



176
Appendix 4

SUPPLEMENTARY INFORMATION FOR CHAPTER 4:
IN SITU DEPOSITED POLYAROMATIC LAYER GENERATES
ROBUST COPPER CATALYST FOR SELECTIVE
ELECTROCHEMICAL CO, REDUCTION AT VARIABLE PH

Adapted from:
Watkins, N. B.; Wu, Y.; Nie, W.; Peters, J. C.; Agapie, T.
ACS Energy Lett. 2022, 8 (1), 189-195.
10.1021/acsenergylett.2c02002.
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Materials and Methods

All solvents and reagents were obtained from commercial sources and used as
received, unless stated otherwise. Cu foils (99.999% Cu, 25 mm % 25 mm x 0.5 mm),
potassium carbonate (99.995%), acetonitrile (anhydrous, 99.8%), sodium nitrite (97+%),
iodotoluene (98%), m-CPBA (<77%), triflic acid (98%), and aniline (99%) were purchased
from Sigma Aldrich. Carbon rods (99.999% C) were purchased from Strem Chemicals.
Glassy carbon plate, platinum foil (99.99% Pt, 25 mm X 25 mm X 0.05 mm), fluoroboric acid
(48 wt% in water) were purchased from Alfa Aesar. Acetone, diethyl ether, benzene,
dichloromethane, and methanol were purchased from Fisher Chemical. Natural abundance
CO: (Research grade) was purchased from Airgas. Tetrabutylammonium tetrafluoroborate
(TBABF4) was purchased from Combi-blocks and recrystallized from hot mixture of ethanol
and water (v:v = 3:2) before use. Water was purified by a Nanopure Analytical Ultrapure
Water System (Thermo Scientific) or a Milli-Q Advantage A10 Water Purification System
(Millipore) with specific resistance of 18.2 MQ-cm at 25 °C. Deuterium dioxide (D 99.96%)
and ds-acetonitrile (D 99.8%) were purchased from Cambridge Isotope Laboratories.

Prior to each use, copper foil was mechanically polished to a mirror-like finish using
nanodiamond suspension (first 3 um then 0.1 um, Buehler) followed by rinsing in water and
drying under a stream of nitrogen gas. The copper foil was then electropolished using a
method similar to the one employed by Kuhl ef al.: In a 85% phosphoric acid bath, +2.1 V
versus a carbon rod counter electrode was applied to the Cu foil for 5 minutes and the foil
was subsequently washed with copious amounts of ultra-pure water and dried under a stream
of nitrogen gas. Prior to each use, glassy carbon plate was mechanically polished using

nanodiamond suspension (0.1 pm, Buehler) and then subjected to 30 s sonication in water,
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ethanol and water in sequence before drying under a stream of nitrogen gas. Prior to each

use, platinum foil was washed with water and flame-annealed using a butane torch for 10 s.
COs-saturated potassium bicarbonate electrolyte (KHCO3, 0.1 M) was prepared by sparging
an aqueous solution of potassium carbonate (K2COs, 0.05 M) with CO; for at least 1 h prior
to electrolysis.

For GDE experiments, 300 nm of copper was sputtered onto a 0.45 pm Sterlitech PTFE GDL
using AJA radio frequency (rf) magnetron sputtering from a Cu target (Kurt J. Lesker,
99.95%, 2-in. diameter). The argon (Ar) flow was kept at 20 sccm and the working pressure
was held at 5 pbar. The rf power was 100 W and the deposition rate was ~0.55 A s™!. Trace
metals basis H3PO4 and KC1 were used for the electrolyte. 1.5 x 1.5 cm? electrodes were cut
out and used in a custom GDE cell with a working electrode area of 1 cm?. Pt was used as
the anode to do OER and Selemion was used to separate the cathodic and anodic chambers.

CO;, was flowed across the back of the GDE at 10 sccm.

Nuclear Magnetic Resonance (NMR)

"H-NMR spectra were recorded on a Bruker 400 MHz instrument with a prodigy

broadband cryoprobe. Chemical shifts were reported relative to the residual solvent peak.

Fourier-transform Infrared Spectroscopy (FT-IR)
FT-IR spectra were recorded on a Thermo Scientific Nicolet iS5 FTIR instrument

(for powder samples) and a Thermo Scientific Nicolet 6700 FTIR instrument fitted with the
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Harrick Seagull accessory (for PD-Cu and PI-Cu). Measurements were performed at both

45° and 80°.

X-ray Photoelectron Spectroscopy (XPS)

XPS data were collected using a Kratos Axis Nova system with a base pressure of 1
x 107 Torr. The X-ray source was a monochromatic Al Ka line at 1486.6 eV. Data were
analyzed using CasaXPS. Spectral energy for all spectra were calibrated using the Cu 2p*?
peak (932.63 eV). To calculate the atomic ratio of elements, a Shirley background was
subtracted. The core-level intensities were corrected by the analyzer transmission function
and relative sensitivity factors to obtain corrected peak intensities, which were used to

calculate the atomic ratios.

Atomic force microscopy (AFM)
AFM images were recorded on a Bruker Dimension Icon using the Scan-Assyst
mode. A ScanAssyst-air cantilever was used with a spring constant of 0.4 N/m and a resonant

frequency of 70 KHz.

Synthesis of Phenyldiazonium Tetrafluoroborate

The synthetic protocol of phenyldiazonium tetrafluoroborate was adapted from the
established aqueous general synthesis of aryldiazonium tetrafluoroborate salt.! Specifically,
10 mmol aniline was added to a 20 mL glass vial containing 4 mL fluoroboric acid and 5 mL

deionized water. The vial was kept at 0 °C in a mixture of ice and water. 1 mL of 10 M



180
aqueous sodium nitrite solution was then added dropwise to the reaction mixture under

magnetic stirring. The product crashed out as white solids. After 30 min, the mixture was
filtered under vacuum and washed with 1 mL of water. The precipitate was collected and
then redissolved in minimal amount of acetone/methanol (v/v = 1:1) mixture to form a yellow
solution. Diethyl ether (~ 5 times the volume of the mixture) was then slowly added to the
solution to precipitate out phenyldiazonium tetrafluoroborate which was then filtered under
vacuum, washed with diethyl ether and dried under vacuum for 3 h. After the synthesis and
after each use, the vial containing phenyldiazonium tetrafluoroborate was filled with N> and
stored in a freezer at -18°C. The as-synthesized phenyldiazonium tetrafluoroborate was
characterized by '"H NMR in ds-acetonitrile (400 MHz) &(ppm): 7.97 (t, J = 8.90 Hz, 2H),
8.30 (t,J="7.70 Hz, 1H), 8.49 (d, J = 8.99 Hz, 2H), and FT-IR (635, 655, 755, 1024, 1310,
1570, 2295, 3103 cm!) (Figure S25, S12).

The redox property of the as-synthesized phenyldiazonium tetrafluoroborate was
studied by cyclic voltammetry in acetonitrile containing 0.1 M tetrabutylammonium
tetrafluoroborate on a glassy carbon plate electrode. A redox wave at around -0.4 V vs
Ag/AgCl is present in the first scan but diminishes with further scans (Figure S5). This is
consistent with observation in the previous studies that aryl groups form a multi-layer
molecular structure covalently bound to the glassy carbon surface under reductive condition

to in a self-limiting process while liberating N».%
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Synthesis of Diphenyliodonium Triflate

The synthesis of diphenyliodonium triflate was performed as reported.* The as-
synthesized compound was characterized by 'H NMR in de-DMSO (400 MHz) 8(ppm): 8.26

(d,J=7.0 Hz, 1H), 7.68 (t,J= 7.5 Hz, 1H), 7.54 (t, J= 7.8 Hz, 2H) (Figure S26).

Electrochemical Measurements

All electrochemical experiments were carried out using a Biologic VMP3
multichannel potentiostat. Chronoamperometry measurements were carried out in a custom-
made PEEK flow cell setup similar to the one reported by Ager et al. using a copper foil as
the working electrode and a platinum foil as the counter electrode. The cathode compartment
was separated from the anode compartment by a Selemion AMV anion-exchange membrane
(AGC Engineering Co.). All potentials were measured versus a leakless Ag/AgCl reference
electrode (Innovative Instruments) with an outer diameter of 5 mm that was inserted into the
cathode compartment. The reference electrode was calibrated against H/H> on Ptina 0.5 M
sulfuric acid solution (0 V vs. standard hydrogen electrode).

Potentiostatic electrochemical impedance spectroscopy (PEIS) measurements were
carried out prior to each electrolysis experiment to determine the Ohmic resistance of the
flow cell. The impedance measurements were carried out at frequencies ranging from 100
Hz to 200 KHz to measure the solution resistance. A Nyquist plot was plotted and in the
high-frequency part a linear fit was performed, and the axis intersection was identified, the
value of which represents the Ohmic resistance of the cell. Typical values of the resistance

range from 45 to 60 Q.
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All chronoamperometric experiments (unless stated otherwise) were performed

for 30 min at 25 °C using CO»-saturated 0.1 M KHCO; as electrolyte. The potentiostat was
set to compensate for 85 % of the Ohmic drop, with the remaining 15 % being compensated
for after the measurements. The effluent gas stream coming from the flow cell (10 mL/min)
was flowed into the sample loops of a gas chromatograph (GC-FID/TCD, SRI 8610C, in
Multi Gas 5 configuration) equipped with a HayeSep D column. Methane, ethylene and
carbon monoxide were detected by a methanizer-flame ionization detector (FID) and the
hydrogen was detected by a thermal conductivity detector (TCD). Every 10 minutes, 1 mL
of gas was sampled to determine the concentration of gaseous products. After electrolysis,
the main liquid products (formate, ethanol and 1-propanol) in catholytes were quantified by
HPLC (Thermo Scientific Ultimate 3000). Other minor liquid products were identified by
"H NMR where solutions containing 80% catholyte and 20% D>O (v/v) using a water

suppression technique.

Electroreductive Deposition of Phenyldiazonium Tetrafluoroborate

Deposition of the polyaryl layer was performed in a one-compartment three-electrode
cell. 10 mL 0.1 M TBABF;4 acetontrile solution was added to the cell vessel containing 9.4
mg phenyldiazonium tetrafluoroborate (SmM). To deaerate the reaction mixture, a steady
flow of N> was bubbled into the solution for ~15 min after which the cell cap was installed
which was fitted a freshly polished Cu foil (or a glassy carbon plate) as the working electrode
(active area: ~1.8 cm x 2 cm, double sides), Ag/AgCl reference electrode (Pine Research)
and a carbon rod as the counter electrode. Chronoamperometry was then immediately started

at -1 V vs Ag/AgCl without Ohmic drop compensation for different duration during which
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N2 was continuously flown into the headspace of the cell. After electrodeposition, the

modified Cu electrode was first washed by acetone and then sonicated in acetone for 30 s

before drying under a stream of No.

Cyclic voltammetry and ECSA Measurements

Cyclic voltammetry (CV) measurement on the glassy carbon plate (active area: ~1.8
cm x 2 cm, double sides) was recorded without Ohmic drop compensation using a one-
compartment cell as previously described containing 5 mM phenyldiazonium
tetrafluoroborate in 0.1 M TBABF;4 acetonitrile solution.

CV measurements for determining electrochemical active surface area (ECSA) were
done in the same two-compartment flow cell as described for CO: reduction electrolysis in
COg-saturated 0.1 M KHCOs. The cathode potential was scanned between -0.25 V and -0.45
V vs Ag/AgCl with 85% Ohmic drop compensation at 5, 10, 25, 50, 100, 250, 500 mV/s. 10
cycles were done at 5 mV/s and 5 cycles were done at all other scan rates. Data from the last
cycle at each scan rate was used in the calculation of ECSA where the anodic and cathodic
current values at —0.35 V were extracted. The plot of |janodic| and |jeathodic| against the scan rate
were generated and linear fits were performed. The average value of the slopes of the two

curves signifies the double layer capacitance (Cq) and therefore was used to represent ECSA.

Rotating Disk Electrode (RDE) Experiments

Experiments were performed using a Pine Research MSR Rotator in a 0.1 M HCIO4

electrolyte, pH adjusted to ~2.2 using KOH, sparged with N> for 30 minutes before
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experimentation. Copper disk electrodes were mechanically polished with 9 pym, 6 um, 3

pum, and 0.1 um diamond pastes, and then sonicated in nanopure H>O for 5 minutes before
use. A carbon rod was used as the counter electrode and an SCE was used as the reference
electrode. Cyclic voltammograms were collected between OCV and -1.8 V vs SCE at 400,
800, 1200, 1600, and 2500 RPM. Limiting current values were selected at the same potential

for all rotation rates and used for subsequent Levich analysis.

Supporting Tables and Figures
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Figure S4.1. Representative gas chromatographs of product stream from CO:
reduction. (a) GC trace from FID. (b) GC trace from TCD.
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Figure S4.2. Representative HPLC trace of catholyte solution after reaction.
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Figure S4.3. Representative 'H-NMR spectrum of the sample prepared from catholyte
solution after CO; reduction electrolysis by PD-Cu. Assignment of the spectrum is based
on our previous publication.®



187

Table S4.1. Current density and faradaic efficiency towards different products by
PD-Cu during CO: reduction at various cathode potentials

Faradaic Efficiency (%)

Vvs Run j(mA Form EtO 1- Total
RHE # cm?) H: co  CHy GHq ate H PrOH Cx»
-098 1 273 252 54 1.1 299 101 119 55 47.4
2 214 340 5.0 1.2 244 156 11.8 0.0 36.3

3 235 316 4.1 2.6 261 140 107 0.0 36.8

Avg -241 303 4.8 1.6 268 133 115 28 40.2
+0.21 32 +0.5 0.6 +2.0 £2.0 0.5 £2.0 £1.7

-1.02 1 -3.52 216 38 2.6 342 8.6 182 7.0 59.4
2 -3.55 174 52 0.0 36.8 9.8 16.0 6.8 59.6

3 -3.56 237 5.0 1.0 337  10.0 21.0 6.5 61.1

e 355 209 4.7 1.2 349 95 184 6.8 60.0
+0.02 +23 0.5 +0.9 1.2 05 £1.8 0.2 +0.7

-1.05 1 576 182 1.2 3.8 419 3.7 216 63 69.7
2 -539 159 1.7 4.3 415 52 20.6 6.8 69.0

3 -520 186 24 4.3 389 51 225 6.8 68.2

Avg 547 177 14 34 423 4.2 21.2 6.6 70.1
+046 +1.2 0.6 +0.9 1.9 0.8 0.7 04 +£14

-1.08 1 -10.55 238 0.3 10.7 350 15 19.6 4.1 58.7
2 -7.54 296 04 17.0 285 2.6 183 5.1 51.9

3 -8.68 296 0.2 9.4 323 1.1 163 3.6 52.2

e -892 277 03 124 319 1.7 181 43 54.3
+1.07 +24 0.1 +29 +23 0.5 £1.2 05 £2.7
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Table S4.2. Current density and faradaic efficiency towards different products by
unmodified Cu control during CO: reduction at various cathode potentials.

Faradaic Efficiency (%)

Vvs Run j(mA Form EtO 1- Total
RHE # Jcm'z) H; CO  CHs GHq ate H PrOH Cx»
-098 1 237 343 24 5.0 264 64 8.0 0.0 344
2 -3.98 577 1.7 43 10.7 9.2 9.0 3.8 23.5

3 -1.85 441 438 5.0 181 188 7.3 0.0 25.4

Avg -2.73 454 3.0 4.8 184 114 8.1 1.3 27.8
+091 496 +1.3 +03 +64 +53 0.7 +1.8 +4.8

-1.02 1 492 351 21 200 156 9.2 9.6 3.1 28.3
2 332 290 1.7 229 206 99 6.5 0.0 27.1

3 418 31.1 1.0 201 240 79 9.8 59 39.7

Avg 414 317 1.6 21.0 201 9.0 8.6 3.0 31.7
+0.65 +2.5 +04 +1.3 +34 0.8 *1.5 24 5.7

-1.05 1 573 436 1.0 171 168 6.0 6.7 4.8 28.3
2 -6.13  27.1 1.7 352 137 45 5.7 4.0 233

3 -6.06 366 0.8 257 157 63 6.7 4.0 26.3

Avg 597 358 1.2 260 154 5.6 6.4 4.3 26.0
+0.17 +6.8 +04 +74 *1.3 0.8 0.5 04 £2.0

-1.08 1 774 342 03 29.0 205 1.8 9.8 23 32.6
2 -7.44 303 03 27.8 228 28 9.0 3.0 34.8

3 -6.99 323 05 393 112 38 59 0.0 17.1

Avg -7.39 323 04 320 182 2.8 83 1.8 28.2
+0.31 +1.6 +0.1 +52 +5.0 +0.8 *1.7 =*1.3 7.9
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Table S4.3. Current density and faradaic efficiency towards different products by
PI-Cu during CO; reduction at various cathode potentials using a 5-minute pre-
deposition of film.

Faradaic Efficiency (%)

Vvs Run j(mA Form EtO 1- Total
RHE # Jcm'z) H: co  CHy GHq ate H PrOH Cx»
-099 1 24 273 92 0.2 332 149 75 7.0 47.7

2 2.3 354 112 0.7 345 95 59 5.6 46.0
3 28 277 78 0.6 363 11.3  11.7 6.0 54.0

-247 304 9.6 0.5 345 120 7.7 6.2 48.5

Avg 0.2 +6.1 £1.7 03 1.8 £2.7 +£24 0.7 *1.8

-1.02 1 32 235 3.6 0.2 44.6 9.8 16.2 8.7 69.5
2 32 239 7.6 1.3 42.1 8.6 119 6.1 60.1

3 -4.1 222 45 0.5 458 9.6 13,5 8.1 67.4

A -3.48 232 5.2 0.7 442 93 139 7.6 65.7

Y8 4051 409 21 0.6 1.9 0.6 22 14 4.9

-1.05 1 -6.0 169 1.2 0.4 569 28 227 5.0 77.0
2 -5.7 178 14 0.7 543 28 209 5.7 73.2

3 53 202 1.2 1.0 498 3.2 19.7 5.7 68.9

A -5.66 183 1.2 0.7 53.7 29 211 53 73.0

Y& 1034 1.8 01 03 34 203 1.3 04 +37

-1.07 -6.0 224 12 1.2 495 29 220 54 69.6

1

2 -6.2 245 1.1 1.9 487 23 219 49 67.6
3 5.7 272 09 2.5 47.0 24 213 54 66.1
-5.96 247 1.1 1.9 484 25 21.7 5.2 67.7
+0.23 +24 0.1 06 14 +03 03 03 2.8
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Figure S4.4: Potential dependent selectivity and activity of bare Cu, PD-Cu, and PI-Cu. The
black/yellow circles correspond to the total current density of the catalyst shown on the
second axis.
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Figure S4.5. Comparisons of (a) HER and (b) C;+ partial current density for PD-Cu
and PI-Cu with respect to bare Cu.
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Table S4.4. Current density and faradaic efficiency towards different products in
control electrolyses

Faradaic Efficiency (%)

Entry KHVE R;‘“ ch?;? H. CO CHy; CH nFl;’tre EtOH Prl(')
1 .03 1 881 1077 00 00 00 00 00 00
2 110 1 015 433 00 00 00 271 00 00
3 .05 1 606 468 12 141 139 63 77 40
105 2 686 491 07 169 154 52 68 3.5

Avg 646 480 L0 155 146 57 72 38

+0.40 £1.2 03 +14 0.8 0.6 04  +0.2

4 1.04 1 800 180 20 49 364 74 199 64

Entry 1: electrolysis by PD-Cu in Ar-bubbled 0.1 M KHCO;

Entry 2: electrolysis by glassy carbon plate after being subjected to the electroreductive deposition of

phenyldiazonium tetrafluoroborate

Entry 3: electrolyses by Cu after being subjected to the electroreductive deposition condition in 0.1

M TBABF,in acetonitrile without phenyldiazonium

Entry 4: electrolysis with 10 min PD-Cu with 10 mM KI added into 0.1 M KHCO; electrolyte
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Figure S4.6. LSV measurements of bare Cu, PD-Cu, and PI-Cu under CO; and argon.
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Figure S4.7. AFM images of (a) unmodified polished Cu, (b) PD-Cu, (¢) Delaminated
PD-Cu post 10 h electrolysis.
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Figure S4.8. Cyclic voltammogram of S mM phenyldiazonium tetrafluoroborate in 0.1
M TBABF; in acetonitrile. Scan rate: 50 mV/s.
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Figure S4.9. Cyclic voltammogram of 10 mM diphenyliodonium triflate in 0.1 M
KHCO:s. Scan rate: 100 mV/s. Decreasing peak intensity attributed to the self-inhibiting
nature of additive deposition is consistent with previous reports using N-aryl pyridinium

additives.®
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Figure S4.10. Long term electrolysis of bare Cu in 0.1 M KHCO3 at an applied voltage
of -1.1 V vs RHE. The loss of selectivity with time has been attributed in the literature to the
deposition of trace metal impurities on the electrode surface.!”
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Figure S4.11. FT-IR spectrum of PD-Cu and PI-Cu.

Table S4.5. Assignment of IR bands in PD-Cu attributed to polyphenylene. Bands are
assigned based on literature report on polyphenylene deposited on Fe.®

Wavenumber of the band (cm™) Assignment

700 Aromatic C-H out-of-plane vibrations
764 Aromatic C-H out-of-plane vibrations
839 Aromatic C-H out-of-plane vibrations
1448 Aromatic C=C stretching vibrations
1493 Aromatic C=C stretching vibrations
1603 Aromatic C=C stretching vibrations
3024 Aromatic C-H stretching

3053 Aromatic C-H stretching




Table S4.6. Assignment of IR bands in PI-Cu attributed to polyphenylene. Bands are

assigned based on literature report on polyphenylene deposited on Fe.®

Wavenumber of the band (cm™)

Assignment

702
762
845
1080
1450
1490
1600
3020

Aromatic C-H out-of-plane vibrations

Aromatic C-H out-of-plane vibrations

Aromatic C-H out-of-plane vibrations

In-plane C-H bending
Aromatic C=C stretching vibrations
Aromatic C=C stretching vibrations
C-H out-of-plane deformation
Aromatic C-H stretching
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Figure S4.12. FT-IR spectrum of as-synthesized phenyldiazonium tetrafluoroborate.
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Figure S4.13. XPS characterization of PD-Cu. (a) Survey spectrum. (b) C 1s spectrum.
(¢) N Is spectrum. (d) Cu 2p and Cu LMM spectra.



200

(a) Cu2p 13dCuLMMO 1s C1s Cu3s Cu3p
&
(&}
1000 800 600 400 200 0
B.E. (eV)
(b)
| 3d
2x103
&
(&)
240 260 280 300 650 640 630 620 610 600
B.E. (eV B.E. (eV)
(d) —300s—360s 420s 480s 540s (e) —300s —600 4
A P
290 28 280 1,000 800 600 400 200 0

(ev B.E. (eV)

Figure S4.14. XPS characterization of PI-Cu. (a) Survey spectrum. (b) First derivative of
C KLL. The spacing between the trough and the peak has been attributed to the ratio between
sp?:sp® carbons; a 20 eV gap corresponds to near 100% sp? content.” (¢) I 3d spectrum. Given
the reported bond between grafted films and metal surfaces, depth profiling XPS studies were
performed. (d) High-res spectra of the C 1s peak at five different etching times reveals no
shoulders indicative of a Cu-C bond. The shift in peak B.E. is associated with changing
sample conductivity, and not anything chemical in nature. (e) The survey spectrum of the
etched sample after 300 s and 600 s reveals only increased Cu features.
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Figure S4.15. Comparison of XPS for bare Cu, PD-Cu, and PI-Cu. (a) Survey, (b) C Is,
and (c) Cu 2p spectra of the three Cu catalysts reported in this study. The PI-Cu is taken after
300 s of etching to aid in the visualization of the Cu bands. There are no remarkable
differences between the Cu and C features that enable us to identify whether a Cu-C bond

definitively exists.
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Figure S4.16. AFM image of a modified Cu after exposure to the electrodeposition
condition for 1 min. The image was taken of a 4 x 4 um? at the interface of unmodified
polished Cu and electrodeposited Cu.



203

Table S4.7. Current density and faradaic efficiency towards different CO; reduction

products by PD-Cu prepared using different deposition times

Faradaic Efficiency (%)

. L
Dep. Run J Form EtO Total
time 4 c(nnll?) H> CcoO CHsy CHi4 ate H ﬂrO Css
1 min 1 -4.15 37.0 59 162 150 102 98 6.4 31.2
2 -453 36.6 1.7 173 17.0 5.7 7.6 4.6 293
3 -5.81 327 1.0 227 192 64 8.0 4.6 31.9
e 483 355 29 187 171 175 8.5 5.2 30.8
+0.71 *1.9 2.1 +£28 +1.7 2.0 1.0 0.8 +0.8
Smin 1 -6.94 340 0.7 5.8 33.1 1.8 155 34 52.0
2 -394 279 4.1 8.2 250 93 102 4.7 40.0
3 463 279 1.1 6.2 341 35 136 49 52.6
e Sa47 299 2.0 6.7 30.7 4.9 131 43 48.2
+1.28 2.0 *1.5 +1.0 +41 3.2 22 0.7 5.8
10 e 547 177 1.4 34 423 4.2 21.2 6.6 70.1
min +0.46 1.2 0.6 09 +19 08 0.7 04 <14
lllfin 1 -6.88 183 0.7 2.8 421 33 204 5.1 67.6
2 534 292 0.7 2.7 366 2.8 186 5.8 61.0
3 570 17.3 1.1 1.5 40.8 7.2 185 59 65.2
Avg 597 21.6 09 23 398 45 19.2 5.6 64.6
+0.66 +54 0.2 0.6 23 £2.0 0.9 03 £2.7
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Table S4.8. Current density and faradaic efficiency towards different CO; reduction
products by PI-Cu prepared using different deposition times

Faradaic Efficiency (%)

Dnell:' R;n JCSII};? H> CO CHs CHy4 i(:;e EtOH ;’I‘OH g::al
1 -7.03 393 038 239 143 13 10.7 3.0 28.0
2 592 342 04 120 101 1.0 157 49 30.7
1 min 3 482 212 24 94 331 2.7 182 49 56.2
Avg -592 316 117 151 192 1.7 149 43 383
+1.11 +94 1.1 +7.7 =*12.3 0.9 +3.8 1.1 +15.6
1 386 140 22 0.0 349 50 214 89 65.2
2 592 125 05 0.0 471 13 255 59 78.5
. 555 170 1.0 55 404 13 21.5 53 67.2
S min 1.8
A 541 145 1.2 131 40. 2.5 228 6.7 70.3
+1.10 +23 +0.84 9 +6.13 +2.14 £2.3 £1.93 +7.2
1 384 11.1 22 0.7 450 4.1 232 78 76.0
2 414 174 24 56 449 25 23.0 83 76.2
10 3 -3.66 176 1.8 0.0 432 62 226 94 75.2
min 4 -3.19 182 22 02 475 39 194 83 75.2
A 371 161 2.2 1.6 452 4.2 221 85 75.7
+0.40 +33 +03 £2.7 +1.8 +£1.5 1.8 0.7 +0.5
1 -4.00 208 0.6 1.0 408 24 264 79 75.1
15 2 388 162 1.2 0.0 458 46 258 8.1 79.7
min 2 354 154 14 20 465 30 249 8.1 79.5
A -3.80 175 1.1 1.0 443 33 257 8.0 78.1
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Figure S4.17: Deposition-time dependent selectivity and activity of a) PD-Cu and b) PI-Cu.
The black/yellow circles correspond to the total current density of the catalyst shown on the

second axis.
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Figure S4.18. A representative current-time profile during electrodeposition of
polyphenylene from phenyldiazonium.
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Figure S4.19. CV characterization of ECSA of PD-Cu and Cu control. (a) Representative
CV traces of PD-Cu between -0.25 and -0.45 V vs Ag/AgCl at different scan rates. (b)
Cathodic and anodic current value at -0.35 V vs Ag/AgCl of PD-Cu and Cu control versus
scan rates. The slope of linear fitting represents double layer capacitance.



Table S4.9. Summary of ECSA values of PD-Cu and polished Cu as measured in

COs-saturated 0.1 M KHCO3;

Run
Sample number ECSA (F cm?)
Polished Cu 1 8.38E-05

2 4.69E-05

3 5.57E-05

4 6.24E-05

5 4.58E-05

6 2.64E-05

7 5.54E-05

8 5.89E-05

Average 5.44+1.53E-05
PD-Cu 1 3.07E-05

2 3.76E-05

3 5.39E-05

4 7.07E-05

5 7.07E-05

6 6.84E-05

7 4.04E-05

8 3.77E-05

Average 5.13+1.57E-05

1 5.48E-05
PI-Cu 2 4.74E-05

3 3.83E-05

Average

4.68+0.83E-05
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Figure S4.20: Example Rotating Disk Electrode Data. (a) Bare copper cyclic voltammetry
data at five different rotation rates. (b) 30 min PI-Cu cyclic voltammetry data at five different
rotation rates. (¢) Plotting the plateau current versus rotation rate gives two linear functions,
whose slopes are proportional to the proton diffusion coefficient.
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Table S4.10. Summary of RDE values for PD-Cu and PI-Cu as measured in pH ~2.1
0.1 M KClOs. Note: In Figure S18 we observe via SEM that there is significant delamination
of the polyaryl layer in the 10-minute deposition cases. Due to the consistency of the 30-
minute data, we expect that this data is further evidence regarding the increased robustness
of the iodonium-based film.

Change in Proton

Sample Run number Diffusion wrt bare Cu
PD-Cu (10-minute deposition) 1 118 %
2 90 %
Average 104 + 14%
. o 1 90%
PI-Cu (10 min deposition) 9 117%
3 110%
Average 106 +13%
. ” ! 067
PI-Cu (30 min deposition) 9 75%
3 84%

Average 75+9%
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Figure S4.21: SEM of PD-Cu RDE post measurements. (a) The distinctive dark area in
the center of the image corresponds to the charging of thick carbonaceous film on top of the
electrode. (b) SEM image of a separate region of the electrode to probe whether a thinner
film still exists on the surface. (¢) EDX analysis indicates that there is 40.6 atomic % carbon,
57.2% copper, and 2.2% oxygen on the surface of the electrode (red-Cu, green-C). This
suggests that the film may not have fully delaminated, but is thinned to an extent where
proton diffusion is no longer inhibited.
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Figure S4.22: Visual comparison of a (a) post-electrolysis unmodified electrode versus a (b)
PI-Cu GDE (white material around is a silicon gasket).
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Figure S4.23: Average of three multiple 30 minute electrolyses at -100mA/cm?, either using
in-situ deposition or pre-deposition in 1 M KHCO:s.
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Figure S4.24: 6-hour electrolysis at -100 mA/cm?. The electrolyte pH was measured before
and after electrolysis, with the beginning and ending pH being ca. 1 and 10, respectively.

Author’s note:

The first three injections show poor selectivity due to rinsing the system with DI water
between the pre-deposition of diphenyliodonium in 1.0 M KHCO; and beginning the
electrolysis in 1 M H3POa. This can be remedied, as in the case of Figure 6, by depositing in
1 M K" phosphate buffer and then immediately switching to the 1 M H3;PO4 / 1 M KCl

electrolyte.



214

BF,

No*

T T T T T T T T T T T T T T T T T T T T T
2.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 35 3.0 25 20 1.5 1.0 0.5 0.(
f1 (ppm)

Figure S4.25. 'H-NMR of as-synthesized phenyldiazonium tetrafluoroborate in ds-
acetonitrile. Extra peaks in the aromatic region are due to the slow decomposition of
phenyldiazonium tetrafluoroborate (likely into fluorobenzene) in polar solvents.®?
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Figure S4.26. 'H-NMR of as-synthesized diphenyliodonium triflate in de-DMSO. Extra
peaks in the alkyl region correspond to water and solvent used in recrystallization.
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Appendix 5

SUPPLEMENTARY INFORMATION FOR CHAPTER 5:
HYDRODYNAMICS CHANGE TAFEL SLOPES IN
ELECTROCHEMICAL CO, REDUCTION ON COPPER

Adapted from:
Watkins, N. B.; Schiffer, Z. J.; Lai, Y.; Musgrave, C. B. I.; Atwater, H. A.;
Goddard, W. A. 1; Agapie, T.; Peters, J. C.; Gregoire, J. M.
ACS Energy Lett. 2023, 8 (5), 2185-2192.
10.1021/acsenergylett.3c00442.
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Materials and Methods

All solvents and reagents were obtained from commercial sources and used as
received, unless stated otherwise. Cu foils (99.999% Cu, 25 mm % 25 mm x 0.5 mm),
potassium carbonate (99.995%), phenanthroline (>99%), and dibromoethane (> 99%) were
purchased from Sigma Aldrich. Carbon rods (99.999% C) were purchased from Strem
Chemicals. Platinum foil (99.99% Pt, 25 mm x 25 mm % 0.05 mm), was purchased from
Alfa Aesar. Natural abundance CO: (Research grade) was purchased from Airgas. Water
was purified by a Nanopure Analytical Ultrapure Water System (Thermo Scientific) or a
Milli-Q Advantage A10 Water Purification System (Millipore) with specific resistance of
18.2 MQ-cm at 25 °C.

Prior to each use, copper foil was mechanically polished to a mirror-like finish using
nanodiamond suspension (first 3 pm then 0.1 um, Buehler) followed by rinsing in water and
drying under a stream of nitrogen gas. The copper foil was then electropolished using a
method similar to the one employed by Kuhl ez al.: in an 85% phosphoric acid bath, +2.1 V
versus a carbon rod counter electrode was applied to the Cu foil for 5 minutes and the foil
was subsequently washed with copious amounts of ultra-pure water and dried under a stream
of nitrogen gas. Prior to each use, platinum foil was washed with water and flame-annealed
using a butane torch for 10 s. CO,-saturated potassium bicarbonate electrolyte (KHCOs3, 0.1
M) was prepared by sparging an aqueous solution of potassium carbonate (K2CO3, 0.05 M)
with CO; for at least 1 h prior to electrolysis.

Cu thin film electrocatalysts were fabricated using DC magnetron sputtering of a 2”
Cu metal target at 50 W in 6 mTorr Ar onto a 100 mm-diameter Si wafer with an

approximately 170 nm SiO2 diffusion barrier and 10 nm Ti adhesion layer, using a
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previously described sputter system with 10 Pa base pressure.! After deposition, the

films were stored in a nitrogen purge box until the day of electrochemical testing, although
no other catalyst treatment was performed prior to electrocatalyst screening. The Cu-X (X:
Co, Zn, Mn, In) thin film electrodes were deposited under similar conditions from elemental
metal targets with DC power adjusted to obtain designed composition in the wafer center.
All the metal targets were pre-cleaned in the presence of 6 mTorr Ar for 10 min to remove
any contaminants from the target surface. The non-confocal sputtering geometry provided a
continuous composition gradient across the Si wafer with the composition variation within
each 5 mm diameter electrode being less than 1% for the most Curich catalysts and about

2% for the most Cu-poor catalysts.

Synthetic Procedures

Synthesis of N,N’-ethylene-phenanthrolinium dibromide (1-Brz) In a round bottom
flask charged with a magnetic stir bar, phenanthroline (500 mg, 2.8 mmol, 1 equiv.) was
dissolved in dibromoethane (5 mL, 67.4 mmol, > 24 equiv.) and the final mixture was heated
to 110 °C for 18 h. The precipitate formed was collected by filtration and washed with hexane
(3 x 10 mL) and acetone (3 x 10 mL) to afford the final product. Yield: 970 mg (94 %, 2.6

mmol). 1H and 13C NMR spectra were in accordance with reported values.?

Electrochemical Measurements
All H-cell electrochemical experiments were carried out using a Biologic VMP3
multichannel potentiostat with copper foil as the working electrode and a platinum foil as the

counter electrode. The cathode compartment was separated from the anode compartment by
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a Selemion AMV anion-exchange membrane (AGC Engineering Co.). All potentials

were measured versus a leakless Ag/AgCl reference electrode (Innovative Instruments) with
an outer diameter of 5 mm that was inserted into the cathode compartment. The reference
electrode was calibrated against H/H, on Pt in a 0.5 M sulfuric acid solution (0 V vs.
standard hydrogen electrode).

Potentiostatic electrochemical impedance spectroscopy (PEIS) measurements were
carried out prior to each electrolysis experiment to determine the Ohmic resistance of the
flow cell. The impedance measurements were carried out at frequencies ranging from 100
Hz to 200 KHz to measure the solution resistance. A Nyquist plot was plotted and in the
high-frequency part a linear fit was performed, and the axis intersection was identified, the
value of which represents the Ohmic resistance of the cell. Typical values of the resistance
range from 45 to 60 Q.

All chronoamperometric experiments (unless stated otherwise) were performed for 30 min
at 25 °C using COz-saturated 0.1 M KHCO; as electrolyte. The potentiostat was set to
compensate for 85 % of the Ohmic drop, with the remaining 15 % being compensated for
after the measurements. The effluent gas stream coming from the flow cell (10 mL/min) was
flowed into the sample loops of a gas chromatograph (GC-FID/TCD, SRI 8610C, in Multi
Gas 5 configuration) equipped with a HayeSep D column. Methane, ethylene, and carbon
monoxide were detected by a methanizer-flame ionization detector (FID) and the hydrogen
was detected by a thermal conductivity detector (TCD). Every 10 minutes, 1 mL of gas was
sampled to determine the concentration of gaseous products. Liquid products were quantified
by HPLC. Liquid products were only quantified in ANEC because the concentrations in the

recirculation H-cells were too low due to the requisite volume for recirculation.
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COMSOL Modeling Information

The governing equations (material balances and fluid dynamics) were used within the
Multiphysics Module and were solved with the general solver in COMSOL Multiphysics 5.6
with default tolerances. The modeling domain was discretized with a nonuniform physics-
controlled mesh generated by COMSOL. To aid with convergence, all fluid dynamics
systems were first solved using the turbulence - model, then the result of that solution was
used with the Low Re - turbulent model, and finally the results of the Low Re model were
used as initial conditions for a laminar fluid dynamics model. Inlet velocity boundary
conditions were set to fully developed flow with the flow rate set to experimental values.
Outlet boundary conditions were set to fully developed flow with an average pressure of 0
Pa. For the flux calculations, the concentration at the electrode was set to 1 mM and the inlet

concentration was set to 0 mM. The diffusion constant was set to 2.7E° m?%/s.?

LOWESS Fitting Function

For Figures 5.3 and 5.5 in the main text, lines to guide the eye and provide a continuous
function of the data are plotted. These lines are calculated via a Locally Weighted Scatterplot
Smoothing (LOWESS) model in Python. Essentially, for each x-value in the dataset, a
“smoothed” y-value is calculated by taking a weighted linear fit of the nearest n data points.
This value of n is, by default in the Python implementation, % of the total data points. The
weights for the linear fit are from a tricube function. Subsequent iterations of the refitting can

be done with altered weights according to the residuals of the previous fitting. See Python’s
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statsmodels.nonparametric.smoothers lowess.lowess  function for details on

implementation and usage. In the case of Figure 5.3, in addition to a fitting, a qualitative
metric for error bars on the data is shown. This error was calculated by taking a random
sample of data points and then fitting the LOWESS to that sample. The average of 500 such
samples is taken to represent the “error” qualitatively of the fit. The following Python code
was used to generate the error from this fitting. Note that although this fitting procedure is
“model-free”, there are still parameters that we selected, including number of iterations,
fraction of data points to fit, etc. Changing these parameters will quantitatively change the

fit (primarily the error bars), but will not qualitatively change the results.

def smooth(x, y, xgrid):
samples = np.random.choice(len(x), len(x), replace=True)
y_s = y[samples]
X_s = x[samples]
y_sm = sm.nonparametric.lowess(y_s,x_s,
return_sorted = False, frac=0.5)
# regularly sample it onto the grid
y_grid = scipy.interpolate.interpld(x_s, y_sm,
fill value='extrapolate')(xgrid)
return y_grid
def lowess_std(x,y,K = 508):
xgrid = np.linspace(x.min(),x.max())
smooths = np.stack([smooth(x, y, xgrid) for k in range(K)]).T
mean = np.nanmean(smooths, axis=1)

stderr = np.nanstd(smooths, axis=1, ddof=9)
return (xgrid,mean,stderr)

For Figure 5.5, the Faradaic efficiencies for the various gaseous products were fit using the
LOWESS model as implemented in Python. The raw data points are summed up and plotted,
i.e., first the FE toward methane is plotted, then the sum of FEs toward methane and ethylene
is plotted as “ethylene”, etc. A similar procedure is used to sum up the smoothed fits and

label them on the plot.
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Cell Design
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Figure S5.1: a) A schematic of ANalytical and ElectroChemistry (ANEC), which is an
analytical electrochemistry system previously published by our group that can efficiently
detect a wide range of CO2R products.* b) A schematic of the sparged H-cell used by Kuhl
et al., whose schematic is reproduced herein.’ ¢) The H-cell used for parallel flow
experiments herein is a modification of that used by Ager ef al.® d) The angled H-cell is
similar to that of the cell designed by Ager et al., but with the bottom inlet adjusted to face
the electrode surface at a 20° angle.
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Boundary Layer Experiments
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Figure S5.2: These experiments were performed according to section SI-4 from Clark et al.”
Sample data with ANEC, where a) a CV is initially performed to determine the mass
transport limited regime, and then a potential is chosen (indicated by the dashed line) for
subsequent constant potential experiments to determine the boundary layer at different
recirculation rates. ¢) The boundary layer was calculated using the equation below, where F
is Faraday’s constant, D[Fe(CN)s*] is the diffusivity of the ferricyanide ion ( 0.720x10-5
cm? s71), C*[Fe(CN)e* ] is the concentration of ferricyanide ion in the bulk of the electrolyte
(10 mM), and iss is the steady-state current.



Table S5.1: Cells and their associated boundary layer thicknesses.
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Experimental COMSOL
Cell Geometry (flow Ethylene Tafel slope
Boundary Layer Boundary Layer
rate) (mV/dec)
Thickness (um) Thickness (um)
Ager et al. H-cell
1779 +21.6* — 99.0
(20 sccm)
Parallel H-cell
106.9 242 94.9
(280 puL/s)
Angled H-cell
334 128 66.1
(280 puL/s)
ANEC (140 pL/s)** 36.2 57 39.2

* The average and associated error for 6 separate experiments

*% 140 pL/s is the typical flow rate for ANEC experiments




CO2 reduction partial current densities at different mass transport
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Figure S5.3: The partial current density towards CO; reduction products does not greatly
change between a) cells at different convective ratios or b) with the addition of 1-Br,. The
parallel and angled cells have slightly lower current densities as compared to ANEC or Kuhl,
but are comparable to that of sparged H-cell Cu control data published previously in our own
group.? This change may be attributable to the type of polycrystalline copper used in each

experimentation.®



Potential-dependent selectivity data for all cells
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Figure S5.4: The distribution of gaseous products are shown as stack plots for the a) sparged
H-cell, b) parallel H-cell, c) ANEC, and d) angled H-cell. The product distributions are
shown with smooth trend lines calculated using LOWESS (see page 4). Each data point
corresponds to an individual experiment, with the exception of the Sparged H-cell data,
reproduced from [5], which is an average of three experiments.



229
Methane Bayesian Statistics Summary

a) b)
Methane 0.5 Methane
1 5.
e ANEC o o ANEC
N:\ Kuhl et al. o - 0.4- Angled H-Cell
= 0 o ,/“. — Parallel H-Cell
(9] ©
<\ . ;: 4&; 03 Kuhl et al.
£ y s
~ s iy 0.2
T —2 Y g 0
= * et
S . '.
8 -3 ‘g ? 0.1
. . . . 0.0: : I\ WANAN
0.8 0.9 1.0 1.1 0 20 40 60 80 100 120
—Vappl. (V vs RHE) a~! (mV/decade)

Figure S5.5: Tafel plots for a) methane from ANEC and Kuhl, et al.> A small plateau exists
on the bottom of each ANEC plot due to the noise floor of the instrument. All ANEC data
points are single experiment values whereas Kuhl, et al. are the averages of three independent
experiments. b) Probability density curves for methane Tafel slope values using Bayesian
statistics for each cell geometry investigated.
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Discussion Regarding Methane vs Ethylene Tafel

In Surendranath et al., their analysis indicates that ethylene will have a second order
dependence at low CO coverage and zeroth order at high CO coverage, and that methane
will have a limiting-to-zero dependence dependence at high CO coverage and first order
dependence at low CO coverage.” Based on their experimental results, their electrochemical
conditions of an ethanol-based electrolyte at -35°C provides a sufficiently high CO coverage
at all pCO to realize the zeroth-order relationship for ethylene and limiting-to-zero
dependence for methane. We believe that we are operating in a regime with low surface
coverage of CO due to the mass transport removing CO from the surface; in this regime, we
expect there to be a second order dependence on CO for ethylene and first order for methane.
As aresult, the sensitivity of the Tafel slope to local [CO] concentration should be higher for

methane than ethylene, which is what we observe.
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Ethylene full Bayesian probability distributions
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Figure S5.6. Bayesian analysis of the data from Kuhl et al. Data and mean a posteriori
(MAP) fit are shown on left. Probability distributions for the slope and limiting current are
shown with MAP drawn.
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Figure S5.7. Bayesian analysis of the data from parallel flow H-Cell and mean a posteriori
(MAP) fit are shown on left. Probability distributions for the slope and limiting current are
shown with MAP drawn.
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Figure S5.8. Bayesian analysis of the data from angled flow H-Cell and mean a posteriori
(MAP) fit are shown on left. Probability distributions for the slope and limiting current are

shown with MAP drawn.
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Figure S5.9. Bayesian analysis of the data from ANEC cell and mean a posteriori (MAP)
fit are shown on left. Probability distributions for the slope and limiting current are shown
with MAP drawn. Not shown is the probability distribution for the plateau at the bottom.
This plateau is a simple “kink” in the system representing the lower detectability limit of the

instruments.
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Methane full Bayesian probability distributions
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Figure S5.10. Bayesian analysis of the data from Kuhl et al. Data and mean a posteriori
(MAP) fit are shown on left. Probability distributions for the slope and limiting current are
shown with MAP drawn.
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Figure S5.11. Bayesian analysis of the data from parallel flow H-Cell and mean a posteriori
(MAP) fit are shown on left. Probability distributions for the slope and limiting current are
shown with MAP drawn.
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Figure S5.12. Bayesian analysis of the data from angled flow H-Cell and mean a posteriori
(MAP) fit are shown on left. Probability distributions for the slope and limiting current are
shown with MAP drawn.
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Figure S5.13. Bayesian analysis of the data from ANEC cell and mean a posteriori (MAP)
fit are shown on left. Probability distributions for the slope and limiting current are shown
with MAP drawn. Not shown is the probability distribution for the plateau at the bottom.
This plateau is a simple “kink” in the system representing the lower detectability limit of the
instruments.
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Figure S5.14: Tafel plots for a) ethylene and b) methane from ANEC with 0.25 M KHCO;
with their mean a posteriori (MAP) fit shown on left. Probability distributions for the slope

are shown with MAP drawn on the right.
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Molecular Dynamics Discussion

All molecular dynamics calculations were performed using the Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS) software.!’ Valence (bond,
angle, dihedral), electrostatic, and van-der-waals potentials were modeled by the Universal
Force Field (UFF).!! We began all simulations by a steepest descent minimization followed
by a conjugate gradient minimization. The cell was then heated at constant volume (NVT
ensemble) from 1 K to the desired temperature over the period of 10 ps via the Nose-Hoover
thermostat. The cell was then maintained at the desired temperature (again NVT) for 2 ns to

allow the system to reach equilibrium.

After 2 ns of constant-temperature NVT dynamics, the 2-Phase Thermodynamics (2PT)
method was used to calculate CO diffusion coefficients (Dco).'? In essence, 2PT calculates
the velocity autocorrelation function (VACF) and then integrates the VACF over time to
yield Dco. The VACF was integrated over a period of 20 ps in order to achieve proper
convergence. For all cases, Dco was averaged over 6 individual calculations to ensure

adequate sampling.

Pure water systems included 282 water molecules and a single CO molecule. The
volume was chosen to match the experimental density of pure water. Systems with additive
featured 8 additive molecules, 200 waters, and a single CO molecule. Here the volume was

kept the same as the system with no additive.



Figure S5.15: Simulation boxes for pure water (left) and additive (right) systems. White
atoms are hydrogen, red are oxygen, grey are carbon, and blue are nitrogen. CO molecules
are colored green for clarity.
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Figure S5.16: CO diffusion coefficients calculated at three temperatures (283, 293, 303)
with and without the N,N’-ethylene-phenanthrolinium dibromide dimer (Add) present inside
the box. The pure water calculations match the experimental reference, whereas the
additive/water mixture shows a significant decrease in diffusion coefficient.



Table S5.2: All Faradaic efficiencies and currents
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FE (%)
cl | v " H, €O CHs; CiH; HCOOHACOOH EtOH . | sum
(mA) PrOH
084 233662 0 0 0 267 00 00 00 | 929
084 240 631 06 O 0 286 00 00 00 | 923
084 248 621 07 0 0 184 00 00 00 | 812
085 226594 24 01 0 154 00 00 00 | 773
085 238635 39 0 0 86 00 00 00 | 760
089 289923 57 0 0 205 00 00 00 1185
0922761796 63 0 0 317 00 00 00 1176
092 3471596 22 0 0 301 00 00 00 | 919
092 338/ 69 37 0 0 273 00 00 00 1000
092 348563 32 0 0 3.1 00 00 00 | 906
093 308 51 61 01 0 266 00 00 00 | 838
093 304473 74 01 01 313 00 00 00 | 862
095 356496 45 01 0 245 00 00 00 | 787
096 -3.09| 643 82 02 02 290 00 00 00 1019
ANEC | -0.96 | -2.96| 618 102 03 03 308 00 00 00 |103.4
097 3221601 91 03 03 375 00 00 00 1073
097 353|443 56 03 02 351 00 00 00 | 855
098 310 474 103 06 06 365 00 00 00 | 954
099 3721 39 72 13 08 320 00 00 00 | 803
.00 434|334 122 41 33 398 00 14 07 | 949
101 413 421 65 27 18 323 00 00 00 | 854
101 -394 427 64 45 2 340 00 00 09 | 905
.02 3811358 79 27 16 361 00 00 00 | 841
102 3721372 119 39 19 183 00 53 18 | 802
105 -6811207 31 211 12 221 00 39 66 | 895
105 -650 | 266 38 202 67 286 00 07 12 | 878
106 -642| 268 105 124 67 297 00 00 25 | 886
107 -603| 283 68 129 51 263 00 09 2.1 | 824
.07 -5.64| 284 108 165 48 137 00 60 16 | 818
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1080994151 19 287 149 142 00 44 58 | 850
108981 223 2 313 89 146 00 28 1.0 | 830
1110876 232 8 197 77 207 00 00 30 | 823
111|876 244 45 225 65 225 00 14 05 | 823
Q1108520 27 9 283 62 234 00 12 25 | 976
078|226 619 04 0 0 nd nd nd nd | 623
086|322 628 06 0 0 nd nd nd nd | 634
091330712 09 0 0 nd nd =nd nd | 721
ANEC 096397 63 14 02 0 nd nd nd nd | 646
025M 099 529 616 18 13 03 nd nd nd nd | 650
KHCOs 102 692 635 17 45 06 nd nd nd nd | 703
105879637 11 82 06 =nd nd =nd nd | 736
1.07|-11.98 641 06 123 05 =nd nd nd nd | 775

113 |-1571 744 04 147 03 nd nd nd nd | 8938
075038 524 0 0 0 193 00 00 00 | 717

090 -081 226 76 13 51 341 00 00 00 | 707
090179 188 47 19 7 465 00 00 00 | 789
09409169 81 03 78 nd nd nd nd | 331
083079 494 05 0 0 nd nd nd nd | 499
09|15 165 99 17 87 nd nd nd nd | 368
01198 16 65 14 157 283 00 00 00 | 679
1020249 159 52 08 22 nd nd nd nd | 439

110/ 914 86 08 25 361 nd nd nd nd | 480
‘Af_\gzrc 1032711196 62 38 197 nd nd nd nd | 493
P08 -521 122 21 31 321 132 00 60 110 | 797
1120792 100 09 4 359 170 00 64 27 | 770
150-11.01 139 03 76 34 81 00 88 3.1 | 758
089063 271 248 0 26 59 22 101 117 | 843
0974120 218 124 11 76 39 00 131 20 | 619
104|290 157 54 12 256 nd nd nd nd | 479
108|555 109 13 14 346 nd nd nd nd | 482
110|915 106 05 38 376 nd nd nd nd | 525
110858 102 08 3 338 28 25 11 70 | 712
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110[ 889 113 08 36 328 L1 24 114 61 | 694
119739 441 02 14 257 09 00 178 12 | 913
119|743 404 02 02 285 10 00 199 11 | 912
1191729 371 02 08 298 09 00 194 13 | 895
15 |-6311 229 05 05 40 18 00 216 20 893
115693 248 02 03 424 13 00 204 19 | 912
115 /-580 279 05 07 367 15 00 201 16 890
107 |-394 178 03 0 452 62 00 147 31 873

CEall07 353 136 1 00 456 61 00 154 38 855
107 |-383 152 07 0 454 63 00 138 38 | 85I
0994126/ 218 56 0 279 213 00 00 00 766
099 -172/ 217 43 0 269 214 00 00 00 743
099 -1.73| 214 42 0 258 226 00 00 00 740
089-067 212 127 0 1L1 379 00 00 00 829
090 -0.54 214 156 0 107 353 00 00 00 830
090 -0.52 242 163 0 114 320 00 00 00 839
075 -049| 618 1L5 0.1 04 192 00 00 00 930
082/-092| 438 76 01 18 227 00 00 00 760
089 -134 377 87 07 36 246 00 00 00 753
096 -175 302 66 3 102 174 01 25 27 726

Sﬁﬁfﬁ" 101342254 4 174 18 107 02 56 40 | 854
105 |-577 226 11 244 26 21 03 98 25 887
109941 222 06 296 21 14 02 92 21 | 863
11411230 325 04 399 153 08 02 55 09 | 955
117 1520 557 02 404 86 05 00 17 01 1072

Parallel 088 -1.50 623 23 0 05 nd nd nd nd | 65.1

Hecell 089 -150 622 27 05 07 nd nd nd nd | 661
089-180 585 12 01 09 nd nd nd nd 607
090 -160 545 29 02 15 nd nd nd nd | 59.1
090 -190 616 21 02 13 nd nd nd nd 652
091-150 512 28 07 24 nd nd nd nd | 571
091200 616 21 03 16 nd nd nd nd 656
092210 566 24 05 24 nd nd nd nd | 619
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62.4

73.4
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-1.05-430 | 552 33 146 638 nd nd nd nd | 79.9
-1.051-392 | 52 39 11.6 89 nd nd nd nd | 76.4
-1.05-577 | 458 13 156 134 nd nd nd nd | 76.1
-1.05|-450 | 83.7 0.8 133 6.1 nd nd nd nd |103.9
-1.05-480| 744 0.6 119 55 nd nd nd nd | 924
-1.06 | -3.40 | 57.6 6.5 105 64 nd nd nd nd | 81.0
-1.06 | -4.60 | 43.8 1.8 105 10.6 nd nd nd nd | 66.7
-1.06 | -480 | 70.1 1.3 188 8.7 nd nd nd nd | 98.9
-1.07|-410 | 62.6 5.1 138 6.8 nd nd nd nd | 88.3
-1.07-5.00 | 623 1.1 166 7.2 nd nd nd nd | 87.2
-1.07 1 -520| 538 0.6 16 123 nd nd nd nd | 82.7
-1.08 -390 | 57.1 51 139 64 nd nd nd nd | 82.5
-1.08 | -6.40 | 842 0.5 128 5.6 nd nd nd nd |103.1
-1.09-7.10 | 353 0.6 126 93 nd nd nd nd | 57.8
-1.10 | -6.06 | 46.1 0.8 155 113 nd nd nd nd | 73.7
-1.11 |/ -6.60 | 50.7 14 194 133 nd nd nd nd | 84.8
-1.11-6.09 | 52.7 25 16.6 6.1 nd nd nd nd | 77.9
-1.121-7.00 | 70.2 03 109 74 nd nd nd nd | 88.8
-1.121-6.60 | 553 12 199 134 nd nd nd nd | 89.8
-1.13-8.60 | 52.7 0.7 12,6 5.1 nd nd nd nd | 71.1
-1.13 1 -8.10 | 51.8 0.8 173 144 nd nd nd nd | 843
-1.13-730 | 504 1 21.8 142 nd nd nd nd | 87.4
-0921-080 543 99 03 04 nd nd nd nd | 64.9
-0941-090 483 11.2 05 0.8 nd nd nd nd | 60.8
-096 | -1.10 427 95 0.7 12 nd nd nd nd | 54.1
-098 1 -230 1 594 89 05 13 nd nd nd nd | 70.1
-098 -2.10 1 41.8 81 21 25 nd nd nd nd | 54.5

Angled

Hecell -098-120 49.7 112 15 29 nd nd nd nd | 653
-0.99 1 -140 424 92 24 35 nd nd nd nd | 57.5
-1.00 | -2.50 649 9.9 1 1.7 nd nd nd nd | 77.5
-1.01 | -1.80 | 475 94 46 53 nd nd nd nd | 66.8
-1.02-2.60 323 54 86 94 nd nd nd nd | 55.7
-1.02-2.70 | 58.7 9.5 2 3.1 nd nd nd nd | 73.3




243

-1.02-2.10  60.8 92 1.8 26 nd nd nd nd | 74.4
-1.03 | -2.10 423 126 5 4 nd nd nd nd | 63.9
-1.03-190 363 156 5.7 5 nd nd nd nd | 62.6
-1.03-320 473 75 56 78 nd nd nd nd | 68.2
-1.05-230 465 13 79 5 nd nd nd nd | 72.4
-1.05-220 | 385 157 86 55 nd nd nd nd | 683
-1.06 | -2.60  57.6 144 156 7.1 nd nd nd nd | 94.7
-1.06 | -2.60 | 36.2 145 11.7 6.5 nd nd nd nd | 68.9
-1.06 | -3.30 | 39.7 83 132 11.1 nd nd nd nd | 723
-1.07 | -4.00  36.7 53 156 104 nd nd nd nd | 68.0
-1.07-380 358 7 186 124 nd nd nd nd | 73.8
-1.08 | -4.60 | 28.6 52 186 13 nd nd nd nd | 65.4
-1.09-3.80 451 84 184 84 nd nd nd nd | 80.3
-1.09 | -3.80  38.1 10.7 24.1 102 nd nd nd nd | 83.1
-1.10 | -5.60 | 26.6 3.2 21.1 174 nd nd nd nd | 683
-1.11 | -3.80  46.5 12.7 285 9.7 nd nd nd nd | 974
-1.11 [ -3.70 | 429 92 198 75 nd nd nd nd | 79.4
-1.13 1 -420 | 639 11.8 294 83 nd nd nd nd |1134
-1.13-3.80 | 352 112 244 78 nd nd nd nd | 78.6
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Appendix 6

SUPPLEMENTARY INFORMATION FOR CHAPTER 6:
ELECTRODE SURFACE HEATING WITH ORGANIC FILMS
IMPROVES CO2 REDUCTION KINETICS ON COPPER

In collaboration with Yungchieh Lai, Zachary J. Schiffer, and Virginia Canestraight.
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Materials and Methods

All solvents and reagents were obtained from commercial sources and used as
received, unless stated otherwise. Cu foils (99.999% Cu, 25 mm % 25 mm x 0.5 mm),
potassium carbonate (99.995%), potassium ferricyanide (>99%), and potassium ferrocyanide
hydrate (99.95%) were purchased from Sigma Aldrich. Carbon rods (99.999% C) were
purchased from Strem Chemicals. Platinum foil (99.99% Pt, 25 mm X% 25 mm % 0.05 mm)
was purchased from Alfa Aesar. Natural abundance CO» (Research grade) was purchased
from Airgas. Water was purified by a Nanopure Analytical Ultrapure Water System (Thermo
Scientific) or a Milli-Q Advantage A10 Water Purification System (Millipore) with specific
resistance of 18.2 MQ-cm at 25 °C.

Prior to each use, copper foil was mechanically polished to a mirror-like finish using
nanodiamond suspension (first 3 um then 0.1 um, Buehler) followed by rinsing in water and
drying under a stream of nitrogen gas. The copper foil was then electropolished using a
method similar to the one employed by Kuhl ef al.: In a 85% phosphoric acid bath, +2.1 V
versus a carbon rod counter electrode was applied to the Cu foil for 5 minutes and the foil
was subsequently washed with copious amounts of ultra-pure water and dried under a stream
of nitrogen gas. Prior to each use, platinum foil was washed with water and flame-annealed
using a butane torch for 10 s. CO,-saturated potassium bicarbonate electrolyte (KHCOs3, 0.1
M) was prepared by sparging an aqueous solution of potassium carbonate (K2CO3, 0.05 M)

with CO; for at least 1 h prior to electrolysis.



248
Synthesis of Diphenyliodonium Triflate

The synthesis of diphenyliodonium triflate was performed as reported.! The as-synthesized
compound was characterized by 1H NMR in d6-DMSO (400 MHz) 6(ppm): 8.26 (d, J =

7.0 Hz, 1H), 7.68 (t, ] = 7.5 Hz, 1H), 7.54 (t, ] = 7.8 Hz, 2H).

High throughput electrochemical testing

Prior to the electrolysis, the electrolyte (0.1 M KHCO3, >99.95% trace metals basis, Sigma
Aldrich) with or without additives was purged with CO2 (99.999%, Airgas) for at least 30
min. A bipolar membrane (BPM, Fumasep® FBM single film, Fumatech) was used to
separate the working and counter electrodes. Platinum wire (99.9%, Sigma Aldrich) was used
as the counter electrode. Electrolysis was carried out with a Gamry Reference 600TM
potentiostat. All electrochemical data were collected using a Ag/AgCl reference electrode
(LF2, Innovative Instruments) and converted to a reversible hydrogen electrode (RHE) scale
using the measured solution pH of 6.8. All cells and all solution handling lines were purged
with fresh electrolyte and CO; between electrolysis to avoid cross-contamination. The
surface area of the counter electrodes were about 0.25 cm?, while the working electrode
surface areas were 0.32 cm?. The “fast” flow rate of electrolyte was 150 pL/s throughout the
tests, and “slow” was 20 pL/s. The electrode was heated using a Peltier element (Laird
thermal) with a heat sink (by Digi Key) below it, which is controlled by TEC-1161-4A-
VIN1-SCREW Meerstetter TEC controller. Prior to each refill/experiment, the surface of
electrodes was preheated to the desired temperature. The electrolyte was not refilled into the

cell until the software (TEC service software) indicated the temperature was stabilized.
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Analytical and Electro-chemistry (HT-ANEC) is an analytical electrochemistry system

previously published by our group to efficiently detect a wide range of CO2R products.? At
the end of each (photo)electrolysis, gaseous and liquid products were sampled by the robotic
sample handling system (RSHS) and analyzed by GC (Thermo Scientific™ TRACE™ 1300)
and HPLC (Thermo Scientific UltiMate 3000). Detailed product detection (method) can be
found in previous publications.>* For any CO, reduction experiments with additives
involved, the additives were pre-deposited at room temperature at the potential -1.2 V vs

RHE for 7.5min.

COMSOL Modeling Information

The governing equations for laminar flow and heat transfer in fluids were solved in
COMSOL Multiphysics 6.1, coupled by the nonisothermal flow interface. Buoyant effects
were taken into account. The default solver configurations were used with a relative tolerance
of 0.001. The modeling domain was discretized using an auto-generated extremely fine
tetrahedral mesh with 2,020,386 elements. Inlet velocity boundary conditions were set to
fully developed flow and matched to experimental flow rates. The outlet was set to 0 Pa to
constrain fluid pressure. Inlet flow was set to room temperature and the electrode surface was

set to experimental temperatures.

Parameter estimation for CO: reduction
We will follow the procedure of Limaye et al. for parameter estimation.®> Specifically, using

Bayesian inference, we will generate distributions for parameters within a model given the
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raw data. The model we use is the following model:

1/i = 1/ilim + 1/ikinetic
This model was used by Limaye et al. to represent mass transport limitations at high
overpotentials, where i is the total current, i;;,, is the transport-limited current, and iy ;,etic 15

the true kinetic current. For the kinetic model, we will use:

iinetic = Ae~Fa/RT +aF®/RT
In(ikinetic) = In(A) — Eq /RT + aF¢/RT

This is the Butler-Volmer model with temperature dependence included. Here, E,, is
the activation energy for the reaction, R is the ideal gas constant, T is the temperature, « is
the transfer coefficient (the inverse of the Tafel slope, my), A is the prefactor of the
Arrhenius rate constant expression, F is Faraday’s constant, and ¢ is the applied potential
versus RHE. Note that by construction, the potential is positive and higher potentials lead to
higher currents. A few important notes about this expression. (1) the prefactor, 4, represents
the product of multiple prefactors, rate constants, and equilibrium constants in the case of a
multi-step reaction where the rate-determining step is not the first electron transfer. (2)
Similarly, the activation energy, E, , is not the activation energy of rate-determining step,
necessary, but instead represents a sum of all the Arrhenius expressions that go into the rate
constant pre-factor, including the Gibbs free energies for equilibrium reactions before the
rate-determining step. (3) the potential is shown as relative to RHE, but in practice could be
shown as relative to any reference; the only thing that changes will be the exact value of the

activation energy, modified by @®,¢ference. Thus, the activation energy reported is actually

a function of reference chosen for the system. In the case where the rate-determining step is
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the first elementary reaction in a multi-step reaction, then the activation energy and the

prefactor correspond to the expected values for an elementary step.
We can now modify the above expression with some math to get:

In(Q) = In(iym) + M(lkinetic) — M(um + lkinetic)

In(i) = n(iyy) + M(A) — E, /RT + aF$/RT — In(iyyy, + Ae Fa/RT +aFG/RT)
Numerically, fitting this can cause problems, so instead we will fit a variation:
In(iginetic) — n(io)

=In(A) —E, /RT + aF¢$/RT — [In(A) —E, /RT, + aF¢y/RT,]
Essentially, we are now fitting a model where we have normalized the current by the “true”
kinetic model. Of course, we do not have the “true” kinetic model, so we instead will use
reference potential, temperature, and current from the experimental dataset. Our kinetic
model becomes:

In(ikinetic) — In(b) = —Eq /RT + aF¢/RT — [~Eq [RToexp + aFPoexp/RToexp ]
Here, b represents the actual kinetic current at the experimentally given reference potential
and temperature indicated. Doing this removes some of the arbitrariness from the potential
reference and gives physical meaning to the free parameter b instead of a pre-exponential
factor A. Empirically, we found that this led to faster and more reproducible fitting with

Monte Carlo sampling of the distributions (full parameter fits and distributions Figure S9).
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Figure S6.1: Electrolyte temperature profiles A) inside the cell compared to B) 3 cm past the
outlet of the cell given variable surface heating temperatures. C) Cross-sectional COMSOL
image of HT-ANEC with a flow rate of 150 pL/s and SH=60 °C shows decent agreement
with experimentally derived values, as shown in table S6.1, with variation in temperature

shown in the histogram in D).
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Table S6.1: Comparison of experimental and COMSOL internal temperatures. A
corresponds to the difference between experimental and simulation temperatures. We expect
the higher average temperature observed in our simulation is due to the cell not being
perfectly insulating as it is in the model. Furthermore, the thermocouple is placed at the top
of the cathodic chamber and will therefore read cooler temperatures than the average, which
considers the electrolyte closest to the heated electrode.

<Expt> <COMSOL> COMSOL std A
Surface T internal T Exptstd dev  internal dev
25 25.0 0.0 25.0 0.0 0.0
34 284 0.3 29.5 0.9 -1.1
43 324 0.4 34.1 1.9 -1.7
50 34.0 1.2 37.8 2.6 -3.8
60 36.4 1.1 43.2 3.6 -6.8
80 423 2.1 53.9 5.6 -11.6
0.5
048 =y = -0.00186x + 0.52414
w e, R? = 0.99862
T 0.46 - oo
wn .'0,.
> .
; 0.44 - “n
Son,
S 042 - .
0-.‘
0.4 : : , —

20 30 40 50 60
Temperature (°C)

Figure S6.2: Calibration of OCV versus bulk temperature. Measurements in 0.5 M KCl1 with
5 mM K3Fe(CN)s and 5 mM K4Fe(CN)g using a platinum rotating disk electrode, with a
platinum wire counter electrode, and a SCE reference electrode.
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Table S6.2: Open Circuit Voltage (OCV) measurements in 0.5 M KCI with 5 mM
K3Fe(CN)g and 5 mM K4Fe(CN)s shown in Figure 6.2. BH corresponds to projected values
based on a linear regression of data points shown in figure S6.2. All slow/fast values are the

average of two data points.

Set T 25 34 43 50 60
OCVgu 0.478 0.461 0.444 0.431 0.413
<OCVpse>  0.482+0.000 0.465 +0.006 0.452 +0.005 0.444 £+ 0.007 0.420 + 0.000
<Tast> 225+0.2 31.9+3.2 39.0+2.6 43.2+3.6 55.9+0.0

<OCViow> 0.483 £0.001 0.464 £ 0.006 0.450 = 0.005 0.440 £ 0.005 0.413 + 0.003
<Tsiow > 22.1+£0.5 323+3.0 39.8+2.6 455+2.5 59.6+1.4
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Figure S6.3: Zoomed out cyclic voltammograms (CVs) of A) surface heating with fast
electrolyte recirculation, B) bulk heating with fast electrolyte recirculation, C) surface
heating with slow electrolyte recirculation, and D) surface heating with fast electrolyte
recirculation in the presence of a molecular film (deposited in the same way as otherwise
referred to in the text). Cyclic voltammograms were performed with 10 mM K3Fe(CN)g in
COz-sparged 0.1 M KHCOs3 scanning at 100 mV/s from 0.5 V to -1 V vs Ag/AgCl with a
gold working electrode, Pt counter electrode, and leakless Ag/AgCl reference electrode. CVs
were performed to establish a mass transport limited regime for subsequent
chronoamperometry experiments.
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Figure S6.4: Chronoamperometry (CA) at -0.8 V vs Ag/AgCl for 2 minutes of A) surface
heating with fast electrolyte recirculation, B) bulk heating with fast electrolyte recirculation,
C) surface heating with slow electrolyte recirculation, and D) surface heating with fast
electrolyte recirculation in the presence of a molecular film (deposited in the same way as
otherwise referred to in the text). CAs were performed with 10 mM KzFe(CN)s in CO»-
sparged 0.1 M KHCO; with a gold working electrode, Pt counter electrode, and leakless
Ag/AgCl reference electrode. The average current across the second minute was used in
subsequent boundary layer calculations. The significant decrease in activity with organic
films may be due to the inhibition of the transfer of ferricyanide through the film.
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Figure S6.5: Concentration boundary layer versus electrolyte recirculation flow rate.
These experiments were obtained according to section SI-4 from Clark et al.® Briefly, a
CV is initially performed to determine the mass transport limited regime, and then a
potential is chosen for subsequent constant potential experiments to determine the
boundary layer at different recirculation rates. The boundary layer was calculated using
the inset equation, wherein Dxsrecnys 1S the diffusivity of the ferricyanide ion at 25 °C
(0.72x10° cm? s7'), C*[Fe(CN)e* ] is the concentration of ferricyanide ion in the bulk of
the electrolyte (10 mM), and jss is the steady-state current density.
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Figure S6.6: Calculated concentration boundary layer thickness at a 150 pL/s flow rate using
extrapolated diffusion coefficients and surface temperatures from Table S6.2.”
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Figure S6.7: Temperature versus resistance plots of surface heated (SH) versus bulk heated

(BH) electrolyte using 0.1 M KHCO:s.
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Figure S6.8: Plots of Faradaic efficiencies for polycrystalline Cu CO2R at variable
temperatures in 0.1 M KHCOs. Each data point corresponds to an individual experiment.
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Figure S6.9: Plots of Faradaic efficiencies for organic-modified polycrystalline Cu CO2R at
variable temperatures in 0.1 M KHCOs. Each data point corresponds to an individual
experiment.
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Figure S6.10: Fitting of experimental CO2R data using Butler Volmer kinetics (Equation
6.2 in the main text and full model earlier in Appendix).

Table S6.3: Potentials, currents, temperatures, and Faradaic efficiencies of electrolyses

reported herein.
J total

[Add.] Vvs (mA/c CHOO Cp+ Total
TCC) (mM) RHE m*) H, CHs CO CHsy EtOH H Lig. FE
25 - -08 -223 370 12 1.7 09 00 00 0.0 408
25 - -090 -236 522 07 31 06 00 00 00 566
25 - -095 -2.77 480 15 51 12 00 00 00 559
25 - -1.00 -506 426 87 29 34 00 00 1.7 592
25 - -1.01 -7.00 382 149 35 54 15 00 45 679
25 - -1.01 -1325 311 314 20 70 15 07 38 774
25 - -1.03 -839 174 266 1.1 107 47 08 7.7 689
25 - -1.05 -10.10 30.7 294 28 6.5 1.6 05 48 763
25 - -1.07 -11.56 183 229 07 60 37 05 53 574
25 10 -096 -199 134 04 79 168 207 00 0.0 592
25 10 -1.02 421 124 03 40 214 182 00 1.6 579
25 10 -1.06 -722 176 0.7 28 316 109 00 05 642
25 10 -1.07 -7.08 113 1.0 22 324 158 92 37 755
25 10 -1.08 -11.39 18.1 4.1 14 258 192 00 14 70.1
25 10 -1.12 963 181 14 1.8 31.7 248 00 3.7 8l.6
25 10 -1.12 -1476 193 50 1.5 285 178 00 13 735
34 10 -095 -252 130 01 72 160 28 79 00 471
34 10 -1.01 484 162 05 50 215 72 148 44 696
34 10 -1.04 -846 158 0.8 3.0 254 134 6.6 3.7 687




261

34 10 -1.09 -11.22 231 20 19 275 153 3.0 13 741
34 10 -1.16 -12.66 298 27 15 232 130 2.1 1.3 735
43 - 088 418 485 09 21 08 0.0 282 00 805
43 - -0.89 -331 422 11 33 14 00 423 08 911
43 - 092 474 520 06 35 07 00 245 00 814
43 - 094 -355 545 08 45 1.5 0.0 424 1.1 1047
43 - 098 -534 395 38 58 42 07 294 59 893
43 - -1.00 -596 521 51 60 40 00 334 00 100.7
43 - -1.00 -581 444 37 50 42 00 295 12 882
43 - -1.01 -11.50 336 157 42 104 22 9.0 100 85.0
43 - -1.02 -16.81 303 253 26 109 20 98 7.1 88.0
43 - -1.02 -1044 270 187 32 160 47 143 122 96.0
43 - -1.04 -1546 299 235 25 129 34 21.1 86 1019
43 - -1.04 -1240 301 189 33 95 29 194 82 923
43 10 -090 -278 112 01 82 93 32 208 22 551
43 10 -093 -359 142 01 &5 138 41 131 14 553
43 10 -098 -6.14 150 03 60 240 73 132 65 722
43 10 -1.02 -957 174 08 28 268 138 6.1 33 71.0
43 10 -1.07 -1229 199 14 25 274 159 41 35 747
43 10 -1.13 -14.12 289 27 19 271 149 1.6 14 785
50 10 -091 -221 107 02 108 13.1 53 194 25 618
50 10 -093 -377 109 01 75 131 58 122 49 544
50 10 -098 -7.57 191 01 75 176 7.8 119 45 687
50 10 -1.02 -11.79 240 02 44 215 129 67 73 77.1
50 10 -1.02 -925 144 07 32 266 169 67 70 688
50 10 -1.03 -10.89 213 02 49 210 126 73 73 744
50 10 -1.03 -10.86 223 01 49 218 133 7.7 62 764
50 10  -1.05 -1254 21.1 02 40 254 135 3.6 54 731
50 10 -1.07 -12.12 138 06 20 205 169 59 48 645
50 10 -1.09 -11.16 155 09 3.0 204 143 74 67 60.7
50 10 -1.10 -1586 358 19 13 200 142 19 31 782
60 - 089 -395 409 04 24 09 00 00 00 446
60 - 08 -373 478 10 19 12 00 00 00 519
60 - 092 485 580 05 44 09 00 00 00 638
60 - 093 424 522 04 39 08 00 00 00 573
60 - 09 -546 541 04 45 09 00 00 00 599
60 - 098 -623 446 27 53 39 12 03 36 616
60 - 099 -728 508 36 61 41 07 06 45 704
60 - 099 -678 507 14 53 24 00 00 00 598
60 - -1.00 -6.67 514 22 40 29 00 00 31 636
60 - -1.02 -11.14 293 86 41 134 39 16 126 734
60 - -1.05 -1573 327 13.6 28 11.0 3.0 13 10.0 745
60 - -1.06 -12.18 422 167 50 123 1.7 07 76 86.2
60 - -1.09 -1338 343 188 40 94 16 02 45 728
60 10 -0.89 -324 100 01 100 93 42 181 42 558
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60 10 -091 453 82 00 76 99 58 50 82 447
60 10 -09 -731 124 0.1 71 202 64 86 53 60.1
60 10 -1.00 -10.56 154 02 38 236 151 80 6.8 73.0
60 10 -1.02 -1496 198 0.6 26 222 160 43 60 71.6
60 10 -1.06 -1532 207 04 40 217 125 39 51 683
80 10 -098 -857 163 0.1 81 139 59 90 7.6 608
80 10 -1.01 -13.88 246 0.1 47 196 104 58 56 708
80 10 -1.09 -1524 257 0.1 42 133 85 127 54 698
80 10 -1.11 -1436 243 0.1 50 165 9.0 5.1 6.2 66.2
80 10  -1.11 -1798 383 03 39 153 86 47 33 743
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