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ABSTRACT

The electrochemical reduction of CO, (ERC) into fuels and chemicals is one way to remediate the
high CO, emission levels arising from human activity. Among the different value-added products
that can be obtained from ERC, formate/formic acid has generated sharp interest due to its
widespread use and strong market. Post-transition metals such as In, Hg, Pb, and Sn, have
attracted the interest of researchers due to their low price and good selectivity for formate
production. However, for these post-transition elements, achieving high selectivity is still a
challenge. In addition, large onset potentials and high overpotentials are requested in situations
when high current density (high production rate) is needed. Therefore, the development of highly
active post-transition catalysts that work effectively at ambient pressure and temperature in
aqueous electrolytes with low overpotential and large reduction current remains a daunting task.
Dendrite-structured catalysts are potentially interesting materials for ERC to achieve high activity
and selectivity, due to their large surface area, high density of exposed surface with preferential

facet orientations, and the presence of sharp tips at the dendrites’ ends.

First, honeycomb porous Pb films with a dendrite-like secondary structure growing along the
[100]-axis were prepared by dynamic hydrogen bubble templating (DHBT) and used for CO-
electroreduction. Detailed physicochemical characterization of these porous films revealed that
their thickness (up to 70 um) and electrochemical active surface area (up to 1500 cm?) could be
altered by current density (varied between -1 and -4 Acm) and deposition time (varied between
3 and 60 seconds). The electrochemical activity and stability of the electrodes in CO:
electroreduction were investigated in 1 M KHCOs electrolyte at standard pressure and room
temperature. The Faradic efficiency for formate was above 90% for electrodes with
electrochemical surface areas greater than 500 cm?, which was attributed to an increased fraction
of the [100] surfaces. Compared to plate Pb electrode, the ERC onset potential on the porous Pb
dendrites electrode was decreased by 160 mV. The porous Pb film deposited at -4.0 A cm~? and
40 seconds proved to be a highly active and stable electrode, with a partial current density (jrormate)
of -7.5 mA cm~ and a Faradaic efficiency of formate of 97% at an overpotential of 800 mV after 6

hours of electrolysis.

Second, the porous Pb dendrite was further modified by highly selective and efficient bismuth
dendrites (Bigen). A detailed investigation of the atomic structure of Bi dendrites was achieved
through high-resolution transmission electron microscopy (HR-TEM). It was shown that Bi

dendrites are made of single crystals with a rhombohedral structure, which grow in the [010]



direction. The terminated dendrite surface is not entirely smooth, but carries surface irregularities
in the form of surface steps and high-index facets. Selective decoration of the low-index facets of
Bi dendrites was achieved, showing that these surface steps and high-index facets are the most
active Bi surface sites. In an H-cell, the ERC at dendritic Bi occurs with a high Faradaic efficiency
for formate (98%), and high current density (18.8 mA cm-?) and production rate (344 umol cm2 h-
1) at low overpotential (600 mV). The production rate may be further improved to 1.63 mmol cm-?
h-1 (or 95 mA cm? at —0.82 V vs. RHE) when tested in conditions where the CO: flux is not limiting
performance (high-pressure flow-cell measurements), a three-fold increase over the reported

benchmark.

Third, an alloyed Sn4Pbs electrode featuring a dendrite-like structure was fabricated. The
deposition conditions for the Sn1Pbs electrode were optimized. Continuous flow-cell electrolysis
was applied on the optimal Sn1Pbs electrode, and a high production rate of 295 ym cm=2 h-' was
achieved with a current of 17.2 mA cm at a low overpotential of 500 mV. The Faradaic efficiency
for formate formation was close to 100% in a large potential range from -0.72 V to -1.12 V vs.
RHE. Compared to the single dendritic Pb, the ERC onset potential on the dendritic Sn{Pbs
electrode was 80 mV lower. Density functional theory computations were performed to uncover
the origin of the decrease in onset potential upon alloying Pb with Sn. Explicit treatment of water
molecules in DFT calculations was revealed to be crucial in achieving agreement with

experimentally-measured onset potentials.

Keywords: carbon dioxide, electrochemical reduction, formate, post-transition metals, lead-based

catalysts, dendritic structure, alloy materials, DFT calculations
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RESUME

La réduction électrochimique du CO; (ERC) en carburant et produit chimique est I'un des moyens
de remédier aux niveaux élevés d'émissions de CO; résultant de I'activité humaine. Parmi les
différents produits a valeur ajoutée qui peuvent étre obtenus lors de I'ERC, le formiate/acide
formique a suscité un vif intérét en raison de sa large utilisation et de son marché favorable. Les
métaux de post-transition, tels que In, Hg, Pb et Sn, ont suscité l'intérét des chercheurs en raison
de leur prix faible et de leur bonne sélectivité pour la production de formiate lors de la réduction
électrochimique du processus de CO.,. Cependant, sur ces éléments post-transition, une
sélectivité élevée s'accompagne d'une forte demande de pression de CO,, les potentiels
d’initiation sont importants et les surtensions élevées lorsqu'une forte densité de courant (taux de
production élevé) est requise. Par conséquent, il est toujours un défi a développer des catalyseurs
de post-transition qui fonctionnent bien a la pression atmosphérique, a la température ambiante
et a I'électrolyte aqueux, et qui atteignent une faible surtension et un courant de réduction
important. Les catalyseurs en structure de type dendrite sont potentiels pour I'ERC hautement
actif et sélectif en raison de leur grande surface spécifique, d'une grande densité de surface
exposée avec des orientations de facettes préférentielles et de la présence de pointes acérées a

la fin des dendrites.

Premiérement, des films de Pb poreux en nid d'abeille avec une structure secondaire de type
dendrite se développant le long de I'axe [100] ont été préparés par “Dynamic Hydrogen Bubble
Templating” (DHBT) et utilisés pour I'électro-réduction du CO,. Une caractérisation physico-
chimique détaillée des films poreux a révélé que I'épaisseur (jusqu'a 70 um) et la surface active
électrochimique (jusqu'a 1500 cm?) des films poreux en Pb pouvaient étre ajustées par la densité
de courant (variant entre -1 et -4 A cm2) et le temps de déposition (variant entre 3 et 60 s).
L'activité électrochimique et la stabilité des électrodes pour I'électro-réduction du CO; ont été
étudiées sur I'électrolyte KHCO3 1 M a la pression standard et a la température ambiante.
L'efficacité faradique pour le formiate était supérieure & 90% pour les électrodes avec des
surfaces électrochimiques supérieures a 500 cm? et elle a été attribuée a une fraction accrue des
[100] surfaces. Comparé a l'électrode de plaque Pb, le potentiel de début d'ERC sur I'électrode
poreuse de dendrites de Pb était de 160 mV diminué. Le film de Pb poreux déposé a -4,0 A cm™?
et 40 secondes s'est avéré une électrode trés active et stable, avec une densité de courant
partielle (jiormate) de -7,5 mA cm2 et une efficacité faradique du formiate de 97% a une surtension

de 800 mV aprés 6 heures d'électrolyse.
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Deuxiémement, les dendrites poreuses de Pb ont été encore modifiées par des dendrites de
bismuth hautement sélectives et efficaces (Bisen). Une étude détaillée de la structure atomique
des dendrites Bi a été réalisée par microscopie électronique a transmission a haute résolution
(HR-TEM). Il a été démontré que les dendrites Bi sont constituées de monocristaux a structure
rhomboédrique et qu'elles poussent dans le sens [010]. La surface de dendrite terminée n'est pas
entiérement lisse mais présente des irrégularités de surface sous la forme de gradin et de facette
a indice élevé. Une décoration sélective des facettes a faible indice des dendrites Bi a été réalisée
pour montrer que ces gradins de surface et ces facettes a indice élevé sont les sites de surface
Bi les plus actifs. Dans une cellule en forme H, 'ERC a dendritique Bi se produit avec une
efficacité faradique élevée pour le formiate (98%), et une grande densité de courant (18,8 mA cm-
2) et un taux de production (344 umol cm2 h-") a faible surtension (600 mV). Le taux de production
peut étre encore amélioré a 1,63 mmol cm2 h-' lorsqu'il est testé dans des conditions ou le flux

de COz ne limite pas ses performances, qui est 3 fois plus grande que la référence.

Troisiemement, une électrode de Sn1Pbs bien alliée présentant une structure de type dendrite a
été fabriquée. Les conditions de dépét de I'électrode Sn1Pbsont été optimisées. Une électrolyse
en cellule a écoulement continu a été appliquée sur I'électrode optimale Sn1Pbs, et un taux de
production élevé de 295 um cm? h'' a été atteint avec un courant de 17,2 mA cm a une faible
surtension de 500 mV. L'efficacité faradique pour la formation de formiate est proche de 100%
dans une large plage de potentiel de -0,72 V a -1,12 V par rapport a RHE. Comparé au Pb
dendritique unique, le potentiel de début de I'ERC sur I'électrode dendritique de SnqPbs était
inférieur de 80 mV. Des calculs de théorie fonctionnelle de la densité ont été effectués pour
découvrir I'origine de la diminution du potentiel de début lors de l'alliage de Pb avec Sn. Le
traitement explicite des molécules d'eau dans les calculs DFT s'avére crucial pour parvenir a un

accord avec les potentiels de début mesurés expérimentalement.

Mots-clés: dioxyde de carbone, réduction électrochimique, formiate, métaux post-transition,

catalyseurs a base de plomb, structure dendritique, matériaux d'alliage, calculs DFT
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1 INTRODUCTION

1.1 Background and Motivations

1.1.1 CO: emission and climate change

Carbon dioxide (CO.) is the primary greenhouse gas released because of human activity. CO; is
released into the atmosphere due to forest fires, fossil fuel combustion, and industrial processes
According to a 2005 special report by the Intergovernmental Panel on Climate Change (IPCC),’
average global CO, emissions increased 1.4% per year between 1995 and 2001, with total global
CO; emissions reaching 23,684 Mt y-' in 2001. The unrestricted emission of CO; resulting from
human activity has exceeded the recycling capability of COz in nature, resulting in a series of
environmental problems, including a rise in global temperatures. The IPCC Global Warming
reported in 2018 noted that the Earth’s surface temperature keeps increasing every decade, and
positively correlated to the cumulative CO, emissions.? This increases the possibility of extreme
weather, the melting of polar ice, and rapidly rising global sea levels, which threaten the entire

planet.

1.1.2 CO; storage and CO; conversion

Carbon sequestration is one of the strategies to prevent the release of CO, to the atmosphere.??
The carbon capture and storage (CCS) started from 1972 in Texas, and now there are 23 large-
scale CCS facilities in operation or under construction, capturing almost 40 Mt y-' of CO, from
industrial point sources.* There are several main options to storage this captured CO;: ocean
storage, geological storage, and mineralization.® The ocean storage consists of the CO; injection
at great depths forming hydrates or dissolving.® The ocean is considered to be the largest store
of CO,.% However, the increase of CO, concentration leads to ocean acidification, affecting the
growth of marine life such as the corals. The geological storage is considered a viable way to
store CO,.”® This method achieves CO; injection into depleted oil and gas fields, coal mines, and
other geological structure layers. However, the injected CO- will acidify the groundwater leading
to the dissolution of heavy metals and contamination of the portable water nearby.” The
mineralization of CO; is using chemical reactions to solidify CO; into inorganic carbonates, which
provides an opportunity to storage CO, permanently during a long period.®'® However, the cost
of this CO; disposal way is huge, which is rarely economically viable. Thence, the CO, emitting

cost will be very high and economically unaffordable if the CO, cannot be recycled and reutilized.



1.1.3 Electrochemical reduction of CO;

The conversion of CO; into valuable chemicals is one way to facilitate carbon recycling and the
reuse of CO,. This conversion process requires energy and may be achieved through
biochemical,''2 photochemical,’®'® and electrochemical methods.?%?®> The electrochemical
reduction of CO, (ERC) has attracted attention in recent years due to several advantages: (1) The
electricity used to drive the process can originate from intermittent energy sources such as solar
and wind, allowing for off-the-grid energy storage that can be easily reverted back into the grid as
and when needed; (2) The ERC conditions, such as temperature, pressure, and electrolysis
potential, are easily controlled; (3) The ERC setup is compact and can be easily scaled up.29.26:27
However, several challenges remain before this process can be industrialized: (1) ERC’s slow
kinetics lead to high electrolysis potentials; (2) The low energy efficiency results in low economic
viability for ERC; (3) Insufficient catalyst stability, which leads to high operating costs for ERC.?8
Therefore, it is necessary to design and develop highly efficient and stable catalysts for ERC to

make this process more feasible and economical.

1.2 Electrochemical Reduction of CO2 Fundamentals
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Figure 1.1 Schematic illustration of a typical ERC reaction system in aqueous electrolyte.

Electrochemical reduction of CO; is a heterogeneous reaction that the reaction occurs at the
electrode-electrolyte interface. The ERC reaction system generally includes a cathode and an

anode. The cathode is where the ERC reaction occurs, while the anode is where the oxygen



evolution reaction takes place. The cathode and anode are separated by an ion-exchange
membrane, which allows the transfer of protons and prevents the oxidation of the reduction

products at the anode. An illustration of a typical ERC system is shown in Figure 1.1.

1.21 Thermodynamic of CO; electroreduction

The CO: electrochemical reduction process needs to overcome thermodynamic barriers. The

Gibbs free energy change is associated with the ERC potential difference:
AG = -zFE° (1.1)

where AG represents Gibbs free energy change, z is the number of electron transfer, F is the
Faraday constant, and EY is the standard reaction potential. The ERC can proceed through 2
electrons (2€°), 4e, 6e- and 8e- pathways. The ERC standard electrode potentials are listed in
Table 1.1. The reduction of H* is the possible competing reaction during the CO; electrochemical

reduction process.

Table 1.1 Selected standard potentials of CO2 reduction under standard conditions in aqueous
solution: at pH=7, 1 atm, and 25 °C.2°

Thermodynamic half-electrochemical reactions (S\}ayséasrdHEI)ectrode potentials
COz2+e — CO2™ -1.90
COz2 +2H* +2e" - CO + H0 -0.53
COz2 + 2H* + 2e- > HCOOH -0.61
COz2 + 4H* + 4e- > HCHO + H20 -0.48
CO2 + 6H* + 6e —» CH30OH + H20 -0.38
CO2 + 8H" + 8e" » CH4 + 2H20 -0.24
2H* + 2e"—> H2 -0.41

The one-electron reduction of CO,, which forms the CO;* radical, occurs at a highly negative
potential (-1.90 V vs. SHE) and is thermodynamically unfavorable (Table 1.1). A proton-assisted
approach to CO- reduction, lowers the thermodynamic barrier significantly, such as those 2e-, 4e-
, 6e7, 8e reactions show in Table 1.1. The thermodynamic barrier varies from -0.24 to -0.61, which

is much lower than -1.9 V. Catalysts can promote such proton-assisted, multi-electron pathways.



1.2.2 Kinetic of CO; electroreduction

In addition to the thermodynamic barriers, the ERC efficiency is also dependent on the reaction
kinetics. The ERC process at the interface between electrode and electrolyte is generally
composed of three steps: (1) In the first mass transfer step, the reactant species approaches to
the electrode surface; (2) In the second electrochemical step, the electrons transfer across the
interface; (3) In the third mass transfer step, the product species desorb from the surface and

diffuse into the electrolyte.30:31
For a given electrode reaction:
on + Ze <> Ared (1 2)

The fundamental relationships in electrochemical kinetics have been shown in the Butler-Vomer
equation, which describes how the electrical current depends on the electrode potential. When all
sorts of the mass transport limitations are neglected, the current-potential relation is only
determined by the kinetics of charge transfer, the cathode and anode current density is described

in equation 1.3 and 1.4, respectively:

je = —Joexp |2 (E - Eey)] (1.3)
Ja = Jo -exp [ 2 (E — Eeq)| (1.4)

therefore, the electrode net current is:

J = Je+Ja =Jo - {exp [ 2 (E — Eeq)| — exp |22 (E - Eeq) |} (1.5)
to compact it:
j = Jo-{exp |22 ] - exp [ =]} (1.6)

Where j. represents the cathode current density, j, represents the anode current density, j
represents the electrode net current density, jo represents the exchange current density, E
represents electrode potential, E¢q represents equilibrium potential, 7 represents overpotential
(defined as n = E-Eq), o represents the charge transfer coefficient of, z represents number of
electrons involved in the electrode reaction, F represents Faraday constant, R represents

universal gas constant, and T represents absolute temperature.



Equation 1.6 indicates that the current density at any overpotential is the sum of cathodic and
anodic current densities. At the extreme condition of the overpotential being highly negative, the
cathodic current density increases while the anodic current density becomes negligible. Then

equation 1.6 can be written as:
j =—je =Jo-{exp [ =]} (1.7)
The equation 1.7 can also be written as:
In (~je) = Injo = -7 (1.8)

Equation 1.8 is the cathodic Tafel equation, which provides electrochemical kinetic information.
When the cathodic current density and overpotential are obtained from the experiments, the
exchange current density can be determined by the Tafel equation. Moreover, the number of
electrons for an unknown reaction can be determined by the Tafel slope, which is important for

mechanism investigation.

The equilibrium potential is the potential where the net current density is zero. The overpotential
is the deviation of the electrode potential E from the equilibrium potential Eqq. The overpotential is

described as:
n=E-Eeg (1.9)

The Nernst equation is used to determine the equilibrium potential E¢, for a given composition in
the bulk. The link between bulk composition and equilibrium is described as equation 1.10. In a

half-cell cathode reaction, the Nernst equation is:

Eeq = Efeq — = In (1.10)

Cox

Where E,, is the standard half-cell reduction potential, creq and cox are the chemical activity of

the oxidizing agent and reducing agent, respectively.

1.23 CO; electroreduction figure of merit

In general, an efficient ERC requires highly active, selective, and stable catalysts. Moreover, the
reaction system needs to achieve high mass transport properties and low ohmic resistance.3?:3
To characterize these features, several figures of merits are generally used to evaluate the
performance of the ERC system, which are current density, Faradaic efficiency, energy efficiency,

and stability.



The current density is commonly defined as the current flow divided by the geometric area of the
electrode at a given potential. The current density is used to characterize the reaction rate of the
ERC process. By comparing the current density value, the catalytic activity of catalysts can be
evaluated. The current density also depends on catalyst loading or the active surface area of a
electrode. In some cases, the current density is normalized by the electrochemical active surface
area (EASA) of an electrode. Due to the competitive H, evolution reaction (HER) during ERC
process, the total current density is generally composed of the currents of both HER and ERC.
Therefore, the partial current density of CO, electrochemical reduction needs to be further

calculated by multiplying the total current density (jiotar) with the Faradaic efficiency of ERC.

The Faradaic efficiency (FE) describes how efficient the charge facilitating an electrochemical
reaction. The Faradaic efficiency is also known as the current efficiency. It can be described by
the relation between product mole number and the consumed electricity charge. The function is

written as:

zZnF

FE =

(1.11)

Qtotal

where z is the number of electron transfer, n is the mole number of a specific CO, reduction
product, F is the Faraday constant, which is 96486 C mol"', Qu:a is the total charge consumed
during ERC process. When there are several reduction products generated during the ERC
process, the Faradaic efficiency can also provide the selectivity information between different
products. In general, the total Faradaic efficiency is 100% when all of the reactions are counting
in.

The energy efficiency (EE) describes how efficient the input energy stored in the ERC product.
The energy efficiency is defined as the ratio between the equilibrium potential for the desired
product and the total cell voltage. The cell voltage is the potential difference between cathode and
anode. Oxygen evolution (OER) is the anodic reaction. Therefore, for a specific cathodic product
B, the energy efficiency of a full cell is written as:

B OER
E¢q—Eéq

EE = FEg (1.12)

Ecell

where Efq is the equilibrium potential to form the specific product p at the cathode during ERC
process, ESqER is the equilibrium of OER at the anode side, FEy is the Faradaic efficiency of the

desired product B, Ecen is the cell voltage, which is the potential difference between the cathodic

applied potential for ERC and the anodic applied potential for OER.



The stability describes the degradation of an electrode. Normally, the degradation of electrode is
accompanied by an overpotential increase and ERC partial current decrease. The increasing
overpotential is generally caused by the polarization of electrode, which possibly results from the
impurity deposition, reactant concentration change, electrolyte pH change, or the morphology
change of catalysts. Good stability is an important factor in minimizing the maintenance and

operation costs for a large-scale ERC operation.

1.3  Metal Catalysts and Mechanisms for ERC

A wide range of catalysts for ERC has been studied by researchers over a long period. The ERC
performances on various metal catalysts have been reported in the early work of Hori et al. in
1985.34 In Hori’'s work, the metal catalysts were briefly divided into several groups in accordance
with the product selectivity. For example, Cd, In, Sn, and Pb are preferred to produce formate; Ag
and Au is in favor of CO production with a high Faradaic efficiency of 90%; While CH4 is more
favored on Cu electrodes with a larger Faradaic efficiency of 40% comparing to the low FEchs On
other metal catalysts.®*
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Figure 1.2 Periodic table for CO2 reduction products at -2.2 V vs. SCE in low-temperature 0.05 mol dm-3

KHCOs3 solution.35

In 1990, Azuma et al. reported 32 metal electrodes for ERC. A periodic table related to the ERC

products distribution was shown in their work (Figure 1.2). It was noted by Azuma et al. that heavy



metals in 11B, 11IB, and IVB groups are effective for producing formate/formic. Some of VIl and IB
metals, such as Ni and Au, are effective for CO production. Cu has a very high electrocatalytic
activity for hydrocarbons formation. It was also suggested by Azuma et al. that there is a

systematic rule for the CO, electrocatalytic reduction on metal surfaces.3®

1.3.1 Possible reaction pathways and products distribution

The different ERC product selectivity on various metals can be explained by the different reaction
intermediates and various pathways. Experimental and theoretical methods have been carried
out to investigate the ERC reaction mechanisms. The ERC reaction pathways for different
products are proposed based on Tafel slopes or density functional theory (DFT) calculations.36:37

The most popular reaction pathways are shown in Figure 1.3.

H
thz /,C\\ HC?OHads
I —— IS HCOOH
H* + e (HCOOY) H* + e
HO ) o
CT N\~ I
I + + CcOo
H* + e (COOH?) H* + e i
2H" +2¢° | hewo
AH™ +4€ | chaon
6H" + 6e . CHa
Figure 1.3 Schematic illustration of simplified reaction mechanism for ERC in aqueous solution.

For the formate product, the reaction pathway is associated with the HCOO* intermediate. There
are two ways to form the HCOO* intermediate, which related to two different proton-combining
methods. In one way, H* is firstly adsorbed at the catalyst’s surface, and then, the H* adsorption
reacts with the CO; to form the HCOO* intermediate.3® This reaction way is called proton-assisted
electron transfer pathway. An alternative way is that the CO.is coupled with a proton provided by
electrolyte firstly, and then, the HCOO* adsorption forms directly at the surface of a catalyst. This
pathway is called proton-coupled electron transfer pathway.3® For the heavy metals in IIB, IlIB,

and IVB groups (Figure 1.2), such as Hg, Pb, Sn, and In, the formation of HCOO* intermediate is



more energy favorable.*® Thus, the formate or formic acid is the predominate product on those

metals such like Hg,*! In,*? Sn,*>44 Pb,444% and Bi.4647

For the CO formation, the COOH* intermediate is more favorable. The COOH* adsorption will be
further reduced to CO* at the surfaces of metal catalysts, such as Ni, Ag, Au, and Pd. On these
metals, CO* desorption occurs before it is further reduced to higher-order products. Therefore,
CO is the major product for the metals in group VIl and IB, such as Ni,*849 Ag,50-52 Au,53-%6 Pd,54.57-

For the higher-order product formation, the CO* adsorbate binds stably to the active sites of metal
surfaces. Thence, the CO* adsorbate will be further reduced to higher-order reduction products,
such as alcohols and hydrocarbons. Cu has been widely studied for higher-order ERC

products.362-66

1.3.2 Selective catalysts for formate/formic acid
1.3.2.1 Hg electrode

In 1982, Hori et al. reported that the current efficiency for formate formation could reach 100%
with a constant current density of 0.5 mA cm-? at the mercury pool electrode. The electrolysis
potential was affected by the pH and the anion species of the electrolyte. It was pointed by Hori
et al. that the electrolysis potential was lower with the anion sequence of Li* Na* and K*.%7
Todoroki et al. found that the Hg electrodes showed a formate Faradaic Efficiency (FEfomate) Of
12.9% at a constant current of 200 mA cm-2 in the aqueous electrolyte under atmosphere pressure
and room temperature. The FEwmate Wwas gradually increased with the increase of CO. pressure.
The FEfomate reached 100% when the CO, pressure was increased to 20 atm. Even though Hg is
very selective for formate product during the ERC process, it is necessary to apply a very high
CO; pressure to achieve the high FEwmate. Besides, Hg is very toxic, which is not safe for industrial

applications.

1.3.2.2 In electrode

It was reported by Todoroki et al. that In electrode was also selective for formate product during
the ERC process. They noted that the FEsmate ON In electrode was 30.6% with a partial current
density of 15.3 mA cm2 at atmosphere pressure and room temperature. When the CO; pressure
was increased to 60 atm, the FEfmate achieved to 100%.68 In 1995, Mizuno found that the FEormate

on In electrode was obtained to be 100% at -1.8 V vs. Ag/AgCI at a high-pressure condition.®® In



recent years, researchers start to investigate the catalytic activity of In electrodes under
atmosphere pressure. Bitar et al. reported an In coated carbon paper electrode (In/C), at which
the FEformate Was 45% at -1.2 V vs. RHE, which was 23% enhanced than the FEfmate 0N In foil.”°
Hegner et al. reported an electrodeposited In electrode, and the FEfmate 0N this In electrode
reached 94.5% at an electrolysis potential of -1.6 V vs. RHE with a current of 3.8 mA cm=.""
Recently, Luo et al. reported a porous In, on which the ERC current achieved to 67.5 mA cm-
with a FEsmate Of 90% at the potential of -1.2 V vs. RHE.”?2 Bohlen et al. reported a deposited In
electrode using Cu foil as the substrate. This In electrode showed a FEsmate of 72.5% at -1.24 V
vs. RHE with a reduction current of 27.8 mA cm?2. Ma et al. found that comparing to the
commercial In foil, the S-doped In electrode showed a higher FEmate (93%), which was 60%
higher than that of commercial In at the potential of -0.98 V vs. RHE. The partial current of formate
on S-doped In electrode reached 60 mA cm=2.73 In recent years, the ERC reduction current on In
electrode was significantly improved with a high FEfmate Of around 90%. However, the ERC
electrolysis potential on In electrode is still more negative than -1 V vs. RHE. This large ERC

electrolysis potential will lead to low energy efficiency for CO; electrochemical reduction.

1.3.2.3 Sn electrode

Sn is also very selective for formate formation in the ERC process. The catalytic activities of Sn
foil, Sn granules, Sn particles, and Sn particles-based carbon materials were investigated. In 2003,
Koleli et al. reported a fixed-bed reactor for ERC using Sn granules as the catalysts. The FEfomate
on Sn electrode was 74% at the electrolysis potential of -0.8 V vs. RHE with a reduction current
of 0.25 mA cm=2.74In 2012, Wu et al. reported a 95% FEmate 0N Sn foil electrode at the electrolysis
potential of -1.3 V vs. RHE with a current of 5 mA cm2.75 Prakash et al. reported an Sn particle
coated gas diffusion layer (GDL) electrode, and a 70% FEromate Wwas obtained at -1.1 V vs. RHE
with a current of 27.3 mA cm?on this Sn/GDL electrode.”® Li et al. reported a sulfide-derived Sn,
on which the electrolysis potential was reduced to -0.75 V vs. RHE with a FEfmate Of 84.5% and
reduction current of 11.75 mA cm2. The ERC overpotential for the Sn electrode is still very large
(>1V), and there is space to improve the reduction current and enhance the FEfomate for Sn-based
electrodes.”” Most recently, Sn-based carbon nanotubes (CNTs)/carbon black hybrid GDL"® and
Sn-based N-doped carbon nanofibers (N-C)”® were investigated, on which the FEfyrmate Were both
less than 70%. The CO and Hz productions competed with the formate leading to a relatively low

FEfmate. Traditional Sn foil, granules, or particles catalysts show a good reduction current (>10
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mA cm2) during the ERC process. However, it is still challenging to reduce the large overpotential

and enhance the formate Faradaic efficiency.

1.3.2.4 Pb electrode

Pb is very selective for formate production during the ERC process with a suppression of the
competitive H evolution reaction (HER). However, the ERC current on Pb electrodes is very low
under the atmosphere condition. As reported by Koleli et al. in 2003, the ERC current on Pb
granules was just 0.79 cm with a FEfrmate 0of 90% at -0.8 V vs. RHE.* He et al. reported an ERC
current of 1.17 mA cm2 with a FEgmate Of 89% at -0.96 V vs. RHE on a roughened Pb electrode.®
Lee et al. reported a 0.5 mA cm2 ERC current on an oxide-derived Pb with a FEformate 0f 95% at -
0.8 V vs. RHE.?" The ERC reduction current can be significantly improved by using ionic liquid
catholyte mixture, which has been reported by Zhu et al.. The ERC current was obtained to be
37.6 mA cm? with a FEfmate Of 91.6% at -2.2 V vs. Ag/AgCI in the ionic liquid/acetonitrile
electrolyte.82 However, the low ERC current on Pb electrodes in the aqueous electrolyte is still a

crucial problem to be solved.

1.3.2.5 Bi electrode

Bi presents attracting properties not only due to its low toxicity and cost but also due to its higher
formate selectivity in the aqueous electrolyte. In the most recent investigations, the reported
FEfrmate Values on Bi electrodes were over 90%. For example, Zhang et al. reported that on
nanostructured Bi electrode, the FEsmate reached 92% at -0.83 V vs. RHE with a reduction current
of 3.7 mA cm2.4 Lv et al. reported that the FEtwmate Was 91.3% at -0.9 V vs. RHE on an
electrodeposited Bi electrode and the reduction current was 3 mA cm.83 For the micro-Bi catalyst
reported by Zhang et al., the FEimate Was obtained to be 98.4% at -0.92 V vs. RHE with a
reduction current of 1.5 mA cm=2.84 Avila-Bolivar et al. reported that for Bi nanoparticles, the
FEfomate achieved to 100% at -0.85 V vs. RHE with a reduction current of 4 mA cm-2.8% In most of
these findings, the formate selectivity on Bi electrode was very high. However, most ERC currents

were less than 5 mA cm2, which is still necessary to be enhanced.

The detailed comparisons of formate/formic acid selective metals are shown in Table 1.2.
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Table 1.2

aqueous solution: at 1 atm, and 25 °C.

Summary of formate/formic acid selective metal catalysts for ERC under standard conditions in

Catalysts Electrolyte Iis%goéeﬁg?l (rr{j:”gﬁf) FFoErnE)t)e References
Hg pool electrode PR .1 0.5 100 o7
Hg electrode 0.5 M KHCO3 N.R. 25.8 12.9 68
In electrode 0.5 M KHCOs3 N.R. 15.3 30.6 68
In/C 0.1 M NazSOq4 -1.2 2.8 45 70
In 0.05 M NaHCOs3 -1.6 3.8 94.5 4
Porous In 0.1 M KHCOs3 -1.2 67.5 90 2
In 0.5 M KHCOs3 -1.24 27.8 72.5 86
S-doped In 0.5 M KHCO3 -0.98 60 a3 73
Sn granules 0.5 M KHCOs3 -0.8 0.25 74 74
Sn foil 0.1 M NazSOq4 -1.3 5 95 75
Sn particles 0.5 M NaHCOs -1.1 27.3 70 76
Sn quantum sheets 0.1 M NaHCO:s -1.15 21.1 85 87
Sn porous nanowires 0.1 M KHCOs -1.0 10 80 88
Sulfide-derived Sn 0.5 M NaHCOs -0.75 11.75 84.5 77
Sn-based CNTsfearbon | 9.5 M KHCOs 1.0 34.2 69.8 7
Sn particles/ N-C 0.5 M KHCOs3 -0.8 11 62 79
Pb granules 0.5 M KHCOs3 -0.8 0.79 90 74
Pb plate 0.5 M NaOH -0.85 0.6 65 89
Roughened Pb 0.1 M KHCOs3 -0.96 1.17 89 80
Oxide-derived Pb 0.5 M NaHCO:s -0.8 0.5 95 81
Pb-MHKTs 0.5 M KHCOs3 -1.0 13 85 44
Amine modified Pb 1 M KHCO3 -1.09 9.4 94 90
Nanostructured Bi 0.5 M KHCOs -0.82 3.7 92 46
Oxide-derived Bi 0.5 M KHCOs -0.82 1.6 75 o1
Electrodeposited Bi 0.1 M KHCOs3 -0.90 3 91.3 83
Nano-Bi 0.5 M KHCOs3 -0.92 9.7 98.4 92
Micro-Bi 0.5 M KHCOs3 -0.78 1.5 90 84
Bi nanoparticles 0.5 M KHCOs3 -0.85 4 100 85
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133 Selective catalysts for carbon monoxide
1.3.31 Ag electrode

Ag is selective for CO formation due to its energy favorable surfaces for the COOH*
intermediate.%% In previous investigations, the Faradaic efficiencies of CO (FE) on Ag
electrodes were all above 80%. As reported by Kim et al., the FEco of Ag nanoparticles was 84.4%
at -0.75 V vs. RHE with a reduction current of 6 mA cm2.%4 Singh et al. reported that the FEco on
Ag electrode reached 82.9% at -1 V with a current of 4 mA cm2.%° Verma et al. reported that the
FEcowas obtained to be 99.2% at -0.76 V vs. RHE with a current of 12.7 mA cm? on the Ag/GDL
electrode.®® Yang et al. reported that the FEco was 85% at -0.8 V vs. RHE with a current of 2.5
mA cm=2.%7 Kim et al. found that the FEco can be enhanced to 94.2% at -0.75 V vs. RHE by the

amine surface modification.%

1.3.3.2 Au electrode

Au has been widely studied for ERC to form CO product. Moreover, Au is also active for H;
evolution. Therefore, some researchers developed Au catalysts for syngas formation during the
ERC process. The ratio between CO and H; products can be adjusted by varying the size of Au
particles.®%19° The other researchers were focusing on the high CO selectivity of the Au electrode.
As reported by Gregory et al., at -0.74 V vs. RHE electrolysis potential, the FEco was 85% on Au
electrode with a reduction current of 5 mA cm=.'9" Chen et al. reported that on the oxide derived
Au electrode, the FEco reached 96% at the potential of just -0.35 V vs. RHE."? For Au
nanoparticles'931% or Au nanowires,'% the FEco were all over 90%, as shown in Table 1.3,

indicating that Au is super selective for CO production.

1.3.3.3 Pd electrode

In previous investigations, Pd was reported to be highly selective for CO formation during the
ERC process. Gao et al. reported that the FEco reached 93.2% on the Pd nanoparticles in an
electrolyte with a pH value of 2.2. The ERC potential was -1.19 V vs. RHE with a reduction current
of 5.5 mA cm2.7% Gao et al. noted that the Faradaic efficiency is related to the particle size of Pd
nanoparticles. The highest 93.2% of FEco was obtained on the 3.7 nm Pd nanoparticles at a
relatively lower potential of -0.89 V vs. RHE with a reduction current of 9 mA cm2.7%7 Guo et al.
found that the FEco reached 95% with a reduction current of 9.5 mA cm2 at -0.8 V vs. RHE."®
Huang et al. found that the morphology of Pd nanoparticles will affect the FEco. Fort the Pd
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icosahedra/C, the FEco was 91.1% at -0.8 V vs. RHE, which is 1.7-fold higher than that of Pd

octahedra/C."09

Table 1.3 Summary of CO selective metal catalysts for ERC under standard conditions in aqueous solution: at
1 atm, and 25 °C.
Catalysts Electrolyte E(}\?/C‘:/goéﬁg?l (m A‘\I i:?n‘Z) CO FE (%) References
Ag nanoparticles 0.5 M KHCOs3 -0.75 6 84.4 94
Amine-Ag 0.5 M KHCO3 -0.75 1 94.2 98
Ag electrode 0.1 M KHCOs3 -1 4 82.9 95
Ag/GDL 0.5 M KHCO3 -0.76 12.7 99.2 %
Ag nanoparticles 0.1 M KHCOs3 -0.8 25 85.0 o7
Au electrode 0.1 M KHCOs3 -0.74 5 85 101
Oxide derived Au 0.5 M NaHCOs3 -0.35 2-4 96 102
Au nanoparticles 0.5 M KHCOs -0.67 5 920 103
Au nanowires 0.5 M KHCOs3 -0.35 4 94 108
Au inverse opal 0.1 M KHCOs -0.5 0.1 99 110
Nanostructured Au | 0.25 M NaHCO3 -0.4 16 90 104
Nanostructured Au 0.5 M KHCOs -0.79 15 80 m
Pd nanoparticles %(())25'\/' MK|2-|Sgg40: -1.19 5.5 93.2 106
Pd nanoparticles 0.1 M KHCOs -0.89 9 91.2 107
Pd nanoparticles 0.5 M KHCOs3 -0.8 9.5 95 108
Pd icosahedra/C 0.1 M KHCOs -0.8 2 91.1 109
Zn dendrites 0.5 M NaHCO3 -0.9 4 80 61
Hexagonal Zn 0.5 M KHCOs3 -1.1 8.5 95.4 12
Reducing
electrodeposited 0.5 MKClI -1.05 43 95.9 "3
Zn0O
Porous Zn 0.1 M KHCOs3 -0.79 1.5 81 14
Zn nanosheets 0.5 M NaHCO3 -1.13 6 86 15
Zn porous 0.1 M KHCOs 1.0 9 90 6
nanosheets
1.3.34 Zn electrode

Zn is the non-noble metal that is highly selective for CO during the ERC process. Many

investigations were focused on the structure effect on enhancing the CO selectivity. Rosen et al.
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reported a dendritic Zn, which showed a FEco of 80% at -0.9 V vs. RHE with a current of 4 mA
cm2. The FEco on the dendritic Zn electrode was 3-fold enhanced than that on foil Zn electrode.®"
Won et al. found that the CO selectivity is related to the surface morphology. Zn(101) facet is
favorable to CO formation, whereas Zn(002) facet favors the H. evolution during electrolysis. On
Hexagonal Zn, the FEco reached 95.4% at -1.1 V vs. RHE.""? Zhang et al. reported the ERC
performance of Zn nanosheets. The FEco was 86% (at -1.13 V vs. RHE), which was 8-fold
improved than that of Zn foil.""® Liu et al. reported one kind of Zn porous nanoparticles, on which
90% of FEco was achieved. There was a 20% FEco enhancement on porous Zn electrode than

that of Zn non-porous nanoparticles at the electrolysis potential of -1.0 V vs. RHE. 16

The detailed comparisons of CO selective metals are shown in Table 1.3.

1.3.4 Selective catalysts for high-order products

Cu is the non-noble catalyst that has shown a propensity to produce valuable hydrocarbons and
alcohols from the electrochemical reduction of CO2, such as ethylene and ethanol. There are a
variety of factors that impact the ERC activity and selectivity for Cu electrodes, including the
catalyst surface structure, catalysts size, electrolyte ions and pH.® The ERC reaction pathways
on the Cu electrode are complicated and many products (C1'"7 and C2%2118 products) will be
obtained at the same time. Many efforts have been devoted to enhancing the activity and
selectivity of products on Cu electrode, and theoretical calculations were applied to reveal the
mechanisms of Cq and C, pathways. Herein, several typical examples are shown to illustrate the

catalytic activity and selectivity of high-order ERC products on Cu electrodes.

It was reported by Hori et al. in the year 2002 that Cu(100) is favorable for producing C2Hs (40.7%)
with CH3OH (12.8%) and CH3CHO (1.0%) side products at a potential of -1.39 V vs. SHE.""® Luo
et al. found that the product selectivity of ERC is sensitive to the surface morphology of the Cu
electrode. They proposed that at Cu(111) surface, the formation of COH* is favored, through
which CHs and C;H4 are produced under high overpotential(<-0.8 V vs. RHE). Whereas at
Cu(100) surface, the formation of CHO* is preferred and C,H4 formation goes through C-C
coupling of two CHO* species, under relatively lower overpotential (-0.4 to -0.6 V vs. RHE).
However, under larger potentials (~—1.0 V vs. RHE), C; intermediates will be further reduced.'?®
Liu et al. proposed a CO: reduction pathway for the Cu(211) facet and investigated the effects of
potential and pH on the C1 and C, product activity and selectivity. The schematic ERC pathways
are shown in Figure 1.4. The researchers found that C, products are favored under alkaline

conditions during the ERC process.'?!
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Figure 1.4 Reaction schemes of major pathways considered for CO2 reduction toward C1 and C2+ products. The

green path denotes C2 production via OC—-CHO coupling; the blue and red path represents C:
production via protonation of OCCO to form OCCHO and OCCOH, respectively; the yellow path
represents C2 production via OC—-CHOH coupling. The black path denotes C1 production via CHOH
and the dashed CH20."*!

1.3.5 Challenges and opportunities

Among the different value-added products that can be formed during ERC process,
formate/formic acid has generated a vivid interest. The ERC to fomate/formic acid is a two
electrons process. Formate is highly soluble while formic acid is a solid. Both are easy and safe
to handle, making them useful in a variety of applications. Formate/formic acid is selling at higher
price (~2500 kWh/ton and $1,200/ton) compared to methane (~40000 kWh/ton and $200-
$300/ton), which needs more electrons to be produced.'?? Notably, it is a feedstock in agricultural
and industrial production, antibacterial agent of livestock feed, and is used in leather processing,
among other areas. It can also be used in direct formic acid fuel cell to generate electricity'23.124

and as a mediator between electricity and microbial cultivation.’?>

As the discussions above, the most formate-selective catalysts are the post-transition metals
including Hg, In, Sn, Pb and Bi. However, there are many challenges in developing highly active
post-transition metal catalysts for ERC: (1) The high Faradaic efficiency of formate is desired to
be achieved under atmosphere pressure, instead of the high CO;, pressure; (2) The large
overpotential (> 1 V) is required to be reduced during the CO- electrolysis process; (3) Small

reduction current (< 10 mA cm) is necessary to be enhanced in aqueous electrolytes; (4) The
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mechanisms of the morphology or surface effects on the ERC activity and selectivity of the post-

transition metals need to be unrevealed.

1.4  Strategies to Enhance the ERC Performance on Metal Catalysts

Surface engineering has been used as an efficient strategy to enhance the ERC performances.
It was reported that the ERC performance depends on the structure of the catalysts, such as the
active surface area, the surface defects, surface phase and the exposed facets.*®

1.4.1 Surface roughness enhancing

Enhancing surface roughness is realized mainly by: (1) Roughening the smooth electrode surface
by applying oxidation-reduction cycles on the flat electrode surface; and (2) Dispersing metal
catalyst particles to porous supports with large surface area (such as carbon nanotubes,
graphene, copper foam, etc.).
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Figure 1.5 Examples of roughening smooth surfaces. (a-c) Pb electrode, and (d-f) Sn electrode. SEM of (a)

polished Pb and (b) roughened Pb after four cycles. (c) Faradaic efficiency of formic acid and H2
formation on both roughened and smooth Pb electrodes.?® HRTEM images of (d) Sn-NWs (inset:
magnified images), and (e) after acid etch conversion into Sn-pNWs with increased grain boundaries
(inset: magnified image). (f) Faradaic efficiency vs. potential for all carbon products.®
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He et al. reported that by applying four oxidation-reduction cycles on a smooth Pb electrode
(Figure 1.5a), the Pb surface was roughened as shown in Figure 1.5b. The total formate Faradaic
efficiency on the roughened Pb surface was 2-fold higher than that on the smooth Pb at -1.1 V
vs. RHE (Figure 1.5c). The enhanced ERC performance on the roughened Pb electrode is
attributed to the enlarged active surface area and increased number of reactive species.?® Kumar
et al. reported a reduced SnO- porous nanowire (Figure 1.5¢e), on which the high density of grain
boundaries was generated at the surface and the ERC total Faradaic efficiency was 2 to 5-fold

increased than that of the SnO, smooth nanowire as shown in Figure 1.5f.88
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Figure 1.6 An example of dispersing target catalyst onto high-surface-area support and its effect on enhancing

ERC performance. Scheme illustration for the formation of Sn quantum sheets confined in graphene,
(b) TEM image, (c) HRTEM image. (d) Chrono-Amperometry results at the potentials of -1.8 V versus
SCE. (e) Faradaic efficiencies for formate at each applied potentials for 4h.8”
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Lei et al. synthesized the Sn quantum sheets confined in graphene (Figure 1.6), by which the
electrochemical active surface area was 9-fold increased comparing to the bare Sn quantum
sheets. The remarkably increased EASA of the Sn quantum sheets confined in graphene could
afford a larger number of active sites for CO; efficient adsorption. Thence, the ERC current (3-
fold enhanced) and Faradaic efficiency (30% improved) were further enhanced than that of bare
Sn quantum (Figure 1.6d-e).8” Wang et al. reported an electroplated Sn on a Cu foam substrate.
The foam Cu has a very large surface area for Sn deposition, which provides more active sites
for CO- electrochemical reduction. The average current density and the production rate of formate
on the Sn/foam-Cu electrode are more than twice, comparing to those on the smooth Sn plate
electrode during the ERC process.'?® Rogers et al. demonstrated a composite material for ERC,
which the gold nanoparticles (AuNPs) embedded in a bottom-up synthesized graphene
nanoribbon (GNR) matrix. The structural and electronic properties of the GNR increase the EASA
of AuNPs, which lower the ERC catalytic overpotential and increase the total catalytic ERC output

(>100-fold improvement comparing to AuUNPs on amorphous carbon).'?”

1.4.2 Surface structure tuning

Surface structural tuning of metal catalysts includes: (1) Tuning surface defects; and (2) Tuning

exposed crystal facets (high-index facets or facets with abundant low-coordinate sites).

Gong et al. synthesized defect-rich Bi nanocatalysts, as shown in Figure 1.7. This defect-rich Bi
shows a very excellent ERC performance with an exclusive formate formation at -0.82 V vs. RHE.
By using density functional theory calculations, they found that the excellent activity and selectivity
are attributed to the abundant defective bismuth sites, which stabilize the *OCHO intermediate. 28
Mistry et al. reported a defect-rich plasma-activated silver catalyst. On this defect-rich silver foil
electrode, the overpotential was decreased and ERC activity was increased due to the enhancing
number of low-coordinated catalytic active sites.'”® Yang et al. compared the ERC performances
of various sized Ag nanoparticles. They found that the FEco of the AgNPs-21nm (85%) is 2-time
higher than that of AgNPs-87nm, and the CO partial current density of AQNPs-21nm is 2.5-fold
larger than that of AgNPs-87nm. This improved ERC performance is attributed to the more
abundant defects of the 21 nm AgNPs when comparing to the 87 nm AgNPs.%"
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Figure 1.7 An example of defect-rich Bi-based catalyst. (a) STEM-HAADF image, and (b) corresponding FFT
pattern of a Bi2O3 nanotube (NT). (c) Schematic illustration of the structure of Bi2Os NTs; the black
spheres represent the crystalline inner walls, and the red and purple spheres represent the
fragmented outer walls.'28

High-index facets of metal catalysts play an important role in enhancing ERC catalytic activity.
Lee et al. reported a concave Au catalyst, which is enclosed with high-index facets such as (332)
and (775), as shown in Figure 1.8a-b. The FEco on this concave Au catalyst (95%) is 2-fold
increased than the normal cubic Au catalyst (Figure 1.8c). This enhanced ERC performance is
mainly due to the higher-index facets, which can introduce a favorable route for CO- reduction.%¢
Many researchers have investigated Bi nanosheets for the CO- electrochemical reduction.30-134
Yang et al. reported one kind of Bi nanosheets which has a well-defined shape with exposed
(012), (111), and (101) surface facets. By using DFT calculations, they found that (101) and (111)
planes can significantly stabilize HCOO*. Therefore Yang et al. proposed that (101) and (111)

planes are the most active planes for the formate formation during the ERC.'3? The facets effect

20



was also found on Zn-based catalysts. Won et al. found that on the Hexagonal Zn Catalyst,
Zn(101) facet is favorable for CO formation whereas Zn (002) facet favors the H2 evolution during

ERC process.'"?
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Figure 1.8 An example of High-index Au catalyst. (a) Single nanoparticle with model of concave Rhombic
Dodecahedral Au. (b) HRTEM images of eight different sections displaying atomic arrangements.
Each atom is marked with a colored sphere. (c) FEco as function of potentials on different Au
catalysts.%6

1.4.3 Surface decoration

Surface decoration can be realized through (1) Surface decoration by metal atoms; and (2)

Surface modification by functional molecules.

As shown in Figure 1.9a, the active Cu surfaces were decorated by Pb adatoms through the Pb
under-potential deposition (UPD). Kim et al. found that the FE¢mate Was 15 times boosted when
the Cu surface was decorated by Pb adatoms. These Pb adatoms effectively suppressed the
competitive HER during the CO, reduction process by selectively poisoning the hydrogen
adsorption sites at Cu surfaces.'®® Figure 1.9b shows an example of surface modification by
functional molecules. Kim et al. reported that the amine functional group at the Ag surface was
highly effective in improving CO selectivity by suppressing HER, while the thiol group rather
increases the HER activity.®® Zhao et al. reported an amine modified ultrasmall Au catalyst. They
found that the FEco can be improved to 59-75% while Au was modified by amine.'3¢ Zouaoui et
al. reported an amine modified Pb electrode, which shows an enhanced ERC activity and formate
selectivity. This improved ERC performance was mainly attributed to the selectively hindering of

HER by amine layers modification.®
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Figure 1.9
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Examples of surface decorations. (a) ERC production rate as function of electrolysis potential. The
Cu surfaces was decorated by Pb adatoms using under-potential deposition.’3® (b) A scheme

illustration of surface-Molecule-Mediated Ag Nanoparticles.%®

1.5 ERC on Hierarchical Dendritic Metal Electrodes

Dendrite-structured catalysts have attracted interest of researchers due to their large surface

area, high density of exposed surfaces with preferential facet orientations, and the presence of

sharp tips at the end of the dendrites.

Electrochemical deposition at different potentials is one method used to form various metal
catalysts morphologies. Nesbitt et al. reported a 20 MHz square-wave electric potential deposition
method. Depending on the potentials used, dendritic Au (Figure 1.10c-d) and plate Au (Figure

1.10a-b) could be obtained.'3” Dendritic Au was formed due to the diffusion limited crystallization.

Dendritic single metals

1.5.1.1 Precious metals

22



It was proposed that both dendritic Au and plate Au are polycrystalline, and the low energy {111}
facets are predominant. However, dendritic Au has a larger proportion of {110} and {100} facets
comparing to plate Au. The ERC performance comparison between dendritic Au and plate Au are
shown in Figure 1.10f-g. Dendritic Au shows a larger ERC current density than plate Au at each
applied potential step. The Faradaic efficiency of CO shown in Figure 1.10g reveals that dendritic
Au have a Faradaic efficiency of approximately 50-60% when the applied potential was lower
than -0.35 V vs. RHE. However, plate Au has a CO Faradaic efficiency much lower (10-20%) in
the same potential range. It was proposed that the dendritic Au’s higher proportion of {110} and
{100} facets are better at stabilizing the COOH* intermediate than the low-energy {111} facets,

resulting in a superior ERC performance for dendritic Au than platelet Au.

Ham et al. reported similar observation for Ag dendrites.5" The dendritic structure was obtained
at a deposition potential of -0.45 V vs. Ag/Cl with 40 mM of ethylenediamine (EN) additive. To
investigate the higher energy facets effect on the performance of ERC, Ham et al. adopted the
intensity ratio of (220) and (111) peaks as a new descriptor for CO; reduction. It was found that
this higher intensity ratio of (220) and (111) peaks results in better CO Faradaic efficiency during
the ERC process.®'

Aside from the high-index facets effect, it was reported by Liu et al. that the nano tips at the top
of dendrites can enhance the ERC performance by increasing the reagent concentration near the
tips.”38 Figure 1.10i shows the electric field distribution of needle tips of Au dendrites. Comparing
to rods and particles, these tips presents larger electric filed, which can increase the concentration
of surface-adsorbed K* ion. The CO, can be stabilized on the sharps of dendrites with the
concentrated K*, further enhancing the Faradaic efficiency of CO for Au dendrites.'® This field
induced reagent concentration (FIRC) effect is universal, and also effective on Pd dendrites.
Compare to Pd rods and particles, the ERC Faradaic efficiency and reduction current was
enhanced due to the FIRC effect of dendritic Pd."38
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Figure 1.10 Examples of dendritic precious metal catalysts. (a-g) A typical example of enhancing ERC

performance at an Au dendrite electrode by higher surface energy facets. SEMs showing the angle
between primary growth directions and the angles between adjacent edges of the Au crystals in (a,b)
plates and (c,d) dendrites. (e) Cartoons of the plate growth (left and center) and the dendrite growth
(right). Arrows represent the growth velocity of corners and edges.'3” (Copyright © 2018, American
Chemical Society). In (h, j, and ), TEM images; and in (i, k, and m) electric field distribution of Au
needles, rods and particles deduced using Kelvin probe atomic force microscopy. (n) Current—voltage
curves on Au needles, rods and particles obtained from the linear sweep voltammetry scans. Scan
rate, 10 mV s™'. (0) CO Faradaic efficiencies on Au needles, rods and particles at different applied
potentials.'38

1.5.1.2 Non-noble metals

Non-noble metals have received attention due to their low cost, stability and high selectivity for
the ERC. It was well known that Bi, Pb, Sn and In are highly selective for formate production in
the ERC process. Figure 1.11a-b shows the Bi foil and Bi dendrites, respectively. The dendritic

Bi shows a five-fold ERC current increase compared to Bi foil, and the formate Faradaic efficiency
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of Bi dendrites (90%) is approximately 20% higher than that of Bi foil. The production rate of
dendritic Bi exhibited CO- reduction activity that was 11 times higher than that of the pristine Bi
foil at -0.74 V vs. RHE.*” Kol et al. proposed that Bi dendrites shows more high-index facets than
Bi foil. Density functional theory was used to calculate the surface intermediate energy of three
different pathways. The findings presented in Figure 1.11d-g indicates the HCOO* intermediate
can be stabilized substantially more on all the high-index facets, (012), (110), and (104) than on
the (003) plane. Therefore, high-index facets provide the energetically favorable path for the

intermediate HCOO*. This may explain the Bi dendrite’s superior performance compared to that

of the Bi foil.
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Figure 1.11 Examples of dendritic non-noble metal catalyst. Characterization of Bi dendrite electrode. Top-down

SEM images of (a) pristine Bi foil, and (b) Bi dendrite. (c) Comparison of performance in terms of
total current density (line; left axis) and Faradaic efficiency of formate (dot; right axis) at -0.74 V for
1 h. DFT calculation results on the CO-to-formate reduction reaction pathways for various possible
Bi planes of (003), (012), (110), and (104). (d) Schematic diagram of three possible reaction
pathways; path 1 via the formation of *COOH intermediate, path 2 via the formation of *OCOH
intermediate, and path 3 via the formation of *H. Reaction free energy diagrams for the reaction (e)
path 1, (f) path 2, and (g) path 3, when zero overpotential is applied (bias potential U = -0.21 VSHE).
Noting that (012), (110), and (104) planes are preferentially developed for Bi dendrite compared with
the close-packed surface of (003) that is dominant in Bi foil.*’(Copyright © 2017, American Chemical
Society).

Zhong et al. successfully deposited the Bi dendrites on carbon paper substrates. A maximum
formate Faradaic efficiency of 96.4% with a current density of 15.2 mA cm was achieved.

Dendritic Bi provided stable ERC current over a 10 h period.'3® Recently, Piao et al. reported an
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ion-enhanced ERC on dendritic Bi. Halides and cations were added to influence the selectivity for
formate during the ERC process. It was found that the reaction is favored in the presence of Cs*
and CI-. The formate Faradaic efficiency reached 100% and the stability of dendritic Bi electrode
extended to 360 h.'40

Dynamic hydrogen bubbling template (DHBT) was widely used as a technique to achieve
dendrite-like structures. With the help of hydrogen bubbling formation during the metal deposition,
a porous electrode can be obtained with a dendrite-like secondary structure. Fan et al. reported
a dendritic Pb deposited by DHBT technique.’' The dendritic Pb shows a decreased ERC
overpotential of -0.99 V vs. RHE, with an enhanced reduction current and formate Faradaic
efficiency (97%) compared to that of plate Pb. The DHBT technique was also used for Sn
deposition, #2144 and In deposition.'#® The Sn and In electrodes fabricated via DHBT technique all
show a porous primary structure with a dendritic secondary structure. In addition to the benefits
of the dendritic secondary structure, the mass transfer in the porous primary structure also plays

an important role in the formate’s high selectivity.'®

Zn is selective for CO products during CO; electrochemical reduction. Rosen et al. reported that
at a dendritic Zn electrode, the ERC catalytic activity is over an order of magnitude higher than
that of bulk Zn.%" Rosen et al. found that the H; evolution was suppressed at dendritic Zn due to
a higher density of surface-stepped sites in comparison to bulk Zn. The suppression of

competitive H evolution contributes to enhancing the efficiency of the CO» reduction reaction.

High energy products such as alcohols or carbon hydrogens were reported to be selective on Cu
electrodes.’® Reller et al. reported one dendritic Cu, which is highly selective for ethylene
production, with a Faradaic efficiency of 57% at a constant current of 170 mA cm2. The large
surface area of the dendritic Cu enables high conversion rates comparing to the smooth Cu.
Rahaman et al. reported that the freshly deposited Cu dendrites are highly selective towards
formate and C:H4 products at lower and higher overpotentials. However, the oxide derived Cu
dendrites are highly selective towards ethanol and n-propanol production.® Rahaman et al.
further found that the nanocavities at the surface of the oxide-derived dendritic Cu serve as active
sites for alcohol formation, with the main reaction pathway being C2. However, the freshly-
deposited Cu dendrites should be the combined C1/C2 pathway, which differs from that of the
oxide-derived dendritic Cu.'® The nanocavities at the oxide-derived dendritic Cu play an
important role in enhancing the ethanol production. Zhu et al. investigated the Cu(l)/Cu(0) ratio
effect on the C, product efficiency of ERC at the surface of oxide-derived Cu dendrites. When the

the Cu(l)/Cu(0) ratio is 1.17, the oxide-derived Cu presents a higher C, Faradaic efficiency of 80%
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with a current of 11.5 mA cm at a low overpotential of 0.53 (for acetic acid) and 0.48 V vs.
RHE(for ethanol).''® Scholten et al. reported a plasma-modified dendritic Cu. The low pressure
O2-plasma treatment leads to an increase in the roughness of dendritic Cu surface, which improve

the selectivity towards ethylene and ethanol.#”

1.5.2 Dendritic bimetallic metals

Bimetallic dendrite materials are synthesized to improve the catalytic activity of the dendritic single
metals. There are two popular ways to synthesize the bimetallic dendrites: (1) Modifying a
dendritic single metal by depositing a second metal at the dendrite surface, as the example shown
in Figure 1.12(a-e), and; (2) Directly synthesizing dendritic binary alloys by co-deposition in a

mixing plating solution, as the example shown in Figure 1.12(f-g).

Yang et al. reported an Ag decorated Cu dendritic electrode. Ag was deposited at the Cu
dendrites’ surface by a second step deposition. A C2H4 Faradaic efficiency that was 4.3-fold higher
(25%) was achieved at the Ag-decorated Cu dendrites compared to dendritic single Cu. Ag
decoration provides strong C and weak O adsorption sites for the carboxylate intermediate, which
correlates with the higher C,H, Faradaic efficiency.'*® Low et al. reported a Zn decorated Ag foam.
The Ag foam acts as a template to disperse the Zn into submicron dendrites. These strained
undercoordinated Zn atoms serves as the active sites for methanol formation during CO-
reduction. The Faradaic efficiency of methanol on Zn-decorated Ag attains 10.5%, which is 10
times higher than that on single Ag and single Zn.'*° Ju et al. presented a Sn decorated Cu
dendrites. The dendritic structure promotes a high CO, concentration at the electrode surface.
Compared to the Sn-decorated Cu particle, the Sn-decorated Cu dendrites maintain a high CO

Faradaic efficiency (90%) over a broad potential range.'%°

Lamaison et al. presents a 1.9%-Ag alloyed Zn electrode with an enhanced CO Faradaic
efficiency of 90% for 40 h durability at a lower potential of -0.9 V vs. RHE. The introduced Ag sites
are lowering ERC overpotentials, compared to single Zn."' Kottakkat et al. reported a dendritic
AgCu foam obtained via the DHBT technique. In the presence of Ag, the Raman CO adsorption
is observed at a more positive potential (Figure 1.12g), leading to enhanced CO selectivity
compared to single Cu. The researchers proposed that this selectivity enhancement was affected
by the synergistic effect between the bimetallic components.'? Kim et al. also reported that the
metal ratio in Sn-In or Sn-Zn binary system will affect the products distribution. For example, the
dendritic Sng 29lno.71 catalyst shows a formate Faradaic efficiency of 59.2%, which is 19% increase

over the dendritic single Sn. Moreover, the H,/CO syngas ratio can be varied by modifying the
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ratio in Sn-In or Sn-Zn binary alloys.'® Park et al. studied the Agln bimetallic dendrites. The
catalytic performance of dendritic Ag was enhanced by introducing In, leading to a higher CO
selectivity rather than H. evolution in highly negative potential regions during ERC process.'>
Hoffman et al '° and Rasul et al.’*® both found that the product distribution and selectivity is
correlated to the alloy composition due to the different adsorption strengths of CO and COOH
intermediates at Cu and In sites. Therefore, targeting products can be obtained by rationally

designing the metal ratio in the dendritic binary system.
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Figure 1.12 (a-e) Example of a Sn-decorated Cu dendrites electrode. (a) SEM image of Cu-Sn dendrites. (b)
Scanning TEM image and (c) high-resolution scanning TEM-EDS elemental mapping of a single
Cu-Sn dendrite. (d) High-resolution TEM image of a nanostructure at the tip of a Cu—Sn dendrite. (e)
Electron scattering pattern from the region in d.'° (Copyright © 2019, American Chemical Society).
(f-g) An example of AgCu codeposited dendrites. (f) SEM images of AgCu foam. (g) Raman CO
adsorption band area as function as potential. A comparison between single Cu foam and bimetallic
AgCu foam.'%2 (Copyright © 2019, American Chemical Society)
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1.6  Thesis Objectives and Organizations

1.6.1 Thesis objectives

As discussed above, the electrochemically reducing CO- into chemicals is one of the ways to
remediate the high levels of CO2 emissions arising from human activity. Among the different
value-added products that can be obtained during ERC, formate/formic acid has generated a vivid
interest due to its widespread use and strong market. Post-transition metals, such as In, Hg, Pb,
and Sn, have attracted the interest of researchers due to the low price and high formate selectivity
properties. However, for these post-transition elements, high selectivity is accompanied by high
CO; pressure-demand, large onset potentials and high overpotentials requirement when large
current density (high production rate) is obtained. Therefore, it is necessary to develop highly
active post-transition catalysts working well in ambient pressure, temperature and aqueous
electrolyte, achieving large reduction current at low overpotentials. Dendrite-structured catalysts
are potential for highly active and selective ERC due to their large surface area, high density of
exposed surfaces with preferential facet orientations, and the presence of sharp tips at the end of
the dendrites. To date, the reported ERC performance on dendritic post-transition metals remains
space to be improved, and the nature of the actives sites at the dendrite surface needs to be
uncovered through various characterizations or theoretical computations. Therefore, the

objectives of this thesis are as follows:

(1) Synthesizing a dendritic Pb electrode with a porous primary structure to decrease the ERC

overpotential and enhance the ERC partial current density.

(2) Decorating the dendritic Pb by another highly formate selective and non-precious metal (Bi)
to further decrease the ERC overpotential and enhance the ERC production rate of formate.

Further, investigate the active sites of the decorating metal.

(3) Introducing another non-precious metal (Sn) to Pb-based dendritic materials and synthesizing
binary dendritic alloys to further enhance the ERC performance. Investigate the mechanism of

ERC enhancement for alloy materials by DFT calculations.

1.6.2 Thesis organizations
This thesis is composed of 6 chapters and the structures are as follows:

Chapter 1 introduces the background and motivation of my research, and the work fundamental

about electrochemical reduction of CO,. Afterwards, a literature review is presented, focusing on
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metal catalysts classified by ERC products’ selectivity. Next, examples about the surface
engineering effect on the ERC performance are given. Then, the research progress of dendritic

metal catalysts is summarized. The publication related to this chapter is:

Fan M, Garbarino S, Tavares AC, Guay D (2020) Progress in the Electrochemical Reduction
of CO. on Hierarchical Dendritic Metal Electrodes, Current Opinion in Electrochemistry,
Accepted, DOI: https://doi.org/10.1016/j.coelec.2020.05.013.

Chapter 2 provides the experimental and computational details. Synthesis methods of all the
samples, physical and electrochemical characterization information, CO. reduction products

analysis, adopted models and parameters for theoretical calculations are all provided.

Chapter 3 corresponds to the first objective. Dendritic Pb electrodes were synthesized and
optimized. The catalytic activity of the dendritic Pb was investigated and the ERC performance
on dendritic Pb electrode was tested. The ERC overpotential was reduced and the ERC partial
current density for formate formation was increased through the highly active dendritic structure

with a super rough surface. The publication related to this chapter is:

Fan M, Garbarino S, Botton GA, Tavares AC, Guay D (2017) Selective Electroreduction of
CO; to Formate on 3D [100] Pb Dendrites with Nanometer-Sized Needle-Like Tips. Journal of
Materials Chemistry A, 2(5):20747-20756.

Chapter 4 corresponds to the second objective. The dendritic Pb was decorated by depositing a
dendritic Bi outmost layer. The ERC overpotential was further decreased of 200 mV on this Bi
decorated dendritic Pb electrode, and the formate production rate was increased. The active sites
of the dendritic Bi surface were investigated through physical and electrochemical studies. The

publication related to this chapter is:

Fan M, Prabhudev S, Garbarino S, Qiao J, Botton GA, Harrington DA, Tavares AC, Guay D
(2020) Uncovering the Nature of Electroactive Sites in Nano Architectured Dendritic Bi for
Highly Efficient CO, Electroreduction to Formate. Applied Catalysis B: Environmental,
274:119031.

Chapter 5 corresponds to the third objective. Sn was introduced to the Pb-based dendritic
material to form a binary dendritic alloy. The mechanism of alloy effect on the ERC enhancement

was investigated by theoretical calculations. The publication related to this chapter is:

30



Fan M, Eslamibidgoli MJ, Zhu X, Garbarino S, Tavares AC, Eikerling M, Guay D (2020)
Understanding the Mechanism of CO. Electrochemical Reduction on Dendritic Sn1Pbz alloy: A

Computational-Experimental Investigation. ACS Catalysis, Submitted

Chapter 6 briefly summarizes the main conclusions of my research and provides the challenges

and perspectives toward this field.

Following the main body of this thesis is a synopsis of this thesis in French as per the INRS

requirements.
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2 EXPERIMENTAL

2.1 Chemicals and Materials

Lead(ll) perchlorate trihydrate (Pb(ClO4). 3H.O, 99%) was purchased from ACROS Organics.
Bismuth(lll) nitrate pentahydrate (Bi(NOs)3z 5H>0, 299.99%) and tin(ll) chloride dihydrate (SnCl>
2H,0, 99.99+%),were purchased from Sigma-Aldrich. Hydrogen peroxide (H202, 30 wt.% in H20),
acetic acid (CH3COOH, 299.7%), nitric acid (HNOs, 68-70% solution in water), hydrogen chloride
(HCI, 37%), anhydrous ethanol (CH3CH.OH, 95.27%), perchloric acid (HCIOs, 70%) and
potassium bicarbonate (KHCO3, 99.7%) were purchased from Fisher Chemical. Ti plate (99%,
0.2 mm thickness) and Pt gauze (99.9%) were purchased from Alfa Aesar. Pb plate (chemical
grade, 1/16-inch thickness) was purchased form Nuclead. Carbon dioxide (CO2, 99.99%), and
Argon (Ar, 99.99%) were purchased form Air Liquid. Deionized water (resistivity > 18.2 MQ cm)

was purified by a Millipore Ultrapure water system in our lab.

2.2 Synthesis of Dendritic Pb Porous Electrode

221 Preparation of Pb substrate

A 0.5 cm? Pb plate was firstly electropolished by galvanostatic polarisation at 0.030 mA cm- for
10 min in a mixed solution of 24 mL anhydrous ethanol, 4 mL 30% H>O2, 2 mL glacial acetic acid
and 0.6 mL concentrated HNOs. The counter electrode was a piece of 4 cm? Ti plate. The
electropolished Pb plate was used as the substrate for dendritic Pb deposition after cleaning by

deionized water.

2.2.2 Deposition of dendritic Pb porous electrode

The porous Pb films were prepared by galvanostatic deposition from a solution consisting of 0.01
M Pb(CIO4)2and 1 M HCIO4. The distance between counter and working electrode was 2 cm. The
electrodeposition was carried out by a Solatron 1480A multipotentiostat at varying current
densities (from -0.1 to -4.0 A cm) and deposition times (from 0 to 60s). The deposited Pb films
were labeled as Pb;:, where j is the deposition current density and t is the deposition time. The
deposition current densities were relatively high, leading to simultaneous Pb electrocrystallization
and hydrogen evolution. Deposition of films in these conditions is commonly referred to as

"Dynamic Hydrogen Bubbling Template (DHBT) technique”."” After electroplating, the porous Pb
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films were rinsed with deionized water (Millipore; specific resistivity > 18.2 MQ cm) and dried

under an Ar stream for 30 min.

2.3 Synthesis of Dendritic Bi Modified Porous Pb Electrode

2.31 Optimization of dendritic Bi

The Bi deposition conditions were firstly optimized to achieve a uniform coating of Bi layer onto a
Pb plate (Pbpiate). The geometric area was 0.5 cm? for the Pb plate and the surface was
electropolished to be clean and flat. Bi electrodeposition was carried out from a 1 mM Bi(NOs3)3
and 1 M HCI mixed plating solution. Various deposition current densities (from -0.1 to -0.4 A cm-
2) and deposition times (from 1 to 40 min) were optimized. At these deposition current densities,

the deposition potential varies from -1.1 to -1.4 V vs. RHE.

2.3.2 Synthesis of dendritic Bi modified porous Pb electrode

Once the deposition conditions were optimized, the substrate was changed from Pb plate to
porous Pb (Pbporous). The dendritic Bi was deposited at -0.4 A cm2 for 40 min on the Pbporous
substrate. The Pbporous Substrate electrode was prepared by DHBT electrodeposition at -4 A cm
with the time of 40 s in a plating solution of 10 mM Pb(ClO4)2 + 1 M HCIO4. All electrodes were
rinsed with deionized water (Millipore; resistivity > 18.2 MQ cm) and dried under a gentle Ar

stream for 30 min.

2.4 Synthesis of Dendritic SnPb Binary Alloy Electrodes

241 Optimization of the composition of SnPb binary alloys

The alloy SnPb electrodes were co-deposited galvanostatically using the DHBT technique on a
0.5 cm?flat Pb substrate at -4 A cm for 40 s. The plating solution was 10 mM Pb(ClO4), mixed
with 10 mM SnCl; and 1 M HCI was used as the supporting electrolyte. The atom ratio varies
(0:100%, 25%:75%, 50%:50%, 75%:25%, and 100%:0) between the two elements in the plating
solution to obtain different SnPb alloys. Single dendritic Pb, and Sn were also deposited using

the same technique, for comparison purposes.

24.2 Optimization of the deposition condition of the SnPb alloy electrode

After the deposition atom ratio was optimized, the deposition time was optimized by varying the

deposition time (from 40s to 600s). The -4 A cm2 and 600 s are the optimized deposition
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conditions for the dendritic SnPb alloy. After deposition, all deposited films were rinsed with

deionized water and dried under Ar stream for 30 min.

2.5 Characterizations

251 Physical characterizations

The materials surface morphologies were characterized by scanning electron microscopy (SEM)

equipped with energy-dispersive X-ray spectroscopy (EDX) (TESCAN, VEGA3).

Transmission electron microscopy (TEM) observations were carried out with a FEI Titan 80-300
Cubed Scanning transmission electron microscope (STEM) equipped with a high-brightness field-
emission electron source and ultra-fast electron energy loss (EEL) Spectrometer. Specifically, the
samples were investigated under high angle annular dark field (HAADF) mode for detailed atomic-
level imaging. In cases where a cross-sectional analysis of the dendritic structure needed to be

carried out, an ultra-thin area was carefully lift out using Focused ion beam (FIB) technique.

The crystalline structures and phase information for these alloys were investigated by x-ray
diffraction (XRD) measurements, using a Bruker D8 Advance operated at 40 kV and 40 mA, with
a weighted average Cu Kq1 and Cu Kg, radiation of 1.5418 A.

2.5.2 Electrochemical characterizations

The electrochemical characterization was performed in a three-electrode cell by a Solatron 1480A
multipotentiostat. A Pt gauze was chosen as the counter, and a saturated calomel electrode (SCE)
was used as electrode reference. The potentials in this study are quoted with respect to the
reversible hydrogen electrode (RHE), using the following relation Erne = Esce + 0.241 V + 0.059
V x pH.

The electrochemical active surface area (EASA) was calculated by measuring the double layer
capacitance of electrodes at the non-faradaic potential region. Cyclic voltammetry (CV) current at
different scan rate was recorded in Ar-saturated 0.5 M KHCO3; to measure the double layer

capacitance.

The ERC catalytic activity of electrode was analyzed by linear sweep voltammograms (LSVs).
The LSVs were recorded in Ar-saturated and CO,-saturated 0.5 M KHCOs; within the potential
range extending from -0.32 V to -1.32 V vs. RHE at the scan rate of 5 mV s™'.
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Electrochemical impedance spectroscopy (EIS) was carried out in a three-electrode cell with the
COg-saturated 0.5 M KHCOgs electrolyte. EIS measurements in the CO» electroreduction potential
range (applied potential ranging from -0.62 to -1.22 V vs. RHE by steps of 0.5 V) were obtained
between 0.01 Hz and 200 kHz using an FRA Analyser (Solartron 1255B). In all cases, the current
was allowed to stabilize for 30 minutes (see below) before starting the EIS measurements. Fitting

to the equivalent circuit was carried out by using Zview.

2.6 Products Analysis

The liquid products were analyzed after 30 min electrolysis of CO; at the potential ranging from -
0.62 V to -1.22 V vs. RHE. Formate concentration was measured by ion chromatography (IC)
(ICS-1500, Dionex, USA) using an lonPac AS9-HC column separation column with a 9 mM
Na,CO3 mobile phase at a flow rate of 1 mL min-'. All samples were diluted 10 times before

measurement.

Gas products were analyzed by gas chromatography (GC) (Agilent Micro 490) at two channels

with the thermal conductivity detector. The Faradic Efficiency of H, was calculated by:

Peak area

P
FEns (%) = ¢ X flowrate X tXpr Xz X F

3 X 100 (2.1)

Where a is the conversion factor for H, based on the calibration of the gas chromatograph
response established with standard samples, flow rate is the CO; flow rate during the test, t is the
electrolysis time, P is the atmosphere pressure, T is the room temperature, R is the gas constant,
z is the electron transfer number, F is the Faraday constant, and Q is the total charge during the
electrolysis. In all cases, the total Faradaic efficiency, which is obtained by the addition of the
partial FE for formate and H,, was 100 + 5%.

Examples of product analysis were shown in Figure S4.9.

2.7 Flow-Cell Test

A flow-cell was used to test the catalyst’'s CO- reduction capability under higher CO> flux. A
schematic illustration of the flow-cell is shown in Chapter 5, Figure S5.1. The core of the
electrolysis cell was made of a working electrode, a Nafion 117 separating membrane and an
anode. This flow-cell is equipped with a saturated calomel electrode (SCE) reference and a Pt
gauze counter electrode. Both the working and counter electrodes have a disk shape with a

geometric surface of 1 cm?. In this setup, the catholyte and anolyte flow rate (Masterflex L/S Easy-
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Load® Il Model 77200-50 pump head and 06434-17 pump tube) and pressure can be controlled
independently. The electrolyte was a CO, super-saturated 0.5 M KHCOs solution that was
prepared by using a soda machine (Sodastream, CO2 purity 99.999%). The maximum work
pressure of the soda machine was 145 psi which was 10-fold larger than the ambient pressure.
The maximum dissolved CO; in the super-saturated electrolyte was 0.34 mol L-". The catholyte
was circulated at a flow rate of 104 + 1 mL min-' and the catholyte pressure was 5 psig over the
atmosphere pressure. The anolyte was 0.5 M KHCOs. It was circulated at a flow rate of 2.3 + 1

mL min-' and the anolyte back pressure was 6 psig.

2.8 Theoretical Calculations

DFT calculations were carried out using periodic DFT implemented in the Vienna Ab inito
Simulation Package (VASP 5.3.5).7%® The Perdew-Burke-Ernzerhof (PBE) exchange correlation
(XC) functional was used."'® The projector-augmented-wave (PAW) formalism was applied which
keeps core electrons frozen and replaces their effect by pseudopotentials whereas valence
electrons are expanded in a plane wave basis set up to an energy cutoff of 400 eV.'®® Spin-
polarized calculations were carried out. Geometry optimizations were terminated when all forces
on ions were less than 0.01 eVA-'. The Brillouin zone was sampled using a k-point mesh of
(5%5x%1) for the 3x3x4 SnsPbs unit cell.'8’!
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3.1 Introduction

Carbon dioxide (CO2) emission generated by the unrestricted burning of fossil fuels has exceeded
the recycle capability of CO- in nature, resulting in a series of environmental problems. To deal
with the excess CO and resolve the energy crisis, the conversion and utilization of CO- into
carbon-based chemicals is one of the most promising ways.?6:36:40.162 Carbon dioxide can be
converted to synthetic fuels by photochemical36.163.164 gand electrochemical methods. This latter
approach has attracted widespread attention. Ideally, electricity from renewable sources would
be used to drive the electrochemical reduction of CO, (ERC), making this process CO; neutral.
Furthermore, the ERC would allow storing the excess of electricity from renewable sources into
carbon-based chemicals that can be used as fuels using the existing technologies. From a
technological viewpoint, the ERC has many advantages such as the controllable reaction process
at room temperature and pressure, the green and recyclable electrolytes,'®® and the compact

reaction system, which can be easily scaled up.?5:?”

Various products can be achieved by ERC through different pathways, including carbon
monoxide,'%6-170 formic acid,*® hydrocarbon fuels (e.g. methane'’*'72) and alcohols (e.qg.
methanol?%), among others. Formic acid/formate is one of the most favored products. It is obtained
as a result of an easier reduction process using the 2-electron route, with its relatively lower kinetic
barriers. Moreover, from a commercial perspective, there is a strong market for formic
acid/formate due to its broad applications, including its use as fuel or an energy-storage
medium.'”® However, the reduction of CO, to formic acid/formate is still plagued with high
overpotentials needed to achieve the high current density that would be compatible with industrial
applications, and poor product selectivity and faradaic efficiency. The high overpotentials and
poor product selectivity are the result of inappropriate adsorption energies of key reaction
intermediates, while the low faradaic efficiencies are due to the competition with the hydrogen

evolution reaction (HER).

Post-transition metals such as Sn3474.76.144,174-176 gnd Bij 13991 have been studied for ERC to formic
acid/formate because of their high selectivity in aqueous electrolyte under ambient conditions
(see Table 3.1). Palladium also exhibits interesting properties in terms of overpotential and

Faradic efficiency but this a precious metal that is both scarce and expensive.'”7-17°

Pb is another promising catalyst with good selectivity for formate. Previous works by Hori et al.34,
Koleli et al.” and Innocent et al.? already reported a FEfomate Of ~65% to 74% using Pb plate or
Pb granule electrodes. However, the electrolysis current density with these Pb electrodes was

very low, ranging from -1.13 to -5.5 mA cm-2. Most recently, Lee et al.?" showed that the FEfomate
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could be enhanced to 98% when oxide-derived Pb (OD-Pb) was used as an electrode. However,
the electrolysis current density at this OD-Pb electrode was just -0.6 mA cm, which is rather

unsatisfactory. There is therefore definitely scope for improvement of Pb-based catalysts.

Herein, we report the development and study of porous Pb electrodes that exhibit outstanding
selectivity towards formate in aqueous electrolyte at ambient conditions. These films were
prepared by Dynamic Hydrogen Bubble Templating (DHBT) method. They are made of 3D [100]
Pb dendrites with nanometer-sized needle-like tips arranged in a porous honeycomb structure,
which provides an extended electrode/electrolyte contact surface area. The physical
characterizations of the porous Pb were carried out by scanning electron microscopy (SEM),
scanning transmission electron microscopy (STEM) and x-ray diffraction (XRD), while
electrochemical activities were characterized by cyclic voltammetry (CV), linear sweep

voltammetry (LSV), and potentiostatic measurements.

3.2 Experimental Section

3.21 Preparation of porous Pb film

Honeycomb porous Pb fiims were electrodeposited onto electropolished 0.5 cm? Pb plate
(Nuclead, chemical grade, 1/16-inch thickness). Electropolishing was carried out by galvanostatic
polarisation at 0.030 mA cm for 10 min in a mixed solution of 24 mL anhydrous ethanol (Fisher
Chemical, histological grade), 4 mL 30% H20O: (Fisher Chemical, ACS Reagent), 2 mL glacial
acetic acid (Fisher Chemical, ACS Reagent) and 0.6 mL concentrated HNO3 (Fisher Chemical,
ACS Reagent).'® The negative electrode was a piece of 4 cm? Ti plate (Alfa Aesar, 99%, 0.2 mm

thickness).

After electropolishing, the Pb plates were used as substrates, and the porous Pb films were
prepared by galvanostatic deposition from a solution consisting of 0.01 M Pb(CIO.), (ACROS
Organics, ACS Reagent) and 1 M HCIO4 (Fisher Chemical, trace metal grade).'®' The distance
between counter and working electrode was 2 cm. The electrodeposition was carried out by a
Solatron 1480A multipotentiostat at varying current densities (from -0.1 to -4.0 A cm?) and
deposition times (from 0 to 60s). The deposited Pb films were labeled as Pb;:, where j is the
deposition current density and t is the deposition time. The deposition current densities were
relatively high, leading to simultaneous Pb electrocrystallization and hydrogen evolution.
Deposition of films in these conditions is commonly referred to as "Dynamic Hydrogen Bubble

Templating (DHBT)".'5” After electroplating, the porous Pb films were rinsed with deionized water
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(Millipore; specific resistivity > 18.2 MQ cm) and dried under an Ar stream for 30 min. A standard
calomel electrode (SCE) was used during the deposition experiments; however, all potentials in

this study are quoted with respect to the reversible hydrogen electrode (RHE).

3.2.2 Physical characterization of porous Pb films

The surface morphology of the porous Pb films was characterized through scanning electron
microscopy (SEM) (JEOL, JSM-6300F) and the thicknesses was measured by SEM cross-
section. The crystalline structures of the deposited Pb films were investigated by x-ray diffraction
(XRD) measurements using a Bruker D8 Advanced operated at 40 kV and 40 mA, with a weighted
average Cu Kq and Cu K radiation at 1.5418 A.

High-resolution Scanning Electron Microscopy (HRSEM) was carried out with a Zeiss NVision
SEM instrument at 5keV incident energy to enhance the surface sensitivity of the secondary
electron signal. Thin sections for Transmission Electron Microscopy (TEM) were prepared using
a dual beam Focused lon Beam (FIB)-SEM instrument (Zeiss NVision 40) with the lift-out
technique. Prior to sectioning, the area of interest was covered with a carbon layer deposited with
electron beam-enhanced deposition so as to protect the topmost surface of the sample while
maintaining a strong contrast between the Pb nanostructures and the protective layer necessary
for FIB sectioning. The sectioned areas were thinned with multiple iterations of Ga beam thinning

at decreasing incident energy with final polishing typically carried out at 2keV incident ion energy.

TEM observations were carried out with a FEI Titan 80-300 Cubed Scanning Transmission
Electron Microscope equipped with a high-brightness electron source and a Gatan Quantum
Spectrometer (Model 966).

3.23 Electrochemical characterization of porous Pb films

Electrochemical characterization was conducted in a conventional three-electrode system, using
Pt gauze as a counter electrode and a SCE as reference electrode. Quantification of the deposited
layers’ mass was derived by recording stripping voltammograms at a scan rate of 5 mV s™" in Ar-
saturated 1 M HCIO4 solution at a potential range between -0.25 V and 0.25 V. However, this
process led to the dissolution of both the deposited Pb film and the Pb plate. Considering this, Cu
plates were used as substrates and the porous Pb films were deposited at the same conditions
reported above (these samples are identified as Pb/Cu). After recording the stripping
voltammogram, the amount of Pb deposited on the Cu plates was calculated from the stripping

charge, according to the following equation:
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QxM
nF

Mass of deposited film =

(3.1

in which Q is the charge for the stripping of Pb film per cm?; M is the molar mass of Pb (207.2 g

mol™), n is the electron transfer number (n = 2) and F is the Faradaic constant (96485 C mol").

The electrochemical active surface area (EASA) was determined by measuring the Pb-Pb?* redox
couple in Ar-saturated 0.5 M H.SO, (Fisher Chemical, ACS Reagent) solution in a potential range
between —0.93 V and 0.47 V. A charge density of 280 uC cm was used as the conversion factor
to calculate the EASA.82

CO: electroreduction performance was tested in an H-type cell, in which a Nafion® 117 membrane
was used as a separator. Measurements were carried out in both CO;-saturated (Air Liquide,
99.99%) and Ar-saturated (Air Liquide, 99.99%) 1 M KHCO3 (Fisher Chemical, ACS Reagent). A
Pt gauze (Alfa Aesar, 99.9%) was used as a counter electrode, and a SCE as the reference
electrode. The catalytic activity of porous Pb was evaluated by recording linear sweep
voltammograms in COj-saturated 1 M KHCOs3 at a scan rate of 5 mV s in a potential range
between -0.29 V and -1.29 V. The electrolysis of CO2 was carried out at potentials ranging from -
0.89 V to -1.29 V for 100 min.

Formate concentration was measured by UV-visible spectrophotometry using the absorption
region in the range between 190 nm and 240 nm. Calibration curves were recorded by measuring
standard samples with HCOOH concentrations ranging from 0.0025 M to 0.025 M. Prior to
measurement, all samples were acidified with 2 M H.SO4 and heated to 60° C for 10 minutes in

order to expel CO; from the solution.'8

3.3 Results and Discussions

3.31 Physico-chemical characterization of porous Pb films

Figure 3.1 shows the SEM images of honeycomb Pb films prepared at -4.0 A cm2 for 40 seconds
(Pba,a0). The average surface pore size is ~30 um (Figure 3.1a and b). The walls of the honeycomb
structure are composed of dendrite-like structures consisting of stems to which are attached
branches (Figure 3.1c). As it will be shown later on, changing the deposition conditions (current
density and deposition time) will alter the surface pore size of the primary honeycomb structure
but not the dendrite-like secondary structure. Accordingly, we will first concentrate on the dendrite-

like structure.
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Figure 3.1 HRSEM images of a porous Pb film deposited at -4.0 A cm during 40 seconds. Three different
magnifications of the same electrode are shown in (a), (b) and (c). The red circles are representative examples of tips
that were used to measure the tip diameter.

In Figure 3.2a, STEM characterization shows a dendrite which is essentially made of two single
crystals assembled together. Since Pb is soft and therefore liable to bend slightly, there are some
twists along the length of the single crystal, which might simply be due to plastic deformation
during the preparation of the sample. The dendrite has a diameter of approximately 200 nm and

an average length of ca. 6 um (the whole dendrite is not shown) and a primary growth direction
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along the [100] direction. The diameter of the dendrites is constant. High Resolution-STEM shows

clearly their crystalline structure (Figure 3.2b) with lattice spacing consistent with the fcc structure

of metallic lead (a = 4.95 A). As it could be seen in Figure 3.2a, some voids appear on the surface
of the Pb dendrite. These voids (Figure 3.2c) are defined by (111), (002), (1,-1,-1), (1-1-1), and (-
1-1-1) facets.

Figure 3.2 STEM images of a cross-section of prepared from the porous Pb film deposited at -4.0 A cm? and 40
seconds. (a) Low magnification annular dark-field STEM image of a few filaments presents in the cross-section. The
red arrow shows the length and orientation of a perfectly oriented crystal with the <001> long axis. The segments
beyond the arrow are slightly misoriented (by few degrees) with respect to the red arrow direction. Other filaments in
the field of view would be randomly oriented with respect to the longest wire. Small cavities (dark spots within the
filaments) are also observed within the filaments. A very thin oxide layer is also observed (with intermediate contrast)
at the edges (hence the surfaces) of the filaments. (b) High-resolution STEM image of the high-quality crystalline Pb
lattice. The major sets of planes are identified with the color-coded arrows (c) Lattice image in the proximity of a cavity
showing the very faceted nature of the surfaces with the lattice planes identified in the color coded arrows and Miller
indices.

Figure 3.3 compares the morphologies of porous Pb films deposited for 20 s at different deposition
current densities. The surface of the Pb plate is relatively flat (Figure 3.3a and g). At the lowest
deposition current densities (-0.1 and -0.5 A cm-?), the Pb substrate is covered by a limited number
of Pb dendrites. The honeycomb primary structure is not observed at the lowest deposition current
density (-0.1 A cm2, Figure 3.3b and h), but starts to develop at -0.5 A cm (Figure 3.3c and i).
In both cases, the Pb substrate is clearly seen and presumably accessible to the electrolyte. As
the deposition current density is increased to -1.0, and further to -2.0 and -4.0 A cm™, the Pb
substrate is no longer seen. Instead, densely packed [100] Pb dendrites forming a 3D network
are observed. They are arranged in a honeycomb porous structure, with a surface pore size that
decreases from 68 um (Figure 3.3d) to 30 um (Figure 3.3f) as the deposition current density is
increased from -1.0 to -4.0 A cm. Figure S3.1 presents SEM cross-section images of the porous
Pb film thicknesses. As expected, the porous Pb film’s thickness increased with the deposition

current density.
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Figure 3.3 SEM images of (a, g) a Pb plate and porous Pb films deposited at (b, h), -0.1 A cm?, (c, i) -0.5 A cm"
2,(d,j)-1.0 Acm?, (e, k) -2.0 A cm, and ((f, 1) -4.0 A cm. The deposition time was 20 seconds.

Deposition time is another important factor which will affect the characteristic of deposited porous

Pb films. Figure S3.2 presents SEM images of porous Pb films deposited at a constant current
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density of -4.0 A cm, but at varying deposition times of 3, 10, 20, 40 and 60 seconds. Dendrites

are formed and a honeycomb structure is observed in all cases.

The surface pore size increases with deposition times (Figure S3.2) and decreases as the
deposition current density is increased (Figure 3.3). This reflects the dynamic of hydrogen bubbles
formation and release. For thin mesoporous Pb layer, hydrogen bubbles are small but they
coalesce into large hydrogen bubbles as the films thickens, thereby leading to larger pore size. In
contrast, the smaller surface pore size as the deposition current is increased is due to the smaller

un-coalesced bubbles formed at higher current density.'®*

As stated above, all films exhibit a dendrite-like secondary structure that does not vary with the
deposition conditions. In the literature, it was shown that the growth mode of electrodeposited
lead varies with the electrolyte and the deposition current density. '8 In 0.5 M Pb(ClO4)2 + 2 M
HCIO4, Pb nodules, Pb plates, 2-dimensional [110] Pb dendrites and 3-dimensional [100] Pb
dendrites are formed at increasingly high deposition current density (0 — 0.3, 0.3 - 0.5, 0.5-0.6
and > 0.6 A cm™, respectively). In the present study, 3-dimensional [100] Pb dendrites were
obtained even at the lowest deposition current density (-0.1 A cm2) and we couldn’t evidence any
change of the Pb growth mode. This is most probably related to a lower concentration of lead salt
in the electrolyte, which is only one fiftieth of that used in reference.'® A detailed analysis of the
dendrite tip radius was conducted based on the SEM micrographs of films prepared at different
deposition current densities and deposition times. The average tip radius is 22 £ 8 nm (Figure
S3.3).

XRD patterns of Pb plate and porous Pb films are shown in Figure S3.4. Combined with the SAED
images of the Pb dendrite shown in Figure 3.2b, it could be concluded that metallic lead is the
main constituent of porous films. In some rare cases, very small PbO peaks were also identified
in the XRD patterns, due to oxide formation on the porous Pb film surface. The presence of these
peaks is most probably related to the presence of some residual O, molecules that come in
contact with the film during the drying process. Indeed, it was shown elsewhere that freshly
electrodeposited Pb films are made of metallic Pb which are converted into -PbO when a freshly

electrodeposited and wet Pb films is in contact with gaseous O,."8¢

To estimate the effect of deposition current density and deposition time on the mass of deposited
porous Pb film, the anodic Pb stripping charge was evaluated. For these measurements, porous
Pb films were deposited on a Cu substrate and the stripping voltammograms of porous Pb were

shown in Figure S3.5. As expected, the mass of deposited Pb porous film linearly increased with

47



the deposition current density and with deposition times, as shown in Figure S3.6a and S3.6b,

respectively. The porosity of the porous Pb films can be calculated as:

Porosity = (1 - ) X 100% (3.2)

m
pAt
where m is the mass of the deposit, p is the density of lead and t is the thickness of the deposit
obtained from the SEM cross-section images shown in Figure S3.1. The porosity of DHBT Pb
films prepared decrease linearly from 98.5 to 96.5% as the current density is increased from 0.1
to 4.0 A cm (see Figure S3.7).

The EASA of the electrodes was determined by cyclic voltammetry in Ar-saturated 0.5 M H,SO4
at the scan rate of 5 mV s'. Figure S3.8 provides examples of the Pb oxidation/reduction peaks
in the potential range of -0.55 V to -0.05 V. In this potential range, which corresponds to the Pb
<> Pb*? redox reaction, the oxidation and reduction processes are reversible and the ratio
between the oxidation and reduction charge is ~ 1. The detailed values of the redox charge are
shown in Table S3.1. From these values, the EASA may be calculated as EASA = Qreq/ 280 pC
cm2, where 280 uC cm is the calculated specific charge density of polycrystalline metallic lead,

assuming a 2e" process and an equal repartition of (111), (110) and (100) surface orientations.

Figure 3.4a presents the trend of increasing EASA relative to deposition current density. Initially,
the EASA of Pb plate was quite low, only about 52 cm?. The EASA increased steadily with the
deposition current density to reach its maximum value of ca. 1500 cm? on porous Pb deposited
at-4.0 A cm=. In Figure 3.4b, the curve also shows an ascent trend of EASA relating to increasing
deposition times. The maximum EASA increased is reached after ca. 40 s of deposition. Such
high EASA values of porous Pb are due to its honeycomb morphology and the dendrite-like

secondary structure.
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Figure 3.4 Variations of the electrochemical active surface area (EASA) of porous Pb films as a function of (a)

the current density at a deposition time of 20 s, and (b) the deposition time at a deposition current density of -4.0 A cm’
2

3.3.2 Electrocatalytic activity of porous Pb films for CO reduction

To characterize the performance of the porous Pb film for CO; electroreduction, linear sweep
voltammetry was carried out both on Pb plates and on porous Pb films in Ar-saturated and CO,-
saturated 1 M KHCOs; solution. As a typical example, Pbs.4o with large EASA was selected, and
polarization curves are presented in Figure 3.5a. The onset potential (see Figure S3.9) for Hz
evolution on the Pb plate electrode is -1.03 V in Ar-saturated electrolyte, while it is -0.76 V in CO»-
saturated solution. In comparison, the onset potential of HER was -0.87 for porous Pbs.4 film
electrode, while the onset potential of ERC was -0.60 V. In COz-saturated solution, the onset
potential of porous Pba.4 film is 160 mV more positive than that of the Pb plate, indicating that the
CO: electroreduction is more facile. Comparing the reduction current density obtained from LSV
results at -1.0 V in CO.-saturated electrolyte, the porous Pbas.4 film shows ~10 mA cm2, which is
higher by a factor of ~6 than that of the Pb plate (1.6 mA cm2). The remarkably enhanced activity
of porous Pbas.4 film could be partly due to its increased EASA (a 50-fold enhancement) which
provides a higher number of catalytic active sites, but also to a change in the nature of the catalytic

sites, which also lead to a shift of the onset potential for the hydrogen evolution reaction.

Figure 3.5b shows the CO- electroreduction current density on Pbs4.40 under varying electrolysis
potentials in CO,-saturated 1 M KHCO; solution. The total current density increases with the
electrolysis potential. The current density vs time curves are remarkably steady and does not vary
with the electrolysis time over the range of potentials investigated. This is in sharp contrast with
the bare Pb plate that displays a current density increase from -1 mA cm2 to -6 mA cm at -0.99

V during the same period of electrolysis. In that later case, this is thought to be due to the
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enhancement of H, evolution caused by the pH decline near the electrode surface during
continuous electrolysis. This phenomenon is not observed on porous Pb electrodes, mostly
because the current efficiency for the production of H, at -0.99 V is less than 3% (see Figure
3.5¢), which minimizes the pH change in the vicinity of the electrode. The fact that the current
density of porous Pbas.4 film does not vary over time also suggests the structure of the electrode
is extremely stable. SEM images were taken after 100 min of CO; electrolysis to investigate the
stability of the surface morphology. Remarkably, the porous surface remains unchanged
(compare Figure S3.10a and S3.10c), as does the dendrite-like secondary morphology (compare
Figure S3.10b and S3.10d).
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Figure 3.5 In (a), linear sweep voltammeter of a Pb plate and porous Pb films in Ar- and COz-saturated 1 M
KHCOs. The scan rate was 5mV s™'. In (b), variation of the CO: electroreduction (ERC) current density at different
electrolysis potentials. In (c), variation of the formate Faradic efficiency with respect to the electrode potential. In (d),
variation of the CO2 reduction overpotential with respect to the logarithm of the current density. The porous Pb film was
deposited at -4.0 A cm during 40 seconds.

The produced formate was quantified by UV-vis, and Figure 3.5¢ presents the trend of Faradaic
efficiency (FE) for formate relative to CO. electrolysis potential. FE is ~97% at -0.99 V,

corresponding to ca 800 mV overpotential, but it decreases when the electrolysis potential is more
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negative than -1.0 V. This is consistent with the fact that porous Pb electrode has an onset
potential of -0.87 V for the HER, but it could also be due to mass transport limitation. Indeed, in
our experimental conditions, CO2(gas) is in equilibrium with the electrolyte at all times; therefore,
the COz(aq) concentration is a constant (0.03416 M) at ambient conditions (101.3 kPa, 25° C)."8"
The diffusion limited current density for CO; electroreduction was estimated to be 12 mA cm

using the simplified steady-state Nernst diffusion layer model, as follows:'8?

nFDC,

Ilim=T (3.3)
where Iim is the diffusion limited current density, n is the number of electrons in the reaction, F is
the Faradaic constant, D is the diffusion coefficient of the reactant (1.9x107 cm? s in
electrolyte),'87.188 C, is the reactant concentration (0.03416 M), and ¢ is the thickness of the
boundary layer (taken as 0.01 cm).'® From Figure 3.5b, it is seen that at -1.09 V, the current
density is approximately equal to the diffusion-limited current density (12 mA cm). In these
conditions, the supply of CO; is limited and hydrogen evolution must be responsible for any

current density increase.

When comparing our results with those from the literature, we observe a considerable
improvement. In our work, an outstanding FE of 97% for formic acid was obtained at an
overpotential of 800 mV with a current density as high as -8 mA cm. In most previous studies,
similar FE values were obtained at higher overpotential: (i) 72% to 88% formate FE at 1.2 V with a
current density of -5.5 mA cm-2,34 40% formate FE at 1.1 V with a current density of -0.5 mA cm2,74
50% formate FE at 1.6 V,'® and 60% formate FE at 1.0 V.8'" Therefore, considering the activity,
selectivity and energy needed, the porous Pb film made of 3D [100] dendrites with nanometer-
sized needle-like tips represents a highly encouraging progress in improving the current density
and formate FE while decreasing the overpotential in comparison to a Pb plate electrode and to all
the pure Pb-based electrodes that have been described in the literature. In the low overpotential
regime of CO; reduction, the Tafel slope is 150 mV dec™!, which is consistent with the rate

determining initial electron transfer to CO- to form surface-adsorbed CO.¢" as reported elsewhere.?"

As discussed above, the EASA of porous Pb films increases with deposition current density
(Figure 3.4a) and deposition time (Figure 3.4b). To ascertain the effect of deposition conditions
and EASA on the electroreduction of CO., the formate concentration was measured after 100 min
of electrolysis at-0.99 V in 1 M CO2-saturated KHCOs3 solution. As seen in Figure 3.6a, the partial
current density for the formation of formate increases with EASA, although the rate of increase of

decreases progressively as the EASA is increased. This is not thought to be due to limitation
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imposed by mass transfer since the diffusion limiting current density is 12 mA cmgeo2, well above
the current density reported in Figure 3.6a. This behavior is reminiscent of that expected when an
irreversible reaction takes place on the walls of a porous electrode. Assuming that the
concentration gradient is perpendicular to the porous electrode surface and that no radial
distribution perpendicular to the electrode wall inside the pore is considered, and in the absence
of forced convection with narrow pore flooded with a highly conductive electrolyte, Keddam et al.
where able to show that the current density varies as a-tanh(b-L), where a and b are constants
that depends on the concentration and diffusion coefficient of the reacting species, and L is the
distance from the top surface where the concentration gradient is zero.'® So, to be able to resort
to this formalism, a plot of the current density vs the thickness of the deposit was drawn, from
which the value of L was extracted (Figure S3.11). The effective length of the pores is 39 um. The
bottom part of pores exceeding this value does not contribute to the total current density of the
electrode since the CO, concentration gradient is zero for pore length exceeding L. According to
Figure S3.12, this corresponds to a deposit having an EASA of ca. 1300 cm?.
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Figure 3.6 In (a), variation of the partial current density at -0.99 V for the formation of formate with respect to the
electrochemically active surface area. In (b) and (c), variation of the formate faradic efficiency with respect to the
deposition current density and deposition time, respectively.
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Figure 3.6b and c present a comparison of Faradaic efficiency for formate on Pb plates and porous
Pb films deposited at different conditions. Figure 3.6b indicates that the FE on the Pb plate is ~21%
only, whereas on porous Pb film is constant at ca. 92% and independent of the deposition current
density when it is equal to or above -1.0 A cm. As shown previously in Figure 3.3b, the Pb plate
substrate of porous Pb films prepared at lower deposition current density (-0.10 and -0.50 A cm-
2) is clearly discernable in SEM micrographs and most probably accessible to the electrolyte,
which explained why the formate FE has in intermediate value. As discussed earlier, there is a
significant increase of the surface pore size as the deposition current density is increased but this
factor does not affect the formate FE once the Pb plate substrate is no longer accessible by the
electrolyte. In the case of deposition time, the FE increase from ~21% for the Pb plate to 92% as
soon as a porous Pb film is formed at the surface of the substrate. At 800 mV of overpotential,
the formate production rate increases by a factor of 10, from 5.89 x 10 to 5.92 x 10" M min-!
from the bare Pb electrode to the best mesoporous Pb electrodes studied here. At-1.0 V vs. RHE,
the electrode didn’t show any sign of degradation over prolonged electrolysis (6 hours) and both

the current density and the formate faradaic efficiency stay constant over time (see Figure S3.14).

An increase of the formate FE on oxide-derived Pb electrode compared to Pb foil was also
observed by Lee and Kanan.8' In that case, however, this increase was the result of H, evolution
being suppressed on oxide-derived Pb relative to Pb foil. This was thought to arise as a result of
difference in coverage of a metastable Pb?* layer on oxide-derived Pb compared to Pb foil
because of a very high density of defects on oxide-derived Pb.8! It was shown previously that the
dendrites are highly crystalline, and while they are not free of defects (see Figure 3.2c), the defect
density is certainly limited compared to an oxide-derived Pb film. Also, as shown previously, the
H. onset potential on porous Pb film is shifted positively (+160 mV) with respect to Pb plate. So,
in the present work, the increase formate FE of porous Pb film compared to Pb foil is not due to

the suppression of Hz evolution.

The increase formate FE with both deposition time and deposition current density could also be
due to an increase roughness of the deposit. The importance of surface morphology and
roughness in controlling selectivity during CO. electroreduction was previously demonstrated at
roughened Cu electrodes.'®! As shown in Figure S3.13, the formate FE depends on the EASA of
the porous Pb electrodes and values larger than 90% are reached as soon as EASA is above 500
cm?. In the present work, this phenomenon could due be exacerbated due to the use of a highly
concentrated (1.0 M) KHCOs supporting solution. As discussed elsewhere,®? the thickness of the

electric double layer (EDL) decreases as the concentration of the electrolyte increase and
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nanoscale pores become more accessible. In the case of nanoporous Cu, the nanopores are
accessible at concentrations above 0.5 M KHCOs3;, well below the concentration used in the

present study.

It has been proposed that CO; electroreduction could proceed through a proton-assisted
mechanism, which involves first the formation of adsorbed hydrogen on the Pb surface followed
by coupling with dissolved CO; to form carboxyl (COOH*) intermediate species.'® However, this
mechanism seems dubious in our case for several reasons. It is known that the rate determining
step for HER at Pb is the formation of adsorbed hydrogen (Hags). The observed onset potential
for HER on porous Pb electrode is -0.87 V, which means that Hags coverage is negligible at more
positive potential. As noted before, the onset potential for CO; electroreduction is -0.60 V, which
is more positive than the potential at which significant H adsorption at the surface of Pb is
observed. Moreover, the selective CO- reduction towards formate (no traces of CO production)
cannot be explained using the carboxyl (COOH*) intermediate mechanism, in which CO and
formate ions are competitively formed.?® Thence, at porous Pb electrodes, the quantitative (= 97%)
production of HCOOK in the applied potential range must corresponds to the CO; reduction
mechanism which involves OCHO* intermediate, the latter exclusively leading to the formation of

formic acid.93

The large positive shift (160 mV) of the CO. reduction onset potential between Pb plate and
porous Pb electrode could be due to the dendrites showing an increase proportion of [100]
preferentially oriented surfaces. As mentioned earlier, the Pb dendrites are growing along the
[100]-axis and are having a near constant diameter of ca. 200 nm over most of their length (except
at the tip of the dendrite). This could happen if the constant diameter sections of the dendrites are
terminated by [100] and [110] surfaces since both are parallel to the [100] growing axis. In contrast,
the tips could be enclosed by planes like [111], the latter making angle of 54° with the [100] growth
axis. Evidence of that could be found in Figure 3.1c (see the circled regions). The presence of
(100) surfaces was recently found to shift positively (+ 200 mV) the CO2 overpotential for HCOOK
formation at Cu foams.'%? The same conclusion was reached from theoretical work, emphasizing
the spontaneous chemisorption of CO; and favorable thermodynamic properties for Fe, Co, and
Ni (100) surfaces.'®

Liu et al. showed recently that local high electric fields can be achieved at nanostructured
electrodes and these can greatly modify the electrocatalytic activity for CO- reduction.’8 In these
conditions, a large concentration of electrolyte cations is observed at metallic nanometer-sized

tips. Simulations have revealed a ten-fold higher electric fields in the vicinity of nanometer-sized
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tips compared to planar electrodes. Experimentation on Au nanoneedles confirm a field-induced
reagent concentration that enables the CO; reduction reaction to proceed at higher rate and lower
overpotential than on Au rods and Au particles.'®® As shown in the same study, adsorbed K* ions
stabilize the various intermediates during CO- reduction and lower the thermodynamic energy
barrier of the reaction for all facets. This effect is not restricted to Au as it was also observed on
Pd needles for the conversion of CO; to formic acid/formate. In the present study, the tip diameter
is 22 nm, a range where, according to the work of Liu et al, a field-induced reagent concentration
is expected. Accordingly, another interesting hypothesis to explain the lower overpotential for CO-
reduction and enhanced reaction rate of porous Pb compared to Pb plate could thus be related
to the size of the dendrite tip. However, the same hypothesis could hardly explain the +160 mV
shift of the HER onset potential between Pb plate and Pb porous films since the nature of the

counterions (Li*, Cs*, Na* or K*) was shown not to have an effect.'%°

Finally, it is worth emphasizing the excellent stability of porous Pb electrode, both in terms of
current density and formate FE. As shown in Figure S3.14, both the current density and the
formate faradic efficiency are remarkably constant at ca. 8 mA cm2 and 98% over prolonged
electrolysis (6h). This is quite remarkable considering that variation of pH and the
electrodeposition of metallic (or other) impurities from the electrolyte would contribution to a
decline of both the current density and formate faradic efficiency. In that respect, the fact that
porous Pb electrodes have a honeycomb primary structure and dendrite-like secondary structure

could contribute to the electrode stability in prolonged electrolysis test.
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Table 3.1 Comparison of FEfmate on different Sn-, Bi- and Pb-based catalysts.

Electrolysis Current
Catalysts Electrolyte potential density FEformate | Ref.
(V vs. RHE) (mA cm™?)
Sn 0.5 M KHCO3 -0.97 -5.5 ~65% 34
Sn granules 0.5 M KHCO3 -1.03 -0.54 62% 74
Sn/SnOx 0.5 M NaHCO3 -0.70 1.7 ~40% 174
Sn powder/GDE 0.5 M NaHCO:s -1.17 -27 ~70% 76
Sn 2 M KCI -1.34 -5 60% 175
Reduced nano | ¢ 4 \ NaHCO, 1.16 102 | 936% | 1
SnO2/graphene
Sn dendrites 0.1 M KHCOs3 -1.36 -17.1 71.6% 144
Bi dendrites 0.5 M NaHCO3 -1.13 -15.2 96.5% 139
Pb 0.5 M KHCOs -1.17 -5.5 ~72% 34
Pb granules 0.5 M KHCOs3 -1.03 -1.13 74% 74
Pb plate 0.5 M NaOH -0.86 -2.5 65% 89
Oxide-derived Pb 0.5 M NaHCO3 -0.8 -0.6 98% 81
Porous Pb 1M KHCOs 0.99 8 97% | This
work

3.4 Conclusions

High surface area porous Pb electrodes were prepared through the simple, rapid dynamic
hydrogen bubbling template (DHBT) technique. The porous Pb electrodes are formed by a
honeycomb primary structure and dendrite secondary structure growing along the [100]-axis. The
dendritic structure is made of elongated single crystal having a near constant length of ca. 200
nm and a tip diameter of 22 nm. Electroreduction of CO- carried out on these electrodes showed
Faradic efficiencies for formate larger than 90% for electrochemical surface areas above 500 cm?,
reaching as much as 97% at -0.99 V vs. RHE with a current density of -7.5 mA cm2. The porous
Pb electrodes showed in addition a remarkable stability both in terms of current density and

formate Faradic efficiency, with constant values of ca 8 mA cm? and 98%, respectively, over
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prolonged electrolysis of 6 hours. The enhanced performance of the porous Pb electrodes was
attributed to the dendrite secondary structure that could help to concentrate the reactants in the

boundary layer.
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3.5 Supporting Information
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Figure S3.1 SEM cross-sections of porous Pb film on Pb plate, deposited at (a) -1 A cm2, and (b) -4 A cm™. The
deposition time was 20 seconds.

The thicknesses of porous Pb films were measured by SEM cross-section. When deposition time
is fixed, the thickness of porous Pb film increased with deposition current density. Figure S3.1a
shows the thickness of porous Pb film deposited at -1 A cm2is ~20 ym. When current density

increased to -4 A cm, the thickness of porous Pb film increased to 48 um (Figure S3.1b).
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Figure S$3.2 SEM images of porous Pb films deposited at (a, f) 3 seconds, (b, g) 10 seconds, (c, h) 20 seconds,
(d, i) 40 seconds and (e, j) 60 seconds. The deposition current density was -4 A cm,
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Figure S3.3 Histogram of the tip radius. The tip radius of a total of 96 dendrites were measured from SEM

micrographs of samples prepared at different deposition current densities and deposition times.
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Figure S3.4 XRD patterns of (a) Pb plate; and porous Pb films deposited at (b) -1 A cm™; (c) -2 A cm™; (d) -4 A
cm?; for a deposition time of 20 seconds. XRD patterns of porous Pb films deposited at (e) 3 seconds; (f) 10 seconds;
(g) 40 seconds; and (h) 60 seconds. The deposition current density was -4 A cm™.

The XRD patterns indicate that all samples shown in Figure 3.1 and 3.2 are primarily composed
of metallic Pb, with the characteristic XRD peaks at 31.2° (111); 36.2° (200); 52.2° (220); 62.1°
(311),65.2°(222). Very small peaks are also observed few surfaces were oxidized at 24.7° (PbO),
and 29.1° and 30.3° (massicot PbQO). On the Pb plate, the intensity of the (111) plane at 31.2°is

very strong indicating the substrate is preferentially oriented along that axis.
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Figure S3.5 Stripping voltammograms of porous Pb/Cu films at 5 mV s in 1 M HCIOa.

To quantify the mass of lead in the porous Pb films, Pb was first deposited on 0.5 cm? Cu plate at
the same conditions as Pb depositing on Pb plate. After deposition, stripping voltammetry was
carried out in 1 M HCIOs at 5 mV s'. Pb films have obvious stripping peaks and the peak
integration area increases with deposition current density. However, the Cu substrate did not show
a stripping peak in the range of -0.25 V to 0.25 V. The mass of deposited film may be calculated
as Q*M/nF, in which Q is the charge for reducing Pb film per cm?; M is the molar mass of Pb
(207.2 g mol™"); n is the electron transfer number (n=2), and F is the Faradaic constant (96485 C
mol'). The Cu substrate does not show any stripping peak in the range of -0.25 V to 0.25 V. In
comparison, porous Pb films have obvious stripping peaks and the peak integration area

increases with deposition current density.

The Pb deposition charge efficiency may be calculated by determining the ratio of the Pb stripping
charge to the total cathodic charge (Pb*? reduction and H; evolution) during the deposition. The
charge efficiency of Pb deposition under varying conditions is similar (~2.5%) and does not vary

significantly with the deposition current density and deposition times.
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Figure S3.6 Variation of mass for porous Pb films with respect to (a) deposition current density and (b) deposition
time.
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Figure S3.7 Variation of porosity with respect to the mass of lead. The deposition time was fixed at 20s and the

deposition current density was increased from 0.1 to 4.0 mA cm™2.
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Figure S3.8 CVs in 0.5 M H2S04 solution at 5 mV s™.
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Figure S3.9 Variation of log (-j) with respect to the electrode potential in linear sweep voltammogram of porous

Pb films in CO2-saturated 1M KHCOs. The scan rate was 5 mV s™'. The porous Pb film was deposited at -4 A cm? and
40 seconds.

The onset potential for Hz2 evolution and CO- electroreduction was assessed by drawing log(-j) vs
potential curves like the one shown in Figure S3.9 and taking the onset potential as the potential

at which, the solid lines intersect each other.
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Figure S3.10 SEM images of porous Pb films (a-b) before; and (c-d) after 100 minutes of COz2 electrolysis.

The morphology of porous Pb electrode is quite stable. Even after 100 minutes of electrolysis,
there were no obvious differences in the porous structure and needle-like secondary structure.
However, the porous film appears denser as some interspaces between the needle structures

were occupied by carbonate salt originating from the electrolyte.
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Figure S3.11 Variation of the current density with respect to the thickness of the deposit. The curve shows the best
fit obtained using a function f(x) = / * tanh(x / L).
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Figure S3.12 Variation of EASA with respect to the thickness of the deposit.
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Figure S§3.13 Variation of formate Faradic Efficiency with respect to the Electrochemically Active Surface Area. The
EASA of all porous Pb films prepared in the present study are shown.
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Figure S3.14

25000

N T T UL T
=
(@]
<
E
P
= |
C
3 I
e 97
o
5 (a)
a a

-10 1= L B L B T T T

0 5000 10000 15000 20000
X Time /s
;120 T L I L LR |
(@] i
[
@ 100 - 4
O ]
U—
I 804 i
O 1
I 60 4
® ]
L 40- :
-.q_)' -
® 20 - -
£ -
LE 0 T T T L B
0 5000 10000 15000 20000
Time /s

25000

Variation of (a) the current density and (b) the formate faradaic efficiency as a function of the
polarization time. These measurements were performed on Pbas.40 at -0.99 V in COz-saturated 1M KHCOs.
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Table S3.1 Integration area of Pb <> Pb?* redox peaks

Charge
Integration charge of | Integration charge of percentage of
Samples oxide peak (C) reduction peak (C) oxide peak and
Pb — Pb?* Pb%*— Pb reduction peak
(%)
3s 0.216 0.210 51:49
10s 0.389 0.404 49:51
-4A cm? 20s 0.388 0.428 48:52
40's 0.780 0.792 50:50
60 s 0.750 0.746 50:50
-1 Acm? 0.176 0.174 50:50
-2 A cm? 0.332 0.361 48:52
20s
-4 A cm? 0.387 0.386 50:50
-4 A cm? 0.397 0.396 50:50
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Link between articles:

Based on previous research, the dendritic Pb porous electrode is highly selective for CO-
electrochemical reduction. The Faradaic efficiency selectivity reached 97% with a current of 7.5
mA cm-2. However, the applied potential to achieve this high FEsomate Was -0.99 V vs. RHE, which

is very large and needs to be improved.

In this work, dendritic Bi was deposited onto the porous Pb. The modification of the outmost
dendritic Bi layer significantly reduces the CO- electrochemical reduction (ERC) applied potential
of 200 mV and increases the ERC reduction partial current to 18.8 mA cm2 with remaining the
high FEfmate Of 98%. A detailed investigation of the atomic structure of Bi dendrites was achieved
through high-resolution transmission electron microscopy (HR-TEM). It was shown that Bi
dendrites are made of single crystal with a rhombohedral structure and that they are growing
along the [010] direction. The terminated dendrite surface is not entirely smooth but carry surface-
irregularities in the form of surface-steps and high-index facets. Selective decoration of the low-
index facets of Bi dendrites was achieved to show that these surface steps and high-index facets

are the most active Bi surface sites.

72



4.1 Introduction

Growing emissions of carbon dioxide from human activities are driving up temperatures. This is
increasing the possibility of extreme weather, melting polar ice and hastening global sea level
rise. One prominent strategy dealing with rising CO_ emissions is to convert CO; into value-added
products by means of biochemical,’ photochemical,’® and electrochemical methods.?°
Electrochemical reduction of CO2 (ERC) is one of the promising ways to remediate high levels of
CO; emissions by converting it to useful chemicals and fuels.?%.21.26:36,19%6.197 The process is
particularly very attractive when combined with intermittent energy sources such as solar and
wind, allowing for off-the-grid energy storage that can be easily reverted back into the grid as and
when needed. Among the different value-added products that can be obtained from the ERC,
formate/formic acid production has generated a particular interest. The ERC to formate/formic
acid is a simple two-electron process. Both chemicals are easy and safe to handle, making them
useful in a variety of applications including agricultural and industrial production, livestock feed,
and in leather processing. It can also be used in direct formic acid fuel cell to generate electricity
123124 and as a mediator between electricity and microbial cultivation.'?> Formate/formic acid is
selling at higher price (~2500 kWh/ton and $1,200/ton) compared to methane (~40000 kWh/ton

and $200-$300/ton), which needs more electrons to be produced.'??

Several non-noble metal electrocatalysts are known to selective for the ERC to formate/formic
acid: (Pb,81.141.198 gn 42176 7n 199) Their high selectivity (> 80%) is accompanied by large onset
potentials and high overpotentials when large current density (i.e., high production rate) is
requested. Recently, Bi was considered for the ERC to formate/formic acid. Bismuth is a non-
noble and earth-abundant metal with no known adverse effect on the environment. Moreover, it
can be commonly obtained as a by-product in copper, lead and tin mining industries. The faradaic
efficiency for Bi varies from 81% to almost 100% in the potential range extending from of -0.8 V
and -1.12 V vs. RHE, but the current density remains low (< 10 mA cm2ge,).47:8491.92.200 Qptimizing
the structure for higher current-densities would be paramount to enhance the production rates of
formate/formic acid from ERC. Zhong et al reported a partial current-density values of 15.2 mA
cm? measured at —1.12 V vs. RHE on Bi/C catalysts.”™® Yang et al performed similar
measurements and found about 18 mA cm? at —1.1 V vs. RHE on Bi nanosheets.'3? Han et al
found 24 mA cm2 at —1.06 V vs. RHE on Bi nanosheets.'3* Although high current-densities were
achieved in these individual cases, the observed overpotentials were still remained high. Yang et
al have proposed that (111), (101) and (012) facets at the edges are effective for the enhanced

current density.'®? However, the observed large overpotentials (> 1 V) poses significant challenge.
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It is possible that the 2D nature of these Bi nanosheets samples constrained them from being
able to achieve high-index faceting. High-index surfaces are previously shown to enhance surface
structure-sensitive reactions.?°' For example, Pt high-index facets were found to increase formic
acid oxidation,*” in addition to displaying superior performances for ethanol oxidation.292-29% Also,
high-index facets of Pd were shown to maximize the electrocatalytic performances for CO>
reduction to formate/formic acid through weakening of the CO binding affinity.*® Elsewhere, high-
index Au facets were reported to exhibit enhanced ERC activity and high selectivity to form CO.%
Formation of high-index faceting seem to be more likely in 3D porous structures compared to 2D

structures.141.206

Here we demonstrate, 3D porous electrodes based on Bismuth dendrites (Bigen) fabricated using
dynamic hydrogen bubbling templates (DHBT). The dendritic Bi were found to be highly selective
for the CO; electroreduction to formate with high current density of -18.8 mA cm2 achievable a
low-overpotential of 600 mV. High Faradaic Efficiency of 98% was achieved with a long durability
of 15 h. The defects and high-index facets were found to be most active sites where the reduction
of CO, to formate occur. Detailed analyses of the dendrite surface-structure using atomic-
resolution TEM analyses reveal that the high-index facets are more concentrated at the dendritic-
tips in comparison to other regions. The in-operando active surface area measured through
electrochemical impedance spectroscopy (EIS) indicates that the Bi layer is totally accessible in
the CO; reduction process. To better estimate their performance towards more practical
applications, high pressure flow-tests were also conducted. The estimated current density as

large as 95 mA cmgeo is indicative of their high production rate of 1.63 mmol cm h-'.

4.2 Experimental Section

421 Preparation of Bi dendrites

Bi dendrites (Bisen) Were first electrodeposited onto a Pb plate (Pbpate) substrate (Nuclead,
chemical grade, 1/16-inch thickness) to tune the deposition conditions and investigate their impact
on the morphology of the deposit. The geometric area of the Pb plate was 0.5 cm? and the surface
was electropolished to be clean and flat. The electropolishing treatment method was reported
elsewhere.'#! Bi electrodeposition was carried out from a 1 mM Bi(NOs)s (Sigma-Aldrich, 299.99%
trace metals basis) and 1 M HCI (Fisher Chemical, trace metal grade) plating solution. The Bi
dendrites (Bigen) Were galvanostatically deposited with the current densities vary from -0.1 to -0.4
A cm?, and deposition times vary from 1 to 40 minutes. Once the deposition conditions were

optimized, the substrate was changed from Pb plate to porous Pb, Pbgorous. The Pbporous SUbStrate
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electrode was prepared by dynamic hydrogen bubbling templating (DHBT) electrodeposition at -
4 A cm with the time of 40 s in a plating solution of 10 mM Pb(CIO4), + 1 M HCIO4, and the
experimental details have been reported in our previous work.'" All electrodes were rinsed with
deionized water (Millipore; resistivity > 18.2 MQ cm) and dried under a gentle Ar stream for 30
min. A standard calomel electrode (SCE) was used as reference electrode during all these

electrodeposition experiments.

4.2.2 Physical characterization of Bi dendrites

The surface morphology was characterized through scanning electron microscopy (SEM) (JEOL,
JSM-6300F). In some cases, high-resolution field emission SEM (FE-SEM) (FEI, Magellan) was
also performed. TEM observations were carried out with a FEI Titan 80-300 Cubed Scanning
Transmission Electron Microscope equipped with a high-brightness field-emission electron
source and ultra-fast (electron energy loss) EEL Spectrometer. Specifically, the samples were
investigated under high angle annular dark field (HAADF) mode for detailed atomic-level imaging.
In cases where a cross-sectional analysis of the dendritic structure needed to be carried out, an
ultra-thin area was carefully lifted out using Focused lon Beam (FIB) technique. Extreme care
was taken to avoid exposure of Bi samples to air. The as-synthesized Bi samples were vacuum
sealed in a glovebox immediately after preparation and before exporting to FIB-milling station,
only to be loaded onto the FIB-holder again in the glovebox. X-ray diffraction (XRD)
measurements were performed using a Bruker D8 Advanced with a weighted average Cu Kq1 and
Cu Kq2 radiation at 1.5418 A.

4.2.3 Electrochemical characterization of Bi dendrites

The electrochemical characterization was performed in a three-electrode cell by a Solatron 1480A
multipotentiostat. A Pt gauze was chosen as the counter, and a SCE was used as electrode
reference. However, all potentials in this study are quoted with respect to the Reversible Hydrogen
Electrode (RHE), using the following relation Erqe = Esce + 0.241 V + 0.059 V x pH. The
electrochemical active surface area (EASA) was measured in Ar-saturated (Air Liquide, 99.99%)
0.5 M KHCOs (Fisher Chemical, ACS Reagent) by recording the cyclic voltammograms (CVs) at
different scanning rates ranging from 80 mV s-' to 1000 mV s™'. The EASA of Bigen Was determined
by calculating the double layer capacitance from i = f(v) curves measured at 0.17 V (see the

supplementary section). A factor of 28 yF cm2g was used to calculate the EASA.®"207 Linear
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sweep voltammograms (LSVs) were recorded in Ar-saturated and CO»-saturated 0.5 M KHCO3

within the potential range extending from -0.32 V to -1.32 V at the scan rate of 5 mV s

Electrochemical impedance spectroscopy (EIS) was carried out in a three-electrode cell with the
COg-saturated 0.5 M KHCO3 electrolyte. EIS measurements in the CO- electroreduction potential
range (applied potential ranging from -0.62 to -1.22 V by steps of 0.5V) were obtained between
0.01 Hz and 200 kHz using an FRA Analyser (Solartron 1255B). In all cases, the current was
allowed to stabilize for 30 minutes (see below) before starting the EIS measurements. Fitting to

the equivalent circuit was carried out by using Zview.

The products were analyzed after 30 min electrolysis of CO; at the potential ranging from -0.62 V
to -1.22 V. Formate concentration was measured by ion chromatography (IC) (ICS-1500, Dionex,
USA) using an lonPac AS9-HC column separation column with a 9 mM Na,CO3; mobile phase at
a flow rate of 1 mL/min. All samples were diluted 10 times before measurement. Gas products
were analyzed by gas chromatography (GC) (Agilent Micro 490) at two channels with the thermal
conductivity detector. Only formate and H, were detected and the total Faradaic efficiency (FE)
was 100 + 5%.

424 Flow-cell

A flow-cell was designed to test the catalyst’'s CO; reduction capability under higher CO; flux. A
schematic representation of the flow-cell is shown in Figure 4.7a. The core of the electrolysis cell
where the working electrode, the Nafion 117 separating membrane and the anode is shown in
the enlarged view of the cell shown in Figure 4.7b. This flow-cell is equipped with a Saturated
Calomel Electrode (SCE) reference and a Pt gauze counter electrode. Both the working and
counter electrodes have a disk shape with a geometric surface of 1 cm?. In this setup, the
catholyte and anolyte flow rate (Masterflex L/S Easy-Load® Il Model 77200-50 pump head and
06434-17 pump tube) and pressure can be controlled independently. A Bigen/Pbporous €lectrode
was used as cathode. The electrolyte was a CO, super-saturated 0.5 M KHCOs solution that was
prepared by using a soda machine (Sodastream, CO; purity 99.999%). The catholyte was
circulated at a flow rate of 104 + 1 mL min-' and the catholyte pressure was 5 psig over the
atmosphere pressure. The anolyte was 0.5 M KHCO:s. It was circulated at a flow rate of 2.3 + 1

mL min-' and the anolyte back pressure was 6 psig.
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4.3 Results and Discussions

4.3.1 Condition optimization and physiochemical characterization of Bi
dendrites

The Bi deposition conditions were firstly optimized on a (dense and flat) Pb plate, Pbpiate. Different
deposition current densities (from -0.1 to -0.4 A cm?) and deposition times (from 1 to 40 minutes)
were investigated. At these deposition current densities, the deposition potentials varied from -
1.1 to -14 V vs. RHE, and simultaneous Bi deposition and hydrogen evolution occur.
Electrodeposition under these conditions is referred to as DHBT.157.184208209 The Bj
electrochemically active surface area, Bi EASA, was determined through cyclic voltammetry
experiments in Ar-saturated 0.5 M KHCOs. The capacitive current was measured as a function of
the sweep rate in a potential region where only double-layer charge/discharge processes occur
(see Figure S4.1a). As seen in Figure S4.1b, the Bi EASA increases linearly with deposition
current densities. Likewise, the Bi EASA increases steadily, although not linearly, with deposition

times (see Figure S4.1c).

SEM micrographs of Bi deposited at -0.4 A cm? on Pbpiae for 40 minutes (and giving the largest
Bi EASA) are presented in Figure 4.1. The Bi deposit is very porous. It has a honeycomb-like
primary structure with surface pores ca. 150 um in diameter (Figure 4.1a). This structure is
characteristic of films prepared by electrodeposition under vigorous hydrogen evolution (DHBT
deposition conditions). At higher magnification (Figure 4.1c and 4.1d), the Bi deposit’s secondary
structure is clearly observed; it is composed of dendrites consisting of stems to which branches
are attached. The measured length of the stems is ca 1 ym. As shall be discussed later in Figure
4.2, detailed TEM analyses of these individual branches suggest their dimensions to be about 15
nm in diameter and 70 nm in length. All branches and stems terminate with sharper tips apparent
as spherical contours in the SEM images (radius = 5.4 £ 1.0 nm, see Figure S4.2, in reasonably
good agreement with the 7.5 nm radius determined later on by HR-TEM analysis). In the
subsequent discussions, we will refer to bismuth deposited in these conditions as dendritic Bi
(Bigen).
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Dendrific Bi grows
{ ' inside the Rb,,.,.. layer

Porous Pb layer |

Figure 4.1 SEM micrographs of Biden/Pbpiate (2, b, ¢ and d) and Biden/Pbporous (€, f, g, and h) at different
magnifications. Top view (a through g) and cross-sectional (h) views are shown.

After further optimization of these synthetic conditions, the Bi deposition conditions were fixed at
-0.4 A cm2for 40 minutes but the substrate was changed from a flat Pb plate to a highly porous
Pb substrate (Pbpoous). The later substrate was prepared based on previously-determined
experimental conditions (10 mM Pb(CIlO4), + 1 M HCIOs, 4 A cm deposition current density and
a 40-second deposition time)."*" Deposition in these conditions (DHBT deposition conditions)
yields a very porous Pb substrate (Figure S4.3) whose morphology is similar (although not
identical) to that of the dendritic Bi deposit. The dendritic nature of Pb substrate is clearly
evidenced in Figure 4.1e and f, which show very distinctive morphology of the underlying porous
Pb electrode and dendritic Bi. It is clear that regions of the underlying porous Pb substrate are
not covered with Bi dendrites. However, the morphology of those regions which are covered with
Bi dendrites are identical to those observed when Bi deposition is performed on a flat (Pb plate)
substrate (see Figure 4.19g) indicating that the formation of the Bi dendritic structure is not affected
by the increased porosity of the underlying substrate. The cross-sectional micrograph of this
electrode (Figure 4.1h) reveals that the Bi dendrites formed are not constrained to the surface
regions but rather penetrate deep into porous regions of the underlying Pb substrate. This will

prove to be important later on.

Figure 4.2a illustrates atomic-resolution image of a typical Bi dendrite, ~15 nm in diameter and
~70 nmin length, as evidenced by the low-magnification TEM image shown in Figure 4.2a-b. The

dendritic orientation is determined by comparison to series of reported Bi phases and lattice
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distances (ICSD codes #64703, #51674 and #189806, as such). As shown in Figure 4.2c-d, a
satisfactory match is achieved for the Bi rhombohedral structure (Space group: R-3m) oriented
along [010] growth direction and viewed along plane normal to (100). Similarities in the structure
are further obvious from a direct visual comparison of the two images. Figure 4.2¢ illustrates the
dendrite structure with specific focus onto the surface-structure. The atomic-structure revealed
and the lattice-distances measured therein show that the rhombohedral structure of Bi in the core
is preserved even at the top-most surface layers. No obvious displacements in the surface atoms
suggesting binding with oxygen or other contaminants could be determined. These observations
ascertain that the Bi needles considered in our work is mostly pristine, expected since extreme

care was taken to avoid any sample exposure to oxidation.

(c) observation

(100)

- -

Figure 4.2 Elucidation of Bi dendritic structure with an aberration-corrected STEM. (a, b) HAADF-STEM images
showing dendritic structure at different magnifications. Note image (b) is shown after bandpass filtering. (c, d)
Comparison of observed dendritic lattice arrangement with Bi rhombohedral (R-3m) model along N(100). (e) HAADF-
STEM image highlighting the detailed surface-structure of the dendrite.

As can be seen, the terminated dendrite surface is not entirely smooth (yellow arrows), but has
surface irregularities in the form of ‘surface-steps’ (green arrows). Previously, such surface-
irregularities have shown to play a key role in enhancing electrochemical reactivities of Pd for
formate oxidation,?'® which is the reverse reaction to the one considered in the present work. In a
first approximation, the surface occupied by the tips of the dendrite is given by D/ L, where D is
the dendrite diameter and L the length of the straight sections. Based on the data of Figure 4.2b,

D /L ~ 20%. The concentration of these surface steps and high-index facets is higher at the tips
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(~ 20% of the dendrite surface) than on the straight sections (~ 80% of the dendrite surface). It
will be shown experimentally later on that these surface irregularities are playing a crucial role in
the high activity of Bi dendrites for the ERC.

XRD patterns of dendritic Bi deposits prepared in different deposition conditions are outlined in
Figure S4.4a-b. For comparison, the position of the diffraction peaks of Bi, BioO3 and Pb are also
shown. As evident from these XRD traces, there is no trace of bismuth oxide. Indeed, Bi dendrites
are made of metallic (rhombohedral) Bi, although the relative intensities of the diffraction peaks
differ from polycrystalline Bi. For example, the peak intensity of high-index planes such as (012)

is exacerbated, suggesting a preferential texturing of Bigen at the surface of the substrate.

To verify this observation, the texture coefficient (TCw)) of the thickest film was calculated by the

inverse pole intensity technique using the following equation:?'’

Linien/!
(hkl)/ LR (hiD)
TC(pia) = I (4.1

n XUk /Mrenky)

where I is the reflected intensity from (hkl) crystallographic planes in the textured specimen,
Iriniy is the reflected intensity from (hkl) crystallographic planes from the random specimen, and
n is the total number of reflections measured. TC) is proportional to the number of grains
oriented with the (hkl) plane parallel to the surface. TCnky > 1 (< 1) denotes samples that have
more (less) crystallites oriented in the (hk/) direction than randomly oriented polycrystalline Bi. As
seen in Figure S4.4a-b, TCo12)> 1 and TC122) < 1, indicating the family of planes in (012) direction,
are over represented in the Bi dendritic deposit (compared to polycrystalline Bi). As seen in Figure
S4.4c, only the (012) and (122) peaks have TC values that deviates by more than 20% from unity.
As we are going to see later on, Bi dendrites are growing along the [010] zone axis. The angle
between the (012) planes and the [010] growth axis is 90° and accordingly, a significant fraction
of Bi dendrites have their growth axis oriented parallel to the surface of the substrate. Consistently,
TCp22 is less than 1 since the (122) planes are perpendicular to the (012) planes. A schematic
representation of the growth of Bi dendrites is depicted in Figure S4.4d, alongside a SEM
micrograph of the early stage of Bi deposition that emphasizes regions where the [010] growth

axis of dendritic Bi is parallel to the flat Pb substrate.

4.3.2 Catalytic activity of Bi dendrites and the Pb substrate effect

An evaluation of the electrocatalytic activity of Bisen Was first achieved through potentiodynamic

measurements (5 mV s*') in CO,-saturated 0.5 M KHCOs electrolyte at pH = 7.33. In Figure 4.3a
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and S4.5, linear sweep voltammograms (LSVs) show that the onset potentials for ERC at both
Bigen electrodes are identical (ca. -0.54 V) and independent of the nature of the underlying Pb
substrates. On the contrary, the current densities, j, at Bigen/Pbporous are always larger than at
Biden/Pbypiate. It is noteworthy that the onset potentials of Bigen €lectrodes are smaller, and the total
current density are larger, compared to bare lead substrates, emphasizing the critical role
dendritic Bi plays in achieving high electrocatalytic activity. For comparison, the ERC onset
potential on porous Pb is -0.65 V, which is 110 mV more negative than for Bigen, while the current

density of Pbporous is at least a factor 10 lower than for electrodes covered with dendritic Bi.

To further explore the catalytic performance of dendritic Bi, the products formed at different
potential values during CO2 reduction were analyzed after 30 minutes of electrolysis. In all cases,
only formate (Figure 4.3b) and H (Figure 4.3c) were detected, and the total faradaic efficiency
(FE) reached 100 + 5%. As seen in Figure 4.3b, there was no difference between the FEfmate VS.
potential curves of dendritic Bi deposited on the two different substrates (Pbpiate and Pbporous). In
both cases, the maximum FEfmate Value is 98% and is attained at -0.82 V vs. RHE. This is 200
mV more positive than the potential at which the largest value of FEfmate is attained on the Pbporous
substrate alone. In the case of the Pbyiate substrate, FEwmate Values larger than 80% were never

reached even at the more negative potential studied here.

The partial current densities of formate, jiormate, Which are exclusively associated with formate
production, are shown in Figure 4.3d. The jiomate Values of dendritic Bi deposited on both Pb
substrates increase steadily in the low overpotential regime (from -0.6 to -0.9V) to reach a plateau
at more negative potential (£ -0.9V). The jiomate plateau value of Bigen/Pbporous is ~ 27 mA cm2,
almost 1.6-fold higher than on Bigen/Pbpiate (~ 17 mA cm-2). As shown in Figure 4.1h, Bi dendrites
are deposited in regions of the porous Pb substrate that are inaccessible on a dense Pbpiate
substrate. Accordingly, even if the deposition conditions used for the preparation of dendritic Bi
are rigorously identical, there are more Bi dendrites accessible to the electrolyte on Bigen/Pbporous
than on Bigen/Pbpiate This is nicely confirmed by the Bi EASA of Bigen/Pbporous (231 cm?), which is
ca. 1.5-fold larger than Bigen/Pbpiate (156 cm?) (see Figure S4.7). Indeed, the LSV and the jiormate
curves of Bigen/Pbpiate and Bigen/Pbporous are almost superimposed on each other when normalized
to the Bi EASA (see Figure S4.8). The Bi EASA is determined through CV measurements in a
potential region involving double-layer charge/discharge processes, which are not limited by
diffusion. On the contrary, the jiomate plateau value is measured in a potential region where CO»
reduction (faradaic reaction) is occurring. This faradaic reaction is dependent on the diffusion of

CO: to the reaction site. The fact that jomate SCales exactly like the Bi EASA indicates that all
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available active Bi active sites are accessible and participating in the faradaic reaction. Therefore,
even if the deposition conditions are optimized to promote the formation of a porous dendritic Bi
deposit, it is still possible to further increase the areal density of available active sites by using a

porous (Pbyorous) instead of a flat substrate (Pbpiate).
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Figure 4.3 In (a), linear sweep voltammograms of Bi-modified Pb electrodes in the CO2-saturated 0.5 M KHCO3

electrolyte, with Pb electrodes as the comparison. Scan rate of 5 mV s, (b) formate faradaic efficiency (formate FE),
(c) Hz faradaic efficiency (Hz FE), and (d) partial current density of formate (jrormate) With respect to electrolysis potential
in the CO2-saturated 0.5 M KHCOs electrolyte.
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It was shown previously that the current density difference between Bigen/Pbporous and Bigen/ Pbpiate
can be rationalized based on the different (3D) structure of both lead substrates. On the contrary,
both electrodes exhibit the same ERC onset potentials. This makes sense since the onset
potential of a reaction (reduction/oxidation) is the least (negative/positive) potential that should be
applied for the reaction to occur (at very low rate and thus very low current density). In that sense,
it is not expected that the onset potential will be affected by the EASA. On the contrary, the onset
potential is dependent on the nature of the materials but, more importantly for the present study,
on its microstructure. So, on Bi flakes, which are formed by electrodeposition at much lower
deposition overpotential (50 mV) and thus much lower current density, the onset potential for the
ERC is -0.7 V vs. RHE,*" which is 160 mV more negative than on Bi dendrites.

In order to clearly correlate the ERC property to the 3D structure of dendritic Bi, a series of EIS
measurements was performed. The impedance spectra of Figure S4.10 shows the classic
features of a solution resistance in series with a parallel combination of a constant-phase element
representing the double layer and a charge-transfer resistance. The effective double-layer
capacitance Ce was obtained from the CPE parameters and the parallel combination of the two

resistances using the Brug formula.?!?

A Tafel analysis of the best performing electrode (Bigen/Pbporous) is given in Figure 4.4. The EIS
measurements were carried out at various electrode potentials ranging from -0.62 to -1.07 V vs.
RHE. Before each EIS measurement, a potentiostatic current was recorded for 30 min and it
reached to a steady state value. These current (j) data points were used to obtain the value of
Tafel slope (as shown in Figure 4.4a). The Tafel slope is 156 mV dec™ in the kinetically limited
region (potential more positive than -0.75 V). In the region between -0.75 and -0.90, j is almost
constant, indicating the reaction reaches its mass transport limitations. At potential more negative
than -0.9 V, j increases again, most probably because the hydrogen evolution reaction becomes
predominant. This is consistent with the FEn. starting to increase (Figure 4.3c) and the EIS data
becoming noisier (Figure S4.10) at potentials more negative than -0.87 V. As the applied potential
is more negative, R initially decreases (see Table S4.1), with an exponential (Tafel) potential
dependence as expected since R~ Rp. The slope of log (1/R.) vs potential curves is 147 mV
dec' (Figure 4.4b), very similar to the Tafel slope determined from jvalues. Ce does not vary with
potential (Figure 4.4c), even when the current is limited by CO, mass-transport or increased due
to the HER. The mean Cer value is 6.1 £ 0.4 mF cm?g,, a factor ca 215 larger than the specific
capacitance of Bi (28 yF cm?). This value is close to the roughness factor of 231 determined from

CVs measurements in a potential region where no faradic reaction is occurring, indicating that the
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same electrode surface is accessed in both cases. For comparison, Cest Of Bigen/Pbpiate are also
invariant with the electrode potential (see Figure S4.11), with a mean value of 4.1 £ 0.2 mF cm?geo,
which is a factor of ca 1.5 lower than Bigen/Pbporous. The Bi EASA and Cet values are consistently
supporting the view that part of the electrode that would not be easily reached by the electrolyte

and dissolved CO; are readily accessible upon depositing Bigen ONn @ porous substrate.
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Figure 4.4 Variation of (a) j, (b) log (1/Rct) and (c) Ceff with respect to iR-corrected potential. The data are shown

for Bigen/Pbporous €lectrode in COz-saturated 0.5 M KHCOs electrolyte. The current was allowed to stabilize during 30
minutes before starting the IES measurements.

4.3.3 Electrode stability

Aside from onset potential, overpotential, current density, and current efficiency (which, taken
together, have an impact on the energy efficiency of the process), stability is another critical issue
for electrodes in the development of an ERC process. Figure 4.5a and 4.5b demonstrate that both
the total current density (-18.8 mA cm-?) and faradaic efficiency (= 95%) remained constant during
a long-term (15 hours) electrolysis test performed at -0.82 V. This indicates that stable operation
can be achieved in terms of both current density and selectivity, and that contamination of the
electrode surface during electrolysis is not an issue. In the literature, contamination/modification

of the electrode surface through electrodeposition of foreign elements contained in the aqueous
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electrolyte, or even adsorption of carbonaceous compounds, have often been invoked to explain
performance degradation (electrode potential, current density and/or faradic efficiency) over
time.2'32'4 This is not the case in the present study, where the electrode’s dendritic structure and
large Bi EASA may help mitigate this poisoning effect (if any). This might occur because the
number of catalytic sites that are poisoned (and thus not available for the ERC) is small compared
to the initial number; alternately, as it will be demonstrated by the intentional deposition of Pb on
Bi dendrites, electrodeposition/adsorption of contaminants may be occurring at sites that are less
active for the ERC. This is certainly contributing to maintaining a stable electrocatalytic activity for
the ERC over a long period. Finally, it is worth noting that the morphology of Bi dendrites remains
unchanged even after 15 hours of electrolysis (Figure 4.5c and 4.5d), indicating that the electrode
structure is not collapsing during sustained operation, which again demonstrates the stability of

the electrode.
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Figure 4.5 Variation of (a) the current density and (b) the formate faradaic efficiency as a function of the
polarization time. These measurements were performed at -0.82 V vs. RHE on Biden/Pbporous electrode in COz-saturated
0.5 M KHCOs electrolyte. SEM images of Biden/Pbporous €lectrode (c) before and (d) after 15 h of CO: electrolysis are
shown.
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434 Identification of Bi active sites for high selectivity and long durability

To identify the Bi catalytic sites, we undertook to mask selectively certain a fraction of them with
a less active material (Pb) for the ERC to formate. To achieve this, Bisen was first electrodeposited.
After recording the Bi EASA and the ERC current at -0.82 V vs. RHE in CO;-saturated 0.5 M
KHCO:s electrolyte, the Bigen Sample was rinsed and transferred to a 1 mM Pb(ClO4)2, and 0.1 M
HCIO, plating solution. Then, plating of Pb was carried out by applying a series of potentiostatic
pulses, with Eq, =-0.48 V vs. SCE with Ty, = 1s, and Exr = OCP with T = 10s. This potentiostatic
pulse sequence was chosen to prevent Pb from being deposited under mass-transport limited
conditions (see Figure S4.12). Pb deposition was performed by changing only the number of
pulses (from 120 to 760 cycles) to vary the amount of deposited Pb. The EASA of Bigen covered
with various amounts of Pb was then measured and the activity for the ERC was assessed again.
It is known from the Pb underpotential deposition (UPD) literature that anions in the plating
solution can be strongly adsorbed on defects present at an electrode surface, thereby preventing
Pb deposition at these high energy sites and favoring it at low index facets and defect-free

As seen in Figure 4.6a, the percent of Bi EASA loss varies linearly with the number Pb deposition
cycle. This indicates that every addition of Pb is as effective as the previous ones in masking a
constant fraction of the Bi dendritic surface. Almost 75% of the Bi EASA is lost after 800 cycles of
Pb deposition. Likewise, the loss of ERC activity (Figure 4.6b) varies linearly with the number of
pulses. However, the most interesting piece of information is depicted in Figure 4.6¢, which shows
the variation of percent loss of ERC with respect to the percent loss of Bi EASA. Three regions
were identified. The blue line depicts the behavior expected if Pb was deposited on Bi sites that
are equally active for the ERC (a loss of Bi EASA translate into an equivalent loss of ERC). The
section of the graph located above and below that blue line indicates regions where the Bi active
sites are not all equivalent, and data points in the region below (above) the blue line indicate that
Pb is deposited on Bi sites that are not (that are) the most active for the ERC. As seen in Figure
4.6¢, there is effectively a linear relationship between the EASA loss and the ERC loss (the slope
is 0.36), but all data points are below the blue line. This means that not all Bi surface sites are

equivalent for the ERC and that Pb atoms deposit preferentially on the less active Bi surface sites.
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pulses. Details of the experimental procedure are giving in the text. The variation of ERC activity loss vs Bi EASA loss
is depicted in (c).

Geometrical considerations based on the HRTEM micrograph of Figure 4.2 help us to unravel the
structure of the most active Bi sites. As seen in Figure 4.2, the surface concentration of defects
is larger at the tip of the dendrite than on their walls. Since the deposition of Pb was at a UPD
condition, the defect-free Bi sites, which account for more than 80% of the dendrite surface, are
supposed to be covered by Pb rather than the active tip sites. Accordingly, the covered defect-
free Bi sites would be responsible for a significant decrease of the Bi EASA without causing a

proportional change of the ERC activity. The most active Bi sites would be those that accounts
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for the smallest fraction of the dendrite surface area that is not covered by Pb in the UPD process.
This assertion is consistent with the most recent DFT calculations made by Koh et al. showing
that high-index (012), (110) and (104) facets stabilize HCOO* more than the compact (003)

plane.4’

4.3.5 Continuous flow-cell test of the Bigen/Pbyporous €lectrode

To increase the production rate of formate, a flow-cell was designed to test the CO2 reduction
capability of Bigen/Pbporous €lectrodes in conditions where large CO; flux can be achieved. A
schematic representation of the flow-cell is shown in Figure 4.7. As detailed in the experimental
section, the electrolyte was super saturated with CO2 The average current density was 95 mA
cm? at —0.82 V vs. RHE and was constant over the short-term electrolysis test (5 hours) we
performed (see Figure 4.7c). Also important, the FEsomate Was 92%+4%, very close to the value
observed in the H-cell. Compared with the 344 pmol cm hr' formate production rate in the H-
cell, the production rate in the flow-cell test was 1.63 mmol cm2 hr', which is around 5-fold larger.
This increased current density compared to the H-cell results from overcoming the CO; mass
transport limitation through increased flow rate and increased amount of CO, (oversaturation) in
the electrolyte. A detailed comparison of the ERC performances of different Bi-based electrodes
is shown in Table S4.2. It emphasizes that Bigen/Pbporous €lectrodes, thanks to their atomic surface
structure with defects and high-index facets, can sustain large current densities and achieve large

formate production rate if they are operated in a regime that is not limited by the diffusion of CO..
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Figure 4.7 Schematic illustration of (a) flow-cell system and (b) core of the cell. (c) Variation of the current density

with the electrolysis time of Bigen/Pbporous €lectrode. See the main text for all the experimental details.

44 Conclusions

In summary, dendritic Bi electrode with a large amount of defects and high-index facets was
synthesized on a porous Pb substrate. The identification of the most active Bi sites was performed
through a detailed atomic scale analysis of the surface of the dendrite and masking of the low-
index inactive sites. It was shown that defects and high-index facets of Bi dendrites are the most
active sites where the reduction of CO, to formate occurred. Dendritic Bi is highly selective for the
CO: electroreduction to formate with a 98% Faradaic Efficiency and a current density of 18.8 mA
cm? (344 pmol cm? hr') at -0.82 V vs. RHE, which is only 600 mV more negative than the
thermodynamic potential. Both the dendritic structure and CO- electrolysis performances are
remarkably stable over the longest electrolysis (15 hours) we have conducted. Additionally, much

larger production rate (1.63 mmol cm2 hr' or 95 mA cm2 at —0.82 V vs. RHE) without any major
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penalty on the formate Faradaic Efficiency (92%+4%) was achieved with the same electrode
operated in conditions where the CO- flux is not limiting its performances (high-pressure flow-cell
measurements). This work presents a simple method to design and fabricate materials in dendritic
form with excellent performances for the ERC. It also provides atomic scale insights into the
nature of the active sites at the surface of dendrites. Finally, it illustrates that dendritic electrode
materials are able to withstand very large current density and thus achieve very large production

rate if the CO. supply to the electrode is not limiting.
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Figure S4.1 EASA of Biden prepared in different conditions. In (a), CVs of Biden recorded at different sweep rates
in Ar-saturated 0.5 M KHCOs solution. The insert shows a plot of the current density recorded at 0.17 V with respect to
the sweep rates. The slope of the dotted line was used to calculate the EASA by taking the value of 28 yF cm? as
reference (specific charge density of Bi).%"207 In (b), variation of the Bi EASA with the deposition current density (the
deposition was fixed at fsep = 10 min). In (c), variation of the Bi EASA with the deposition time (the deposition current
density was fixed at -0.4 A cm2). In all cases, a Pb plate was used as substrate.

The EASA of Bi dendrites was measured by recording the cyclic voltammograms (CVs) at different
sweep rates in Ar-saturated 0.5 M KHCOs. The potential range was between 0.12 V and 0.22 V.
A typical example is given in Figure S4.1a. Figure S4.1b and S4.1c show the EASA of Bigen With
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respect to the deposition current density (at tsep = 10 min) and deposition time (at jgep = -0.4 A cm-
2, respectively. The Bi EASA increases linearly with the applied deposition current. The Bi EASA
increases also with the deposition time.
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Figure S4.2 Histogram of tip radius obtained from measurements of 80 individual Bi nanoneedles.

100 um -

Figure S4.3 SEM images with various magnifications of porous Pb substrate
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Figure S4.4 XRD patterns of Bigen deposited at (a) different deposition current densities (with fsep = 10 min) and
(b) different deposition times (with juep = -0.4 A cm-2). The substrate was a Pb plate in all cases. In (c), texture coefficient,

TCk), analysis of the thicker Bi deposit. In (d), schematic representation of the growth of Bi dendrite at the surface of
the substrate. The arrows indicate region where Bi grows with their [010] zone axis parallel to the flat substrate.
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Figure S4.5 Linear sweep voltammograms (5 mV s™') of electrodes in CO2-saturated 0.5 M KHCOa.

The onset potential for CO; electroreduction was assessed by drawing log (/) vs potential curves

and taking the onset potential as the potential at which, the solid lines intersect each other.
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Figure S4.6 Linear sweep voltammograms (5 mV s™') of electrodes in Ar-saturated 0.5 M KHCO:s.

The onset potential for CO; electroreduction was assessed by drawing log (/) vs potential curves

and taking the onset potential as the potential at which, the solid lines intersect each other.
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Figure S4.9 Typical examples of (a) GC channel 1, (b) GC channel 2, and (c) IC results. In the GC test, the
standard gas sample is composed of Hz, CO, CH4, C2H4, C2Hs and COa. In (a), Hz, CH4, and CO are detected in channel
1. In (b), CH4, CO2, C2H4, and C2Hs are detected in channel 2. In (c), the standard (STD) liquid sample is the formate
sample dissolved in 0.5 M KHCO3 solution.
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Figure S4.10 Nyquist plot of electrochemical impedance spectra of Biden/Pbporous €lectrodes. The applied electrode
potentials were varied by steps of 0.05V from -0.62 V to -1.22 V vs. RHE. The electrolyte was CO2-saturated 0.5 M
KHCOs. The experimental data (dots) and fitted curves (full lines) are shown. The data were analyzed using the
following equivalent circuit:

Rs CPE1

AV >
Rct
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varied from 0.1 mM to 1.0 mM. The scan rate was 50 mV s'.
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Table S4.1 Fitting parameters of Biden/Pbporous electrodes at different applied electrode potentials obtained by
using the following equivalent circuit. CPE1 has admittance T(iw)’.

Rs CPE1
e
Rct
E Rs Ret T Cef
Vvs. | ohm eﬁgr ohm e,r??)r 2 gp erz-or e erer’or mF ecr;:(f)fr
RHE | cm? cm? mF cm™® s* cm?2
-0,62 | 3,31 | 0,03 | 17,64 | 0,15 7,32 0,12 | 0,934 | 0,005 | 5,576 | 0,114
-0,67 | 3,24 | 0,03 | 7,66 | 0,07 7,77 0,20 | 0,926 | 0,008 | 5,630 | 0,192
-0,72 | 3,21 | 0,03 | 4,06 | 0,05 7,89 0,25 | 0,928 | 0,009 | 5,675 | 0,233
-0,77 | 3,13 | 0,04 | 2,66 | 0,07 9,00 0,59 | 0,904 | 0,020 | 5,660 | 0,515
-0,82 | 3,07 | 0,03 | 2,16 | 0,09 9,15 0,95 | 0,904 | 0,026 | 5,699 | 0,753
-0,87 | 3,01 | 0,08 | 2,38 | 0,21 11,63 2,33 | 0,866 | 0,054 | 6,097 | 1,665
-092 | 296 | 0,05 | 2,756 | 0,17 10,82 1,47 | 0,879 | 0,036 | 6,103 | 1,089
-097 | 2,88 | 0,06 | 3,86 | 0,33 14,57 2,22 | 0,819 | 0,046 | 6,389 | 1,442
-1,02 | 2,76 | 0,05 | 3,07 | 0,27 14,30 2,70 | 0,822 | 0,049 | 6,144 | 1,510
-1,07 | 2,84 | 0,07 | 223 | 0,21 8,89 1,87 | 0,934 | 0,055 | 6,458 | 1,654
-1,12 | 2,67 | 0,16 | 2,16 | 0,30 13,43 4,27 | 0,845 | 0,097 | 6,298 | 2,293
-1,17 | 2,63 | 0,17 | 1,52 | 0,24 9,39 3,47 | 0,939 | 0,113 | 6,925 | 2,526
-1,22 | 2,53 | 0,05 | 1,08 | 0,08 6,48 1,23 | 0,997 | 0,051 | 6,381 | 1,478

The parameters R;s is the solution resistance, ret is the charge-transfer resistance and certis the double-layer

capacitance
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Table S4.2 Comparison of CO2 electrochemical reduction performance for dendritic Bi and recently reported Bi-
cased catalysts in the literature.

. , Production Half-cell
Potential | Formate | jormate *
rate power
Electrode Electrolyte IV vs FE / mA efficiency” Ref.
RHE /% | om=2 | /Hmolcm?
h-t | %
Bi aggregates 0.5M -0.82 82 -0.3 5 57.1 91
KHCOs3
Bi dendrites on 05 M 112 96 -15.0 269 58.3 139
carbon paper NaHCO3
Bi nanoflakes 0.1 M -0.80 100 3.7 69 70.3 200
KHCOs3
Bi dendrites 05M -0.74 89 2.7 45 64.5 47
KHCO:s3
Nano-Bi 0.5M -0.92 98 9.7 177 65.0 92
KHCOs3
BiOCI 05M -0.83 92 3.7 64 63.7 46
nanosheets KHCOs3
Nano Bi/Cu foil 0.1M -0.89 91 3.1 53 61.2 83
KHCO:s3
Micro-Bi/GDE 05M -0.78 90 15 25 63.8 84
KHCOs3
Nanoflower Bi 0.1M -0.89 84 9.0 141 56.5 218
KHCOs3
BiOx/C 05M -1.14 93 16.0 278 55.9 219
NaHCOs
Bi nanosheets 0.5M -0.82 95 15 275 66.1 134
NaHCOs ~16
p-orbital 0.5M -0.86 95 18.0 319 64.8 220
delocalization- KHCO3
Pbden 1 M KHCOs -0.99 97 75 136 62.3 141
Biden/ Pbporous 0.5M -0.82 98 -18.8 344 68.2 This
KHCO3 work
Biden/Pbporous 0.5M -0.82 92 95 1631 64.0 This
in flow-cell KHCO3 work

*The production rate = FEfomate®j /2F, where FEwmate is the Faradaic Efficiency of formate, j is the steady
total current density during potentiostatic CO: electrolysis, F is the Faraday constant.

**Half-cell power efficiency = (1 .23-Eformate)*FEformate/(1 .23-Eapp|ied), where Eformate is 0.196 V vs. RHE, which
is the thermodynamic potential of CO2 reduction to formate, Eappiied is the potentiostatic potential applied
during CO:z reduction. FEfmate is the Faradaic Efficiency of electroreduction of CO2 towards formate. The

half-cell power conversion efficiency was calculated assuming that the oxygen evolution overpotential was
0_220
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The modification of a Pb electrode by a dendritic Bi outmost layer efficiently enhances CO;
electrochemical reduction (ERC) activity. The ERC overpotential has been reduced, resulting in
higher energy efficiency. The ERC reduction current has been increased, leading to a higher
production rate. However, the Bi is also active for hydrogen evolution (HER), a competitive
reaction to the CO, reduction. To reduce the HER competition and enlarge the ERC working
potential window, Sn, which is sluggish for HER, was introduced to synthesize a bimetallic

dendritic electrode.

In this work, a well-alloyed Sn1Pbs electrode featuring a dendrite-like structure was fabricated.
The FEfomate reached 99% at -0.72 V vs. RHE, which is 100 mV lower compared to the Bi-modified
Pb electrode. The FEfmate retains 90% at a large potential window from -0.72 to -1.12 V vs. RHE
(-1.16 and -1.56 V vs. SHE).

Compared to the pure dendritic Pb, the ERC onset potential of the Sn1Pbs electrode was 80 mV
lower. Density functional theory (DFT) computations were performed to uncover the origin of the
drop in onset potential upon alloying Pb with Sn. Explicit treatment of water molecules in DFT
calculations turns out to be crucial to achieving agreement with experimentally-measured onset

potentials.
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5.1 Introduction

The electrochemical conversion of CO- into useful chemicals and fuels provides a means to
recycle CO; and achieve carbon balance.?6:40.221.222 |t js also an effective way to convert the energy
of intermittent and renewable sources, and to store it as chemical energy through the formation
of value-added products. Several value-added products can be obtained from the electroreduction
of CO,, among them formic acid/formate.?#22' The hydrogenation of CO, to form HCOOH involves
the transfer of only two electrons and two protons.?4223 Along with CO formation, this process is
the simplest and most effective way to transform CO; into value-added products, as it involves

only a small number of electro(chemical) steps.

The demand for formic acid/formate is significant due to its versatile uses.??32?¢ Formic
acid/formate is used in several industrial sectors including pharmaceutical synthesis, pulp and
paper production, textile finishing, as an additive in animal feeds, and as a deicing agent.'?5225 In
addition, formic acid/formate has been identified as a potentially interesting hydrogen carrier, and
as a fuel for direct formate fuel cells (DFFC).123226.227 Formic acid/formate is kinetically stable at
room temperature and has a hydrogen content of 4.4 wt%.??® Moreover, it is non-hazardous, non-
flammable, and highly soluble in water. It can be handled in solid (formate salts) and liquid
(aqueous solution) states, which makes it safe to handle and inexpensive to store and

distribute.?2®

Years of research have shown that various metals, including Pb, Hg, Bi, and Sn, produce HCOOH
as a major product during the electroreduction of C0,.2526:36 However, this research has also
shown that a high Faradic efficiency for the formation of formic acid/formate (high selectivity) is
accompanied by a large onset potential and a high overpotential when a large current density
(high production rate) is requested. High overpotentials can be handled by increasing the
electrochemically active surface area of the electrode; several strategies have been deployed to
achieve this 127.141.230 Reducing the onset potential for CO; electroreduction calls for more subtle
manipulation of the electrode composition, since the onset potential is determined by the
adsorption energies of reaction intermediates. This can be achieved through alloying with

appropriate elements.

For example, Pd-Au,??' Ag-Sn232, Pd-Sn?* and Pt-Ni“¢ have been alloyed together to improve the
electrode performance compared to pure elements. High catalytic activity and low overpotential
for the ERC are brought upon these systems by the use of precious metals.02.107.178 Recently,
attempts have been made to achieve the same performances using electrocatalytic materials

without precious metal content; to this end, alloys such as Cu-Sn?3*23% and Cu-Zn?¥” have been
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investigated. However, the ERC performances of these materials remain poor in terms of onset

potential and Faradic efficiency, and further improvement is needed.

Herein, the electroreduction of CO2 on a dendritic Sn-Pb alloy and Pb is investigated. First, the
preparation of electrode materials will be presented, followed by their physico-chemical
characterization to ascertain their composition, morphology and structure. Then, these materials’
performance for ERC will be assessed. Finally, DFT calculation results will be presented, and a
structure-activity relationship will be established to explain the improved performances observed

on dendritic Sn¢1Pbs alloy.

5.2 Experimental Section

5.21 Preparation of SnPb binary dendrites

The PbSn alloy was galvanostatically co-deposited onto a flat Pb substrate (Nuclead, chemical
grade, 1/16-inch thickness, 0.5 cm? geometric surface area) at -4 A cm for 40 s in a plating
solution composed of 10 mM Pb(ClO4), (ACROS Organics, ACS Reagent) and 10 mM SnCl;
(Aldrich, Reagent Plus, 99.99+%) in 1 M HCIO4 (Fisher Chemical, trace metal grade) supporting
electrolyte. After deposition, the PbSn film was rinsed with deionized water and dried under Ar

stream for 30 min.

5.2.2 Physio-chemical and electrochemical characterization

The surface morphology of SnPb alloy was characterized by scanning electron microscopy (SEM)
equipped with energy-dispersive X-ray spectroscopy (EDX) (TESCAN, VEGA3). The crystalline
structures were investigated by x-ray diffraction (XRD) measurements using a Bruker D8
Advanced operated at 40 kV and 40 mA, with a weighted average Cu Kq1 and Cu K. radiation at
1.5418 A.

The electrochemical measurements were carried out in an H-type cell at room temperature with
a Pt gauze as counter electrode and a saturated calomel electrode (SCE) as reference. All the
potentials in this study are quoted with respect to the standard hydrogen electrode (SHE). Linear
sweep voltammetry (LSV) curves were recorded in Ar- or CO2-saturated 0.5 M KHCOs electrolyte
in a potential range from -0.76 to -1.76 V vs. SHE at a scan rate of 5 mV s using a potentiostat
(Biologic VSP). The Electrochemically Active Surface Area (EASA) was determined through

measurements of double-layer capacitance in the Ar-saturated 0.5 M KHCO3 electrolyte.
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5.2.3 Products measurement and flow-cell test

The products were analyzed after 30 min electrolysis in CO.-saturated 0.5 M KHCO3 electrolyte.
lon chromatography (IC, ICS-1500, Dionex, USA) was used to measure the formate
concentration. The separation column was an lonPac AS9-HC. The mobile phase was a 9 mM
NaxCOs; at a flow rate of 1 mL/min. All samples were diluted 10 times before measurement. The
gas products were analyzed by gas chromatography (GC, Agilent Micro 490) at two channels with
a thermal conductivity detector. H, was the only detected gas product. The Faradic efficiency of

H. was calculated as follows:

Peak area

P
X flow rate X tX4=X z X F
FEnz (%) = —* =

Q

x 100 (5.1)

where a is the conversion factor for H, based on the calibration of the gas chromatograph
response established with standard samples, flow rate is the CO; flow rate during the test, tis the
electrolysis time, P is the atmosphere pressure, T is the room temperature, R is the gas constant,
z is the electron transfer number, F is the Faraday constant, and Q is the total charge during
electrolysis. In all cases, the total Faradaic efficiency, obtained by the addition of the partial FE

for formate and Hz, was 100 + 5%.

A flow cell was used to test the catalyst’'s CO; reduction capability under higher CO; flux. A
schematic illustration of the flow cell is shown in Figure S5.1. The core of the electrolysis cell was
composed of a working electrode, a Nafion 117 separating membrane, and an anode. This flow
cell was equipped with a Saturated Calomel Electrode (SCE) reference and a Pt gauze counter
electrode. Both the working and counter electrodes have a disk shape with a geometric surface
of 1 cm?. In this setup, the catholyte and anolyte flow rate (Masterflex L/S Easy-Load® Il Model
77200-50 pump head and 06434-17 pump tube) and pressure can be controlled independently.
A dendritic Sn1Pbs alloy electrode was used as cathode. The electrolyte was a CO, super-
saturated 0.5 M KHCOs3; solution prepared using a soda machine (Sodastream, CO. purity
99.999%). The maximum work pressure of the soda machine was 145 psi, which was 10-fold
higher than the ambient pressure. The maximum dissolved CO: in the super-saturated electrolyte
was 0.34 mol L'. The catholyte was circulated at a flow rate of 104 + 1 mL min-' and the catholyte
pressure was 5 psig above atmospheric pressure. The anolyte was 0.5 M KHCOs;. It was

circulated at a flow rate of 2.3 + 1 mL min-" and the anolyte back pressure was 6 psig.
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5.24 Computational details

DFT calculations were carried out using periodic DFT implemented in the Vienna ab initio
Simulation Package (VASP 5.3.5).%8 The Perdew-Burke-Ernzerhof (PBE) exchange correlation
(XC) functional was used.'®® The projector-augmented-wave (PAW) formalism was applied; this
keeps core electrons frozen and replaces their effect with pseudopotentials, whereas valence

electrons are expanded in a plane wave set up to an energy cutoff of 400 eV.6°

Spin-polarized calculations were carried out. Geometry optimizations were terminated when all
forces on ions were less than 0.01 eVA-". The Brillouin zone was sampled using a k-point mesh
of (5x5x1) for the 3x3x4 Sn4Pbs unit cell.'8’

5.3 Results and Discussions

5.31 Structure characterization and analysis

The morphologies of Pb and SnPb deposits were characterized by scanning electron microscopy
(SEM). The SEM micrographs show that Pb deposits have a honeycomb structure with an
average pore size of ca 50 uym (Figure 5.1a). The walls of the honeycomb structure are made of
dendrites consisting of stems to which branches are attached (Figure 5.1b). The average diameter
of the branches is ca. 200 nm. When mixing Sn(ll) and Pb(ll) in the plating solution (1:1 ratio), the
resulting SnPb deposit has also a primary honeycomb structure with a secondary dendritic
structure (Figure 5.1c and 5.1d). However, in that latter case, the average pore size of the primary
structure (ca. 20 ym) and the diameter of the dendritic branches (ca. 180 nm) are reduced slightly.
Both deposits were prepared at large deposition current densities, leading to simultaneous metal
electrodeposition and hydrogen evolution. Deposition under these conditions is known as
“Dynamic Hydrogen Bubble Templating (DBHT)”."5” The pore diameter of the primary structure
varies with the dynamics of hydrogen bubble formation and release from the deposit, which in
turn depends on the nature of the deposited metallic element and explains the difference

observed between both deposits.
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Figure 5.1 SEM images of (a, b) pure Pb, and (c, d) Sn1Pbs alloy.

The X-ray diffraction (XRD) pattern of Pb deposit in Figure 5.2 exhibits only one series of
diffraction peaks that are assigned to face centered cubic (fcc) polycrystalline Pb, with lattice
parameter a = 4.950 A that closely matches the lattice parameter of bulk Pb, which is 4.9506 A
(JCPDS card No. 00-004-0686). The main diffraction peaks of the SnPb deposits can also be
indexed to an fcc phase, although all peaks are shifted to larger 26 angle compared to Pb deposit.
This suggests that Sn is dissolved in fcc Pb. The lattice parameter of SnPb deposit is 4.938 A,
slightly smaller compared to Pb deposits. In previous studies, Fecht et al. reported that the lattice
parameter of Pb decreases with the increase of the Sn/Pb ratio, and the lattice parameter of fcc
Pb(Sn) was 4.9397 A at [Sn] = 29 at.%.23 This value corresponds to the actual Sn content of our
SnPb deposit. According to the Sn-Pb phase diagram,?® [Sn] = 28 at.% also corresponds to the
solubility limit of Sn in fcc Pb. All data suggest that Sn and Pb are alloyed to form dendritic SnPb
deposits. This was further confirmed by the fact that the XRD peaks of §-Sn (body centered
tetragonal) are barely observed in Figure 5.2. Also, EDX mapping reveals that both Sn and Pb
elements are evenly distributed in the deposits (Figure S5.2), which is expected if Sn is dissolved

in fcc Pb. In the following, we will therefore refer to these deposits as dendritic Sn1Pbs alloy films.

Various deposition conditions (atomic ratio of Sn and Pb cations dissolved in the electrolyte and
deposition times) were tried, resulting in deposits with XRD patterns exhibiting different

proportions of fcc phase and 8-Sn. However, the focus of the present study is to understand the
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effect of alloying fcc Pb with Sn. In this context, it was important to prepare single phase SnPb
deposits with as little as possible 3-Sn. This was achieved in the experimental conditions
described above and using an electrolyte that contains an equimolar concentration of Sn and Pb

and a deposition current density of -4 A cm.
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Figure 5.2 In (a), XRD patterns of pure Pb and Sn1Pbs alloy deposits. The expected diffraction peaks of Pb
(JCPDS card No. 00-004-0686) and 8-Sn (JCPDS card No. 00-004-0673) are also indicated. A restricted 20 range is
shown in (b) to emphasize peaks displacement. Black curve: pure Pb, and red curve: Sn1Pbs alloy.

5.3.2 Selectivity and activity for CO; electrochemical reduction

The electrocatalytic activity for the CO, electroreduction of dendritic Sn1Pbs alloy was tested by
linear sweep voltammetry (LSV) and compared to dendritic Pb. The concentration of formate in
the electrolyte was measured by ion chromatography after 30 min of CO: electrolysis, in the
potential range from -1.16 to -1.66 V vs. SHE. Figure 5.3a shows LSVs at 5 mV s in both Ar and
COg-saturated 0.5 M KHCOs3 solution. In CO»-saturated electrolyte, the onset potentials of both
electrodes are shifted to more positive value compared to Ar-saturated 0.5 M KHCOs electrolyte

(see Table S5.1). This is a clear indication that CO; reduction occurs on both electrode materials
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and that this reaction is more energetically favorable than hydrogen evolution. The onset potential
for the reduction of CO2 on dendritic Sn1Pbs alloy is -1.01 V vs. SHE, which is 80 mV more positive
than the onset potential for dendritic Pb. We infer that the introduction of Sn exerts a pronounced
effect on the adsorption energy of CO, reduction intermediates. Also, the EASA-normalized
current density, jeasa, of dendritic Sn1Pbsalloy is larger than that of dendritic Pb (the method used
to determine the EASA is described in the Sl section, Figure S5.3). For example, jeasa at -1.6 V
vs. SHE is -1.4 and -0.5 mA cm2gasa for dendritic Sn1Pbs alloy and dendritic Pb, respectively,
which differs by a factor of almost three. In conclusion, dendritic Sn1Pbs alloy not only has a lower
onset potential for the electroreduction of CO,, but it is also more active when compared at
equivalent EASA.

The formate faradaic efficiency, FEformate, Of dendritic Sn1Pbs alloy is shown in Figure 5.3b. It is
very close to 100% in the potential range between -1.16 and -1.56 V, and starts to decline only at
more negative potential. This is surprising in that the FEwmate Stays close to 100% at electrode
potentials more negative than the onset potential for hydrogen evolution (-1.33 vs SHE). This
suggests that the intermediates of both reactions are competing for the same site. For
comparison, FEsmate Of electrodeposited PbSn onto carbon paper does not exceed 80% 24°. The
FEfomate Of dendritic Pb is considerably less than 100% at potentials more positive than -1.3 V vs.
SHE, where the hydrogen evolution reaction does not take place. This reflects the fact that a non-
negligible fraction of the charge is consumed to reduce the oxidized Pb surface (see Figure S5.4).
This effect is not observed on dendritic SniPbs alloy, and the FEirmate reaches 100% in the
potential region where a significant fraction of the charge is spent to reduce lead oxide on dendritic
Pb. This is most probably related to the presence of Sn in the alloy, which was shown to limit
surface oxidation.232.240

The dendritic Sn1Pbs alloy electrode was tested further in a high-pressure flow-cell system that
allows larger CO flux to be achieved. At -1.16 V vs. SHE, which corresponds to an overpotential
of 500 mV, the average ERC current was -17.4 mA cmgeo? With FEgmate = 92% (Figure 5.3c). A
comparison of the ERC performances with other Pb-based electrode materials is shown in Table
S5.2.
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Figure 5.3 In (a), linear sweep voltammetry curves in 0.5 M KHCO3 electrolyte recorded at 5 mV s™. In (b),

formate Faradaic Efficiency (FEfmate) recorded after 30 minutes of electrolysis at each potential. In (c), current density
recorded at a Sn1Pbs alloy electrode in a flow-cell system.

5.3.3 Mechanism investigation of dendritic Sn1Pb; for enhanced activity

DFT calculations were performed to understand the effect of alloying Pb with Sn on the onset
potential for the conversion of CO» to formate. The calculations were carried out on the (100)
surface slab models of Pb and Sn1Pbs. Detailed TEM analysis of Pb dendrites showed that they
are growing along the <001> axis and that they are enclosed by [100] and [010] surfaces '#'. As
shown in Figure S5.5, these structural characteristics translate into (200) texture coefficient,
TC200, larger than 1 for dendritic Pb. Similarly, TC200y of dendritic Sn4Pbs is also larger than 1,
suggesting that the growth mechanism of dendritic Pb and dendritic Sn4Pbs; is the same.
Accordingly, (100) surface slab models were used to represent both electrocatalytic surfaces. The
optimized unit cell parameters of pure Pb and Sn1Pb; alloy obtained from DFT calculations are

5.02 A and 4.98 A, respectively. Alloying Pb with Sn decreases the lattice parameter of fcc Pb,
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which is consistent with the XRD measurements that gave a unit cell parameter of 4.951 A for Pb
and 4.938 A for SnsPbs.

The electrochemical reduction of CO, on Pb(100) and Sn4Pb3(100) slabs was investigated by
considering two competing pathways involving either carboxyl (COOH*) or formate (HCOO*) as
intermediate. These intermediates are formed through the first coupled proton-electron transfer
step.3845241 |n the second step, CO can be formed from COOH* (in pathway A), and HCOOH is

obtained from HCOO* (in pathway B), as summarized below,

Pathway A,

k1
x + CO, + H* + e~ = COOH* (5.2)
k_q

k,
COOH*+H*+ e~ = CO+ H,0 + * (5.3)
k_;

Pathway B,
k3
* + CO,+H"+ e~ & HCOO* (5.4)
k_3
ky

HCOO* + H* + e~ =& HCOOH + * (5.5)
k_4

where * stands for an active site on the surface, k; and k_; stand for the reaction rate in the
forward and reverse directions. There are two other mechanisms that have been considered in
the literature: (i) the proton-assisted mechanism that involves the adsorption of H* at an active
site, which can further react with a CO, molecule to form carboxyl (COOH*) or formate (HCOO*),
or combine with another H* to form Hy; however, it was shown that the latter reaction has an
activation energy (0.20 eV) comparable to that of H* reacting with CO; to form HCOO* (0.25 V).
Accordingly, it would be difficult to explain why lead is very selective for formate and the FEu: is
low; (ii) adsorption of CO- on the electrode, followed by its reduction to form CO™; however, the
redox potential of this reaction is very low and, indeed, more negative than the onset potential of
CO, reduction on various metal electrodes.3® Therefore, these two reaction mechanisms have not

been considered in our study.

To investigate the selected reaction mechanisms, the binding energies, AE, of COOH* and
HCOO* intermediates were calculated on Pb(100) and SniPb3(100) surface facets: AE =

Estab/ads _ pslab _ pads \wherg [sikbads [Eslab gnd EFads gre the total energy of the slab and
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adsorbed intermediate, clean surface and isolated intermediate in the gas phase, respectively.
The energy diagrams of the competing pathways were then generated using the calculated free
energy, AG, which is given by AG = AE + eU + ZPE — TAS, where ZPE is the zero-point energy
correction, U is the electrode potential, A4S is the variation of entropy, and e and T have their usual
meanings (see Table S5.3).242 The computational hydrogen electrode (CHE) was used to

establish a potential reference for these calculations.?43-246

As shown in Figure 5.4a, under gas phase conditions, the HCOO* binding energies are -0.53 and
-0.67 eV on Pb(100) and Sn1Pb3(100), respectively. On the same surfaces, the COOH* binding
energies are +0.67 and +0.44 eV, respectively. A detailed thermodynamic and kinetic analysis
will be presented later on, showing that the formation of HCOOH is the preferred pathway for the
ERC on the materials considered in the present study. Consistently, our experimental results
showed that CO is not detected (within a few percent) on dendritic Pb and dendritic Sn1Pbs alloy.
Using the CHE scheme, the potential at which all steps become exothermic for the formation of
HCOOH can be calculated from the energy diagram of Figure 5.4a. As depicted in Figure S5.6a-
b, this potential is -0.55 V vs SHE on Pb(100) surface while it is -0.69 V vs SHE Sn4Pb3(100)
surface. However, both values are about 500 mV more positive than the experimentally measured
values. More importantly, based on calculations performed under gas phase conditions, the onset
potential for the CO- reduction on Pb would be less negative than Sn1Pbs alloy. This is not what
is observed experimentally (see Table S5.1). Thus, the calculations hitherto reported, viz.
conducted under gas phase conditions, need to be refined as they lead to wrongful conclusions

about the energetics of the reaction.

Considering that the electrocatalytic reduction of COy; is carried out in an aqueous electrolyte, the
effect of solvent molecules on the binding energies of the various intermediates must be
accounted for.#5 This was realized by including 12 water molecules located in a plane parallel to
the Pb(100) and Sn1Pbs(100) surfaces in our DFT study. As can be seen in Figure 5.4b, inclusion
of the water layer lowers the binding energies of both COOH* and HCOO* intermediates relative
to those in the gas phase, indicating that water molecules stabilize these intermediates.
Stabilization of the intermediates is a concerted effect that includes contributions from the water-

water, water-adsorbate, water-surface, and surface-adsorbate interactions.
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Figure 5.4 Energy diagrams for CO:2 reduction. In (a), gas phase conditions at 0 V. In (b), with 12 water

molecules at 0 V.

Compared to gas phase conditions, surface water molecules further stabilize HCOO* on both
Pb(100) and Sn1Pb3(100) surfaces and the stabilization energy of HCOO* is almost twice as large
on Pb(100) (1.01 eV) compared to Sn{Pbsz(100) (0.53 eV). As a result, HCOO* is less strongly
adsorbed on Sn1Pb3(100) than on Pb(100) (-1.20 vs -1.54 eV), which reverses the trend observed
under gas phase conditions. As a consequence, the potential at which all steps are exothermic is
-0.99 V vs. SHE on the Sn1Pb3(100) surface as compared to -1.33 V vs. SHE on the Pb(100)
surface (see Figure 5.4b and S5.6e-f). Based on these calculations, the onset potential for the
reduction of CO2 on dendritic Sn1Pbs alloy is expected to be more positive than dendritic Pb, which

agrees with experimental findings. Therefore, the inclusion of water molecules in DFT calculations
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is essential to capture the trends in the onset potentials of dendritic Pb and dendritic Sn1Pbs, as

observed in experiment.

Similar DFT calculations were performed using 6 water. The introduction of 6 water molecules
instead of 12 does not have any marked effect on the energy diagram for CO reduction, but
allows a sizeable reduction of the computing time. As shown in Figure S5.7, the energy diagram
for CO: reduction is barely affected, the maximal energy difference between any two
corresponding levels being less than 0.1 eV. DFT calculations performed with 6 water molecules
succeeded in capturing the fact that HCOO* is less strongly adsorbed on Sn1Pb3(100) than on
Pb(100), and thus in correctly predicting that the onset potential for the electroreduction of CO; is
more positive on Sn1Pbs (-0.89 V) compared to Pb (-1.25 V) (see Figure S5.6¢c-d). Moreover, on
Sn1Pb3(100) we compared the adsorption energy of HCOO* on Pb-Pb and Pb-Sn sites (see
Figure S5.8). With 12 water molecules included in the DFT calculations, the energy difference

between these two adsorption sites is negligible (0.03 eV).

Figure 5.5 shows the optimized structure of HCOO* in the presence of water molecules. The most
striking difference is the change of orientation of the HCOO* from perpendicular on Pb(100) to
parallel at the surface of Sn1Pbs(100), which is best seen in the top view images. Table S5.4
compares the binding energy values of HCOO* in perpendicular and parallel configurations at
both surfaces. As can be seen on Sn{Pb3(100) the parallel orientation is more stable than the
perpendicular orientation by 0.45 eV. On the other hand, on Pb(100) the perpendicular HCOO*
orientation is more stable by 0.3 eV than the parallel one. We further investigated this effect by
starting the optimization from several different initial configurations of water molecules on
Sn¢1Pb3(100). In most cases, HCOO* rotates to obtain a more stable parallel orientation with
respect to the surface. 3D charge density difference is shown in Figure S$5.9. Various optimized

structures are depicted in Figure S5.10 and S5.11
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Figure 5.5 Optimized structures of HCOO* with 12 water molecules on (a and b) Pb(100) and (c and d)
Sn1Pbs3(100). Top view and side views are shown in (a and c) and (b and d), respectively.

5.3.4 Thermodynamic and kinetic analysis

In order to further rationalize experimental results, we employ a simple kinetic model to assess
the selectivity with regards to reaction pathways (A) and (B) presented in the previous section.
The rate equations for elementary steps involved in both pathways are given by,

v1 = ki [COIHTI(L = Bcoon — Ocoo) — k-18coon (5.6)
vy = ky0coonH'] = k_,[COJ(1 = Ocoon — Oncoo) (5.7)
vy = k3[COIHT](1 = Ocoon — Oncoo) = k-30ncoor (5.8)
V4 = k4Opcoo[H'] — k_4[HCOOH](1 = 6 oo — Opcoo), (5.9)

where 0.ooy and 8y, are coverages of COOH* and HCOO* and [C0,], [H*], and [HCOOH]
are dimensionless concentrations. Rate constants of the forward and reverse reactions, k; and

k_;, are calculated as a function of activation energy using transition state energy,
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Gg+i
ks = kj'exp (- 250, (5.10)
B

with k? = kzT/h, where kj is the Boltzmann constant and h the Planck constant. The activation

energy G, 4; can be calculated based on the Bronsted-Evans-Polanyi (BEP relation),

Goi = Gt + BF(E — E, (5.11)

Gy =Gol,— (1= B,)F(E-E, (5.12)
where G} and G,’; are activation energies of step i for forward and reverse reactions at
equilibrium and g, is the transfer coefficient. The equilibrium potential of step /, Efq, can be

calculated using the Nernst equation, and the results are listed in Table S5.5.

_ AGloon = AGY,

EY = — = —0.15V, (5.13)
Zq _ AGgomzoe_ AG%OOH = 015V, (5.14)
ES = _M =12V, (5.15)

e
Fe — _AG101€00H - AGgOOH = —0.99V, (5.16)

* e

Here, we can neglect the reverse reactions of step 1, 2 and 3 since E;’, E;" and E3 are much
higher than the potential range of interest (< —1.1V). Assuming that the adsorption of COOH* and
HCOO* can be described by the Langmuir isotherm, the coverages of COOH* and HCOO* satisfy

the following differential equations,

do
=V vy, (5.17)

do
—EE = vy -, (5.18)

By applying the steady-state approximation,
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dBcoon  ABycoo 0
dt dt

the coverages of COOH* and HCOO* can be derived,

p _ kika[CO,][H']
COOH ™ ok, [H*] + ko k_,[HCOOH] + k,ky[CO,1[H'] + kok3[CO,1[H]

. kyk_,[HCOOH] + kyks[CO,][H*]
HEOO ™ ke k) [H] + kok_o[HCOOH] + kyk,[CO,1[H] + kyks[CO,1[H*]

The selectivity FEy-00 can be calculated as,

Vy 1
Vo 4+v, 1+ki/ks

FEycoo =

where

Gy — GZ%) < B,(E—E) — B, (E - Eé‘*))
——]exp| — :

ki/ks = -
1/ks exp< kyT kyT

Without loss of generality, we assume g, = 8, = 0.5, resulting in,

ky (fos - G§?1> (0.5(qu - qu)>
—=exp|——— |exp| ——].

(5.19)

(5.20)

(5.21)

(5.22)

(5.23)

(5.24)

Results of DFT calculations reported in the previous section give E;? — E;? = —1.35 V on
Sn4Pbs(100) and -1.74V on Pb(100). Assuming that differences in the first exponential factor on

the right-hand side will be significantly smaller than the energy difference in the second
exponential factor, we can conclude that k; /ks will be equal to 0. This assumption should be

scrutinized with further DFT studies (which are beyond the scope of the work reported here); we

deem it reasonable since step 3 is exothermic and step 1 is endothermic and, therefore, G;"g <

Gi‘i follows from the BEP relation. The selectivity FEy 00, given in eq 5.22, will thus be very close

to 100%, in agreement with experimental results discussed in Figure 5.3.

As discussed in Section 5.3.3, HCOO* is much more strongly adsorbed on Sn{Pb3(100) and

Pb(100) than COOH*. Therefore, 04,00 is almost equal to 1 on both surfaces and the reaction

rate of step 4, which represents the activity, can be simplified as,
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ACB’J :?l- ﬁ4€(£ Elfq) +
- —_ z _ . 5 5
vy exp( exp [H*] (5.25)

The key parameter to differentiate the activity of CO; electroreduction on catalyst surfaces of
different composition is the equilibrium potential, E,?. With E;7 = —0.99 V on Sn{Pb3(100) and
qu = —1.33 V on Pb(100), the overpotential driving the reaction is lower on Sn4Pb3(100).
Therefore, the activity will be larger on Sn{Pb3(100) than on Pb(100), confirming experimental

observations discussed in Section 5.3.2.

5.4 Conclusions

In summary, we have investigated the catalytic activity of dendritic Sn/Pbs; alloy for the
electroreduction of CO; to formate and compare it to dendritic Pb. The concentration of Sn in the
deposit was chosen to match the solubility limit of Sn in fcc Pb. The onset potential for the
reduction of CO; to formate is -1.01 vs. SHE, 80 mV more positive than that on dendritic Pb.
FEfomate is very close to 100% over the potential range from -1.16 V to -1.56 vs SHE. The dendritic
Sn1Pbs alloy electrode exhibits an ERC current density of 17.2 mA cmgeo? (295 pmol h-' cm2) with
FEtormate = 92% at 500 mV overpotential in a flow-cell system. DFT calculations suggest that the
electroreduction of CO; on both Pb(100) and Sn1Pb3(100) surfaces proceeds through the HCOO*

intermediate, leading to the exclusive formation of formic acid/formate.

The DFT studies also shows that the observed decrease of onset potential can only be understood
if water layer is added in the slab model (as opposed to modelling under vacuum conditions). In
these conditions (and only in these conditions), DFT calculations are able to predict the beneficial
effect of adding Sn to the metal on the onset potential of lead. Indeed, the onset potentials for the
formation of formate predicted by DFT calculations are -0.99 and -1.33 V vs. SHE for Sn1Pb3(100)
and Pb(100) surfaces, which reproduce the trend seen in experimental values (-1.01 and -1.08
vs. SHE, respectively). On SniPb3(100) surface, the HCOO* intermediate is less strongly
adsorbed than on Pb(100), which reduces the onset potential. This reflects the Sabatier principle,
which states that reaction intermediates should not adsorb too strongly at the surface of the

electrode.

Our work emphasizes the fact that it is an absolute necessity to account for the effect of solvent
molecules when calculating adsorption energies of reaction intermediates. This is even more
critical in the present case since the effect of Sn on the adsorption energy of HCOO* intermediate

is mediated through its interaction with the water layer.
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Figure S5.1 Schematic illustration of the flow cell system.
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Figure S5.2 In (a-e), SEM and EDX mappings of dendritic Sn1Pbs alloy. Pb: purple dots and lines. Sn: green dots
and lines.
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Figure S5.3 Double layer capacitance measurements of (a) dendritic Pb and (b) dendritic Sn1Pbs alloy.

The LSV curves shown in Figure 5.3a were normalized by the electrochemical active surface area
(EASA), which was determined from CVs measurements performed at different scan rates in Ar-
saturated 0.5 M KHCOs. The double layer capacitance of dendritic Pb was 1150 uF cm2ge,, and
585 WF cm2g, for dendritic SniPbs alloy. The bare substrate was used reference (specific
capacitance of 40 uF cm?4,). Therefore, the roughness factor of dendritic Pb and dendritic

Sn1Pbs alloy was 28.8 and 14.6 respectively.
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Figure S5.4 In (a), chronopotentiostatic curves of dendritic Pb electrode recorded in Ar-saturated 0.5 M KHCO:s.
In (b), Faradaic Efficiency as function of electrode potential.

The electrolysis of both dendritic Sn1Pbsz alloy and dendritic Pb were conducted in CO,-saturated
0.5 M KHCO:s electrolyte and the electrolysis currents are shown in Figure S5.4a. As shown in
Figure S5.4b, the FEtmate Of dendritic Pb is 46% at -1.16 V and 74% at -1.26 V vs. SHE. At these

potentials, H> and CO were not detected (the FE for these products is zero).

To figure out why the total FE of dendritic Pb is different from 100% even if only formate is
detected, we carried out potentiostatic electrolyses in Ar-saturated 0.5 M KHCO; electrolyte
(Figure S5.4a). In the Ar-saturated electrolyte, no products (formate, H» and CO) were detected
even if a significant charge is passed through the system. At -1.16 and -1.26 V vs. SHE, the total
charge in the Ar-saturated electrolyte, Qar, accounts for 51% and 24% of the total charge recorded
for dendritic Pb in the CO,-saturated electrolyte, respectively. This charge is associated with the
reduction of lead oxide present at the surface of dendritic Pb. As shown in Figure S5.4b, the sum
of the faradic efficiency for the reduction of lead oxide and FE:mate adds up to a value very close
to 100%.
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Figure S5.5 Texture coefficient, TCk), analysis of the dendritic deposits. This analysis was performed using the

XRD patterns shown in Figure 5.2.

The value of the texture coefficient (TC«)) was calculated by the inverse pole intensity technique

using the following equation:

Itniry/ TRk

TChry = 7
=2 Unrry /Treuiy)

where In) is the reflected intensity from (hkl) diffracted planes of Pb and SniPbs, Irpnk) is the
intensity from (hkl) planes of polycrystalline Pb and Sn1Pbs, and n is the total number of measured
planes. TC ) is proportional to the number of grains orientated with this facet. TC«) > 1 denotes
that the sample has more crystallites with (hkl) facets than polycrystalline Pb and Sn1Pbs, whereas
TCnky < 1 suggests the synthesized sample has less crystallites in that (hkl) direction than
polycrystalline Pb and Sn1Pbs. It was hypothesized that the relative intensity of the XRD peaks of

polycrystalline fcc Sn1Pbs are identical to that of polycrystalline fcc Pb.
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Figure S5.6 Energy diagrams for CO2 reduction. In (a), gas phase conditions at -0.55 V. In (b), gas phase
conditions at -0.69 V. In (c), with 6 water molecules at -0.89 V. In (d), with 6 water molecules at -1.25 V. In (e), with 12

water molecules at -0.99 V. In (f), with 12 water molecules at -1.33 V. The black curves stand for Pb(100) surface, while
the red curve stands for Sn1Pbs(100).
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Figure S5.7 Energy diagrams for CO2 reduction. In (a), gas phase conditions at 0 V. In (b), with 6 water molecules
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Figure S5.8 Binding Energy of HCOO* adsorbed at different adsorption sites on Sn1Pb3z(100) surface. In (a), gas
phase conditions. In (b), with 6 water molecules. In (c), with 12 water molecules. The blue curves stand for adsorbed
HCOO* at Sn-Pb sites, while the red curve stands for HCOO* adsorbed on Pb-Pb sites.
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Figure S5.9 3D charge density difference along with the most stable configurations of HCOO* in the presence of
12 water molecules on (a) Pb(100) and (b) Sn1Pbs(100). For clarity, only a restricted number of water molecules are
shown around HCOO*.
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Figure S5.10 Optimized structures adopted by 6 water molecules when in contact with (a, b) Pb(100), and (c, d)
Sn1Pbs3(100) surfaces. Optimized structures adopted by 12 water molecules when in contact with (e, f) Pb(100), and
(g, h) Sn1Pb3(100) surfaces.

Optimized structures of 6 and 12 water molecules in the absence of any other adsorbates. The
binding energy of the 12 water molecules on Pb(100) and Sn1Pb3(100) surfaces is AE = -286.7
eV and -287.9 eV, respectively.
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Figure S$5.11 Optimized structures in gas phase condition: (a1-2) COOH* on Pb(100), (b1-2) HCOO* on Pb(100), (c1-
2) COOH* on SniPbs (100) and (d1-2) HCOO* on Sn1Pbs(100). Optimized structures with 6 water molecules: (e1-2)
COOH* on Pb(100), (f1-2) HCOO* on Pb(100), (g1-2) COOH* on Sn1Pb3(100), and (h12) HCOO* on Sn1Pbs(100).
Optimized structures with 12 water molecules: (i1-2) COOH* on Pb(100), (j1-2) HCOO* on Pb(100), (ki-2) COOH* on
Sn1Pb3(100), and (l1-2) HCOO* on Sn1Pb3(100).
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Table S5.1

Onset potential vs SHE of different electrodes.

COq-saturated Ar-saturated
Electrodes
0.5 M KHCO3 0.5 M KHCOs3
Dendritic Pb -1.09 -1.5
Dendritic Sn1Pbs alloy -1.01 -1.33

Table S5.2 Comparison of the performance of CO2 electroreduction towards formate on Pb based materials.
Overpotential J
Catalysts Electrolyte FEformate Reference
IAY; / mA cm
Pb-granule 0.2 M K2COs 94% 0.9 0.41 247
Oxide derived
0.5 M NaHCO3 97% 0.8 1 81
Pb
Pb 1 M KHCO3 97% 0.8 7.5 141
Amine modified
1 M KHCO3 97% 0.9 6 90
Pb
Dendritic
0.5 M KHCO3 92% 0.5 17.4 This work
SniPb; alloy

Table S5.3 Thermodynamic quantities of gas-phase molecules (eV). The adsorption energy, zero-point energy
(ZPE), and entropy (TS).

Ead ZPE TS
(eV) (eV) (eV)

CO2 -23.15 0.31 0.1
H20 -14.25 0.56 0.1
co -15.22 0.13 0.09
Hz -6.72 0.27 0.09
HCOOH -30.02 0.89 0.11

The energy of CO,, CO, and HCOOH was corrected by calculated values of -0.10 eV, -0.29 eV,
and -0.23 eV respectively, owing to solvent stabilization. ZPE and TS were taken from an ealier

ealier report by Klinkona et al.38
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Table S5.4 Comparison of the binding energies of HCOO* in parallel and perpendicular configurations at Pb(100)
and Sn1Pbs(100) surface. Twelve water molecules were included in the DFT calculations in all cases.

Surface HCOO* configuration Binding Energy
Pb(100) Perpendicular -1.54 eV
Pb(100) Parallel -1.24 eV
Sn1Pb3(100) Perpendicular -0.75eV
Sn1Pb3(100) Parallel -1.20 eV
Table S5.5 The equilibrium potential of step i, E/9, on SniPbs(100) and Pb(100), calculated using DFT results
from Section 5.3.3.
Step i Sn1Pbs(100) Pb(100)
1 -0.15V -0.2V
2 0.15V 0.2V
3 1.2V 1.54V
4 -0.99v -1.33V
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6 CONCLUSIONS AND PERSPECTIVES

6.1 Conclusions

Post-transition metals have attracted researchers’ interest due to their low price and high formate
selectivity for aCO; electrochemical reduction. However, for these post-transition elements, high
selectivity is accompanied by high CO, pressure-demand and high overpotential when high
current density (high production rate) is obtained. Therefore, development of highly active post-
transition catalysts, which can work well in ambient pressure, temperature and aqueous
electrolyte, and achieve low overpotential and large reduction current at the same time, is urgently
needed. In this thesis, three kinds of dendritic post-transition metal catalysts, which were highly
active and formate selective for CO; electrochemical reduction, were designed and synthesized.

The specific conclusions are as follows.

In Chapter 3, high surface area porous Pb electrodes were prepared through the simple, rapid
dynamic hydrogen bubbling template (DHBT) technique. The resulting porous Pb electrodes were
characterized by a honeycomb primary structure and dendrite secondary structure growing along
the [100]-axis. The dendritic structure was made of elongated single crystals with a near-constant
length of ca. 200 nm and a tip diameter of 22 nm. CO; electroreduction carried out on these
electrodes showed Faradic efficiencies for formate above 90% for electrochemical surface areas
greater than 500 cm?, achieving as much as 97% at -0.99 V vs. RHE with a current density of -
7.5 mA cm2. Additionally, the porous Pb electrodes demonstrated remarkable stability in terms of
both current density and formate Faradic efficiency, with constant values of ca. 8 mA cm= and
98%, respectively, over prolonged electrolysis for 6 hours. The porous Pb electrodes’ enhanced
performance was attributed to the secondary dendrite structure, which might help concentrate the

reactants in the boundary layer.

In Chapter 4, a dendritic Bi electrode with a high number of defects and high-index facets was
synthesized on a porous Pb substrate. The most active Bi sites were identified through a detailed
atomic scale analysis of the dendrite surface, and masking of the low-index inactive sites. It was
shown that Bi dendrite defects and high-index facets are the most active sites where the reduction
of CO; to formate occurred. Dendritic Bi is highly selective for CO; electroreduction to formate,
with a 98% Faradaic efficiency and a current density of 18.8 mA cm (344 pmol cm? hr') at -0.82
V vs. RHE, only 600 mV more negative than the thermodynamic potential. Both the dendritic
structure and CO:, electrolysis performances were remarkably stable over the longest electrolysis

period (15 hours) conducted. Additionally, we achieved a much higher production rate (1.63 mmol
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cm2 hr' or 95 mA cm at —0.82 V vs. RHE) without significant penalty on the formate Faradaic
efficiency (92% = 4%) with the same electrode operated in conditions where the CO2 flux was not

limiting performance (high-pressure flow-cell measurements).

This work presents a simple method to design and fabricate materials in dendritic form with
excellent performance for ERC. It also provides atomic scale insights into the nature of the active
sites at the dendrites’ surface. Finally, it illustrates that dendritic electrode materials are able to
withstand very high current density, and thus achieve a very high production rate if the CO supply

to the electrode is not limiting.

In Chapter 5, Pb was alloyed with Sn to synthesize dendritic SnPb alloy electrode. We
investigated the catalytic activity of dendritic Sn1Pbs alloy for CO, electroreduction to formate and
compared it to dendritic Pb. The Sn concentration in the deposit was chosen to match the solubility
limit of Sn in fcc Pb. The onset potential for CO; reduction to formate was -1.01 vs SHE (-0.57 vs.
RHE), 80 mV more positive than that of dendritic Pb. FEswmate Was very close to 100% over the
potential range from -1.16 to -1.56 V vs SHE (-0.72 to -1.12 V vs. RHE). The dendritic Sn1Pbs
alloy electrode exhibited an ERC current density of 17.2 mA cmgeo? (295 pmol h-' cm2) with
FEiormate = 92% at 500 mV overpotential in a flow-cell system. DFT calculations suggest CO»
electroreduction on both Pb(100) and Sn:Pb3(100) surfaces proceeds through the HCOO*
intermediate, leading to the exclusive formation of formic acid/formate. DFT studies also showed
that the observed decrease in onset potential can only be understood if a water layer simulating
the electrolyte is introduced in the modelling domain for DFT (as opposed to modelling under
vacuum conditions). In these conditions (and only in these conditions), DFT calculations can
predict the beneficial effect of dissolved Sn on the onset potential of lead. Indeed, the onset
potentials for formate formation predicted by the DFT calculations are -0.99 and -1.33 V vs. SHE
for Sn1Pb3(100) and Pb(100) surfaces, respectively, in reasonable agreement (considering the
simplified computational model) with the experimentally-measured values of -1.01 and -1.08 vs.
SHE, respectively. On Sn1Pb3(100) surfaces, the HCOO* intermediate is more weakly adsorbed
than on Pb(100), which reduces the onset potential. This is a vivid illustration of the Sabatier
principle, which states that reaction intermediates should not adsorb too strongly at the electrode

surface.
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6.2 Perspectives

We have tried different strategies to enhance the activity and production rate of electrochemical
reduction of CO,. The advantages of dendritic materials have been used to enhance the ERC
performance. However, challenges and opportunities for the dendritic catalyst field and the CO-
electrochemical reduction research area remain. Significant efforts are still required to further

develop these research areas. Challenges and perspectives are shown as follows:

(1) For the dendritic materials research area, the targeting growth of high-index facets should be
controlled. In most current research, the high-index facets of the dendritic catalysts show higher
density than the non-dendritic material; however, the high-index facets are still not predominant.
Thus, enhancing the density of high-index facets or targeting synthesis of high-index dendrites

must be investigated.

(2) Further, a mechanism for improving catalytic activity of CO. electrochemical reduction at
dendritic catalysts has been proposed by many researchers, through computational simulations.
Moving forward, it would be interesting to combine in situ spectra techniques with computational
simulations to confirm these active sites, and better understand the mechanism of CO;

electrochemical reduction on dendritic material.

(3) For the CO; electrochemical reduction field, continued efforts are required to improve the
reaction energy efficiency and decrease the operating overpotential to reduce the costs
associated with energy requirements. Along these lines, efforts need to be devoted to improving
the activity of catalysts to push it working at a lower overpotential with good selectivity and high
reduction current. Precious metals, which can work at a lower ERC overpotential, can be adopted
to decorate or modify the non-noble materials to reduce the ERC applied potential and enhance

the energy efficiency.

(4) Further, limited by the CO»> mass transfer in the electrochemical cells, the ERC reduction
current is hard to meet the requirement for the realistic industrial applications. The electrolyzers,
such as flow cell reactors, need to be developed and improved. The membrane electrode
assembly (MEA) for the highly efficient and stable CO; electrochemical reduction used in the

electrolyzers needs to be fabricated and optimized.
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SOMMAIRE RECAPITULATIF

L’introduction

Le dioxyde de carbone (CO.) est le gaz a effet de serre qui est largement attribué aux activités
humaines. CO, émis dans l'atmosphére par la combustion de la forét, par la combustion de
combustibles fossiles et par les processus industriels. L'émission illimitée de CO; résultant des
étres humains a dépassé la capacité de recyclage du CO; dans la nature, entrainant une série
de problémes environnementaux. Les émissions croissantes de dioxyde de carbone provenant
des activités humaines font monter les températures. Le réchauffement climatique du GIEC
rapporté en 2018 montre que la température de la surface de la Terre continue d'augmenter
chaque décennie, et qu'elle est positivement corrélée aux émissions cumulées de CO,. Cela
augmente les risques de conditions météorologiques extrémes, de fonte des glaces polaires et

d'accélération de I'élévation du niveau de la mer, ce qui menace le monde entier.

La conversion du CO2 en produits chimiques précieux permet le recyclage et la réutilisation du
carbone. Ce processus de conversion nécessite de I'énergie et peut étre réalisé au moyen de
méthodes biochimiques, photochimiques et électrochimiques. La réduction électrochimique du
CO; (ERC) a attiré une grande attention ces derniéres années en raison de plusieurs avantages:
(1) I'électricité utilisée pour conduire le processus peut étre combinée avec des sources d'énergie
intermittentes telles que I'énergie solaire et éolienne, permettant une énergie hors réseau
stockage pouvant étre facilement réintégré dans la grille au fur et a mesure des besoins; (2) I'état
de I'ERC, comme la température, la pression et le potentiel d'électrolyse, est facilement contrélé;
(3) la configuration d’ERC est compacte et peut étre mise a I'échelle. Cependant, les défis de
I'ERC demeurent: (1) la cinétique lente de I'ERC conduisant a des potentiels d'électrolyse élevés
appliqués; (2) La faible efficacité énergétique entrainant une faible viabilité économique de I'ERC;
(3) La stabilité insuffisante conduisant a un codt de fonctionnement élevé pour I'ERC. Par
conséquent, il est nécessaire de concevoir et de développer des catalyseurs hautement efficaces

et stables pour I'ERC afin de rendre le processus ERC plus faisable et économique.

La réduction électrochimique du CO; en carburant et produit chimique est I'un des moyens de
remédier aux niveaux élevés d'émissions de CO, résultant de l'activité humaine. Parmi les
différents produits a valeur ajoutée qui peuvent étre obtenus pendant I'ERC, le formiate / acide
formique a suscité un vif intérét en raison de sa large utilisation et de son marché favorable. Les

métaux de post-transition, tels que In, Hg, Pb et Sn, ont suscité l'intérét des chercheurs en raison



de leur faible prix et de leur bonne sélectivité pour la production de formiate lors de la réduction
électrochimique du processus de CO,. Cependant, sur ces éléments de post-transition, une
sélectivité élevée s'accompagne d'une forte demande de pression de CO,, les potentiels de
débuts importants et les surtensions élevées lorsqu'une forte densité de courant (taux de
production élevé) sont requis. Par conséquent, il est toujours un défi a développer des catalyseurs
de post-transition qui fonctionnent bien a la pression atmosphérique, a la température ambiante
et dans I'électrolyte aqueux, et qui atteignent une faible surtension et un courant de réduction
important. Les catalyseurs en structure de type dendrite sont potentiels pour 'ERC hautement
actif et sélectif en raison de leur grande surface spécifique, d'une grande densité de surface
exposée avec des orientations de facettes préférentielles et de la présence de pointes acérées a
la fin des dendrites. A ce jour, les performances d’ERC reportés et sur les métaux dendritiques
de post-transition restent a améliorer, et les sites actifs a la surface de la dendrite doivent étre

démélés. La publication liée a ce chapitre est:

Fan M, Garbarino S, Tavares AC, Guay D (2020) Progress in the Electrochemical Reduction
of CO: on Hierarchical Dendritic Metal Electrodes, Curr. Opin. Electrochem., Accepted, DOI:
https://doi.org/10.1016/j.coelec.2020.05.013.

Objectif de la thése

Les objectifs de cette thése sont les suivants:

(1) Synthétiser des électrodes poreuses dendritiques en Pb pour diminuer la surtension d’ERC et

améliorer la densité de courant partielle d’ERC sur des électrodes a base de Pb.

(2) Décorer le Pb poreux dendritique par un autre métal hautement sélectif a formiate et non
précieux afin de diminuer davantage la surtension d’ERC et d'améliorer le taux de production de

formiate dans 'ERC. Examinez les sites actifs du métal de décoration.

(3) Introduire un autre métal non précieux dans les matériaux dendritiques a base de Pb et
synthétiser des alliages dendritiques binaires pour améliorer encore les performances de I'ERC.

Etudier les mécanismes d'amélioration de I'ERC sur les matériaux en alliage par des calculs DFT.

Section expérimentale

Le chapitre 2 fournit les détails expérimentaux et informatiques. Les méthodes de synthése de

tous les échantillons, les informations de caractérisation physique et électrochimique, I'analyse
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des produits de réduction de CO, et les modéles et paramétres adoptés pour les calculs

théoriques sont tous fournis.

Résultats et discussions

Le chapitre 3 correspond au premier objectif. Des électrodes poreuses dendritiques en Pb ont
été synthétisées et optimisées. L'activité catalytique du Pb dendritique a été étudiée et la
performance d’'ERC a été testée. La surtension d’ERC a été diminuée et la densité de courant
partiel de réduction du formiate a été augmentée grace a la structure dendritique hautement

active avec une surface super rugueuse. La publication liée a ce chapitre est:

Fan M, Garbarino S, Botton GA, Tavares AC, Guay D (2017) Selective Electroreduction of
CO; to Formate on 3D [100] Pb Dendrites with Nanometer-Sized Needle-Like Tips. J. Mater.
Chem. A, 2(5):20747-20756.

Des électrodes poreuses en Pb avec surface spécifique élevée ont été préparées par la technique
simple et rapide de modéle dynamique de bulles d'hydrogéne (DHBT). Les électrodes poreuses
en Pb sont formées par une structure primaire en nid d'abeille et une structure secondaire en
dendrite se développant le long de l'axe [100]. La structure dendritique est composée de

monocristal allongé ayant une longueur quasi constante d'environ 200 nm et un diamétre de

pointe de 22 nm.

Figure R1 Images STEM d'une coupe transversale préparée a partir du film poreux de Pb déposé a -4,0 A cm-
2 et 40 secondes. (a) Image STEM a fond noir annulaire a faible grossissement de quelques filaments présents dans
la section transversale. La fleche rouge indique la longueur et I'orientation d'un cristal parfaitement orienté avec I'axe
long <001>. Les segments au-dela de la fleche sont légérement désorientés (de quelques degrés) par rapport a la
direction de la fleche rouge. D'autres filaments dans le champ de vision seraient orientés de maniére aléatoire par
rapport au fil le plus long. Des petites cavités (taches sombres a l'intérieur des filaments) sont également observées a
l'intérieur des filaments. Une couche d'oxyde trés mince est également observée (avec un contraste intermédiaire) sur
les bords (d'ou les surfaces) des filaments. (b) Image STEM a haute résolution du réseau cristallin de Pb de haute
qualité. Les principaux ensembles de plans sont identifiés par les fleches codées en couleur (c) Image de réseau a
proximité d'une cavité montrant la nature trés facettée des surfaces avec les plans de réseau identifiés par les fléeches
codées par couleur et les indices Miller.
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L'électro-réduction du CO. effectuée sur ces électrodes a montré des rendements faradiques
pour le formiate supérieur a 90% pour les surfaces électrochimiques supérieures a 500 cm?,
atteignant jusqu'a 97% a -0,99 V vs RHE avec une densité de courant de -7,5 mA cm™. Les
électrodes poreuses en Pb ont en outre montré une stabilité remarquable a la fois en termes de
densité de courant et d'efficacité faradique de formiate, avec des valeurs constantes d'environ 8
mA cm-2 et 98%, respectivement, sur une électrolyse prolongée de 6 heures. Les performances
améliorées des électrodes poreuses en Pb ont été attribuées a la structure secondaire en dendrite

qui pourrait aider a concentrer les réactifs dans la couche limite.
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Figure R2 En (a), voltampérométrie a balayage linéaire d'une plaque de Pb et de fiims de Pb poreux dans

KHCO3 1 M saturé en Ar et COz Le taux de balayage était de 5 mV s™'. En (b), variation de la densité de courant
d'électroréduction de CO2 (ERC) a différents potentiels d'électrolyse. En (c), variation de l'efficacité faradique du
formiate par rapport au potentiel d'électrode. En (d), variation de la surtension de réduction du CO:2 par rapport au
logarithme de la densité de courant. Le film poreux de Pb a été déposé a -4,0 A cm™ pendant 40 secondes.

Le chapitre 4 correspond au deuxiéme objectif. Le Pb poreux dendritique a été décoré en
déposant une couche extréme de Bi dendritique. La surtension d’ERC a encore diminué de 200

mV sur ce Pb dendritique décoré avec Bi, et le taux de production de formiate a été augmenté.
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Les sites actifs de la surface dendritique de Bi ont été étudiés et démélés grace a des études

physiques et électrochimiques. La publication relative a ce chapitre est:

Fan M, Prabhudev S, Garbarino S, Qiao J, Botton GA, Harrington DA, Tavares AC, Guay D
(2020) Uncovering the Nature of Electroactive Sites in Nano Architectured Dendritic Bi for
Highly Efficient CO2 Electroreduction to Formate. Appl. Catal. B-Environ., 274:119031.

L'électrode dendritique de Bi avec une grande quantité de défauts et des facettes a haut indice a
été synthétisée sur un substrat de Pb poreux. L'identification des sites de Bi les plus actifs a été
réalisée grace a une analyse détaillée a I'échelle atomique de la surface de la dendrite et au
masquage des sites inactifs a faible indice. Il a été démontré que les défauts et les facettes a
indice élevé des dendrites de Bi sont les sites les plus actifs ou la réduction du CO; en formiate

s'est produite.

2 (b) (c) observation d) Model

15 nm
e

(100)

- - = - =

Figure R3 Elucidation de la structure dendritique bi avec une tige corrigée des aberrations. (a, b) Images
HAADF-STEM montrant la structure dendritique a différents grossissements. Remarque: I'image (b) s'affiche apres le
filtrage passe-bande. (c, d) Comparaison de l'arrangement de réseau dendritique observé avec le modéle bi
rhomboédrique (R-3m) le long de N (100). (e) Image HAADF-STEM mettant en évidence la structure de surface
détaillée de la dendrite.

Le dendrite de Bi est hautement sélectif pour I'électroréduction de CO, en formiate avec une
efficacité faradique de 98% et une densité de courant de 18,8 mA cm2 (344 uymol cm2 hr') a -
0,82V vs RHE, ce qui n'est que de 600 mV de plus négatif que le potentiel thermodynamique. La
structure dendritique et les performances d'électrolyse de CO; sont remarquablement stables au

cours de I'électrolyse la plus longue (15 heures) que nous ayons réalisée. De plus, un taux de
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production beaucoup plus élevé (1,63 mmol cm2 h-' ou 95 mA cm=2 a —0,82 V par rapport a RHE)
sans aucune pénalité majeure sur l'efficacité faradique de formiate (92% +4%) a été atteint avec
le méme électrode fonctionnant dans des conditions ou le flux de CO2 ne limite pas ses

performances (mesures dans cellule d'écoulement a haute pression).
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Figure R4 lllustration schématique (a) du systeme de cellule d'écoulement et (b) du cceur de la cellule. (c)

Variation de la densité de courant avec le temps d'électrolyse de I'électrode de Biden / Pbporous. VOir le texte principal
pour tous les détails expérimentaux.

Ce travail présente une méthode simple pour concevoir et fabriquer des matériaux sous forme
dendritique avec d'excellentes performances pour I'ERC. Il fournit également des informations a
I'échelle atomique sur la nature des sites actifs a la surface des dendrites. Enfin, il illustre que les

matériaux d'électrodes dendritiques sont capables de résister a une trés forte densité de courant
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et donc d'atteindre un taux de production trés important si I'alimentation de CO» a I'électrode n'est

pas limitative.

Le chapitre 5 correspond au troisiéme objectif. Le Sn a été introduits dans les matériaux
dendritiques a base de Pb pour former des alliages dendritiques binaires. Le mécanisme de I'effet
d'alliage sur I'amélioration d’ERC a été étudié par les calculs théoriques. La publication relative a

ce chapitre est:

Fan M, Eslamibidgoli MJ, Zhu X, Garbarino S, Tavares AC, Eikerling M, Guay D (2020)
Understanding the Mechanism of CO; Electrochemical Reduction on Dendritic Sn{Pbs alloy: A

Computational-Experimental Investigation. ACS Catal., Submitted.

Le Sn a été allié avec du Pb pour synthétiser I'électrode d'alliage dendritique de SnPb. Nous
avons étudié l'activité catalytique de I'alliage dendritique Sn1Pbs pour I'électroréduction du CO;
en formiate et le comparé avec du Pb dendritique. La concentration de Sn dans le dépét a été
choisie pour correspondre a la limite de solubilité de Sn dans le fcc de Pb. Le potentiel de début
de la réduction du CO; en formiate est de -1,01 vs SHE, 80 mV plus positif que celui du Pb
dendritique. Le FEfmate €st trés proche de 100% sur la plage de potentiel de -1,16 V a -1,56 vs
SHE. L'électrode en alliage dendritique Sn1Pb3 présente une densité de courant d’ERC de 17,2
MA cMgeo? (295 pmol h-' cm2) avec FEsormate = 92% a une surtension de 500 mV dans un systeme

de cellule d’écoulement.
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Figure R5 En (a), courbes de voltampérométrie a balayage linéaire dans d'électrolyte de 0,5 M KHCOs3

enregistrées a 5 mV s™'. En (b), efficacité faradique de formiate (FEformate) enregistré aprés 30 minutes d'électrolyse
a chaque potentiel. En (c), densité de courant enregistrée au niveau d'une électrode en alliage Sn1Pbs dans un systéme
de cellule d’écoulement.

Les calculs de DFT suggeérent que I'électroréduction de CO; sur les surfaces de Pb (100) et de
Sn4Pbs (100) passe par l'intermédiaire de HCOO *, conduisant a la formation exclusive d'acide
formique / formiate. Les études DFT montrent également que la diminution observée du potentiel
de début ne peut étre comprise que si une couche d'eau simulant I'électrolyte est introduite dans
le domaine de la modélisation pour la DFT (par opposition a la modélisation sous vide). Dans ces
conditions (et uniquement dans ces conditions), les calculs DFT sont en mesure de prédire I'effet
bénéfique du Sn dissous sur le potentiel de début du plomb. En effet, les potentiels de début pour
la formation de formiate prédits par les calculs DFT sont de -0,99 et -1,33 V vs SHE pour les
surfaces Sn{Pbs (100) et Pb (100), respectivement, en accord raisonnable (en considérant le
modeéle de calcul simplifi€) avec des valeurs mesurées expérimentalement, qui sont
respectivement de -1,01 et -1,08 par rapport a SHE. Sur la surface de Sn:Pbs (100),

I'intermédiaire HCOO* est moins fortement adsorbé que sur Pb (100), ce qui réduit le potentiel
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de début. Ceci est une illustration vivante du principe de Sabatier qui stipule que les
intermédiaires de réaction ne doivent pas s'adsorber trop fortement a la surface de I'électrode.
Cet effet de déstabilisation de Sn dissous dans du fcc Pb se produit grace a une hydrophilie

accrue de l'électrode qui conduit a une réorientation de l'intermédiaire HCOO* a la surface de

I'électrode.
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Figure R6 Diagrammes d'énergie pour la réduction de CO2. En (a), conditions de la phase gazeuse a 0 V. En

(b), avec 12 molécules d'eau a 0 V.

Conclusions

Le chapitre 6 résume brievement les principales conclusions de mes recherches et fournit les

défis et les perspectives dans ce domaine.
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