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Abstract

Beginning with the industrial revolution in the late 18" century, the increasing use of
fossil fuels has escalated the concentration of atmospheric carbon dioxide (COy). It is
widely recognized that CO, emissions are the primary driver of global climate change.
As a result, the Earth is about 1.1 °C warmer than in the 1800s, owing to the 48 %
increase of CO; concentration in the atmosphere caused by industrial activities, which
are the foundation of our modern civilization. To avoid the severe effects of climate
change, it is urgent to reduce CO, emissions and adopt more sustainable industrial
practices. According to the Intergovernmental Panel on Climate Change (IPCC), limiting
global warming to 1.5 °C, as set by the Paris Agreement, implies reaching net-zero CO»

emissions globally by 2050.

In this context of environmental concerns and the need for energy transition, the
electrochemical reduction of CO, (ERCOy) to value-added chemicals and fuels offers a
potential platform for harvesting and storing CO in renewable energy vectors and
chemical feedstock. However, significant challenges prevent the widespread use of this
technology, including (i) low energy efficiency and sluggish kinetics, (ii) low selectivity
for the target product, (iii) the presence of the competing hydrogen evolution reaction
(HER), and (iv) low catalyst stability over extended operating periods. Thus, a major
challenge for implementing the ERCO; is the development of high-efficient ERCO;
catalysts. To achieve this goal is fundamental to understand the relationship between the

structure and activity of the catalysts and the reaction mechanism.

Copper has been pointed out as one of the best-promising materials for ERCO, catalysts.
Thus, the present work targets the development of high-performing Cu-based ERCO,
catalysts. With this aim, two different classes of catalysts were explored: the traditional

powder-based and self-supported.

Considering the powder-based catalysts, this work evaluated the influence of the
synthesis conditions and post-synthesis treatments on the physicochemical and
electrochemical characteristics of the developed materials. It provides evidence of the

strong influence of the synthesis method, particularly the synthesis time, on the
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physicochemical properties of the resulting material, which governs catalytic activity.
Moreover, this work highlights the importance of post-synthesis procedures for
improving the ERCO> selectivity. In particular, it is proposed that the CO/H: production
ratio (syngas composition) can be controlled through the application of in situ treatments.
So far, this fine-tuning has been mainly achieved by controlling the catalyst properties

during the synthesis stage.

The catalyst morphology was also studied when working with self-supported catalysts.
The direct growth of the active material (CuO nanowires) on a conductive substrate
(commercial copper foam) allowed the precise tuning of the catalyst morphology. This
unique nanowire structure lowers the CO, activation barrier and enhances the electron
transfer, increasing the reaction kinetics. Infrared spectroscopy experiments were
performed to identify the species formed on the catalyst surface after CO, adsorption.
The results suggest that the coordination of the formed species is mainly controlled by
the Lewis acidity and basicity of the catalyst surface. In particular, it is proposed that a
bidentate carbonate is preferably formed in the presence of strong Lewis acid and base
sites. This bidentate species is suggested as a key intermediate for the selective ERCO-

to propane, which is reported for the first time in this work.
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Sumario

Com inicio na revolugdo industrial do final do século XVIII, a utilizagdo crescente de
combustiveis fosseis resultou no aumento excessivo da concentragdo de didxido de
carbono (CO,) na atmosfera. E amplamente reconhecido que as emissdes de CO; séo o
principal motor das alteragdes climaticas. Como consequéncia, a Terra estad cerca de
1.1 °C mais quente do que em 1800, devido ao aumento de 48 % na concentragdo
atmosférica de CO; resultante das atividades industriais, a base da nossa civilizacao
moderna. Para evitar os graves efeitos das alteragdes climaticas ¢ urgente reduzir as
emissdes de CO, e adotar praticas industriais mais sustentaveis. Segundo o Painel
Intergovernamental sobre Mudangas Climaticas (IPCC), limitar o aquecimento global a
1.5 °C, conforme estabelecido pelo Acordo de Paris, implica atingir zero emissoes

liquidas ("net-zero") de CO» a nivel mundial até 2050.

Neste contexto de preocupagdes ambientais e da necessidade de uma transicao
energética, a reducdo eletroquimica de CO, (ERCO,), para producdo de produtos
quimicos e combustiveis de valor acrescentado, oferece uma potencial plataforma para
a captura e armazenamento de CO- em vetores de energia renovavel e produtos quimicos.
Contudo, desafios substanciais impedem a utilizagdo em grande escala desta tecnologia,
incluindo (i) baixa eficiéncia energética e cinética lenta, (ii) baixa seletividade para o
produto alvo, (iii) presenca da reagdo concorrente de evolugdo do hidrogénio (HER), e
(iv) baixa estabilidade do catalisador durante longos periodos de operagdo. Por
conseguinte, um grande desafio para a implementagdo da ERCO; ¢ o desenvolvimento
de catalisadores de elevada eficiéncia. Para se atingir este objetivo ¢ fundamental
compreender a relacdo entre a estrutura e a atividade dos catalisadores e o mecanismo

da reacdo.

O cobre ¢ considerado um dos materiais mais promissores para uso como catalisador
para a ERCO,. Assim, o presente trabalho visa o desenvolvimento de catalisadores de
alto desempenho baseados em cobre. Com este objetivo, foram exploradas duas classes

de catalisadores: os tradicionais em p6 e os auto-suportados.
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Considerando os catalisadores em po, este trabalho avaliou a influéncia das condigdes
de sintese e tratamentos pds-sintese nas caracteristicas fisico-quimicas e eletroquimicas
dos materiais desenvolvidos. Este trabalho fornece provas da forte influéncia dos
métodos de sintese, particularmente o tempo de sintese, sobre as propriedades
fisico-quimicas do material produzido que, por sua vez, controlam a atividade catalitica.
Além disso, este trabalho sublinha a importancia dos procedimentos pos-sintese para
melhorar a seletividade da ERCO,. Em particular, propde-se que o racio CO/H,
(composicao do gés de sintese) pode ser controlado através da aplicacao de tratamentos
in situ. Até agora, este ajuste fino foi conseguido principalmente através do controlo das

propriedades do catalisador durante a fase de sintese.

A morfologia dos catalisadores também foi estudada quando se trabalhou com
catalisadores auto-suportados. O crescimento do material ativo (nanofios de CuO)
diretamente sobre um substrato condutor (espuma de cobre comercial) permitiu o
controlo preciso da morfologia do catalisador. Esta estrutura singular com nanofios
diminui a barreira de ativacdo do CO; e melhora a transferéncia de eletroes, aumentando
a cinética da reagdo. A espetroscopia de infravermelho foi usada para identificar as
espécies formadas na superficie do catalisador apods a adsor¢do do CO». Os resultados
sugerem que a coordenacdo das espécies formadas é principalmente controlada pela
acidez e basicidade de Lewis da superficie do catalisador. Em particular, propde-se que
carbonatos bidentados sejam preferencialmente formados na presenca de centros acidos
e basicos fortes. Esta espécie bidentada € sugerida como intermediario de reacao chave

para a ERCO; seletiva ao propano, que ¢ reportada pela primeira vez neste trabalho.
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1.

Introduction

1.1 Motivation

Since the industrial revolution, fossil fuels, including base oil, coal, and natural gas, have
become the dominant energy feedstock. Unfortunately, its tremendous burning rate led
to a dramatic buildup of greenhouse gases in the atmosphere (e.g., CO, and CHa) [1]. As
a result, the current atmospheric CO; level has exceeded 413 ppm (October 2021) [2]
and is forecast to increase to 540-970 ppm by 2100, according to the Intergovernmental
Panel on Climate Change (IPCC) [3]. The rising global CO, concentration is a serious
environmental threat that is considered one of the major causes of global warming and,

thus, climate change [4—6].

As of December 2015, 195 member states of the United Nations Framework Convention
on Climate Change (UNFCCC) acknowledged that climate change represents an urgent
and potentially irreversible threat to human life [7]. Moreover, climate change
jeopardizes the achievement of several Sustainable Development Goals (SDGs) set by
the United Nations on the 2030 Agenda. Rising temperature leads to the loss of species
and ecosystems, reducing agricultural and fishing yields, thus, contributing to food
insecurity and affecting livelihoods (SDGs 1, 2, 14, and 15). Extreme weather and
climate events can increase health risks, damage infrastructures, and lead to water
scarcity (SDGs 1, 3, 6, 9, and 11). Inevitably, these threats are interrelated with conflict
and stability issues (SDG 16) [8]. Finally, there is ample evidence that people living near
or below the poverty line are particularly vulnerable to climate change impacts,

reinforcing or worsening existing inequalities (SDG 10) [8,9].

On the other hand, energy is essential for satisfying primary needs and sustaining
comfortable and improved living standards [10]. As living standards continue to increase

worldwide, especially in emerging economies, access to affordable and reliable energy



Chapter 1

sources will be essential to maintain the pace of technological and societal progress [11].
Like biological metabolism, whose core is the ability to convert carbon between different
oxidation states, the human's collective industrial metabolism relies on the oxidation of
carbon, consisting of our energy infrastructure and chemical industry. In biological
metabolism, CO; reduction through photosynthesis balances the oxidation of carbon in
cellular respiration. However, carbon reduction is a missing piece of human industrial
metabolism, misbalancing the natural carbon cycle [12]. Immediate changes to
established manufacturing methods are then required to achieve the 2050 carbon
neutrality goal set by the IPCC [13]. Thereby, creating a global-scale sustainable energy
system for the future, while preserving our environment, is one of the most crucial

challenges of our time [14].

Driven by the Kyoto protocol (1997), the Paris Agreement (2015), and, more recently,
the Glasgow Climate Pact (2021), the global community has imposed mitigation actions
to all countries. In particular, the European Union (EU) expects to achieve at least a 55 %
reduction in CO; emissions by 2030 (compared to 1990) to be on track to reach the target
of climate neutrality by 2050 [15]. Only this great effort will ensure that the
internationally agreed goal to limit atmospheric warming below 2 °C is achieved [16,17].
Reducing and removing that much CO; will require a broad portfolio of solutions
deployed at a massive scale, which can be grouped into three main categories:

decarbonization, carbon sequestration, and carbon recycling [12], Figure 1.1.

1.2 CO: mitigation strategies

Noteworthy progress is currently being made in decarbonization, namely in the energy
and industry sectors. For instance, electricity from renewable sources is increasing in
volume and decreasing in price, and private investment in renewable energy is outpacing
investment in fossil fuels [11,12,18]. However, the actual fraction of energy that can be
used from those renewable sources is limited owing to their intermittent nature unless

approaches for large-scale energy storage become available [11,19]. In contrast to

4
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decarbonization, carbon sequestration is a strategy that accepts some continuous net
production of CO, but aims to prevent its release into the atmosphere. Unfortunately,
most currently operating carbon capture and sequestration (CCS) facilities are designed
to aid in the extraction of additional fossil fuels through enhanced oil recovery
(EOR) [20]. Accordingly, one of the main challenges of CCS is the lack of viable
business. In the absence of political or economic incentives, the high costs of capture
and purification make this technology economically unviable without EOR [12,21]. In
turn, the limitations to the full implementation of decarbonization and CCS can be
overcome by carbon recycling. CO, recycling can enable the storage of renewable
electricity from intermittent sources in a dense and versatile form, provide a renewable
carbon feedstock for chemical industries, and add value to CO, captured at industrial

point sources or directly from the air (DAC) [14,21,22].

Decarbonization Afforestation CCS CCU

T

Geological Storage

Figure 1.1. Different strategies for reducing CO, emissions, including decarbonization,

afforestation, carbon capture and sequestration (CCS), and carbon capture and utilization

(CCU).

Natural photosynthesis by plants and other phototrophs can fixate a large amount of the
globally emitted carbon. So, this is an obvious carbon recycling strategy, however
limited by the amount of land required [12]. Another potential strategy is biomass energy
with carbon capture and storage (BECCS). BECCS involves the production of energy

through biomass burning, coupled with the capture and storage of the resulting CO; in
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geological reservoirs [23]. Nevertheless, the large-scale implementation of BECCS
requires extensive land, water, and nutrient usage, raising concerns about environmental
and biodiversity impacts. Moreover, limitations to the amount of developed geologic
storage sites constitute a challenge for BECCS upscaling from its current demonstration

phase [24,25].

Carbon capture and utilization (CCU) is an important CO, mitigation strategy to support
and complement CCS objectives. It represents various pathways that use CO; as a
feedstock for producing value-added commodities [22]. In the traditional chemical
industry, thermally activated processes can be used for CO; recycling with H, as
reductant agent [12]. For instance, CO; can be reduced to CO by the reverse water gas
shift reaction (RWGS, Equation (1.1)); if an excess of H» is used and the water is
condensed out, syngas is obtained. Syngas can also be obtained through CO, dry
reforming with hydrocarbons (e.g., methane, Equation (1.2)). Among other applications,
syngas is a precursor for methanol synthesis, a well-known commercial process that
typically employs Cu-Zn oxides as catalyst (Equation (1.3)). The same catalytic system
can be applied when CO; is present in the feed stream. If so, the traditional approach
consists of a two-step process (with intermediate water removal), the first to catalyze the

RWGS followed by CO reduction to methanol, CAMERE process [12,26].

CO, +H, »>CO+H,0 AH® =41.2 k mol™ (1.1
CO,+CH, »2CO+2H, AH® =247 kJ mol™ (1.2)
CO+2H, - CH,0H AH® =-90.6 kJ mol™ (1.3)

However, all of the above processes operate at high pressure and temperature. For
instance, ca. 100 bar and 250 °C are the typical conditions for methanol synthesis (the
mildest reaction presented) [12]. Moreover, for achieving a sustainable process without
additional CO, emissions, water is the only suitable source of H,, which must be

produced via water splitting coupled with renewable energy (Equation (1.4)) [27].

2H,0-0, +2H, AH® =285.8 ki mol™ (1.4)
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As an alternative to conventional chemical processes, the electrochemical reduction of
CO; (ERCO,) presents several advantages [1,28,29]. Namely: (i) it combines the
electrochemical water splitting and subsequent CO, reduction into a single
electrochemical process [12]; (ii) can operate at mild conditions of temperature and
pressure (usually at ambient conditions) [12,29,30]; (iii) enables the production of
compounds that are not easily obtained by thermally driven processes (e.g., Ca+
alcohols) [12,26]; (iv) can use green chemicals as electrolytes and electricity from
renewable energy sources (wind, solar and hydro), thus not contributing to new CO,
emissions [28-30]; (v) the integration with renewable electricity from intermittent
energy sources helps to stabilize the electric grid, and enables the storage of energy in
chemical products [21,31]; (vi) products and conversion rates can be tuned by using
different catalysts and applying various potentials [28,29]; and, (vii) the electrolyzer and
electrolysis process can be developed based on already existing technologies, e.g., water
electrolyzers, proton-exchange membrane fuel cell (PEMFC), and solid oxide fuel cells
(SOFC) [28]. These features, mainly the simplicity and near-ambient operation
conditions, make the ERCO, more suitable for decentralization than its thermal
counterparts, reducing transportation-related impacts and costs [32]. In addition, the
ERCO: can be designed to enable relatively quick adjustment of production; this way, it
may be possible to match the overproduction of electricity from intermittent renewable

sources or to operate on-demand at the point of usage [12,33].

1.3 Electrochemical reduction of CO2 (ERCO3)

ERCO: represents a viable alternative to help close the anthropogenic carbon cycle and
convert intermittent electricity from renewable and clean energy sources to chemical
energy in the form of fuels and chemical feedstock [21,34,35]. At the industrial scale,
this technology can enable the transition from a linear to a circular carbon economy and

somewhat relieve our dependency on fossil fuels, Figure 1.2 [1,21].
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Figure 1.2. ERCO; coupled with renewable energy sources can enable a CO»-free
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energy cycle, in which COs is sustainably converted to fuels and chemicals.

The CO; reduction using electrochemical methods was first proposed by Royer in 1870,
after observing formic acid synthesis from CO: on a Zn electrode [36]. However, it is
not yet commercially available due to great technological challenges. In particular, the
low energy efficiency and sluggish kinetics, even at high applied potential, are
drawbacks faced during the process [37,38]. Moreover, the ERCO; is a complex
multi-electron reaction involving many different surface-bond reaction intermediates
and a large number of possible end products, including carbon monoxide, formic acid,

formaldehyde, methane, methanol, and C,+ hydrocarbons and alcohols, Figure 1.3 [39].

During the ERCO; process, electrical energy is provided to set up a potential between
two electrodes (anode and cathode), which enables the reduction of CO,. Comparable to
PEM water electrolyzers, water is converted to protons at the anode side by the oxygen
evolution reaction (OER) [34]. The resulting protons cross the membrane, and the
electrons flow through the outer circuit, reaching the cathode. At the cathode, and
depending on the pH of the medium, the electrons can combine with protons (acidic) or
water (alkaline) to produce hydrogen (HER, hydrogen evolution reaction), or it

combines with CO» forming the different ERCO; products, Figure 1.3 [37]. Many of

8
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these products require a large number of protons and electrons to be transferred and
possibly proceed through different intermediates as well [14]. Moreover, since the
equilibrium potentials for most of the CO; reduction half-reactions are comparable to
that of HER, H> is the major side-product in aqueous electrolytes, Table 1.1 [14,40].
Table 1.1 also shows that the thermodynamic potential of the various CO> products is
only slightly different, explaining why reducing CO, to the target product with good
selectivity is quite challenging [40].

Potentiostat
Reference
Electrode

Working Counter
Electrode Electrode
- o =i § = = ~
P [~
oL co, @ =~
/
d Products ()
! c
' o
1 S
; co C.H, =
\ HCOOH %
\
\ & cH O
‘. C,;HsOH 6 CH;OH _ -1 —
¥ ~ -~

e lHe o

Cathode Anode

Figure 1.3. Illustration of the ERCO; process and some possible products generated in

an electrochemical cell.

Typically, three major stages can be considered in ERCO,: (i) chemical adsorption of
CO; on the catalyst surface; (ii) electron transfer and/or proton migration to cleave C—O
bonds and/or form C—H bonds; and, (iii) configuration rearrangement of products to
desorb them from the catalyst surface and diffuse into the electrolyte [40,41].
Throughout the first stage, it is commonly accepted that a single electron is transferred
to the CO, molecule to form the key intermediate CO,". The formation of this radical

anion is generally considered as the critical step during the activation of CO, [40,42].
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The large reorganizational energy (-1.9 Vrug, Table 1.1) required for transforming linear

CO; to bent CO," imposes a high overpotential and slow reaction rates [21,43,44].

Table 1.1. Standard electrode potentials (E°) for ERCO; half-reactions under standard
conditions; pH 7, 25 °C and 1 atm [1,12,45].

Equation E° (VRrHE) Product
2H" +2¢" > H, -0.42 Hydrogen (HER)
2H,0 >0, +4H" +4e” 0.82 Oxygen (OER)
CO,+2H" +2¢° ->CO+H,0 -0.53

Carbon monoxide
CO,+H,0+2¢” - CO+20H" -0.52
CO, +2H" +2e" —HCOOH -0.61
Formic acid/Formate
CO, +H,0+2¢e" - HCOO™ +0OH" -0.43
CO,+4H" +4e° ->HCHO+H,0 -0.48

~ ~ Formaldehyde
CO, +3H,0+4e” - HCHO+40H -0.89
CO, +6H" +6e” — CH,OH+H,0 -0.38

Methanol
CO, +5H,0+6e” - CH,OH+60H" -0.81
CO,+8H"+8¢" —»CH, +2H,0 -0.24
Methane
CO, +6H,0+8e" —»CH, +80H" -0.25
2CO, +12H" +12e- - C,H,OH+3H,0 -0.32
Ethanol
2C0O, +9H,0+12¢" — C,H,OH +120H" -0.33
2CO, +12H" +12¢ ->C,H, +4H,0 -0.33
~ ~ Ethylene
2CO, +8H,0+12¢" - C,H, +120H -0.34
CO,+e —»CO; -1.9

As mentioned, considerable challenges still prevent the large-scale implementation of
the ERCO; technology. CO:s is the most oxidized form of carbon (oxidation state + 4),
and a highly stable molecule due to its linear and centrosymmetric molecular structure
(the energy required to dissociate a C=0 bond in CO is ca. 800 kJ mol™) [12,21]. Thus,
its conversion is an energy-intensive process that usually requires harsh reaction
conditions [1]. Other drawbacks of ERCO; include the production of H; as a by-product

(from the parasitic HER reaction), low selectivity toward the target products, and low

10
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reaction rates [14,40]. The identified limitations can only be overcome by developing
efficient ERCO, catalysts. A viable catalyst must be capable of lowering the CO;
reduction overpotential and controlling the reaction pathways toward a specific product
with maximum activity [46]. Therefore, current ERCO, research hotspots include
developing suitable catalysts and understanding the relationship between catalyst

structure and activity [1].

1.3.1 Characterization parameters of the ERCO: process

Electrochemical processes are commonly evaluated based on at least three metrics:
faradaic efficiency, current density, and overpotential [21]. However, other figures of
merit such as onset potential, energy efficiency, and Tafel slope are also commonly

considered [40].

Faradaic efficiency (FE): The FE is defined as the fraction of electrons consumed for

forming a given product and can be simply calculated by Equation (1.5).

(1.5)

In this equation, z represents the number of electrons exchanged (e.g., 2 for ERCO; to
CO), n is the number of moles of product produced, F refers to the Faraday constant

(96 485 C mol '), and g represents the total charge passed [40,47].

Current density: The overall current density for CO, reduction is typically calculated
by dividing the current by the geometric surface area of the working electrode, i.e.,
electron flux per unit area (mA cm™). As a measure of the reaction rate, this parameter
is critical for practical applications. Maximizing the current density is essential for

reducing the reactor size and capital cost, especially in systems with low selectivity.

11
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The partial current density for a specific product can be calculated by multiplying the
corresponding FE by the overall current density [21,40]. Besides the geometric area, the
current density can be normalized by the electrochemically active surface area (ECSA),
which provides more accuracy when comparing catalysts. However, caution is needed
since, in some cases, the entire surface area of the electrode is not catalytically active,

e.g., nanoparticles supported on an inert support, like Toray paper [48].

The ECSA of a catalyst can be estimated by measuring the double-layer capacitance of
the electrode-clectrolyte interface. Cyclic voltammograms are acquired in the
non-faradaic region of the voltammogram at multiple scan rates, and the slope of the
current density vs. scan rate provides the capacitance value [49]. The measured
capacitance can be compared to that of a smooth planar surface to obtain a relative

roughness factor of the catalyst [48].

Product formation rate (k): The product formation rate is defined as the amount of
product produced per unit of cathode area and time. This metric can be calculated

according to Equation (1.6).

k:ﬂ (1.6)

In this equation, 4 is the cathode geometric surface area, and ¢ represents the duration of

each experiment [50,51].

Onset potential: The onset potential refers to the applied voltage vs. the reference

electrode, under which the desired product is yielded at a detectable amount [40].

Activation overpotential (#): In practice, the potential observed experimentally is
greater than the thermodynamically determined value (Table 1.1) due to internal

resistances related to mass transfer, ohmic resistances, and activation barriers [21]. Thus,

12
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the difference between the experimental potential (E) and the equilibrium potential (Eeq)

is defined as overpotential and can be calculated according to Equation (1.7) [40,51,52].

n=E-Eg, (1.7)

The equilibrium potential under reaction conditions is related to the standard potential
(E”) via the Nernst equation, Equation (1.8).
RT
E,=E°———In 1.8
eq 7 F Q ( )

In this equation, R stands for the universal gas constant (8.314 J mol! K!), T is the

temperature, and Q represents the reaction quotient (Q = [X]ouw/[X]in) [53].

Energy efficiency (EE): The EE defines the overall energy utilization toward the
desired product and is determined according to Equation (1.9) [40,52].

AE®
New = Mre

e 7= (1.9
Cell voltage

In this equation, AE® represents the difference between the standard half-reaction
potential for OER (anode) and the equilibrium potential for ERCO; under reaction

conditions (cathode).

Tafel slope: The Tafel plot, which correlates the overpotential with the logarithm of the
current density, is a useful metric to evaluate the performance of catalysts. In general, a
smaller Tafel slope indicates better catalytic performance. For the ERCO,, the Tafel
slope is very useful for investigating the reaction mechanism [40]. A Tafel slope of
118 mV dec! suggests that the rate-determining step for CO» reduction is the generation
of the CO,"~ key intermediate by the initial one-electron transfer step [54,55]. On the
other hand, a slope of 59 mV dec™! indicates a fast initial electron transfer before a later

rate-limiting chemical step (e.g., protonation of CO,"™) [4,56].
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1.3.2 Desired products

Currently, only carbon monoxide and formic acid can be produced from the ERCO, with
high yield and faradaic efficiency close to 100 %. On the other hand, long-chain
hydrocarbons have a larger market scale and higher energy density but are obtained from
the ERCO, with lower selectivity (e.g., 30 % for propanol) [13,57]. Thus, the industrial
implementation of ERCO; depends on a series of factors, including not only market size
and product price, but also capital costs (CO- electrolyzer) and operational costs (CO»

source, electricity, and product separation) [11,21].

CO; sources range from the near-infinite atmospheric supply at ca. 413 ppm (October
2021) to concentrated streams released from biorefineries and ammonia synthesis plants,
Table 1.2. Sources with the most concentrated streams require the least intensive
cleanup processing and have the lowest capture cost, ca. €0.02 kg™! CO,. In comparison,
DAC is currently the most expensive pathway for CO; capture, with an estimated price
ranging from ca. €0.35 kg™ to €0.88 kg! CO,. However, it is the only approach capable
of capturing CO; emitted from non-point sources, such as transportation, which accounts

for approximately 40 % of total CO, emissions [21].

Table 1.2. Quality of CO; from various sources with estimated capture cost, according

to Grim et al. [21].

CO: Capture
Source concentration Common impurities cost

(%) (€ per ton)
Ethanol fermentation 99 C,HsOH, CH3;0H, H,S, H,O, C;HgS  17.6 - 21.1
Ammonia synthesis >95 NHs;, H,, CO, H,O 21.1-22.0
Natural gas wells 90 - 100 N, CH4, C,Hg, C3Hs, trace HCs 17.6-19.4
Coal-fired flue gas 10-12 NOx, SOx, CO, O, N, Hg, As, Se 40.5-854
Gas-fired flue gas 3-6 NOx, SOx, CO, O, N, Hg, As, Se 37.8-178.3
Atmospheric CO, 413 ppm N2, O 352 - 880
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The production cost of five different ERCO, products (CO, formate/formic acid,
methanol, methane, and ethylene) was estimated by Durst ef al., using the H, production
from alkaline water electrolysis as a benchmark [58]. This work assumed an electricity
cost of €0.04 kWh!, operating current density of ca. 0.2 A cm?, and energy conversion
efficiency of ca. 40 % (roughly half of the efficiency of an alkaline water electrolyzer).
According to the obtained results, CO production is economically attractive, with an
estimated price ranging from €0.24 kg™ to €0.48 kg!, well below the current market
price of €0.57 kg'!. Moreover, the global market for CO is large (annual production of
150 Mt [21,59]) since, in combination with H, (syngas) serves as an important chemical
precursor for several industrial processes (e.g., Fischer-Tropsch). Besides CO, formic
acid was identified as an interesting product, with an estimated production cost 2 to
4-times lower than the current market price (€0.30 kg™! vs. €0.70 — €1.1 kg'!). However,
the market for formic acid is much smaller compared to the global demand for
CO/syngas [58]. Formic acid is a feedstock for producing fuels, solvents, plastic
monomers, and food-grade protein. In addition, it is widely used as a preservative and

antibacterial agent in livestock feed [21,60].

Jin et al. also estimated that the minimum cost for converting CO» to CO and formic acid
is €0.11 kg' and €0.07 kg!, respectively. The authors also considered the cost of product
separation, which is higher for formic acid (ca. €0.05 kg vs. €0.01 kg™! for CO) [57]. In
addition to being economically attractive products, Grim et al. identified CO and formic
acid as the top near-term targets for the efficient conversion of electrical energy to

chemical energy in seasonal or off-peak energy storage applications [21].

More recently, Bushuyev et al. identified ethylene glycol and propanol as economically
attractive targets. This analysis assumed an electrolyzer cost of €440 kW-!, an energy
conversion efficiency of 60 %, FE of 90 %, electricity cost of €0.02 kWh'! (expected to
be achievable using renewable sources [12]), and CO; capture cost of €0.03 kg [11].

Figure 1.4 summarizes several techno-economic analyses reported in the literature,
which are unanimous in suggesting that the electrocatalytic conversion of CO; to CO
and formic acid are the most accessible approaches, representing deployable entry points

for the ERCO; on an industrial scale [21,57]. Furthermore, considering the market

15



Chapter 1

demand (values of 2018) for ERCO> products, the conversion of CO, could offset up to
22 % of the 36 GT CO; emitted annually. Compared to the 0.1 % reduction of the total
global emissions provided by CSS, a commercially available technology, these values
show the tremendous potential of the ERCO, [21]. Indeed, ERCO»-based technologies
are close to commercialization, with startups and established companies such as
Opus-12, Mitsui Chemicals, Carbon Recycling International, Dioxide Materials, and
Carbon Electrocatalytic Recycling Toronto taking the lead [11,61]. Moreover, since the
electricity cost is the main expense of the ERCO; process (ca. 58 % of total costs [59]),
this technology becomes more attractive as the price of renewable energy continues to

decrease, approaching €0.02 kWh' [11].

Electrolysis Price Market Price Annual Production
(€kg™) (€kg") (Mt)

0.30 --o.ss 150
0.18 .-0.59 0.8
0.70 -I 0.11 2350
o.ss--o.-w 110
0.44 --0.70 77
Propanol 6’: 0.66 -_1.20 0.2
Eiylatis 0.26 ._ 1.23 28
Glycol

Figure 1.4. Economic analysis of ERCO; products. The values shown are an average of
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several economic studies reported in the literature [11,21,57-59].

On the other hand, the economic studies reported in the literature usually consider
current densities as high as 0.2 A cm?. However, systems that report commercially

relevant values, i.e., FE for target product > 90 %, current density > 200 mA c¢cm?, cell
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voltage < 1.8 V, and stability > 1000 h are almost inexistent [13,57]. Moreover, ERCO,
to Cz+ products face many challenges with an anticipated long timeline for development.
In particular, it involves multiple single-step reactions that further exacerbate the
sluggish kinetics and lead to high overpotentials [21,57]. Since the catalyst is at the heart
of a catalytic reaction, the search for more efficient catalysts must be at the forefront of
ERCO; development. At the technical design level, further improvement of the
electrolyzers is necessary, whose development is still at an early stage and is outside the

scope of the present work [57].

1.4 Catalysts for CO:2 reduction

As previously discussed, the ERCO, represents one promising approach for reducing
anthropogenic CO, emissions and developing a sustainable energy system [62-65].
However, the energy conversion and current density of current ERCO, systems are
limited by the lack of efficient catalysts [63,66]. Therefore, over the past decades,
different materials capable of electrochemically reducing CO. in aqueous environment
have been identified. Unfortunately, none of the reported catalysts is efficient and stable
enough for practical use [38,65]. The various materials explored as ERCO; catalysts
include metals, metal oxides, metal disulfides, carbon-based materials, and molecular
catalysts [40]. Among them, the most commonly studied are transition metal elements
and their associated compounds, such as metal complexes. These metals have vacant
orbitals and active d electrons, which are believed to energetically facilitate the bonding
between the metal and CO, for adduct formation and, later, the desorption of the

reduction products [38].

Between the 80-90s, Hori et al. conducted a comprehensive pioneer survey of various
metals for CO; reduction in aqueous electrolytes (mainly 0.1 M KHCOs) [67,68]. As a
result, the different metals were categorized into four groups based on their product
distribution: (i) Cu, the only metal capable of reducing CO, to hydrocarbons (or
oxygenated hydrocarbons) at significant rates; (ii) Au, Ag, Zn, Pd and Ga, from which
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CO is the major product; (iii) Pb, Hg, In, Sn, Cd, T1, and Bi, primarily producing formate;
and, (iv) Ni, Fe, Pt and Ti, where HER is almost exclusively observed [27,66]. The
different reduction products are associated with the tendency to bind various reaction

intermediates on the metal surface, following the Sabatier principle, Figure 1.5 [40,69].
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| H* e ¢ Htle- | or C| n(H*/e-) d @

C,H, C,HsOH

P e P 2 &

. Group (i)
Adsorb 2
Group (ii)
co, . Au, Ag, Zn, Pd, Ga
Non-adsorb
O\C _0O
0%:=20 Fl' H0
H* 8‘2: HOOOH Group (iii)
S ——> .
Q Pb, Hg, In, Sn, Cd, Bi

Figure 1.5. Reaction mechanism of ERCO, on metal electrodes in aqueous solutions,

according to the work of Hori ef al. [67]. Adapted from [40,70].

CO; reduction ability of the metals in groups (i) and (ii) is attributed to the stabilization
of *CO," and/or *COOH (* denotes a surface adsorption site) on their surfaces, which
are then reduced to *CO. In particular, the obtained *CO intermediate is weakly bound
to the surface of metals from group (ii); thus, it readily desorbs from the surface and
emerges as the predominant reaction product. Cu is the only metal bellowing to group
(i), and it has the capacity to bind and convert *CO to higher value-added products
through *COH or *CHO intermediates [40,66]. The formate production of group (iii)
metals is believed to occur via hydration of non-adsorbing CO," since metals in this
group can hardly bind the CO," intermediate. Group (iv) metals are thought to bind too
strongly to the *CO intermediate, preventing its further reduction and thus resulting in
H, evolution from the interstitial sites among adsorbed CO [27,66]. Another study,
performed using 0.05 M KHCO:s as electrolyte, found that C, Al, Si, V, Cr, Mn, Fe, Co,
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Zr, Nb, Mo, Ru, Rh, Hf, Ta, W, Re, and Ir are mostly inactive materials for CO»
reduction [27]. However, in the cited work, structurally simple catalysts were used (e.g.,
metal sheet). Later studies highlighted that controlling the catalyst morphology [71-74],
crystallite size [75—77], electronic properties [78—80], and/or facet orientation [81] are
effective catalyst engineering strategies for improving the ERCO; efficiency [30].

1.4.1 Catalyst engineering

Catalyst engineering was identified as an effective strategy to improve the performance
of ERCO; catalysts. Through catalyst engineering, it is possible to modulate the
chemical state, surface structure, atomic arrangements, and electronic properties, thus,
creating different/new catalytic active sites [30]. As a result, the CO- activation energy
can be lowered to enhance the reaction activity, and the binding energy of key reaction
intermediates can be tuned to improve the selectivity [35]. Recent developments toward
structural engineering of metal-based catalysts, focusing on copper, are discussed below,

including particle size, morphology, defects, composition, and facets (Figure 1.6).

Size

Particle size is considered one essential criterion in controlling the activity of a catalyst,
which leads to several possible effects, mainly related to a significant increase in the
surface to bulk atom ratio as the size decreases [43,82]. As the size of a particle
decreases, the curvature of its surface becomes larger and the average coordination of
the surface atoms is lowered, increasing the population of undercoordinated sites. The
higher occurrence of undercoordinated sites results in a perturbed electronic structure,
which usually increases the catalyst reactivity [12,82]. Moreover, for transition metals,
reducing the coordination number increases the binding energy of intermediate reaction

species (e.g., CO) [83,84].

Reske et al. studied the influence of Cu particle size and reported that the overall current

density dramatically increases for Cu particles below 5 nm. More interestingly, the
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particle size strongly impacts the product selectivity; hydrocarbon formation is
suppressed for < 5 nm Cu particles while CO and H, production is enhanced [75].
According to the authors, a drastic increase in undercoordinated atoms is observed below
5 nm. These strong binding sites accelerate the HER and CO; reduction to CO. However,
the lower surface mobility of *CO prevents its further reduction, explaining why small

particles have low hydrocarbon selectivity and produce more Ho.

Similar conclusions were presented by Jeon et al., who studied the size-dependent
activity and selectivity of Zn nanoparticles (NPs). In their work, Zn NPs ranging from
3 nm to 5 nm showed the highest activity and selectivity for CO production, while those
larger than 5 nm exhibited bulk-like catalytic properties. Moreover, a drastic increase in
H, production was observed for particles smaller than 3 nm, which was associated with

increased content of undercoordinated sites [85].

Zhu et al. studied Au NPs as catalysts. Among monodisperse 4 nm, 6 nm, 8 nm, and
10 nm NPs tested, the 8 nm Au NPs showed maximum efficiency for CO production.
The authors found that 8 nm particles were small enough to provide a near-optimum
number of edge sites, favoring CO production. On the other hand, the number of corner

sites, mainly responsible for H, evolution, was minimized [86].

In general, a size-controlling strategy can help design more efficient CO» reduction
catalysts [82]. However, according to a recent study, small Au NPs are unstable and
grow in diameter over time under typical electrolysis conditions [87]. Cu surface
segregation and possibly sintering were also observed for CuCo NPs [88]. Thus,

additional studies focusing on solving the problem of size-instability are needed [82].

Morphology

The morphology of the catalyst is another crucial parameter that attracted scientific
interest [89]. This phenomenon can be explained by the fact that catalysts with specific

shapes can predominantly expose their reactive sites and increase the specific surface
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area, improving the ERCO; performance [43]. Thus, the production of electrodes with

nanostructured surfaces is a path for better efficiency and selectivity [49,62].

According to Tang et al., roughened Cu electrodes exhibit better catalytic performance
for ERCO; than their smooth counterparts due to two different effects: higher current
density and improved faradaic selectivity toward hydrocarbons. The increased current
density is explained by the higher surface area of the roughened sample, providing more
active sites for both CO- conversion and hydrogen evolution. In turn, the improvement
in selectivity for hydrocarbons is explained by the significantly higher abundance of
undercoordinated sites on roughened surfaces, such as steps, edges, and defects, which

appear to be more active toward CO> reduction [74].

Li and Kanan observed that CO and formic acid production is enhanced for Cu,O rods
compared to polycrystalline Cu. According to the Tafel data, Cu,O rods facilitate the
formation of the CO," intermediate while suppressing the hydrogen evolution [90].
Polyhedron Cu,O particles were also identified as a selective material for ethylene and
ethanol production. The higher selectivity toward C, compounds is attributed to the
optimized density of steps and edges in this structure. Moreover, it was demonstrated
that the FE for C, products can be tuned by varying the thickness of the Cu,O
overlayers [91]. Aside from polyhedron particles, a cubic nanostructure was reported to
favor strongly multicarbon product formation, particularly ethylene. The enhanced
ethylene production can be associated with increased exposure of the (100) facet of
copper and/or higher local pH vs. bulk pH during the reaction [92]. The higher pH near
roughened surfaces can be ascribed to the higher OH™ generation rate per geometric
electrode area [93]. Sen et al. reported that copper foams provide high surface roughness,
hierarchical porosity, and confinement of reactive species, resulting in enhanced
production of formic acid [94]. The authors, however, did not study how changes in pore

diameter and pore depth affect product distribution.

Morphology control can also change the surrounding environment of the catalysts. As
previously mentioned, it can impact the local pH. Furthermore, morphology can affect
the local electric field. Literature reports that structures with high curvature (e.g.,

needle-like shapes) produce higher local electric fields, which can concentrate
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electrolyte cations like K* [95]. In turn, the presence of electrolyte cations results in an
increased concentration of CO, close to the active surface. Moreover, K™ helps the
stabilization of reaction intermediates as CO,"", lowering the thermodynamic barrier for
CO; activation. As a result, the ERCO; is promoted, and the competitive HER process
is suppressed [96]. For this reason, Cu nanowires (NWs) were recently identified as
advanced catalysts for CO» [49,62] and CO [97] electroreduction. Especially for ERCO»,
this type of catalyst requires an overpotential as low as 300 mV to reach a total current

density of -1 mA c¢cm and enables the production of CO with high FE [62].

Overall, the ultimate goal of morphology control is to expose more active sites or change

the reaction environment around the catalyst to improve the reaction activity [82].
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Figure 1.6. Influence of different length scales involved in the performance of ERCO,

catalysts, adapted from [31,57].

Defects

The imperfection of crystals offers the opportunity to tune properties, which otherwise

would be determined only by composition and crystal structure. Defects exist widely in
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bulk and nanomaterials and can be classified into different types, including pores,

vacancies, and grain boundaries [98].

Zhang and co-workers reported that nanodefective Cu nanosheets, with 2-14 nm pore
defects, have much higher activity and selectivity toward ethylene production than
smooth Cu nanosheets. It was proposed that the defective Cu structure provides more
accessible active sites than the smooth counterpart. Furthermore, the nanoscale defects
favor the adsorption and confinement of the reaction intermediates and OH-, which
synergistically promote the C—C coupling for ethylene formation [99].

As discussed, the first electron transfer to CO; is usually considered the critical step
during CO: activation. Thus, it is of significant importance the development of
approaches to facilitate CO; activation. An efficient strategy is the introduction of
oxygen vacancies into the catalysts, as proposed by Geng et al. [42]. In their work, a
mechanistic study revealed that introducing oxygen vacancies into ZnO nanosheets
increases the CO; binding strength and facilitates CO- activation, resulting in enhanced
CO production. Following the same trend, Devi et al. introduced controlled
concentrations of oxygen vacancy defects in CuO/In,O3 nanocomposites for an efficient
and selective CO,-to-CO conversion. The defect-rich samples have a higher surface area,
suggesting the presence of more active sites for CO, adsorption. Density functional
theory (DFT) calculations revealed that the CO, activation barrier decreased as the

concentration of defects increased [100].

Kanan and co-workers demonstrated that the grain boundaries on the catalyst surface are
highly active sites for ERCO; [101,102]. In particular, the authors showed that the CO,
reduction activity increases with the increased density of grain boundaries, while no
direct correlation with the HER activity was observed [102]. DFT simulations on
Au NPs revealed that the grain boundary can effectively stabilize key reaction
intermediates (e.g., COOH) and thus improve the CO;-to-CO conversion efficiency in
this type of catalyst [103]. Recently Woldu et al. reported a simple method to induce
grain boundaries in Au films via O plasma treatment. The grain boundary enrichment
resulted in improved ERCO; performance and lowered the overpotential [104]. For

copper-based catalysts, grain boundary defects were associated with enhanced
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selectivity for CO, reduction toward multicarbon products, mainly ethylene and ethanol.
In this case, in situ infrared spectroscopy analysis and DFT simulations revealed that the
existence of grain boundaries on metallic copper enhances the adsorption of CO (key
reaction intermediate), promoting the C-C coupling reactions and thus hydrocarbons
formation [105].

In short, defect control has attracted widespread interest in modulating the catalytic
performance of materials since it can create active sites and mass transfer channels.
Furthermore, it can change the coordination number, geometric environment, and

electronic structures [30].

Composition

Multicomponent systems offer numerous opportunities to precisely modulate the surface
chemistry and tune the stabilization degree of key intermediates [43,66]. Accordingly,
composition control is widely used to modulate the catalytic performance of catalysts by
regulating the element species, element ratio, and chemical state [30]. In particular, the
performance of bimetallic systems is primarily determined by two important factors:
electronic and geometric effects [80]. Electronic effects refer to changes in the electronic
structure of the host material caused by the addition of another element, which alters the
binding strength of intermediate adsorbates on the surface according to the d-band
model [12,106]. Geometric effects refer to a change in the atomic arrangement of active
sites, which alters the way adsorbates interact with the surface and each other, allowing

the catalyst to deviate from the scaling relation [12,80].

Literature reports that combining other metal elements with Cu significantly improves
the ERCO, performance of Cu-based catalysts. To date, several elements with intrinsic
ERCO:; activity have been identified as promising candidates, including Au, Ag, Pd, Ga,
Sn, Pb, Bi, Zn, Pt, and Ni [30,107]. For instance, Higgins et al. studied the ERCO,
performance of a series of CuAg thin films with controllable compositions, ranging from
Cu-rich to Ag-rich phases. As expected, pure Cu catalysts exhibited high activity and

selectivity toward the formation of hydrocarbons and alcohols, whereas pure Ag
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catalysts favored the generation of CO. In turn, the CuAg thin films showed significantly
higher activity and selectivity toward liquid carbonyl products, such as acetaldehyde and
acetate. Suppressed activity and selectivity for hydrocarbons and H, formation were also
demonstrated for CuAg versus Cu, whose degree of suppression increased with
increasing nominal Ag composition. The simultaneous inhibition of HER and
hydrogenation of oxygenated intermediates is most likely due to a decreased surface

binding energy of oxygen-containing and *H species over CuAg surfaces [108].

In addition, incorporating Cu with other metal elements (e.g., Zn and Au) can also
change the binding states of *CO species, promoting the formation of C, products.
Jeon et al. found that introducing Zn dopants to Cu can tune the selectivity of the CO»
reduction toward methane. By adjusting the concentration of Zn, a drastic increase in
methane selectivity was achieved for Zn contents from 10 % to 50 % (molar ratio),
which was accompanied by a suppression of H, production [109]. A two-site mechanism
can explain the obtained results. In detail, Cu or Zn sites first reduce CO, molecules to
CO, and then the weakly adsorbed CO on Zn sites desorbs and migrates to near Cu sites,
where CO is further reduced [110]. Interestingly, the authors also reported that when a
CuZn alloy is formed, the Cu sites lose the ability to hydrogenate adsorbed CO, favoring
CO production. This behavior is due to a decrease in the CO binding strength caused by
a shift in the d-band center of Cu after forming an alloy [109]. Likewise, Zhang et al.
demonstrated that CuAu and CuAg catalysts outperform pure Cu in terms of CHy
selectivity and, at the same time, inhibit the HER activity. DFT calculations support the
two-site mechanism previously mentioned by suggesting that the abundant CO produced
on the Ag or Au surfaces can migrate to surface Cu. Moreover, through operando
spectroscopic observations, the authors demonstrated that CO produced on Ag sites can
migrate to stronger binding sites on the catalyst surface for further reduction. Thus, for

the first time, the CO spillover phenomenon was experimentally demonstrated [111].

Besides Cu-bimetallic systems, other multicomponent catalysts were proposed. For
instance, He et al. suggested that combining In, which weakly binds H, or CO, with
transition metals that show stronger M—CO bonding interaction would suppress HER

and promote CO formation. Different MIn;.x alloys (M = Fe, Co, Ni, Cu, and Zn) were

25



Chapter 1

tested, and Cu-In exhibited the highest CO production within a broad copper ratio region
from 50 % to 80 %. Fe-In, Co-In, and Ni-In also showed high CO production when
indium was the main component of the alloy [112]. Toreli et al. identified Ni,Ga, alloys
as promising systems to convert CO; to C, hydrocarbons. Compared to polycrystalline
Cu foil, NiyGay showed lower ERCO; onset potential. The authors reported that the
interaction of NixGa, phase with CO is stronger than Cu, which allows the further
reduction of chemisorbed CO at low applied potential [113].

Bimetallic materials enable access to catalytic properties that monometallic catalysts
cannot replicate. Additionally, it offers the possibility of designing catalysts based solely
on earth-abundant elements with high efficiency for CO, reduction under mild

overpotential, which is typically achieved using precious metals [114].

Facet

Facet control usually refers to tailoring the exposed facets of catalysts, which is also
quite effective in modulating the catalytic performance toward various chemical
reactions. Typically, the exposed crystal facets of catalysts can be tuned by controlling

the nucleation rate or using capping agents, like polyvinylpyrrolidone (PVP) [30].

During the first fundamental studies of CO, reduction, Hori et al. discovered that the
Cu(111) facet favors the CO» conversion to methane, while the Cu(100) facet is more
selective for ethylene production [115]. Following this initial work, it was gradually
accepted that Cu(111) favors the formation of C; products (e.g., formate and methane),
and Cu(100) promote C, compounds (e.g., ethylene). At the same time, other high-index
facets, such as Cu(110), facilitate the generation of more complex C, products (e.g.,

acetic acid) [116].

During the growth of nanocrystals, the facets with higher surface energies usually grow
more quickly; however, they are unstable and eventually disappear due to the reduction
of the total surface energy of crystals [117]. For this reason, Wang et al. reported a simple

chemical etching procedure to create high-energy facets on Pd@Cu nanocrystals.
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Selenium dissolved in tri-n-octylphosphine (TOP) served as the oxidant for etching. The
etched catalysts with enriched high-energy facets, i.e., Cu(110), showed significantly
enhanced activity toward CO- reduction. Thus, the authors suggested that forming
high-energy facets on the catalyst surface is a promising technique for boosting their
catalytic activity. Furthermore, according to cited work, Cu(110) is more stable and

selective toward methane, ethylene, ethane, and propane than Cu(100) [118].

In conclusion, tremendous efforts have been made in recent years to develop and
improve the performance of metal catalysts for ERCO,, with various strategies adopted
and reported in the literature [89], as summarized in Table 1.3. Even so, the search for
high-performing catalysts is far from complete [39,119]. The improvement of catalyst
design also requires a deep understanding of the reaction mechanism, whose
investigation is still inconclusive [40]. In particular, more attention should be placed on
elucidating the chemical adsorption/desorption steps, breakage/reconstruction of C=0
bonds, rate-determining factors, and competition of reaction pathways [39]. Finally, the
combination of experimental results with instrumental characterization should also be

used to explore favorable catalyst structures and chemical properties [39,40].
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Table 1.3. ERCO, efficiency using metal-based catalysts, from selected literature.
Results are ordered according to the total current density obtained (reverse order). The

current density was noted without a minus sign here.

Applied Main Joota® Ref./
Catalyst Potential  Electrolyte Membrane?® Product(s) (mA cm?) Stability Da t'e
(VRHE) (nre%)
C2H4 (36 %);
(mcu“fliiz g 110 0IMKCIOs PEM CO (35 %); N/A®  15min %41]2/
& H2 (30 %)
H2 (55 %); [941/
Cu nanofoam -0.90 0.1 M KHCOs3 PEM HCOOH (37 %) N/A N/A 2014
o [100)/
CuO/In203 -0.90  0.5M KHCOs3 PEM CO (85 %) N/A N/A 2019
Cu 0 [90)/
polycrystalline -0.50 0.5 M NaHCO;3 AEM H2 (90 %) 0.45 1-2h 2012
CO (50 %); [49)/
CuNWs -0.60 0.1 M KHCOs3 PEM HCOOH (30 %); 0.6 90 min 2015
H2 (26 %)
CO (60 %); . [62)/
Cu NWs -0.40 0.1 M KHCO3 AEM Ha (23 %) 0.7 55 min 2015
CO (40 %); [90)/
Cu20 rods -0.50 0.5 M NaHCO;3 AEM HCOO™ (33 %); 1.68 1-2h 2012
H2 (27 %)
. [104])/
Au film -0.65 0.1 M KHCOs3 AEM CO (89 %) 1.9 160 min 2021
[120]/
Pd nanosheets  -0.60 0.1 M KHCOs3 PEM CO (95 %) 3 8h 2018
CO (80 %); [112y/
Curslnes -0.70 0.5 M NaHCO3 AEM Ha (20 %) 3.5 5h 2017
H> (48 %); [110]/
CuZn alloy -1.10 0.1 M KHCO3 AEM CaHa (33 %) 6.1 16 h 2018
CHa (58 %); [111)/
Ag-Cu -1.10 0.1 M NaHCO;3 PEM Ha (21 %) 8.31 1h 2019
(hexigonal -0.85 0.5MKHCOs  AEM CO (80 %); 9.5 son 21V
NPs) : : H2 (20 %) : 2016

28



Introduction

(Og“;gl f‘ﬁ‘i‘gk) 099 0.1MKHCO; AEM C;gé?(;g); 14 70 min %lﬂs/
nanoﬁ;e des 035 O5SMKHCOs  PEM ng(?;f;); 15 8h %51]6/
nanﬁ‘g‘l% ws 110 O1MKHCO;  PEM Clg Ef? (Z‘g 16 40 min g(‘)zl]é
CuNPs/Si  -138 0.1MKHCO: N/M C$4(g‘(‘)°(;o/‘)’); 17 65 min [Zlgf%/
(3%“;% f‘éﬁk) 099 0.1 MKHCOs AEM cljéf 3(24/)) 35 70 min %11]5/

C2HsOH (16 %)

(S}‘;\fr’fl) -1.10 0.1MKHCO;  NM 2(2)((6205({2; 40 10 min %51]‘{
s DM oy CHONOSS o s ()
C(‘E‘lll‘l)f;)” 135 01MKHCO;  AEM gg((s 455(22) 45 Na DOV
Cu NPs -120 0.1 MKOH AEM cflfén(j f;f’?%) 52 3h [2185(])/
CunZnm  -135 0.MKHCOs  AEM Cli“ ((27 2 ://;’)) 53 N/A [21819;/
I\éinzgﬁ(ffs‘l’fézte .18 0.1MK:SO:s  PEM C$4((1873(;0/‘)’); 58.8 14h %92]6
1&1122221 -0.68 1.0 M KOH N/M ngzﬁ H(3(§ 2 g’); 300 15h [2133(])/

carbon layer

2. type of membrane used to separate the cathode and anode compartments, AEM

(anion-exchange membrane), PEM (proton-exchange membrane), or N/M when no membrane

was used (standard three-electrode cell); ° total current density; ©: N/A, not available;

d: [BIMM]-PFs, 1-butyl-3-methylimidazolium hexafluorophosphate.
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1.5 ERCO:2 mechanisms on copper surfaces

Since the pioneering work of Hori et al. [67,68], copper has been recognized as a unique
material for ERCOo. It is the only pure metal capable of reducing CO: to products
requiring more than two-electron transfer with significant efficiency [40,66]. At the same
time, it has been proven to be highly efficient for CO and formate production
(two-electron products) [90,124,125]. As a result, considerable research efforts have
been devoted to clarifying the mechanism of the ERCO; reaction on copper. However,

there is still little agreement after three decades of work, Figure 1.7 [12].

In general, most of the proposed ERCO, mechanisms agree that the limiting step in the
generation of 2e” products is the CO, adsorption, followed by its reduction to form the
first reaction intermediate. However, the chemical identity of this first intermediate and
how it is generated remains elusive [124]. Initially, and following the work of Hori
et al. [67], it was proposed that CO is reduced through one common first intermediate,
the carboxylate anion radical (CO,"). According to this mechanism, the ERCO; initiates
with the CO» adsorption, forming *CQO,. Then, *CO, captures an electron and transfers
it to the central carbon atom, bending the linear structure of CO» and thus weakening the
C=0 bond. A new chemical bond between CO, and active sites on the catalyst surface
is then generated, forming CO,", as indicated by Equation (1.10) [30,31]. Alternatively,
a more contemporary model, based on DFT simulations, suggests that the first reaction
intermediate is carboxyl (*COOH) or formyloxyl (*OCHO), which is formed via a
concerted proton-electron transfer (CPET) step, as shown in Equations (1.11) and

(1.12) [31,126].

*+CO, +e »*CO; (1.10)
*+CO,+H" +e° ->*COOH (1.11)
*+CO,+H" +e- »>*0OCHO (1.12)

According to the model proposed by the DFT studies, the distinction between the

formate and CO pathways seems to be related to the adsorption configuration of the first
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reaction intermediate (through the C or O atom) [12]. Computational studies performed
by Nerskov and co-workers demonstrated that *COOH is more likely the first
intermediate for CO formation, while *OCHO was proposed as the key intermediate for
formate production [126,127]. Alternatively, Chernyshova et al. used operando
spectroscopic techniques to provide evidence that the first intermediate for formate and
CO production is indeed *CO>", as initially postulated [124]. According to the authors,
this intermediate is coordinated to the catalyst surface through one of its C—O bonds.
Furthermore, it was proposed that formate is produced via activation of the Cu—C and
C-0O bonds, while stabilizing the Cu—O bond results in CO formation. Thus, although
different intermediates are suggested, the strength of Cu—C and Cu—O bonds appears to

govern the selectivity for CO and formate production [12].

While the formate pathway is considered a dead-end, CO is widely accepted as a key
intermediate for the production of higher reduced products (> 2¢7) [128]. Beyond CO,
the limiting step in C; formation is believed to be CO protonation, while CO dimerization
is accepted as the rate-determining step in C; formation [12,31,128]. Within the C,
pathway, the selectivity toward methane and methanol is of particular relevance, as
methanol is a more valuable product [12]. The first comprehensive investigation of C;
production on copper was reported by Peterson ef al., who proposed that the key step in
hydrocarbons formation is the protonation of *CO to *CHO, which is accompanied by
cleavage of the C=0 bond and generation of C—H bonds [129,130]. Kuhl ef al. studied
the CO; reduction to methanol and methane over several transition metals, including
copper. The authors observed that the onset potential for both products is closely related,
indicating a mechanism in which these products share a common limiting step [131].
According to the work of Cheng et al., *CHO is protonated to *CH»O, being this
intermediate a possible branch point between methanol (*CH,O — *CH3;0O — CH30OH)
and methane (*CH,O — *CH — *CH, —» *CH3; — CH4) pathways [132]. The oxophilicity
of the catalyst surface may play an important role in determining the selectivity between
these two products. Methanol production involves the cleavage of only one C—O bond

of the CO, molecule, while both C—O bonds must be broken to produce methane. Thus,
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a strong oxygen binding affinity can favor the break of the second C—O bond, enhancing

methane production [131].

While several experimental and theoretical studies suggested that CO dimerization is a
critical step in C, formation, many aspects are still up for debate [31,133,134]. In
particular, it is unclear whether CO coupling is an electrochemical step involving a
rate-limiting electron transfer [133] or purely a chemical step not comprising a
rate-limiting electron transfer [135]. Moreover, C—C coupling can occur between two
adsorbed CO molecules (*CO + *CO) [110,134,135] or an adsorbed and a free CO
molecule (*CO + CO) [133,136]. Other studies also suggest the coupling between
species such as *CHO and *COH [30,31]. As reported, the key intermediates for C»
commodities production are formed following dimerization, possibly *OCCO,
*OCCHO, and *OCCOH [30]. According to the literature, the *OCCO intermediate is
directly generated from the C—C coupling [134], while *OCCHO and *OCCOH can be
obtained from a CPET to *OCCO, or by the direct reaction of *CO with *CHO and
*COH, respectively [30,134]. Ethylene and ethanol are two typical C, products, which
can be produced from the same C; intermediates but have different energy barriers and

preferred formation pathways [30].

The formation of higher-order (Cs+) hydrocarbons has also been observed on copper,
with the maximum FE of 72 % recorded for isopropanol production [137]. Propanol and
isopropanol are the most commonly reported Cs products [137—-139], with trace amounts
of propionaldehyde, hydroxyacetone, acetone, and allyl alcohol also identified [140].
The elementary steps involved in the formation of these C; products have not been
thoroughly investigated so far. However, C—C coupling between *CO and *C;H4

precursors was proposed as a route for propanol formation [141].

In short, the adsorption state and binding strength of the reaction intermediates determine
the splitting of the reaction pathways. Despite significant research efforts, many aspects
of the proposed mechanisms remain unclear or even controversial [12,30,31]. The fact
is that only a few possible intermediates have been experimentally identified due to
current instrument limitations; thus, the complete reaction pathways have yet to be

confirmed [29].
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= Chernyshova et al. [124].

33



Chapter 1

1.6 Objectives and outline of this work

The need to reach net-zero CO, emissions has prompted the question, "How can the
circular carbon dioxide economy be achieved?". Inevitably, sustainable CO, capture and
utilization technologies must be developed to close the carbon cycle. After 4.5 billion
years of evolution, nature has shown us that this is the right strategy to handle energy
and feedstocks production. In this context, electrochemical technologies for CO;
conversion are of great importance and can enable the transition to a more sustainable

chemical and energy industry.

Despite significant progress, the Achilles' heel of the CO, electrochemical reduction
remains the poor activity and selectivity of the catalysts. Accordingly, this work aims to
contribute to the development of copper-based ERCO; catalysts and to provide a detailed

structure-activity relationship.

Chapter 1 introduces the ERCO,. It discusses important aspects of the working
principles of ERCO- and provides an overview of the main technical barriers to the future
commercialization of the technology. Special focus is given to the latest advancements
in metal-based catalysts, mainly copper, for selective electrochemical CO; conversion to
desired valuable products. Moreover, a summary of proposed reaction mechanisms on
copper surfaces and potential strategies for improving the ERCO; catalysts are

presented.

Chapter 2 presents the solvothermal route as a simple and potentially scalable method
for producing CuZn oxide catalysts. The influence of the synthesis conditions (i.e.,
reaction time) on the physicochemical and electrochemical characteristics of the

developed materials is explored in this chapter.
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Chapter 3 focuses on the influence of several post-synthesis treatments on the ERCO,
activity of the developed CuZn oxide catalyst (synthesized within 15 h). Furthermore,

the synergetic effect between copper and zinc species is addressed.

Chapter 4 studies electrochemical anodization as a synthesis method to produce
self-supported copper oxide catalysts (as an alternative to the traditional powder
catalysts developed in Chapter 2). This chapter also explores the influence of catalyst
morphology on ERCO; activity and presents electrochemical measurements in two

different cell designs.

Chapter 5 reports a series of CuBi catalysts prepared using the materials developed in
Chapter 4. Moreover, the influence of the electrolyte on catalytic performance is
addressed, and the nature of the species formed following CO, adsorption is studied and

correlated with the product selectivity.

Finally, in Chapter 6, the main conclusions and future work suggestions are presented.
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Nomenclature
Abbreviation Definition
AEM Anion-exchange membrane
BECCS Biomass energy with carbon capture and storage
CCS Carbon capture and sequestration
CCU Carbon capture and utilization
CPET Concerted proton-electron transfer
DAC Direct air capture
DFT Density functional theory
e Electron
ECSA Electrochemical active surface area
EE Energy efficiency
EOR Enhanced oil recovery
ERCO, Electrochemical reduction of CO,
EU European Union
FE Faradaic efficiency
HER Hydrogen evolution reaction
IPCC Intergovernmental Panel on Climate Change
N/A Not available
N/M No membrane
NPs Nanoparticles
NWs Nanowires
OER Oxygen evolution reaction
PEM Proton-exchange membrane
PEMFC Proton-exchange membrane fuel cell
PVP Polyvinylpyrrolidone
RWGS Reverse water gas shift
SDG Sustainable development goals
SOFC Solid oxide fuel cell
TOP Tri-n-octylphosphine
UNFCCC United Nations Framework Convention on Climate Change
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Greek Symbol Definition Unit
AR Difference between the standard potential for v
OER (anode) and ERCO; (cathode)

n Overpotential mV
NEE Energy efficiency %
NFE Faradaic efficiency %

Variable Definition Unit

A Electrode geometric surface area cm?

E Experimental electrochemical potential A%

E° Standard redox potential \Y
Eeq Equilibrium potential under reaction conditions A%

F Faraday constant (F = 96 485 C mol™) C mol"!
Jiotal Total current density mA cm’!

k Product formation rate pumol h'! cm?

n Number of moles of product produced mol

q Total charge C

0 Reaction quotient

R Universal gas constant (R = 8.314 J mol! K*) J mol ! K-!

t Duration of each electrochemical test h

T Temperature K

z Number of electrons exchanged
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2.

Influence of Synthesis Time on the Properties of
Bimetallic CuZn Oxide Catalysts for CO:

Electrochemical Reduction

2.1 Abstract

A bimetallic CuZn oxide catalyst was synthesized by a simple one-pot solvothermal
method, considering different reaction times (5 h, 15 h, and 25 h). By changing the
synthesis time, it was possible to control several physicochemical properties, including
particle size, morphology, and strength of Cu-Zn interaction. Furthermore, the influence
of different properties on the electrochemical reduction of CO, (ERCO,) was evaluated,
and a remarkable effect on product distribution was observed. Namely, the number of
ERCO:; products decreased with the increasing duration of the synthesis. For catalysts
with a synthesis time of 5 h, a mixture of CO, ethanol, methanol, and isopropanol was
obtained, while only CO and ethanol were detected after 25 h of synthesis. The distinct
electrocatalytic behavior is assigned to the binding affinity of the reaction intermediates,
which controls the product distribution of ERCO,, and strongly depends on the catalyst

properties, especially the strength of Cu-Zn interaction.

Keywords: CO, valorization; CO, electroreduction; copper-zinc; synthesis time;

product distribution.
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2.2 Introduction

The excessive CO, emissions caused by the combustion of fossil fuels have been the
primary trigger of climate change, already accounting for an increase in the global
average temperature of 1.0 °C above pre-industrial levels [1,2]. Despite the goal set by
the 2015 Paris Agreement (i.e., limit global warming to an increase of 1.5 °C), recent
projections suggest that the world is still heading for a 3.2 °C global temperature rise by
2100 [3,4], demanding urgent and aggressive actions. Rising global temperature has
contributed to more frequent and severe extreme weather events, fueling other potential
worldwide crises, like climate change displacement [2,3]. According to current

indicators, up to 216 million climate migrants are expected by 2050 [3].

Technologies for the direct CO, conversion to valuable products, not requiring hydrogen
sources, are of particular interest for the transition to a more sustainable economy [5].
Among emerging technologies, CO, electrochemical reduction (ERCO,) is projected to
be the first to reach the necessary technological readiness level [5—7]. However, some
challenges need to be overcome. CO, is a fully oxidized, thermodynamically stable
molecule with two linear double bonds, displaying ultralow reactivity [6,8]. Thus, a
considerable amount of energy is required to overcome the thermodynamic barrier for
CO; activation, resulting in sluggish kinetics and low energy efficiency [9].
Additionally, the ERCO, reaction is intrinsically complex given the multiple possible
reaction pathways and end products. Hence, selectivity is another critical challenge for
the design and operation of the ERCO; process [10]. The practical implementation of
this technology requires then the development of catalysts with high activity and
selectivity [9,11]. Despite great research efforts, a catalyst that meets the required

selectivity at industrial relevant CO, conversion rates has not yet been reported [5].

Copper is unique among the materials explored as ERCO; catalysts. It is the only pure
metal capable of reducing CO; to products requiring more than two electron transfers,
with considerable faradaic efficiency (i.e., hydrocarbons, aldehydes, and alcohols) [8].
In addition, Cu-based catalysts have proved to be highly efficient for CO and formate

production (two-electron products) [12—14]. In general, the 2¢™ transfer products can be

60



Influence of synthesis time on the properties of bimetallic CuZn oxide catalysts for ERCO,

produced with low overpotential and high faradaic efficiencies. However, substantially
higher overpotentials and lower efficiencies are observed for multi-electron transfer
products [15]. Despite the lack of consensus, most of the proposed ERCO; mechanisms
agree that CO, adsorption, followed by its reduction to the first reaction intermediate, is
the limiting step in the generation of 2e” products [8,15]. The distinction between
formate and CO pathways seems to be related to the adsorption configuration of this first
reaction intermediate (through the C or O atom) [8]. While the formate pathway is
considered a dead-end, CO is widely accepted as a key intermediate for the production
of higher reduced products (> 2¢") [10]. Beyond CO, the limiting step in C; formation is
believed to be CO protonation, while CO dimerization is accepted as the

rate-determining step in C, formation [8,10,15].

Recently, catalyst engineering was identified as an effective strategy to improve the
ERCO:; performance of Cu-based catalysts. Catalyst engineering allows the modulation
of chemical state, surface structure, atomic arrangements, and electronic properties,
creating different/new catalytic active sites [11]. As a result, the CO, activation energy
is lowered to enhance the reaction activity, and the binding energy of key reaction
intermediates can be tuned to improve the selectivity [16]. Typical methods of catalyst
engineering include the control of the composition [17], morphology [18,19], crystal
phase [20], and defects [21,22]. Meanwhile, the chemical growth of bulk or
nanometer-sized materials inevitably involves the process of precipitation of a solid
phase from a solution. Thus, a good understanding of the process and parameters
controlling the precipitation (e.g., reaction time, temperature, concentration) helps to

improve the engineering of the final material to the desired characteristics [23].

This chapter provides a detailed analysis of the influence of the synthesis time on the
physicochemical properties of bimetallic CuZn oxide catalysts produced by a one-pot
solvothermal route. Moreover, the ERCO; activity of the developed catalysts was
assessed, considering different synthesis stages, and correlated with their
physicochemical characteristics. This work contributes to the fundamental
understanding of the synthesis mechanism and the structure-activity relationship, and it

is expected to assist in the design of more efficient ERCO; catalysts.
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2.3 Experimental
2.3.1 Catalyst synthesis

Bimetallic CuZn oxide catalysts were prepared from the reduction of Cu(Il) and Zn(II)
precursors by a one-pot solvothermal method adapted from the literature [24],
Figure 2.1. All reagents were used without any pre-treatment. For a target Cu:Zn atomic
ratio of 1.54, the appropriated amount of Cu(CH3CO,),'H,O (6.07 mmol,
Sigma-Aldrich, > 99.0 %) and Zn(CH3CO.),:2H>O (3.93 mmol, Alfa Aesar, > 97 %)
was dissolved in ethylene glycol (100 mL, Sigma-Aldrich, 99.8 %) under vigorous
stirring. After forming a homogeneous solution, the mixture was transferred to a 200 mL
Teflon autoclave. The sealed autoclave was heated at 140 °C for 5 h, 15 h, or 25 h and
then allowed to cool down to room temperature. The obtained precipitate was collected
by centrifugation, washed several times with ultrapure water (18.2 MQ cm! at 25 °C,
Millipore Milli-Q system), and dried overnight at 80 °C in a vacuum oven. Monometallic

Cu and Zn control samples were also produced following the same protocol.

The catalysts were labeled according to the synthesis duration, using the following

nomenclature, CuZn_ X, where X represents the synthesis time (5 h, 15 h, or 25 h).

Cu acetate + Zn nitrate Solvothermal Centrifugation

3 B
@ ~
C_ee

Figure 2.1. Synthesis of bimetallic CuZn oxide catalysts.

2.3.2 Electrode preparation

Electrodes were prepared by spraying a catalyst ink on a gas diffusion layer (GDL),
according to a method reported in the literature [24]. Catalysts inks were prepared by
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mixing 25 mg of the respective catalyst powder, 25 puL of Nafion dispersion (5 wt. % in
water and 1-propanol, Alfa Aesar), 2.5 mL of ultrapure water (Millipore Milli-Q
system), and 2.5 mL of 2-propanol (VWR Chemicals, > 99.9 %). The suspension was
ultra-sonicated for 30 min and then sprayed with an airbrush on the microporous layer
of a GDL (Sigracet 35BC, SGL Group, 6 cm? area), which had been placed on a hot plate
at a temperature of 100 °C. It is important to note that the catalyst inks were prepared
considering 50 % weight loss during the airbrushing process. Thus, a catalyst loading of
2 mg cm? was typically obtained. This value was verified by weighting the GDL before
and after deposition. Before the electrochemical characterization, the electrodes were

prepared by cutting the GDL into 1 cm? squares.

2.3.3 Material characterization

The morphology and element distribution were obtained by high-resolution scanning
electron microscopy with energy dispersive spectroscopy (SEM-EDS, JEOL JSM
6301F/Oxford INCA Energy 350).

The crystal structure was studied using X-ray diffraction (XRD, PANanlytical X’Pert
Pro) operating in Bragg-Brentano focusing geometry and using Cu Ka radiation at
wavelengths Cu Kal = 1.5406 A and Cu Ka2 = 1.54443 A. Data was collected at 20
angles (20-100°), with a step size of 0.017°, and the Rietveld refinement was applied for
phase identification. The Debye-Scherrer equation was used to determine the average

crystallite size (nm) — Equation (2.1).

d- KA
[ cosd

2.1)

In this equation, K represents the crystallite-shape factor, A is the wavelength of the X-ray
beam used, § denotes the full width at half maximum (FWHM), and 6 is the Bragg angle.
The average particle size was estimated assuming that all particles have the same

spherical shape and size, so K was 0.9.
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X-ray photoelectron spectroscopy (XPS, Kratos AXIS Ultra HAS) was used to analyze
the surface element composition. Vision and CasaXPS software were used for data
acquisition and analysis, respectively. The analysis was carried out with a
monochromatic Al Ka X-ray source (1486.6 eV), operating at 15 kV (90 W), in fixed
analyzer transmission (FAT) mode, with a pass energy of 40 eV for regions and 80 eV
for survey. Data acquisition was performed with a pressure lower than 1.0 x 10 Pa,
using a charge neutralization system. Binding energies (BE) were calibrated based on
the C 1s line at 285 eV from adventitious carbon. The spectra were modelled using
Shirley-type background subtraction and peak fitting with Gaussian-Lorentzian peak

shape, following literature recommendation [25-27].

The reducibility of the catalysts was studied by H» temperature-programmed reduction
(H>-TPR, ChemBET Pulsar TPR/TPD). In a typical TPR experiment, approximately
25 mg of sample was placed in a U-shaped quartz reactor and held by quartz wool.
Samples were pretreated at 120 °C for 30 min under He flow. After the samples cooled
to 50 °C, a flow of 20 % H/Ar (20 mL min™") was pulsed, and samples were heated from
50 °Cto 600 °C. The hydrogen consumption was measured by a thermal conductivity

detector (TCD).

The CO adsorption was studied by CO temperature-programmed desorption (CO-TPD,
ChemBET Pulsar TPR/TPD). Samples were pretreated at 120 °C for 30 min under He
flow. After the samples cooled to 50 °C, a flow of 10 % CO/He (20 mL min™') was
continuously pulsed for 1 h at 50 °C. Afterward, the CO desorption was monitored by
TCD between 50 °C and 750 °C under He flow (20 mL min™').

The surface area of the catalysts was determined using the multi-point
Brunauer-Emmett-Teller method (BET, Quantachrome Autosorb AS-1) at -196 °C.
Before the analysis, the samples were outgassed in vacuum at 80 °C overnight. The pore
size distribution was calculated by the Barret-Joyner-Halenda (BJH) method, using the

nitrogen desorption branch of the isotherm.

The work function (WF) of the developed catalysts was determined using an ultra-high

vacuum Kelvin Probe (KPTechnology, Series 10) at ambient conditions.
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2.3.4 Electrochemical measurements

Electrochemical measurements were performed at room temperature and atmospheric
pressure in a conventional three-electrode electrochemical cell, Figure 2.2. The working
electrode was the prepared CuZn electrodes with a geometric area of 1 cm?. A carbon
rod and an Ag/AgCl/Sat. KCl electrode served as the counter electrode and the reference
electrode, respectively. The electrolyte used was 150 mL of an aqueous solution of 0.1 M
KHCOs (Alfa Aesar, 99.95% trace metals basis), prepared with ultrapure water
(Millipore Milli-Q system). Otherwise specified, all potentials in this study are in the
RHE scale; thus, the applied potentials measured against Ag/AgCl were converted using
the following relation: Ege =E, 5 +0.059 pH+0.197.

Counter
Working Electrode

Electrode

Reference
Electrode

Water Out _’m

Jacket i
Catalyst Water In e

Figure 2.2. Conventional three-electrode electrochemical cell.

Linear sweep voltammetry (LSV), with a scan rate of 20 mV s™!, was carried out using
an IM6ex electrochemical workstation (Zahner) in N, or CO,-saturated electrolyte (the

electrolyte was purged with N, or CO, for 30 min before the measurements and a

65



Chapter 2

blanketing atmosphere was kept during the reads). The potential was swept
from -0.1 Vagagcr to -1.8 Vagaeci, and the current density was recorded. The results

presented consider the average of six scans.

Double-layer capacitance measurements were used to estimate the electrochemical
active surface area (ECSA) of the electrodes. Cyclic voltammograms (CV) were
acquired in N,-saturated 0.1 M KHCO; at multiple scan rates (5 mV s! — 100 mV s),
considering a non-faradaic region of the voltammogram. The slope of the non-faradaic

current density vs. scan rate provided the capacitance value.

The electrochemical oxidation/reduction behavior of the CuZn catalysts in the working
electrolyte was studied by cyclic voltammetry. CV curves were recorded with a scan rate

of 50 mV s between -1.0 Vagagci and 1.2 Vagagcl, in No-purged electrolyte.

2.3.5 CO:z: electrochemical reduction and product analysis

Electrolysis experiments were performed under atmospheric conditions using the
three-electrode electrochemical cell previously described, Figure 2.3. The electrolyte
was a solution of 0.1 M KHCO; saturated with CO,. For each potential tested, the

experiments lasted 90 min and were performed using fresh electrodes and electrolytes.

Gas-phase products generated during CO, electrolysis were analyzed by gas
chromatography (GC, GC-2010 Plus, Shimadzu), using He as the carrier gas. The GC
was equipped with a barrier ionization discharge detector and two columns, Pora-Plot Q
(Agilent) and HP-Molesieve (Agilent). GC runs were initiated 20 min after starting the
electrolysis and subsequently performed every 15 min. Only the third to the seventh GC
measurements were used in the data analysis to ensure that the reported data refers to

steady-state conditions.

Liquid products were collected at the end of the electrolysis and analyzed by
headspace-GC (Nexis GC-2030, Shimadzu) equipped with a TRB-624 column
(Tekcnokroma), using He as the carrier gas. All measurements were recorded in

duplicate to ensure reproducibility.
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Cco, Potentiostat Data Acquisition

GC Electrochemical Cell Headspace-GC

Figure 2.3. Experimental set-up for the ERCO; tests.

The faradaic efficiency (FE), product formation rate, and overpotential were calculated
according to Equations (1.5), (1.6), and (1.7), respectively. The overpotential for CO
production was determined considering an equilibrium potential under reaction
conditions (Eeq) of -0.59 +0.01 Vrue (vs. E°=-0.52 Vrug), which was calculated
according to Equation (1.8).

2.4 Results and discussion
2.4.1 Physicochemical properties of the developed catalysts

The morphology and microstructure of the prepared catalysts were examined by
SEM-EDS, Figure 2.4 and Appendix A. According to the obtained micrographs,
CuZn_5 is mainly an amorphous material with some cauliflower-like structures observed

(typical of ZnO). On the other hand, a higher degree of heterogeneity is observed for
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CuZn_15, which exhibits some spherical particles. EDS analysis suggests that these
particles are composed of a copper-rich core coated with a mixed copper-zinc oxide
(Figure A.2, Appendix A). CuZn_25 shows a well-defined hollow spherical structure
with two shells. The outer shell presents a smooth surface and is mainly made of copper
and zinc oxide, while the inner shell shows a granular structure formed by small copper
granules (Figure A.3, Appendix A). The average particle size was determined to be ca.

10 pm.

—_
10 pm

10 pm

Figure 2.4. SEM images of (a) CuZn_5, (b) CuZn_15, and (c) CuZn_25.

XRD was used to evaluate the crystal structure of the prepared CuZn catalysts,
Figure 2.5. The XRD pattern of CuZn_5 shows only a few broad peaks of low intensity,
indicating that this sample is mostly amorphous, in good agreement with SEM results.
Notwithstanding, diffraction peaks at 20 values of 31.8° (100), 34.4° (002), and
36.3° (101) indicate the formation of ZnO with wurtzite structure. Additional peaks at
23.9°(021), 39.4° (130), and 53.3° (132) denote the presence of the Cu(OH), phase.

For sample CuZn_15, intense diffraction lines are observed at 36.3° (111) and 42.4°
(200), ascribed to Cu,O with cuprite structure. Once again, the main diffraction lines of
the ZnO phase are present; however, with higher intensity when compared to CuZn_35,
indicating higher crystallinity. Accordingly, the ZnO crystallite size was estimated to be
ca. 9.1 nm and 17.2 nm for CuZn_5 and CuZn_15, respectively (Table 2.1). CuZn 15
presents only a residual amount of Cu(OH),, suggesting that the major fraction of
crystalline Cu?* was reduced to Cu*. The presence of ethylene glycol, which acts as a

reducing agent, can explain the observed copper reduction. The diffraction pattern of
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CuZn_25 indicates that Cu,O and ZnO phases are still present after 25 h of synthesis.
However, this sample shows two new sets of diffraction lines: the first ascribed to
metallic Cu at 43.3° (111) and 50.4° (200), and the second to a CuZn intermetallic
compound at 25.5° (101), 42.1° (110), and 50.4° (113). Therefore, the results indicate
that longer syntheses increase the degree of interaction between copper and zinc and
promote the reduction of copper oxide species formed during the initial stages to metallic

copper.

Intensity / au

20

Figure 2.5. XRD pattern of the developed catalysts. m CuxO (JCPDS card no. 05-0667),
O Cu’ (JCPDS card no. 04-0836), ¢ Cu(OH), (JCPDS card no. 80-0656), ¢ ZnO (JCPDS
card no. 36-1451), and + CuZn (JCPDS card no. 26-0571).

The textural properties of the developed catalysts were studied by N, physisorption
technique (Figure 2.6, Table 2.2). According to the [IUPAC classification, all catalysts
present type IV isotherms with type H2 hysteresis, typical of materials with mesoporous
structures and pores with an ink-bottle shape [28]. Results also indicate that the specific
surface area (Sger) decreased with the increasing synthesis time, which is explained by
the increase in the degree of crystallization and particle size. All samples present a
polymodal pore size distribution; however, CuZn 5 and CuZn 25 are dominated by

small-diameter pores (ca. 4 nm) while CuZn_15 presents larger pores (ca. 15 nm),
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Figure 2.6b. Thus, the higher pore volume recorded for CuZn_15 is related to their

larger pore size. In turn, the lower Sger, compared to CuZn_5, suggests that CuZn_15

presents a lower number of pores. Undoubtedly, these results indicate that the textural

properties of the catalysts are influenced by the synthesis conditions, namely the

synthesis time.

Table 2.1. Average crystallite size estimated from XRD data using the Scherrer

equation.
Mean crystallite size (nm)
Sample
Cu’ Cu,0 Cu(OH), ZnO CuZn
CuZn_5h -- -- 7.7+0.9 9.1+1.1 --
CuZn 15h -- 13.7+3.0 8.0+£0.3 17.2+5.0 --
CuZn 25h 448+7.0 14.6 +3.0 -- 18.7+5.0 52.4+3.0
(a) (b) - I 0.002 cc g'1 nm’!
i 160 cm?g™ . 10.013 ccg”’ nm” A
= - J‘x’ A
L e - A
E c
o w5
= o
T [& -
& |Cuzn_25 A -
5 |asssssssssesssssiss [ CuZn_25
% | g | W‘\'_\_.
: o CuZn_15
E |CuZn_15 5
s g -
“1CuZn_5 T CuZn_5
S T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 2 4 8 16 32 64 128 256

Relative pressure / P/P,

Pore diameter / nm

Figure 2.6. (a) Nitrogen adsorption/desorption isotherms and (b) pore size distribution

of CuZn_5, CuZn_15, and CuZn_25.
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Interestingly, the double-layer capacitance of the electrodes produced with the CuZn
catalysts (Table 2.2) is not in line with the Sger (Figure 2.7), as previously reported by
other authors [29]. On the other hand, Figure 2.7 shows a correlation between pore
volume and the double-layer capacitance, suggesting that porosity is a critical parameter

that affects the properties of the electrodes.

Table 2.2. Textural and electrical properties of the developed catalysts.

Sample SBET Vpore Cu:Zn Cdlb

P (m? g (ccgh) at. ratio? (mF cm)
CuZn_ 5 66.8 0.33 1.50 2.36
CuZn_15 54.4 0.45 1.69 5.04
CuZn_25 43.4 0.40 1.70 3.80

2: atomic ratio according to SEM-EDX results obtained for the electrodes prepared with the CuZn

catalysts (Figure A.4, Appendix A); *: double-layer capacitance.

Cg4 ! mF cm™
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45 - .
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Figure 2.7. Correlation between the BET-specific surface area and pore volume with the

double-layer capacitance of the electrodes.
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The reducibility of the catalysts was studied by H>-TPR, Figure 2.8a. Since no reduction
signal was observed at ca. 500 °C (ZnO reduction region [30], Figure 2.8b), all recorded

peaks are attributed to the reduction of copper species.

(@) —cuzns | @ —cu
1 252°c - _ o
= ——Cuzn_15 Lo o —
= ——CuZn_25 =
= | = _ :\
= 319 °C & i
g 273°C M g ] e
25 2 /B M
o @ /i
- / 317 °C - af\‘:,
I [ | | | [ | | I [ | | I

100 160 220 280 340 400 460 520 120 180 240 300 360 420 480 540 600
Temperature / °C Temperature / °C

Figure 2.8. (a) H>-TPR profile of CuZn_5, CuZn_15 and CuZn_25. (b) H>-TPR profile
of Cu and Zn single element catalysts synthesized according to the same procedure used
to prepare the CuZn bimetallic catalysts within 15 h of synthesis. TPR profile indicates
that the reduction of copper and zinc species occurs at 283 °C and 505 °C, respectively.
Moreover, the H, consumption peak of the copper sample can be deconvoluted into two
Gaussian peaks centered at ca. 259 °C (o) and 282 °C (B). These double peaks have been
previously assigned to a stepwise reduction of surface dispersed CuO species from Cu?*

to Cu” (a), closely followed by the reduction of Cu* to Cu® (B) [31].

CuZn_15 sample displays a narrow and intense reduction peak, indicative of copper
particles with homogenous size. Moreover, hydrogen consumption occurred at a
considerably lower temperature than that reported for bulk Cu,O reduction (above
350 °C) [32]. This behavior can be explained by the smaller particle size of the
synthesized catalysts and higher surface area compared to bulk Cu,O (ca. 0.10 m* g),

which exposes more Cu” species. Moreover, literature reports that copper reducibility

72



Influence of synthesis time on the properties of bimetallic CuZn oxide catalysts for ERCO,

can be enhanced by the interaction with ZnO [33]. Thus, the recorded peak at 252 °C is
attributed to the reduction of small Cu” particles in intimate contact with ZnO. TPR
profile of CuZn_25 shows two reduction features, suggesting the presence of two distinct
copper species. The low-temperature peak (273 °C) is attributed to the reduction of Cu*
in strong interaction with ZnO, as observed for CuZn 15. According to SEM results,
these particles are part of the outer shell of the catalyst structure. The higher reduction
temperature compared to CuZn_15 can be related to the larger particle size of CuZn_25.
On the other hand, the high-temperature reduction peak (317 °C) is ascribed to the
reduction of isolated Cu" from the copper inner shell. For the CuZn_5 sample, only one
narrow reduction peak is observed at 319 °C associated with the reduction of mainly

amorphous Cu?*, which behaves as bulk-CuO [32].

The surface composition and electronic structure of the developed CuZn catalysts were
examined by XPS, Figure 2.9. For all samples, the peak-fit of the Cu 2p3, region shows
two photoelectron peaks at ca. 934.5 eV and ca. 932.3 eV, Figure 2.9a. According to
the literature, the high BE peak (934.5 eV) is ascribed to Cu(OH), [27], suggesting that
some Cu(OH); impurities are present on the catalyst surface, even after 25 h of synthesis.
It should be noted that XRD indicated that Cu(OH); is formed during the early stages of
the solvothermal synthesis and later reduced to Cu* and Cu® species, being absent in the
bulk structure of CuZn 25. Notwithstanding, XPS also indicates that the amount of
surface Cu?* decreases with increasing synthesis time, from 42.7 % after 5 h of synthesis
to 21.7 % after 25 h (Table 2.3). The low BE peak (932.6 €V) can be attributed to Cu*
and/or Cu’. Literature reports statistically similar BE values for metal Cu and most Cu*
species [34]. Thus, the modified Auger parameter and the Auger peak shape provide a
more accurate assignment for these species [26,27]. A modified Auger parameter of
1848.7 eV was obtained for all samples (Table 2.3), consistent with literature values for

Cu0 (1849 + 0.6 V) [35].
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Figure 2.9. (a) Cu 2p3» and (b) Zn 2p3,» XPS spectra of the CuZn catalysts.

Table 2.3. Zn 2ps,, Cu 2p3p, Cu and Zn LMM, and modified Auger parameter values

for the developed CuZn catalysts. Curve-fitting parameters.

BE* FWHMP Peak KE¢ FWHM Peak a’ At.

Sample  Compound .\ " (V)  shape (eV) (V) shape (eV) %?

CuO 9326 158  GL(80) 916.1 3.62 GL(70) 1848.7 6.8
CuZn 5 Cu(OH), 9345 235 GL(30) 916.1 3.62 GL(70) 1850.7 42.7
ZnO 10216 178 GL(30) 987.6 2.71 GL(30) 2009.2 59.5
Cu,O 9326 150 GL(80) 916.1 3.77 GL(70) 1848.7 11.4
CuZn 15 Cu(OH), 9345 243 GL30) 916.1 3.77 GL(70) 1850.6 42.2
ZnO  1021.6 1.83 GL(30) 987.2 292 GL(30) 2009.2 46.5
Cu,O 9323 129 GL(80) 9164 326 GL(70) 1848.7 20.3
CuZn 25 Cu(OH), 9342 284 GL(30) 9164 326 GL(70) 1850.5 21.7

ZnO 10219  2.03  GL@3B0) 987.2 290 GL(30) 2009.2 58.0
2: binding energy; °: full width at half maximum; ©: kinetic energy; o’: modified Auger parameter;

4: calculated according to Cu 2p32 and Zn 2p3p.
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XPS also indicates that CuZn_5 has a negligible amount of CuO (6.8 %), though this
value increases with the increasing synthesis time, reaching 20.3 % for CuZn_25.
Therefore, this result suggests that Cu,O is not formed during the initial synthesis stage;
instead, it results from the reduction of Cu®" species (in agreement with XRD). On the
other hand, the Zn 2p3), region, Figure 2.9b, presents only one peak at ca. 1021.6 eV
with a modified Auger parameter of 2009.2 eV, indicating the presence of ZnO [25,26].
Figure 2.9 and Table 2.3 also evidence a positive shift of 0.3 eV in the Zn 2p;,, region
of CuZn_25, while the equivalent down-shift was observed in the Cu 2ps3, region. These
deviations are attributed to the charge transfer during the formation of the CuZn
intermetallic compound (XRD results), where copper acts as an electron

acceptor [36,37].

As mentioned earlier, catalysts were synthesized through a simple and potentially
scalable one-pot solvothermal route. This method exploits the solubility of an inorganic
substance (e.g., copper and zinc acetate) in an appropriate solvent (e.g., ethylene glycol)
at elevated temperature and pressure and, subsequent crystallization of the dissolved
material from the fluid [23]. Moreover, this method offers an easy way to tailor the
properties of the obtained nanomaterials by simply changing different reaction
parameters, including reaction time, temperature, reaction medium, and pressure. For
instance, Yan et al. reported that the morphology of ceria nanoparticles can be controlled
by tuning the reaction time without the assistance of surfactants or templates [38],
dismissing the use of complex purification techniques. As suggested by the
characterization results, in this work, the reaction time also has a remarkable effect on

the properties of the developed catalysts.

Based on the above results, it is proposed that during the first stage of the solvothermal
process, Cu(OH), and ZnO start to nucleate and precipitate, mainly as an amorphous
material, following the growth mechanism proposed by other authors [39—41]. Later,
after forming the first structures, the initial crystals start to agglomerate to minimize their
surface energy, resulting in particle growth. Moreover, it was observed that at this point,
core-shell type microspheres are produced with a copper-rich core and a mixed

copper-zinc oxide shell. Cu(OH), is also partially reduced to Cu,O. According to
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Li et al., acetaldehyde molecules, formed by the dehydration of ethylene glycol at high
temperature, are responsible for this reduction [39]. On the other hand, more
electropositive cations, as Zn*" cannot be reduced due to the mild reducing power of the
glycol solution [42]. During the later stages, Cu,O is further reduced to Cu’, and the
two-shelled hollow spheres are produced. Literature reports that, for longer syntheses,
crystallites located in the central region of the spheres are gradually removed, shaping a
hollow structure [43]. This phenomenon is observed since the inner crystallites are
formed in the early stages of nucleation and growth and, thus, usually are smaller and
present lower crystallinity. To minimize the Gibbs energy of these crystallites/particles,
they dissolve and subsequently re-grow on the surface of larger crystals [43,44].
Likewise, it is assumed that in the present work, hollow spheres are generated in the last
stage of the synthesis through Ostwald ripening, with subsequent particle growth, as
already reported for Cu,O and ZnO particles [39,40]. Figure 2.10 illustrates the
proposed mechanism, with the identification of the main steps: (1) nucleation, (2) crystal

growth and formation of the core-shell microspheres, and (3) Ostwald ripening.

g Cu°

Cu(OH), + ZnO Cu,0+Zn0  Cu0 Cu,O +ZnO

Figure 2.10. Proposed formation mechanism of two-shelled hollow spheres via a simple
one-pot solvothermal route. The mechanism involves three main stages: (1) nucleation,
(2) crystal growth and formation of the core-shell microspheres, and (3) Ostwald
ripening. Inserts in SEM images show digital photographs of the obtained catalyst

powders.
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SEM images of the monometallic copper and zinc samples (Figure 2.11) show that
hollow spheres are formed when only the copper precursor is present in the solvothermal
medium. Thus, it is proposed that copper deposition mainly controls the formation of
hollow spheres. On the other hand, ZnO nanoplates with smoother surfaces are obtained
when only zinc is precipitated. Therefore, zinc seems to be responsible for the smooth

surface of the outer shell observed for the CuZn_25 sample.

Figure 2.11. (a, ¢c) Low and (b, d) high magnification SEM images of (a, b) copper and

(c, d) zinc monometallic samples.

2.4.2 Electrochemical CO2 reduction

The first evaluation of the catalytic activity of the developed CuZn-based catalysts was
assessed by LSV in N, and COs-saturated 0.1 M KHCOs3, using a conventional
three-clectrode cell (Figure 2.12). The faradaic current observed when using
N»-saturated electrolyte is associated with the hydrogen evolution reaction (HER), while
the current response in the presence of CO, comprehends the contribution of HER and
ERCO:.. As illustrated, all samples generated higher current density when the electrolyte
was saturated with CO», suggesting that the developed catalysts are active for the
ERCO,. Moreover, Figure 2.12 indicates that the synthesis conditions had some effect
on the overall current density recorded under COs-saturated electrolyte, with the
CuZn 25 sample displaying the lowest current response. In turn, considering the
differences between the CO, and N polarization curves as an indication of the ERCO,
activity [45], it can be concluded that increasing the synthesis time of the catalysts results

in a massive reduction of the CO, reduction activity, especially at higher overpotentials.
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Figure 2.12 also denotes that the onset potential is higher for the catalyst prepared with

25 h of synthesis.
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Figure 2.12. IR-corrected LSV polarization curves at cathodic potentials in N, (dashed
lines) and CO»-saturated (full lines) 0.1 M KHCOj; for (a) CuZn_5, (b) CuZn_15, and
(c) CuZn_25. Scan rate, 20 mV s™'.

After the initial LSV measurements, the activity of the CuZn catalysts toward CO,
reduction was assessed by potentiostatic measurements at selected potentials from -0.7 V
to -1.4 V, using a three-electrode cell. An aqueous solution of 0.1 M KHCO;3, saturated
with CO,, was used as electrolyte. The evolved gaseous products were quantified during
the electrolysis by GC, and liquid products were analyzed by headspace-GC at the end
of the reaction. Six products, including H», were detected, and their FE added up between
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97.2% and 104.7 % (Tables A.1-A.3, Appendix A). Figure 2.13 shows some
fluctuations in the current density during the initial 10-15 min of electrolysis, possibly
due to conditioning effects. However, after reaching the steady-state, the geometric

current densities remained stable over the duration of the electrolysis (90 minutes).
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Figure 2.13. Chronoamperometric curves at various potentials for CO, reduction in

CO,-saturated 0.1 M KHCO;3 for (a) CuZn_5, (b) CuZn_15, and (¢) CuZn_25.

The total current density and FE values recorded during the electrolysis experiments at
constant potential are illustrated in Figure 2.14. In contrast to what was suggested by
the LSV measurements, Figure 2.14a shows that the current density is not affected by
the synthesis time. Previous studies using CuZn catalysts for ERCO, showed that the

catalytic activity is mainly controlled by the catalyst bulk composition. In particular, it
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is reported that the current density monotonically decreases as Zn content increases in a

CuZn system [17,46]; this behavior was assigned to the conductivity of the materials. As

acknowledged, copper is three times more conductive than zinc; therefore, a higher

amount of copper can reduce the resistance of the CuZn catalyst, increasing the charge

transport and consequently the catalytic activity (current density) [47]. The differences

observed during the LSV measurements may be related to the fact that LSV is

potentiodynamic in nature, and thus it does not represent a true steady-state [48].

a

@ o -m- CuZn 5

®. 2-{-@ CuZn_15 -8
§ -A- Cuzn_25 i
< 4 »

E 7 A7

=) S

7

W -8 - ,/‘

(= osd

o 8,7

< <10 Lk

c 7z

£ 12 A

5 ;

O 14 '2’:

| ¢
-16 [ [ I I I I [ |
A4 43 12 44 1009 <08 07
Potential / Ve

c) 60
(€) &0 T Wl cH. I Et0H

[$2]
o

H
o

Faradaic efficiency / %
N w
o o

-
o

-14 13 1.2 11
Potential / Vg

-1.0 -0.9 -0.8 -0.7

(b) 60 o

i-ProH

[ EtoH il MeOH

[$2]
o

N
o

Faradaic efficiency / %
N w
o o

-
o

-14 13 -12-11-10 -09 -08 -0.7

Potential / Vg e

(d) 60

Il co [l etoH

[4)
o
|

S
o
|

Faradaic efficiency / %
N w
o o
l

==
o

o

-14 13 -12 11 -1.0 -0.9 -0.8 -0.7
Potential / Vg

Figure 2.14. (a) Total current density and faradaic efficiency over (b) CuZn 5,
(¢c) CuZn_15, and (d) CuZn_25 at different applied potentials.
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Electrochemical results summarized in Tables A.1-A.3 (Appendix A) indicate that Ho,
output from the parasitic HER, was the main product, in agreement with previous
reports. H FE values above 40 % are typically found in the literature for CuZn systems
with similar composition (quasi-equiatomic), measured under similar conditions (i.e.,
electrolyte and cell configuration) [17,49,50]. Regarding the CO, electrolysis, CO was
identified as the main reaction product for all catalysts and potential range studied, as
illustrated in Figure 2.14. Nevertheless, the catalytic results show that the synthesis time
of the catalysts influences the product distribution. A major effect is a decrease in the
number of ERCO; products with the increasing hours of synthesis. For CuZn 5
(Figure 2.14b), four reaction products were identified, i.e., CO, ethanol, methanol, and
2-propanol; three different compounds were obtained with CuZn 15, namely CO,
methane, and ethanol (Figure 2.14¢); and only CO and ethanol were produced when

using CuZn_25 (Figure 2.14d).

As discussed, CO was obtained as the main ERCO, product for all catalysts. In
particular, for CuZn_5, it was observed that the CO selectivity increased when more
reducing potentials were applied (Figure 2.14b). The maximum FE for CO (33.1 %)
was recorded at -1.4 V. Methanol was also obtained as a COz-electrolysis product,
however, with very low selectivity (maximum FE of 1.6 %). In addition, C»+ compounds
were detected, in agreement with previous reports for unalloyed CuZn
systems [17,46,49]. In the present work, ethanol was preferentially produced at low
overpotential. The maximum FE values, between 2-3 %, were achieved for a potential
range of -0.7 V to -0.9 V. However, these values are far from the FE reported by Ren
and co-workers, which obtained a selectivity of 29.1 % using a CuZn catalyst,
at-1.05 Vrue [17]. The authors concluded that by varying the amount of Zn, it is possible
to tune the selectivity for ethanol, with a maximum production achieved for a Cu:Zn
atomic ratio of 4. In line with the cited work, the low ethanol selectivity of CuZn_5 can
be associated with the composition of the catalyst (Cu:Zn atomic ratio of 1.54). Finally,

2-propanol was detected with a maximum FE of 2.5 % at -0.9 V.

As opposed to the results obtained with CuZn_5 catalyst, sample CuZn_15 shows higher
CO production at lower overpotential (Figure 2.14c¢). The maximum FE for CO
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production was recorded at -0.7 V, representing an overpotential of only 110 mV, under
the current operating conditions. Nonetheless, the production yield was very low
(19.3 pmol h'! cm?; Table A.2, Appendix A). Results also indicate that it is possible to
increase the production rate by 5.7-times, to 110.3 umol h™! cm™, when working at a
higher overpotential (810 mV). Methane and ethanol were also produced, displaying a
maximum FE value of 7.2 % and 6.2 %, respectively. According to the reaction
mechanisms proposed by several authors, methane and methanol production share the
same pathway [8,51-53], with *CHOH identified as a possible branch point [52]
(* indicates surface sites). The main difference between the electrosynthesis of methanol
vs. methane is that methanol production requires only one C—-O bond of the CO,
molecule to be broken, while for methane both C—O bonds must be cleaved. Thus,
according to Kuhl et al., the oxophilicity of the catalyst plays a crucial role in controlling
the methane/methanol selectivity [54]. A strong oxygen binding affinity favors the
cleavage of the second C—O bond, enhancing methane production. Accordingly,
comparing the evolved product distribution trend for CuZn_5 and CuZn_15 catalysts, it
is reasonable to assume that CuZn_15 has a stronger oxygen affinity, favoring methane
production over methanol. According to the characterization results, this effect may
result from the more complex structure of CuZn_15. As discussed, CuZn_15 presents
core-shell type microspheres with a Cu,O core and CuxO/ZnO shell, contrary to the
amorphous structure of CuZn_5. Thus, Zn, which is more oxophilic than Cu [37], is
preferentially exposed on the surface of CuZn_15. CV curves indicate that the oxidation
of CuZn_15 starts at a lower potential than CuZn_5, suggesting that the surface of
CuZn 15 is oxidized more readily than CuZn 5 (Figure 2.15). Thereby, the results
support the hypothesis that CuZn_15 has a stronger oxygen affinity.

CuZn 25 shows a relatively stable CO selectivity for the whole range of potential
studied, with the FE never exceeding 25 % (Figure 2.14d). Besides CO, ethanol was
obtained as ERCO, product, with a maximum FE of 1.7 % at -1.0 V. As previously
mentioned, the lowest number of reaction products was achieved for this sample (only
CO and ethanol). According to the literature, the strong Cu-Zn interaction (possibly an

alloy) observed for CuZn_25 can explain this behavior [46].
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Figure 2.15. IR-corrected cyclic voltammograms of CuZn_5, CuZn_15, and CuZn_25
in No-purged 0.1 M KHCO; solution. Scan rate, 50 mV s\,

Although the mechanism of C, production is still controversial, CO dimerization has
been widely accepted as the most plausible pathway [8,55]. As a result, increasing the
near-surface concentration of CO should improve the selectivity toward C, products. At
the same time, copper is reported to facilitate C—C coupling reactions [17,55]. Therefore,
establishing a Cu-bimetallic structure by adding a second metal, which is highly active
for the CO,-to-CO reduction (e.g., Zn), is an effective strategy to boost the production
of C, compounds [56]. From this perspective, the role of Zn during the electrolysis is to
continuously produce an in situ source of mobile CO. The CO molecules then diffuse to
adjacent Cu sites and react with other C; intermediates (probably *CO) [17,46,57].
However, when a CuZn alloy is formed, the Cu sites lose the functionality to further
reduce CO intermediates, enhancing the production of CO. The formation of an alloy
shifts the d-band center of Cu away from the Fermi level [46,58], increasing the
occupancy of the antibonding states and thus weakening the binding energy of *CO
(Hammer-Ngrskov d-band model) [59,60]. It is worth mentioning that the synergetic
effect between copper and zinc in the developed CuZn catalysts will be explored in

Chapter 3.
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CO-TPD experiments were performed to confirm the different adsorption behavior of
CO on the prepared catalysts (Figure 2.16). The CO-TPD profiles clearly show a
negative shift in the main desorption peak from 595 °C to 518 °C, increasing the
synthesis time. Moreover, for CuZn_25, an additional well-defined peak is observed at
340 °C. Thus, the results confirm that the CO binding strength decreases for longer
syntheses, which can be explained by the increased Cu-Zn interaction (electronic
effects), promoting CO production over C, products. Besides the electronic effects, the
particle size can also account for the differences observed in the CO binding strength
and, thus, evolved product distribution. Characterization results indicated that longer
syntheses also lead to particle growth. According to Reske et al., an increased particle
size reduces the population of undercoordinated sites, weakening the binding of *CO
and *H [61]. Similar size-dependent adsorption behavior was also observed for Au [62]

and Pd nanoparticles [63].
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Figure 2.16. CO-TPD profile of CuZn_5, CuZn 15, and CuZn_25.
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The work function (WF) of the prepared CuZn oxide catalysts was determined to further
understand their electrocatalytic behavior and the obtained electroreduction products,
Figure 2.17. As illustrated, the WF of the bimetallic samples is lower than that of the
pure copper oxide surface, in agreement with the literature [64]. As a result, less energy

is required to remove an electron from the bimetallic surfaces.
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5.35 -
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5.25 —
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Cu CuZn_5 CuZn_15 CuZn_25

Figure 2.17. Work function of the developed CuZn catalysts and Cu single element
catalyst.

CuZn_5 shows the lowest WF value among the prepared catalysts, suggesting that
electrons are easily removed from their surface and become readily available for CO»
reduction. Thus, the low WF of this material can explain the higher production of more
reduced products, namely ethanol, methanol, and 2-propanol. In comparison, CuZn_15
has a higher WF, resulting in less reduced products. As previously discussed, Cs products
(i.e., 2-propanol) were not identified when this sample was used as catalyst. Finally,
CuZn_25 shows an intermediate WF value, higher than CuZn_ 5 but lower than
CuZn_15. Thus, considering only the WF, it would be expected to observe the
production of more reduced products, others than CO. However, as discussed, this
sample produced mainly CO. This behavior can be related to the low adsorption affinity
for CO. Despite the low WF, which indicates that electrons are readily available for

reducing CO,, and then the CO intermediate, the catalyst is unable to stabilize CO on its
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surface. Thus, CO is easily desorbed from the catalytic surface and emerges as the main

ERCO; product.

The structural integrity of the developed catalysts under electrolysis conditions was
evaluated by SEM. Images were acquired before and after the CO, electrolysis, as
illustrated in Figure 2.18. The images of the electrodes before the ERCO; experiments
show particle aggregation on the surface of CuZn_5 and CuZn_25 catalysts. In contrast,
a very homogeneous surface, with small granular particles, is observed on the surface of
CuZn_15. After electrolysis, structural losses were observed for CuZn_5 and CuZn_25;
in particular, the morphology of CuZn_5 changed entirely. Although the current density
and FE remained stable during electrolysis for catalysts CuZn 5 and CuZn 25,
indicating no apparent deactivation, these results suggest some stability problems.
Catalyst CuZn_15, on the other hand, showed higher structural integrity under the

operating conditions.

—_ —_ [—
80 pm 80 pm 80 um

Figure 2.18. SEM images of the electrodes prepared with the developed catalysts,
(a) CuZn_5, (b) CuZn_15, and (c) CuZn_ 25, before and after the ERCO, reaction
at-1.4 V.
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2.5 Conclusions

Bimetallic CuZn oxide catalysts were synthesized following a simple one-pot
solvothermal route. The influence of the synthesis time on the physicochemical and

electrochemical characteristics of the developed materials was successfully assessed.

According to the present results, it is proposed that this synthetic route leads to the
production of two shelled hollow spheres, with a copper-rich inner shell and a mixed
copper-zinc oxide outer shell. Moreover, it is suggested that the synthesis starts with the
nucleation of copper and zinc, followed by crystal growth and formation of core-shell
microstructures. Later, Ostwald ripening is responsible for shaping the hollow spheres
and particle growth. It was also observed that longer synthesis promotes the reduction
of Cu?* species to Cu' and Cu’, and strengthens the interaction between copper and zinc,

ultimately forming a CuZn intermetallic compound.

Furthermore, it was concluded that the electrocatalytic behavior for CO» reduction is
strongly affected by the synthesis time. With the increasing synthesis time, the number
of ERCO; products obtained decreases due to the strengthening of the copper-zinc
interaction. Accordingly, when a CuZn bimetallic structure is formed, copper loses the
ability to reduce CO: to hydrocarbons and alcohols. This loss of functionality was
assigned to a different electronic ligand effect, with decreased binding energy for CO.
Thus, CO is easily desorbed from the catalyst surface, resulting in an increased CO
production. Moreover, the obtained results indicate that the oxophilicity of the catalyst
increases when a well-defined core-shell structure is formed, with zinc preferentially
exposed on the shell, which governs the methanol/methane selectivity. The work
function of the catalysts is also critical in controlling the product distribution, with more
reduced products (C) being produced when the work function value is lower, i.e., less

energy is required to remove electrons from the catalytic surface.

Although the present results did not constitute a breakthrough in the catalytic activity
values for the ERCO,, it clearly demonstrates the strong influence of the synthesis
method, in particular the solvothermal reaction time, on the catalytic properties of Cu-Zn

oxide catalysts, even keeping the bulk catalyst composition.
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Nomenclature
Abbreviation Definition
Ag/AgCl Silver/silver chloride reference electrode
At. % Atomic ratio
BE Binding energy
BET Brunauer-Emmett-Teller method
BJH Barret-Joyner-Halenda method
CO-TPD Carbon monoxide temperature-programmed desorption
Ccv Cyclic voltammetry
e Electron
ECSA Electrochemical active surface area
ERCO» Electrochemical reduction of CO,
FAT Fixed analyzer transmission
FE Faradaic efficiency
FWHM Full width at half maximum
GC Gas chromatography
GDL Gas diffusion layer
H,-TPR Hydrogen temperature-programmed reduction
HER Hydrogen evolution reaction
JCPDS Joint committee on powder diffraction standards
KE Kinetic energy
LSV Linear sweep voltammetry
RHE Reversible hydrogen electrode
SEM-EDS Scanning electron microscopy with energy dispersive spectroscopy
TCD Thermal conductivity detector
WF Work function
XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction
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Greek Symbol Definition Unit
o’ Modified Auger parameter eV
s Full width at half maximum rad
0 Bragg angle rad
A Wavelength of the X-ray beam nm
Variable Definition Unit
Ca Double-layer capacitance mF cm
d Crystallite size nm
E° Standard redox potential \Y
Engagc Potential of the Ag/AgCl reference electrode \%
Eeq Equilibrium potential under reaction conditions A%
Erue Potential in the RHE scale v
K Crystallite-shape factor
SBET Specific surface area m? g’!
Vpore Pore volume ccg!
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3.

Tuning the Selectivity of Cu20/Zn0O Catalyst for CO:

Electrochemical Reduction

3.1 Abstract

Different post-synthesis procedures were employed for enhancing the performance of
catalyst CuZn_15 (described in Chapter 2) to the electrochemical reduction of CO,
(ERCO3). Namely, when an in sifu potential cycling treatment was applied, the
selectivity to CO increased 2-fold compared to the untreated catalyst, reaching 65.7 %
of faradaic efficiency with a partial current density of -11.9 mA c¢cm™ at -1.4 Vrug. The
enhanced CO»-to-CO conversion was attributed to the increased number of oxygen
vacancies and the strengthening of the copper-zinc synergy, which helps to stabilize Cu”
species. In general, the explored procedures successfully controlled critical
physicochemical parameters that govern the catalytic behavior such as oxidation state,

oxygen defects, crystallite size, and the strength of the copper-zinc interaction.

Keywords:CO, valorization; CO: electroreduction; potential cycling; copper-zinc;

syngas; selectivity.
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3.2 Introduction

World energy consumption has grown tremendously in the past two decades due to
unprecedented economic development and population growth, especially in Asian
countries [1]. On that account, excessive CO, emissions have triggered severe
environmental problems, presenting an urgent and potentially irreversible threat to
human life, which demand an urgent and vigorous response [2,3]. Creating a global-scale
sustainable energy system for the future, while preserving our environment, is then one

of the most crucial endeavors of our time [4].

The capture of CO, from air and point sources, such as power plants, followed by its
conversion into chemical feedstocks and fuels, is a possible strategy for carbon recycling
and a pathway to a circular carbon economy [3]. Among the many approaches under
development, CO; electrochemical reduction (ERCOs) is an elegant long-term approach
with several advantages already identified [3,5,6]. For instance, the electrocatalytic
process can be carried out under atmospheric conditions [6]. As driving force, electrical
energy can be obtained from intermittent renewable energy sources (e.g., solar, wind,

and hydro), thus not contributing to new CO, emissions [7,8].

Despite being a promising technology, the ERCO; still faces scientific challenges,
hindering its large-scale implementation [9]. The performance of the CO; electrolysis is
primarily affected by sluggish reaction kinetics, owing to the large energy barrier for
CO; activation, which explains the urgent need to develop efficient catalysts [10,11].
Moreover, the hydrogen evolution reaction (HER) competes with ERCO,, whose
kinetics is substantially more favorable, decreasing the overall efficiency of the process.
Additionally, the poor reaction selectivity for the target product is a critical
problem [5,9,12]. Among the various possible products, CO is pointed out as an
emerging entry point for ERCO; into the market due to its large global demand and ease
of production [13], already attracting industrial interest [14]. In particular, syngas, a
mixture of CO and H,, is one of the most important precursors for many commodities

and chemicals, including high-energy-density fuels (e.g., methanol, ammonia, and
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synthetic petroleum) [15,16]. As syngas is mainly produced from fossil fuels, there is an

opportunity to establish sustainable pathways for its production [16,17].

Noble metal-based catalysts (including Au, Ag, and Pd) are considered the current
state-of-the-art catalysts for the electrochemical reduction of CO; to CO [5,18]. These
metals exhibit optimal binding energy for reaction intermediates (i.e., COOH and CO),
which explains their superior catalytic activity and selectivity [18,19]. Over the last
years, several successful strategies have been reported to improve the catalytic
performance for CO production [18,20-23]. Mistry et al. concluded that the catalytic
activity of Au nanoparticles is size-dependent, showing a drastic increase in current
density with decreasing particle size. Moreover, the particle size greatly influences
product selectivity; larger particles (7.7 nm) favor CO production, while the HER
becomes dominant for sizes smaller than 5 nm [20]. The size effect was also reported for
Pd catalysts. However, in contrast to Au catalysts, the CO production increases as the
size decreases, while the HER is favored for larger particles [21]. Although the particle
size affects different materials distinctly, it is reported that the particle size modifies the
adsorption energy of the reaction intermediates on the catalyst surface, which in turn
controls the catalytic activity [18]. Morphology is another critical parameter to tune the
ERCO; performance. Liu and co-workers demonstrated that triangular Ag nanoplates
exhibit enhanced current density and higher CO faradaic efficiency (FE) compared to
similarly-sized Ag particles and bulk Ag. The improved performance was attributed to
the optimum edge-to-corner ratio of triangular Ag nanoplates, which can efficiently
reduce the reaction energy barrier [22]. Another effective approach to control the
adsorption energy of intermediates and, thereby, further improve the performance of
metal catalysts, is to increase the number of low-coordinated sites on the catalyst surface,

as reported by Zhu et al. [23].

Nevertheless, the scarcity and high cost of noble metals require that future development
of catalysts for CO production focus on reducing or replacing these metals. In this
context, Zn emerges as the most promising alternative [18]. The suitable intermediate
adsorption energy of Zn results in high FE for CO production, usually above
80 % [24,25]. However, Zn has low intrinsic activity [17], hindering CO productivity.
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One potential strategy to improve the catalytic performance is the use of bimetallic
catalysts. These materials show particular electronic and geometric structures that result
in synergistic effects, promoting ERCO, [12,26]. Cu-Zn bimetallic systems have
recently gained attention since Cu and Zn are low-cost sustainable
materials [9,10,17,27,28]. Moreover, these systems are already well-studied and widely
used in important industrial processes (e.g., methanol synthesis) [29]. Copper has three
times more electrical conductivity than zinc. As a result, the incorporation of Cu into Zn
can reduce the resistance of the catalyst material and thus enhance charge transport,
decreasing the reaction overpotential and ultimately resulting in higher catalytic activity.
Meanwhile, the presence of Zn is expected to inhibit the H, formation, owing to its low

activity toward the HER [9].

The present work studies the influence of different post-synthesis procedures on the
catalytic performance of the CuZn oxide catalyst, produced with 15 h synthesis
(Chapter 2). In particular, it is proposed that in sifu conditioning approaches can be
integrated with CO; electrolysis to tune the CO/H: production ratio. A thorough search
of the relevant literature suggests that this work demonstrates for the first time that the
composition of syngas produced through the ERCO; can be controlled using in situ
potential cycling procedures. So far, this fine-tuning has mainly been achieved by

changing the catalyst properties during the synthesis stage.

3.3 Experimental
3.3.1 Catalyst synthesis

The catalysts were synthesized using the solvothermal-route described in Chapter 2 and
considering 15 h of synthesis. Cu and Zn single-element catalysts were also synthesized
using the same protocol. Lastly, a physical mixture of the appropriate amount of Cu and
Zn single-element catalysts was prepared considering the target of Cu:Zn atomic ratio

of 1.54.
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In this chapter, catalysts were named according to their composition: CuZn
(bicomponent CuZn catalyst); Cu (Cu single-element); Zn (Zn single-element); CuZnmix
(physical mixture of Cu and Zn).

3.3.2 Electrode preparation

The electrodes were prepared by airbrush deposition of a catalyst suspension on the

microporous layer of a gas diffusion layer (GDL), as described in Chapter 2.

3.3.3 Conditioning/post-synthesis treatments

Ex situ and in situ procedures were employed to activate the catalyst, Figure 3.1. The ex
situ conditioning was performed before the electrode preparation. The catalyst powder
was reduced under H, atmosphere (150 mL min™) for 30 min at 240 °C or 300 °C. The
in situ activation consisted of applying a series of potential cycles before the
electrocatalytic reduction of CO,. Cyclic voltammetry (CV) was performed at room
temperature and atmospheric pressure in 0.1 M KHCOj; saturated with N». 50 CV cycles
were scanned at 50 mV s, ranging from -1.0 Vagagci to 1.2 Vagagcl. The CVs were
either initiated from the anodic scan (causing catalyst oxidation) or the cathodic scan

(causing catalyst reduction).

It is worth mentioning that the number of CV cycles applied — 50 — was sufficient for
reaching a cyclic steady state, i.e., the last five voltammogram cycles overlap, showing

that the structural modifications were complete.

The conditioned catalysts were labeled according to the following nomenclature, X Y,
where X represents the catalyst composition and Y the conditioning conditions: 240 or
300 for the reduction temperature in °C (ex sifu conditioning); AS or CS for CVs initiated

from the anodic or the cathodic scan (in situ conditioning).
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Catalyst Synthesis Electrode Preparation ERCO, Measurements

ex situ Conditioning in situ Conditioning

=

Figure 3.1. Experimental procedure for the evaluation of the different conditioning

approaches: in situ — blue arrows, and ex situ — red arrows.

3.3.4 Electrochemical measurements

All electrochemical measurements were performed at atmospheric conditions of
temperature and pressure in a conventional three-electrode electrochemical cell, as

described in Chapter 2. All potentials in this chapter are on the RHE scale.

Linear sweep voltammetry (LSV) measurements were conducted according to the
protocol described in Chapter 2. Electrochemical impedance spectroscopy (EIS)
measurements were performed in COs-saturated 0.1 M KHCO; at -0.8 V with an
amplitude of 10 mV and frequency ranging from 1 MHz to 1 mHz. The data obtained
were fitted against an equivalent circuit [30] using the ZView software (Version 3.5,
Scribner Associates, USA). Double-layer capacitance measurements were used to
estimate the electrochemical active surface area (ECSA) of the electrodes, as described

in Chapter 2.
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3.3.5 COz reduction electrolysis and product analysis

The electrolysis experiments were performed at atmospheric conditions, following the
protocol described in Chapter 2. Likewise, gas-phase and liquid products were quantified
by gas chromatography (GC) and headspace-GC, respectively. Each experiment lasted
120 min. The faradaic efficiency and product formation rate were determined to evaluate

the electrochemical performance of the catalysts.

3.3.6 Physicochemical characterization

The morphology and element distribution were obtained by scanning electron
microscopy with energy dispersive spectroscopy (SEM-EDS, Phenom XL Desktop
SEM) and high-resolution transmission electron microscopy analysis (HR-TEM, FEI
Titan G2 ChemiSTEM) with an acceleration voltage of 200 kV. The average particle

size was calculated from the measurement of 100 particles.

X-ray diffraction (XRD, PANalytical X’Pert Pro) and X-ray photoelectron spectroscopy
(XPS, Kratos AXIS Ultra HAS) were used to study the crystal structure and the surface
chemical composition, respectively, as detailed in Chapter 2. It is worth mentioning that,
after preparation, the samples were stored and transported in N, atmosphere to avoid
possible oxidation due to air exposure, which could compromise the XPS analysis. The
amount of surface Cu(ll) was calculated according to XPS results, following

literature [31], Equation (3.1).

_B(1+(AL/B))
Cu(ll)_—A[ o (3.1)

In this equation, A4 is the total area of the main emission, B stands for the shake-up peak

areas, and AL /B; is the ratio of the main peak/shake-up peak areas (1.59 at pass energies

of 40 eV).

The reducibility of the catalysts was studied by H, temperature-programmed reduction

(H>-TPR, ChemBET Pulsar TPR/TPD) — details provided in Chapter 2. The CO»

109



Chapter 3

adsorption was studied by CO, temperature-programmed desorption (CO,-TPD,
ChemBET Pulsar TPR/TPD), following the protocol used for the CO-TPD experiments
(Chapter 2). Briefly, samples were pretreated at 120 °C under He flow, followed by CO,
adsorption at 50 °C. Then, the CO, desorption was monitored using a thermal

conductivity detector (TCD) from 50 °C to 700 °C.

3.4 Results and discussion
3.4.1 Physicochemical properties of the as-prepared CuZn catalyst

The crystalline structure of the as-prepared catalyst was characterized by XRD.
Figure 3.2 shows the XRD pattern of the prepared catalyst as powder and after electrode

preparation.

Electrode
* ¢
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Figure 3.2. XRD pattern of the CuZn catalyst, as-prepared and after electrode
production. m Cu,O (JCPDS card no. 05-0667), ¢ Cu(OH), (JCPDS card no. 80-0656),
¢ ZnO (JCPDS card no. 36-1451), and * GDL.
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As observed, the powder sample shows diffraction peaks of the Cu,O phase with cuprite
structure at 36.3° (111) and 42.4° (200). The average crystallite size, estimated from the
Debye-Scherrer equation, is 13.7 = 3 nm. Diffraction peaks assigned to the wurtzite
structure of ZnO are also observed at 31.8° (100), 34.4° (002), 36.2° (101), 47.5° (102),
and 56.6° (110), with an average crystallite size of 17.2 + 5 nm. Furthermore, the
diffraction peak at 20 value of 23.8° (021) suggests the presence of traces of Cu(OH),
phase. No significant changes are observed after the electrode production, suggesting
that the catalyst structure was maintained. However, the XRD pattern becomes

dominated by the intense diffraction lines of the GDL, mainly at 26.5° and 29.3°.

Surface atomic composition and valence state of the main elements were analyzed by

XPS; Cu and Zn single-clement catalysts were also analyzed for comparison purposes,

Figure 3.3.
(a) 2 (b)
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Figure 3.3. (2) Cu 2p3, and (b) Zn 2p3» XPS spectra of the CuZn catalyst and Cu and

Zn single-element samples.
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The Cu 2ps» photoelectron spectrum of CuZn shows two distinct peaks centered at
934.9 eV and 932.6 eV, Figure 3.3a. According to the literature, the high binding energy
(BE) component (934.9 eV) is ascribed to Cu?* as part of Cu(OH),, and the low BE peak
(932.6 €V) can be attributed to Cu* and/or Cu’ species [32]. Since the XPS Cu 2p region
shows only marginal differences between Cu® and Cu”, the chemical differentiation of
these states usually relies on the peak shape of the Cu LMM Auger emission [32,33].
The Auger peak at 916.2 eV suggests the presence of Cu', which is confirmed by the
modified Auger parameter of 1848.8 eV, consistent with literature values for Cu,O
(1849 + 0.6 eV) [34], Table 3.1. For the Cu sample, an additional peak is observed at
936.3 eV. This peak was assigned to the formation of CuF, during the electrode
preparation due to the presence of Nafion solution. The same trend is not observed for
CuZn, although fluorine (F) is detected in the survey spectrum (Appendix A,
Figure A.9).

Table 3.1. Zn 2ps.2, Cu 2p32, Cu LMM, Zn LMM, and modified Auger parameter values

for the as-prepared catalysts. Curve-fitting parameters.

BE* FWHM" Peak KE¢ FWHM Peak a At.

Sample  Compound (eV) (eV) shape (eV) (eV) shape (eV) %!

Cu,0 9324 106 GL(80) 9165 224 GL(70) 1848.9 29.5
Cu Cu(OH), 9344 201 GL(30) 9165 224 GL(70) 1850.9 48.9
CuF, 9363 208 GL(30) 9156 225 GL(30) 1851.9 29.5
Zn ZnO 10225 194  GL(70) 987.0 2.89 GL(30) 2009.5 100
CuO 9326 136 GL(80) 9162 294 GL(70) 1848.8 11.1
CuZn  Cu(OH), 9349 242 GL(30) 9162 294 GL(70) 1850.7 44.9
ZnO 10220 186 GL(70) 987.4 3.11 GL(30) 2009.4 44.0

2 binding energy; °: full width at half maximum; ©: kinetic energy; o’: modified Auger parameter;

d: calculated according to Cu 2p32 and Zn 2ps3p.

For the Zn 2ps, region, Figure 3.3b, only one peak is observed at 1022.0 eV with a
modified Auger parameter of 2009.4 eV, suggesting the presence of ZnO [31,35]. A
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positive shift of ca. 0.4 eV is observed for the Cu 2ps3, region in CuZn compared to the
single-element sample (Cu), while the opposite behavior was recorded for the Zn 2ps3,»
region concerning the monometallic Zn counterpart. As reported for CuZn alloys, the
bimetallic bonding induces a positive shift in the core level of Cu and the reverse
down-shift on the Zn core level. These changes result from charge transfer within the
heteronuclear metal-to-metal bond and other phenomena, such as rehybridization in Cu
valence levels [36]. The same tendency seems valid in this work, although no evidence
of an alloy formation was observed. Thus, the shift in the BEs suggests that a strong

interaction between Cu,O and ZnO is present.

[HAADHIRIZ

MAG: 640kx

Figure 3.4. (a) TEM image of the as-prepared CuZn catalyst power, (b) representative
HAADF-STEM image, and (c-d) energy dispersive X-ray spectroscopy maps of (c) O,
(d) Cu, (e) Zn, and (f) superposition of Cu and Zn.

TEM and HAADF-STEM micrographs of the CuZn catalyst are shown in Figure 3.4.
The results suggest that the catalyst particles are spherical with a core-shell structure

(particle size of ca. 13 £ 4 nm). EDS elemental composition analysis indicates that the
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core is mainly copper, covered by a Zn-rich shell. This evidence is supported by the
XRD and XPS results. The Cu:Zn atomic ratio calculated according to the XRD results
is 1.59, a value very close to the target of 1.54. In turn, a value of 1.27 is obtained from
the XPS, suggesting that the surface is slightly rich in zinc (Table 3.2). However, it

should be mentioned that copper is also present on the catalyst surface.

The reducibility of the prepared CuZn catalyst and the single-element counterparts were
assessed by TPR, Figure 3.5. TPR profile indicates that the reduction of Cu and Zn
samples occurs at 283 °C and 505 °C, respectively. Moreover, the H> consumption peak
of the Cu sample can be deconvoluted into two Gaussian peaks centered at ca. 259 °C (o)
and 282 °C (B). These double peaks were previously assigned to a stepwise reduction of
surface-dispersed CuO species from Cu?" to Cu” (o), closely followed by the reduction
from Cu® to Cu® (B) [37]. On the other hand, the reduction peak of CuZn is more
symmetrical and sharper than that observed for the Cu sample. In addition, it is also
shifted to a lower reduction temperature, and no reduction feature was observed in the
temperature range of the ZnO reduction. This result endorses the existence of a strong
interaction between copper and zinc (refer to XPS results), where the ZnO increases the

reducibility of copper [38].
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Figure 3.5. H,-TPR profile of CuZn, and Cu and Zn single-element catalysts.
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3.4.2 Influence of the conditioning on the physicochemical properties

The design of efficient catalysts for CO; reduction to CO involves optimizing the binding
energy of key reaction intermediates (*COOH and *CO) and/or suppressing the HER.
These properties can be tuned by controlling the physicochemical properties of the
catalysts, including particle size, morphology, and surface modifications [18]. Thus, to
understand how the conditioning affects the physicochemical properties of the CuZn
catalyst and, consequently, the electrochemical activity, the prepared electrodes were
characterized by several techniques and compared with the reference sample —
unconditioned CuZn catalyst. As discussed in detail below, the conditioning procedures
studied either resulted in severe structural modification (ex situ) or slight surface

rearrangement (in situ).

Figure 3.6. SEM images of (a) CuZn 240, (b) CuZn 300, (c) CuZn AS, and
(d) CuZn_CS.
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SEM images acquired after conditioning suggest that the conditioning procedures do not
affect the catalyst morphology. As illustrated in Figure 3.6, all samples exhibit particle
aggregates comprehending some spherical structures, in agreement with the core-shell
structure identified for the reference CuZn sample. However, it is also observed that the
particle size increased after H, reduction at 300 °C. Double-layer capacitance
measurements were carried out to estimate the electrochemical active surface area
(ECSA). As summarized in Table 3.2, the capacitance values obtained after in situ
conditioning are very close to the value of 5.04 mF ¢m™ recorded for the CuZn sample,
suggesting that the ECSA was kept after conditioning. On the other hand, a slight
reduction of the capacitance was observed for samples reduced ex sifu, indicating a
decrease in the ECSA. CuZn_300 presents the lowest value (3.19 mF ¢m™), representing
a decrease of 1.6-times compared to the CuZn reference, which can be explained by the

increase in particle size (SEM results).

Figure 3.7a shows the XRD pattern of the CuZn catalyst before and after ex situ
conditioning. The diffractograms of CuZn_ 240 and CuZn_300 do not exhibit the main
diffraction lines of Cu2O and Cu(OH); phases, as observed for the as-prepared CuZn
sample. On the other hand, new intense diffraction peaks appeared at 43.3° (111) and
50.4° (200), indicating that the copper species were reduced to metallic Cu during the
thermal treatment under H, atmosphere. Diffraction peaks assigned to the wurtzite
structure of ZnO are also detected after ex situ reduction. These findings are in good
agreement with the XPS results (Table 3.3), which indicate that the catalytic surface is
mainly composed of Cu® and ZnO after ex situ reduction. Moreover, and in agreement
with SEM analysis, Figure 3.7a suggests that increasing the reduction temperature
increases the Cu® particle size, possibly due to sintering effects. CuZn 300 presents
larger Cu’ crystallites (33.0+2nm) than CuZn 240 (16.0+1nm), Table 3.2.
Meanwhile, the ZnO crystallite size increased with the reduction treatment but was not

affected by the reduction temperature.
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Figure 3.7. XRD patterns of the CuZn catalyst before and after (a) ex sifu and (b) in situ
conditioning. m Cu,O (JCPDS card no. 05-0667), ® Cu(OH), (JCPDS card no. 80-0656),
o Cu’ (JCPDS card no. 04-0836), ¢ ZnO (JCPDS card no. 36-1451), and * GDL. Note:

the XRD patterns in (a) concern powder samples and (b) samples after the electrode

preparation, as indicated by the presence of diffraction lines from the GDL.

Table 3.2. Physicochemical and electrical properties of the electrodes, before and after

conditioning.
Mean crystallite size (nm)* o, s prface Cu:Zn atomic ratio Ca
P T W cw0 zno CuICu™ T xgp Xps  (mFem?)

CuZn -- 13.7£3 172+£5 80/20 1.59 1.27 5.04
CuZn 240 16.0%1 - 46.0+5 - 1.31 1.23 3.88
CuZn 300 33.0+2 -- 420+3 - 1.32 1.25 3.19
CuZn _AS - 145+4 1826 67/33 1.54 1.17 5.15
CuZn _CS -- 129+4 17.1+£5 73/27 1.51 1.18 4.26

2 estimated from XRD according to the Scherrer equation; ®: % of copper species as Cu?* and

Cu" calculated from the XPS data according to the literature [31]; ¢: double-layer capacitance.

117



Chapter 3

Opposite to what was observed after the ex situ reduction, the in situ potential cycling
did not result in a complete reduction of the copper species to Cu’, as evidenced by XRD
(Figure 3.7b). According to the XRD, no significant differences were observed between
the reference sample (CuZn) and the catalysts after conditioning (CuZn AS and
CuZn_CS). The main diffraction lines of Cu,O, Cu(OH),, and ZnO are still present, and
the average crystallite size was maintained (Table 3.2). Thus, the results suggest that the
bulk structure of the catalyst was not affected. On the other hand, the XPS analysis
indicates some rearrangement of the catalytic surface. As shown in Table 3.2, although
Cu?" is the predominant copper species, both in situ procedures increased the fraction of
Cu’ on the catalyst surface. Moreover, this phenomenon is more evident when the CV

cycles were initiated from the anodic scan (CuZn_AS).

Table 3.3. Zn 2ps3p», Cu 2p3p», Cu and Zn LMM, and modified Auger parameter values

for the catalysts after conditioning. Curve-fitting parameters.

BE FWHM Peak KE FWHM Peak o At.

Sample Compound (V) (eV) shape (eV) (eV) shape (eV) %

Cu’ 9324 1.17 GL(90) 918.5 154 GL(80) 1850.9 40.2
CuZn 240 Cu(OH), 9341 277 GL(70) 916.5 245 GL(70) 1850.6 12.5
ZnO 10222 190 GL(70) 987.3 293 GL(30) 2009.5 47.3
Cu’ 9323 1.1l GL(90) 918.5 152 GL(80) 1850.8 41.7
CuZn 300 Cu(OH), 9342 233 GL(70) 9165 253 GL(70) 1850.7 11.3
ZnO 10221 1.85 GL(70) 987.4 3.12  GL(30) 2009.5 47.0
CuO 9323 132 GL(80) 9164 2.66 GL(70) 1848.7 17.4
CuZn AS Cu(OH), 9347 248 GL(30) 9164 2.66 GL(70) 1851.1 36.5
ZnO 10220 186 GL(70) 987.4 331 GL(30) 2009.4 46.1
CuO 9326 127 GL(80) 9162  2.63 GL(70) 1848.8 14.8
CuZn CS Cu(OH), 9349 248 GL(30) 9162 2.63 GL(70) 1851.1 39.3
ZnO 10220 181 GL(70) 987.4 337 GL(30) 2009.4 45.9

The BE of the Cu 2ps» and Zn 2ps/; regions are summarized in Tables 3.1 and 3.3. No

chemical shift was observed in the Cu 2p core level of CuZn CS compared to the CuZn
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reference (932.6 eV and 934.9 eV for Cu,O and Cu(OH),, respectively). However, a
slight negative shift of ca. 0.3 eV was found for CuZn_AS. Although this is a minor

shift, it suggests a slightly higher electron density around the copper atoms for

CuZn_AS.

The O 1s core peak spectrum shows asymmetrical features indicating the presence of
multi-component oxygen species. As illustrated in Figure 3.8, the oxygen peak was
fitted by five Gaussian peaks. According to the literature, the higher BE peak (535.6 eV)
is attributed to fluorinated compounds (O-Fx) [39], the peak at 532.8 ¢V is ascribed to
chemisorbed oxygenated species on the surface (e.g., hydroxyl anions or adsorbed O»
and H,O; Oc) [40,41], and the peak at 532.1 eV is assigned to O* ions in
oxygen-deficient regions (i.e., oxygen atoms adjacent to an oxygen vacancy; Ov) [42].
Finally, the peaks at 531.2 eV and 530.0 eV are attributed to lattice oxygen of ZnO (Or
Zn*") and Cu,0 (Or Cu"), respectively [41,42]. Thus, the Ov/Oo ratio can be used as
an indirect measure of the presence of oxygen vacancies. As summarized in Table 3.4,
the application of CV cycles starting from the anodic scan increases the number of
oxygen vacancies. In contrast, the opposite behavior is observed when the CV initiates
by the cathodic scan. Accordingly, CuZn AS is the sample with the highest

concentration of surface oxygen defects.
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Figure 3.8. O 1s XPS spectra of (a) CuZn, (b) CuZn_AS, and (c) CuZn_CS.
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Table 3.4. O 1s values for the as-prepared catalyst and after conditioning. Curve-fitting

parameters.
Sample Compound BE(eV) FWHM (eV) Sl;e:;)lz Ov/Orotal
O (Cu?) 530.0 1.20 GL(30)
OL (Zn*) 531.2 1.85 GL(30)
CuZn Ov 532.1 1.56 GL(30) 0.36
Oc 532.8 1.74 GL(30)
O-Fx 535.6 1.74 GL(30)
OL (Cu*") 530.0 1.21 GL(30)
OL (Zn?) 531.1 1.85 GL(30)
CuZn_AS Ov 532.1 1.75 GL(30) 0.44
Oc 532.8 1.90 GL(30)
O-Fx 535.6 1.81 GL(30)
O (Cu?) 530.0 1.22 GL(30)
OL (Zn*") 531.2 1.89 GL(30)
CuZn_CS Ov 532.0 1.60 GL(30) 0.30
Oc 532.7 1.81 GL(30)
O-Fx 535.6 1.82 GL(30)

3.4.3 Influence of the conditioning on the electrochemical activity

The electrocatalytic activity of the CuZn electrode, before and after conditioning, was

initially assessed by linear sweep voltammetry (LSV) in N;- or CO,-saturated

electrolyte, using a standard three-electrode cell, Figure 3.9.
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Figure 3.9. IR-corrected LSV at cathodic potentials in N, (dashed lines) and
CO,-saturated (full lines) 0.1 M KHCO; for (a) CuZn catalyst as-prepared (reference
sample) and after conditioning: (b) CuZn_ 240, (c) CuZn_ 300, (d) CuZn_AS, and
(e) CuZn_CS. Scan rate, 20 mV s\,
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All samples show higher current density when CO, is present in the reaction media,
suggesting that all samples have electrochemical activity for the ERCO,. Comparing the
faradaic currents recorded at negative potentials, it is clear that: (i) the conditioning
strongly affects the performance of the CuZn catalyst; (ii) the total current density
recorded under CO, atmosphere is higher for the conditioned samples than the untreated
CuZn catalyst, suggesting that the conditioning increases the catalytic activity; (iii) the
type of conditioning applied has a marked influence in the ERCO, selectivity. The
difference between the curves recorded under N»- and CO;-saturated electrolyte can be
used as an indication of the ERCO; activity [43]. Thus, it is noticed that the in sifu anodic
scan (AS) conditioning resulted in a remarkable improvement of the ERCO; selectivity

compared to the reference sample (Figure 3.9d).

After this preliminary evaluation, the activity of the CuZn electrode, before and after
conditioning, was accessed by potentiostatic measurements for 120 min at selected
potentials from -0.6 V to -1.4 V, using a conventional three-electrode system and
COs-saturated 0.1 M KHCO; as electrolyte. The geometric current density remained
stable throughout the experiments, regardless of the conditioning procedure and applied
potential (Figure A.12, Appendix A). GC analysis indicates that H, and CO were the
main gas products. Likewise, ethanol and methanol were identified as liquid products,
usually with low faradaic efficiency (FE <5 %). The total FE for the detected products
was 98 + 2 % (Tables A.4-A.14, Appendix A); thus, other products are not expected at

all or in considerable amounts.

Figure 3.10 illustrates the current density and faradaic efficiency recorded during the
constant-potential electrolysis; it should be noted that only products with FE > 1 % are

shown.

In agreement with the LSV results, the CuZn reference catalyst presents very high
selectivity to H, evolution. As illustrated, the H» FE reaches values above 65 % for all
potentials tested — Figure 3.10b. Considering the ERCO, products, CO was detected as
the main reaction product, with the highest FE of 35.4 % recorded at -1.4 V. Besides

CO, ethanol was also produced, with a maximum FE value of 4.7 % at -1.0 V.
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Figure 3.10. (a) Total current density and faradaic efficiency over (b) CuZn,
(c) CuZn 240, (d) CuZn 300, (e¢) CuZn_AS, and (f) CuZn_CS at different applied

potentials.
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In general, reducing the catalyst under H, atmosphere (ex situ conditioning) increased
the current density (Figure 3.10a). However, no significant differences were observed
in the H, FE values, which remained high. CuZn 240 and CuZn_300 reached FE values
for H, production > 60 %, regardless of the applied potential. Thus, the current
improvement is mainly associated with increased activity of the parasitic HER. In fact,
for an applied potential of -1.4V, the H, evolution rate increased from
200.2 pmol h' cm? (CuZn) to 309.6 pmol h' cm? and 295.4 umol h' cm? for
CuZn_240 and CuZn_300, respectively, which represents a 1.5-fold increase in the H,
production yield. Interestingly, Figures 3.10¢ and d show that increasing the reduction
temperature causes a slight reduction of the HER activity, which is more noticeable
at -0.8 V. Moreover, hydrocarbon production was favored after the catalyst reduction at
300 °C, especially for low applied potentials. As illustrated, at -0.8 V, methanol and
ethanol were produced with an FE of 9.3 % and 4.4 %, respectively. Nevertheless, the
CO selectivity of CuZn_300 remained low, accounting for only 33.2 % of the overall

current density at -1.4 V.

For most of the potentials studied, the in situ conditioning also positively affected the
overall activity. Compared to the CuZn reference catalyst, a slightly higher current
density was recorded for CuZn_AS and CuZn_CS. As observed, H; remained the main
product when the catalyst was subjected to 50 CV cycles starting from the cathodic scan
(CuZn_CS); the H> evolution for the reference and CuZn_CS catalysts was similar
(FE > 60 %). Notwithstanding, at -1.2 V, the HER activity decreased slightly while the
CO production increased 1.4-times compared with the reference catalyst — CuZn. On the
other hand, starting the CV from the anodic scan (CuZn_AS) resulted in a remarkable
improvement of the selectivity for CO production, being the HER inhibited. In the
potential range of -1.4 V to -1.0 V, the H, FE did not exceed 40 %, representing an
average reduction in the HER activity of 48 % compared to the CuZn catalyst
(Figures 3.10b and e). Moreover, for the same potential range, CuZn_AS is 2 to 3-times
more selective for CO production. The maximum FE for CO was 65.7 % recorded

at -1.4 V, with a partial current density of -11.9 mA cm™.
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The CO»-to-CO conversion efficiency achieved with CuZn_AS is still far from the
values reported for noble metal catalysts. For instance, an FE > 95 % for a total current
density of -22 mA cm was obtained using Au nanoneedles as catalyst [44]. Zhu et al.
also reported a hexagonal Pd nanosheet that achieved a CO FE of 94 % at -0.5 Vrue,
without any decay after a stability test of 8 h [23]. Theoretical studies demonstrated that
Au and Ag are probably the most effective materials for the electrochemical CO;
conversion to CO. These catalysts can bind *COOH (* specifies an adsorption site)
firmly enough to promote the activation and reduction of CO,, and *CO weakly enough
that CO is easily desorbed from the surface [18]. However, due to the scarcity and high
cost of noble metals, the ERCO; to CO should avoid using these metals.

Most non-noble metals are not suitable for the adsorption of *COOH and *CO
intermediates. Due to its proper intermediate adsorption energy, Zn is considered the
most promising candidate to replace noble metals [18]. Won et al. reported a hexagonal
Zn catalyst that exhibited an FE for CO production of 80 %, stable over 30 h of
electrolysis at -0.85 Vrug in 0.5 M KHCO3 [24]. However, this value was obtained with
a low current density (-9.5 mA cm™), hindering CO productivity (142.9 umol h' cm?).

In the present work, Cu and Zn monometallic catalysts were also tested for the ERCO,,
Figure 3.11. As observed, the Zn catalyst presents a superior CO FE, reaching ca. 80 %
for all potentials tested. Even so, the maximum current density of -9.2 mA cm, recorded
at-1.4 V, translates into a production yield of 152.6 umol h'! cm™. In comparison, at the
same applied potential, CuZn AS reached a CO production rate of 244.1 pmol h'! cm™,
representing a 1.6-fold improvement (Tables A.7 and A.11, Appendix A). Thus, the
present results suggest that bimetallic CuZn catalysts are promising candidates to replace
noble metals catalysts for the ERCO, to CO. Despite the lower CO FE of CuZn compared
to monometallic Zn catalysts, the higher current density provided by CuZn materials
makes them more suitable for use in flow cell systems, which work at higher current
densities. Moreover, these results clearly show that the ERCO; activity and selectivity
strongly depend on the conditioning procedure. In particular, the in situ potential cycling
can be employed to control the CO to H, production ratio (syngas composition), which

can be attractive for industrial applications. For instance, at -1.0 V, an H»/CO ratio of
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2.5, 5.0, and 0.7 was obtained for CuZn, CuZn_CS, and CuZn_AS, respectively.
Whereas the first value is suitable for methanol synthesis or Fischer-Tropsch processes,
a ratio > 3 is more appropriate for methane synthesis reaction [20], and < 1 is required

for alcohol synthesis or Fischer-Tropsch processes using iron catalysts [45].
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Figure 3.11. (a) Total current density and faradaic efficiency over (b) Cu and (c) Zn

single-element catalysts at different applied potentials.
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3.4.4 Influence of the physicochemical properties on the electrocatalytic

activity

The physicochemical properties of the catalysts suggest that the conditioning procedures
mainly affect the particle size, oxidation state, and oxygen vacancies. The particle size
of copper plays a critical role in controlling the activity and selectivity of Cu-catalysts
during CO: electrolysis, as proposed by Reske et al. [46]. These authors reported that
the formation of CO and H, is enhanced by decreasing the particle size, especially below
5 nm. Similar results were obtained by Bernal ef al. for a CuCo bimetallic system.
However, studying CuCo catalysts with particle sizes ranging from ca. 1 nm to 20 nm,
the authors also concluded that as particles grow in size, the ERCO is favored (vs. HER)
due to a decrease in the content of undercoordinated sites [47]. It is universally
acknowledged that the higher occurrence of undercoordinated sites results in a perturbed
electronic structure, increasing the reactivity of catalysts [18]. Nevertheless, for
transition metals, it is also true that reducing the coordination number increases the
binding energy to intermediate reaction species, mainly *CO, hindering its desorption.
Furthermore, the lower surface mobility of *CO also prevents its further reduction to
form hydrocarbons on the Cu surface. Thus, catalysts with very small particle size
(<3 nm) favor H, formation and are less active for CO, reduction [18,46]. The same
trend is observed in this study for samples reduced ex situ. As previously discussed, the
ex situ conditioning increased the current density, which is mainly associated with a
higher H, production (Hz FE > 60 % for CuZn_240 and CuZn_300). Nevertheless, it was
also observed that increasing the reduction temperature resulted in a slight reduction of
the HER activity and promoted the formation of hydrocarbons (CuZn_300). This
behavior can now be explained by the increase in the size of the Cu’ crystallite

(Table 3.2).

The oxidation state of copper is another critical parameter that influences the catalytic
activity. Literature suggests that Cu” species favor CO, reduction activity and selectivity.
Moreover, it is reported that the presence of Cu' is associated with a reduction in the
reaction onset potential [48,49]. Cu”, as well as Cu’, also promotes the dissociative

adsorption of CO; to produce CO, which is then available for the subsequent
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hydrogenation into C; and C, products [50]. Density functional theory (DFT)
calculations performed by De Luna et al. suggest that the presence of surface oxides
(Cu") reduces the formation energy of key intermediates, such as OCCOH¥*, favoring
ethylene production [51]. On the other hand, studies by Velasco-Vélez et al. suggest that
Cu?* is likely not active for reducing CO,. Copper carbonates are generated on Cu?*
oxides, hindering effective charge transport due to the formation of a passivation layer,
ultimately resulting in catalyst deactivation [50]. Accordingly, several authors have
already recognized the superior performance of Cu* for CO, conversion. However, the
reported studies concern the CO, conversion to C; and C, products, other than CO. As
discussed above, XPS results (Table 3.2) suggest that the surface of CuZn_AS is slightly
richer in Cu' than CuZn_CS and CuZn. Thus, the higher selectivity of CuZn_AS toward

the CO»-to-CO conversion can be related to the higher content of surface Cu®.

Nevertheless, according to the literature, the higher number of Cu” species would be
expected to increase the production of more reduced products, not CO. Thus,
monometallic Cu catalyst was also electrochemically tested and characterized to confirm
this hypothesis (Figure 3.12, Table 3.5). XPS indicates that the population of Cu”
surface species doubled after the in situ potential cycling, ensuring that when the CV
starts from the anodic scan (i.e., catalyst oxidation), a fraction of surface copper is
reduced from Cu*" to Cu’. Moreover, in good agreement with the literature, the
predominance of Cu" is associated with improved selectivity for C; (ethanol) production.
The enhanced selectivity for C;HsOH production is especially noted at high potential; a
3.4-fold improvement was recorded at -1.4 V. At the same applied potential, the HER
activity is also 1.4-times lower. Undoubtedly these results show that the Cu* favors the
ERCO,. However, it cannot explain why CO production was promoted for CuZn AS.
Accordingly, a synergetic effect between copper and zinc should be present, as discussed

in more detail below (section 3.4.5).
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Figure 3.12. Faradaic efficiency over (a) Cu and (b) Cu AS at different applied

potentials.

Table 3.5. Physicochemical properties of the monometallic Cu electrode, before and

after in situ conditioning (anodic scan).

Sample Cuz0 Mean crystallite size (nm) % surface Cu**/Cu*
Cu 123+4 70/30
Cu_AS 11.9+3 34/66

The physicochemical characterization also suggests that the conditioning affects the
number of O-defects on the catalyst surface. Surface oxygen vacancies are proposed to
take part in many chemical reactions and play central roles in controlling the adsorption
and activation of CO,, serving as active sites for CO, adsorption [52,53]. For instance,
Lee et al. studied the adsorption of CO, at oxygen vacancy defects on the surface of
TiO; [54]. The authors found that one oxygen atom of the CO, molecule is readily
adsorbed on the oxygen vacancy, which is then healed by an O atom released upon
dissociation of the C—O bond. Moreover, of the two C—O bonds present in the CO,, only
the one engaged in the bond with the oxygen vacancy dissociates. As a result, the
presence of this type of surface defects on metal oxides lowers the energy barrier for
CO; activation [18,52,54]. Recently, Gao et al. demonstrated that oxygen (II) vacancies

facilitate CO; adsorption and stabilize reaction intermediates, once again lowering the
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rate-limiting activation barrier [55]. In the present study, a higher number of surface
oxygen defects is also associated with improved ERCO> performance for CO production.
As discussed, CuZn_AS presents a slightly higher number of oxygen vacancies than

CuZn_CS and CuZn, accounting for the higher FE for CO formation.

EIS was used to gain further insights into the reaction kinetics. The potentiostat EIS tests
were conducted at -0.8 V since, according to the literature, the reaction kinetics is
controlled by charge transfer processes in the low overpotential region [56]. Figure 3.13
shows the Nyquist plots obtained for CuZn, CuZn_AS, and CuZn_CS. As expected, the
EIS analysis suggests that the presence of O-vacancies resulted in improved electric
conductivity, enhancing charge transport [55]. Comparing the values obtained for the
charge transfer resistance (R.) (Table 3.6) with the O,/Oya ratio (Table 3.4) is clear
that a correlation between both variables is present; the R.; decreases with the increasing
number of oxygen defects in the following order CuZn CS < CuZn < CuZn_AS. This
result suggests that the CO, activation kinetics is promoted by the introduction of oxygen

vacancies, which in turn enhances the faradaic process.
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Figure 3.13. Nyquist plots, with fitting curves (dashed lines), of CuZn, CuZn_AS, and
CuZn_CS in COs-saturated 0.1 M KHCO; with a frequency from 1 MHz to 100 mHz
and 10 mV of amplitude. The equivalent circuit model is shown on the insert. R stands
for the electrolyte resistance, R for the charge transfer resistance, and Ry is the diffusion
resistance. The double-layer capacitance is distributed between the charge transfer and

diffusion processes and is represented by constant phase elements (CPE; and CPE,).
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Table 3.6. Values of the equivalent electric circuit elements fitted in the Nyquist plots

obtained at -0.8 V (error percentage for each element is given in parentheses).

Elements CuZn CuZn_AS CuZn_CS

Rs (Q cm?) 26.75 (0.08) 26.44 (0.09) 27.42 (0.06)
CPE;-T (F cm) 8.41 x 10*(3.35) 1.19 x 10 (5.59) 1.43 x 103 (2.67)

CPE,-P 0.52 (0.71) 0.56 (1.16) 0.54 (0.61)

Rt (Q cm™?) 12.22 (0.62) 10.47 (1.56) 13.76 (0.62)
CPE>-T (F cm?) 3.57 x 102 (0.73) 1.94 x 102 (1.03) 3.37 x 102 (0.66)

CPE,-P 0.68 (0.83) 0.64 (1.12) 0.70 (0.49)

R4 (Q cm?) 23.66 (1.17) 26.75 (1.34) 27.95 (0.49)

The intrinsic reason why the oxygen vacancies facilitate the CO, activation was further
investigated. Figure 3.14 shows the CO,-TPD profiles of the CuZn reference and the
catalyst after in sifu conditioning. As observed, CuZn presents the main CO, desorption
peak at 527 °C. However, after potential cycling, a deviation in the desorption
temperature and peak intensity was recorded, which depends on the initial sweep
direction of the CV. When the CV was initiated by the cathodic scan (CuZn_CS), the
intensity of the peak and the desorption temperature decreased, suggesting slightly lower
CO; binding strength and adsorption capacity. On the other hand, starting the CV by the
anodic scan (CuZn_AS) resulted in a positive shift in the desorption temperature to
549 °C and increased peak intensity, indicating enhanced binding affinity and CO;
adsorption. Therefore, the CO»-TPD experiments suggest that the boosted CO,-to-CO
activity of CuZn_AS can be attributed to the improved binding strength of CO», which

results in part from the increment of O-vacancies after in situ conditioning (anodic scan).
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Figure 3.14. CO,-TPD profiles for CuZn, CuZn_AS, and CuZn_CS.

3.4.5 Cu20-ZnO synergy

Hitherto, our results show that, for the prepared CuZn catalyst, the presence of Cu*
species and a high number of oxygen defects promotes the ERCO, to CO. However, as
previously mentioned, a synergetic effect between copper and zinc seems to account for
the higher performance of CuZn_AS toward CO production. Thus, the catalytic activity
of the CuZn catalyst was compared to control samples to determine how the interaction
of the copper and zinc phases affects its properties and performance. The three control
samples were the monometallic Cu and Zn catalysts and a physical mixture of these two
(CuZnmix). The control samples were physicochemically characterized and tested for the

ERCO:; before and after in situ anodic potential sweeping (AS).

According to the TPR and SEM-EDX results (Figures 3.15 and 3.16), CuZnmix mainly
comprises a phase-segregated mixture of copper and zinc, contrary to what was observed
for CuZn. Accordingly, this result endorses the hypothesis that CuZn is made of copper

and zinc particles in intimate interaction.
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Figure 3.15. H>-TPR profile of the CuZn catalyst prepared by a physical mixture of Cu
and Zn single-element powders; profiles of Cu and Zn samples are also shown for
comparison purposes. As observed, the CuZnmix sample displays two well-defined
reduction peaks ascribed to the reduction of copper (low-temperature peak) and zinc

(high-temperature peak) species.

80 pm

Figure 3.16. SEM micrographs and EDS mapping pictures of the CuZn catalyst prepared

by a physical mixture of Cu and Zn single-element powders.
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As illustrated in Figure 3.12a, a mixture of CO, CH4, and C,HsOH was obtained as
ERCO:; products for Cusingle-element catalyst. Moreover, as previously discussed, the
C,HsOH selectivity was enhanced after in situ conditioning, which is attributed to the
higher number of surface Cu® species (Figure 3.12b). In good agreement with the
literature, Zn monometallic catalyst is highly selective for CO production, reaching 80 %
of FE (Figure 3.17a). However, as already mentioned, the total current density is very
low inhibiting CO productivity. Besides, no major difference was observed after in situ

conditioning (Figure 3.17b).
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Figure 3.17. Faradaic efficiency over (a) Zn and (b) Zn AS at different applied

potentials.

The physical mixture of Cu and Zn catalysts resulted in an intermediate electrocatalytic
behavior between the two monometallic samples. The total current density values
obtained for CuZnmix are close to those recorded for Cu catalyst (Figure 3.18a), which
can be explained by the presence of copper that enhances the electric conductivity and
allows obtaining higher activity, as previously reported for CuZn catalysts [9].
Regarding the product distribution, a mixture of CO, CH4, and C;HsOH was produced;
still, with higher FE for CO production than Cu catalyst (for the range of potential tested,
CuZnnix is ca. 1.7-times more selective for CO formation). Moreover, CuZnnmix is slightly
less active for the HER than the Cu sample (Figure 3.18b). Similar to the Cu catalyst,

the ethanol selectivity increased after the anodic potential sweep. Nevertheless, no
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significant difference was observed concerning the CO FE, suggesting that the CO
production is mainly governed by the zinc moieties on the catalyst surface
(Figure 3.18c). Thus, it is proposed that CuZnnmix presents two distinct active sites: (i)
Zn-clusters that promote the ERCO> to CO and are not affected by the conditioning; and
(i1) Cu-rich zones, more selective for the HER and the ERCO; to ethanol, whose activity

can be controlled through conditioning.
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Figure 3.18. (a) Total current density and faradaic efficiency over (b) CuZnmi, and

(c) CuZnmix_AS at different applied potentials.

On the other hand, CuZn presents quite different electrocatalytic behavior compared to
CuZnnmix (Figure 3.19). For CuZn, the ethanol production is almost negligible, and the
electrocatalytic activity is strongly influenced by the anodic potential cycling. After

conditioning, CO production was strongly promoted at the expense of the H, evolution.
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Thus, for CuZn, it is suggested that Cu-Zn in intimate contact are the active centers for

the ERCO, — assumption supported by the characterization results.
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Figure 3.19. Comparison between the FE values obtained for (a, b) CuZn and

(c, d) CuZnmix, (a, ¢) before and (b, d) after in situ anodic conditioning.

Compared with CuZnmiy, it is proposed that the particular electronic structure of the
CuZn active centers resulted in significantly different nature of the electroactive species
and, thus, adsorbate binding energy. Therefore, it is considered that the active centers

present in the CuZn sample promote the stabilization of key intermediates (possibly
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*COOH), as described for other bimetallic systems [12,26,57,58]. Moreover, it is
reported that the production of products that require a larger number of reaction steps
involves the stabilization of both *CO and *H since adsorbed CO is successively
protonated to evolve as hydrocarbon species [12]. Thus, the decreased ethanol selectivity
of CuZn can be attributed to a low binding strength of *CO and *H on the catalyst

surface.

However, it cannot be discarded that geometric effects can also be present. As reported,
the CO production is essentially governed by the binding strength of *COOH and *CO;
i.e., to enhance the CO selectivity, a catalyst must stabilize *COOH more strongly than
*CO so that CO, readily activates to COOH and desorbs as CO [18,59]. For
monometallic systems, the binding strength of different intermediates scales together
(scaling relation). On the other hand, bimetallic catalysts can potentially stabilize
*COOH relative to *CO by forming one additional bond at the oxygen end with an
oxophilic element on the catalyst surface [12,17]. Owing to the mentioned uncertainty,
in situ/operando experiments must be conducted. With these advanced techniques, it is
possible to reveal the real active sites, the formed intermediates, and the local
environment, enabling the elucidation of the reaction mechanism with good reliability.
Nevertheless, in Figure 3.20, a possible reaction mechanism is proposed for CuZn and
CuZnnmix, considering the typical three reaction steps [12,18,58] (* denotes an active

catalytic site):

CO, +*+H"(aq) +&~ «>*COOH (3.2)
*COOH +H" (ag) + & <>*CO+H,0 (I) (3.3)
*CO <> CO (g) +* (3.4)

First, CO» is adsorbed on the catalytic surface and then reduced by incoming electrons,
coupled with adsorbed protons, resulting in *COOH formation. Afterward, *COOH
reacts with another proton and electron to produce *CO, followed by its desorption from

the catalyst surface (non-electrochemical process) [18,26].
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Figure 3.20. Schematic showing the proposed reaction mechanism on the surface of
(a) CuZnmix and (b) CuZn. Filled circles with black are C, red are O, and light grey are
H. The stroke weight indicates the relative intermediate binding strength. Colored arrows
indicate the pathway to CO (green) and ethanol (blue) production; larger arrows indicate

higher product formation.

The results clearly indicate that a synergetic effect between copper and zinc is present
for CuZn. However, understanding how this synergy is affected by the conditioning
(specifically for in situ) is also essential; it can provide useful information to better
comprehend the improved ERCO, to CO performance of CuZn AS. Figure 3.21
illustrates the gradual evolution of the CV profile of CuZn_AS and CuZn_CS. With the
approach of the 50™ cycle, the current density reaches a constant pattern, indicating that
a cyclic steady-state is reached. In both cases, cathodic and anodic peaks are observed
and ascribed to the reduction and oxidation of copper species. This assignment was made
considering that no redox activity was measured for Zn single-element sample

(Figure A.13, Appendix A) in the potential window tested.

Since the characterization techniques indicate that CuZn has a mixture of Cu** and Cu’,
the anodic peak observed for CuZn_AS is attributed to the Cu” to Cu" oxidation. In turn,
the reverse reduction process (Cu?" to Cu") occurred during the down scan, in good
agreement with previous studies and the standard redox potential of Cu?"/Cu’
(E°=0.159 Vrug) [60-62]. After completing the conditioning treatment, a negative shift
in the cathodic peak potential was observed, followed by increased peak intensity. As

summarized in Table 3.7, the peak-to-peak separation (AE,) value increased, indicating
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that the degree of irreversibility of the Cu®* to Cu" reduction increased. This behavior
explains the higher content of Cu* for CuZn_AS (Table 3.2). Moreover, it is proposed
that a stronger copper-zinc interaction is responsible for the stabilization of surface Cu”
species, as reported for Cu/ZnO-Al,Os [63]. Starting the CV's with the anodic scan results
in the oxidation of Cu" to Cu?', leaving an incomplete 3d-subshell. In turn, this
incomplete subshell promotes the electron transfer from ZnO to Cu?*, strengthening the
interaction between both elements. The BE of the core level of copper supports this
hypothesis, as previously described [64,65]. Tables 3.1 and 3.3 show that the BE of
Cu 2p3 shifted to low energies by ca. 0.3 eV compared to CuZn, confirming the electron
transfer during the in situ anodic conditioning and, thus, strong ligand effect from

neighboring zinc atoms [17].
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Figure 3.21. IR-corrected CVs in N,-saturated 0.1 M KHCOs, (a) starting from the
anodic scan (AS) and (b) starting from the cathodic scan (CS).

Similarly, the Cu** to Cu* reduction and the reverse Cu® to Cu*" oxidation processes
were observed for CuZn_CS. However, in this case, the AFE, is closer to the standard
value for a reversible redox reaction (59 mV z'), suggesting higher reversibility when

compared to CuZn_AS. This behavior may account for the less pronounced increase in
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surface Cu” after the in situ cathodic conditioning (Table 3.2). CuZn_CS also shows one
additional cathodic peak during the first CV cycles at -0.12 V. According to the trends
of the standard redox potentials for copper (0.52 Vrur for Cu*/Cu’, 0.34 Vrue for
Cu?"/Cu’ and 0.16 Vrur for Cu*"/Cu’) [66], this peak cannot be attributed to the
reduction of other copper species. During the down scan of the voltage, the Cu*/Cu® and
Cu?*/Cu reductions are thermodynamically more favorable than Cu*/Cu”. Thus, if these
reactions were taking place, new reduction peaks would be observed at higher potential.
Thereby, this peak is assigned to the reduction of protons to adsorbed atomic hydrogen,
as proposed by the literature [61]. The adsorption of H" was absent for CuZn_AS, which
may be related to the lower HER activity of this sample.

Table 3.7. Summary of cyclic voltammetry results obtained for CuZn AS and
CuZn_CS.

Epa ipa Epc ipc AEP
Sample CV cycle V)  (mAem’) (V)  (mAem) (V)
31 1.04 0.61 0.10 -0.74 0.94

CuZn_AS
50t 1.04 0.78 0.02 -1.06 1.02
31 0.85 1.01 0.27 -1.20 0.58

CuZn_CS
50t 0.83 0.94 0.27 -1.26 0.56

E,.: anodic peak potential; ip: anodic peak current; Ey,c: cathodic peak potential; ipc: cathodic peak

current; AE,: peak-to-peak separation.

In summary, the copper-zinc synergy appears unaffected by the cathodic potential sweep
(CS). On the other hand, during the anodic potential sweep (AS), the interaction between
copper and zinc species is strengthened, resulting in the stabilization of Cu" on the

catalyst surface and, thus, enhanced CO»-to-CO conversion.

An overview of the influence of the post-synthesis treatments on the physicochemical

structure and activity of the Cu,O/ZnO catalyst is provided in Table 3.8.
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Table 3.8. Influence of the different post-synthesis treatments on the physicochemical structure of the catalysts and electrochemical

behavior. A structure-activity relationship is also presented.

Sample Physicochemical structure Electrochemical behavior Structure-Activity relationship
= Core-shell structure
(Cu-rich core + Zn-rich shell)
CuZn ) gﬁllé)s(tﬁc;ﬁi.%iﬁ)])()h nm) = High HER activity = Synergetic effect between copper and zinc
. Surzface struc t1,1re (XPS): (Hz2 FE > 65 % for the entire potential range) species promotes the CO2-to-CO conversion
Cu' (11 %); Cu?* (45 %); Zn>" (44 %)
Copper-zinc interaction
= Severe modification of the bulk structure: . .
Cu® (16 nm): ZnO (46 nm) Increased current density
CuZn_240 (Reduction (;f copper species to metallic copper " High HER activity
o . .
and crystallite growth) (H2 FE > 60 % for the entire potential range)
= Severe modification of the bulk structure: = Increased current density « ncreased  Cu®  crvstallite  size  promotes
Cu® (33 nm); ZnO (42 nm) = Slight reduction of the HER activity oy P
CuZn_300 . . . . hydrocarbon formation and reduces the HER
(Reduction of copper species to metallic copper = Favored hydrocarbon production (methanol activit
and crystallite growth) and ethanol) Y
= No changes in the bulk structure » Increased current densit = Cu* favors the ERCO2
= Slight surface rearrangement: « Remarkable im rovemei,l t of CO production O-defects improve the binding strength of CO2
CuZn AS Increase in the fraction of Cu® surface species (maximum FE (I))f 657 % at -1 4 Vp) and enhance the charge transport, favoring CO
= (11.7-fold) o SN production
= Inhibition of the HER activity L . .
Increased number of O-defects (H> FE < 48 % for the entire potential range) = Stronger copper-zinc interaction reinforces the
Stronger copper-zinc interaction : ’ p £ enhancement of CO»-to-CO conversion
. N(? changes in the bulk structure . « Cu* favors the ERCO»
= Slight surface rearrangement: = Increased current density : .
. . N . . C. = Decreased concentration of O-vacancies results
CuZn_CS Increase in the fraction of Cu" surface species = High HER activity . . .
- in higher charge transport resistance and

(11.4-fold)
Decreased number of O-defects

(Hz2 FE > 60 % for the entire potential range)

decreased COz binding strength
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3.5 Conclusions

In this chapter, the influence of post-synthesis procedures on the electrocatalytic
performance of a CuxO/ZnO catalyst was investigated. Both ex situ and in situ
conditioning methods were implemented as an easy tool for tuning the ERCO; selectivity
of the developed catalyst. In particular, it is reported that the CO/H» production ratio can

be controlled (syngas composition).

The ex situ conditioning (reduction under H» atmosphere) resulted in severe structural
modifications. Accordingly, the overall catalytic activity increased, however, due to a
considerable increase in the HER activity. On the other hand, the electrochemical
conditioning (in situ, 50 CV cycles) resulted in a slight surface rearrangement. It is
proposed that starting the CV cycles from the anodic scan promotes an electron transfer
from zinc to copper species, increasing the interaction and synergetic effect between
both elements. In turn, the stronger copper-zinc interaction helps to stabilize the Cu”
species at the catalyst surface. Moreover, the number of oxygen defects on the catalyst
surface increases after the potential cycling, improving the CO; binding strength and
adsorption capacity. These slight rearrangements remarkably boosted the CO,-to-CO
conversion, with the CuZn_AS sample reaching the maximum FE for CO production of

65.7 % at -1.4 V, with a partial current density of -11.9 mA cm™.

The present results open new perspectives for improving the ERCO; selectivity under
unfavorable operating conditions by highlighting the importance of post-synthesis
procedures. Moreover, the results suggest that bimetallic CuZn catalysts are promising

candidates to replace noble metals for the ERCO; to CO.
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Nomenclature
Abbreviation Definition
AS Anodic potential sweep
BE Binding energy
CO,-TPD Carbon dioxide temperature-programmed desorption
CPE Constant phase element
CS Cathodic potential sweep
Ccv Cyclic voltammetry
DFT Density functional theory
ECSA Electrochemical active surface area
EIS Electrochemical impedance spectroscopy
ERCO» Electrochemical reduction of CO,
FE Faradaic efficiency
FWHM Full width at half maximum
GC Gas chromatography
GDL Gas diffusion layer
H,-TPR Hydrogen temperature-programmed reduction
HADF-STEM ilfil(;:gglljey annular dark-field scanning transmission electron
HER Hydrogen evolution reaction
HR-TEM High-resolution transmission electron microscopy
JCPDS Joint committee on powder diffraction standards
KE Kinetic energy
LSV Linear sweep voltammetry
Oc Chemisorbed oxygenated species
OL Lattice oxygen
Ov Oxygen vacancy
RHE Reversible hydrogen electrode
SEM-EDS Scanning electron microscopy with energy dispersive spectroscopy
TCD Thermal conductivity detector
TPR Temperature-programmed reduction
XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction
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Greek Symbol Definition Unit
o’ Modified Auger parameter eV
AE, Peak-to-peak separation \Y%
Variable Definition Unit
Aly/Bs Ratio of the main XPS peak/shake-up areas
A Total area of the main XPS emission
B XPS shake-up areas
Ca Double-layer capacitance mF cm
E° Standard redox potential \Y
Epa Anodic peak potential v
Epne Cathodic peak potential v
ipa Anodic peak current mA cm?
ipe Cathodic peak current mA c¢m?
Re Charge transfer resistance Q cm?
Rq Diffusion resistance Q cm?
R Electrolyte resistance Q cm?
z Number of electrodes exchanged
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4.

Enhancement of the Electrochemical Reduction of CO>
to Methanol and Suppression of H2 Evolution Over

CuO Nanowires

4.1 Abstract

A highly efficient copper-catalyst (noble metal-free) was developed for the
electrochemical reduction of CO, (ERCO;) to methanol. Due to the nanowire structure
of the catalyst, a remarkable ERCO; selectivity was achieved, while the competing H»
evolution reaction (HER) was significantly suppressed for the overall range of potential
tested. The developed copper-catalyst (CuO NWs) outperforms the single metal
Cu-catalysts in aqueous environment. Under atmospheric conditions, methanol was
produced at an overpotential of 410 mV with a faradaic efficiency (FE) of 66.4 %, and
64.9 pmol h'! cm? of production yield, which represents a 1.5-fold improvement over
the previously reported value of 43 pmol h'! cm. Interestingly, when the developed
CuO NWs was used as a gas diffusion electrode (GDE) in a filter-press cell (more real
industrial configuration), methanol remained the major ERCO; product, with the same

FE (66 %).

Keywords: CO; electroreduction; copper-based catalysts; copper(Il) oxide; methanol;

selectivity; GDE-electrodes.
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4.2 Introduction

The increasing global CO, concentration, mainly from extensive fossil fuel utilization,
is a serious environmental threat that is considered one of the major causes of climate
change [1,2]. The electrochemical reduction of CO, (ERCO,) to fuels and chemical
feedstock, using renewable electricity, represents one promising approach for reducing
anthropogenic CO, emissions and developing a sustainable energy system [3-5].
However, this desired approach imposes major technological challenges before its
implementation in large-scale applications [1]. CO, is a fully oxidized and
thermodynamically stable molecule. Thus, developing a suitable catalyst, capable of
achieving a stable and cost-effective process with high efficiency and selectivity at low

overpotential is crucial [2,4].

In aqueous environment, the ERCO> reaction competes in selectivity with the hydrogen
evolution reaction (HER), particularly at low applied potentials [6]. Therefore, tuning
the ERCO; activity and selectivity to the target product while suppressing the HER is
critical for improving the energy efficiency of the process [7]. Metal electrodes have
been the focus of extensive ERCO, research in aqueous solutions at ambient
conditions [8]. However, since the earliest studies by Hori et al., it has been identified
that most metals preferentially produce H» under electrocatalytic conditions, even in the
presence of CO; [9]. This occurs because the overpotential of the HER is usually lower
compared to ERCO, overpotential. As a result, metals that are active for ERCO, are also
active for HER [10,11]. Systematic studies have been carried out to improve the ERCO,
selectivity by controlling the morphology of the electrodes [12—15] and electronic
properties (bimetallic alloys) [7,16]. However, up to now, the search for pure metal
catalysts that favor ERCO;, over HER has proved infertile [11]; in fact, effective
suppression of the HER has only been reported using precious bimetallic catalysts (AuPd
and PbCu) [7,16].

Recent studies have shown that the production of electrodes with nanostructured
surfaces is a path for better efficiency and selectivity, in particular for Cu-based catalysts.

For instance, Cu,O rods were used for the production of CO and formic acid with
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faradaic efficiencies (FE) of ca. 40 % and 33 %, respectively [17]. Sen et al. reported
that copper foams provide high surface roughness, hierarchical porosity, and
confinement of reactive species, resulting in the production of formic acid with an FE of
37 % at -0.9 Vrue [18]. Ethylene and ethanol were identified as ERCO; products using
polyhedron Cu,O particles as catalyst, whose FE can be tuned by varying the thickness
of the Cu,O overlayers [19]. It was also reported that multicarbon product formation,
mainly ethylene, is favored on copper cubic facets [20]. More recently, Cu nanowires
(NWs) were identified as advanced electrocatalysts for CO, and CO electroreduction by
Raciti et al. [3,21] and Ma et al. [2]. Especially for the ERCO,, this type of catalyst
requires an overpotential as low as 300 mV to reach a total current density of -1 mA cm?,

and enables the production of CO with FE of ca. 60 % [3].

In the present chapter, high surface area CuO NWs were produced using a simple method
and non-precious metals. The developed catalyst was initially tested for ERCO> using a
conventional three-electrode system, showing remarkable activity and selectivity for
methanol production under atmospheric conditions and using an ionic liquid-free
electrolyte. The catalyst stability under reaction conditions was also assessed and
improved, resulting in no apparent deactivation after 2 h of electrolysis. Finally, the
CuO NWs electrode was evaluated in a continuous ERCO; device, working in a gas

diffusion electrode (GDE) configuration.

4.3 Experimental
4.3.1 Electrode preparation

Electrodes were prepared by the anodization of a bare Cu foam, following a procedure
adapted from the work of Wang er al. [22], Figure 4.1. Cu foam with a thickness of
80 um (MTI Corp USA) was successively washed with acetone (Sigma-Aldrich,
99.9 %), ultrapure water (18.2 MQ cm™ at 25 °C, Millipore Milli-Q system), and 3.0 M

HCl (Fluka, 37 %) for 30 min under ultrasonic condition to remove organic
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contaminants and possible oxide layers on the surface. Then, it was rinsed with ultrapure
water and dried at 80 °C in a vacuum oven before being used as the working electrode.
A three-electrode setup was used with a carbon rod as counter electrode and an
Ag/AgCl/Sat. KCI as reference electrode, connected to an IM6ex electrochemical
workstation (Zahner). The electrolyte was 1.0 M KOH (Merck) solution, which was
deaerated by bubbling N, for at least 30 min before experiments. The Cu foam was
electrochemically anodized at room temperature and constant current density of
10 mA c¢cm for 10 min to form Cu(OH), NWs. After anodization, samples were rinsed
with ultrapure water and annealed at 150 °C for 1.5 h under static air for dehydration of

Cu(OH), to CuO.

A thin layer of TiO, was deposited on the surface of the CuO NWs by atomic layer
deposition (ALD) to increase the catalyst stability. The deposition was conducted on a
Beneq thin-film system (TFS 200, Beneq Corporation), according to previous work [23].
Titanium isopropoxide (Ci2H2804T1 > 97 %, Sigma Aldrich) was used as precursor, and
distilled water (H>O) as oxidizing agent, at 225 °C. Ultrahigh-purity nitrogen was used

as reactant carrier and purge gas, and the reactor was maintained at 400 Pa.

Cu foam Cu(OH), NWs CuO NWs CuO NWs + TiO, layer

Tio, ALD U

Anodization Annealing deposition

— —p

Figure 4.1. Experimental procedure used to prepare the CuO NWs electrodes.

4.3.2 Physicochemical characterization

The morphology and element distribution were obtained by scanning electron
microscopy with energy dispersive spectroscopy (SEM-EDS, Phenom XL Desktop
SEM). The crystal structure was studied using X-ray diffraction (XRD, PANalytical
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X’Pert Pro), while X-ray photoelectron spectroscopy (XPS, Kratos AXIS Ultra HAS)
was used to identify the surface chemical composition and valence state, as detailed in

Chapter 2.

The CO, adsorption was studied by CO, temperature-programmed desorption
(CO,-TPD, ChemBET Pulsar TPR/TPD), following a protocol similar to that used for
the CO-TPD experiments (Chapter 2). In short, samples were pretreated at 120 °C under
He flow, followed by CO» adsorption at 50 °C. Afterward, the CO, desorption was
monitored by a quadrupole MS (Pfeiffer Vaccum OmniStar GSD 320) from 50 °C to
700 °C.

4.3.3 Electrochemical measurements

All electrochemical measurements were performed at atmospheric conditions of
temperature and pressure in a conventional three-electrode electrochemical cell, as

described in Chapter 2. All potentials in this chapter are on the RHE scale.

Linear sweep voltammetry (LSV) measurements were conducted according to the
protocol described in Chapter 2. Electrochemical impedance spectroscopy (EIS) was
also performed according to the protocol described in Chapter 3, for an applied potential
of-0.8 V and -1.2 V. Adsorption affinity of OH™ as surrogate of CO,"~ was examined by
oxidative LSV at 20 mV s’ in Np-saturated 0.1 M NaOH.

Surface roughness factors of the developed electrodes were determined by measuring
the double-layer capacitance in Nj-saturated 0.1 M KHCOs. Cyclic voltammograms
(CV) were acquired in N,-saturated 0.1 M KHCOs3, at multiple scan rates (5 mV s —
100 mV s™), considering a non-faradaic region of the voltammogram. The obtained
values were then normalized to a polycrystalline Cu foil (standard reference) to obtain
the surface roughness factors [2]. Prior to the CV measurements, the copper foil
(thickness 0.25 mm, 99.98 % trace metals, Sigma-Aldrich) was electropolished using a
solution of 70 vol. % H3POs (85.9 %, Fisher Scientific) as electrolyte. The current
density was fixed at 4.7 mA cm, and the polishing time was 30 min [24].
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Due to the porous nature and heterogeneous structure of the developed electrodes,
resistance was determined by applying a compression pressure with a MultiTest-1d
(Mecmesin) force testing system. An electrode sample with 1 cm? was sandwiched
between two gold-coated steel plates and inserted between the compression plates. A
current between 10 mA and 30 mA passed through the electrode material, and the

voltage drop across the gold coated plates was recorded with an Autolab (Metrohm).

4.3.4 COz reduction electrolysis and product analysis

The electrolysis experiments were conducted under atmospheric conditions, following
the protocol described in Chapter 2. Likewise, gas-phase product and liquid products
were quantified by gas chromatography (GC) and headspace-GC, respectively. Each
experiment lasted 120 min. The faradaic efficiency and product formation rate were
determined to evaluate the electrochemical performance of the electrodes. The
overpotential for methanol production was determined considering an equilibrium
potential under reaction conditions (Eeq) of -0.40 £ 0.01 Vrue (vs. E°=-0.38 Vrug),
which was calculated according to Equation (1.8). The same E.q value was used for

determining the cell energy efficiency according to Equation (1.9).

4.3.5 Filter-press tests

Selected electrodes were tested on a filter-press cell at ambient conditions of pressure
and temperature, using an experimental setup described in previous works [25,26]
(Figure 4.2). A Nafion 117 cation exchange membrane was used to separate the cathode
and anode compartments, and the geometric electrode area was 10 cm?. A tinned steel
mesh was used as current collector and a dimensionally stable anode [DSA/O; (Ir-MMO
(mixed metal oxide) on platinum)] as counter electrode. A leak-free Ag/AgCl3.4 mol L!
KCl reference electrode was assembled close to the surface of the cathode. An aqueous
solution of 0.1 M KHCOs (PanReac, > 99 % purity) and 1.0 M KOH (PanReac, 85 %

purity) was used as catholyte and anolyte, respectively. Experiments were conducted at
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galvanostatic conditions (-45 mA c¢m™), with the current supplied by the potentiostat
(MSTAT 4, Arbin Instruments). Each test lasted 90 min and was performed in
continuous mode with a single pass of the catholyte and anolyte through the cell with a
flow rate of 0.57 mL min"' cm?, using two peristaltic pumps (Watson Marlow 320,
Watson Marlow Pumps Group). Pure gaseous CO, was fed to the cell at a flow rate of
200 mL min™'. To ensure the reproducibility of the results, each test was conducted in

duplicate on different days.

(a) Catholyte Out Reference Electrode

CO, Out Current Collector | Nafion Membrane Anolyte Out

Working Electrode Counter Electrode
(Catalyst)

Anolyte In

Anolyte

Cathode Reference Membrane Anode
Electrode

Figure 4.2. (a) Disassembled filter-press cell and (b) working principle of the filter-press

cell for continuous CO; electrolysis.

Gas products were analyzed online every 30 min with a micro gas chromatograph (490
Micro GC, Agilent) equipped with four channels (columns: PBQ + MSS5A,
PoraPLOT U, CP-Sil 5 CB, and CP-WAX 52 CB). Liquid samples were also collected
every 30 min and analyzed by ion chromatography (Dionex ICS 1100, Thermo

Scientific) to obtain the formate concentration. The chromatographic system was
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equipped with an AS9-HC column, and analysis was carried out using a solution of
4.5 mmol L! of Na,COs as the eluent at a flow rate of 1 mL min™!. Methanol and ethanol
production were accessed by headspace GC (GCMS-QP 2010 Ultra, Shimadzu)
equipped with a DB-624 column (Agilent), using He as the carrier gas.

4.4 Results and discussion
4.4.1 Electrode characterization

A Cu foam was used as a substrate for producing CuO NWs electrodes for the ERCO,,
using a method adapted from the literature [22]. First, Cu(OH), NWs were obtained
through the electrochemical anodization of the Cu foam in an aqueous solution of NaOH.
According to Wang et al. [22], Cu’ atoms on the surface of the foam are oxidized to
Cu?*, which then reacts with OH™ from the electrolyte solution to form Cu(OH),. During
annealing, the dehydration of Cu(OH), NWs gives rise to porous CuO NWs. The
formation of the various Cu species is easily noticed by the successive color change from
red (Cu) of the pristine foam to navy blue (Cu(OH),) after anodization and, finally, to
brownish-black (CuO) after annealing (Figure 4.3). It is important to notice that the
thickness and morphology of the NWs can be tuned by changing the operation conditions

(reaction temperature and time, electrolyte concentration, and current density) [22].

(c)

Figure 4.3. Digital photographs of (a) Cu foam, (b) Cu(OH), NWs, and (c) CuO NWs.
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The morphology of the various samples collected at different stages of the electrode
preparation was characterized by SEM, as illustrated in Figure 4.4. As the substrate, the
bare pristine foam presents a smooth surface and a 3D interconnected network with a
pore size ranging from 100 pm to 300 um (Figure 4.4a). However, after anodization,
the 3D skeleton of the Cu foam is evenly covered by Cu(OH), NWs with 4-5 nm in
length and 0.3-0.6 nm in width (Figures 4.4b and ¢). The nanowire morphology and size

are maintained after annealing, as depicted in Figure 4.4d.

| |
20 pm

Figure 4.4. SEM image of (a) Cu foam, (b, c) low- and high-magnification of
Cu(OH); NWs, and (d) CuO NWs.

The crystal structure of the prepared samples was investigated by XRD. All samples
exhibit strong peaks at 43.3°, 50.4°, and 74.1° ascribed to Cu® (Figure 4.5), which
correspond to the bulk structure of the Cu foam substrate. Since the anodization is a
surface phenomenon, no changes in the bulk structure of the sample were expected after
treatment. However, and in agreement with the trend reported by Wang et al. [22], the
main diffraction peaks of Cu(OH), (35 nm, Debye-Scherrer) are detected after
anodization. After thermal annealing, broad diffraction peaks at 35.8° (11-1) and 38.7°
(111) evidence the appearance of CuO, which confirms the dehydration of most
Cu(OH),. Compared to Cu(OH), NWs, the broader peaks observed for CuO NWs
indicate a decrease in crystallite size (21 nm, Debye-Scherrer). A very weak reflection

at 23.9° suggests that some Cu(OH); is still present in the annealed sample.
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Figure 4.5. XRD pattern of the developed electrodes. @ Cu® (JCPDS card no. 04-0836),
o CuO (JCPDS card no. 48-1548), m Cu,O (JCPDS card no. 05-0667), and @ Cu(OH),

(JCPDS card no. 80-0656).

Table 4.1. Cu 2ps3», Cu Auger LMM, and modified Auger parameter values for the

electrodes. Curve-fitting parameters.

Sample Compound BE* FWHM" Peak KE° FWHM Peak a’ At.
P P (eV) (eV) shape (eV) (eV) shape (eV) %"
Cu,0 932.9 1.10  GL(80) 9159 220 GL(70) 1848.7 69.1¢
Cu foam

Cu’ 932.9 1.10  GL(80) 9182 1.80 GL(80) 1851.1 30.9¢

Cu(OH), GL(70)
NWs Cu(OH), 9344 2.50 T(1.5) 916.5 2.10 GL(70) 1850.9 100.0
CuONWs  CuO  933.6 240 (;%1(750)) 917.4 210 GL(30) 1851.0 100.0

2 binding energy; °: full width at half maximum; ©: kinetic energy; o’: modified Auger parameter;

d: unless otherwise specified, calculated according to Cu 2psn; © calculated according to

Cu LMM.
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Figure 4.6. (a-c) Cu 2ps;» XPS and (d-f) Cu Auger LMM spectra for (a, d) Cu foam,
(b, e) Cu(OH), NWs, and (¢, f) CuO NWs.

The surface of the various samples was studied by XPS. Figure 4.6 and Table 4.1

summarize the obtained results. For the bare Cu foam, the peak-fit of the Cu 2p3. core

level gives a single narrow peak centered at 932.9 eV (Figure 4.6a) that can be attributed

to Cu’ and/or Cu”. Thus, the chemical speciation of copper was based on the Cu LMM

Auger peak [27]. The Auger peak-shape illustrated in Figure 4.6d suggests that copper

is present, at least, in two different oxidation states characterized by the main peak at

915.9eV (Cu’, 69.1 at. %) and the shoulder at 918.2 eV (Cu’, 30.9 at. %). After

anodization (Figure 4.6b), the Cu 2p;» peak shifted to higher binding energy (BE;

167



Chapter 4

934.4 ¢V), and strong shake-up satellite peaks emerged, endorsing the formation of
Cu(OH),. For the annealed sample (Figure 4.6¢), the values of the Cu 2p3» (933.6 eV)
and Cu LMM (917.4 eV) peaks are consistent with the presence of CuO [27].

4.4.2 Electrochemical performance and stability

The electrocatalytic activity of the prepared electrodes was initially assessed by LSV in
N> or CO»-saturated electrolyte, using a standard three-electrode cell, Figure 4.7. The
LSV curve of the Cu foam recorded in N environment exhibits a clear reduction peak
at ca. 0.30 V, which can be attributed to the reduction of Cu* to Cu’[28]. XRD and XPS
already evidenced the presence of Cu,O. For Cu(OH), NWs and CuO NWs, two cathodic
signals (C; and Cy;, Figure A.15, Appendix A) are observed, which were associated with
the sequential reduction of Cu?* to Cu* and Cu* to Cu® [28,29].

Under CO»-atmosphere, the Cu foam exhibited a total current density of -14.3 mA c¢cm™
at -1.2 V. However, no significant differences are observed compared to the LSV
response under N,-saturated electrolyte, suggesting that the water electrolysis is the
dominant reaction (Figure 4.7a). Considering the same applied potential range, both
Cu(OH); NWs and CuO NWs produced much higher current densities than the bare Cu
foam. For instance, a current of -25.0 mA c¢m was recorded at-1.2 V for Cu(OH), NWs,
representing a ca. 2-fold increase (Figure 4.7b). For CuO NWs, a notable current density
of -56.8 mA cm™? was registered at the same applied potential (improvement by 4-fold,
Figure 4.7¢).

The increase in surface area after forming the nanowires can explain the current density
enhancement observed for Cu(OH), NWs and CuO NWs. As shown in Table 4.2,
Cu(OH), NWs and CuO NWs present a capacitance of 10.3 mF cm™ and 9.82 mF ¢cm™,
respectively. This result indicates that the roughness factors are 11 times higher than that
of Cu foam (capacitance of 0.93 mF cm™). On the other hand, Cu(OH), NWs and
CuO NWs have similar roughness factors, suggesting that the higher current density

measured for CuO NWs is indicative of higher activity.
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Figure 4.7. IR-corrected LSV curves at cathodic potentials in N (dashed lines) and
CO,-saturated (full lines) 0.1 M KHCOs for (a) Cu foam, (b) Cu(OH) NWs, and
(¢) CuO NWs. Scan rate, 20 mV s\

Table 4.2. Capacitance values and surface roughness factors of the developed electrodes.

Sample

Capacitance (mF cm?)

Roughness factor

Polycrystalline Cu foil®
Cu foam
Cu(OH)> NWs
CuO NWs

0.28
0.93
10.3
9.82

1.00
3.32
36.8
35.1

2 the obtained capacitance value of 0.28 mF ¢cm? is in agreement with the literature [30].
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In addition to the high activity, this preliminary test suggests that CuO NWs is highly
selective for the ERCO.. For the overall range of potential tested, the total current density
recorded under Nx-environment is almost negligible (ca. -1 mA cm), evidencing that
the HER competing reaction was strongly suppressed (Figure 4.7c¢). In contrast, in the
presence of CO,, the current density sharply increased, indicating high
activity/selectivity for CO, reduction. Additionally, the onset potential shifted positively
from -0.44 V (Cu foam) to 0.04 V (CuO NWs), which denotes that the electrocatalytic
activity is enhanced for the CuO NWs electrode. Thus, less energy is needed to initiate
CO; reduction. It is also worth mentioning that most of the surface CuO was reduced to

Cu’ during the ERCO,; thus, Cu’ is the active state of copper (Figure 4.8).
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Figure 4.8. (a) Cu 2p3» XPS and (b) Cu Auger LMM spectra of CuO NWs after ERCO,.

The stability of the developed CuO NWs electrode was evaluated by short-term
electrolysis at an applied potential of -1.2 V, Figure 4.9a. After 2 h of operation, the
current density dropped from -56.8 mA cm? to -18.2 mA ¢cm™, indicating that the
CuO NWs electrode will not be stable under long-term electrolysis. According to SEM
results (Figures 4.9b and c), the decrease in activity can be related to some structural

damage of the nanowires during the reaction.
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To improve the stability of the electrode, a TiO- layer with ca. 5 nm of thickness was
deposited by ALD. This technique has already been identified as a viable tool to add
ultrathin corrosion protective layers (TiO,, AlOs;, ZnO, HfO, and ZrO,) to copper
surfaces [31,32]. In the present work, ALD TiO; was successfully used to improve the
stability of an ERCO; catalyst; after the TiO» incorporation, the current density remained
stable at -32.0 mA c¢cm™ during the 2 h test (Figure 4.9a). Literature reports that Cu NWs
are stable under ERCO; conditions over 1 h without further treatment [2]. However, in
the cited work, the electrolysis was carried out at less cathodic potentials than those used
in this study (-0.6 Vrue). Thus, the results presented here may be related to the more
reductive environment to which the CuO NWs electrode was exposed, which damages
the structure of the NWs. The addition of the TiO, layer increases the structural
robustness, resulting in high catalytic stability, and enables the operation at more

cathodic potentials.
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Figure 4.9. (a) Dependence of the total current density over time for the CuO NWs
sample, with and without the TiO; protection layer, recorded at -1.2 V. SEM image of
the CuO NWs electrode without the TiO» layer (b) before and (c) after 2 h of electrolysis.
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Moreover, TiO, has a negligible impact on the electrode conductivity and ERCO,
product distribution (discussed in detail in the next section), Figure 4.10. Regarding the
conductivity, Figure 4.10a indicates that the area-specific resistance (ASR) increased
by ca. 4.8-fold after anodization and only 1.2-times when the TiO, was deposited,

reaching a value of 0.2 Q cm™ for a compression pressure of 1 MPa.

On the other hand, it is also observed that the addition of the TiO» layer reduces the total
current density (-56.8 mA ¢m without TiO, and -32.0 mA cm with TiO»). According
to SEM-EDS and CO,-TPD-MS results (Appendix A, Figures A.17 and A.18), this
behavior can be explained by the blockage of some CuO active centers. From here, all

results reported concern electrodes with the TiO; protective layer.
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Figure 4.10. (a) Area-specific resistance vs. compression pressure for Cu foam and
CuO NWs with and without TiO,, at multiple applied current densities. (b) Faradaic
efficiency over CuO NWs with and without TiO; at -1.2 V.
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4.4.3 Electrochemical CO2 reduction

The activity of the prepared electrodes toward the CO; reduction was assessed by
potentiostatic measurements for 120 min at selected potentials from -0.6 V to -1.2 V,
using a conventional three-electrode system and COj-saturated 0.1 M KHCO; as
electrolyte. The geometric current density remained stable throughout the electrolysis,
regardless of the electrode and applied potential (Figure A.19, Appendix A). GC analysis
revealed that H, and CO were the only gas products. Similarly, methanol and ethanol
were identified as the main liquid products, with propanol also detected for some

samples but with a negligible faradaic efficiency (FE <2 %).

The current density and FE recorded during the constant-potential electrolysis of CO,
over the different electrodes are displayed in Figure 4.11. As expected, the bare copper
foam presents quite high values of FE for H, production, reaching ca. 80 % for each
potential tested (Figure 4.11b). This result is in agreement with the work of Min ef al.,
which reported ca. 85 % of H, FE for a commercial Cu foam tested under similar
conditions at -0.45 Vrur[33]. Moreover, it confirms that this electrode is not suitable for
ERCO: due to its low selectivity, as suggested by the LSV. Other studies reported in the
literature show Cu foams with lower H, FE, for instance, 60 % [18] and 16 % [13]
at -0.7 Vrus. However, these values were obtained with electrodeposited Cu foams and

not commercial materials.

After anodization, the H> FE decreased to an average value of 45 %, representing a
1.7-fold reduction compared to the Cu foam (Figure 4.11¢). Methanol and ethanol were
also detected, however, with low FE (ca. 10 % and 5 % for methanol and ethanol,

respectively).

The unique nanostructure of the nanowires formed after anodization was found to
effectively decrease the HER activity. Notwithstanding, the H» electrolysis was further
inhibited by the dehydration of Cu(OH), to CuO, as depicted in Figure 4.11d. After
annealing, the H, FE remained below 15 % in the potential range of -0.6 V to -1.0 V,
evidencing that CuO NWs is 5.3-times less HER selective when compared to the Cu

foam. Besides, alcohols emerged as the main ERCO, products. Ethanol was produced
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with a maximum FE value of 23.5 % recorded at -1.2 V, and the methanol FE exceeded
50 % in the tested potential range. Particularly at -0.8 V, methanol was selectively
produced with an FE of 66.4 % and a production yield of 64.9 umol h'! cm?; a value
1.5-times higher than the literature reference (43 pmol h'! cm?) [34]. At the same
applied potential (-0.8 V), the overpotential for the ERCO, to methanol was 410 mV
(under the current operating conditions). The energy efficiency for methanol production

was also assessed; 31.2 % at -0.8 V, with a maximum of 32.7 % achieved at -0.6 V.
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Figure 4.11. (a) Total current density and faradaic efficiency over (b) Cu foam,

(c) Cu(OH)2 NWs, and (d) CuO NWs at different applied potentials.

Concerning the methanol production, the values obtained with the CuO NWs electrode
are very close to those reported by Yang et al. over CuSe electrodes (FE of 77.6 %, total
current density of -41.5 mA cm?, and overpotential of 285 mV) [35]. Moreover, since
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the current density decreased after the incorporation of the TiO, protective layer, it is
expected that further improvement of the protective layer will result in the performance

enhancement of the developed electrode.

Among other properties, the ideal catalyst for ERCO; should be effective in inhibiting
the HER, and much work has been devoted to this topic [7,12—16]. However, hitherto an
effective suppression of the HER has only been achieved using precious
metals-containing catalysts [7,16]. Recently, Kim et al. reported an unprecedented
suppression of the HER for a bimetallic catalyst consisting of Pd adatom decoration of
active Cu surfaces; a selectivity of 90 % for the CO, reduction was achieved
at -1.14 Vrue [16]. The other remarkable example is the nearly 100 % selectivity for
ERCO:; attained using an AuPd bimetallic catalyst, reported by Valenti et al. [7]. On the
other hand, for pure metals electrodes, the promotion of ERCO; over HER has proved
infertile [4,11,36]. For instance, it is reported that the FE for HER is ca. 30 % on Cu
surfaces at -1.05 Vrug [36] and 50 % on CuO at -1.1 Vrug [4]. In contrast, the developed
CuO NWs electrode presents an FE for H, evolution of only 13.5 % at -1.0 V. Thus,
regarding the inhibition of the H, production, the developed electrode has a performance
comparable to the state-of-the-art precious metal electrodes and outperforms the single
Cu-catalysts in aqueous environment. Moreover, the CuO NWs electrode has the

advantage of being highly selective for ERCO> to methanol.

4.4.4 Understanding the superior performance of CuO NWs

Further electrocatalytic characterization was performed to disclose the crucial factors

affecting the electrocatalytic process and the superior performance of CuO NWs.

The results from the Tafel analysis are given in Figure 4.12a. The Tafel slope measured
for the Cu foam of 136 mV dec™! agrees with previous reports (130 + 7 mV dec™) [37],
and indicates a rate-determining initial electron transfer to CO, to form an adsorbed
CO;" intermediate [8,37]. The overpotential required for this step is typically large due
to the poor stabilization of CO,™ by the metal surface [8]. In contrast, electrokinetics

data for Cu(OH), NWs and CuO NWs support a mechanism that implies a faster
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first-electron transfer step prior to a chemical rate-determining step (theoretical value of
59 mV dec™) [1,38]. Mechanistic divergence from the rate-determining le~ transfer
suggests that active sites on the surfaces of Cu(OH), NWs and CuO NWs provide better
stabilization to CO,"". The faster kinetics recorded when Cu(OH), NWs and CuO NWs
are used as electrodes can be explained, in part, by the field-induced reagent
concentration theory (FIRC) [39]. According to the FIRC, nanostructured electrodes can
improve the slow kinetics imposed by the low CO, concentration close to the catalytic
active sites. As reported, the presence of K* can stabilize the adsorption of reaction
intermediates (e.g., CO,") [40], and the high local electric fields created by
high-curvature structures (e.g., tip of nanowires) tend to concentrate electrolyte cations
near CO; reduction sites. Thus, it seems logical to assume that the particular morphology
of the CuO NWs and Cu(OH) NWs supported on a 3D substrate provides better

stabilization of CO", explaining the observed faster kinetics.
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Figure 4.12. (a) Tafel plots of the CO, reduction partial current density. (b) IR-corrected
single oxidative LSV scans at 50 mV s’ in Np-saturated 0.1 M NaOH.

To confirm the change in the binding affinity of CO,™, the adsorption of OH™ as a

surrogate for CO,"~ was studied. The current response was measured following single
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oxidative LSV scans from -0.1 V to 0.7 V, Figure 4.12b. As shown, surface OH~
adsorption on CuO NWs and Cu(OH), NWs occurs at a potential ca. 50 mV lower than
that observed for Cu foam. The potential shift indicates higher binding energy between
reaction sites and intermediates and, thus, stronger stabilization of CO," on the surface
of the CuO NWs and Cu(OH), NWs [41,42], following the mechanism proposed by the

Tafel analysis.
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Figure 4.13. Nyquist plots, with fitting curves (dashed lines), of the prepared electrodes
in CO,-saturated 0.1 M KHCO; with a frequency from 1 MHz to 10 mHz, and 10 mV
amplitude at (a) -0.8 V and (b) -1.2 V. The equivalent circuit model is shown on the
insert. R, stands for the electrolyte resistance, R.: for the charge transfer resistance, and
Ry is the diffusion resistance. The double-layer capacitance is distributed between the
charge transfer and diffusion processes and is represented by constant phase elements

(CPE, and CPEy).
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EIS measurements were performed to further investigate the effect of the catalyst
structure on the kinetics of the CO; reduction, Figure 4.13. EIS tests were carried out
at-0.8 Vand-1.2 V. According to the literature, at low overpotential, the charge transfer
process controls the reaction kinetics, whereas mass diffusion dominates at high
overpotential [41]. The obtained Nyquist plots were fitted by the equivalent circuit model
shown in Figure 4.13 insert [43], and the corresponding fitted results are summarized in
Tables 4.3 and 4.4. According to the EIS fitting, all electrodes present similar electrolyte
resistance (R;), with an average value of 22.5 Q cm™ due to the same electrolyte
condition and reactor. At the same time, obvious differences are observed in the charge
transfer resistance (R.) and diffusion resistance (R4). Results obtained at -0.8 V
(Figure 4.13a) show that the R decreased by 2.5-fold after anodization, suggesting that
the presence of the nanowires enhances the electronic interaction at the reaction
interfaces during electrolysis. As a result of the FIRC effect, the adsorption energy
barrier of CO, decreased, facilitating the electron transfer to form CO,™ [44]. Moreover,
the Rq also decreased, being negligible for CuO NWs, indicating that a pore network was
created that guides the diffusion of CO, to the active centers. The same pattern is
observed for the EIS data acquired at -1.2 V; however, as expected, the Rq is slightly
higher (Figure 4.13b).

Table 4.3. Values of the equivalent electric circuit elements fitted in the Nyquist plots

obtained at -0.8 V (error percentage for each element is given in parentheses).

Elements Cu foam Cu(OH)2 NWs CuO NWs
Rs (Q cm?) 23.77 (0.18) 22.62 (0.24) 21.78 (0.25)
CPE;-T (F cm?) 7.51 x 10 (1.55) 8.91 x 107 (1.69) 1.54 x 102 (1.12)

CPE;-P 0.84 (0.38) 0.87 (0.80) 0.87 (0.67)

Rt (Q cm?) 35.99 (0.41) 14.18 (0.82) 13.08 (0.61)
CPE:-T (F cm?) 3.46 x 101 (5.11) 3.61 (7.98) --
CPE,-P 0.74 (3.19) 1.04 (5.98) --
R4 (Q cm?) 17.81 (5.13) 2.27(9.13) --
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Table 4.4. Values of the equivalent electric circuit elements fitted in the Nyquist plots

obtained at -1.2 V (error percentage for each element is given in parentheses).

Elements Cu foam Cu(OH)2 NWs CuO NWs

Rs (Q cm?) 23.90 (0.04) 21.65 (0.15) 21.05 (0.17)
CPE;-T (F cm) 7.46 x 104 (3.75) 9.83 x 1073 (2.88) 1.64 x 102 (2.20)

CPE,-P 0.86 (0.82) 0.85(1.12) 0.85 (1.09)

Rt (Q cm™?) 10.78 (0.72) 5.22 (1.24) 5.60 (1.26)
CPE>-T (F cm?) 9.61 x 107 (6.96) 9.63 x 107! (4.23) 9.97 x 107! (3.51)

CPE,-P 0.78 (4.35) 0.85(1.93) 0.89 (1.66)

R4 (Q cm?) 4.20 (5.53) 3.55(2.40) 6.69 (2.88)

As previously mentioned, CO and methanol were selectively produced over
Cu(OH), NWs and CuO NWs surfaces, respectively. However, structural effects cannot
explain the different reaction selectivity of Cu(OH), NWs and CuO NWs. Thus, it is
suggested that the chemical environment is the key to the observed differences. As
evidenced by XPS, the BE of Cu 2p core level of Cu(OH), NWs is 0.8 eV higher when
compared to CuO NWs (Table 4.1). The higher BE suggests that the electron density
around Cu?®" decreased, possibly due to the electrons in the outer shell of the Cu** being
attracted by the O—H bond. The higher electronic density of the CuO NWs indicates
higher basicity and, therefore, higher CO; and CO adsorption capacity. This evidence
suggests that CuO NWs is capable of stabilizing the CO intermediate, resulting in the
conversion of CO; to high-reduced products, like methanol. In contrast, the lower CO
affinity of Cu(OH), NWs, with respect to CuO NWs, leads to its facile desorption and,

thus, gaseous CO production.

4.4.5 CO2 reduction in a gas-phase GDE configuration

It is important to highlight that the direct synthesis of the CuO NWs on the surface of a
copper foam enables the direct application of the developed electrode in a gas-phase

GDE configuration.
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GDE reactors provide some significant advantages over the liquid-phase systems. They
overcome the low solubility of CO; in aqueous electrolytes (33 mM), which hinders high
productivity, and are suitable for continuous operation and industrial scale-up [45,46].
Thus, as the GDE configurations are closer to real industrial technology, Cu foam and
CuO NWs were tested in a filter-press cell working at a constant current density
of -45 mA cm™, according to previous reports [25,26]. All tests were carried out at
atmospheric conditions in a continuous mode, with a single pass of the catholyte and
anolyte through the electrochemical cell. Figure 4.14 presents the obtained FE and

product rate formation.
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Figure 4.14. (a) Faradaic efficiencies and (b) production yield for Cu foam and
CuO NWs, working on a continuous mode with a single pass of the catholyte and anolyte

through the electrochemical cell, working at a current density of -45 mA cm?.

As observed, the H, production from the HER reaction accounts for 47.9 % of the total
FE for the Cu foam, with a partial current density of -21.6 mA cm™. This value is lower
when compared to ca. 80 % recorded using the three-electrode cell (Figure 4.11b),
suggesting that the HER is less promoted in the GDE configuration. Thus, besides the
advantages already discussed, this result highlights that a major benefit of the GDE
configuration, over liquid-phase systems, is the inhibition of the competing HER. For
CuO NWs, an H, FE < 15 % was achieved, in agreement with the results obtained in the
conventional cell, being HCOO™ also identified as ERCO, product (FE of 14.9 %).
Notwithstanding, methanol was the major ERCO; product with an FE of 66.1 % (partial
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current density of -29.7 mA c¢cm™) and a formation rate of 18.5 pmol h! cm™. The FE is
comparable to the value obtained at -0.8 V in the conventional system; however, the
production yield decreased by 3.5-fold, possibly due to the larger area of the electrode
(10 cm?). Thus, the achieved methanol yield is lower when compared to the values
reported by Le et al. using Cu,0 as electrode (ca. 43 pmol h'! em™) but was recorded

with a higher FE value (66 % vs. 38 % reported by Le et al.) [34].

4.5 Conclusions

The developed CuO NWs catalyst proved to be very efficient for the ERCO.. In aqueous
environment, a high current density was obtained (-56.8 mA cm™ at -1.2 V); however
not stable during 2 h of electrolysis. The stability issues were overcome by depositing a
thin layer of TiO, on the catalyst surface, and methanol was selectively produced using
the developed catalyst with an FE of 66.4 % at -0.8 V (overpotential of 410 mV). The
energy efficiency was 31.2 %, and the production yield was 64.9 umol h'' cm™. These
are quite promising values obtained with a single metal catalyst. Moreover, since the
current work has been focused on demonstrating the concept and feasibility of this class

of catalysts, future work will target the improvement of catalytic performance.

The remarkable catalytic activity of CuO NWs was attributed to the particular
nanostructure of the nanowires that lowers the CO, adsorption energy barrier, enhancing
the electron transfer to form CO,". The stabilization of the CO,™ intermediate is also
facilitated by CuO NWs, resulting in the conversion of CO; to more reduced products
(methanol). Moreover, the newly formed pore network drives the CO; to the active sites,

decreasing the diffusion resistance.

The performance of the CuO NWs catalyst was also explored in a continuous-GDE
reactor configuration. The direct application of this type of material on a GDE
configuration was confirmed, and methanol was obtained as the main ERCO; product

with high efficiency (FE of 66.1 % and partial current density of -29.7 mA ¢cm™).
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Nomenclature
Abbreviation Definition
ALD Atomic layer deposition
ASR Area-specific resistance
BE Binding energy
CO,-TPD Carbon dioxide temperature-programmed desorption
CO,-TPD-MS ranrsl;osI; S(i;?r):)iiz :f;lperature—programmed desorption combined with
CPE Constant phase element
Ccv Cyclic voltammetry
DAS Dimensionally stable anode
e Electron
EIS Electrochemical impedance spectroscopy
ERCO, Electrochemical reduction of CO,
FE Faradaic efficiency
FIRC Field-induced reagent concentration theory
FWHM Full width at half maximum
GC Gas chromatography
GDE Gas diffusion electrode
HER Hydrogen evolution reaction
JCPDS Joint committee on powder diffraction standards
KE Kinetic energy
LSV Linear sweep voltammetry
MMO Mixed metal oxide
NWs Nanowires
RHE Reversible hydrogen electrode
SEM-EDS Scanning electron microscopy with energy dispersive spectroscopy
XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction
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Greek Symbol Definition Unit
o’ Modified Auger parameter eV
Variable Definition Unit
E° Standard redox potential A%
Eeq Equilibrium potential under reaction conditions v
R Charge transfer resistance Q cm?
Ry Diffusion resistance Qcm?
R Electrolyte resistance Q cm?
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Binary Copper-Bismuth Catalysts for the
Electrochemical Reduction of COz: Study on Surface

Properties and Catalytic Activity

5.1 Abstract

The CuO NWs electrode, described in Chapter 4, was used as substrate to prepare a
series of CuBi catalysts with different Bi loadings, which were tested for the
electrochemical reduction of CO, (ERCO>). The developed catalysts were tested in a
filter-press cell, and the influence of the catholyte on the catalytic performance was
assessed. Catalyst #20C was found to be very selective for formate production, with a
faradaic efficiency (FE) of 86.4 % when CI ions are present in the catholyte solution.
The presence of weak CO; adsorption sites on the catalyst surface favors the formation
of non-coordinated and monodentate carbonates after CO, adsorption, resulting in
enhanced formate formation through an outer-sphere mechanism. For catalyst #50C, an
unprecedented propane selectivity was recorded (FE of 85.4 %), being the first
high-efficiency catalyst for the ERCO, to propane ever reported. This remarkable
catalytic behavior was attributed to strong CO; adsorption sites on the catalyst surface
and higher CO; and CO adsorption capacity. It is also proposed that a bidentate carbonate
is a key intermediate for the ERCO; to propane, which is preferably formed when strong

Lewis acid and base sites are present on the catalyst surface.

Keywords: CO, electroreduction; CuBi catalysts; propane; selectivity; surface

properties.
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5.2 Introduction

Since the industrial revolution, humanity has become dependent on fossil fuels to meet
its increasing energy demands [1,2]. Unfortunately, this reliance on fossil fuels resulted
in the rising of the CO, atmospheric concentration, already exceeding 417.64 ppm
(March 2021) [3], which is considered one of the major causes of climate change [4].
The electrochemical reduction of CO, (ERCO,) represents a promising alternative to
help close the anthropogenic carbon cycle and convert intermittent electricity from
renewable and clean energy sources (i.e., solar, wind, and hydro) to chemical energy in

the form of fuels and feedstock [5-7].

The ERCO, was first proposed in 1870 by Royer. However, it is not yet commercially
available due to the low price of fossil fuels and significant technological
challenges [8,9]. The barriers that prevent the widespread use of this technology include
(i) low energy efficiency and sluggish reaction kinetics due to the large energy barrier
for CO; activation; (ii) low selectivity owing to the relatively similar reduction potentials
for all possible reaction products, (iii) the competing hydrogen evolution reaction
(HER), which in general is favored under the ERCO, working conditions; and, (iv) low
catalyst stability over extended operating periods [9,10]. Thus, one of the major

challenges in ERCO; is the development of high-efficiency ERCO, catalysts [10].

The search for suitable ERCO; catalysts represents one of the most active areas of current
research [11]. Recent works proposed several strategies to improve the efficiency of
metal-based ERCO; catalysts, namely through the control of particle size, morphology,
surface defects, grain boundaries, crystal facets, and electronic properties (bimetallic
alloys) [9]. Most catalysts reported so far are powder-based. Thus, the typical preparation
of electrodes involves the use of polymer binders, such as Nafion, which makes it
difficult to tune the surface properties of the catalyst [2]. Moreover, many active sites
are embedded inside and inaccessible for reactants, resulting in decreased activity.
Alternative preparation methods that aim to increase the active surface area and
long-term stability under electrolysis have been developed. These new preparation

routes include the development of self-supported catalysts, where active materials are
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grown directly on the surface of conductive substrates [2,11]. Examples of
self-supporting catalysts include oxide-derived Au foils, with > 98 % of faradaic
efficiency (FE) for CO production and stable current density of -10 mA ¢cm™ for 8 h[12];
and a plasma-activated Cu catalyst, highly selective for the CO; reduction to ethylene
with a maximum FE of 60 % at -0.9 Vruge [13]. More recently, De Luna et al. used
electrochemical deposition techniques to control the morphology and oxidation state of
a Cu-based catalyst. The resulting catalyst exhibited a remarkable partial current density
for ethylene of -160 mA cm? at-1.0 Ve [14]. Likewise, Zhong et al. demonstrated that
bismuth dendrites electrochemically deposited on carbon paper provide higher specific
surface area and expose edge sites, resulting in improved catalytic activity and selectivity
toward formate [15]. The hydrothermal method was also used to grow CuS nanosheets
on the surface of a nickel foam, achieving an FE of 73 % for methane production, stable

up to 60 h [16].

Chapter 4 described the growth of a CuO nanowires (NWs) catalyst directly on the
surface of a commercial copper foam. The developed catalyst proved to be very efficient
for the ERCO> to methanol, with FE 66.4 % at -0.8 Vrug, while the HER was strongly
suppressed. The nanowire structure was identified as the key to lowering the CO»
adsorption barrier and enhancing the stabilization of the CO,"™ intermediate, resulting in

improved ERCO:; activity at low applied overpotential [17].

The present chapter studies the effect of bismuth electrodeposition over the CuO NWs.
Bi is a non-noble and earth-abundant metal with no known adverse impact on the
environment, which has attracted much attention to produce formate through
ERCO; [18]. In this study, Bi was deposited considering different values of electron
charge passed through the substrate. Interestingly, it was found that the physicochemical
properties of the catalysts are highly dependent on the charge passed, which in turn
controls the product distribution. The performance of the catalysts was tested in a
continuous gas diffusion electrode (GDE)-reactor configuration, and different catholyte
solutions were evaluated. Formate and propane were produced with high efficiency

depending on the catholyte and catalyst used. Besides, by combining electrochemical
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measurements with microscopic and spectroscopic characterization techniques, insights

into the improved performance and reaction mechanism are provided.

5.3 Experimental
5.3.1 Electrode preparation

The CuO NWs electrodes prepared in Chapter 4 were used as the substrate for bismuth
electrodeposition, Figure 5.1. An aqueous solution of 0.03M Bi(NO3);.5H,O
(Sigma-Aldrich, 99.999 %) was prepared with ultrapure water, and HCI (Fluka, 37 %)
was added dropwise until the solution became clear [19]. Electrodeposition was carried
out at atmospheric conditions, using a three-electrode setup with the CuO NWs as the
working electrode and the bismuth solution as the electrolyte. A carbon rod and an
Ag/AgCl/Sat. KCl electrode were used as counter and reference electrodes, respectively.
A constant current density of 20 mA c¢m™ was applied until the desired amount of
electron charge was passed (5 C, 20 C, and 50 C). The developed catalysts were named
according to the electron charge passed through the substrate (#5C, #20C, and #50C).

Anodization
+
Annealing

Cu foam CuO NWs CuO NWs + Tioé layer Bi/Cu,0 NWs

TiO, ALD
deposition

Figure 5.1. Experimental procedure used for the electrocatalysts preparation.
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5.3.2 Electrochemical measurements

All electrochemical measurements were performed at ambient conditions of pressure and
temperature in the filter-press cell described in Chapter 4. Experiments were conducted

in an experimental setup already described in the literature [20,21] and illustrated in

Figure 5.2.

Data Acquisition Co,

Potentiostat

000
Peristaltic = Anolyte
Pump

|\ Catholyte Peristaltic
/ e ~ Pump

Filter-Press
Cell

Catholyte Anolyte
Sese +
D Products
.
lon Chromatography + Headspace-GC Micro GC

Figure 5.2. Experimental setup.

Following the experimental methodology described in Chapter 4, the geometric
electrode surface area was 10 cm? and the cathode and anode compartments were
separated with a Nafion 117 cation exchange membrane. A tinned steel mesh was
employed as a current collector and a dimensionally stable anode [DSA/O, (Ir-MMO
(mixed metal oxide) on platinum)] as a counter-electrode. A leak-free Ag/AgCl
3.4 mol L' KCI reference electrode was assembled close to the working electrode. An

aqueous solution of 1.0 M KOH (PanReac, 85 %) was selected as the anolyte. On the
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other hand, two different aqueous solutions were tested as catholyte: 0.1 M KHCO;
(PanReac, > 99 %), catholyte A; and 0.45 M KHCO; + 0.5 M KCl (PanReac, > 99 %),
catholyte B. Experiments were conducted at galvanostatic conditions (-45 mA cm),
with the current supplied by the potentiostat (MSTAT 4, Arbin Instruments). Each test
lasted 90 min and was performed on a continuous mode with a single pass of the
catholyte and anolyte through the cell at a flow rate of 0.57 mL min' cm?, using two
peristaltic pumps (Watson Marlow 320, Watson Marlow Pumps Group). Pure gaseous
CO; was fed to the cell at a flow rate of 200 mL min™'. Each test was conducted in

duplicate on different days to ensure the reproducibility of the results.

Gas products were analyzed online every 30 min with a micro gas chromatograph, and
liquid samples, collected every 30 min, were analyzed by ion chromatography and

headspace-GC.

The faradaic efficiency and product formation rate were determined to evaluate the

electrochemical performance of the electrodes.

5.3.3 Physicochemical characterization

The morphology and element distribution were obtained by scanning electron
microscopy with energy dispersive spectroscopy (SEM-EDS, Phenom XL Desktop
SEM, and Nova NanoSEM 200). The crystal structure was studied using X-ray
diffraction (XRD, PANalytical X Pert Pro), while X-ray photoelectron spectroscopy
(XPS, Kratos AXIS Ultra HAS) was used to identify the surface chemical composition

and valence state, as detailed in Chapter 2.

The CO, and CO adsorption was studied by CO,/CO temperature-programmed
desorption combined with mass spectrometry (CO,/CO-TPD-MS, ChemBET Pulsar
TPR/TPD). Samples were pretreated at 120 °C for 30 min under He flow, followed by
CO,/CO adsorption at 50 °C. Then, the CO,/CO desorption was monitored using a
quadrupole MS (Pfeiffer Vacuum OmniStar GSD 320) in the temperature range of 50 °C
to 700 °C.
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CO, adsorption was also studied by infrared (IR) spectroscopy (Vertex 70 FTIR,
Bruker). IR measurements were performed in transmittance mode using a liquid
nitrogen-cooled mercury cadmium telluride (MCT) detector. Samples were measured in
attenuated total reflectance (ATR) mode using an A225/Q platinum ATR diamond
crystal with a single reflection accessory. For each spectrum, 128 scans were
accumulated between 4000 cm™ and 700 cm™ at a spectral resolution of 2 cm!. Before
CO; adsorption, all samples were treated overnight in a vacuum oven at 80 °C to remove
possible adsorbed contaminants from the catalyst surface, like H,O. CO, adsorption was
performed at 50 °C; subsequently, the CO, was stepwise desorbed at 150 °C, 250 °C,
350 °C, and 450 °C. IR spectra were acquired after each step. Moreover, the IR spectrum
of the bare samples (before CO, exposure) was recorded and used as blank during spectra

interpretation to avoid interference from the characteristic IR absorption of the samples.

5.4 Results and discussion
5.4.1 Physicochemical properties of the catalysts

The morphology of the prepared catalysts was studied by SEM-EDS, Figure 5.3. All
samples exhibit copper nanowires, indicating that this structure was kept after the
electrochemical deposition of bismuth, despite the high acidity of the electrodeposition
solution (pH 1). Moreover, after bismuth deposition, the formation of Bi clusters is
observed, whose number and size increase with increasing charge passing. Samples #5C
and #20C have Bi microclusters with an average diameter of 8.5 um and 11.5 pum,
respectively, being these clusters more abundant in sample #20C. The higher number
and size of Bi clusters was already expected due to the longer deposition time used when
compared to #5C. In turn, sample #50C evidences the formation of even larger Bi

clusters, with an average size of 18.0 pm.
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Figure 5.3. (a-c) Low and (d-i) high-magnification SEM images with elemental
mapping of Cu and Bi for catalysts (a, d, g) #5C, (b, e, h) #20C, and (c, f, 1) #50C.

A closer look also indicates that the morphology of the Bi particles changes with the
charge passing. Sample #5C shows small Bi grains with smooth surfaces and sharp edges
and corners (Figure 5.3d). In addition, Figure 5.3g shows the formation of small
platelet-like structures on the surface of the Bi grains. On the other hand, samples #20C
and #50C are rougher and more heterogeneous (Figures 5.3e and f). Figures 5.3h and i

also indicate that the previously formed platelet-like structures grew in radius. Thus, it
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is observed that the Bi grains evolve to flower-like structures with the increasing charge
passing, following the evolution trend of the Bi clusters during the electrodeposition

already well-illustrated by Liu et al. [22].

The crystalline structure of the as-prepared catalysts was characterized by XRD,
Figure 5.4. All samples exhibit the main diffraction lines of Cu® at 43.5° (111), 50.6°
(200), and 74.2° (220), ascribed to the bulk structure of the copper foam substrate. The
main diffraction peak of the Cu,O crystalline phase is also observed at 36.5° (111),
denoting that the CuO NWs are reduced to CuO NWs during electrodeposition. This
reduction occurs because, during electrodeposition, CuO is subjected to a potential close

to the standard potential for Cu®** reduction to Cu* (ca. -0.15 Vrug).
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Figure 5.4. XRD pattern of the developed catalysts. @ Cu® (JCPDS card no. 04-0836),
m CuO (JCPDS card no. 05-0667), % Bi’ (JCPDS card no. 85-1329), ¥ monoclinic
a-Bi,03 (JCPDS card no. 41-1449), and 4 cubic 8-Bi,O3; (JCPDS no. 76-2478).

The characteristic diffraction lines of the Bi® phase are detected at 27.3° (012), 38.1°
(104), 39.8° (110), 48.8° (202), and 56.3° (205). Overlapping Bi’ (012), the main peak
of the a-Bi,O; phase (120) is observed at 27.3°. The appearance of additional XRD
features of a-Bi»O; at 26.9° (111) and 33.1° (-122) confirms the presence of this phase.
Sample #5C also displays diffraction peaks ascribed to cubic 8-Bi,Os3 at 28.7° (111),
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32.6° (200), and 47.6° (220), in agreement with the mechanism of bismuth
electrodeposition proposed by Liu et al. [22]. According to these authors, the flower-like
bismuth structures are produced following three stages: (i) growth of hexagonal Bi
grains, (ii) nucleation of Bi,O3, and (iii) growth of Bi,O3 flowers. Initially, hexagonal Bi
grains grow on the surface of the Cu substrate. The high curvature of the edges and
corners of the Bi grains induces a strong electric field, guiding the migration of Bi** ions
from the electrolyte solution. As a result, cubic Bi»Os platelet nucleates on the edges and
corners of the hexagonal grains. The platelet then grows along its edges, forming a
nanopetal. As the radius of the nanopetals increases, the electric field near the edges
decreases, eventually stopping the particle growth. Based on the characterization results,
the same mechanism was observed in the present work. However, unlike the work of
Liu et al., which reports the production of body-centered cubic (bcc) Bi»Os phase, in the

present study, face-centered cubic (fcc) structures were developed.

Table 5.1. Results of XRD analysis.

Sample Phase Crystallite size (nm) % (vIv)?
Cu® 21.3+5.0 81.8
Cu0 16.0£0.5 10.1
#5C Bi’ 84+5.0 4.0
0-Bi,03 23.9+0.1 1.8
0- Bi,03 247+5.0 2.3
Cu 304+£5.0 81.8
Cu,0 8.8+0.5 9.0
#20C
Bi’ 33.3+5.0 5.6
0-Bi,03 6.3+£0.1 3.6
Cu® 24.6=+5.0 87.1
Cu,0 11.0£0.5 6.2
#50C
Bi’ 46.9+5.0 3.9
0-Bi;O3 42+0.1 2.8

2: volume concentration.

204



Binary Cu-Bi catalysts for the ERCO: study on surface properties and catalytic activity

The 6-Bi»O; Bragg peaks vanish as the charge passing increases, being absent for
samples #20C and #50C. It is well known that a-Bi,Os is more stable than fcc
0-Bi,03 [23], which may explain why a-Bi,Os3 is the only bismuth oxide phase present
for longer electrodeposition times. Another effect of the increasing charge passing is the
increase in Bi’ crystallite size, from 8.4 nm of sample #5C to 46.9 nm of #50C

(Table 5.1), following SEM results and literature [19].

Surface atomic composition and valence state of the main elements were analyzed by
XPS. CuO NWs sample was also evaluated for comparison purposes (Table 5.2). All
samples show the Bi 4f region of the spectrum dominated by 4f7,, and 4fs» components,
which were deconvoluted into two sets of peaks, Figure 5.5a. According to the literature,
the XPS peaks at binding energies (BE) of ca. 159.3 ¢V and ca. 164.7 eV, with a doublet
separation of 5.3 €V, are ascribed to Bi** in Bi,O; [24,25]. The lower BE peaks at
157.8 €V and 163.1 eV are assigned to Bi° [23]. This result indicates that the as-prepared

catalysts contain Bi>Os and Bi’, in good agreement with XRD.
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Figure 5.5. (a) Bi 4f, and (b) Cu 2p;, spectra of the developed catalysts.
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Table 5.2. Bi 4175, Cu 2p3», Cu LMM, and modified Auger parameter values for the

prepared electrodes; CuO NWs is also included for comparison purposes.

a FWHMP . FWHM | o/ d
Sample Compound BE? (eV) (V) KE® (eV) (V) a’ (eV) At. %
CuO NWs CuO 933.6 2.40 917.4 2.10 1851.0 100.0
Cu0 932.4 2.12 916.7 2.10 1849.1 18.6
450 CuO 934.5 2.62 917.7 2.10 18522  59.0
Bi’ 157.9 1.43 -- -- -- 5.7
Bi,0; 159.2 1.43 -- -- -- 16.7
Cu,O 932.6 1.87 916.5 2.10 1849.1 224
CuO 934.7 2.14 917.9 2.10 1852.6  21.1
#20C
Bi’ 157.6 1.26 -- -- -- 29.7
Bi,0; 159.3 1.42 -- -- -- 26.8
Cu0 9323 1.82 916.6 2.10 18489  13.1
CuO 934.5 2.31 917.8 2.10 18523 245
#50C
Bi’ 157.8 1.48 -- -- -- 19.3
Bi,0; 159.3 1.43 -- -- -- 43.1

2: binding energy; °: full width at half maximum; ¢: kinetic energy; o’: modified Auger parameter;

4: calculated according to Cu 2p3,2 and Bi 4f7.

With the increasing deposition time, the core level of Bi,Os shifts toward high BE, which
is attributed to the transition from 6- to a-Bi2O3, already identified by XRD. The & phase
of Bi2O; adopts a defective fluorite structure with two oxygen vacancies per unit cell,
whose vacancy alignment strongly impacts the electronic structure of the oxide [26].
Thus, 8- and 0-Bi»O; present a slightly different electronic density. While the BE of Bi**
matches the typical reported values for Bi(IIl) oxides (159.0 eV to 159.8 eV) [24,25], a
positive shift of ca. 0.7 eV is observed for Bi’ when compared to reported values for
metal bismuth (157.1 eV) [15,23,24]. The higher BE suggests that the electron density
around Bi° decreased, possibly because the electron cloud was attracted to the Cu atoms
due to a strong interaction between Bi and Cu [27]. It is worth mentioning that the

intensity of Bi 4f peaks increases with increasing deposition time, suggesting higher Bi
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loading, as expected. Moreover, Table 5.3 indicates that the Bi/Cu XPS ratio increases
for longer deposition times, indicating surface enrichment with Bi and/or larger particle

size.

The peak-fit of the Cu 2ps» core level denotes the presence of two copper valences,
Figure 5.5b. The high BE peak centered at ca. 934.6 eV is ascribed to Cu®* [28], possibly
due to surface reoxidation upon air exposure. On the other hand, the low BE peak at
ca. 932.4 eV can be attributed to Cu*” and/or Cu’; thus, chemical state differentiation was
based on the Cu LMM Auger peak [28,29], Table 5.2. The Auger peak at ca. 916.6 eV
suggests that Cu® is present, which is confirmed by the modified Auger parameter of
ca. 1849.0 eV [28]. XPS does not detect the Cu® bulk structure of the copper foam;
therefore, it can be stated that the surface of the copper foam is evenly covered with
Cu20 NWs and bismuth particles. The intensity of Cu 2p peaks decreases with increasing
deposition time, in contrast to that observed for Bi 4f. Once again, it shows that the

copper surface is enriched with bismuth during the electrodeposition process.
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Figure 5.6. O 1s XPS spectra of the developed catalysts.
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The O 1s peak shows two main contributions: lattice oxygen (low BE peak, Or) and
surface oxygen defects in the metal oxides (high BE peak, Ov) [30,31], Figure 5.6. The
peak area ratios are summarized in Table 5.3, revealing that #5C is the sample with more
oxygen defects, possibly due to the presence of 6-Bi,O3. Oxygen vacancies can also be
formed to compensate for the charge imbalance caused by the strong interaction between
Bi and Cu, as reported for Cr,Os [32]. This seems to be a rational explanation since the
Ov/(Oy+Oy) ratio follows the same trend of the upward shift in the BE of Bi, increasing
in the following order #20C < #50C <#5C, Tables 5.2 and 5.3.

Table 5.3. Surface atomic ratio determined by XPS.

Sample Ov/(Ov+O1) OL/(Ov+Or) Bi/Cu  Cu*/Cutotal Bi%Bi total

#5C 0.39 0.61 0.24 0.2 0.3
#20C 0.28 0.72 1.07 0.4 0.5
#50C 0.32 0.68 1.26 0.2 0.3

Ov: oxygen vacancy; Or: lattice oxygen

5.4.2 ERCO:z activity

The catalytic activity of the developed catalysts for CO; electroreduction was evaluated
using a filter-press cell working at a constant current density of -45 mA cm?, as reported
in previous works [20,21]. All tests were carried out at atmospheric conditions on a
continuous mode, with a single pass of the catholyte and anolyte through the cell.
Experiments were performed using either 0.1 M KHCO; (catholyte A) or 0.45M
KHCOs + 0.5 M KCI (catholyte B) to assess the influence of the catholyte. All samples
were tested at least in duplicate on different days to ensure the reproducibility of the

results.
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Figure 5.7. (a, ¢) Faradaic efficiencies and (b, d) production yield for the developed
catalysts. Tests were performed on a continuous mode with a single pass of the catholyte
and anolyte through the electrochemical cell at a current density of -45 mA cm™.

(a, b) Catholyte A: 0.1 M KHCO:s; (¢, d) catholyte B: 0.45 M KHCOs + 0.5 M KCL

Figures 5.7a and b illustrate the results obtained with catholyte A. As observed, for
catalyst #20C, formate was the main ERCO; product with an FE of 33.6 % and
production yield of 28.2 umol h™! em™. The achieved values are quite low compared to
other Bi-containing catalysts, reported as highly selective and active for the ERCO; to
formate [33]. For instance, Bi-based catalysts prepared by electrodeposition on carbon
paper achieved a maximum formate FE of 96.4 % and a partial current density
of -15.2 mA cm? at ca. -1.13 Vgue in 0.5 M NaHCO; [15]. Hoffman ef al. reported an
FE up to 90 % at -0.8 Vrug with a dendritic Cu-Bi catalyst [34]; while Wen et al.
described a Bi-Sn catalyst displaying an FE of 96 % and a production rate of
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740 umol h'' em™? at -1.1 Vrue [19]. Moreover, a remarkable production rate of
3949 umol h'! em? with FE of 70.6 % was recently reported by Diaz-Sainz et al. using
carbon-supported Bi nanoparticles. Tests were performed at -300 mA cm™ in a
filter-press cell [21]. The high partial formate current density of -210 mA cm™ satisfies
the commercial standards (> 200 mA cm?) [33].

As described above, sample #20C exhibited low selectivity toward formate, along with
an excessive H» output from the competitive HER (FE of 38.9 %). Thus, knowing that
the electrolyte plays a major role in the ERCO, product distribution [35-37], with the
addition of specific anions and cations providing ways to tune the selectivity of the
reaction [38], catholyte B was tested [20,21]. As illustrated in Figure 5.7¢c, the formate
selectivity increased for all samples. In particular, sample #20C exhibited a 2.6-fold
increment in formate FE, from 33.6 % (catholyte A, pH 7.25) to 86.4 % (catholyte B,
pH 6.82). The obtained FE is more consistent with the literature values previously
discussed; however, the production yield of 72.5 umol h'! cm™? remains very low. To
increase the formate yield, catalyst #20C was tested under the same electrolysis

conditions but considering a higher current density (-90 mA c¢m?), Figure 5.8.
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Figure 5.8. (a) Faradaic efficiency and (b) production yield for catalyst #20C, working
on a continuous mode with a single pass of the catholyte and anolyte through the
electrochemical cell, at a current density of -45 mA ¢cm? or -90 mA cm™. An aqueous

solution of 0.45 M KHCOs + 0.5 M KCl was used as catholyte (catholyte B).
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As evidenced, no loss in the FE was detected, and the formate yield improved by 2-fold,
reaching 145.6 pmol h'! cm™. This result suggests that the developed catalyst is robust;
it allows working at higher current densities while maintaining the high selectivity and
stability toward formate, which is critical for increasing the system energy efficiency

and, thus, the economic competitiveness of the reaction.

Figure 5.7 shows that the catholyte is a critical factor in controlling H> production from
the competitive HER, which is hindered when catholyte B is used. For sample #20C, the
H, FE decreased from 38.9 % (electrolyte A) to 10.2 % (electrolyte B), representing a
3.8-fold reduction in HER activity. Catalyst #5C shows a lighter suppression of the HER
when tested with electrolyte B; nevertheless, the H, production decreased by 2.0-times.
It is well accepted that changes in the electrolyte pH can alter the reaction pathway
[35,38]. However, no significant pH deviations are noticed in the present study
(Table 5.4). Still, it is important to distinguish between bulk electrolyte pH and local pH
at the catalyst surface. During the ERCO», both the CO, reduction and the HER produce
hydroxide anions (OH"), raising the local pH. As previously reported, increasing the
local pH suppresses the hydrogen evolution (pH-dependent reaction) and enhances the
selectivity toward multi-carbon products [39]. Thus, electrolytes with higher ionic
strength (i.e., stronger buffer effect) would theoretically promote H» production by
lowering the local pH [38,39]. Despite that, in the present study, the HER was inhibited
when an electrolyte with a higher bicarbonate concentration was used (catholyte B).
Therefore, attention must be paid to the effect of adding a halide salt (KCl) to the
electrolyte solution. According to the literature, strong hydrogen bonds can be formed
between hydrogen atoms and Cl ions [38], which may explain the inhibition of the HER
when KCl is present (catholyte B). Moreover, computational and experimental studies
demonstrated that ClI” ions conveniently block active sites for proton reduction,
remarkably decreasing the side reaction activity at the reaction interface. Additionally,
CI' is considered an electron donor, which facilitates the electron transfer process to the

vacant orbital of inert CO; and thus stabilizes the key CO," radical [40].
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Table 5.4. Details of the ERCO, testing.

Bismuth loading Current Cathodic  Cell
(mg cm?) Cathode . .
g density potential voltage

Catalyst Catholyte® Hd
p (mA em?)  (Vrug) )

Theoretical*  Real®

#5C 0.2 0.21+0.04 A 11 -45 -09+03 4.6+03
#20C 0.7 0.68 £0.07 A 11 -45 -1.0+0.8 42+0.8
#50C 2.1 2.17+0.06 A 11 -45 -1.1+0.5 47+0.2
#5C 0.2 0.21+£0.04 B 10 -45 -0.6+03 25+0.1
#20C 0.7 0.68 £ 0.07 B 10 -45 -1.3+03 2.8+0.1
#50C 2.1 2.17+0.06 B 10 -45 -08+02 25+0.2
#20C 0.7 0.68 £ 0.07 B 10 -90 -0.6+0.1 3.1+0.1

2: bismuth loading determined according to the total charge passed during the electrodeposition;
b bismuth loading determined by weighting the CuO NWs substrate before and after bismuth
electrodeposition; ©: catholyte A, 0.1 M KHCOs (pH of 7.25 and conductivity of 14.15 mS c¢m’!
after CO, saturation), and catholyte B, 0.45 M KHCO; + 0.5 M KCI (pH of 6.82 and conductivity
of 85.8 mS cm’!, after CO, saturation); ¢: measured with pH test strips after the ERCO, testing.

Notwithstanding that the catholyte is crucial in determining the product selectivity, a
finding already reported by several authors [35-37], the most interesting and remarkable
result of this study concerns the propane production. A throughout search of the relevant
literature suggests that the CO; reduction to propane with high efficiency was not
reported so far. Usually, propane is detected as an ERCO- product only in trace amounts.
For instance, a faradaic efficiency of ca. 0.20 % was reported for a Pd-Au catalyst
at -1.5 Vrue [41]. Moreover, Hara et al. proposed that products with more than two
carbons (Ca+) are preferentially formed at small current densities (< -10 mA ¢m). The
authors also suggested that C,: selectivity increases with increasing pressure, with a
maximum propane FE of 0.41 % recorded at 30 atm, for an applied potential of
ca. -0.8 Vrue and current density of -5 mA cm™ [42,43]. Meanwhile, as depicted in
Figure 5.7a, in the present study, propane was selectively produced at atmospheric
conditions of temperature and pressure, with a total current density of -45 mA cm™.

When tested with catholyte A, catalysts #5C and #50C showed a propane FE of 64.6 %
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and 85.3 %, respectively. Notably, catalyst #50C achieved a propane production yield of
70 umol h'! em?, with an FE for H> production of only 10.7 %, making it the first
high-efficiency catalyst for the ERCO> to propane ever reported.

5.4.3 CO2 and CO adsorption behavior

To understand the exceptional selectivity toward propane production and the influence
of the catholyte, temperature-programmed desorption (TPD) experiments were carried

out using CO; and CO as probe gas.

The strength of the CO-, adsorption sites, i.e., weak, intermediate, strong, and very strong,
was estimated according to the literature from the area under the corresponding CO>
desorption pattern for the temperature ranges of 50-200 °C, 200-400 °C, 400-650 °C and
> 650 °C, respectively [44].

As reported, the dominant product is dependent on the correlation between the binding
energy of key intermediates and the catalyst surface [45]. Therefore, tuning the binding
energies of the reaction intermediates has long been considered a strategy to improve the
selectivity of target products and the energy efficiency of CO, electroreduction.
According to Sabatier's principle, the best catalyst should feature an appropriate
interaction between reaction intermediates and the surface of catalysts, neither too strong
nor too weak for maximum activity [46,47]. As a result, the absence of very strong
chemisorption sites, as illustrated in Figure 5.9, is a positive feature of the developed

catalysts. Too strong chemisorption leads to catalyst poisoning by CO; [48].

Figure 5.9 shows no significant difference in CO, adsorption before and after
electrolysis with catholyte A, suggesting that catholyte A has no effect on the CO;
adsorption capacity of the developed catalysts. As observed in Figures 5.9a and b,
catalyst #20C is dominated by intermediate CO, adsorption sites, whereas strong
adsorption predominates in samples #5C and #50C. Thus, combining this information
with the obtained FE, it is possible to infer that intermediate CO, adsorption strength is

related to high selectivity to formate and H,. At the same time, strong chemisorption
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appears to promote propane production. According to the literature, formate or formic
acid is produced through an outer-sphere mechanism [46]. As initially established by
Hori et al., the formate production is initiated by the formation of free or weakly
adsorbed CO,", followed by a proton attack to the carbon atom [49]. More recently,
quantum mechanics calculations carried out by Chen et al. predicted an alternative route
for formate formation, in which a surface H* (being * an adsorption site) reacts with
physisorbed CO». This reaction pathway suggests that the CO, does not need to be first
activated by the metal surface; instead, the physisorbed CO; reacts directly with surface
H*, along with the transfer of one electron, to form HCOO™ [50]. Both mechanisms
denote that poor CO> adsorption is the key to format production, in good agreement with

the present results.
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Figure 5.9. Relative ratio and strength of the CO, adsorption sites (a) before and after
30 min of electrolysis with (b) catholyte A and (c) catholyte B. The error bar relates to

the standard deviation of three independent reads.

Catalysts #5C and #50C showed unprecedented selectivity to propane production, which
is attributed to stronger adsorption and stabilization of CO», allowing its conversion to
fully reduced products. According to the characterization results, a higher degree of
interaction between copper and bismuth species appears to facilitate CO; adsorption.

XPS results, summarized in Table 5.2, show that for samples #5C and #50C, the BE of
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Cuy0 is negatively shifted by ca. 0.3 €V, compared to #20C. In contrast, the BE of Bi’
shifted to higher energies by ca. 0.3 eV. Thus, XPS results suggest that an electron
transfer from Bi’ to CuO occurred, increasing the interaction between both

elements [27].

The CO, activation, not essential for the formate production, is also believed to be
promoted by the higher number of oxygen vacancies present in #5C and #50C, similarly
to that reported for ZnO nanosheets [51]. The presence of this type of defect results in
highly stable adsorption configurations with stronger activation of the C=0 bonds; in
addition, it acts as trap centers to transform CO, into CO," by a one-electron transfer

process [52-54].

Although catalysts #5C and #50C are both highly selective for CO, conversion to
propane, the highest value of propane FE was recorded for #50C (FE of 85.3 %). By
comparing the CO, desorption pattern of both catalysts, it is possible to observe that the
intensity of the desorption peaks is higher for sample #50C, Figures 5.10a and b. This
result suggests a greater CO, adsorption capacity, which may be related to the higher
selectivity for propane production of #50C compared to #5C. Moreover, results indicate
that the bismuth particle size, morphology, and loading influence the CO, adsorption
and, thus, the propane selectivity. Accordingly, the Bi-rich surface with large flower-like

particles observed for #50C is assumed to enhance the CO; conversion to propane.

As discussed before and endorsed by several authors, the electrolyte has a critical
influence on the ERCO, product distribution. Halide ions are usually considered to
participate or influence the electrochemical reactions due to the nature of their strong
adsorption on the surface of electrodes (anion coverage) [35,37]. The halide effect on
cubic CuxO structures was accessed by Varela ef al., showing enhanced selectivity
toward CO in the presence of Cl~ and Br-, while CH4 production was favored by I [36].
According to the authors, the different selectivity is due to the ability of the halide to
donate more negative charge, creating surface dipoles [37]. Density functional theory
(DFT) calculations confirmed the adsorption of Cl, Br, and I' on Cu surfaces at
potentials where CO, reduction occurs [35,55]. Thus, the developed electrodes were

subjected to 30 min of electrolysis at -0.8 Vrue with catholyte B and then analyzed by
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CO,-TPD, Figure 5.9c. Compared with TPD results acquired before and after
electrolysis with catholyte A (Figures 5.9a and b), Figure 5.9¢ shows that the strength
of the CO, adsorption decreased for all samples when catholyte B was used. With
catholyte B, all samples are dominated by intermediate CO> adsorption sites (82 % for
#20C and 58 % for #5C and #50C). Moreover, some weak adsorption spots are noticed.
The reduction of the CO; binding affinity to the catalyst surface explains the massive
increase in formate FE when catholyte B was used, in agreement with the reaction
mechanism previously described. Also, the lower amount of strong CO; adsorption sites
can be related to the drastic decrease in propane formation. For instance, for sample
#50C, a decrease in propane FE by 6.1-fold was observed when catholyte B was
employed. This result indicates that when catholyte B is used, some strong adsorption
sites are blocked by CI. Therefore, it is proposed that the catholyte actively controls the
ERCO: selectivity by modifying the CO, adsorption capacity and, thus, the reaction
pathway.

Besides CO», understanding the binding strength of the *CO intermediate is equally
essential, as its subsequent conversion via proton-electron transfer on the catalyst surface
determines whether H,, CO, or more reduced products are formed [7]. Thus, CO-TPD
experiments were carried out under the same conditions (e.g., attenuation) as CO.-TPD.
The obtained signal intensity is much lower than the CO,-TPD (Figure A.20,
Appendix A), making it difficult to accurately integrate the desorption peaks due to noise

and/or poorly resolved peaks. However, the acquired results provide useful information.

As observed for CO: adsorption, results presented in Figure 5.11 suggest that
catholyte A does not affect the CO adsorption capacity of the developed catalyst.
Figure 5.11 also shows that no weak CO adsorption signal was recorded, regardless of
the catalyst and catholyte used, explaining why CO was not detected as an ERCO,
product. The binding energy of CO on the catalyst surface is high enough to prevent the
formed CO from being readily desorbed, leaving this reaction intermediate stabilized
and ready for further reduction. Catalyst #20C has the lowest CO adsorption capacity,
being almost null when catholyte B is used. This result is consistent with the high

formate selectivity recorded for this catalyst and the previously discussed outer-sphere
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mechanism for formate production. On the other hand, catalysts #5C and #50C show
higher adsorption capacity. Nevertheless, in all cases, the CO adsorption decreased when
catholyte B was used, in line with that observed for CO, and the higher selectivity for

formate production.
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Figure 5.10. Representative CO; desorption pattern obtained (a) before and after 30 min
of electrolysis with (b) catholyte A and (c) catholyte B.

The Lewis basicity and acidity of the developed catalysts can also be evaluated according
to the CO,- and CO-TPD results, respectively. According to Figure 5.10a, all samples
present strong Lewis basic sites. On the other hand, Figure S5.11a show that
high-temperature CO-TPD peaks are almost absent for sample #20C, suggesting the
absence of strong Lewis acidity. Thus, the results indicate that #20C has a more moderate
Lewis acidity strength. In contrast, catalysts #5C and #50C show strong Lewis acidity.
The role of surface basic and acid Lewis sites in CO, adsorption was already documented
in the literature [56,57]. In particular, Bhattacharyya et al. studied the adsorption of CO,

on TiO, nanotubes. The authors identified that differences in the Lewis acidity and
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basicity might be related to the preferential formation of carbonates and bicarbonates

species after CO, adsorption [56]. Details are discussed in the next section.
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Figure 5.11. Representative CO desorption pattern obtained (a) before and after 30 min
of electrolysis with (b) catholyte A and (c) catholyte B.

5.4.4 CO:2 coordination

IR experiments were carried out to identify the species formed on the surface of the
developed catalysts after CO, adsorption, which might be relevant mechanistically in the
CO; reduction process. Figure 5.12 shows the IR spectra obtained between 700 cm™ and
2000 cm! since the only visible changes were detected in this region. No peaks were
noticed for the bare samples (before CO, adsorption); thus, all IR bands are attributed to
species formed following the CO, adsorption process. Moreover, the peaks observed are
due to stretching and bending vibrations of bonds between carbon and oxygen atoms,

and their assignment is summarized in Table 5.5.
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Figure 5.12. Infrared spectra collected over catalysts (a) #5C, (b) #20C, and (c) #50C,
as prepared, after CO, adsorption, and during the stepwise CO, desorption at 150 °C,
250 °C, 350 °C, and 450 °C.
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As observed in Figure 5.12, a series of carbonate-like or strongly perturbed CO, species
(i.e., no more linear) are formed after CO, adsorption at 50 °C. Furthermore, Figure 5.12
promptly evidences significant differences between sample #20C and samples #5C and
#50C. Catalyst #20C shows no IR absorption bands above 250 °C, suggesting that all
carbonate species are desorbed after evacuation at 350 °C. This finding is in good
agreement with the CO,-TPD results (Figure 5.9a), which showed that catalyst #20C is
dominated by sites of intermediate CO, adsorption strength. On the other hand, for
catalysts #5C and #50C, IR signals were recorded even at 450 °C. This result suggests a
higher CO, adsorption affinity for these samples, as previously evidenced by the

CO,-TPD measurements.

In detail, all samples present an IR band at ca. 1419 cm™! assigned to non-coordinated
CO; [58,59], which is not strongly adsorbed and can be mostly removed after evacuation
at 250 °C. The absorption band located at ca. 1045 cm™ (shoulder at 1046 cm™ for #5C
and #50C samples) suggests the presence of monodentate carbonate species [58,60]. At
the same time, the IR peaks at 1109 cm™, 1032 cm™, and 811 cm™ are attributed to
bidentate COs;, with the last two signals only observed for catalysts #5C and
#50C [58,61-63]. Overall, the IR spectral signal of monodentate COs at ca. 1045 cm™ is
not noticed above 250 °C. On the other hand, the peaks ascribed to bidentate CO3 are
observed even after evacuation at 350 °C. Notably, for sample #50C, the 1109 cm™ band
is still present with strong intensity at 450 °C. This result suggests a higher binding

affinity of the bidentate structure over the monodentate.

According to the literature, the peak at ca. 1306-1313 cm™ can be ascribed to the
symmetric stretching vibrations of mono- or bidentate COs [6,64,65]. This peak would
typically be accompanied by its asymmetric counterpart at 1400/1600 cm™, and the Av;
splitting could be used to identify the type of coordination [61,66]. However, in the
present work, no peaks were observed in this region of the IR spectrum. Still, an
assignment attempt can be made considering the thermal stability of the different
carbonate species [61]. As previously stated, for all catalysts, monodentate IR signatures
are absent above 250 °C, while bidentate signals are recorded even after evacuation at

350 °C. From this perspective, monodentate COs is most likely present in catalyst #20C,
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while bidentate COs is formed after CO» adsorption on the surface of samples #5C and
#50C. Moreover, considering the temperature dependence of each species, it is assumed
that the stepwise CO, desorption observed in the CO,-TPD analysis (Figure 5.10a)
resulted from the desorption of non-coordinated and monodentate carbonates, species
absorbed with intermediate strength, followed by the desorption of strongly adsorbed

bidentate carbonates.

A closer look at Figure 5.12b reveals that, after thermal treatment at 250 °C, catalyst
#20C has a shoulder at 1373 cm!. This peak can be attributed to bidentate formate
species [67,68], which are typically detected after CO, hydrogenation on metal oxides
and have already been identified as ERCO, intermediate [1,69]. The presence of this
intermediate is likely related to the higher faradaic efficiency toward formate production
recorded for catalyst #20C (Figure 5.7a). Koh et a/. investigated three possible pathways
for the CO; reduction to formate [1]. Using DFT calculations, the authors showed that
the formation of a bidentate formate intermediate (*OCOH) is the most energetically
favorable route. In turn, high-index Bi° planes at 27.3° (012), 39.8° (110), and 38.1°
(104), preferentially developed in sample #20C (as shown in the XRD pattern in
Figure 5.4), efficiently stabilize the *OCOH intermediate and contribute to the superior

CO; reduction to formate.

In general, it is considered that basic centers contribute to the improvement of acidic
CO; chemisorption [57]. However, Bhattacharyya et al. reported that an interplay
between Lewis acid and base sites is needed. Moreover, the different acid-base character
of the catalyst surface controls the species formed during CO, adsorption. The presence
of strong Lewis acid and base sites in close proximity provides optimum conditions for
the formation of bidentate carbonate species. On the other hand, weak Lewis acid sites
near strong Lewis base sites favor monodentate carbonate formation. According to the
literature, it is proposed that the C atom in CO; first coordinates to the strong Lewis base
site, increasing the electron density around the oxygen atoms in the bound CO,. As a
result, the O atoms will preferably coordinate with less electron-rich sites (strong Lewis

acid centers), producing bidentate carbonates. If only weak Lewis acid centers are
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available, the electron-rich O atoms will not coordinate, resulting in the formation of

monodentate carbonates [56].

As discussed, catalyst #20C presents strong Lewis basicity and moderate Lewis acidity,
resulting in the preferential formation of monodentate COs3 species. On the other hand,
samples #5C and #50C show strong Lewis acidity and basicity, promoting the formation
of bidentate species. Thus, the results of the present study are in agreement with the

literature.

Table 5.5. Summary of the IR absorption frequencies (cm™) for the various adsorbed

CO; species.
Surfflce; Structure Wavenlflm ber Assignment? Literature Values
Species (cm™)
Free carbonate Q _ . .
(FC) [d’c“o} 1417; 1419 Vas(CO) 1410 [58]; 1415 [61]

o‘\~ 2 . . .
Monodentate ¥ ©  1313;1308; 1306 v(COs)  1370-1300 [6,65]; 1389 [64]
carbonate (M) D 1044; 1046 v(CO) 1048 [58]; 1046 [60]
1313; 1308; 1306 v(CO,) 1312 [64]; 1325 [70]

Bidentate o/‘.;.’\0 1109 v(CO) 1090 [61]; 1100 [58]

carbonate (B) WA 1032 v(CO) 1050-980 [62]; 1011 [63]
811 5(CO,) 887 [58]; 830 [62]
H

Bidentate s .

formate (BE) %9 1373 vy(COy) 1380 [67]; 1372 [68]

Mn+ Mn+
2 symbols in Figure 5.12; ®: v — stretching mode, vs — symmetric stretching, v,s — antisymmetric

stretching, 6 — bending mode.

As mentioned earlier, the surface of catalyst #20C is dominated by intermediate CO»
adsorption sites, which is favorable for enhanced formate production, according to the
reaction mechanisms proposed by several authors [46,49,50]. Moreover, sample #20C
presents moderate Lewis acid sites and strong Lewis base sites. Based on the IR analysis,

non-coordinated and monodentate carbonates are the main species formed when CO, is

222



Binary Cu-Bi catalysts for the ERCO: study on surface properties and catalytic activity

adsorbed on this type of sites. These species are then selectively reduced to formate. On
the other hand, the presence of a large number of oxygen defects and a synergetic effect
between Cu” and Bi’ results in the predominance of strong adsorption sites on the surface
of catalysts #5C and #50C. These catalysts are also characterized by the presence of
strong Lewis acid and base sites. CO; is strongly absorbed on these sites, and bidentate
carbonates are formed. Therefore, it is proposed that this bidentate intermediate is the

key to the selective ERCO, to propane.

5.5 Conclusions

In this work, CuBi catalysts with different Bi loadings were developed for the ERCO»,
following a simple electrodeposition approach. The performance of the developed
catalysts was evaluated in a continuous-gas diffusion electrode (continuous-GDE)
reactor configuration, working at galvanostatic conditions at -45 mA c¢m™. Formate and
propane were produced with high efficiency depending on the catholyte and catalyst
used. When CI™ ions were present in the catholyte solution, formate was selectively
produced using catalyst #20C, with an FE of 86.4 % and production rate of
75.2 umol h' cm?. Preliminary results indicated that it is possible to enhance the
formate yield by increasing the current density without compromising the FE,
confirming the robustness of the developed materials. The high formate selectivity was
attributed to the presence of weak CO, adsorption sites on the catalyst surface, which
favors the outer-sphere mechanism of ERCO; to formate. In addition, when halide ions
(e.g., Cl") are present in the electrolyte, the CO, adsorption strength decreases, enhancing
formate production. It is proposed that Cl™ ions are adsorbed on the catalyst surface,

possibly hindering strong CO, adsorption sites.

An unprecedented high selectivity for propane production was recorded for catalyst
#50C, with FE of 85.3 % and partial current density of -38.4 mA cm™. This remarkable
catalytic behavior was ascribed to the higher CO; and CO adsorption capacity and the

presence of strong CO; adsorption sites on the catalyst surface. Moreover, catalyst #50C
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presents strong Lewis acid and base sites, which promotes the formation of bidentate
carbonates, following the CO; adsorption. Thus, it is proposed that the bidentate
carbonate is a crucial intermediate for the selective ERCO; to propane. Lastly, the
characterization results suggest that a strong interaction between copper and bismuth and
a higher number of oxygen defects are the key to the enhanced CO; binding affinity and,
therefore, high performance for ERCO, to propane.
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Nomenclature
Abbreviation Definition
ATR Attenuated total reflectance mode
bee Body-centered cubic
BE Binding energy
CO,-TPD-MS rCne;lrS‘t;osrllj Sci?r):iz :re;lperature—programmed desorption combined with
CO-TPD-MS glzrsl:o;; ;1(1:?2)(1);2(3fytemperature-programmed desorption combined with
DAS Dimensionally stable anode
DFT Density functional theory
ERCO» Electrochemical reduction of CO,
fee Face-centered cubic
FE Faradaic efficiency
FTIR Fourier-transform infrared spectroscopy
FWHM Full width at half maximum
GDE Gas diffusion electrode
HER Hydrogen evolution reaction
IR Infrared
JCPDS Joint committee on powder diffraction standards
KE Kinetic energy
MCT Mercury cadmium telluride detector
MMO Mixed metal oxide
NWs Nanowires
OL Lattice oxygen
Ov Oxygen vacancy
RHE Reversible hydrogen electrode
SEM-EDS Scanning electron microscopy with energy dispersive spectroscopy
TPD Temperature-programmed desorption
XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction
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Greek Symbol Definition Unit
o’ Modified Auger parameter eV
) Bending mode
Av; Splitting of the stretching vibration
v Stretching mode
Vas Antisymmetric stretching
Vs Symmetric stretching

226



Binary Cu-Bi catalysts for the ERCO: study on surface properties and catalytic activity

References

[1]

[2]

[3]

[3]

[6]

J.H. Koh, D.H. Won, T. Eom, N.-K. Kim, K.D. Jung, H. Kim, Y.J. Hwang, B.K.
Min, Facile CO; electro-reduction to formate via oxygen bidentate intermediate
stabilized by high-index planes of Bi dendrite catalyst, ACS Catal. 7 (2017)
5071-5077. https://doi.org/10.1021/acscatal.7b00707.

H. Yang, X. Wang, Q. Hu, X. Chai, X. Ren, Q. Zhang, J. Liu, C. He, Recent
progress in self-supported catalysts for CO» electrochemical reduction, Small

Methods. (2020) 1900826. https://doi.org/10.1002/smtd.201900826.

Pro Oxygen, The World’s CO, Home Page, (2021). https://www.co2.earth/
(accessed October 25, 2021).

C. Song, Global challenges and strategies for control, conversion and utilization
of CO, for sustainable development involving energy, catalysis, adsorption and
chemical processing, Catal. Today. 115 (2006) 2-32.
https://doi.org/10.1016/j.cattod.2006.02.029.

R.G. Grim, Z. Huang, M.T. Guarnieri, J.R. Ferrell, L. Tao, J.A. Schaidle,
Transforming the carbon economy: Challenges and opportunities in the
convergence of low-cost electricity and reductive CO, utilization, Energy

Environ. Sci. 13 (2020) 472-494. https://doi.org/10.1039/C9EE02410G.

M.F. Baruch, J.E. Pander, J.L. White, A.B. Bocarsly, Mechanistic insights into
the reduction of CO; on tin electrodes using in situ ATR-IR spectroscopy, ACS
Catal. 5 (2015) 3148-3156. https://doi.org/10.1021/acscatal.5b00402.

D. Gao, R.M. Aran-Ais, H.S. Jeon, B. Roldan Cuenya, Rational catalyst and
electrolyte design for CO; electroreduction towards multicarbon products, Nat.

Catal. 2 (2019) 198-210. https://doi.org/10.1038/s41929-019-0235-5.

P.R. Yaashikaa, P. Senthil Kumar, S.J. Varjani, A. Saravanan, A review on
photochemical, biochemical and electrochemical transformation of CO; into
value-added  products, J. CO, Util. 33 (2019) 131-147.
https://doi.org/10.1016/j.jcou.2019.05.017.

227



Chapter 5

[9]

[10]

[12]

[13]

[14]

[15]

228

V.C. Hoang, V.G. Gomes, N. Kornienko, Metal-based nanomaterials for efficient
CO; electroreduction: Recent advances in mechanism, material design and
selectivity, Nano Energy. 78 (2020) 105311.
https://doi.org/10.1016/j.nanoen.2020.105311.

S. Garg, M. Li, A.Z. Weber, L. Ge, L. Li, V. Rudolph, G. Wang, T.E. Rufford,
Advances and challenges in electrochemical CO, reduction processes: An
engineering and design perspective looking beyond new catalyst materials, J.

Mater. Chem. A. 8 (2020) 1511-1544. https://doi.org/10.1039/CO9TA13298H.

H. Wang, J. Jia, P. Song, Q. Wang, D. Li, S. Min, C. Qian, L. Wang, Y.F. Li, C.
Ma, T. Wu, J. Yuan, M. Antonietti, G.A. Ozin, Efficient electrocatalytic
reduction of CO, by nitrogen-doped nanoporous carbon/carbon nanotube

membranes: A step towards the electrochemical CO; refinery, Angew. Chem. Int.

Ed. 56 (2017) 7847-7852. https://doi.org/10.1002/anie.201703720.

Y. Chen, C.W. Li, M.W. Kanan, Aqueous CO, reduction at very low
overpotential on oxide-derived Au nanoparticles, J. Am. Chem. Soc. 134 (2012)
19969-19972. https://doi.org/10.1021/ja309317u.

H. Mistry, A.S. Varela, C.S. Bonifacio, 1. Zegkinoglou, I. Sinev, Y.-W. Choi, K.
Kisslinger, E.A. Stach, J.C. Yang, P. Strasser, B.R. Cuenya, Highly selective
plasma-activated copper catalysts for carbon dioxide reduction to ethylene, Nat.

Commun. 7 (2016) 12123. https://doi.org/10.1038/ncomms12123.

P. De Luna, R. Quintero-Bermudez, C.-T. Dinh, M.B. Ross, O.S. Bushuyev, P.
Todorovi¢, T. Regier, S.O. Kelley, P. Yang, E.H. Sargent, Catalyst
electro-redeposition controls morphology and oxidation state for selective carbon
dioxide reduction, Nat. Catal. 1 (2018) 103—-110. https://doi.org/10.1038/s41929-
017-0018-9.

H. Zhong, Y. Qiu, T. Zhang, X. Li, H. Zhang, X. Chen, Bismuth nanodendrites
as a high performance electrocatalyst for selective conversion of CO; to formate,
J. Mater. Chem. A. 4 (2016) 13746-13753.
https://doi.org/10.1039/C6TA06202D.



Binary Cu-Bi catalysts for the ERCO: study on surface properties and catalytic activity

[16]

[17]

[19]

[20]

[21]

[22]

Z. Zhao, X. Peng, X. Liu, X. Sun, J. Shi, L. Han, G. Li, J. Luo, Efficient and
stable electroreduction of CO, to CH4 on CuS nanosheet arrays, J. Mater. Chem.

A.5(2017) 20239-20243. https://doi.org/10.1039/C7TA05507B.

C. Azenha, C. Mateos-Pedrero, M. Alvarez-Guerra, A. Irabien, A. Mendes,
Enhancement of the electrochemical reduction of CO, to methanol and
suppression of H, evolution over CuO nanowires, Electrochim. Acta. 363 (2020)

137207. https://doi.org/10.1016/j.electacta.2020.137207.

M. Fan, S. Prabhudev, S. Garbarino, J. Qiao, G.A. Botton, D.A. Harrington, A.C.
Tavares, D. Guay, Uncovering the nature of electroactive sites in nano
architectured dendritic Bi for highly efficient CO, electroreduction to formate,
Appl. Catal. B Environ. 274 (2020) 119031.
https://doi.org/10.1016/j.apcatb.2020.119031.

G. Wen, D.U. Lee, B. Ren, F.M. Hassan, G. Jiang, Z.P. Cano, J. Gostick, E.
Croiset, Z. Bai, L. Yang, Z. Chen, Orbital interactions in Bi-Sn bimetallic
electrocatalysts for highly selective electrochemical CO, reduction toward
formate  production, Adv. Energy Mater. 8 (2018) 1802427.
https://doi.org/10.1002/aenm.201802427.

G. Diaz-Sainz, M. Alvarez-Guerra, J. Solla-Gullon, L. Garcia-Cruz, V. Montiel,
A. Irabien, Catalyst coated membrane electrodes for the gas phase CO;
electroreduction to formate, Catal. Today. 346 (2018) 58-64.
https://doi.org/10.1016/j.cattod.2018.11.073.

G. Diaz-Sainz, M. Alvarez-Guerra, J. Solla-Gullén, L. Garcia-Cruz, V. Montiel,
A. Irabien, CO; electroreduction to formate: Continuous single-pass operation in
a filter-press reactor at high current densities using Bi gas diffusion electrodes, J.

CO, Util. 34 (2019) 12—19. https://doi.org/10.1016/j.jcou.2019.05.035.

X.-Y. Liu, P. Sun, S. Ren, L.-S. Wen, Electrodeposition of high-pressure-stable
bce phase bismuth flowerlike micro/nanocomposite architectures at room
temperature without surfactant, Electrochem. Commun. 10 (2008) 136—140.
https://doi.org/10.1016/j.elecom.2007.11.013.

229



Chapter 5

[23]

[24]

[26]

[27]

[28]

[29]

230

W. Zuo, W. Zhu, D. Zhao, Y. Sun, Y. Li, J. Liu, X.W. (David) Lou, Bismuth
oxide: a versatile high-capacity electrode material for rechargeable aqueous
metal-ion batteries, Energy Environ. Sci. 9 (2016) 2881-2891.
https://doi.org/10.1039/C6EE01871H.

J.F. Moulder, W.F. Stickle, P.E. Sobol, K.D. Bomben, Handbook of X-ray
photoelectron spectroscopy: a reference book of standard spectra for
identification and interpretation of XPS data, 1992.
https://doi.org/9780962702624.

F.E. Oropeza, 1.J. Villar-Garcia, R.G. Palgrave, D.J. Payne, A solution chemistry
approach to epitaxial growth and stabilisation of Bi»Ti,07 films, J. Mater. Chem.
A.2(2014) 18241-18245. https://doi.org/10.1039/C4TA04352A.

A. Walsh, G.W. Watson, D.J. Payne, R.G. Edgell, J. Guo, P.-A. Glans, T.
Learmonth, K.E. Smith, Electronic structure of the o and 6 phases of Bi»Os: A
combined ab initio and X-ray spectroscopy study, Phys. Rev. B. 73 (2006)
235104. https://doi.org/10.1103/PhysRevB.73.235104.

Z. Xie, X. Zhou, H. Wu, L. Chen, H. Zhao, Y. Liu, L. Pan, H. Chen, One-pot
hydrothermal synthesis of CuBi co-doped mesoporous zeolite Beta for the
removal of NOy by selective catalytic reduction with ammonia, Sci. Rep. 6 (2016)

30132. https://doi.org/10.1038/srep30132.

M.C. Biesinger, Advanced analysis of copper X-ray photoelectron spectra, Surf.
Interface Anal. 49 (2017) 1325-1334. https://doi.org/10.1002/sia.6239.

M.C. Biesinger, L.W.M. Lau, A.R. Gerson, R.St.C. Smart, Resolving surface
chemical states in XPS analysis of first row transition metals, oxides and
hydroxides: Sc, Ti, V, Cu and Zn, Appl. Surf. Sci. 257 (2010) 887-898.
https://doi.org/10.1016/j.apsusc.2010.07.086.



Binary Cu-Bi catalysts for the ERCO: study on surface properties and catalytic activity

[30]

[31]

[32]

[33]

[34]

[35]

[36]

A.K.R. Police, S.V.P. Vattikuti, K.K. Mandari, M. Chennaiahgari, P.Sharma
M.V., D.K. Valluri, C. Byon, Bismuth oxide cocatalyst and copper oxide
sensitizer in Cu,O/Ti0O»/Bi,0O3 ternary photocatalyst for efficient hydrogen
production under solar light irradiation, Ceram. Int. 44 (2018) 11783-11791.
https://doi.org/10.1016/j.ceramint.2018.03.262.

T. Qin, X. Zhang, D. Wang, T. Deng, H. Wang, X. Liu, X. Shi, Z. Li, H. Chen,
X. Meng, W. Zhang, W. Zheng, Oxygen vacancies boost 8-Bi,O; as a
high-performance electrode for rechargeable aqueous batteries, ACS Appl.
Mater. Interfaces. 11 (2019) 2103-2111.
https://doi.org/10.1021/acsami.8b19575.

J.J. Carey, M. Legesse, M. Nolan, Low valence cation doping of bulk Cr;O;:
charge compensation and oxygen vacancy formation, J. Phys. Chem. C. 120

(2016) 19160-19174. https://doi.org/10.1021/acs.jpcc.6b05575.

Z. Yang, F.E. Oropeza, K.H.L. Zhang, p-block metal-based (Sn, In, Bi, Pb)
electrocatalysts for selective reduction of CO, to formate, APL Mater. 8 (2020)
060901. https://doi.org/10.1063/5.0004194.

Z.B. Hoffman, T.S. Gray, Y. Xu, Q. Lin, T.B. Gunnoe, G. Zangari, High
selectivity towards formate production by electrochemical reduction of carbon
dioxide at copper—bismuth dendrites, ChemSusChem. 12 (2019) 231-239.
https://doi.org/10.1002/cssc.201801708.

D. Gao, F. Scholten, B. Roldan Cuenya, Improved CO, electroreduction
performance on plasma-activated Cu catalysts via electrolyte design: Halide
Effect, ACS Catal. 7 (2017) 5112-5120.
https://doi.org/10.1021/acscatal.7b01416.

A.S. Varela, W. Ju, T. Reier, P. Strasser, Tuning the catalytic activity and
selectivity of Cu for CO, electroreduction in the presence of halides, ACS Catal.

6 (2016) 2136-2144. https://doi.org/10.1021/acscatal.5b02550.

231



Chapter 5

[37]

[39]

[40]

[41]

[42]

[43]

[44]

232

P. Sebastian-Pascual, S. Mezzavilla, L.E.L. Stephens, M. Escudero-Escribano,
Structure-sensitivity and electrolyte effects in CO» electroreduction: From model
studies to applications, ChemCatChem. 11 (2019) 3626-3645.
https://doi.org/10.1002/cctc.201900552.

M. Moura de Salles Pupo, R. Kortlever, Electrolyte effects on the electrochemical
reduction of CO,,  ChemPhysChem. 20 (2019) 2926-2935.
https://doi.org/10.1002/cphc.201900680.

D. Raciti, M. Mao, J.H. Park, C. Wang, Local pH effect in the CO, reduction
reaction on high-surface-area copper electrocatalysts, J. Electrochem. Soc. 165

(2018) F799-F804. https://doi.org/10.1149/2.0521810jes.

M. Zhao, H. Tang, Q. Yang, Y. Gu, H. Zhu, S. Yan, Z. Zou, Inhibiting hydrogen
evolution using a chloride adlayer for efficient electrochemical CO, reduction on
Zn electrodes, ACS Appl. Mater. Interfaces. 12 (2020) 4565-4571.
https://doi.org/10.1021/acsami.9b22811.

R. Kortlever, 1. Peters, C. Balemans, R. Kas, Y. Kwon, G. Mul, M.T.M. Koper,
Palladium—gold catalyst for the electrochemical reduction of CO, to Ci;—Cs
hydrocarbons, Chem. Commun. 52 (2016) 10229-10232.
https://doi.org/10.1039/C6CC03717H.

K. Hara, A. Kudo, T. Sakata, Electrochemical reduction of carbon dioxide under
high pressure on various electrodes in an aqueous electrolyte, J. Electroanal.

Chem. 391 (1995) 141-147. https://doi.org/10.1016/0022-0728(95)03935-A.

K. Hara, A. Kudo, T. Sakata, Electrochemical CO; reduction on a glassy carbon
electrode under high pressure, J. Electroanal. Chem. 421 (1997) 1-4.
https://doi.org/10.1016/S0022-0728(96)01028-5.

M.A. Naeem, A.S. Al-Fatesh, W.U. Khan, A.E. Abasaeed, A.H. Fakeeha, Syngas
production from dry reforming of methane over nano Ni polyol catalysts, Int. J.
Chem. Eng. Appl. 4 (2013) 315-320.
https://doi.org/10.7763/1JCEA.2013.V4.317.



Binary Cu-Bi catalysts for the ERCO: study on surface properties and catalytic activity

[45]

[46]

[48]

[49]

[50]

[51]

W. Yang, K. Dastafkan, C. Jia, C. Zhao, Design of electrocatalysts and
electrochemical cells for carbon dioxide reduction reactions, Adv. Mater.

Technol. 3 (2018) 1700377. https://doi.org/10.1002/admt.201700377.

D.D. Zhu, J.L. Liu, S.Z. Qiao, Recent advances in inorganic heterogeneous
electrocatalysts for reduction of carbon dioxide, Adv. Mater. 28 (2016) 3423—
3452. https://doi.org/10.1002/adma.201504766.

J.T. Feaster, C. Shi, E.R. Cave, T. Hatsukade, D.N. Abram, K.P. Kuhl, C. Hahn,
J.K. Norskov, T.F. Jaramillo, Understanding selectivity for the electrochemical
reduction of carbon dioxide to formic acid and carbon monoxide on metal
electrodes, ACS Catal. 7 (2017) 4822-4827.
https://doi.org/10.1021/acscatal.7b00687.

R. Arrigo, M.E. Schuster, S. Wrabetz, F. Girgsdies, J.-P. Tessonnier, G. Centi, S.
Perathoner, D.S. Su, R. Schlégl, New insights from microcalorimetry on the
FeOx/CNT-based electrocatalysts active in the conversion of CO, to fuels,

ChemSusChem. 5 (2012) 577-586. https://doi.org/10.1002/cssc.201100641.

Y. Hori, H. Wakebe, T. Tsukamoto, O. Koga, Electrocatalytic process of CO
selectivity in electrochemical reduction of CO, at metal electrodes in aqueous
media, Electrochim. Acta. 39 (1994) 1833—1839. https://doi.org/10.1016/0013-
4686(94)85172-7.

T. Cheng, H. Xiao, W.A. Goddard, Reaction mechanisms for the electrochemical
reduction of CO; to CO and formate on the Cu(100) surface at 298 K from
quantum mechanics free energy calculations with explicit water, J. Am. Chem.

Soc. 138 (2016) 13802—13805. https://doi.org/10.1021/jacs.6b08534.

Z. Geng, X. Kong, W. Chen, H. Su, Y. Liu, F. Cai, G. Wang, J. Zeng, Oxygen
vacancies in ZnO nanosheets enhance CO; electrochemical reduction to CO,
Angew. Chem. Int. Ed. 57 (2018) 6054-6059.
https://doi.org/10.1002/anie.201711255.

233



Chapter 5

[52]

[54]

[55]

[56]

[57]

[58]

[59]

234

S. Huygh, A. Bogaerts, E.C. Neyts, How oxygen vacancies activate CO;
dissociation on TiO, anatase (001), J. Phys. Chem. C. 120 (2016) 21659-21669.
https://doi.org/10.1021/acs.jpcc.6b07459.

L. Zhang, W. Wang, D. Jiang, E. Gao, S. Sun, Photoreduction of CO, on BiOCl
nanoplates with the assistance of photoinduced oxygen vacancies, Nano Res. 8§

(2015) 821-831. https://doi.org/10.1007/s12274-014-0564-2.

L. Liu, Y. Jiang, H. Zhao, J. Chen, J. Cheng, K. Yang, Y. Li, Engineering
coexposed {001} and {101} facets in oxygen-deficient TiO, nanocrystals for
enhanced CO, photoreduction under visible light, ACS Catal. 6 (2016) 1097—
1108. https://doi.org/10.1021/acscatal.5b02098.

L.T. McCrum, S.A. Akhade, M.J. Janik, Electrochemical specific adsorption of
halides on Cu 111 , 100 , and 211: A Density Functional Theory study,
Electrochim. Acta. 173 (2015) 302-309.
https://doi.org/10.1016/j.electacta.2015.05.036.

K. Bhattacharyya, A. Danon, B. K.Vijayan, K.A. Gray, P.C. Stair, E. Weitz, Role
of the surface lewis acid and base sites in the adsorption of CO, on titania
nanotubes and platinized titania nanotubes: An in situ FT-IR study, J. Phys.

Chem. C. 117 (2013) 12661-12678. https://doi.org/10.1021/jp402979m.

M.A.A. Aziz, A.A. Jalil, S. Wongsakulphasatch, D.-V.N. Vo, Understanding the
role of surface basic sites of catalysts in CO; activation in dry reforming of
methane: A short review, Catal. Sci. Technol. 10 (2020) 35-45.
https://doi.org/10.1039/COCYO01519A.

W.N.R.W. Isahak, Z.A.C. Ramli, M.W. Ismail, K. Ismail, R.M. Yusop, M.W.M.
Hisham, M.A. Yarmo, Adsorption—desorption of CO- on different type of copper
oxides surfaces: Physical and chemical attractions studies, J. CO, Util. 2 (2013)
8—15. https://doi.org/10.1016/j.jcou.2013.06.002.

J. Szanyi, J.H. Kwak, Dissecting the steps of CO, reduction: 1. The interaction
of CO and CO; with y-Al,O3: An in situ FTIR study, Phys. Chem. Chem. Phys.
16 (2014) 15117-15125. https://doi.org/10.1039/C4CP00616J.



Binary Cu-Bi catalysts for the ERCO: study on surface properties and catalytic activity

[60]

[61]

[63]

[64]

[65]

[66]

[67]

Z. Li, M. Chen, X. Li, Z. Lei, J. Qu, P. Huang, Q. Zhang, F. Saito, Surface
modification of basic copper carbonate by mechanochemical processing with
sulfur and ammonium sulfate, Adv. Powder Technol. 28 (2017) 1877-188]1.
https://doi.org/10.1016/j.apt.2017.04.017.

K. Coenen, F. Gallucci, B. Mezari, E. Hensen, M. van Sint Annaland, An in-situ
IR study on the adsorption of CO, and H>O on hydrotalcites, J. CO, Util. 24
(2018) 228-239. https://doi.org/10.1016/j.jcou.2018.01.008.

V.F. Kiselev, O. V. Krylov, Adsorption and catalysis on transition metals and
their oxides, Springer-Verlag: New York, 1989. https://doi.org/10.1007/978-3-
642-73887-6.

K. Yoshikawa, H. Sato, M. Kaneeda, J.N. Kondo, Synthesis and analysis of CO»
adsorbents based on cerium oxide, J. CO, Util. 8 (2014) 34-38.
https://doi.org/10.1016/j.jcou.2014.10.001.

R.J. Walker, A. Pougin, F.E. Oropeza, 1.J. Villar-Garcia, M.P. Ryan, J. Strunk,
D.J. Payne, Surface termination and CO, adsorption onto bismuth pyrochlore
oxides, Chem. Mater. 28 (2016) 90-96.
https://doi.org/10.1021/acs.chemmater.5b03232.

M. Piumetti, S. Bensaid, D. Fino, N. Russo, Nanostructured ceria-zirconia
catalysts for CO oxidation: Study on surface properties and reactivity, Appl.
Catal. B: Environ. 197 (2016) 35-46.
https://doi.org/10.1016/j.apcatb.2016.02.023.

G. Busca, V. Lorenzelli, Infrared spectroscopic identification of species arising
from reactive adsorption of carbon oxides on metal oxide surfaces, Mater. Chem.

7 (1982) 89-126. https://doi.org/10.1016/0390-6035(82)90059-1.

A. Guerrero-Ruiz, 1. Rodriguez-Ramos, J.L.G. Fierro, Dehydrogenation of
methanol to methyl formate over supported copper catalysts, Appl. Catal. 72
(1991) 119-137. https://doi.org/10.1016/0166-9834(91)85033-R.

235



Chapter 5

[68]

[70]

236

L. Lin, S. Yao, Z. Liu, F. Zhang, N. Li, D. Vovchok, A. Martinez-Arias, R.
Castafieda, J. Lin, S.D. Senanayake, D. Su, D. Ma, J.A. Rodriguez, In situ
characterization of Cu/CeO; nanocatalysts for CO, hydrogenation:

morphological effects of nanostructured ceria on the catalytic activity, J. Phys.

Chem. C. 122 (2018) 12934-12943. https://doi.org/10.1021/acs.jpcc.8b03596.

J. Albo, M. Alvarez-Guerra, P. Castano, A. Irabien, Towards the electrochemical
conversion of carbon dioxide into methanol, Green Chem. 17 (2015) 2304-2324.
https://doi.org/10.1039/C4GC02453B.

S.E. Collins, M. A. Baltanés, A.L. Bonivardi, Infrared spectroscopic study of the
carbon dioxide adsorption on the surface of Ga,Os; polymorphs, J. Phys. Chem.
B. 110 (2006) 5498-5507. https://doi.org/10.1021/jp05559%4c.



CHAPTER 6

General Conclusions and Outlook






0.

General Conclusions and Outlook

6.1 Conclusions

The present work studied copper-based catalysts for the electrochemical reduction of
CO, (ERCO). A complete structural, morphological and electrochemical

characterization was performed to accomplish the proposed objectives.

Initially, a bimetallic CuZn oxide catalyst was synthesized following a solvothermal
route, a simple and low-cost technique suitable for scale-up. It was observed that this
synthetic route results in the production of two shelled hollow spheres, with a
copper-rich inner shell and a mixed copper-zinc oxide outer shell. However, the structure
of the resulting material is strongly influenced by the synthesis time, i.e., shorter
synthesis results in the production of mainly amorphous material, while more complex
systems (core-shell) are obtained when increasing synthesis time. Moreover, longer
syntheses promote the reduction of Cu®" species to Cu" and Cu’, and strengthen the
interaction between copper and zinc. As a result, the electrocatalytic behavior for CO»
reduction is strongly dependent on the synthesis time. In short, with the increasing
synthesis time, the number of reaction products obtained decreases primarily due to the
strengthening of the copper-zinc interaction. As reported, when a bimetallic CuZn
structure is formed, a shift in the d-band center of Cu occurs, resulting in lower CO
binding strength. Thus, copper loses the functionality to reduce CO; to hydrocarbons and
alcohols, and CO emerges as the main ERCO; product. The catalysts prepared with 15 h
of synthesis showed the best results regarding the catalytic stability under electrolysis
conditions. Thus, this sample was selected for studying different post-synthesis

treatments.

According to the results presented in Chapter 3, the different post-synthesis treatments

studied either resulted in severe structural modifications (ex situ conditioning) or minor
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surface rearrangement (in situ conditioning). Ex situ reduction under H, atmosphere was
responsible for increasing the crystallite size and reducing the copper oxidation state to
metallic copper. As a result, the overall catalytic activity increased due to a massive
increase in the hydrogen evolution reaction (HER) activity. On the other hand, the
application of in situ potential cycling before the electrochemical measurements slightly
rearranged the catalytic surface. In particular, starting the potential cycling by the anodic
scan promotes an electron transfer from zinc to copper species, increasing the interaction
and synergetic effect. As a result, Cu” species on the catalyst surface are stabilized, and
the number of oxygen defects increases, boosting the CO,-to-CO conversion. Moreover,
the synergetic effect between copper and zinc was studied. Therefore, it was proposed
that Cu-Zn in intimate contact are the active centers for the ERCO,. The particular
electronic structure of these active centers is responsible for stabilizing key reaction
intermediates. Geometric effects can also be present, overcoming the scaling relation

typical of monometallic systems.

As an alternative to conventional powder-based catalysts, self-supported catalysts were
also studied. In general, powder catalysts require time-consuming electrode fabrication
through coating procedures with the assistance of polymeric binders, e.g., Nafion. As a
result, uncontrolled microstructures are obtained, with limited active surface areas and
many dead volumes. In turn, self-supported catalysts, where the active materials are
grown directly on specific conductive substrates, present several advantages. This class
of catalysts enables the production of 3D porous structures with controlled
nanostructures. Thus, this strategy outperforms the conventional planar catalyst coatings
by increasing the catalytically active surface area, resulting in better exposure and
utilization of active sites. In the present work, self-supported catalysts were produced by
anodizing a commercial copper foam. It was concluded that the particular morphology
of the resulting material (i.e., nanowires) improves the ERCO, activity while suppressing
the parasitic HER reaction. As a result, the developed catalyst (CuO NWs) proved to be
highly active for methanol production, outperforming the single metal Cu-catalysts
reported so far. The enhanced activity of CuO NWs was attributed to the nanowire

structure that enhances the electron transfer to form CO,". Moreover, the network of
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pores created after anodization drives the CO; to the active sites, decreasing the diffusion
resistance. The developed material also proved to be suitable for use in a continuous gas

diffusion electrode (GDE)-cell configuration.

Using the developed CuO NWs catalyst as starting material, a series of CuBi catalysts
were prepared with different Bi loadings. The developed catalysts were tested on a
GDE-cell configuration, and the influence of the catholyte and bismuth loading on the
catalytic performance was assessed. According to the obtained results, the presence of
Cl ions in the catholyte solution decreases the CO, adsorption strength, favoring the
formation of non-coordinated and monodentate carbonates after CO, adsorption, which
enhances the production of formate. Interestingly, an unprecedented propane selectivity
was recorded using the catalyst with the highest bismuth loading, being the first
high-efficiency catalyst for the ERCO, to propane ever reported (faradaic efficiency of
85.4 %). This unique catalytic behavior was attributed to the presence of strong CO,
adsorption sites on the catalyst surface and higher CO, and CO adsorption capacity.
Infrared spectroscopy experiments also suggested that a bidentate carbonate is a crucial
intermediate for the ERCO; to propane, which is preferably formed when strong Lewis

acid and base sites are present on the catalyst surface.

6.2 Outlook

Aside from the development of improved ERCO; catalysts, a major challenge for the
industrial implementation of this technology is upscaling, which requires the
improvement of reactor design. So far, the most common reactor in academic studies
(this thesis included) is the three-electrode cell configuration due to its ease of operation
under ambient conditions. Nevertheless, these systems rely on aqueous electrolytes,
showing several drawbacks for industrial application, e.g., limited scalability and low
CO; solubility hindering high productivity, consumption of alkali reactants, electrolyte
replacement, complex products separation, and recirculation pumps requirement.

Thereby, reactor designs based on membrane electrode assembly (MEA) were proposed
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to overcome the identified limitations. Combined with gas diffusion electrodes, these
systems increase the CO, diffusivity and concentration at the electrode interface,
boosting the current density and productivity. In this context, our research group has
been developing an electrochemical cell based on the technology employed in
proton-exchange membrane fuel cells (PEMFC). Thus, as future work, it would be
important to test the developed catalysts in this cell configuration. As a result, it would
be possible to determine whether the catalytic performance in aqueous systems translates
to the more commercially relevant reaction designs, which is crucial for improving the

catalyst design.

The present work already proposed a possible reaction mechanism (Chapter 3) and
identified potential reaction intermediates (Chapter 5). However, proper real-time
monitoring of the nature and strength of adsorbed species on the catalyst surface and
solution species involved in the ERCO; process is only possible using in situ/operando
techniques. Thus, future work should also focus on using in situ/operando techniques to
gain a better understanding of the Cu-Zn synergetic effect and the processes behind the
catalytic surface rearrangement observed during the in sifu conditioning (Chapter 3).
Finally, since the present work describes the first high-performing catalyst for propane
production, it would be interesting to explore the reaction mechanism for the ERCO; to

propane. This information is critical for the successful future development of catalysts.
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A.1 Supplementary figures and tables to Chapter 2

pectrum 1

10 pm

Spectrum 1

Figure A.1. SEM-EDX analysis of CuZn_5. Accelerating voltage of 10 kV.
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Spectrum 1

Spectrum 2

Spectrum 1

Spectrum 2

Figure A.2. SEM-EDX analysis of CuZn_15. Accelerating voltage of 10 kV.
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Spectrum 1

10 pm

Spectrum 1

Spectrum 2

Figure A.3. SEM-EDX analysis of CuZn_25. Accelerating voltage of 10 kV.
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Element Atomic % Weight %
Cu 39.43 52.49
Zn 26.31 36.03
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@

3 1 2 3 O g g 7 g g s VRS S ST s FEA S TR )
1123775 counts 39 seconds

Element Atomic % Weight %
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Figure A.4. SEM-EDX analysis of the electrodes produced with the CuZn catalysts:
(a) CuZn_5, (b) CuZn_15, and (c) CuZn_25. Accelerating voltage of 15 kV.
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Figure A.S. Cyclic voltammograms in the non-faradaic region of (a) CuZn 5,
(b) CuZn_15, (c) CuZn_25, and (d) polycrystalline Cu foil.
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Figure A.6. Double-layer capacitance of the electrodes prepared with the developed
CuZn catalysts.
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Figure A.7. Cu Auger LMM spectra for (a) CuZn_5, (b) CuZn_15, and (c) CuZn_25.
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Table A.1. ERCO; results for CuZn 5 electrode. Tests were performed using
step-potential electrolysis in CO»-saturated 0.5 M KHCO; (the current density was noted

without a minus sign here).

Potential (Vrueg) -0.7 -08 -09 -1.0 -1.1 -2 -13  -14

Jiota® (mA cm?) 2.4 34 5.6 7.6 103 11.6 125 152

FE (%) 855 89.5 812 80.1 817 830 664 656
H: jmAem? 21 30 45 61 84 96 83 100
ko (umol bl em?) 42.1 613 927 1244 1722 1963 170.1 203.5

FE (%) 149 93 139 199 160 133 305 33.1
co jx(mAem? 04 03 08 15 16 15 38 50
k(umolh'em?) 73 64 159 308 337 314 782 1025

FE (%) 30 23 21 00 00 00 18 00
CGHsOH j,(mAem? 01 01 01 00 00 00 02 00
k(umolh'em?) 02 02 04 00 00 00 07 00

FE (%) 0.0 0.0 1.6 0.0 0.0 0.0 1.6 0.0
CH;0H Jjx (MA cm?) 0.0 0.0 0.1 0.0 0.0 0.0 0.2 0.0
k(umol h''ecm?) 0.0 0.0 0.6 0.0 0.0 0.0 1.3 0.0

FE (%) 0.0 0.0 2.5 0.0 1.7 1.4 1.3 0.0

C3HsO

: 2
(2-Propanol) Jx (mA cm™) 0.0 0.0 0.1 0.0 0.2 0.2 0.2 0.0

k(umol h'' cm?) 0.0 0.0 0.3 0.0 0.4 0.3 0.4 0.0

Total FE (%) 103.3 101.1 101.4 100.0 994 976 101.7 98.7

2 total current density; ®: partial current density; ©: product formation rate.
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Table A.2. ERCO; results for CuZn 15 electrode. Tests were performed using
step-potential electrolysis in CO»-saturated 0.5 M KHCO; (the current density was noted

without a minus sign here).

Potential (Vrueg) -0.7 -08 -09 -1.0 -1.1 -2 -13  -14

Jiotal (MA cm?) 2.0 2.7 4.1 7.4 9.1 1.3 13.8 152

FE (%) 58.0 670 76.1 66.0 843 823 772 644
H» Jx (mA cm™) 1.2 1.8 3.1 4.9 7.6 9.3 10.6 9.8
k(umolh'cm?) 240 370 635 1003 1564 190.7 231.6 200.2

FE (%) 46,7 277 142 286 141 172 194 354
co jx(mAem? 09 07 06 21 13 19 27 54
k(umolh'em?) 193 153 11.8 434 262 398 576 1103

FE (%) 00 27 25 62 10 31 25 16
CGHsOH j,(mAem? 00 01 01 05 01 03 03 02
k(umolh'em?) 00 02 03 14 03 1.1 11 08

FE (%) 00 00 72 18 00 00 00 00
CH4 jx@mAem?) 00 00 03 01 00 00 00 00
k(umolh'em?) 00 00 15 07 00 00 00 00

Total FE (%) 104.7 974 999 102.6 994 1025 99.1 1014
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Table A.3. ERCO; results for CuZn 25 electrode. Tests were performed using

step-potential electrolysis in CO»-saturated 0.5 M KHCO; (the current density was noted

without a minus sign here).

Potential (Veue) 0.7 -0.8 -09 -1.0 -1.1 -12 -13 -14
Jow (mAcem? 22 36 54 72 102 113 132 152
FE (%) 873 866 745 793 807 783 851 765
H> jxmAem? 19 31 40 57 82 89 112 116
k(umol h'em?) 385 634 824 1169 1679 181.5 229.9 237.0
FE (%) 122 167 231 202 166 190 151 21.8
co jxmAem? 03 06 12 15 17 22 20 33
k(umolh'em?) 54 122 255 299 344 441 408 675
FE (%) 00 00 00 17 09 00 09 10
C:HsOH  j(mAem?) 00 00 00 01 01 00 01 0.1
k(umolh'em?) 00 00 00 04 03 00 04 05
Total FE (%) 99.6 1032 972 1012 982 974 101.1 992
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A.2 Supplementary figures and tables to Chapter 3
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Figure A.8. XRD pattern of the gas diffusion layer (GDL, Sigracet 35BC, SGL Group)

used for electrode preparation.
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Figure A.9. XPS survey spectra of (a) Cu, (b) Zn, and (¢) CuZn samples.
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Figure A.10. Cyclic voltammograms of (a) CuZn, (b) CuZn 240, (c) CuZn 300,

(d) CuZn_AS, and (e) CuZn_CS, obtained for a non-faradaic potential range.
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Figure A.12. Chronoamperometric curves at various potentials for CO, reduction in

COs-saturated 0.1 M KHCO; for (a) CuZn, (b) CuZn_240, (c) CuZn_300, (d) CuZn_AS,

and (e) CuZn_CS.
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Table A.4. ERCO; results for CuZn electrode. Tests were performed using step-potential
electrolysis in CO,-saturated 0.5 M KHCO3 (the current density was noted without a

minus sign here).

Potential (VRrHE) -0.6 -0.8 -1.0 -1.2 -1.4

Jioal (MA cm?) 12 5. 8.7 113 152

FE (%) 98.1 70.7 66.3 82.3 64.3

Ha Jx (mA cm?) 12 3.7 5.8 9.3 9.8
k (umol h'! cm?) 24.1 75.3 118.0 190.7 200.2

FE (%) 0.0 28.2 26.1 17.2 354

Co jx (mA cm?) 0.0 15 23 1.9 5.4
k (umol h'! cm?) 0.0 30.1 46.4 39.8 110.3

FE (%) 0.0 1.4 4.7 3.1 1.6

C:HsOH  jy (mA cm?) 0.0 0.1 0.4 0.3 0.2

k (umol h! em?) 0.0 0.2 13 1.1 0.8

FE (%) 0.0 0.0 1.8 0.0 0.0

CH. jx (mA cm?) 0.0 0.0 0.2 0.0 0.0

k (umol h'! cm?) 0.0 0.0 0.8 0.0 0.0
Total FE (%) 98.1 100.4 98.9 102.5 101.4
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Table A.S5. ERCO; results for CuZn 240 electrode. Tests were performed using

step-potential electrolysis in CO»-saturated 0.5 M KHCOj (the current density was noted

without a minus sign here).

Potential (VRrHE) -0.6 -0.8 -1.0 -1.2 -1.4
Jtotal (MA cm?) 1.1 4.8 10.0 13.9 23.0
FE (%) 96.3 84.2 76.7 65.8 65.9
H: Jx (mA cm™) 1.1 4.0 7.7 9.2 15.1
k (umol h!' cm™?) 222 82.1 157.3 187.2 309.6
FE (%) 0.0 13.2 23.6 319 34.3
(6{0) Jx (mA cm™) 0.0 0.6 24 4.4 7.9
k (umol h!' cm™?) 0.0 12.9 48.3 90.7 161.0
FE (%) 4.1 0.9 0.8 0.0 0.4
C:HsOH Jx (mA cm™) 0.0 0.0 0.1 0.0 0.1
k (umol h!' cm™2) 0.1 0.1 0.3 0.0 0.3
Total FE (%) 100.4 98.3 101.2 97.7 100.5
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Table A.6. ERCO; results for CuZn 300 electrode. Tests were performed using

step-potential electrolysis in CO»-saturated 0.5 M KHCOj (the current density was noted

without a minus sign here).

Potential (VRrHE) -0.6 -0.8 -1.0 -1.2 -1.4
Jioal (MA cm?) 12 2.8 10.6 18.7 235
FE (%) 98.7 68.5 74.2 64.4 61.4
H> Jjx (mA cm™) 1.2 1.9 7.8 12.1 144
k (umol h'! cm?) 25.0 39.3 160.5 246.8 295.4
FE (%) 0.0 16.3 23.9 31.8 33.2
Co jx (mA cm?) 0.0 0.5 25 6.0 7.8
k (umol h'! cm?) 0.0 9.4 51.7 121.9 159.8
FE (%) 34 4.4 1.8 2.1 2.4
C:HsOH  jy (mA cm?) 0.0 0.1 0.2 0.4 0.6
k (umol h! em?) 0.1 0.4 0.6 12 18
FE (%) 0.0 9.3 1.3 1.5 1.4
CH3;0H Jjx (mA cm™) 0.0 0.3 0.1 0.3 0.3
k (umol h'! cm?) 0.0 1.6 0.9 1.8 2.0
Total FE (%) 102.1 98.2 101.2 99.9 97.9
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Table A.7. ERCO; results for CuZn_AS electrode. Tests were performed using

step-potential electrolysis in CO»-saturated 0.5 M KHCOj (the current density was noted

without a minus sign here).

Potential (VRrHE) -0.6 -0.8 -1.0 -1.2 -1.4
Jtotal (MA cm?) 1.0 2.7 11.2 15.9 18.2
FE (%) 95.0 75.2 38.5 38.1 333
H: Jx (mA cm™) 1.0 2.0 43 6.0 6.1
k (umol h!' cm™?) 16.3 41.9 87.9 123.7 123.8
FE (%) 0.0 19.7 57.4 59.2 65.7
(6{0) Jx (mA cm™) 0.0 0.5 6.4 9.4 11.9
k (umol h!' cm™?) 0.0 10.9 130.8 192.2 244.1
FE (%) 6.5 5.3 1.2 1.4 0.6
C:HsOH Jx (mA cm™) 0.1 0.1 0.1 0.2 0.1
k (umol h!' cm™2) 0.2 0.4 0.4 0.7 0.4
Total FE (%) 101.5 100.2 97.1 98.6 99.7
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Table A.8. ERCO; results for CuZn CS electrode. Tests were performed using
step-potential electrolysis in CO»-saturated 0.5 M KHCOj (the current density was noted

without a minus sign here).

Potential (VRrHE) -0.6 -0.8 -1.0 -1.2 -1.4
Jtotal (MA cm?) 1.1 4.0 10.2 10.9 17.4
FE (%) 95.2 79.3 81.0 75.7 69.9
H: Jx (mA cm™) 1.1 3.1 8.2 8.2 12.1
k (umol h!' cm™?) 222 64.4 168.4 168.6 248.4
FE (%) 0.0 15.9 16.3 23.9 28.2
(6{0) Jx (mA cm™) 0.0 0.6 1.7 2.6 4.9
k (umol h!' cm™?) 0.0 12.9 33.9 53.3 100.1
FE (%) 6.4 0.6 0.4 0.9 0.6
C:HsOH Jx (mA cm™) 0.1 0.0 0.0 0.1 0.1
k (umol h!' cm™2) 0.2 0.1 0.1 0.3 0.3
Total FE (%) 101.6 95.7 97.8 100.6 98.7

265



Appendix A

Table A.9. ERCO; results for Cu electrode. Tests were performed using step-potential

electrolysis in CO,-saturated 0.5 M KHCO3 (the current density was noted without a

minus sign here).

Potential (VRrHE) -1.0 -1.2 -1.4

Jiowl (MA cm?) 7.9 10.7 16.9

FE (%) 53.9 62.7 66.2

Ha Jx (mA cm2) 43 6.7 1.2
k (umol h™! cm?) 86.9 137.1 228.7

FE (%) 17.9 9.8 14.0

Cco Jjx (MA cm?) 1.4 1.0 2.4
k (umol h™! cm?) 28.9 21.3 48.5

FE (%) 20.5 16.7 7.4

C:HsOH  Jj, (mA cm?) 1.6 1.8 12

k (umol h'! cm?) 5.0 5.5 3.9

FE (%) 6.2 9.7 13.8

CH. jx (mA cm?) 0.5 1.0 23
k (umol h™!' cm?) 2.5 5.3 11.9
Total FE (%) 98.5 98.8 101.4
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Table A.10. ERCO; results for Cu_AS electrode. Tests were performed using

step-potential electrolysis in CO»-saturated 0.5 M KHCOj (the current density was noted

without a minus sign here).

Potential (VRrHE) -1.0 -1.2 -1.4
Jiotat (MA cm?) 6.1 12.1 14.0
FE (%) 50.9 61.2 48.6
H: jx (mA cm?) 3.1 7.4 6.8
k (umol h™! cm?) 63.6 150.8 138.7
FE (%) 8.2 11.9 19.5
co jx (mA cm?) 0.5 1.4 2.7
k (umol h™! cm?) 10.2 29.2 55.5
FE (%) 35.3 229 248
C:HsOH Jjx (mA cm™) 2.2 2.8 3.5
k (umol h'! cm?) 6.7 8.6 10.8
FE (%) 44 5.5 35
CH. jx (mA cm?) 0.3 0.7 0.5
k (umol h™!' cm?) 1.4 3.4 2.5
Total FE (%) 98.7 101.5 96.4
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Table A.11. ERCO; results for Zn electrode. Tests were performed using step-potential
electrolysis in CO,-saturated 0.5 M KHCO3 (the current density was noted without a

minus sign here).

Potential (VRrHE) -1.0 -1.2 -1.4
Jiowl (MA cm?) 2.0 5.4 9.2
FE (%) 215 13.9 16.5
Ha Jx (mA cm?) 0.4 0.7 15
k (umol h™! cm?) 8.7 15.3 31.1
FE (%) 77.0 80.7 80.8
Cco Jjx (mA cm™) 1.5 4.3 7.5
k (umol h™! cm?) 31.0 88.6 152.6
FE (%) 33 3.9 3.2
C:HsOH  j, (mA cm?) 0.1 0.2 03
k (umol h™! cm?) 0.2 0.7 0.9
Total FE (%) 101.8 98.5 100.4
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Table A.12. ERCO; results for Zn AS electrode. Tests were performed using
step-potential electrolysis in CO»-saturated 0.5 M KHCOj (the current density was noted

without a minus sign here).

Potential (VRrHE) -1.0 -1.2 -1.4
Jiowl (MA cm?) 2.0 5.1 8.6
FE (%) 19.3 15.8 16.0
Ha Jx (mA cm2) 0.4 0.8 1.4
k (umol h™! cm?) 7.9 16.6 28.0
FE (%) 80.4 82.0 80.6
co jx (mA cm?) 1.6 42 6.9
k (umol h™! cm?) 33.3 86.2 141.3
FE (%) 22 1.4 1.0
C:HsOH  j, (mA cm?) 0.0 0.1 0.1
k (umol h™! cm?) 0.1 0.2 03
Total FE (%) 101.9 99.1 98.0
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Table A.13. ERCO; results for CuZnmix electrode. Tests were performed using

step-potential electrolysis in CO»-saturated 0.5 M KHCOj (the current density was noted

without a minus sign here).

Potential (VRrHE) -1.0 -1.2 -1.4
Jiowl (MA cm?) 6.4 10.1 15.1
FE (%) 55.1 59.8 64.8
H: jx (mA cm?) 35 6.0 9.8
k (umol h™! cm?) 72.5 123.6 199.8
FE (%) 25.1 18.6 25.8
co jx (mA cm?) 1.6 1.9 3.9
k (umol h™! cm?) 33.0 38.4 79.5
FE (%) 12.6 17.3 49
C:HsOH  j, (mA cm?) 0.8 18 0.7
k (umol h'! cm?) 2.5 5.4 2.3
FE (%) 53 48 3.2
CHa jx (mA cm?) 0.3 0.5 0.5
k (umol h™!' cm?) 1.8 2.5 2.5
Total FE (%) 98.1 100.4 98.7
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Table A.14. ERCO; results for CuZnmix_AS electrode. Tests were performed using
step-potential electrolysis in CO»-saturated 0.5 M KHCOj (the current density was noted

without a minus sign here).

Potential (VRrHE) -1.0 -1.2 -1.4
Jiowl (MA cm?) 7.0 10.6 14.8
FE (%) 54.1 57.9 57.0
Ha jx (mA cm?) 38 6.1 8.4
k (umol h™! cm?) 77.5 125.0 172.1
FE (%) 26.0 18.5 28.6
Cco Jjx (mA cm™) 1.8 2.0 4.2
k (umol h™! cm?) 37.2 40.0 81.2
FE (%) 17.1 21.0 10.7
C:HsOH  jy (mA cm?) 12 22 1.6
k (umol h'! cm?) 3.7 6.9 4.9
FE (%) 33 13 2.0
CH. jx (mA cm?) 0.2 0.1 03
k (umol h™!' cm?) 1.2 0.7 1.5
Total FE (%) 100.6 98.7 98.2
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A.3 Supplementary figures and tables to Chapter 4
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Figure A.15. LSV curves at cathodic potentials in N (dashed lines) and CO,-saturated
(full lines) 0.1 M KHCOs for (a) Cu(OH), NWs and (b) CuO NWs, showing a

magnification of the lower potential region. Scan rate, 20 mV s’
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Figure A.16. Double-layer capacitance of the developed electrodes and polycrystalline
copper foil.
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Figure A.17. SEM-EDS elemental mapping of Cu and Ti for CuO NWs electrode after
TiO; deposition by ALD.
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Figure A.18. (a) SEM image of the CuO NWs electrode coated with a protective TiO»
layer after 2 h electrolysis; and (b) CO,-TPD-MS profile of CuO NWs electrode with

(green curve) and without TiO; (blue curve).
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SEM-EDS mapping evidences a good coverage of the TiO, layer, with some Ti-rich
regions being observed (Figure A.17). CO,-TPD-MS profiles of CuO NWs with and
without TiO, show two broad desorption regions in the low-temperature range
(230 °C - 260 °C) and high-temperature range (380 °C - 390 °C) (Figure A.18b). The
CuO NWs with TiO; clearly show a significantly lower peak intensity, suggesting that
the CO» adsorption capacity decreases after TiO, deposition. Thus, it can be assumed
that CuO centers are covered by TiO,, which reduces the number of exposed sites for

CO; adsorption, resulting in lower CO, adsorption and ERCO; activity.
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Figure A.19. Chronoamperometric curves at various potentials for CO; reduction in

COg-saturated 0.1 M KHCO; for (a) Cu foam, (b) CuO(OH), NWs, and (c) CuO NWs.
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Table A.15. Cell voltage (V), measured between the working and counter electrodes, for

each catalyst and applied cathodic potential.

Cathodic potential Cell voltage (V)
(Vi) Cu foam Cu(OH): NWs CuO NWs
-1.2 -3.45 -3.53 -3.30
-1.0 -3.12 -2.82 -2.97
-0.8 -2.79 -2.47 -2.65
-0.6 -2.43 -2.17 -2.36

Table A.16. Cell energy efficiency (EE) for CO; reduction to methanol.

Cathodic potential EE Methanol (%)
(Vi) Cu foam Cu(OH)2: NWs CuO
-1.2 2.58 2.78 18.8
-1.0 4.18 471 24.4
-0.8 3.44 7.59 31.2
-0.6 5.18 8.73 32.7

275



Appendix A

Table A.17. ERCO:; results for Cu foam. Tests were performed using step-potential

electrolysis in CO,-saturated 0.5 M KHCO3 (the current density was noted without a

minus sign here).

Potential (VRrHE) -0.6 -0.8 -1.0 -1.2
Jioal (MA cm?) 13 3.4 7.2 11.5
FE (%) 78.0 83.0 81.9 85.2
H: Jx (mA cm?) 1.0 2.8 5.9 9.8
k (umol h'! cm?) 20.7 57.7 120.6 200.4
FE (%) 0.0 3.4 43 47
Co jx (mA cm?) 0.0 0.1 0.3 0.5
k (umol h'! cm?) 0.0 2.4 6.3 11.1
FE (%) 10.1 7.7 10.5 7.2
CH;0H jx (mA cm?) 0.1 0.3 0.8 0.8
k (umol h'! cm?) 0.8 1.6 4.7 5.1
FE (%) 44 3.5 42 25
C:HsOH Jjx (mA cm™) 0.1 0.1 0.3 0.3
k (wmol h*! cm?) 0.2 0.4 0.9 0.9
Total FE (%) 92.5 97.6 100.9 99.6
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Table A.18. ERCO, results for Cu(OH), NWs. Tests were performed using
step-potential electrolysis in CO»-saturated 0.5 M KHCOj (the current density was noted

without a minus sign here).

Potential (VRrHE) -0.6 -0.8 -1.0 -1.2
Jtotal (MA cm?) 5.9 10.0 16.8 20.0
FE (%) 355 413 42.6 54.9
H: Jx (mA cm™) 2.1 4.1 7.2 11.0
k (umol h! cm™?) 42.8 84.6 146.5 224.6
FE (%) 37.4 384 40.4 32.6
Cco Jx (mA cm™) 22 3.8 6.8 6.5
k (umol h! cm™?) 452 78.6 139.0 133.5
FE (%) 15.2 15.1 10.7 7.9
CH30H Jx (mA cm™) 0.9 1.5 1.8 1.6
k (umol h'! cm™2) 5.6 9.4 11.2 9.8
FE (%) 4.9 6.1 6.0 5.6
C:HsOH Jjx (MA cm?) 0.3 0.6 1.0 1.1
k (umol h'! cm™?) 0.9 1.9 3.1 35
Total FE (%) 93.0 100.8 99.7 101.0

277



Appendix A

Table A.19. ERCO; results for CuO NWs. Tests were performed using step-potential
electrolysis in CO,-saturated 0.5 M KHCO3 (the current density was noted without a

minus sign here).

Potential (VRrHE) -0.6 -0.8 -1.0 -1.2
Jiowl (WA cm?) 10.1 15.7 233 26.1
FE (%) 13.7 14.1 13.5 18.6
H: jx (mA cm?) 1.4 22 3.1 4.8
k (umol h'! cm?) 28.2 452 64.4 99.2
FE (%) 0.0 0.0 0.0 10.9
co jx (mA cm?) 0.0 0.0 0.0 2.8
k (umol h'! cm?) 0.0 0.0 0.0 58.1
FE (%) 62.2 66.4 58.3 49.9
CH;OH jx (mA cm?) 6.3 10.4 13.6 13.0
k (umol h! em?) 39.1 64.9 84.3 80.9
FE (%) 154 16.3 21.6 23.5
C:HsOH Jjx (mA cm™) 1.6 2.6 5.0 6.1
k (wmol h*! cm?) 48 8.0 15.6 19.0
Total FE (%) 91.4 96.8 93.4 102.9
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Table A.20. Faradaic efficiency and production rate of the ERCO; products determined
using the filter-press cell, working at a current density of -45 mA cm? (the current

density was noted without a minus sign here).

Catalyst
Cu foam CuO NWs
FE (%) 47.9 14.7
H: Jjx (MA cm?) 21.6 6.6
k (umol h™! cm?) 402.0 123.2
FE (%) N/D? 0.6
co Jjx (mA cm™) N/D 0.3
k (umol h™! cm?) N/D 4.8
FE (%) 0.7 66.1
CH;0OH Jjx (mA cm™) 0.3 29.7
k (umol h'! cm?) 0.2 18.5
FE (%) 19.9 3.2
C:HsOH jx (mA cm?) 8.9 15
k (umol h'! cm2) 2.8 0.5
FE (%) 18.1 N/D
C:Hs jx (mA cm?) 8.1 N/D
k (umol h™!' cm?) 15.2 N/D
FE (%) 11.1 14.9
HCOO- jx (mA cm?) 5.0 6.7
k (umol h™! cm2) 9.3 12.5
Total FE (%) 97.6 99.5

2: N/D, not detected.
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A.4 Supplementary figures and tables to Chapter 5
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Figure A.20. Comparison between CO, and CO desorption profile obtained for catalyst
#50C, after electrolysis with catholyte A. CO, and CO-TPD experiments were performed
under the same operating conditions (e.g., attenuation, adsorbate flow rate, heating ramp,

catalyst mass).
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Figure A.21. Comparison of CO; desorption pattern obtained with catholyte A and
catholyte B for catalysts (a) #5C, (b) #20C, and (c) #50C.
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Figure A.22. Comparison of CO desorption pattern obtained with catholyte A and
catholyte B for catalysts (a) #5C, (b) #20C, and (c) #50C.
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Table A.21. Faradaic efficiency and production rate of the ERCO> products determined
using the filter-press cell, working at a current density of -45 mA cm?, using

catholyte A: 0.1 M KHCO;3 (the current density was noted without a minus sign here).

Catalyst
#5C #20C #50C
FE (%) 27.1 38.9 10.7
H: Jx (MA cm) 12.2 17.5 4.8
k (umol h™! cm?) 227.9 326.5 90.1
FE (%) 64.6 14.6 85.3
C:Hs jx (mA cm?) 29.1 6.6 38.4
k (umol h™! cm?) 54.2 14.4 70.0
FE (%) 53 33.6 35
HCOO™  j, (mA cm?) 2.4 15.1 1.6
k (umol h'! cm?) 4.5 28.2 3.0
FE (%) N/D 9.3 N/D
C:HsOH  jy (mA cm?) N/D 42 N/D
k (umol h'! cm2) N/D 1.3 N/D
Total FE (%) 97.1 96.4 99.6
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Table A.22. Faradaic efficiency and production rate of the ERCO> products determined

using the filter-press cell, working at a current density of -45 mA cm™, using

catholyte B: 0.45 M KHCOs + 0.5 M KCI (the current density was noted without a minus

sign here).
Catalyst
#5C #20C #50C
FE (%) 13.7 10.2 23.9
H: Jjx (MA cm) 6.2 4.6 10.8
k (umol h™! cm?) 114.8 85.9 200.9
FE (%) 28.8 0.5 14.0
CsHs Jjx (mA cm™) 13.0 0.2 6.3
k (umol h™! cm?) 242 0.5 11.8
FE (%) 56.0 86.4 57.2
HCOO™  j, (mA cm?) 252 38.9 25.7
k (umol h*! cm?) 47.0 72.5 48.0
FE (%) N/D N/D N/D
C:HsOH  jy (mA cm?) N/D N/D N/D
k (umol h™! cm?) N/D N/D N/D
Total FE (%) 98.5 97.2 95.1

283



