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Abstract
Nanoparticle Catalysts for Chemical Valorization of Carbon Dioxide
by
Dohyung Kim
Doctor of Philosophy in Engineering — Materials Science and Engineering
University of California, Berkeley

Professor Peidong Yang, Chair

Human activity in the last two centuries that has revolutionized the way of using
resources and brought marked improvements in the quality of our lives has now put us in
a position to rethink of the many operations that support our society. We are at a stage
where the practices of the past and present cannot be continued due to their severe
negative impacts, such as the climate change. At the center of those practices lies our
heavy reliance on fossil fuels, for harvesting energy and manufacturing chemical
products. We need a disruptive technology that can fundamentally change our common
practices and poses minimal threats to our society.

Electrochemical (or photochemical) conversion of carbon dioxide to value-added
products is one of the technologies with a potential to make the change. It targets the use
of atmospheric carbon dioxide as reagents to generate valuable carbon products, such as
hydrocarbons or multicarbon oxygenates, which can be utilized for various purposes.
Eventually, it allows creating an artificial carbon cycle, just like the one that nature
established, which the carbon compounds that we use are constantly recycled through the
system by renewable energy inputs such as solar or wind. In order to realize its potentials,
a high-performance catalyst material that can efficiently convert carbon dioxide has to be
developed. In this regard, the unique catalytic properties of nanoparticles have brought
significant advancements in the field.

Here, numerous structural factors of nanoparticles that are linked to their CO2
electrocatalytic performance are discussed. With the notion that these factors span over
large length scales, studies have been conducted focusing on not only the properties
originating from the atomic scale but structural considerations at the micro- or
macroscopic scales. The latter is related to the goal of establishing a complete system
capable of CO2 valorization by renewable energy inputs. In addition, a critical factor
often neglected, the structural dynamics of nanoparticles have been studied which will
shed light into the ways of identifying the true catalytic origin of materials and
developing catalysts that will naturally transform into optimized structures during
operation.
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Bimetallic systems offer a great amount of structural diversity by their change of
composition and the physical arrangements of both elements. With regards to CO:2
electroreduction, gold-copper bimetallic nanoparticles were explored as catalysts by
changing the composition and the atomic orderedness. The composition-dependent
activity of Au-Cu nanoparticles showed that the shift in the composition brought
modifications to their surface electronic structure that dictated the intermediate binding
strength. Furthermore, evidence of geometric effects to intermediate stabilization could
be observed as well. However, even with a fixed composition, it was found that the
atomic ordering transformation could enable significant shifts in the catalytic behavior
(i.e. Hz2 active to CO active). Investigations involving atomic resolution imaging and X-
ray absorption showed that atomic ordering of Au-Cu systems induced a few-atoms thick
gold layer on the surface which was responsible for the NPs becoming active for CO2
reduction.

Eventually, catalysts developed for CO: reduction need to be coupled with other
materials or systems to enable CO:z valorization using renewable energy sources. With
solar photons being one of the most attractive options as a renewable energy input, two
conceptually different ways of utilizing nanoparticles for light-driven CO2 reduction have
been studied. The first method involves utilizing nanoparticles as CO2 electrocatalysts
and interfacing them with light-absorbing platforms. In this approach, often the issue is
how to enable an efficient coupling of the two different materials without compromising
their inherent capabilities. Using Si NWs as the light-absorber, we found that the one-
dimensional geometry of the NWs guided the colloidal NP assembly process that allowed
uniform and controlled assembly of NPs. This integration process led to performance
improvements in light-driven CO2 conversion compared to what can be achieved in other
platforms and showed the potential of Si NWs to act as a general platform for interfacing
a wide range of electrocatalysts.

The other approach involved the use of nanoparticles as catalytic enhancers. Photoactive
rhenium complexes were used as visible light-absorbing COz catalysts. These complexes
were covalently attached within a metal-organic framework (MOF) to understand how
the molecular environment within the MOF's pores can affect their catalytic behavior.
With the optimized configuration of the MOF structure, Re-complex containing MOFs
were coated on silver nanocubes where MOFs spatially concentrated the photoactive
complexes in the vicinity of the plasmon-enhanced near surface electric fields of silver
nanocubes. The Ag-MOF nanoparticle structure exhibited maximum 7-fold
enhancements in catalytic turnover with stability demonstrated for 48 hours. The success
of this approach clearly demonstrates the catalytic potential of combining various
inorganic and organic materials with each component having discrete functionalities.

An important aspect of nanomaterials is there tendency to readily transform under various

conditions due to their increased energetics. This is particularly important for catalytic

applications as the nanoscale catalysts can restructure during catalysis, which can make

the structure-activity correlation elusive and also lead to changes in activity over time.
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This idea has been recently considered for CO: electrocatalysts. Using spherical copper
nanoparticles as the starting material, structural transformation to cuboidal nanoparticles
by their fusion and redistribution was observed under catalytic conditions. This transition
led to significant improvements in the multicarbon formation activity from COz. The in-
situ formed catalyst exhibited record low overpotentials for achieving over 50% of C2-3
products faradaic efficiency, clearly demonstrating the importance of understanding the
materials dynamics under electrochemical conditions. In addition, apart from CO2
electrocatalysis, a rare phenomenon of disappearing copper nanoparticles on amorphous
silica supports under ambient conditions was observed. Structural investigations probing
the elemental environment of copper atoms showed that they were migrating into the
silica support surrounded by oxygen and silicon atoms. This observation opens up many
questions regarding the nature of active sites for oxide-supported metal nanoparticles in
catalysis.

Overall, the works discussed here illustrate the structural complexity of catalytic systems.
Acknowledging their complexity and having a systematic understanding of its factors
will provide the fundamental basis for developing efficient catalyst materials and systems
for CO:2 electroreduction. With all these taken into consideration, we may see an
expansion of the potentials of nanoparticles used for CO2 conversion, to the levels where
any type of a desired product can be readily and selectively gained.
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Chapter 1

Introduction

Reproduced in part with permission from “Kim, D., Sakimoto, K. K., Hong, D. & Yang, P.
Artificial Photosynthesis for Sustainable Fuel and Chemical Production. Angew. Chemie

Int. Ed. 54, 3259-3266 (2015).” Copyright 2015 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.

1.1. Artificial photosynthesis for a sustainable future

In every aspect of our lives, we rely on fuels and chemicals, whose usefulness is
typically exhausted once consumed. With the growing population and technological
advances, this unidirectional flow of energy and matter has grown significantly to the
extent that we face the threat of a dearth of supply and rising costs. For instance, energy
consumption is expected to rise by 56 % worldwide by 2040 with close to 80 % provided
by fossil fuels.! The growing demand for fertilizers caused by the increased rate of food
consumption of our rising population has necessitated the development of alternative routes
to produce ammonia.? Considering that our average standard of living is likely to rise
continuously, we must seek a drastic change in this consumption-oriented trend to maintain
the sustainability of our society. The challenges we face require an efficient method to
convert raw materials into useful fuels and chemicals, to make the flow of energy and
matter bidirectional, and help maintain a balance between production and consumption.

For the efficient and sustainable production of fuels and chemicals, the method to
be developed has to utilize energy and resources that are naturally abundant and easily
renewable. Artificial photosynthesis uses solar power, which can provide up to 10° TW of
energy, to convert raw materials like water and COz to useful chemicals, e.g., H2, CO, and
hydrocarbons.? Therefore, the success of this approach relies on two aspects; the efficient
utilization of solar power and the enhancement of the catalytic conversion of water and
carbon dioxide to fuels and chemicals. These two main challenges were the focus of many
ongoing scientific efforts and will have to be solved in the near future for the practical
application of artificial photosynthesis. If successful, the technology of artificial
photosynthesis will be able to fundamentally transform the current economy of fossil fuels
into a sustainable economy of “photons”.

Artificial photosynthesis, as its name suggests, originated from the desire to mimic
nature’s unique arsenal of photosynthetic processes to store energy from sunlight in high-
energy chemical bonds. Ever since its first demonstration,* there have been numerous
efforts to split water to H2 and Oz with high conversion efficiency.> More recently, due to
the hope of renewably generating carbon fuels, efforts to reduce CO2 have gained much
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attention. The production of carbon-based fuels from CO2 can help to alleviate the shortage
of fossil fuels and reduce our overall contribution to atmospheric CO2.> The development of
carbon-based fuels, or so-called “drop-in fuels”, also allows us to use renewable sources of
energy without the need to modify our current energy infrastructure, alleviating some of the
financial and logistical impediments to a fully renewable energy economy. In addition,
some of the products generated from COz2 reduction, such as carbon monoxide and ethylene,
are basic synthetic components for a large number of fine chemicals.’ Artificial
photosynthesis has the potential to lie at the center of all chemical reactions implemented in
our society and its success will determine whether we can achieve sustainable chemistry for
future generations.

Since artificial photosynthesis is an integrated system, which consists of a light
harvesting part and a catalytic conversion part, it is important to maximize the performance
of each unit and to design a combined system with optimum efficiency, based on a
thorough understanding of each component and the interactions between them. There has
been much progress in its constituent parts such as light harvesting, charge transport, and
catalytic conversion of water. However, carbon dioxide reduction, which is expected to
become an essential component of artificial photosynthesis, has proven to be difficult
without much progress. It is a much more complex and difficult process compared to its
relevant competitor, the hydrogen evolution reaction (HER). First of all, though
thermodynamically more favorable compared to HER, CO: reduction requires a large
overpotential to drive the reaction at a sufficient rate.” In addition, its wide range of
products and large number of different intermediate species makes the analysis and
development of efficient catalysts with high selectivity difficult.®® Below, we discuss in
detail the fundamental aspects of carbon dioxide electrochemical reduction in aqueous
media.

1.2. Electrochemical reduction of carbon dioxide

1.2.1. Fundamentals of electrochemical CO; reduction

Electrochemical reduction of carbon dioxide has the potential to produce a wide
range of products, from the simple products such as carbon monoxide or formate to more
complex molecules, such as n-propanol. Up to now, more than 16 products have been
identified®’ and they can be categorized depending on the number of carbon-carbon bonds
or the number of electron transfers required to produce them (Figure 1.1). The most
profoundly studied products are the C1 compounds,'® in terms of acquiring the capability to
produce them and gaining the understanding behind the reactions involved. The difficulty
associated with forming C-C bonds by electrochemical methods has prevented much
progress for other products. Facilitating multiple electron transfers (beyond two electrons)
along the reaction pathway poses another difficulty, as it requires optimizing the
interactions of a large number of intermediates along the reaction pathway.!! Nonetheless,
there have been some progress in forming multicarbon (C2-3) products,'®!>!3 such as
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ethylene and ethanol, and there are still considerable amount of research efforts to better
elucidate the mechanistic pathways to these products.

/

0
C=0 C-H 2 o
e H Y H o H ¢ CH; HGCC
4 Acetone, 16e
0 (Methane, 8e’) HO_C_C\ ( ) (PmpI\:'naldI;! e, 16€)
1 | CHy oy il o
I‘_l/Hl\kO_ H—C—OH (Hydroxyacetone, 14e”) HO—(;‘,—C/: 2 H_E_E_EI_OH
26 reduction il / \ (Al slohal 162) e
/ H H o CZ\
H-G-C° H-G-C
HA 0 § o g H HH
:/ - /: (Aomtats, 8] (Acetaldehyde, 10¢) H—(F—(F—OH . .
HH
LElyoxal, Bec) |TI HH (Ethanol, 12¢) :C=Ci
A i H H
HO—(l:—C\ HO_(l:_?_OH (Ethylene, 12e)
H H H

-

(Glycoaldehyde, 8e)

(Ethylene glycol, 10e")

Figure 1.1. Various products generated from electrochemical reduction of carbon dioxide
in aqueous media. Electron numbers in the parenthesis indicate the number of electrons
required to generate a certain product from COx.

In order to produce any useful products from carbon dioxide, the energetic
requirements for its conversion to the product molecules need to be understood. Table 1.1
lists the standard reduction potentials of the products. Using the reversible hydrogen
electrode (RHE) as a reference, which determines the energy required for protons being
reduced to hydrogen gas, the standard reduction potentials of most products lie close to 0 V
(vs. RHE, unless otherwise stated). To be more precise, the majority of them are actually
above 0 V, which means that the energy needed to convert COz to these products should be
less than that required for Hz formation. Considering the vast amount of previous research
efforts in water electrolysis,'* electrochemical reduction of carbon dioxide seems not only
desirable but also technically feasible.



C C;
Carbon
. Formate | Methanol | Methane | Glyoxal | Glycoaldehyde | Acetate | Acetaldehyde

monoxide

-0.11V -0.02V 0.03V 0.17V | -0.16 V -0.03V 0.14V 0.05V

C G

Ethylene Allyl .

alycol Ethanol | Ethylene | Hydroxyacetone | Acetone alcohol Propionaldehyde | 1-Propanol

020V | 0.08V | 0.07V 046V 0.10V | 005V 0.09V 0.10V

Table 1.1. Standard reduction potentials of products derived from electrochemical
reduction of carbon dioxide. Potentials are referenced to the reversible hydrogen electrode
(i.e. V vs. RHE).

However, most often, the potentials applied to generate these products are far more
negative than their standard reduction potentials. Overpotentials, which is the additional
amount of negative bias (for reduction reactions) applied beyond the standard reduction
potential, have been more than a couple hundred millivolts to almost a volt just to see the
onset of a certain product formation.!%!3 It clearly implies that there are large kinetic
barriers that need to be overcome for the electrochemical CO:2 transformation. Moreover,
not only the sluggish reaction kinetics limit the energy efficiency of the reaction, but it
allows the H2 gas formation from reduction of water to take place more readily as a
competing reaction.® This eventually results in H2 consuming for a large fraction of the
charge being passed to the electrodes. While there have been some efforts to replace water
with other non-aqueous media that also have higher capacity for dissolved CO2
concentration,® the requirement of proton supply to the carbon dioxide transformation
pathway makes the H> forming side reaction inevitable.

Understanding the reaction pathways is critical in overcoming the kinetic reaction
barriers and avoiding the competing H2 evolution. Moreover, it will provide the means to
control the formation of various CO:z reduced products being generated simultaneously, so
that a certain desired product can be gained selectively. While the mechanisms are still
being studied, there is a consensus on certain pathways and intermediates that are
considered important. Figures 1.2-1.4 illustrate the various pathways involved for
converting CO2 to Ci and Cz products. So far, the mechanistic pathways to Cs products are
not well known. A characteristic feature is that the main interaction between the
intermediates and a catalyst is based on the binding between the carbon and surface atoms,
which results in certain restrictions for controlling intermediate stability as later discussed
below.



The pathways to two electron Ci products (carbon monoxide and formate) are
better understood than other products involving multielectron transfers (> 2¢) and the
formation of C-C bonds (Fig. 1.1). Figure 1.2a shows the pathway to CO formation. The
first intermediate suggested is the COz™ radical ion formed by a single electron transfer (ET)
to CO2. The sluggish reaction kinetics for CO2 reduction (and the requirement of high
overpotentials) are considered due to this first step generally involved that has a standard
reduction potential of -1.9 V vs. NHE (Normal hydrogen electrode).® While this may be an
equilibrium potential between CO2 and CO2", it illustrates the difficulty in forming *CO2™
which is an adsorbed intermediate. Electrokinetic studies have also suggested the *CO2™
formation as a rate determining step (RDS) for CO2-to-CO conversion. Polycrystalline foils
of gold and silver, known to be active for CO formation, have exhibited Tafel slopes of
~120mV/dec, which indicates a single electron transfer RDS.!> Therefore, having a
catalytic surface that can better stabilize *CO2" would facilitate the reaction moving
forward and the subsequent electron and proton transfers would lead to *CO that can
readily desorb as a product.

(@) H,O

0=C=0  Oxx:0 O .OH (?.:?‘co
- | —_ | e

(b) 0 ........... O H* 0 ........... O

H*+ e \

Figure 1.2. Reaction pathways to (a) CO and (b) HCOO™ formation. The intermediates
shown inside the blue dotted box are the ones proposed to exist on oxidized metal surfaces
acting as a catalyst for formate.



However, there have been reports that suggest a different first step reaction in the
pathway to CO.2%?! The first elementary reaction proposed for CO production on silver
surfaces is the concerted-proton electron transfer (CPET) to CO2 to directly form
*COOH.?® Increased CO formation rates on bulk Ag surfaces by the increased
concentration of bicarbonate (HCOs"), which can act as a proton donor, supports the
proposed step. In contrast, it has been shown that CO formation rates on polycrystalline
gold surfaces are not affected by the proton donor concentration.?>?> Moreover, CPET for
CO2-to-*COOH as a RDS still results in a Tafel slope of 118mV/dec.!®!%? A recent study
using an operando IR spectroscopic technique on Ag films has shown surface bound
intermediates of COOH at low overpotential regions further supporting the CPET pathway
to CO.?! *CO2"™ was observed at more negative potentials suggesting the accessibility of the
rate determining ET pathway dependent on the potential applied. Therefore, it may be
possible that the reaction mechanisms for CO2-to-CO conversion differ based on the type of
surface used.

Formate producing pathway is more complex,** while it is considered distinct from
the CO2-to-CO mechanism. In contrast to the CO forming pathway, carbon dioxide is
suggested to bind to the catalyst surface through oxygen atoms (Fig. 1.2b). It was shown
theoretically that there is a strong correlation between the HCOO™ activity and the OCHO
binding energy to a catalyst surface, instead of that of the COOH.?>*° Moreover, Tafel
slopes on tin foils suggests a chemical rate-determining step (most likely protonation) after
a reversible single electron transfer.?’” This may mean that the proton (PT) and electron
transfer (ET) steps are separated, with the first ET occurring to form a *OCO™.

But the necessity of surface oxides for formate production?’ and only the partial
reduction of the oxidized metal at the catalytically relevant potentials*®?* suggest a different
mechanism. /n situ attenuated total reflectance infrared spectroscopy (ATR-IR) on tin
electrodes have identified tin-carbonate species as an active intermediate for formate
production.?’ Spectroscopic observation of metal-carbonate species on some of the p-block
elements, such as tin and indium,?>3! rather suggests an alternative mechanism for CO2
binding to produce formate, where CO2 binds to the surface through an oxygen atom
originating from the surface (Fig. 1.2b).

It seems that not all p-block metals behave identical for CO2 conversion to formate.
Formate activity measured on oxide-derived Pb supports a reaction pathway of which the
RDS is the first ET to form *CO2".3? Moreover, it is proposed that the metastable Pb oxides
are the active species for CO2 reduction while being inactive for H> evolution, which
accounts for the significant suppression of the Hz activity obtained from oxide-derived Pb.
However, the catalytic role of metastable Pb oxides is ambiguous. Metastable Pb oxides
have been observed during in-situ ATR-IR.3! However, the lack of metal-carbonate signals
on Pb, in contrast to Sn and In, suggests a different mechanism to the production of formate
that may not involve Pb oxides. Moreover, because of the enhanced formate production on
both types of Pb surfaces, which are the oxide-etched and anodized, the catalytic roles of
metallic sites and the metastable oxides in Pb seem to need further investigation. In depth
study on bismuth surfaces is required as well, where so far metallic bismuth sites are
proposed to be active for formate production.’!
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Outside the p-block metals, palladium is often considered as an element useful for
HCOO" production. However, it is also well utilized for CO formation and the relevant
potential regions for the production of each are clearly separated. It is due to the fact that
the hydrogen absorption properties of Pd make it unique for formate production,* allowing
it to generate formate very close to its thermodynamic equilibrium potential with unit
selectivity. Electrohydrogenation mechanism is proposed for Pd where the surface
hydride (PdH) interacts with CO: leading to the bond formation between H and C (Fig.
1.2b). While other possibilities cannot be ruled out, this mechanism is suggested based
upon the catalytic behavior of palladium hydrides formed from H: gas to chemically
hydrogenate CO2.>*
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Figure 1.3. Reaction pathways to methane and methanol formation.

Among the Ci products, production of methane is less understood due to the fact
that it requires 8 electron and proton transfers with a large number of individual reaction
steps (Fig. 1.3). While it is widely accepted that the CHa is produced from an adsorbed CO
intermediate,'® the mechanistic pathways down the *CO is less clear. Understanding the
CH4 formation has largely been driven by theory,>>° which have suggested a few possible
reaction mechanisms and tried to explain the CH4 activity trend found for various transition
metals.*’ Elementary steps have been studied on model Cu surfaces since copper is the only
known element that can produce appreciable amounts of methane. !

The main question is at which stage does the oxygen dissociate from *CO to be left
with only C-H bonds. This question is closely related to the first protonation pathway to the
adsorbed carbonyl (Fig. 1.3). Density functional theory calculation performed on a model
Cu surface has predicted a pathway that involves a *CHO intermediate.*® From the
adsorbed formyl, subsequent proton and electron transfers occur on the carbon atom to
form a methoxy (*OCH3) intermediate and dissociation of the oxygen atom occurs together
with the final step of CH4 formation. Early experimental works have also suggested *CHO
as a key intermediate from the observation of electrochemical conversion of formaldehyde
to methane.*3*>* However, methanol is the dominant product for formaldehyde reduction
on copper surfaces and methanol (as a methoxy intermediate) cannot be further
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electrochemically reduced to methane.®® In addition, CO:2 electroreduction on copper
exhibits negligible amounts of methanol as a product.” All of these observations suggest
that a different type of intermediate from *CHO should be present along the pathway to
methane.

The other possible configuration that could result from protonating an adsorbed
carbonyl is the *COH. By considering the kinetics of each elementary step, a high barrier
for *OCH3 to CH4 was identified which should favor methanol formation from *OCH3.%’
Instead, *CO to *COH is considered as the first step to CH4 which subsequently produces
*C and *CH: along the reaction pathway (Fig. 1.3).*3 Therefore, a distinction could be
made between the two pathways for methanol (involving *CHO) and methane (*COH).
Furthermore, it was shown that the energetic barrier to a transition state leading to *COH
was much lower to that of *CHO which could explain the high selectivity to methane over
methanol on copper surfaces.?’

One possibility that should not be neglected is the formyl (*CHO, or formaldehyde
(HCHO)) to carbene (*CHa) transition.’®*>* While electroreduction of formaldehyde
mostly results in methanol, small amounts of methane have been observed.*® Therefore, a
pathway involving *CHO to CHs4 may exist®> and occur simultaneously with the *COH
pathway during electrochemical reduction of CO:2 (Fig. 1.3). Mechanistic studies have
supported this idea by suggesting the formation of *CHOH and the subsequent release of
water to lead to *CH2 by multiple protonation steps.?>-

Understanding how C-C bonds form is of critical importance in electroreduction of
CO:z to facilitate the formation of multicarbon products. Among these products, ethylene is
by far the most well studied product as it can reach up to reasonably high faradaic
efficiency (FE) of 40 ~ 50% in certain materials.***® Similar to methane, mechanistic
studies for COz to ethylene conversion have been conducted using copper surfaces because
of their unique capability to allow C2-Cs product formation which is absent in most of the
other materials.®
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Figure 1.4. Reaction pathways to ethylene formation.

As shown in Figure 1.4, earlier studies that have observed the C2H4 formation on
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copper electrodes have proposed reaction schemes that involve the coupling of carbenes
(*CH2), which have also been suggested as an intermediate for CH4.***7*® The same
dimerization reaction was considered for the reduction of carbon monoxide (CO) to C2Hs
on copper as well.* However, an alternate C-C bond formation pathway by the
dimerization of *CO has also been proposed.” It was based on a number of experimental
observations, such as the difference in the Tafel behavior of CH4 and C2H4 and the CoHas
formation occurring at more positive bias compared to that for CHa, suggesting a different
intermediate from *CH: that leads to C2Ha4. By the electrokinetic studies indicating a single
electron transfer RDS without any pH dependence, electron transfer coupled CO
dimerization to *C202" was proposed (Fig. 1.4).”

Experimental works of electrochemically reducing carbon monoxide on various
types of copper surfaces have supported the existence of both pathways. By directly
reducing CO, which is a major intermediate for CO2 reduction to hydrocarbons, on single
crystal copper surfaces of (111) and (100), it was shown that two separate pathways exist
for C2Ha.”® The catalytic pathway to C2Ha observed for both surfaces seemed to share a
common intermediate with that to CH4. However, an additional pathway existed for Cu(100)
at less negative potentials with high selectivity for C2H4/CHa. This pathway was suggested
to be associated with the CO dimerization mechanism. Furthermore, CO reduction
experiments on a Cu(110) surface which resulted in a similar activity trend as observed for
Cu(111) confirmed that the CO dimerization pathway only exists for Cu(100) type
surfaces.”!

Theoretical studies have supported the CO dimerization pathway. Using the
computational hydrogen electrode model to consider the thermodynamic stability of various
intermediates,’> *COCOH was identified as a stable intermediate after CO dimerization.
Furthermore, it was shown that this (H" + €") transfer step is decoupled with a RDS of a
single ET to *CO + *CO (or CO(g)) to form *C202". The stable adsorption geometry of
*C202" was found in a way that carbon and oxygen atoms bind to the copper surface in a
bridging mode (Fig. 1.4). Along the reaction pathway to C2H4, intermediates *OCH2CH2
and *OCHCH2 have been suggested in the later stages which matches well with the
experimental observation of ethylene oxide reduction to ethylene on copper surfaces.*®>:3
Based on the experimental and theoretical results, mechanistic pathway to C:Ha was
proposed as shown in Fig. 1.4, with the final step being C:Ha dissociated from oxygen
bound to the surface.!*>

Recently, a more rigorous theoretical approach, with multiple layers of the solvent
to better describe the solid-electrolyte interface, was applied to CO reduction on Cu(100)
by using ab initio molecular metadynamics simulations (AIMuD).* The pathway proposed
in the work contains *C202" bound to the surface by two carbon atoms and also other
intermediates in the same manner throughout the reaction, where both oxygens dissociate
early during the process (Fig. 1.4). The previously considered *CCO intermediate® was
suggested to contribute minorly in C2H4 formation by being reduced to *CHCOH.

An alternative pathway after *CO dimerization has been proposed as well. It
mainly differs by the protonation site on a *C202" dimer to result in a *COCHO as shown
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in Fig. 1.4.575 The likelihood of *COCHO formation over *COCOH has been supported
by the higher stability of *COCHO estimated by theory and the formation glyoxal observed
as a minor product for COz electroreduction.’® Furthermore, instead of the *CHz, *CHO is
suggested as the shared intermediate for both CH4 and C2H4 so that C2H4 formation still
follows through the pathway involving *COCHO by the interaction of *CO and *CHO in
the other pathway mentioned above (Fig. 1.4).33-453

While most of the understandings for C2H4 formation have been developed by
theory, spectroscopic methods can support the proposed mechanisms by identifying the
intermediates. A recent work using in situ Fourier transform infrared spectroscopy (FTIR)
for CO reduction on copper surfaces has detected *COCOH as a subsequent intermediate
formed by protonation of the *C202".% Still, a lot of questions remain unsolved for the C-C
coupling and the multicarbon product formation in CO2 electroreduction and further
investigations are necessary to develop efficient systems that can realize the full potential
of COz2 valorization by electrochemical methods.

1.2.2. Materials for CO; electrocatalysis

Various materials have been tested as electrocatalysts for CO2 reduction. A broad
distinction can be made by the state of the catalysts used which are the homogeneous and
heterogeneous catalysts. There have been much research efforts to utilize metal containing
molecular complexes as homogeneous CO: electrocatalysts.’” More recently, owing to the
advances in nanomaterial synthesis, various kinds of new heterogeneous CO2
electrocatalysts have appeared.!” Here, we focus on the materials used for heterogeneous
COz electrocatalysis.

The classification of electrocatalysts can be made by the products formed.®>* A
large number of metal types has been tested and among them, copper is the only element
capable of generating useful amount of products in need of more than two electron transfers
(> 2¢°), such as the hydrocarbons and multicarbon oxygenates. Some studies have shown
that other metals can form these complex products, albeit in trace amounts.*’ Thus, other
metals are usually categorized based on their major CO2 reduced products, either CO or
formate. CO formation is favored on metals such as gold and silver, while formate
production has been largely observed on metals like lead, tin and bismuth. For metals
traditionally well explored for H2 evolution, such as nickel or platinum, H2 formation
dominates even under CO2 reduction conditions, making them essentially not much useful
as CO: electrocatalysts.

The CO: reduction activity trend observed among various metals has been
explained by their characteristic interaction strength towards the CO: reduction
intermediates. Specifically, the binding energy of CO (or the energetic stability of *CO,
where * is the active site) to the surface is used as a guide to interpret the catalytic activity
observed.”®! It has been explained that metals such as gold or silver that bind CO weakly
favor CO as a product, while metals such as platinum or nickel that bind CO strongly is
poisoned by the bound CO and mostly generates H2 gas. Copper is unique in terms of
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having the optimum binding strength for *CO which allows further electron and proton
transfer steps to produce higher order products. A thorough analysis of the reaction products
observed from transition metal surfaces could also correlate the methane/methanol
formation activity to their CO binding strength.*® Metals with stronger CO binding (i.e. Cu,
Ni, Pt, and Fe) were shown to exhibit more positive onset potentials for both products
compared to that of the metals with weak CO binding (i.e. Au, Ag, and Zn). Though the
methane/methanol faradaic efficiency may be low on those strong CO binding metals
besides copper due to the competing HER, the work has shown that CO binding strength is
an important parameter to consider in COz electroreduction.

For multielectron reactions that involve a larger number of intermediates, the
binding energy of each intermediate also needs to be considered to better understand and
manipulate the reaction pathway. The ideal case would be a complete control of the
interaction strength for each intermediate so that the entire reaction pathway has negligible
energy barriers and is mostly comprised of energetically downhill pathways. However, this
is not easy to achieve on a catalytic surface composed of a single metallic element due to
what is so called the Scaling relation.’®° It is about the linear scaling trend observed for
binding energies of a large pool of intermediates that share a common surface binding motif.
For instance, a metal surface with strong affinity for a CO adsorbate also has strong
interactions (and higher binding energies) for *COOH and *CHO, though their absolute
strengths could differ. With this constraint, it is very difficult for a single elemental surface
to have the optimum interaction strength for all the intermediates observed along the
reaction pathway, where, for some intermediates, a weaker interaction may be desirable.

In order to break away from the scaling relationship and add more degrees of
freedom to the energetics involved in a catalytic reaction, additional modes of binding need
to be introduced on the catalyst surface to either stabilize or destabilize certain
intermediates. Decoupling of the binding energies of multiple intermediates in this manner
is feasible, as certain intermediates have the potential of allowing additional binding modes
due to their molecular configurations, such as having an oxygen atom situated close to the
catalyst surface. Therefore, catalyst modification strategies such as metal alloying and
surface functionalization using molecular promoters have been proposed that facilitates
specific interactions to certain intermediates.>

1.2.3. Electrochemical environment factors critical to CO; electrocatalysis

Electrochemical environment factors play significant roles in CO2
electroconversion. While CO: reduction studies have been mostly conducted in aqueous
electrolyte solutions around neutral pH,® there have been some efforts to utilize non-
aqueous solvents. The main advantages of using non-aqueous electrolytes are the increased
solubility of dissolved carbon dioxide and the suppression of Hz evolution.® For instance,
CO: saturation levels in acetonitrile and dimethylformamide are 279mM and 199mM,
respectively. Compared against the COz solubility in water (33mM), these solvents have
about 6 to 8 times the capacity for CO:2 uptake. The characteristic activity and product
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distribution of electrocatalysts significantly differ from their catalytic behaviors in aqueous
media and products such as CO, formate and oxalic acid have been observed on various
metal electrodes in organic solvents.®

When utilizing aqueous electrolytes, CO2 equilibrium in water and the resulting
buffering capability need to be considered. Dissolved carbon dioxide establishes an
equilibrium between carbonic acid, bicarbonate, and carbonate as follows,?

CO; (aq) + H,0 © H,CO; & H* + HCO3 (pK, = 6.35)
HCO3 < H* + C05™ (pK, = 10.33)

Carbonic acid (H2CO3) formed from dissolved carbon dioxide deprotonates to bicarbonate
with a pKa of 6.35. Then, bicarbonate equilibrates with carbonate with a pKa of 10.33. The
pH values of a COz2 (1atm) saturated bicarbonate electrolyte range from 6 to 8 depending on
the bicarbonate concentration.’

However, near the electrode surface, pH drifts away from the equilibrium value in
the bulk solution far away from the electrode. This is due to the proton consumption (or
hydroxide ion formation) occurring simultaneously with every charge consumed for the
reduction reactions. Therefore, local pH near the electrode shifts to higher values compared
to the bulk pH and the extent of the shift is determined by the bicarbonate concentration
(and the solution buffering capacity), rate of charge consumption, and mass transfer
kinetics.”*>% As concentrations of CO: and the stability of reaction intermediates are
affected by pH, local pH variations need to be taken into account in the development of
electrocatalysts and the design of electrochemical reactors.

Electrolyte salt used and its concentration can affect the CO: reduction
activity/selectivity. The choice of the anion influences the reaction by its buffering capacity
in maintaining the local pH close to equilibrium and the capability to act as a proton
donor.®?? Therefore, product distributions for the CO2 reduction products and the faradaic
efficiency for HER, which is a competing reaction, all varies depending on its type and
concentration.

Cationic species also influence the CO: reduction reaction at the surface of a
catalyst which is observed as a shift in the current density and the production distribution.®
As the cation size becomes larger (i.e. from Li" to Cs" among alkali metal ions) CO2
reduction reactions are favored on metal surfaces.®*% One explanation provided for this
effect is the decreasing pKa for cation hydrolysis with increasing cation size which leads to
a higher buffering capacity near the electrode.®® It is suggested that larger cations with
increased buffer capacity keep the pH relatively lower and as a result the local CO2
concentration higher, providing a favorable environment for CO: reduction.®®®’ In addition,
cations have been suggested to play crucial roles in stabilizing surface intermediates.
Certain intermediates, such as *COOH, *CHO, and *C202, can be stabilized by either the
co-adsorbed cation®® or the electric field induced by the solvated cation in the vicinity of
the catalyst surface.®>”° Cation-dependent activity in terms of intermediate stabilization was
attributed to the varying cation concentration at the outer Helmholtz plane (OHP), with
higher concentrations achieved for larger cations due to their stronger driving force to be at
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the OHP.®’

Temperature and pressure can also influence the catalytic behavior observed on the
electrodes. These two factors mainly alter the concentration of dissolved CO:2 in the
electrolyte solution, where low temperatures and high CO: pressures allow higher CO2
concentrations in a saturated solution.””"’? Increased CO: concentration allows higher
selectivity for CO2 reduced products, with even some metals that mainly perform HER to
be catalytically active for CO2 reduction.’

Another important aspect to consider is the effect of impurity metal ions in the
solution that can adversely interfere with the CO: catalytic reaction. Small concentrations
of metal impurities, such as lead or iron, can form adsorbed monolayers under reductive
bias and this type of surface contamination can lead to the enhancement of hydrogen
evolution against CO2 reduction.® It has been also shown that anodic stripping of impurity
metals can recover the COz electrocatalytic activity and the need of a pre-electrolysis for
the solvent system has been emphasized.” Metal impurity deposition can also be avoided
by extracting metal impurities from electrolyte solutions by other means.”*’> Some studies
have also suggested carbon-based contaminants or adsorbed organic species responsible for
catalyst deactivation***87¢ and continuous research efforts are needed in this subject for the

development of a durable and economical COz electroconversion system.
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Chapter 2

Bimetallic nanoparticles for CO>
electrocatalysis

Reproduced with permission from “Kim, D., Resasco, J., Yu, Y., Asiri, A. M. & Yang, P.
Synergistic geometric and electronic effects for electrochemical reduction of carbon dioxide
using gold—copper bimetallic nanoparticles. Nat. Commun. 5, 4948 (2014).” Copyright
2014 Macmillan Publishers Limited.

Reproduced with permission from “Kim, D.*, Xie, C.* Becknell, N., Yu, Y, Karamad, M.,
Chan, K., Crumlin, E. J., Norskov, J. K. & Yang, P. Electrochemical Activation of CO:
through Atomic Ordering Transformations of AuCu Nanoparticles. J. Am. Chem. Soc. 139,
8329-8336 (2017).” Copyright 2017 American Chemical Society.

As mentioned in the introduction, monometallic catalysts are limited by the type of
surface constructions that can be utilized for catalytic transformation reactions and the
scaling relationship among a large number intermediates. One method to overcome these
limitations is to utilize a system composed of more than one element which is a
multimetallic material. It diversifies the possible surface structures and the relevant
catalytic properties that can be attained compared to a single element material. Furthermore,
having additional elements on the surface can introduce specific binding modes for certain
intermediates which break the scaling relations (Fig. 2.1).
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Figure 2.1. Bimetallic surface structures. (a) Decoupling the interaction strength of
multiple intermediates with bimetallic surfaces. (b) Structural diversity of bimetallic
systems.
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In this regard, bimetallic systems have been a popular choice for catalyst
exploration. Even with just two elements, widely tunable compositions allow access to a
large number of discrete catalytic properties. However, the structural diversity of bimetallic
systems is even more immense if one considers the physical arrangements of the two
elements at multiple length scales (Fig. 2.1b). Furthermore, by using nanoparticles as
catalytic platforms, the material space of accessible catalysts expands even further by the
introduction of the nanoparticle related variables such as size and morphology. The
structural diversity of bimetallic nanoparticles and their catalytic potential warrants a close
study on exploring the various methods of tuning their structure and the related catalytic
properties.

Therefore, I have studied gold-copper bimetallic nanoparticles as electrocatalysts
for CO2 reduction. The choice of the two elements was based on the catalytic properties of
each single element where both were observed to be catalytically active for CO2 reduction.
CO:z electrocatalytic properties were explored by systematically tuning the composition and
the degree atomic of orderedness of the AuCu nanoparticles. Detailed structural
characterizations of the nanoparticles were correlated to their catalytic activity to
understand the activity shifts and provide insights to the ways of controlling their catalytic
behavior.

2.1. Composition-dependent CQO: electroreduction of gold-
copper bimetallic nanoparticles

Metal alloying has been suggested as one of the approaches to enhance the
catalytic activity and selectivity for CO:z electroreduction.’>®® By alloying, it is believed
that we might be able to tune the binding strength of intermediates on a catalyst surface to
enhance its reaction kinetics. In this regard, the Au—Cu bimetallic system has been
suggested as a potential CO2 reduction electrocatalyst in previous reports.”” However, there
has not been a systematic study to precisely understand its activity as function of its
composition. Furthermore, Au and Cu have been identified to possess intermediate binding
strength favorable for CO: reduction;>** hence, they serve as a good starting point to tune
the energetics of the intermediate binding to achieve even higher activity.

2.1.1. Synthesis and characterization of gold-copper bimetallic
nanoparticles

Figure 2.2a is a transmission electron microscopy (TEM) image of AuCus
nanocrystals as synthesized. The synthetic procedures were modified from the methods
reported previously.”® Nanoparticles with different stoichiometric ratios of Au-to-Cu (Au,
AusCu, AuCu, AuCus and Cu) were synthesized in a similar manner with average size all
close to 10-11 nm, so that once assembled in a nanoparticle monolayer configuration the
catalytically active surface area for each electrode is essentially identical. The composition
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of each nanoparticle is confirmed using a number of methods. X-ray diffractometry (XRD)
shows that the XRD pattern of each particle (Fig. 2.2b) matches with the corresponding
characteristic patterns of each phase, although we find Cu to inevitably have a thin oxide
shell, as can be seen from its XRD data. In addition, Au and Cu atoms are randomly
distributed within the lattice, which is expected considering the synthetic conditions.”
Ultraviolet-visible spectroscopy (UV-vis) is also a useful way to characterize nanoparticles.
Au and Cu nanoparticles in their pure phase exhibit characteristic surface plasmon
resonance (SPR) peaks at ~523 and ~570 nm.”’#%8! As the content of Cu increases in a pure
Au nanoparticle by forming an alloy, the SPR peak of Au red-shifts towards the SPR peak
of Cu with some broadening (Fig. 2.2¢).”#! The SPR peaks (Aspr = 533nm for AusCu,
539nm for AuCu and 549nm for AuCus) also match well with their composition.””8!
Energy-dispersive X-ray spectroscopy was further used to confirm the composition of the
nanoparticles. All these results confirmed that we have synthesized monodisperse Au—Cu
bimetallic nanoparticles with specific stoichiometric ratios of Au-to-Cu.
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Figure 2.2. Characterization of Au—Cu bimetallic nanoparticles. (a) TEM image of AuCus
nanoparticles (scale bar, 100 nm). Average size 11.20 + 1.65 nm. (b) XRD patterns of Au—
Cu bimetallic nanoparticles compared with diffraction patterns from the database (Au,
JCPDS 03-065-2870; AusCu, JCPDS 01-071-5023; AuCu, JCPDS 00-025-1220; AuCus,
JCPDS 03-065-3249; Cu, JCPDS 00-004-0836). A small peak at 20 ~37° in the XRD
pattern of Cu indicates the presence of a Cu20 shell. (¢) Ultraviolet—visible spectra of Au—
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Cu bimetallic nanoparticles. Dotted lines indicate the SPR peak of pure Au (~523nm) and
Cu (~570nm) nanoparticles.

The Au-Cu bimetallic nanoparticles were assembled onto a flat support to be used
as an electrode. Nanoparticle assembly (or self-assembly) has been the subject of research
for use of these unique structures in a wide variety of applications.?>®3 Among several
approaches that lead to monolayer assemblies, we implemented the solvent evaporation-
mediated self-assembly approach modified from its original method,®* to fabricate
nanoparticle monolayer platforms. Once assembled, the nanoparticle monolayers were
transferred onto a glassy carbon substrate using the Langmuir—Schaefer method and tested
in our electrochemical setup for CO:2 reduction. Figure 2.3 shows a scanning electron
microscopy image of a AuCus monolayer on a substrate. Most of the area is covered with
the nanoparticle monolayer with high degree of ordering throughout the substrate, although
it also contains some defective spots such as vacancies.

Figure 2.3. Scanning electron microscopy (SEM) image of a AuCus nanoparticle
monolayer transferred to a substrate using Langmuir—Schaefer technique (scale bar, 200nm).
(Left inset) Higher-magnification SEM image of a Au3zCu nanoparticle monolayer (scale
bar, 100 nm). (Right inset) TEM image of a Cu nanoparticle monolayer transferred to a
TEM grid (scale bar, 100 nm).
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2.1.2. CO; reduction activity of gold-copper bimetallic nanoparticles

To quantitatively determine and compare catalytic activity, the monolayered
nanoparticles were analyzed in our custom designed electrochemical setup coupled with
gas chromatography. The effluent gas from the electrochemical cell went through the
sampling system of the gas chromatography and gas products were analyzed in real-time,
while the liquid products were analyzed after the reaction by quantitative nuclear magnetic
resonance spectroscopy. Electrolysis was performed under standard conditions of 0.1M
KHCO:s electrolyte saturated with COsz.

Figure 2.4a shows the overall activity of the Au—Cu bimetallic nanoparticles under
identical reaction conditions. Pure Cu nanoparticles exhibit the lowest overall activity,
while increasing the Au content enhances the activity up to the point where Au3zCu seems to
exhibit the highest activity among the series. However, as the overall current density also
includes the current from HER, it is difficult to determine which catalyst performs better
for CO2 reduction just from this plot. Furthermore, as electrochemical CO: reduction
typically leads to a large number of chemical products, the overall current must be divided
into individual products to get a quantitative understanding of the activity and selectivity as
function of composition. One way of doing this is to examine the Faradaic efficiencies (FE)
for each product, which are shown in Fig. 2.4b—f. The results are interesting, as it is
generally believed Cu is the only catalyst capable to produce a wide range of products. Not
only do the Au—Cu bimetallic nanoparticles make products usually seen on Cu, but the FE
of these products shifts as the composition is changed. As the Cu content increases, the total
number of products increases and the pure Cu nanoparticles exhibit the largest number in
product type. Among the products that require more than two electron transfers, methane
and ethylene are considered as major products that can be produced from Cu.” For
methane and ethylene, the FE decreases substantially as more Au gets incorporated into the
nanoparticle, eventually leading to a total loss of these products for nanoparticles with high
concentrations of Au. Further, Fig. 2.4b—f reveals that the trends in FE for CO and H: are
opposite as the composition shifts. FE for CO increases with Au content, while FE for Hz
decreases as the Au content increases. For pure Au nanoparticles, the FE for CO is close to
~65%, which is consistent with other reports for Au nanoparticles of similar size.® In the
case of formate, which is known as the largest molecular liquid product from Cu, the trend
seems to follow hydrocarbon species such as methane, although the decrease is not drastic.
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Figure 2.4. Catalytic activities of Au—Cu bimetallic nanoparticles. (a) Total current density
plot of Au—Cu bimetallic nanoparticles. Current density is from the geometric area of the
electrodes. All measurements were under the same environment of 0.1M KHCOs (pH 6.8)
at 1 atm CO2 and room temperature. The grey line indicates the activity of the bare
substrate from linear sweep voltammetry (50mV/s) stabilized after multiple cycles. On the
plot is the average current density of multiple runs at each potential. FE for each product of
(b) Au, (c) AusCu, (d) AuCu, (e) AuCus, and (f) Cu.

Based on this analysis and comparison, the reactions that require a hydrogen atom
binding to the carbon along the reaction pathway tend to have decreased in FE for their
final products following the same trend for H2, while FE of CO shows the opposite trend
where protonation happens at the hydroxyl end group of a carboxyl intermediate stabilized
on the surface.’*>*% To protonate the carbon atom, a surface-stabilized proton has to be
near the active site and this indicates that the product distribution in CO2 reduction might
be related to the binding strength of hydrogen on the surface of a catalyst. In principle, we
could expect that the binding strength of all the intermediates that occur along the reaction
pathway would govern the activity/selectivity, as it determines the interaction of the
intermediates with the catalyst and lead into different reactions pathways and final chemical
products. Therefore, at this point, it is reasonable to assume that by tuning the composition
of Au—Cu bimetallic nanoparticles, we are tuning the degree of stabilization of the
intermediates on these nanoparticle surfaces, and consequently, different final chemical
product profiles were observed.

Figure 2.5a compares the relative TOR for CO at -0.73V versus reversible
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hydrogen electrode (RHE) for these nanoparticles with different compositions. We found
that the activity follows a volcano shape with a peak activity for AusCu (AusCu ~93.1 times,
Au ~83.7 times and AuCu ~40.4 times higher relative to Cu). This trend can be understood
by considering the elementary reaction steps from CO2 to CO.*° In this reaction, CO2 is
adsorbed onto the surface as COOH and further reduced to CO. Therefore, the binding
strength of COOH and CO essentially governs CO TOR. To enhance the CO production
kinetics, a catalyst has to stabilize COOH more strongly relative to CO, so that COz readily
activates to COOH and desorbs as CO. However, this is difficult to achieve with a
monometallic catalyst because of the scaling relation, which shows that the binding
strengths of different intermediates scale together.® Alloy catalysts, on the other hand,
could potentially stabilize COOH relative to CO by forming an additional bond at the
oxygen end with an oxophilic element (that is, Cu) on the catalyst surface.’**® Based on
this observation, the CO activity of Au—Cu bimetallic nanoparticles can be explained in
terms of (1) the electronic effect where the binding of intermediates can be tuned using
different surface composition and (2) the geometric effect that has to do with the local
atomic arrangement at the active site, which allows the catalyst to deviate from the scaling
relation.
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Figure 2.5. Trends in TORs of Au—Cu bimetallic nanoparticles and their mass activity. (a)
Relative TORs for carbon monoxide compared at -0.73V vs RHE. TOR calculations are
based on the partial current density and the TOR of Cu is set to one. Each data point is
spaced equally apart on the x axis and the TORs are plotted in log scale. Inset shows
relative CO TOR (where all the data are normalized to the highest value) as a function of
potential. (b) CO mass activity of Au—Cu bimetallic nanoparticles at -0.73V vs RHE. Mass
activity is based on the overall mass of Au and Cu.

The electronic effect on the binding strength of intermediates is due to the change
in the electronic structure of a catalyst. For transition metals, the way their d-band interacts
with the adsorbate determines the binding strength. The trend is that the more low lying
(relative to the Fermi level) the d-band, the weaker the binding due to the occupancy of
anti-bonding states.® Figure 2.6a is the surface valance band spectra of Au—Cu bimetallic
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nanoparticles collected by high-resolution X-ray photoemission spectroscopy (XPS) on the
nanoparticle monolayers. Using Al Ka source, the binding energy was scanned from 0 to 20
eV and each spectrum was collected over ~1,000 scans. The spectra reveal that the d-band
and its centre of gravity gradually shift downwards from Cu to Au.}’ According to this
trend, the binding strength for COOH and CO, which is mainly from the bond between the
active site and the carbon, should decrease as Au content increases. Then the binding
strength to Au—Cu bimetallic nanoparticles would lie in between Au and Cu following the
scaling trend, which can also be estimated from the interpolation principle.®® It is known
that Au has the optimum binding strength for COOH and CO to reach peak activity among
the transition metal catalysts for CO2 to CO conversion.®® Therefore, from the electronic
effect, Au is expected to be at the peak of the volcano, while the activity scales down
linearly to Cu as the composition shifts. However, we observe peak activity for AuzCu and
also activities higher for AuCu and AuCus than predicted from a trendline between Au and
Cu. In addition to the interesting trend in CO activity, the shift in selectivity and the
presence of formate produced from AusCu but not pure Au needs to be understood from
more than the electronic effect, considering the similar electronic structures of Au and
AusCu. These observations indicate that the activity is not solely determined from the
electronic effect.
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Figure 2.6. Structural characterization of Au—Cu bimetallic nanoparticles. (a) Surface
valence band photoemission spectra of Au—Cu bimetallic nanoparticles. All the spectra are
background corrected. The white bar indicates its centre of gravity. (b) High-resolution
transmission electron microscopy image of AuCus and AusCu, and their fast fourier
transform. Scale bar, 5 nm. (c¢) X-ray photoemission spectra at grazing angle (85°) on Au—
Cu bimetallic nanoparticle monolayers. (d) Schematic showing the proposed mechanism
for CO2 reduction on the catalyst surface of Au—Cu bimetallic nanoparticles. Filled circles
with grey is C, red is O and white is H. The relative intermediate binding strength is
indicated by the stroke weight (on the top right corner). Additional binding between the
COOH and the catalyst surface is presented as a dotted line. Arrows between the adsorbed
COOH and adsorbed CO is to show the difference in probability of having COOH adsorbed
on different types of surfaces. Colored arrows indicate the pathway to each product: red for
CO, blue for formate and green for hydrocarbons. Larger arrows indicate higher turnover.

The geometric effect also plays an important role in determining catalytic activity,
as it has to do with the atomic arrangement at the active site. The way the active site is
configured can have a large effect on the binding strength of intermediates.®® In the case of
Au—Cu bimetallic nanoparticles, further stabilization of COOH becomes possible by having
a Cu atom adjacent to a Au-C primary bond, where it can form a bond with the oxygen end
of COOH. As can be seen from high resolution TEM images and their fast fourier transform
(Fig. 2.6b), the nanoparticles have a uniform phase with d-spacings corresponding to their
compositions and the lack of complete Au/Cu atomic ordering, which is in agreement with
other characterization methods discussed above. Further, the surface compositions of Au—
Cu bimetallic nanoparticles also follow the trend of their bulk compositions, evidenced
from XPS spectra (Fig. 2.6¢c) at a grazing angle, which is highly surface sensitive. Thus, it
is reasonable to assume that both elements are uniformly distributed throughout the particle
according to their compositions and that these bimetallic nanoparticles are capable of
providing active sites with further COOH stabilization. The electronic effect and geometric
effect, operating synergistically here, lead to the observed volcano activity correlation with
nanoparticle composition.
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Figure 2.7. Formate and hydrocarbon TOR of Au-Cu bimetallic nanoparticles. (a) Relative
turnover rates for formate compared at -0.73 V vs RHE. The TOR of Cu is set to one. Inset
shows relative formate TOR (where all the data are normalized to the highest value) as a
function of potential. (b) Relative methane TOR as a function of potential. (c) Relative
ethylene TOR as a function of potential.

However, we did not observe a clear trend with the TOR for formate. Formate TOR
was rather close in value among the different catalysts (Fig. 2.7). This can also be
understood in terms of the change in the binding energy of the intermediates. To produce
formate, the active site should be capable of stabilizing both COOH and H, so that there is a
high probability of forming a bond between the carbon and the adsorbed proton. However,
the relative free energy of adsorbed CO is lower than adsorbed COOH.?***%* Therefore,
COOH is more likely to be converted into CO rather than staying adsorbed as it is. As more
Au gets incorporated into Cu, the relative free energy difference between adsorbed COOH
and CO narrows.” Further, alloy nanoparticles have the capability of further stabilizing
COOH due to the geometric effect. Hence, there is higher probability for being adsorbed as
COOH. In contrast, the binding strength for H gets weaker as the Au content rises.®” These
two opposing effects lead to HCOO™ TOR being relatively unaffected by the compositional
shift.

Products that require larger number of reaction steps, such as methane or ethylene,
diminish significantly even with a slight shift in composition from pure Cu. This might be
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due to the fact that these products require stabilization of both CO and H. Adsorbed CO is
protonated successively to evolve as hydrocarbon species.** Cu seems to have the optimum
binding strength for both of the adsorbed intermediates to facilitate the conversion.
However, as the Au content increases, both intermediates bind weaker, which reduces the
TOR and leads to total loss of these products.

The use of our unique nanoparticle monolayer not only allows us to carry out the
quantitative comparison of the CO: reduction activity/selectivity as a function of
composition, it also leads to high efficiencies by significantly enhancing mass activities.
Aus3Cu, which has the highest mass activity for CO, outperforms conventional Au
nanoparticle catalysts®® by more than an order of magnitude (Fig. 2.5b). There also have
been efforts to reduce metal loading by using organometallic catalysts with large
enhancements in mass activity.” The idea is to significantly reduce the metal loading by
having a single metal atom coordinated to organic ligands that can perform the reduction of
COz. In the case of Ag, widely known as an efficient catalyst for CO production, this
approach led to more than an order-of-magnitude increase in mass activity compared with
pure Ag nanoparticles. Our nanoparticle catalyst monolayers, characteristic of efficient
loading, can operate at comparable activities to these organometallic catalysts for CO
production (even considering the fact that Au is much heavier).

2.1.3. Discussion and Conclusion

The complexity of the reaction is clearly evidenced from the activity trends of Au—
Cu bimetallic nanoparticles. The TOR and the product distribution are governed by various
intermediates that occur along the reaction pathway. However, we were able to show that
this multi-parameter reaction could be described in terms of two effects (as shown in Fig.
2.6d), the electronic effect and the geometric effect. From these two factors, one can deduce
how the intermediates will interact with the surface of a specific catalyst and hence tune its
catalytic activity. To achieve high selectivity towards only COz-reduced products, one
should try to mitigate the proton—catalyst interaction (to suppress HER) and at the same
time optimize the binding strength of the first few intermediates (COOH and CO) in the
pathway by using both effects. However, if the emphasis is on producing products with
larger number of electron and proton transfers (that is, methane), the catalyst should be able
to stabilize CO even further and allow coupling with the adsorbed proton or hydroxyl
groups more efficiently. This might inevitably lead to higher production rates of Hz, but if
the atomic configuration on the active site prohibits proton—proton coupling, one might be
able to achieve higher selectivity even for more complex products as well. In the design of
a COz reduction catalyst, one should carefully balance how these two effects determine the
interaction of intermediates with the catalyst so as to achieve better activity and selectivity.

We have used monodisperse Au—Cu bimetallic nanoparticles in a unique platform
to understand the trends of their fundamental activity for CO:2 reduction. With its
connection to the electronic structure and the local atomic environment, we could
understand their catalytic activity systematically and have determined the factors that allow
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us to simplify the picture of the overall CO2 reduction. Further, our unique monolayer
platform enabled us to measure mass activities significantly higher than catalysts structured
by more conventional means. With the principles of catalyst design established, coupled
with exceptional structuring of active sites, we believe unprecedented improvements in
electrochemical CO:z reduction will be eventually fulfilled that will allow our goals of a
sustainable energy society to finally become a reality.

2.2. Electrochemical activation of CO: through atomic ordering
transformations of AuCu nanoparticles

Beyond simply controlling the ratio between the elements in a bimetallic system
where each is randomly distributed, precise positioning of atoms in a crystal lattice
becomes possible when there exists a thermodynamically accessible phase. This results in a
distinction between a disordered alloy and an ordered intermetallic structure, and the
transition between the two different phases is the so-called order—disorder transformation.”!

Recent works on ordered intermetallic NPs have focused on developing synthetic
strategies to promote ordering transformations from the initial alloy and investigating their
structure and properties for applications in magnetism and catalysis.”>™° Structurally
ordered Pt-based (with Fe, Co, Cu, etc.) NPs have been under investigation in the past few
years, as the ordered structure has been known to offer enhanced activity and durability for
the oxygen reduction reaction (ORR).”>*®%° On the other hand, for the other well-known
bimetallic system of Au—Cu, discovery and use of its enhanced properties, attributable to its
having an ordered lattice, have not been well studied, with only a few reports present
regarding the synthetic approach to create ordered NPs,%%97:8.100.101

Here, we investigate the effects of order—disorder transformation in AuCu NPs on
electrochemical CO2 reduction. We show that the ordering transformation of a disordered
AuCu (1:1 atomic ratio) NP turns an inactive catalyst, which mainly generates hydrogen
gas, to an active catalyst for reducing COz. This was found through systematic control of
the ordering degree of AuCu NPs and observation of its effect on the catalytic behavior. We
performed detailed structural investigations of ordered AuCu NPs down to the atomic level
to find ordered lattice configurations, together with a few-atoms-thick Au layer on the outer
surface. Furthermore, thermochemical DFT calculations suggest that the enhanced CO2
reduction activities observed for ordered intermetallic AuCu NPs arise from the formation
of compressively strained Au overlayers.

2.2.1. Atomic ordering transformation of AuCu nanoparticles

AuCu bimetallic nanoparticles with varying degrees of atomic ordering were
realized by synthetic procedures modified from earlier work.”? Mainly, temperature and
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time were controlled during the incorporation of elemental copper into the gold NP seed,
where higher temperatures and longer times promote the formation of ordered lattices.
Since we start from identical seed particles, AuCu bimetallic NPs with similar sizes (~7
nm) could be produced that look identical in their morphologies (Figure 2.8a). Au-to-Cu
ratios, identified from ICP-AES (Figure 2.8b), are all around 1, confirming their
compositional invariance.
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Figure 2.8. Atomic ordering transformation of AuCu bimetallic nanoparticles. (a) TEM
images of AuCu bimetallic NPs synthesized at various conditions allowing for systematic
tuning of the degree of ordering. Scale bar, 20 nm. (b) ICP-AES analysis of AuCu
bimetallic nanoparticles. (c) XRD of AuCu bimetallic NPs. Diffractograms were recorded
using Co Ko radiation (Acoka = 1.79 A). (d) Electrochemical CO: reduction activities of
AuCu bimetallic NPs evaluated by faradaic efficiencies of CO and H2. Measurements were
conducted at —0.77 V vs RHE with 0.1 M KHCO3 solution (pH 6.8) at 1 atm CO2 and room
temperature.

The structural difference between AuCu NPs could be identified from XRD. As
shown in Figure 2.8c, the peak positions of 111 and 200 diffractions further confirmed the
formation of a bimetallic system, as they lie between those of pure Au and Cu. However,
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there was a trend where the superlattice peaks, which should be absent in a disordered face-
centered cubic (FCC) structure of an alloy, became more evident in the NPs synthesized at
higher temperatures for extended periods. Moreover, peak splitting became clearer as well
at the 200 and 220 positions, indicating that the crystal structure was transitioning from
FCC to face-centered tetragonal. All of these indicated an increase in the degree of atomic
ordering following greater input of energy (controlled with temperature and time) during
Cu diffusion into Au NP.

The degree of ordering was further quantified by the long-range order parameter
(S), estimated from the relative intensity ratio between the superlattice peak and the
fundamental peak.!”> The AuCu NP synthesized at 300 °C had the highest S value of 0.611,
which corresponded to ~80% of atoms in the ordered lattice positions. After the second
most ordered AuCu NP (synthesized at 280 °C 100 min), the degree of ordering could not
be quantified by S for the other two NPs, which had only short-range order. Combining the
qualitative and quantitative comparisons of degree of ordering among the four AuCu NPs,
we could conclude that the AuCu NP synthesized at 200 °C for 50 min (hereafter d-AuCu)
was disordered (or the least ordered) and the one synthesized at 300 °C for 50 min
(hereafter o-AuCu) was ordered (or the most ordered). The AuCu NPs at intermediate
stages of ordering were named as i/-AuCu and i2-AuCu.

To study their activity toward electrochemical reduction of COz, identical numbers
of each type of AuCu NP (mass of 4 ug total) were loaded on carbon paper electrodes. Each
NP sample was washed multiple times to the point just before the NP solution became
unstable, and the mass fraction of ligands in each sample was kept similar. Any thermal or
chemical treatments were avoided so as not to alter their inherent structure produced. Each
electrode was then tested in a customized electrochemical setup under conditions of 0.1 M
KHCOs (pH 6.8) at 1 atm CO2 and room temperature. Linear sweep voltammetry of AuCu
NPs resulted in similar current densities from utilizing same number of NPs with identical
morphology for each and providing equal surface area. During chronoamperometry, gas
products were measured in situ using gas chromatography, and liquid products were
analyzed from quantitative nuclear magnetic resonance (QNMR) spectroscopy.

The major products formed were CO and Hz, and their faradaic efficiencies (FE)
were measured at —0.77 V vs RHE (Figure 2.8d). The only liquid product found was
formate at relatively low FE < 5%. For the d-AuCu NP, H2 was the dominant product (H2
FE = 61% and CO FE = 34%), which meant it was considered rather inactive for electro-
chemical CO2 reduction. However, a continuous rise was observed in CO FE with increase
in the ordering degree of AuCu NPs, where 0-AuCu NP exhibited the highest CO selectivity.
CO became the major product for o-AuCu NP, with FE = 80%. Previous study on the
effects of composition in Au-Cu alloys for electrocatalytic CO2 reduction has shown that H
is the major product for AuCu (1:1 ratio), consistent with what we observe from d-AuCu or
il-AuCu.'® Surprisingly, without altering composition, we found that the ordering trans-
formation could enhance CO formation, transitioning a CO2 inactive catalyst to an active
catalyst with high CO selectivity. The CO FEs measured at a range of potentials for d-
AuCu and 0-AuCu NP further confirmed the activity enhancement following disorder-to-
order transformation, where CO formation could be obtained at ~200 mV lower
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overpotentials (Figure 2.9).
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Figure 2.9. CO FE at various potentials for d-AuCu and o-AuCu NP catalysts.
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2.2.2. Structural investigation of ordered AuCu nanoparticles

In order to understand this drastic change in activity that arises from the ordering
transformation of AuCu bimetallic NPs, we probed the structure of d-AuCu and o-AuCu
NPs using various methods. Elemental analysis mapping of the distribution of Au and Cu
showed that both elements were uniformly distributed in a single NP for both d-AuCu and
o-AuCu NPs (Figure 2.10).

0-AuCu
(300°C 50min)

d-AuCu.
(200°C g0min)

Figure 2.10. Elemental maps of Au and Cu for d-AuCu and 0-AuCu NPs.

In order to investigate down to the atomic level, aberration-corrected HAADF-
STEM was implemented. Figures 2.11a and b show aberration-corrected HAADF-STEM
images of o-AuCu NPs in two different orientations. From the images, a periodic
oscillation of intensity was observed, which can be attributed to the Z-contrast differences
between different elements that should be present in an ordered lattice. As Au (Z = 79) and
Cu (Z = 29) differ greatly in atomic number, a column of Au atoms should appear much
brighter than that of Cu atoms in an ordered structure. By measuring the distance between
the planes and distinguishing elements by their contrast, certain unit cell orientations of the
AuCu L1 structure were found (Figures 2.11c and d).
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Figure 2.11. Structural investigation of o-AuCu at atomic resolution. Aberration-corrected
HAADF-STEM images of 0-AuCu (a,b) and magnified STEM images of the center of the
particle together with the overlapping schematics of structure projections (c,d). Atoms in
orange and blue color represent gold and copper, respectively. (e) Intensity profile across
the particle measured from the yellow box shown in (a). The distance between the strong
intensities matches with the separation between gold atoms. Arrows indicate alternating
high and low intensities, which represent gold and copper atoms, respectively. (f) Average
intensity profile from the interior to the outer surface of the particle along rows A and B
shown in (b). The distance between the peaks shown in A matches with the known
separation between gold atoms.
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In addition to the atomically ordered structures that were verified, certain elemental
characteristics at the surface were also observed. As can be directly seen from the images,
atoms near the NP surface contained only brighter intensities of gold, in contrast to the
alternating intensities at the core. This suggested a few-atoms-thick gold layer over the
structurally ordered core. With the intensity profile measured across the particle (Figure
2.11e), a three-atoms-thick gold layer could be identified. Intensities were also measured
along the rows of atoms which should contain only one element (Figure 2.11f). While the
intensity along the row of gold atoms decayed to the surface (from the thickness
decreasing), the intensity profile along what is supposed to be only copper atoms had
spiking intensities starting from three atoms beneath the surface. All of these pointed to the
fact that 0-AuCu NPs contained around three-atoms-thick gold layers grown directly over
the ordered lattice. This could be observed in multiple images as well (Figure 2.12). In
contrast, aberration-corrected HAADF-STEM images of d-AuCu NPs exhibited uniform
intensities (Figure 2.12e) from the random distribution of both elements, as expected. From
atomically resolved imaging of o0-AuCu NPs, we could conclude that the ordering
transformation of a AuCu NP induced three-atoms-thick gold layers at its surface, in
addition to the crystal structure transition to intermetallic ordered phase throughout its
interior.
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Figure 2.12. Aberration-corrected HAADF-STEM images of AuCu NPs. Aberration-
corrected HAADF-STEM images of 0o-AuCu NPs (a, b, ¢) and an intensity profile along
yellow line shown in ¢ (d). Aberration-corrected HAADF-STEM images of d-AuCu NPs

(e).
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XAS was used to further probe the structure of AuCu NPs. Absorption spectra at
the gold Ls-edge and copper K-edge were collected from o-AuCu NPs and d-AuCu NPs.
Figure 2.13 presents extended X-ray absorption fine structure (EXAFS) data for both NPs,
where the coordination environment surrounding Au and Cu for each NP can be observed.
At the Au Ls3-edge (Figure 2.13a), o-AuCu NP exhibits a larger first-shell scattering
amplitude, which can be attributed to the stronger constructive interference of
photoelectron scattering in the ordered structure. The atomic order is more evident at the
Cu K-edge (Figure 2.13b), where third and fourth shell scattering (at radial distances from 4
to 6 A) can be clearly observed due to the unique multiple scattering paths present in the
ordered structure. On the other hand, d-AuCu NP at the Cu K-edge shows many variations
of scattering paths at various lengths, together with destructive interference from the
disordered structure, which lowers the amplitude.
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Figure 2.13. X-ray absorption spectroscopy of AuCu NPs. EXAFS spectra at the Au Ls-
edge (a) and Cu K-edge (b) of 0o-AuCu NPs (orange circles) and d-AuCu NPs (blue circles).
Orange solid lines are the results of fitting to o-AuCu NPs.

By fitting the Au L3-edge and Cu K-edge of the o-AuCu NPs simultaneously to an
ordered face-centered tetragonal (L1lo) model, information regarding the coordination
environment surrounding gold and copper atoms in o-AuCu NPs could be extracted (Table
2.1). When comparing the number of nearest neighbor atoms to gold and copper, copper
had a coordination number (CN) of 9.0 + 1.2, while gold had a CN of only 6.9 + 1.1. The
lower first shell CN for gold indicated that gold atoms are relatively undercoordinated
compared to copper, which resulted from gold being enriched at the surface'® as observed
from HAADF-STEM. Therefore, from STEM imaging and XAS analysis, we could
conclude that the o-AuCu NP surface contains a three-atoms-thick gold layer over the
ordered AuCu intermetallic core. Furthermore, we speculate NPs at intermediate stages of
ordering to have gold overlayers partially covering their surface. Rise in the degree of
ordering may lead to increased coverage of gold overlayers associated with the ordered
phase. XPS (Figure 2.14a) and UV—vis spectroscopy (Figure 2.14b) were used to further
prove that the gold overlayer is only a few atoms thick and not significant enough to be
detected by these techniques.!'®
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Au Li-edge- Cu K-edge-

: N R (A)- o’ ! N R (A)- e
Cule 4.6 (0.7)- 2.68(1)¢ 0.0077(14)- Aul- 6.0 (0.8)¢ 2.68(1)- 0.0077(14)-
Auls 2.3 (0.4)- 2.79(1)» 0.0038(17)~ Cule 3.0 (0.4)- 2.79(1)- 0.0149(61)~
Aude 3.3 (4.7 4.67(6)» 0.0043(99)» Cudo 8.0 (0.0)- 4.67(6)- 0.0160(108)~
Cu2e 4.8 (6.9)c 4.78(4)e 0.0063(105) Au2o 2.8 (4.0)¢ 4.78(4)- 0.0063(105)=
AuS- 3.1(28.8)= 5.38(6)¢ 0.0101(672) Cus-= 1.6 (3.0)« 5.38(6)~ 0.0049(144)-
Cul-Aus. 6.2 (57.6)° 5.38(6) 0.0101(672) Aul-CuSe 3.2(6.0)¢ 5.38(6) 0.0049(144)-
Cul-Aus-Cule 3.1(28.8)0 5.38(6) 0.0101(672)~ Aul-Cus-Aule 1.6 (3.0)¢ 5.38(6)- 0.0049(144)-
Aubo 1.1(7.3)- 5.62(T)e 0.0073(606) Cube 3.4 (11.2)s 5.62(7)e 0.0067(214)=
Aul-Aué6e 2.2 (14.6)= 5.62(T)e 0.0073(606) Cul-Cu6- 6.8 (22.3)- 5.62(7)- 0.0067(214)-
Aul-Au6-Auls 1.1(7.3)- 5.62(T)e 0.0073(606)~ Cul-Cu6-Cul~ 3.4(11.2) 5.62(7)¢ 0.0067(214)~
AEo 4.1(1.2)e AE. 4.0(0.6)-

R-factors 7.04%: R-factors 7.04%:

Table 2.1. EXAFS fitting parameters for the fit to the 0o-AuCu NP.

a ; , ; : , ——
Au 4f 7/2 Cu2p3/2
Au 4f 5/2 Cuzp 12
d-AuCu NP
S |d-Aucunp Ay T
S v
= Au51.3 at%/ Cu 48.7 at%
.“‘T"‘
=
2
=
T T T T

92 90 88 86 84 82 970 965 960 955 950 945 940 935 930 925

Binding Energy (eV) Binding Energy (eV)
b

Absorbance (arb.)

i1-AuCu NP
d-AuCu NP

400 500 600 700 800
Wavelength (nm)

Figure 2.14. XPS and UV-vis of AuCu NPs. (a) Au 4f and Cu 2p XPS spectra of AuCu
NPs. Both exhibit Au-to-Cu atomic ratio close to 1. d-AuCu NP shows weak signals
(~935eV and ~943.5e¢V) from oxidized copper (Cu**), which indicates that there is more
likelihood of copper atoms being exposed to the surface of d-AuCu NP. (b) UV-Vis
absorption spectra of AuCu NPs. Surface plasmonic resonance (SPR) results in an
absorption peak at ~540nm for Au-Cu bimetallic NP of 1:1 atomic ratio. Degree of atomic
ordering does not shift the SPR peak (also expected from their same visual appearance in

33



color) and this indicates that the gold overlayer formed on o-AuCu NP is only few atoms
thick. If the thickness of the overlayer becomes significant (beyond ~Inm), the original
SPR characteristic decays and the new features from the overlayer appear.

From the structural investigation of o-AuCu NPs, we found the formation of a
three-atoms-thick gold overlayer following ordering transformation. This suggests that
surface enrichment of gold at atomic levels may be the origin of enhanced catalytic
behavior. Identifying the precise structures of surface active sites is necessary to gain
catalytic insights. Here, we have identified the catalytically active surface structure of a
ordered AuCu NP and this may well be extended to other ordered bimetallic systems
involving noble and non-noble element mixtures, such as the Cu—Pd system recently
demonstrated for CO: reduction.!%

2.2.3. Mechanistic studies of ordered AuCu surfaces

To further investigate electrocatalytic activities for reducing carbon dioxide, CO
production rates measured in terms of specific current density (mA/cm?) and mass activity
(A/gau) were probed for AuCu bimetallic NPs, in addition to the FE (Figure 2.15). Catalytic
activity of pure Au NPs of same size was compared as well to assess the effects of having a
few-atoms-thick Au layer directly over the ordered core. Beyond having NPs of the same
dimension with identical numbers to match active surface areas, surface areas were
estimated using electrochemical methods. With 0-AuCu NPs having a three-atoms-thick
gold layer on the surface, underpotential deposition of copper in acidic media could be
stably performed to estimate their surface area. The same procedure was conducted on Au
NPs as well and yielded comparable surface areas.

Figure 2.15a shows CO FEs at —0.77 V vs RHE, where atomic ordering drastically
converts AuCu NPs to be selective for CO production as mentioned above. Indeed, this
trend is accompanied by rise in the specific CO current density from 0.43 mA/cm? for d-
AuCu NP to 1.39 mA/cm? for o-AuCu NP (Figure 2.15b). Therefore, we find that atomic
ordering in a AuCu bimetallic NP enhanced the intrinsic activity for CO2-to-CO conversion
by 3.2-fold, suggesting the importance of precise control of atomic arrangements in
bimetallic NPs for catalytic purposes.

Interestingly, when o-AuCu NPs were compared to Au NPs, Au NPs exhibited
higher CO selectivity, while o-AuCu NPs showed higher activity. Au NPs had a CO FE of
87% and a specific current density of 1.01 mA/cm?. A similar trend in CO FE and specific
current density was observed at other potentials as well. This indicated that a three-atoms-
thick gold layer over the intermetallic core possesses different catalytic properties, such as
the intermediate binding strength, to a pure gold lattice.

Here, we also probed mass activities (A/gau) for CO formation and, as shown in
Figure 2.15c, AuCu NPs are clearly advantageous for CO production with even NPs at
intermediate ordering, such as i/-AuCu NP, reaching comparable activities to Au NP at ~
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320 A/gau. For the 0-AuCu NP, CO mass activity reaches up to ~ 830 A/gau, which is 2.6-
fold over that of Au NP. For electrochemically producing carbon monoxide, which is
considered as the most economically viable so far among various CO:2 reduction products
for downstream processing to useful chemicals,!” various types of gold-based
nanostructures have been demonstrated.!>%19%-110 We find that creating a Au—Cu bimetallic
system with induced atomic ordering could be an effective strategy for promoting efficient
processing of COa2, where the structural motifs found here can also be translated to other
Au-based morphologies that provide higher current output.!!! Certainly, further efforts are
needed to ensure catalytic stability of the motifs found here to the levels required for
industrially relevant applications.
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Figure 2.15. Electrocatalytic CO2 reduction activity of AuCu NPs. CO faradaic efficiencies
(a), CO partial current densities (b), and CO mass activities (¢) of d-AuCu NP, i/-AuCu NP,
i2-AuCu NP, 0-AuCu NP, and Au NP for electrochemical reduction of CO2 at —0.77 V vs
RHE. CO partial current densities are specific current densities based on actual surface area
of NP catalysts measured by Cu underpotential deposition on o-AuCu NP and Au NP.
Electrochemically active surface areas of d-AuCu NP, i/-AuCu NP and i2-AuCu NP were
estimated from the value measured of o-AuCu NP. CO mass activities are based on the
actual mass of gold (gau) loaded for each catalyst. Green circles in (b) and (c) indicate
enhancements over the activity of d-AuCu NP, which is set to 1.

The origin of enhanced CO2 reduction activity by atomic ordering transformations
and the resulting three-atoms-thick gold overlayer of AuCu NPs was investigated using
DFT calculations. Here, we modeled a (211) facet, since it has been shown that step sites
are considerably more energetically favorable for the reactions involved than terrace sites®!
and catalytic activity should be dominated by the step sites.** Figure 2.16a shows the model
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systems considered for AuCu NPs. 0-AuCu NP was modeled as a strained Au(211) surface,
since the underlying intermetallic AuCu lattice compressively strains (~6%) the few-
atoms-thick Au layer from its original lattice parameter. In principle, the underlying AuCu
phase could also have an electronic effect on the Au overlayers. However, previous
theoretical studies have shown that the electronic effect is essentially negligible at transition
metal overlayers that are approximately three monolayers thick.!'>"!!*> For the d-AuCu NPs,
surface stability of various site motifs was investigated and here, we assumed that the
surface of d-AuCu NPs would be in a metastable state with mixed Au/Cu elemental
configuration that has local, short-range order. Of the various (211) facets, the Au-rich (211)
step had the lowest surface energy. A model Au(211) surface in its original lattice
configuration was also investigated as a comparison.
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Figure 2.16. Computational results of CO2 reduction on AuCu surfaces. (a) Top and side
views of model 211 slabs for d-AuCu NP, 0-AuCu NP, and Au NP. (b) Calculated limiting
potentials for CO2 reduction and H: evolution on model systems. (c) The difference in
limiting potentials for CO2 reduction and Hz evolution on model systems.

The reduction of CO2 to CO occurs through a COOH intermediate bound to the
active site. For the metals that bind CO weakly, desorption of CO readily occurs, and the
formation of *COOH is the potential-limiting step, where * represents a surface site. On the
other hand, hydrogen evolution involves *H as the only adsorbed intermediate, and the
binding energy of *H has been shown to be a reasonable descriptor of hydrogen evolution
activity, 16117

Figure 2.16b compares the thermodynamic limiting potentials UL(COz) and UL(Hz2)
for the three model systems. Since activation barriers scale linearly with binding energies,

36



trends in limiting potentials reflect trends in catalytic turnover.''® Based on this analysis,
UL(COz2) of 0-AuCu NP is most positive followed by Au NP and d-AuCu NP and therefore
CO2-t0-CO conversion activity would decrease in the order of o-AuCu NP > Au NP > d-
AuCu NP, which is in agreement to the trend observed experimentally. Recent DFT
calculations on transition metals have suggested that the difference between the limiting
potentials for CO2 reduction and Hz evolution (i.e., UL(CO2) — UL(H2)) can be linked to the
trends in experimentally observed CO2 reduction selectivity.! With Ur(COz) being more
negative than UL(H2) for all transition metals, more positive UL(CO2) — UL(Hz2) corresponds
to higher selectivity toward CO: reduction. The trend observed for UL(CO2) — UL(H2), as
shown in Figure 2.16c, suggests that selectivity toward CO:z reduction decreases in the
order of Au NP > 0-AuCu NP > d-AuCu NP, consistent with the experimental trends.

From the thermochemical DFT analysis, we find that the activity of o-AuCu NP
originates from the compressively strained three-atoms-thick gold layers formed over the
AuCu intermetallic core. We note that, while the differences in energetics appear to be only
~0.1 eV, such shifts can provide order of magnitude changes in activity, since the turnover
frequencies vary exponentially with activation barriers, which scale linearly with binding
energies. Furthermore, projected density of states of the model systems predict a similar
trend as well, which shows that the ordering transformation in AuCu should favor CO2
reduction.

2.2.4. Conclusion

The exquisite control of atomic arrangements in unit cells of bimetallic systems to
an individual nanoparticle level could be a promising approach to induce interesting
properties and understand their structural origin. The effect of ordering transformations in
AuCu bimetallic NPs on their electrocatalytic activity for CO2 reduction was studied, where
ordered AuCu NPs selectively reduced COq, in contrast to disordered AuCu NPs that
favored hydrogen evolution. With structure probing techniques down to the atomic level,
the enhanced activity was attributed to compressively strained three-atoms-thick gold
overlayers that formed over the intermetallic core, resulting from the disorder-to-order
transformation. With a large number of multimetallic systems accessible, we expect the
method of regulating phase transformation between disordered alloys and ordered
intermetallics in nanomaterials to have great potential in areas where control over the level
of atomic precision is desired.
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Chapter 3

Light-driven CO: reduction using
nanoparticle catalysts

Reproduced with permission from “Kong, Q.* Kim, D.* Liu, C., Yu, Y, Su, Y, Li, Y. &
Yang, P. Directed Assembly of Nanoparticle Catalysts on Nanowire Photoelectrodes for
Photoelectrochemical CO: Reduction. Nano Lett. 16, 5675-5680 (2016).” Copyright 2016
American Chemical Society.

Reproduced with permission from “Choi, K. M. *, Kim, D.*, Rungtaweevoranit, B., Trickett,
C. A., Barmanbek, J. T. D., Alshammari, A. S., Yang, P. & Yaghi, O. M. Plasmon-Enhanced
Photocatalytic CO2 Conversion within Metal-Organic Frameworks under Visible Light. J.
Am. Chem. Soc. 139, 356362 (2017).” Copyright 2017 American Chemical Society.

In the context of artificial photosynthesis, it is important to pursue efforts in
developing a system that can extract charge carriers from absorbed photons and use that
charge to drive catalytic reactions. As the entire process involves a number of discrete steps
of energy conversion and transfer, the system requires multiple components that have
unique functions, such as light absorption and catalytic conversion. Therefore, efforts in
this direction require consideration of the ways of interfacing multiple materials without
compromising their inherent performance and even allowing synergistic effects to occur.
Below, two works that combine nanoparticles with other inorganic and molecular materials
for light-driven COz2 reduction applications will be discussed.

3.1. Directed assembly of nanoparticle catalysts on nanowire
photoelectrodes for photoelectrochemical CO:; reduction

In order to assemble an efficient photosynthetic system, the utmost performance of
the individual components is required as well as the optimized spatial arrangement between
the components. Recently, a few studies have been reported for photoelectrochemical CO2
reduction by integrating catalytic components using various methods including
photoelectrodeposition, atomic layer deposition, and so forth.!"”122 With the latest
advances in discovering efficient CO2 reducing NP electrocatalysts that have the potential
to be light-driven, 13123 it is necessary to develop an effective process for integrating
these nanocatalysts with well-studied light absorbers.

38



Directed assembly of NP catalysts on NW light absorbers is demonstrated here to
create an integrated photoelectrode for photoelectrochemical reduction of COz. TiO2-
protected n"p-Si NW arrays were fabricated, in parallel with a AusCu NP catalyst featuring
high turnover and mass activity for CO2-to-CO conversion. Photoelectrochemical
production of CO in aqueous environments is demonstrated with the two materials
combined as a single device.

3.1.1. Nanoparticle assembly on nanowire arrays

A simple drop-casting process is employed to interface the two materials, where
the NW geometry allows the NP solutions to dry in a unidirectional manner with a receding
meniscus along the wires (Figure 3.1). As a result the NPs can be uniformly decorated onto
the NW surface. This feature is in stark contrast to what is typically observed on planar
substrates, where the entire NP solution breaks up into individual droplets to form ring
patterns or islands upon drying.!>* SEM images confirm the controllable uniform assembly
of individual NPs with varying loading amounts (Figure 3.1c). The uniformity can be
maintained even for very large surface coverage (Figure 3.1d). This is particularly
important as it allows effective utilization of their nanoscale surface for catalysis. STEM
and elemental mapping (Figure 3.1¢) further confirm the presence of uniformly distributed
AusCu NPs. In contrast, NP assembly on planar substrates with identical procedures
typically resulted in the formation of islands where nanoparticles were aggregated.
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Figure 3.1. Au3sCu NP assembly on Si NW arrays. (a) Schematic of the nanoparticle
assembly process and the use of the integrated system for light-driven CO2 reduction. (b)
SEM image (scale bar 2 um) of AusCu NP assembled Si NW arrays. (¢) SEM images (scale
bar 200 nm) demonstrating uniform and tunable NP assembly on Si NW arrays. Numbers
indicate loading amounts that have been proportionally varied. (d) Zoom-in image (scale
bar 200 nm) of a Si NW with x10 loading of AusCu NPs uniformly assembled. (¢) STEM
image and elemental mapping of Au (green), Cu (red), and Si (blue). Though the thick
diameter of the Si NW suppresses the contrast of Au and Cu signals to background, we can
clearly see the signals originating from the NPs at the edge of the NW. Scale bars are 200
nm.
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Quantitative analysis of NP coverage on NW arrays indeed shows a close match
between the experimental value and the theoretical estimate assuming NPs are well-
dispersed across the NW surface (Figure 3.2a). The detailed analysis of different segments
along the NW reveals that the NP distribution exhibits a relatively higher coverage at the
top (Figure 3.2b), which could be explained by the unidirectional drying process of the NP
solution guided by the NW geometry where the top section of the wires would have been
exposed to a relative higher concentration of NPs.!?126 Qur hypothesis of particle
deposition with a receding meniscus along the NW surface suggests that the aspect ratio of
the nanowires needs to be large enough to accommodate all the NPs in solution before the
liquid front reaches the bottom part of the wires. With lower aspect ratio NWs, nearly half
of the NPs settled to the base of the substrate (Figure 3.2c). This observation indicates that
high surface area (relative to the NPs to be deposited) of the NWs alone is not the
determining factor to guarantee a well-dispersed loading. Directed assembly process
mediated by NW one-dimensionality with a sufficient aspect ratio is what allows this
simple drop-casting method to be useful.
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Figure 3.2. Quantitative analysis of NP assembly on NWs. Quantitative analysis of AuzCu
NP assembly on (a,b) NW substrates with x1, x2 and x4 loading amounts. Experimental
determination of NP coverage (area fraction out of the total area provided) on NW surface
is compared to the theoretical estimate assuming NPs are isolated and well-dispersed. The
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numbers in (a) illustrate the overall coverage of AusCu NPs on NW surface. Experimentally
determined coverage is an average of multiple wires with each wire measured along its
entire length. For (b), NP assembly was quantitatively analyzed by dividing each nanowire
into multiple sections along its length. (c) Effect of NW aspect ratio on NP assembly.
Aspect ratio is defined as the ratio of the NW length (L) to the diameter (d). In this case,
length is the only variable while the diameter is kept the same. Error bars are from
quantitative analysis of multiple wires throughout each substrate. (d) Schematic of directed
NP assembly under NW geometry-guided solution drying and balanced interactions.

NPs being deposited onto the NWs while the liquid front moving implies an
attractive interaction between the substrate surface (stationary phase) and the metal
nanoparticles.'?” At the same time, a counteracting particle—solvent interaction should be
present allowing NPs to stay in the solution (mobile phase). While the solution drying
process is mediated by the NW substrate, a balance between these interactions at the
microscopic level may also be critical.!?® To test this hypothesis, amount of surface ligands
was tuned where less ligand would allow stronger interactions between the NP and the NW
and vice versa. When the NPs were deprived of the ligands, identical loading procedure
resulted in clustering and dense coverage at the top part of the wires with only few NPs
from the middle to the bottom segment (Figure 3.3). In contrast, if more ligands were
introduced, a large portion of the particles was found at the base of the substrate (Figure
3.3). These results indicate that with the balanced interactions present, one-dimensionality
of the NW geometry facilitates the directed NP assembly by simply drop-casting a NP
solution and letting it dry spontaneously (Figure 3.2d).
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Figure 3.3. SEM images of AusCu NP assembly on Si NW array substrate from top
(left) to bottom (right) when ligand amount is varied. (a) Less ligand containing AusC
u NP solution drop-casted onto Si NW array. (b) More ligand containing AusCu NP
solution drop-casted onto Si NW array. The ligand amount is controlled by adding m
ore washing steps or adding additional ligands without disturbing NP dispersion in
solution. Scale bar is 200 nm.

3.1.2. Photoelectrochemical CO; reduction using NP/NW photoelectrodes

Light-driven CO2 reduction on NP decorated PL and NW substrates was performed
under 20 mW/cm? of 740 nm illumination to take into account CO: mass-transport
limitations in COz-saturated 0.1 M KHCO3 under standard conditions (Figure 3.4a). Under
dark, both electrodes showed negligible current output. In contrast, greatly enhanced
photocurrents were observed under illumination with both photoelectrodes exhibiting
similar open-circuit voltage at around 0.25 V vs RHE, implying comparable photovoltage
output. However, compared to the planar counterpart, NW substrate exhibited higher total
current, which could be an indication of enhanced photoelectrochemical CO2 reduction
with lowered overpotentials (~ 130 mV difference at 1 mA/cm? compared with the planar
counterpart). Detailed investigation of steady-state current densities (blue and red square
symbols in Figure 3.4a for planar and NW photoelectrodes, respectively) also shows
improved photocurrents of NW photoelectrodes compared to the planar counterpart.

As CO2 reduction typically leads to various different products, the rate of
individual product formation needs to be quantified to evaluate performance. Examination
through gas chromatography and quantitative nuclear magnetic resonance spectroscopy on
both types of photoelectrodes reveals CO as a major product. H2 and a small amount of
formate are detected as well. As shown in Figure 3.4a, NW photocathode exhibited faradaic
efficiency (FE) of CO reaching close to 80% at only —0.20 V vs RHE (90 mV from the
equilibrium potential for CO2/CO), indicating 80% of the photogenerated charge extracted
was used to selectively drive CO2-to-CO conversion at the catalyst end. We also observed
the FE reaching a peak and declining at moderate overpotentials, likely due to the
limitations of CO2 mass transport.*’ Partial current densities for CO (jco) were observed in
the range from 2.2 to 3.8 mA/cm? for the NW photoelectrodes in between —0.20 V to —0.37
V vs RHE (Figure 3.4b), exhibiting an average enhancement factor of 2.8 compared to the
planar counterpart showing jco from 0.6 to 1.8 mA/cm? within the same potential range. In
other words, when evaluated in terms of additional bias (overpotential) needed to drive
CO2-t0-CO conversion, NW photoelectrodes required less overpotentials (~ 120 mV lower)
compared to the planar photoelectrodes. The NW geometry allows decreasing the
photogenerated electron flux (Fluxe-) over its large surface area (Figure 3.4c), alleviating
the turnover requirement of the loaded catalyst and consequently reducing the necessary
overpotential.'” Compared to the planar substrate, NW array with high roughness factor in
this work allows Fluxe- dilution by 14.25 times, when considering its entire surface area, as
presented by the dotted lines in Figure 3.4c.
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Figure 3.4. Photoelectrochemical reduction of CO2 using integrated photoelectrodes. (a)
Comparison between Au3zCu NP assembled Si PL and NW photoelectrodes in catalytic
activity and FE for CO:2 conversion to CO. Solid lines present linear sweep voltammetry
(10 mV/s) of both substrates under dark and under illumination. Each point represents total
current density from the geometric area of the photoelectrodes during chronoamperometry
and the numbers indicate faradaic efficiency toward CO. (b) Partial current density for CO
generation of AusCu NP assembled substrates and enhancement of NW over PL for
comparison. All the measurements were under 20 mW/cm? of 740 nm illumination
(calibrated with standard Si photodiode) with photon flux above silicon band gap
comparable to one-third of that obtained from 100 mW/cm?, air mass 1.5 solar illumination
to take into account CO2 mass-transport limitations in 0.1 M KHCOs (pH = 6.8) at 1 atm
CO2 and room temperature. Error bars at each potential are based on multiple
measurements. (c¢) Estimation of photogenerated electron fluxes (Fluxe-) over the output
current range on both substrates. Fluxe- considering substrate total surface area (dashed line)
and substrate/catalyst interfacial area (solid line) are both calculated. The fluxe- considering
PL total surface area around the saturated photocurrent (~430 electrons/(nm?-s)) matches
well with the typical value of planar n'p-Si (~1200 electrons/(nm?-s) under one-sun
illumination and corrected by photon flux used in this work.). When considering the real
interfacial area determined by NP assembly on both substrates, quantitative analysis of NP
coverage (7.30% and 24.9% on NW and PL, respectively) is used. The inset shows NW
substrate dimensions used for calculation.
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This is, however, the idealized case, and to benefit the most from having a high
surface area light-harvesting support when catalysts are spatially coupled, the interfaced
catalysts have to be well-dispersed across the entire surface so that a large contact area is
formed to distribute the electron flux, together with a large number of active sites exposed
for catalytic turnover. When the real interfacial area determined by NP assembly on both
photoelectrodes (with coverage values 7.30% and 24.9% on the NW and PL, respectively)
is considered, it is also clear that NWs were favorable in this aspect by directing uniform
assembly of nanoparticle catalysts from its one dimensionality, which resulted in a
consistently reduced Fluxe- by a factor of 4 with catalytic sites exposed to the largest degree
in comparison to that of the planar (solid lines in Figure 3.4c). To be specific, in the case of
maximal photogenerated electron extraction, the NP assembled NW photoelectrode
exhibited reduced Flux.- of 414 electrons/(nm?-s) compared to that of the PL substrate with
1753 electrons/(nm?-s). In addition, the effect of reduced overpotentials from electron flux
dilution is further enhanced when the reaction under interest is sluggish with slow turnover
and the relative increase in turnover is less per added overpotential. This is indeed the case
for CO2 reduction that requires greater amount of overpotential for turnover increase,
especially in the operational current region for solar-to-fuel conversion to be practical.
Therefore, NW photoelectrodes are clearly advantageous in reducing overpotential for CO2
reduction compared to the well-known proton reduction, by allowing each catalyst to
operate at a diluted electron flux. From the performance observed, we could see that the
NW, as a light absorber, has allowed effective charge transport to the assembled NPs for
CO2 reduction without disturbing their inherent catalytic activity. More importantly, by
utilizing the unique value of one-dimensionality present in the NW system that allowed
uniform assembly, target products could be effectively gained with decrease of
electrocatalysis losses in the form of kinetic overpotentials.'°

The integrated system was tested for an extended period of 18 hours (Figure 3.5a).
As shown, with minimal change in current density, CO was maintained as a major product
during continuous operation exhibiting long-term capability for photoelectrochemical CO2
reduction. Furthermore, we tried to see if a third component could be incorporated to
enhance the photoelectrochemical performance. Using the identical drop-casting approach,
the addition of 1-butyl-3-methylimidazolium tetrafluoroborate (BMIM-BF4)** can further
enhance the CO selectivity in the low overpotential region, with FE rising from 44.9% to
64.2% at —0.09 V vs RHE (Figure 3.5b). The adsorption of BMIM-BF4 on NP catalyst
surface allows lowering the energy barriers for CO2 reduction by complexation with the
CO2 reduction intermediate, thereby leading to favorable charge transport toward CO:2
reduction rather than competing hydrogen evolution. This further illustrates how combining
multiple components using the simple method described here could be effective for
artificial photosynthesis.
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Figure 3.5. Photoelectrochemical performance in the long term and incorporating ionic
liquid as a third component. (a) COz2 reduction activity of AusCu NP/Si NW photoelectrode
for 18 h. Total current density and FE for CO at —0.26 V vs RHE. (b) Potential-dependent
CO FEs of AusCu NP/Si NW photoelectrode incorporating ionic liquid BMIM-BF4. All the
data were obtained in COz-saturated 0.1 M KHCOs3 under standard conditions (pH = 6.8).

3.1.3. Conclusions

Beyond the already proven benefits of Si NWs as an attractive material for
photoelectrochemical applications, here, we have shown an additional advantage of the
one-dimensional geometry allowing a simple and effective integration process for
photoelectrochemical reduction of CO2. The assembly process demonstrated shows that Si
NWs have the potential to perform as a general platform for interfacing a wide range of
CO2 reducing NP catalysts for light-driven applications. As part of the process in
constructing a sophisticated system of optimized components, this approach will facilitate
the advances of artificial photosynthesis combining synthetic nanoparticle catalysts.
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3.2. Plasmon-enhanced photocatalytic CO: conversion using Ag-
MOF nanoparticles

Besides having the direct role of providing surface sites for catalytic transformation
reactions, nanoparticles can also be used for secondary effects such as enhancing the
catalytic activity of other materials. Here, a metal-organic framework (MOF)-coated
nanoparticle photocatalyst with enhanced CO2 reduction activity and stability is discussed.
This composite structure contains multiple functional units where the molecular Re
complexes inside the MOF are the active sites for CO2 photoreduction and the Ag
nanoparticles enhance their catalytic activity by the plasmonic effects. In addition, the MOF
provides a molecular environment that can optimize the catalytic behavior of the
photoactive complexes. The catalysts’ unique performance is attributed to the precision and
systematic variation applied in their design and the high spatial resolution at which multiple
materials are interfaced.

3.2.1. Synthesis of the photoactive Re complex containing MOF's

Specifically, we covalently attached Re'(CO)3(BPYDC)(CI), BPYDC = 2,2'-
bipyridine-5,5’-dicarboxylate [hereafter referred to as ReTC], within a zirconium MOF
based on the UiO-67-type structure'®! (hereafter, this Re-containing MOF is termed Rex-
MOF) and controlled its density in the pores in successive increments of n (n =0, 1, 2, 3, 5,
11, 16, and 24 complexes per unit cell). To determine the general structure of Ren-MOFs,
single-crystal X-ray diffraction was employed on Re3-MOF. Single crystals of Re3-MOF
were prepared by dissolving the protonated form of H2ReTC (20 mol %), H.BPDC (80
mol %, BPDC = 4,4"-biphenyldicarboxylate), and ZrOCL2-8H20 in a solution mixture of
DEF/formic acid in a 20 mL screw-capped vial and heating at 140 °C for 12 h. The analysis
of single-crystal X-ray diffraction data reveals that Re3-MOF crystallizes in the cubic Fm-
3m space group with a unit cell parameter a = 26.7213(8) A (Figure 3.6). Each Zr
secondary building unit, Zr¢O4(OH)4(—CO2)12, is coordinated to a total of 12 linkers (ReTC
and BPDC), resulting in a three-dimensional fcu network. Inductively coupled plasma
atomic emission spectroscopy (ICP-AES) analysis performed on these crystals gave a
molar ratio of 0.12 mol of Re to 1 mol Zr. This corresponds to 3 ReTCs per unit cell (i.e.,
Re3-MOF), as confirmed by the X-ray structure of single-crystalline
Z1604(OH)4[Re(CO)3(Cl)-BPYDCJo.722(BPDC)s.28, where covalently bound ReTCs are
found in octahedral cavities of face-centered cubic arrangement. Moreover, chloride
occupies the axial position and was refined from the Fourier difference map, indicating fac-
arrangement of the ReTC in Re3-MOF, which is an identical geometry compared to that of
the mononuclear Re complex in solution.!*
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Ren-MOF

Figure 3.6. Structures of Ren-MOF determined from single-crystal X-ray diffraction of
Res-MOF. ZrsO4(OH)4(—CO2)12 secondary building units are combined with BPDC and
ReTC linkers to form Ren-MOF. The 12-coordinated Zr-based metal clusters are
interconnected by 21 BPDC and 3 ReTC linkers in a face-centered cubic array. Atom
labeling scheme: C, black; O, red; Zr, blue polyhedra; Re, yellow; Cl, green; H atoms are
omitted for clarity.

The fac-arrangement of ReTC in Res-MOF is also supported by infrared (IR)
spectroscopy, UV-vis spectroscopy, and 'H nuclear magnetic resonance (NMR) spectra
(Figure 3.7). The IR spectrum of Re3-MOF was measured in powder form, and v(CO)
bands were observed at 2022, 1920, and 1910 cm’!, consistent with the fac-isomer of
molecular ReTC.!3? The UV-vis spectrum, measured as a powder mixed with KBr, has a
metal-to-ligand charge transfer (MLCT) absorption band at 400 nm, indicative of the fac-
isomer of ReTC."*? The amount of ReTC in the MOF and its molecular configuration were
further confirmed from 'H NMR of a HF-digested solution of Re3-MOF (Figure 3.7c).
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Figure 3.7. fac-arrangement of ReTC in Res-MOF. (a) Infrared (IR) spectra of Res-MOF
and H2ReTC. (b) Ultraviolet-visible (UV-Vis) spectra of Re3-MOF, Reo-MOF and H2ReTC.
(c) "H NMR spectra of Re3-MOF (top), H2ReTC (middle), and H2BPDC (bottom).

With the crystal structure confirmed, the ReTC density was varied in the range
from Reo-MOF (ReTC free MOF) to Re2s-MOF (ReTC at maximal loading). This was done
by adding increasing amounts of HoReTC to the total amount of organic linkers during
MOF synthesis, which resulted in Ren--MOFs (n =0, 1, 2, 3, 5, 11, 16, and 24) identified
from ICP-AES (Figure 3.8a). Representative SEM images (Figure 3.8b) of Ren-MOFs show
great size uniformity and identical octahedral geometry of particles regardless of the
amount of ReTC incorporated. The crystallinity of Ren-MOFs was examined by PXRD
(Figure 3.8c), which gave sharp diffraction lines matching those of the simulated pattern
obtained from experimental single-crystal X-ray diffraction data of Re3-MOF. This clearly
indicates preservation of the single-crystalline Re3-MOF structure upon introduction of
different density of ReTC in Res-MOFs. The permanent porosity of all Ren-MOF samples
was confirmed by measurement of their N2 sorption isotherms (Figure 3.8d). UV—vis
spectroscopy for all Ren-MOFs (Figure 3.8e) showed that the MLCT absorption band
intensities increase as more ReTCs are incorporated into the framework, further confirming
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the varied density of the photoactive units in Ren-MOFs.
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Figure 3.8. Characterization of Ren-MOFs. (a) Percent incorporation of ReTCs in Ren-
MOFs. (b) SEM images for Ren-MOFs. (c) PXRD of Ren-MOFs. (d) N2 sorption isotherms
for Ren-MOFs at 77 K with adsorption and desorption points represented by closed and
open circles, respectively (P/Po, relative pressure). (e) UV-Vis spectra of Ren-MOFs.
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3.2.2. Photocatalytic CO: conversion of Re,-MOFs

All Ren-MOFs used for photocatalytic CO2 conversion were dispersed in an
acetonitrile/triethylamine mixture (MeCN/TEA = 20:1) saturated with CO2, where TEA
served as a sacrificial electron donor. Measurements were conducted under visible light
(300W Xe lamp, visible band-pass = 400-700 nm) to utilize the visible light absorption
feature of ReTC. We note this is in contrast to previous work where it relied on the intense
absorption at the UV region (300—350 nm) associated with n—n* energy transition of the
bipyridine linker.!**!3* The products were analyzed and quantified using gas
chromatography and normalized to the number of ReTC in Ren-MOFs to get the turnover
number (TON). Photocatalytic CO2-to-CO conversion behavior of Ren-MOFs is shown in
Figure 3.9, reaching peak activity with Re3-MOF. In the absence of CO:2 (under Ar
atmosphere) or with no ReTC, there was no CO generation observed. The performance of
Ren-MOFs was stable at least up to 4 h compared to the molecular counterpart,'> which
deactivates within the first hour. The enhanced stability of Ren--MOFs is from the covalent
attachment of Re centers in ReTC, which prevents the prevailing deactivation pathway of
dimerization commonly observed with photoactive molecular complexes. IR spectra of
Res-MOF before and after the reaction (Fig. 3.9b) show that Ren-MOFs preserve the
molecular configuration of fac-ReTC after photocatalysis, while, in comparison, the v(CO)
bands for molecular H2ReTC are shifted because of dimerization. This clearly indicates the
inability of ReTC to dimerize due to its covalent bonding to the MOF in Rea-MOFs.

a 1.6 b
=1.24 \ — Res-MOF before reaction
‘é 1 J A N Res-MOF after reaction
% 0.84 S A
e
8 044 % H,ReTC before reaction
1 w\J ~se — H,ReTC after reaction
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Figure 3.9. Photocatalytic activity of Ren-MOFs. (a) CO turnovers under visible light
(400—700 nm). (b) IR spectra of Re3-MOF and H2ReTC before and after photocatalysis.

The photocatalytic trend observed for Ren-MOFs should be closely related to the
configuration of ReTC and its surrounding environment. The vibrational stretching modes
of ReTC carbonyl ligands in Res-MOFs were probed by IR spectroscopy and compared
with those of the molecular H2ReTC (Figure 3.10). In the cases of Rei-, Re2-, and Res-
MOFs, v(CO) bands were observed at 2022, 1920, and 1910 cm’!, which are identical to the
IR spectra of H2ReTC dispersed in solution. On the other hand, the v(CO) bands at lower
wavenumbers were shifted to lower frequency for Res-, Reii-, Reis-, and Re2s-MOFs. This
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indicated that there is electron back-donation to the carbonyl ligand from Re of other
ReTCs, weakening the CO bond strength.!*® This effect is possibly due to weak interactions
between contiguous overlapping ReTCs. This was also observed when H2ReTC molecules
are tightly packed as powder and moistened with acetonitrile, where v(CO) bands are
shifted to 1900 and 1880 cm™.

— Res-MOF

Re2-MOF
/\ Re:-MOF
/ \ — H,ReTC
Closely packed)

H,ReTC
2050 2000 1950 1900 1850 (Well-dlspersed)
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Figure 3.10. IR spectra of Ren-MOFs and H2ReTC.

— Re2s-MOF
— Re1-MOF
— Re11-MOF
— Res-MOF

Considering that ReTCs are observed within the octahedral cavity of Re3-MOF
from single-crystal X-ray diffraction and the axial rotation of the ReTC linker backbone,
the maximum number of ReTC units that can be incorporated into Ren-MOF without
overlapping is 4 per unit cell, with each octahedral cavity being occupied with a single
ReTC complex (Figure 3.11a). We believe a statistically variable distribution of ReTCs
within the framework is most reasonable to expect. Beyond this point, the likelihood of
ReTCs occupying adjacent linkers and hence overlapping increases. Indeed, if the linkers
can rotate 180° into adjacent octahedral cavities, beyond 4 per unit cell, there will
unavoidably be some ReTCs clashing from this rotation (Figure 3.11b). The IR spectra are
consistent with the unit cell structure considerations where Res-MOF is just beyond the
limit of ReTC being undisturbed. Therefore, the excessive occupation of ReTCs in Ren-
MOFs appear to cause a change in their vibrational state,'3” which may not be favorable for
reducing CO2 and decreases activity for Ren-MOFs with n greater than 4. Another aspect to
note is the accessible pore volume of Ren-MOFs: N2 uptake on a volumetric scale (Figure
3.8d) is lower for frameworks with more than 4 ReTC per unit cell. This indicates that
substrate and product diffusion may also be limited within Ren-MOFs with n greater than 4,
further resulting in the observed lowering of activity.
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Two adjacent ReTCs overlapped Two ReTCs in close proximity

Figure 3.11. Unit cell structures of Ren-MOFs. (a) Structural model of Res-MOF with each
octahedron pore being occupied with a single ReTC complex (4 ReTCs per unit cell).
Structural models showing ReTCs (b) overlapping when n > 4 on adjacent linkers and (¢) in
close proximity by their free rotation allowing a bimolecular reaction pathway to occur
when n < 4, with ReTCs on opposite linkers but in the same octahedral cavity. Other
ReTCs beside those presented in (b) are omitted for clarity.

However, we see an increase in activity in the lower regime of ReTC incorporation,
from Re: to Res. Though a unimolecular pathway has been reported to exist for molecular
ReTC,'® the observed rise in photocatalytic activity with more ReTC units within Rex-
MOF (n < 4) implies that the bimolecular reaction pathway (bridging or outer-sphere
electron transfer) is the source of the higher turnover,'*’'#! which is expected for a reaction
involving 2 electrons (Figures 3.11c). Therefore, a fine balance of proximity between
photoactive centers is needed for such cooperatively enhanced activity. Furthermore,
reduced activity compared to the molecular ReTC in solution indicates that restricting the
free motion of the molecular complex may limit its activity though it is protected from
rapid deactivation. The present study of Ren-MOFs not only elucidates the effect of the
molecular environment within MOFs for photocatalytic CO2 reduction but also provides
further insights into the photocatalytic reaction pathway of molecular ReTC.
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3.2.3. Plasmon-enhanced photocatalytic activity of Re,-MOFs coated on
plasmonic Ag nanocubes

Coupling Re3-MOF to a plasmonic Ag nanoparticle was performed to demonstrate
an effective strategy in creating a bifunctional catalyst with enhanced activity and long-
term stability. The optimal Re3-MOF structure with the highest turnover was coated on Ag
nanocubes (AgcRes-MOF). Once irradiated with light, the Ag nanocubes generate
intensified near-surface electric fields at their surface plasmon resonance frequency that can
be orders of magnitude higher in intensity than the incident electromagnetic field.'*?
Therefore, it is expected that Re3-MOF coating on the Ag nanocubes can spatially localize
photoactive Re centers to the intensified electric fields with enhanced photocatalytic
activity. Ag nanocubes prepared by the polyol process'*’ were used in the synthesis
procedure of Ren-MOF to give AgcRes-MOF. Figure 3.12a shows a TEM image of
AgcRe3-MOFs. The dark area in the core is the Ag nanocube (98 nm in size), and the
brighter outer part is the Res-MOF with a thickness of 33 nm. The magnified image of the
outer part (Figure 3.12b) shows lattice fringes from the crystalline Re3-MOF layer. ICP-
AES analysis revealed that the Re3-MOF layer contains the expected three ReTCs per unit
cell. The crystallinity of AgcRe3-MOF was examined by PXRD, confirming the Re3-MOF
structure on the surface of Ag (Fig. 3.12c). The permanent porosity of AgcRes-MOF was
confirmed by N2 sorption and IR spectroscopy showed v(CO) consistent with those of
molecular H2ReTC and Re3-MOF (Fig. 3.12d). From the UV—vis spectrum (Fig. 3.12¢), the
Ag nanocube exhibits a strong quadrupolar localized surface plasmon resonance (LSPR)
scattering peak (Amax ~480 nm),'*>!%* which overlaps with the absorption range of ReTC
(400 nm < A < 550 nm) in the visible region. Furthermore, the AgcRe3-MOF structure
retains the characteristic LSPR features of the Ag core after being coated with the Res-MOF.
Therefore, it is expected that the intensified near-field created at the surface of Ag
nanocubes can be absorbed by ReTCs incorporated into the Res-MOF layer for
photocatalytic enhancement.
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Figure 3.12. Characterization of AgcRes-MOF. (a) TEM image of AgcRes3-MOF showing
Res3-MOF constructed on the surface of Ag nanocubes. (b) Magnified image of Re3-MOF.
(c) PXRD of AgcRes-MOF. (d) IR spectra of AgcRe3-MOF, Re3-MOF and H2ReTC. (e)
UV-—vis spectra of Re3-MOF, Ag nanocube, and AgcRe3-MOF.

Photocatalytic CO2-to-CO conversion activity of AgcRe3-MOF was performed
under conditions identical to those expressed above (Figure 3.13a). As expected, AgcRes-
MOF exhibits 5-fold enhancement of activity over Res-MOF under visible light. Since the
intensity of the near-field from LSPR decays exponentially with the distance from the
surface of the nanoparticle,'* ReTCs in a thinner MOF layer will be under the influence of
a stronger electric field on average, leading to superior turnover. A thinner Re3-MOF layer
(16 nm) was coated on Ag nanocubes by controlling the synthetic conditions, and this
structure provided 7-fold enhancement of photocatalytic activity (Figure 3.13a). When
there was no ReTC in the MOF layer (i.e., AgcReo-MOF), there was no activity observed,
ruling out the possibility of Ag being responsible for CO production. Additionally, when
Re2-MOF was coated on Cu nanoparticles of similar size (~ 100 nm), activity enhancement
was not observed (Figure 3.13a) as the Cu nanoparticles do not have LSPR characteristics
that match the absorption features of ReTC.
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Figure 3.13. Photocatalytic activity of AgcRes-MOF. (a) Photocatalytic CO2-to-CO
conversion activity of Rea-MOFs (blue line), AgcReo-MOF, CucRe2-MOF, and AgcRes-
MOFs with MOF thickness of 16 and 33 nm. (b) Stable performance of AgcRes-MOF
compared to molecular H2ReTC.

The Ag nanocube coated with Re-MOF should exhibit not only enhanced
photocatalytic activity but long-term stability as well from having ReTCs covalently bound
within the MOF. The stability of the AgcRes-MOF structure was tested by measuring its
activity up to 48 h under visible light (Figure 3.13b). Compared to molecular H2ReTC,
which rapidly deactivates within the first hour possibly from dimerization as previously
reported,’*> AgcRes-MOF shows stable photocatalytic performance throughout the entire
period, and its cumulative TON exceeds that of H:ReTC after 24 h. The stability of the
structure was confirmed with TEM and IR spectroscopy following the long-term
measurement. The CO produced from AgcRes3-MOF almost doubled from that of H2ReTC
after 48 h, demonstrating the combined effects gained from this bifunctional catalyst
construct.

3.2.4. Summary

We show how covalently attached photoactive centers within MOF interior can be
spatially localized and subjected to the enhanced electromagnetic field surrounding
plasmonic silver nanocubes to significantly increase their photocatalytic activity. We
covalently attached Re'(CO)3(BPYDC)Cl, BPYDC = 2,2'-bipyridine-5,5'-dicarboxylate,
into a zirconium MOF, UiO-67, and controlled its density in the pores in increments (0, 1, 2
3,5, 11, 16, and 24 complexes per unit cell), which led to observing the highest activity for
three complexes. This activity trend resulted from the molecular environment within MOFs
that varied with ReTC density. Placing the optimal Re3-MOF structure with the highest
turnover on silver nanocubes resulted in 7-fold enhancement of photocatalytic activity
under visible light.

9
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Chapter 4

Structural dynamics of nanoparticle
catalysts

Reproduced with permission from “Kim, D., Becknell, N., Yu, Y. & Yang, P. Room-
Temperature Dynamics of Vanishing Copper Nanoparticles Supported on Silica. Nano Lett.
17,2732-2737 (2017).” Copyright 2017 American Chemical Society.

Reproduced with permission from “Kim, D., Kley, C. S., Li, Y, & Yang, P. Copper
Nanoparticle Ensembles for Selective Electroreduction of CO: to C:-Cs products. Proc.
Natl. Acad. Sci. U. S. A. 114, 10560-10565 (2017).”.

One important aspect that often has not been thoroughly considered in catalysis is
the dynamic behavior of nanomaterials induced from their increased energetics, especially
under operating conditions. It can result in unexpected changes to the nanoparticle
morphology or atomic structure and interactions between nanoparticle and support that the
commonly perceived static view of nanoparticle systems to describe their properties may be
far from accurate. Here, the recent discoveries related to the nanoparticle-support
interactions under ambient conditions and the dynamic structural transformation of
nanoparticles favorable for CO2 electrocatalysis will be discussed.

4.1. Room-temperature dynamics of vanishing copper
nanoparticles supported on silica

Supported nanoparticles are the basis of heterogeneous catalysis, where a wide
range of essential processes, such as fuel/chemical production and pollutant mitigation, are
conducted.!*® The use of nanoparticles requires high surface supports to finely disperse
them to take advantage of their nanoscale dimensions. However, it has also been suggested
that supports can play a more active role in dictating catalytic properties of a nanoparticle
system by creating a functional interface. For instance, the catalytically active sites could
be mainly located at the interface between the nanoparticle and support, where both
participate at the junction to favorably bind the reactants and intermediates for catalytic
conversion.'4’14°" Furthermore, supports can strongly anchor nanoparticles to resist
sintering'®® and catalytic behavior can also be tuned by charge transfer between
nanoparticle and support.!>! Therefore, both the nanoparticle and support need to be
considered together to evaluate the state and properties of the system for its primary
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function.

In this regard, dynamic atomic interactions between the nanoparticle and support
that could result from the increased energetics at the nanoscale'>* need to be considered.
The interactions within a supported nanoparticle system could be significant enough to
drastically change the state of the system from what is expected.'>®> Because nanoscale
matter possesses far different energetics from its bulk counterpart, the atomic interactions
between the nanoparticle and support may take place even under ambient conditions as well.
Understanding these interactions will be critical in identifying new types of materials and
solving unresolved issues at a more fundamental level that will allow nanomaterials to
reach their utmost potential in the relevant fields.

In this work, we have studied the dynamic behavior of copper nanoparticles on
silica which is a well-known support for nanoparticle loading, under ambient conditions.
This study identifies for the first time the dynamic interaction between nanoparticle and
support at room temperature, which led to a surprising discovery: complete disappearance
of the silica-supported copper nanoparticles under ambient conditions.

4.1.1. Observation and Kkinetic analysis of disappearing copper
nanoparticles

The vanishing of copper nanoparticles was accidentally discovered when we
attempted to load ligand-removed copper nanoparticles onto uniform, amorphous silica
submicrospheres (loading amount 0.74 mgcu/gsilica). The shrinkage and ultimate
disappearance of Cu nanoparticles (6—7 nm) was observed at room temperature and
ambient atmosphere. Ten days after the nanoparticles were initially loaded, only small
traces of them could be observed using TEM (Figure 4.1a). Three weeks after loading, Cu
nanoparticles could no longer be found. HAADF-STEM images of as-loaded Cu
nanoparticles on silica (Figure 4.1b) showed bright intensity originating from Cu
nanoparticles over a less-intense background of a silica sphere. However, the bright signal
from the nanoparticles was no longer there after 3 weeks and aberration-corrected HAADF-
STEM confirmed the complete loss of the nanoparticles (Figure 4.2). With increased
loadings of Cu nanoparticles on silica, a similar trend was observed as well. In addition,
elemental analysis of Cu before and after NP disappearance confirmed that the amount of
Cu on silica has not changed throughout the process. All of this evidence implied that
somehow the copper nanoparticles disappeared on the support at room temperature in
ambient conditions, possibly by the migration of Cu atoms constituting each particle into
the underlying support. This observation of spontaneous loss of copper nanoparticles on
silica is quite surprising as it is very much against conventional wisdom, considering the
many previous efforts to construct supported nanoparticle systems for heterogeneous
catalysis.
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As-loaded ' After 3 weeks

Figure 4.1. Vanishing of copper nanoparticles on silica. (a) TEM images of copper
nanoparticles (with sizes from 6 to 7 nm) shrinking and disappearing within 3 weeks at
room temperature and ambient atmosphere, when supported on amorphous silica. (b)
STEM images of Cu nanoparticles on silica spheres and 3 weeks after loading, where
initially loaded particles disappeared. Insets are elemental maps showing Cu (red), Si
(green) and O (blue).
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Figure 4.2. Aberration-corrected HAADF-STEM conducted for Cu NPs on silica spheres
where NPs have partially (a) and fully (b) disappeared. While (b) shows uniform intensity
(with a gradient from the center to the outer edge due to its thickness) originating from the
silica support, bright spots can be observed in (a) which are the remaining NPs that have
shrunk in size. Cu atoms that have been incorporated into the silica matrix (b) could not be
imaged because of the low Z contrast of Cu relative to silica and the amorphous silica
background.
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In order to quantitatively understand this unexpected phenomenon, Cu
nanoparticles were loaded onto amorphous silicon monoxide support grids in a well
dispersed manner, allowing for quantitative tracking of the size of individual particles using
TEM. The as-synthesized nanoparticles were loaded on the support grid (Figure 4.3a) and
the grid was heated at 300 °C in air to remove the surface ligands and allow direct contact
with the underlying silica support. As expected, the naked copper nanoparticles are
typically oxidized partially or completely into Cu2O upon surface ligand removal. The
projected area (in nm?) of the nanoparticles, assuming a spherical shape, was measured and
tracked (Figure 4.3b) to estimate their size change. Interestingly, we found that the
nanoparticles shrank rapidly within a 2 week time period under ambient conditions as
shown in Figure 4.3a. For the case of 8§ nm particles, a size decrease of ~ 1.5 nm was
observed (Figure 4.3b). In contrast, the particles that were not heat treated (i.e., with surface
ligands attached and not in contact with the underlying support) maintained their shapes
and actually slightly increased in their size, due to spontaneous oxidation of the metallic
copper phase.

We hypothesized that this phenomenon of vanishing Cu nanoparticles could be
related to the size-dependent energetics of nanoparticles. Cu nanoparticles with average
sizes ranging from 6 to 17 nm (Figure 4.3) were tracked in the same manner with the
ligands removed, allowing direct contact with an oxide support that led to all the particles
being partially or completely oxidized. However, the behavior was quite different for the
largest particle in that a size decrease was not observed during the same time period.
Plotting the change in radius against time for all the particles (Figure 4.3c and 4.4)
demonstrated a clear trend where the smaller particles declined in size more rapidly. The
estimated radial decrease rates are ~0.12, ~0.06, and ~0.04 nm per day for 6, §, and 11
nm-sized particles, respectively. In other words, the smaller particles exhibited a faster rate
of diffusion of the copper atoms into the underlying silica support. For the 6 nm particles,
the majority of them disappeared after 2 weeks (Figure 4.3a). This particle disappearance
was measured by tracking the decreasing particle density (number of particles per micron
square) over time (Figure 4.5). The quantitative analysis of how particles of various size
regimes evolve revealed not only the possible trigger of this phenomenon, which is the
increased energetic state at the nanoscale but also the effect of size-dependent energetics of
nanoscale matter on the rate of the dynamic response of the constituent atoms to the support.
Size-dependent energetics of nanoparticles and their constituent atoms are key elements
explaining various properties of supported nanoparticles for catalytic applications,!5%!34155
For example, recently, nanoparticle size-dependent chemical potential of Cu atoms on CeO:2
has been reported!*® and control of nanoparticle sintering at high temperature has been
demonstrated.!””!>® Importantly, the current observation reveals interesting aspects of
nanoparticle thermodynamics even at ambient conditions.
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Figure 4.3. Quantitative analysis of vanishing copper nanoparticles. (a) TEM images
showing copper nanoparticles shrinking and disappearing within the 2 week time period on
an amorphous silicon monoxide support grid. Smaller particles are highlighted with yellow
circles for clarity. (b) Average size, as presented by the projected area (nm?), of the copper
nanoparticles (8 nm) tracked within the 2 week time period after surface ligand removal
(closed squares). In comparison, nanoparticles that have not been heat treated (i.e., with the
surface ligands remaining) are shown with open squares. Error bars represent one standard
deviation. (¢) Change in the radius (nm) of copper nanoparticles (average size ranging from
6 to 17 nm) over time on the support grid.
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Figure 4.4. R?dR versus time plotted for Cu nanoparticles of different size. The slope,
which is the rate of change in nanoparticle volume indicative of the rate of loss of Cu atoms,
between nanoparticles of different size is quite similar. This is plausible as migration of Cu
atoms should happen across the surface of the particle (proportional to its dimension, R?),
so that though larger particles had a slower movement of Cu atoms, the associated area was
larger.

dv R2 dR dV  dN R2 dR

— X R?-— — & — X R*- S X

dt dt’ dt  dt )

V : volume, R :radius, N :number of atoms, ]: flux of atoms

Therefore, the rate of change in radius can serve as a representation for the rate of the
phenomenon observed in this work. In other words, the particles that were smaller in size
had a faster diffusive motion of their components, likely due to their increasing energetics.
Here, it is assumed that each particle is isolated from the effect of other particles being
present and this process is not limited by the silica support’s capability to accommodate Cu
atoms (both possible by keeping a very low coverage of nanoparticles on the silica grid
membrane).
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Figure 4.5. Quantitative analysis of particle density on the support grid for 6nm Cu
nanoparticles.

4.1.2. Mechanistic understanding of disappearing copper nanoparticles

Having observed that the copper nanoparticles can disappear on silica support
under ambient conditions, it is important to find out the nature of the copper sites within the
silica. X-ray absorption spectroscopy (XAS) was used to specifically probe the copper K-
edge of the Cu nanoparticles loaded onto silica spheres, where atomic level information
could be obtained in order to elucidate the underlying process of the phenomenon observed.
Figure 4.6a presents extended X-ray absorption fine structure (EXAFS) data from the Cu
nanoparticle itself and after being loaded onto silica spheres. Cu nanoparticles exhibit their
strongest feature at 2.2 A corresponding to nearest Cu neighbors of Cu FCC metal at a bond
distance around 2.52 A. The second strongest peak, below 2 A, is from the nearest oxygen
scattering atoms, indicating that these nanoparticles contain native oxide layers due to the
tendency of copper to oxidize. The fit was generated from multiple shells of pure Cu and
Cu20 models and the X-ray absorption near- edge structure (XANES) spectra also revealed
that the as-made particles contained both phases. Cu nanoparticles were further oxidized
while loading onto silica spheres as evidenced by the loss of the Cu—Cu interactions and the
increase in the first oxygen shell scattering (Figure 4.6a). Furthermore, the loaded particles
had a slightly higher oxidation state compared to Cu2O nanoparticles, which may have
resulted from direct contact to the relatively oxygen-rich silica support.!* All of this
indicated that an oxidized copper nanoparticle/silica interface was formed, which is a
typical scenario during the preparation of oxide supported copper nanoparticles.
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Figure 4.6. XAS study of vanishing copper nanoparticles on silica support. EXAFS spectra
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nanoparticles (a) and 3 weeks after loading (b) in which Cu nanoparticles have completely
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identical conditions and their EXAFS spectra were compared to show the local
coordination environment of elemental copper within the matrix. Inset shown is a
representation of the coordination environment surrounding Cu identified from the fit with
Cu (orange), Ol (dark red), O2 (light red), and Si (gray). (d) EXAFS of Cu nanoparticles
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which were given 11 weeks on silica spheres at room temperature.
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After particle disappearance (after 3 weeks), the EXAFS spectra only displayed a
prominent feature for the first oxygen shell (Figure 4.6b), which increased in amplitude.
Any characteristic features of outer shells were very weak and we attribute this to the
amorphous nature of the matrix surrounding elemental copper. Cu atoms that migrated
away from the original nanoparticle are mainly surrounded by a first shell of oxygen. We
hypothesized that there might be an energetically favorable coordination environment for
copper within the silica matrix, and the observed disordered structure around copper
(Figure 4.6b) may very well be a kinetically limited transient state before reaching its final
configuration. In order to probe whether the coordination environment for Cu atoms would
continue to evolve beyond the state we observed after 3 weeks, the 3 weeks old samples
were heat treated (300 °C for 15 min) to accelerate such a transition. The EXAFS spectra
(Figure 4.6¢) clearly presented a local structure that extended to at least three shells around
copper, where the first two shells (with radial distances of 1.5 and 2.1 A, respectively) were
identified as oxygen at different bond distances and the third shell at 3.4 A as silicon (Table
4.1 and inset of Figure 4.6c). Attributing the first three shells around the Cu absorber to
other possible combinations of the elements besides the model used here did not provide a
successful fit. Furthermore, when the Cu nanoparticles were heat treated under the same
conditions but directly after loading onto silica spheres, we found the coordination
environment around elemental copper to exhibit the same features (Figure 4.6c). This
indicated that when given enough energy input, copper atoms were being structured to their
energetically favorable state within silica. This also meant that copper atoms should
eventually reach this final state, though it may be far slower under ambient conditions.
Indeed, EXAFS spectra taken after 11 weeks also exhibited the three peaks at the position
of the two oxygen shells and the third silicon shell (Figure 4.6d). When fitted to the model
structure, however, the coordination number of the second oxygen shell was only around
one (Table 4.1) most likely due to the fact that copper atoms have not fully transitioned to
the final state. This was evident when fitting the third shell, where the Debye—Waller factor

was relatively large (6> ~ 0.04) due to the still amorphous nature of the surrounding
elements.'”’
Cu NP on silica Cu NP on silica Cu NP on silica
3 weeks + 300°C 15 min 300°C 15 min 11 weeks
N R(A) e N R (A) o N R(A) o

Cu-01 | 3.6(04) | 1.94(1) | 0.004(2) | 3.3(0.4) | 1.94(1) | 0.0042) | 3.9(0.3) | 1.95(1) | 0.005(1)
Cu-02 | 2.8(0.8) | 2.56(2) | 0.005(5) | 2.6(0.8) | 2.54(2) | 0.001(3) | 1.2(0.6) | 2.57(2) | 0.005(7)
Cu-Sil | 5.92.1) | 3.91(3) | 0.008(5) | 4.6(1.7) | 3.88(2) | 0.004(4) | 15.9(9.9) | 4.00(4) | 0.043(19)

AE 0.2(1.2) -0.3(1.4) 1.2(0.8)

R-factor 2.4% 3.3% 1.2%

Table 4.1. EXAFS fitting parameters for the fits displayed in Figure 4.6.
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Among the various potential causes of the phenomenon observed, it is possible that
the Cu atoms are stabilized by impurities present in silica, considering the low loading
conditions of Cu NPs (0.74 mgcu/gsiica) and the limitation of EXAFS in distinguishing
elements of similar atomic number. Therefore, while there is a possibility that the nearest
neighbors surrounding Cu may not be purely oxygen, we emphasize that our prediction of
the model structure is reasonable, based on previous studies that have identified oxygen-
based octahedron motifs for metal ions (including Cu) in silica glass and silicate
minerals.'®193 Another possibility is that the energetically favorable configuration of Cu
identified in this work may be induced by naturally present defects in silica, as these sites
have been considered to be responsible for metal atom diffusion within the matrix.!®
Furthermore, entropic and enthalpic contributions to the change in total free energy have
been considered together. From this view, it is important to note that the increased
energetics associated with decreasing size of the nanoparticles could facilitate Cu atoms to
energetically favor the identified local configuration of Cu within the silica matrix.

We have also conducted initial simulations of the Cu-silica system for the
phenomenon observed using molecular dynamics. More specifically, amorphous SiO2 was
obtained using the melt-quench technique and ReaxFF potentials and the final structure was
then further relaxed with density functional theory calculations. However, due to its
inherently complex and ill-defined nature, amorphous silica structures with identical Si—O
composition can have varying energy levels, subject to both the long-range and short-range
disorders. The large degree of freedom in this system (including the previously mentioned
factors possibly contributing to the energetic stability of Cu in the local coordination
environment identified in this work) makes thermodynamic assessment of Cu diffusion
from a nanoparticle into silica challenging and error-prone, and assessing the kinetics of
this process is certainly not feasible at this time. However, from the EXAFS study, we
could show that the supported copper nanoparticles vanished into the silica support by the
dynamic movement of copper atoms, eventually stabilizing in a coordination environment
surrounded by shells of oxygen and silicon atoms. Together with the quantitative study of
the phenomenon, we can conclude that the driving force for copper atom diffusion into
silica is the favorable local configuration within the matrix identified through EXAFS in
comparison to the relatively high energy state in small nanoparticle form. Also, this leads to
the possibility that supported Cu nanoparticles may actually be in a state of nanoparticles
together with single atom species within the supporting matrix.

4.1.3. Conclusions

Supported metal nanoparticles have been used for various applications where the
supporting substrate is typically used to stably hold the nanoparticles and to create a
nanoscale junction. The fact that copper nanoparticles can interact with the underlying
amorphous silica support by the movement of copper atoms even under ambient conditions
opens up many fundamental questions regarding the nature of supported metal
nanoparticles and the resulting chemical and physical properties.'®> For example, the
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observed catalytic activities of supported copper nanocatalysts may not be from the
particles alone, but in addition or even alternatively the copper sites located within the
matrix could in principle contribute synergistically.!66:1¢7

4.2. Structural transformation of copper nanoparticles for
selective electroreduction of CO: to C,—C3 products

Electrochemical conversion of COz to carbon-based products, which can be used
directly as fuels or indirectly as fuel pre-cursors, is suggested as one of the promising
solutions for sustainability. Not only does this process allow using renewables such as solar
electricity as energy input, but CO2 emitted from the consumption process can be recycled
back into fuels. The success of this technology depends on the value added to the product
that forms from CO2. However, major progress has been limited to two-electron reduced
products of CO and formate. Still, the formation of multicarbon products involving
multiple proton and electron transfers remains as one of the biggest scientific challenges to
be addressed.

Here, we show that an ensemble of densely packed copper nanoparticles could
enable selective conversion of CO2 to multicarbon products, while significantly suppressing
C1 formation. Catalytically active cube-like structures, capable of forming ethylene, ethanol,
and n-propanol, are formed during electrolysis by the structural transformation of the Cu
NP ensemble. These structures can selectively generate C2 and Cs products together at low
overpotentials in neutral pH aqueous media and exhibit good stability for extended periods
of operation. The discovery of this catalyst illustrates the importance of in situ structural
dynamics of materials in COz electrocatalysis.

4.2.1. Structural transformation of copper nanoparticles in CO:
electrochemical conditions

Monodisperse Cu NPs (size 6.7 nm) prepared were directly deposited onto carbon
paper support (I cm’so) to form densely packed NP ensembles. Cu NP loading was
systematically increased starting from the lowest loading of ~2 pg of Cu (x1). Most of the
NPs are isolated at the lowest loading condition, and increased loadings resulted in densely
packed arrangements of Cu NPs (Fig. 4.7a). In the case of x22.5 loading, the surface was
mostly covered with closely packed Cu NPs.
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Figure 4.7. Varied density of Cu NP ensembles and their electrocatalytic activity. (a) SEM
images of Cu NPs loaded on carbon-paper support at x1 loading, x5 loading, and x22.5
loading. (b) FEs (%) for Ci, Cz, and Cs3 products. (c) Relative ratio of the FEs. (d) Ethylene,
ethanol, and n-propanol FE with the dotted line showing the overall Co—Cs FE. Activity
measured at —0.81 V vs. RHE, using 0.1 M KHCOj3 saturated under 1 atm COz. Error bars
shown in b—d are 1 SD from three independent measurements.
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Cu NP ensembles with varied loading densities were tested for their
electrocatalytic COz reduction activity, under identical conditions of 0.1 M KHCOs at 1 atm
COz. From product analysis, we found that increased loadings resulted in a drastic rise of
the C>—Cs faradaic efficiency (FE) (Fig. 4.7b). This trend is consistent with the observed
loss of Ci products, indicating that carbon-based intermediates could be effectively coupled
to yield multicarbon products. When plotting the relative ratio of the C>—C3 FE to Ci FE
(Fig. 4.7¢c), charge consumed to reduce CO2 was mainly from the reaction pathways to C>—
Cs products at increased loading conditions, reaching up to 76% out of the total CO2
reduction products. Similar trends can be seen with CO:2 reduction dominating over the
competing Hz evolution (Fig. 4.7c). Among various C2—Cs products, ethylene (C2Ha),
ethanol (EtOH), and n-propanol (n-PrOH) were the majority, constituting 94% out of the
total Co—Cs products generated (Fig. 4.7d).

When probing the product distribution over time for the x22.5 loading condition,
an abrupt change occurred during the initial period (Fig. 4.8b). Hydrogen was the dominant
product when gas products were measured 3 min after the start of electrolysis. Selectivity
for C2Ha increased afterward. A similar trend was found for the liquid products as well,
where liquids analyzed for the first 7 min had less multicarbon products relative to formate.
Visual inspection of the electrode also supported the fact that product distribution was
shifting during its initial electrochemical testing, as more gas bubbles were observed at the
beginning of electrolysis, probably due to the majority of charge being consumed for two-
electron transfer products, such as hydrogen.

This observation indicated that the NP ensemble may go through a structural
transformation process during initial electrolysis. Instead of the starting densely packed Cu
NPs (x22.5 loading, Fig. 4.7a), cube-like particles (10 - 40 nm) mixed together with smaller
NPs were observed on the carbon support after electrolysis (Fig. 4.9). Carbon-paper
supports with lower loading were also checked after electrolysis and a trend could be
observed: the more densely packed the Cu NPs, the more likely the formation of cube-like
particles (Fig. 4.9). When Cu NPs were sparsely covering the support, random aggregates
of NPs together with the pristine NPs could be found after electrolysis. Surface-area
analysis of Cu NP ensembles after electrolysis also showed that the densely packed NPs
transformed to larger particles. Structural transformation of the NP ensemble (Fig. 4.8a)
occurred during the initial stage of electrolysis. This was confirmed from observation of the
electrode 7min after the start of electrolysis (Fig. 4.8c), which coincided with the shift in
catalytic activity (Fig. 4.8b). Negligible catalytic activity of the underlying carbon paper
further supports that the structure derived from Cu NP ensembles is responsible for
enhanced C>—Cs formation. This catalytically active structure formed starting from densely
packed Cu NP ensembles (x22.5 loading on carbon-paper support in 0.1 M KHCO3),
hereafter referred to as trans-CuEn, was further investigated.
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Figure 4.8. Structural transformation of Cu NP ensembles. (a) Schematic illustrating the
transformation process of Cu NP ensembles to an active catalyst for C>—Cs product
formation. (b) Total current density (based on geometric area) versus time plot for x22.5
loading condition at —0.81 V vs. RHE. FE of gas products are shown at the time point of
measurement. FE of CH4 and C2He are omitted because of their low values. (c) SEM image
of x22.5 loaded carbon-paper support electrode after 7 min of electrolysis at —0.81 V vs.
RHE. (d) Investigation of the parameters affecting structural transformation of Cu NP
ensembles and their catalytic activity. Three different conditions have been tested: (i)
separation of the NPs from their initial densely packed assembly, (ii) use of Cu nanocubes
as starting materials, and (iii) change of support to a low surface area carbon plate. FE of Ci,
C2, and Cs products obtained from trans-CuEn (left column, shaded, at —0.81 V vs. RHE)
are compared with the activity measured for three different conditions [at (i) —0.84 V, (ii)
—0.86 V, and (iii) —0.81 V vs. RHE, respectively]. Electrochemical tests were conducted
using 0.1 M KHCO3 solution at 1 atm COx.
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Figure 4.9. Morphological changes of copper nanoparticle after electrolysis. (a) SEM
images of the Cu NP ensemble (x22.5 loading) on carbon paper support after lhr
electrolysis. TEM images shown as insets. SEM images of x1 loaded (b) and x5 loaded (c)
carbon paper support after 1hr electrolysis.
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As the initial loading density of Cu NP ensembles (and their densely “packed-ness’)
tends to govern their structural transformation during electrolysis and resulting
electrochemical activity, we tried to intentionally separate the Cu NPs in the precursor state
to trans-CuEn. We expected the transformation process to cube-like structures to be
disrupted, leading to diminished C>—Cs selectivity. Cu NPs (x22.5 loading) were mixed
with carbon black before depositing on carbon-paper support, which led to NPs being
spatially separated from each other. Under this condition, substantial loss of C2—C3 product
selectivity (FE from 49 to 17%) was observed (Fig. 4.8d), while CO and HCOO™ became
major products. When particles were examined after electrolysis, the structure more
resembled what would be observed for low-density conditions. Cu NPs have been observed
to electrically fuse into irregularly shaped large crystals under strong bias conditions
(<—1.25 V vs. RHE), reaching a similar state irrespective of the initial conditions.'®® Here,
we find that structural transformation can be caused not only under low bias conditions, but
controlled by the initial arrangement of NPs, and consequently catalytic behavior for
multicarbon products can be significantly improved.

As trans-CuEn displays cubic-shaped particles, copper nanocubes loaded onto
carbon paper support were tested under identical conditions for comparison. We used Cu
nanocubes that have been previously studied for CO:z reduction.'® Specifically, cubes with
edge length 25 nm were used (with copper loading mass identical to trans-CuEn) to
approximately match the cubic-shaped particles that vary in size (10 ~ 40 nm) for trans-
CuEn. In contrast to trans-CuEn, observed structural changes were minimal where the
cubes seem to have sintered or roughened. Furthermore, only small amounts of multicarbon
products were detected (Fig. 4.8d). The result is consistent with the earlier report of Cu
nanocubes, which claims multicarbon product formation at high overpotentials (<—1 V vs.
RHE).'® Therefore, we find that simple reproduction of the key morphological feature
present in trans-CuEn is insufficient to reach high multicarbon selectivity.

This leads to the possibility of cube-like particles derived in situ during electrolysis
featuring unique active sites for Co—Cs formation. Recently, scanning tunneling microscopy
investigation of copper for carbon monoxide reduction has shown not only the
reconstruction of a polycrystalline surface to a (100) surface, but also the additional
structural transformation unique to the (100) reconstructed copper, leading to stepped
surfaces which selectively generate ethanol.!”®!7! While this observation may have been for
reducing CO, together with the findings here, it brings into attention the importance of in
situ structural transformation for multicarbon product formation in copper-based catalysts.
In addition, we would like to point out that while the vast majority of research has been to
use oxide-derived structures, with even some reports claiming the importance of remaining
oxidized copper,'7>!73 the catalytically active structure derived here is from pristine Cu NPs
(with a thin layer of surface oxide naturally present). Furthermore, we find that the
structural transformation observed is unique to the original Cu NPs. Therefore, it would be
important to understand how this structural transformation proceeds and what type of active
site motifs are present under working conditions. This is especially the case for copper,
which may oxidize after electrolysis, possibly leading to the loss of surface atomic
information. However, we also cannot rule out the possibility that high multicarbon
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selectivity stems from having a mixture of particles,'” which are the cube-like ones
together with smaller particles. With all of these taken into consideration, further
investigation into the structural origin of high multicarbon selectivity from Cu NP
ensembles is needed.

Furthermore, we investigated the role of the catalyst support by depositing Cu NPs
onto a highly polished graphite plate (1 cm?wal, roughness factor ~ 1), while keeping the
NP density(/cm?wal) identical to that of trans-CuEn. Structural transformation occurred in a
similar way resulting in cubic-shaped particles. However, H> and Ci products were the
major products (Fig. 4.8d). We speculate that this difference is due to local pH effects
discussed in earlier reports,®’! as the loss in the real surface area of the underlying support
led to a sharp decrease of the geometric current density (lowered to =1/5 of the original).
The increased local pH by large current density of trans-CuEn (on carbon-paper support)
could play a role in determining its catalytic behavior. Therefore, it seems that it is
important to not only start from a high density of closely packed Cu NPs to facilitate the
structural transformation, but also have the underlying support provide sufficient surface
area. This shows why high C>—Cs selectivity was not observed from the previous report of
Cu NP monolayers. '

4.2.2. CO; electroreduction activity of structurally transformed Cu NPs

Catalytic activity of trans-CuEn was further probed at various potentials (Fig. 4.10)
in 0.1 M KHCOs. The onset of C2—Cs formation was observed at only —0.57 V vs. RHE,
with products mainly comprising C2Ha4, EtOH, and #-PrOH. Compared with that of the
pristine copper foil,” overpotentials were lowered by 180 mV for C2H4 and 390 mV for
EtOH and n-PrOH, respectively. Beyond this potential, a substantial rise in C2—C3 FE was
observed, with the highest selectivity toward C>—Cs products (55%) achieved at —0.86 V vs.
RHE. The high selectivity for C>—Cs products, including oxygenates, is quite significant,
compared with previously reported catalysts for Co—Cs product formation around similar
overpotentials applied in neutral pH aqueous media. So far, catalysts for multicarbon
products have been Cu-based (mostly derived from oxides or halides) and require bias
applied close to and beyond —1 V vs. RHE, where even only some of them reach product
distributions dominated by C>—Cs products (C>—C3 > Ci + Hz). Furthermore, with major
efforts in the field toward using oxidized Cu as a starting template, the discovery of this
catalyst presents an approach to achieving high C>—Cs selectivity for electrochemical CO2
reduction. In contrast, FE for two-electron reduced products (CO and formate) could be
lowered to ~ 1%, implying that almost all of the CO2 interacting with the catalyst could
undergo C—C coupling to yield more complex products (Fig. 4.10b). In assessing catalytic
performance for multicarbon product formation, earlier reports have been using C2H4/CH4
FE ratio as a figure of merit and trans-CuEn exhibits significantly high values at low
overpotentials (—252 at —0.78 V vs. RHE) that are comparable or better than previous
catalysts reported for selective formation of C:Has. More negative bias applied leads to
increase in CH4 formation and Ci FE.
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Figure 4.10. Electrochemical CO2 reduction activity of trans-CuEn. (a) FE of Ci, C2, and
Cs products at various potentials for trans-CuEn. (b) FE of major products at various
potentials for trans-CuEn. Electrochemical tests were conducted using 0.1 M KHCO:3
solution at 1 atm COz. Error bars shown are 1 SD from three independent measurements.

It has been suggested that larger cations promote higher concentrations of CO2 near
the catalyst surface, leading to increased activity.®® For further optimization, Cu NP
ensembles were tested in 0.1 M CsHCOs3 aqueous electrolyte saturated with 1 atm CO2 and
a similar trend was observed where increased loading densities resulted in higher C>—Cs
selectivity. Transformation of Cu NP ensembles (at optimized condition of x32.5 loading in
0.1 M CsHCO:3) consistently resulted in cube-shaped particles mixed together with smaller
NPs (Fig. 4.11), hereafter referred to as trans-CuEn 2. Activity of trans-CuEn 2 was
measured at various potentials (Fig. 4.12) and high C>—Cs selectivity was observed at more
positive potentials with the onset of C2—Cs formation at only —0.53 V vs. RHE, which is 40
mV less of applied overpotential compared with that observed in 0.1 M KHCO3. Highest
C2>—C;s selectivity (—~50%) was observed at —0.75 V vs. RHE, shifting the potential 110 mV
more positive relative to the point of maximum C>—Cs FE in 0.1 M KHCOs. Therefore,
with this catalytic structure, selective -electrocatalytic conversion CO2 to C>—Cs
hydrocarbons and oxygenates could be achieved at significantly reduced overpotentials,
compared with what have been demonstrated up to now. Similarly, the main products were
C2Ha4, EtOH, and n-PrOH (Fig. 4.12b) constituting up to 95% of total Co—Cs products. In
addition, not only were FEs of CO and formate decreased to very low levels (1 ~ 2%),
but CHa4 formation could also be suppressed (< 1%) across the entire potential region,
resulting in a significantly high C:H4/CHa4 ratio (~2,133 at —0.73 V vs. RHE) at low
overpotentials. Owing to its high C>—Cs3 selectivity in 0.1M CsHCOs, the proportion of Co—
Cs products among the total CO2 reduced products reached up to 90% (Fig. 4.12c¢).
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Figure 4.11. Structural transformation observed of Cu NP ensembles (x32.5 loading) after
electrolysis in 0.1M CsHCOs at -0.75 V vs. RHE.

76



A 50/ ® C1-e.-C2-a Cs B40 ~o-CO o CHs4 2o HCOO"
v C2+Cs, 1 o CoHa <« EtOH
401 Le=n . ; . 30 » n-PrOH "
= A T < - w.
3= 304 - _ : P Q. Y
< < / ; 3
i + ; LIJ20 % B é
L 204 : T i L 5 L 7
0] g : R o1 gL R
i _ s : Y B Boi
ol H e i | L1 ol g g ] é
-0.5 -0.6 -0.7 -0.8 -0.5 -0.6 -0.7 -0.8
C Potential (V vs. RHE) D Potential (V vs. RHE)
10 3 0
9 ® ==
—_ ¥ v
, 8 ngg -1 P
Q B %
< 61 T OIRE 18mVidec 5 = * *
Qﬁ TR | ) A \;-Z-QW
ol l o'z _ﬁ-’_a_ . v CzHa
1 & '3 : 85 mV/d * i
" Eep— A 0 =4 m. se > n-PrOH
-0.5 -0.6 -0.7 0.8 0.5 0.6 0.7 -0.8
E " Potential (V vs. RHE) Potential (V vs. RHE)
40
@ -0.75 V vs. RHE 50
C2 7C
a8t 8 % Lao
1
/  “lypm
B e
% % 12038
n
: / é Lo

Figure 4.12. Electrocatalytic behavior of trans-CuEn 2 (%32.5 loading in 0.1 M CsHCO3).
(a) FE of C1, C2, and C3 products at various potentials. (b) FE of major products at various
potentials. (c) Relative ratio of the FE. (d) Logarithmic specific current density (corrected
by the real surface area of the catalyst) plots for C2Ha, EtOH, and n-PrOH. Electrochemical
tests were conducted in 0.1 M CsHCO;3 solution at 1 atm COz. Error bars shown are 1 SD
from three independent measurements. (¢) Long-term electrolysis at —0.75 V vs. RHE with
gas products measured every hour. Column graph on the right shows FE of EtOH and n-

Time (hr)

PrOH measured after electrolysis and Ci, Cz, and Cs product FEs for the overall run.

77



With the real surface area of trans-CuEn 2 measured, specific current density plots
and Tafel slopes of the three major products could be obtained (Fig. 4.12d). Both C2Hs and
EtOH exhibit similar slopes (~ 120 mV/dec), indicative of a rate-determining step with a
common intermediate. Furthermore, C2H4 and EtOH start forming in the potential region
where CO evolution is dominant and increase while CO diminishes (Figs. 4.10b and 4.12b),
suggesting that formation of these C2 products is essentially limited by the coupling of
major Ci intermediates. It has been also shown that higher coverages of *CO can be
expected in the region where CO formation is majorly observed.!” Therefore, with a slope
close to 120 mV/dec suggesting a single electron transfer step, we expect the rate-
determining step to be a reductive coupling (i.e., dimerization) step of adsorbed CO
intermediates, predicted from theory and carbon monoxide reduction experiments on
copper! 33256 -

«CO+%CO+ e~ —»*Cy0,”

On the other hand, n-PrOH exhibits a different slope, suggesting a distinct rate-
determining step from that of C2 products. Estimated value is rather close to that observed
for CHa on copper foil (86 mV/dec).!® In addition, it has been reported that n-PrOH
formation only occurs when reactants include both CO (carbon monoxide) and C2Ha, while
CO reduction solely leads to EtOH.!”® If Cs products followed the same pathway as C2
products, n-PrOH should have been observed upon CO reduction. Instead, it may be that -
PrOH formation requires coupling between CO and hydrogenated carbon [e.g., carbene
(*CH2)], which is a major intermediate in the pathway to CHs.!> CHs formation activity of
trans-CuEn and -CuEn 2 supports this idea as well (Figs. 4.10b and 4.12b). In contrast to
C2Hs and EtOH, n-PrOH reaches peak selectivity at a more positive potential and the
potential in which #n-PrOH FE drops coincides well with the point where CHa FE starts to
rise. However, it is still unclear how formation of C3 products occur and an in-depth study
of the mechanistic pathways to these products is needed.

Long-term stability was demonstrated by 10 h electrolysis of trans-CuEn 2 at —0.75
V vs. RHE (Fig. 4.12e). Average C>—Cs FE reached ~50% for the overall run and
structural features of trans-CuEn 2 were maintained as well. Furthermore, stable C>—C3
product current density of 10 mA/cm?geo was achieved, which is potentially attractive for
solar-to-fuel applications. As long-term electrolysis accumulates significant amounts of
liquid products, propionaldehyde, likely to be the precursor to n-PrOH, was detected.

Stable and selective C>—C3s product generation achieved by the structurally
transformed Cu NP ensembles presents a promising future direction to renewables-powered
artificial carbon cycle. Projected solar-to-fuel efficiencies of multicarbon products (Fig.
4.13), assuming combination of commercial Si photovoltaic devices and electrolysis
configurations recently demonstrated for effective syngas formation,!””!”® are comparable
or better than natural photosynthesis (e.g., 2.8% for C2H4). Significant mass activities can
be achieved as well, desirable in terms of cost-effectiveness, due to extremely low mass
(gcu) used compared with other methods that rely on bulk Cu oxidation.
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Figure 4.13. Performance estimates in electrolyzer configurations. (a) Voltage distributions
(2.36 V applied) in an electrolyzer incorporating NiFe hydroxide anode and bipolar
membrane. Overpotential at the anode (noer) and voltage losses from the solution and the
membrane are from ref. !7®, which describes a system operating at ~16 mA (close to the
operating condition of the catalyst described in this work at -0.75 V vs. RHE).
Overpotential at the cathode (ncozrr) shown is for ethylene and it will vary depending on
the product. (b) Energy efficiency estimated for major C2-Cs products. (c) Solar-to-fuel
efficiency estimated for major C2-Cs3 products, assuming 18% solar-to-electricity efficiency
provided from commercial Si solar cells.
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4.2.3. Conclusions

We have shown how an ensemble of Cu NPs can enable selective electrocatalytic
conversion of CO:2 to C>—Cs hydrocarbons and oxygenates at significantly reduced
overpotentials. Structural evolution of densely arranged Cu NPs resulted in C>—Cs active
nanostructures and experimental investigation of the parameters affecting structural
transformation and their catalytic behavior was performed. With the discovery of this active
catalytic structure formed in situ, efforts in deepening the understanding of how NPs and
atoms within evolve under electrically biased and chemically relevant conditions seem
necessary, which will shed light on the key structural features for CO2 conversion to
multicarbon products. Furthermore, we anticipate that the unique approach of using NPs as
precursors to an active nanostructured material will lead to a wide expansion of the
materials library for various catalytic applications.
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Chapter 5

Summary and Perspectives

Chemical valorization of carbon dioxide using electrochemical methods has great
potentials in various sectors of our society by fundamentally changing the way we use
energy and resources. Products electrochemically converted from CO: can be utilized
directly as fuels and chemicals or used as chemical precursors to more advanced products,
such as plastics and pharmaceuticals. Carbon-based products attained in this manner are
desirable as the process is less energy intensive, compared to the traditional methods, and
can be coupled to renewable electricity sources. More importantly, the technology targets
the uses of atmospheric carbon dioxide which will allow closing up of the carbon cycle
which has been disturbed by the latest human activities leading to the threats of
uninhabitability.

The key to the success of this technology lies in the performance of the catalyst
materials in efficiently converting the carbon dioxide to useful products. In this regard,
nanoparticles have provided great advances in being able to be used as efficient
electrocatalysts and to provide the fundamental understandings behind the processes
involved. Furthermore, the synthetic advances that have preceded have given us the tools to
study deeply into the catalytic effects of various structural factors of nanoparticles spanning
over large length scales. A number of works discussed here illustrate the structural diversity
of nanoparticles as COz electrocatalysts and hints at their potential where there is much
more room to be explored.

In addition, the latest discoveries of the structural dynamics involved with
nanoparticles, especially during catalytic transformation reactions, offer new perspectives
in catalyst development. In order to understand the catalytic origin of materials, critical to
establishing design principles of catalysts, their dynamic nature should be taken into
account. Furthermore, synthesis of nanoparticles as catalysts should be able to
accommodate the possible structural changes in relevant chemical environments, so that the
most optimized catalytic structure can be obtained during real-time operation. With all of
these factors considered, we would be able to achieve unprecedented improvements in CO2
electroconversion using nanoparticle catalysts.

Of course, for the technology to be introduced into society and succeed in
replacing the conventional ways of harnessing energy and chemicals, scientific and
technological developments in the closely related areas are needed. These areas include
COz capture, product separations, and renewable energy. Not only developments are needed
in each individual area, but concerted efforts to interface multiple functional parts at a
systems level should be pursued. With all the combined efforts, we can foresee a future in
which electroconversion of CO: to value-added products leads the era of sustainability.
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