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ABSTRACT

One of the most pressing challenges of our time is meeting growing global energy
demands while limiting human impact on the environment. To meet this challenge, new catalysts
are needed to enable carbon neutral energy production processes and low cost synthesis of
alternative fuels. In order to design new catalysts for such processes, fundamental understanding
is needed on how the structural and chemical properties of nanostructured materials influences
their surface chemistry. In this dissertation, | explore how the properties of nanoparticles, such as
particle size, shape, composition, and chemical state, can be used to tune their reactivity. For this
work, model nanoparticles were synthesized with well-defined structural and chemical
properties, and a variety of surface science approaches were used for catalyst characterization. In
particular, emphasis was placed on understanding the changes which may occur in the catalyst
structure and chemical state during a reaction using advanced in situ techniques and correlating
these changes to reactivity. After exploring how nanostructuring the catalyst surface can be used
to tune reactivity and how dynamic changes can occur to nanocatalysts in reactive environments,
these general principles are applied to a model reaction, the electroreduction of carbon dioxide,
which is a promising process for synthesizing valuable products using renewable energy while
consuming waste carbon dioxide. | explore the mechanisms behind how catalyst particle size,
composition, and oxidation state can be used to improve activity and tune selectivity towards
different carbon dioxide reduction products. Such fundamental mechanistic insights are critically

needed to design efficient catalysts for this reaction.
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CHAPTER ONE: INTRODUCTION

Motivation

One of the most pressing challenges for science and technology in our time is to meet
growing demands for energy and fuels in a sustainable and economical manner. Advancements
in catalytic chemical conversion are needed not only to more efficiently utilize our limited
supply of fossil fuel feedstocks, but to reduce our reliance on these sources through the efficient
synthesis and conversion of alternative fuels. Many promising catalytic reactions are being
explored which could enable a carbon-neutral energy economy, for example, catalytic water
splitting to generate H, feedstock for fuel cells, and the photo- or electro-catalytic conversion of
CO; to liquid fuels powered by renewable energy. However, to realize these technologies on an
industrial scale, catalysts are still needed which are inexpensive and energy efficient. Basic
knowledge is lacking into fundamental reaction mechanisms and processes which occur at the
complex nanoscale surface of these catalysts. These are difficult problems to approach, since a
catalyst surface may contain a variety of active sites at which molecules can react, and these may
evolve during a reaction. Furthermore, many of these catalytic processes occur under conditions
such as high pressure, high temperature, or in the presence of a solvent, making it a challenge to
measure a working catalyst using conventional surface characterization techniques in realistic
conditions. To make strides forward in this direction, advances in atom-precise catalyst
engineering are needed, along with advanced methods for time- and space- resolved operando
characterization of a catalyst in its working state. The ultimate goal is the design of new catalysts
for clean energy production whose reactivity can be controllably tuned through precise alteration

of their structure and surface chemistry. In this dissertation, | explore how structural properties
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can be used to tune reactivity in model catalysts and how these catalysts evolve under realistic
reaction conditions, and | apply these principles to develop catalysts with tunable activity and

selectivity for the CO, electroreduction reaction.

Mechanisms behind Nanocatalyst Reactivity

In the last few decades, tremendous progress has already been made in understanding
how the nanoscale structural and surface chemical properties of catalyst particles affect their
reactivity.” A well-studied structural parameter for many reactions is the influence of
nanoparticle (NP) size. Changing the NP size will alter the population of terrace, edge, or corner
sites at the catalyst surface, and in general, lower coordinated sites will bind more strongly to
reactants, influencing the activity and selectivity of a reaction.>* For very small particles, e.g. for
Au NPs below 2.7 nm in size,” quantum size effects may play a role, in which the electronic
structure of the surface atoms is confined, leading to non-metallic behavior.® For larger NPs, new
synthesis techniques have allowed the synthesis of shape-selected NPs in which the type of
surface facets can control reactivity.”° The study of shape-dependence for smaller, nanometer
sized NPs is much more challenging due to difficulties in not only synthesizing but also
resolving shapes at this length scale. In Part | of this thesis, | present a study of the shape-
dependent reactivity of sub-nanometer Pt NPs with well-defined shape resolved using advanced
characterization techniques.™

Another structural parameter which must be considered is the NP-support interaction.
The support can play a critical role in stabilizing the structure of metal NPs, since strongly
interacting supports may prevent NPs from sintering during a reaction. This is a critical

consideration for carbon-supported electrocatalysts, since carbon interacts weakly with metal
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NPs which may allow them to sinter during a reaction, and the carbon supports themselves may
degrade under corrosive conditions such as those needed for the oxygen evolution reaction. The
support interaction may also stabilize particular NP shapes.'? For example, a strong interaction
between the metal and support may stabilize a 2D NP shape, and when this interaction is
weakened, i.e. by chemisorbed molecules on the NP, the NP shape may evolve to become
3D."! Other phenomena which can occur when a metal NP interacts with its support include
charge transfer, spillover of reactants, or encapsulation of the NP by the support, all of which can
play a critical role in nanocatalyst reactivity.™

Many catalysts are composed of more than one metal element, which adds a further layer
of complexity to their behavior. Adding a secondary metal to a NP may alter its reactivity
through a ligand, or electronic effect, in which alloying with neighboring atoms of a different
element changes the electronic properties of a metal atom in the NP.***® Another mechanism
behind compositional effects on reactivity is geometrical effects, i.e. the arrangement of the two
different metals within the NP. One such geometrical effect is strain, in which the lattice
parameter of the host metal is altered by introducing different metal atoms with a different lattice
constant. According to the d-band model, compressive strain induces a down-shift in the d-band
center of a transition metal, weakening its interaction with adsorbates, while expansive strain has
the opposite effect.®%? The d-band center has proved to be a powerful descriptor for

explaining and predicting changes in reactivity for model systems,??

particularly epitaxially
deposited layers which are under strain.?*** However, care must be taken since in some instances
for model systems, shifts in the d-band center predicted by the theory do not agree with those

measured experimentally.”> Another geometric effect, known at the “ensemble effect”, involves



the creation of active sites at the surface by isolating active centers of the host metal by dilution
with an inactive secondary metal.”*# In this scenario, unwanted side reactions which occur on
extended surfaces of the host metal are terminated, improving selectivity to a desired reaction
which only occurs on isolated sites of the host metal. Alternatively, bimetallic catalysts may have
improved behavior due a bifunctional mechanism, in which the secondary metal acts
independently to provide an alternative active site, perhaps facilitating a different reaction step
than the host metal atoms.*® These mechanisms behind composition-dependent reactivity will
depend strongly on the compositional structure of the catalyst, for example if the catalyst is an
alloy with randomly mixed metal atoms, a well-ordered intermetallic structure, a core-shell

structure with different shell thicknesses, or a NP containing grains of different metals.

Dynamical Changes in Working Catalysts

Not only do the size, shape, support and composition of the catalyst correlate strongly
with each other to influence reactivity, but these parameters may change drastically under
reaction conditions. Despite efforts to synthesize nanostructures with well-defined properties, it

must always be considered that the properties may evolve under different environments. Such

31-35 13,14

changes can include changes in NP size through sintering, evolution of the NP shape,

changes in the oxidation state of the surface,®*%

or compositional restructuring in bimetallic
catalysts."®** To resolve such changes, it is critical to use characterization techniques for
measuring a catalyst in situ or operando during a reaction. Furthermore, the measurements must
be time-resolved, to capture the evolution of the catalyst over the course of a reaction, and

measurements should be performed at different length scales, to capture changes at the

nanoscale, at the mesoscale, on the surface and throughout the bulk of the catalyst. Ideally,
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online measurements of the reaction activity and selectivity should also be performed to correlate
the parameters of the working catalyst with its reactivity. Advances in synchrotron-based X-ray
spectroscopy methods such as X-ray absorption fine structure (XAFS) and X-ray photoelectron
spectroscopy (XPS) have allowed great breakthroughs in the characterization of catalysts under
working conditions. This dissertation explores the chemisorption or reaction-driven dynamic
changes which can occur in model nanocatalysts using in situ and operando synchrotron
techniques. In Chapters 4 and 7, I show how XAFS can be used to monitor structural and
electronic changes in catalysts under realistic environments using in situ reaction cells. Also, in
Chapter 6, | present an ambient pressure XPS (AP-XPS) study of segregational trends in

bimetallic catalysts under reactive environments.

CO, Electroreduction — A Model Reaction

As part of the search for new clean energy technologies, a reaction that has been of
emerging interest in recent years is the electroreduction of CO,. CO, conversion is of high
interest since recycling waste CO, from current industrial processes could help to close the
carbon cycle, and valuable high energy density products such as alcohols can potentially be
synthesized from the reduction of CO,. However, CO; is an extremely stable molecule, and
efficient catalysts are needed to make CO, conversion an energy efficient process. The
electrocatalytic reduction of CO, would be an ideal process, since it could be powered by
renewable, intermittent energy sources such as wind and solar, it occurs under mild conditions
(ambient pressure and temperature), and it can be carried out in aqueous electrolyte, and unlike
the thermochemical process, it does not require H, as a feedstock. However, in order to make

this reaction viable, more efficient, stable, and inexpensive catalysts working at lower
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overpotentials are needed. Copper has received the most attention as a metal catalyst for this
reaction, since it is the only metal which has appreciable selectivity towards hydrocarbon
products, however high overpotentials are needed to run the reaction, and problems exist with
catalyst stability.**** In order to develop new catalysts for this reaction, fundamental knowledge
is needed on how the basic structural and chemical properties of CO, electroreduction catalysts
can be used to tune their reactivity.

This dissertation explores how tailoring the structural and chemical properties of a
nanocatalyst surface can be used to tune its reactivity and uses CO; electroreduction as a model
reaction to demonstrate these principles. Chapter 2 describes the methods used, including the
colloidal synthesis of model nanoparticles with controlled shape and size, and their
characterization using surface science and synchrotron techniques. Next, Part | of the dissertation
focuses on the size- and shape-dependent reactivity of Pt NPs supported on y-Al,O3 for
heterogeneous reactions. Chapter 3 describes how NP size and shape can determine the reactivity
of these catalysts for 2-butanol oxidation, while Chapter 4 shows how these NPs may undergo a
dynamic shape transformation under a realistic high pressure H, environment. In Part Il of this
dissertation, | explore how NP size, composition, and chemical state can be used to tune the
reactivity of nanostructures to achieve more active, selective, and stable catalysts for CO,
electroreduction. Chapter 5 explores size effects for both Au NPs and Cu NPs, demonstrating the
critical dependence of CO, electroreduction on NP size. Chapter 6 focuses on AuCu bimetallic
NPs, showing how their reactivity depends on both size and composition, and that segregation
and structural rearrangement play a critical role in the reactivity of these bimetallic catalysts.

Finally, Chapter 7 explores how the nanostructure and oxidation state of Cu catalysts can be tune



to achieve high CO, electroreduction efficiency for a valuable product, ethylene. This
dissertation provides key insights into using nanocatalyst size, shape, composition, and oxidation
state to tailor the reactivity of nanostructured materials. These insights are critical for the design

of new nanomaterials for energy and alternative fuels catalysis.



CHAPTER TWO: EXPERIMENTAL METHODS

Colloidal Synthesis

In order to study the influence of nanostructural parameters such as size, shape,
composition, or oxidation state on catalytic reactivity, a requirement is the use of well-defined,
model NPs. Several well-established techniques exist for synthesizing monodisperse NPs, such

4547 or colloidal methods.*®*° In the studies

as the use of cluster sources with mass selection
presented here, an inverse micelle encapsulation technique employing diblock copolymers was
used. This technique allows a particularly high degree of control over NP properties such as size,
shape, dispersion, and composition, and in particular, it allows for synthesis of very small
nanostructures below 1 nm in size. It is also facile and can be used for different metals and
support materials, making it versatile for different catalytic applications.

In this technique, diblock copolymers are used to form inverse micelles in solution,
which act as nanoreactors for the formation of metal nanoparticles. Specifically, poly(styrene-b-
2-vinyl pyridine) (PS-b-P2VP) is used, in which the P2VP end is hydrophilic and the PS end is
hydrophobic. When dissolved in a non-polar solvent such as toluene, the P2VP ends form nano-
cages with uniform size. After dissolution of the polymers in toluene, metal salts are added to the
solution and stirred for several days. The metal ions fill the core of the micelles by coordinating
to the P2VP groups. The ratio of the number of metal atoms in solution to the number of P2VP
groups (referred to as the loading) can be varied in order to change the size of the resulting

nanoparticles. In addition, more than one metal salt can be added to create bimetallic NPs with a

desired ratio of the two metals.



Figure 1. Cu NPs synthesized via inverse micelle encapsulation using PS-P2VP diblock
copolymers dipcoated onto a silicon wafer, resulting in a monolayer of monodisperse,
hexagonally arranged NPs. (a) One coat of Cu NPs after O, plasma treatment to remove
polymers, and (b) four coats of Cu NPs, with O, plasma treatment after each coat.

After preparation, the metal-loaded micelles can be deposited onto planar supports by
dipcoating. Due to the interaction between PS ends of the polymers, the micelles hexagonally
arrange on the support resulting in an array of uniformly sized and spaced structures, as shown in
Figure 1. The molecular weight of the PS end of the polymer can be varied in order change the
interparticle spacing. In addition, the substrate can be dipcoated multiple times, which reduces
the interparticle distance while maintaining a monolayer coverage, see Figure 1. Alternatively, to
synthesize powder supported catalysts, the micelle solution can be deposited on the support via
wet impregnation. After deposition, the polymers can be removed using O, H, or N, plasma,
leaving the metal NP surface bare and available for reactivity studies. The plasma treatments can

be chosen to tune the chemical state of the resulting metal nanoparticles. While O, plasma



removes the polymer most efficiently, N, or H, plasmas can be used to avoid damaging carbon
support materials such as HOPG or carbon foil. N, plasma can furthermore be used to introduce
N doping into carbon support materials, which is known to improve electrochemical reactivity

for some reactions.>*>*

Atomic Force Microscopy

AFM was used to characterize the morphology of the micellar NPs used in this
dissertation. AFM is a scanning probe technigue in which a sharp probe interacts with the surface
of the sample, and the forces between the probe and sample are measured. Different forces may
exist between the probe and sample, for example, magnetic, electrostatic, or torsional forces, all
of which may be probed using AFM to gain information on the surface properties of the sample.
In this dissertation, to measure the surface morphology, the van der Waals force is measured.
Figure 2a shows the forces which exist when the probe is brought within about 20 nm of the
sample surface, and also indicated are the common AFM modes of operation. In non-contact
mode, the probe does not make contact with the surface, which is ideal for delicate samples or
for probing longer range forces. However, in this mode measurements may be affected by the
thin water layer which exists on surfaces under ambient conditions which causes the tip to stick
to the sample surface. In contact mode, the probe is brought close to the sample within the range
where strong repulse forces exist. Due to the strong interaction between the tip and sample, this
mode may cause damage to delicate samples. The third mode is tapping mode, in which the
probe makes intermittent contact with the surface, which allows for measuring the surface with

higher resolution and without sticking or causing damage.
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Figure 2. (a) Van der Waals force curve, and measurement regions for different modes of AFM.
(b) Schematic of tapping mode AFM. A laser is directed onto an oscillating cantilever. The tip of
the cantilever taps the sample surface, and forces between the tip and sample cause a change in
the amplitude of oscillation of the cantilever. The laser is reflected from the cantilever onto a
mirror, then to a four quadrant photodetector.

Figure 2b shows a schematic of the basic operation of tapping mode AFM. The probe is
attached to a flexible cantilever, which is driven by a piezo close to its resonant frequency. A
laser reflects from the back of the cantilever and onto a four quadrant photodetector. The signal
from the detector is fed to a computer. As the probe is scanned across the sample surface, it
interacts with the surface and changes the amplitude of oscillation of the cantilever. This change
is detected by the photodetector and controls a feedback loop, which adjusts the z position of the
cantilever to maintain the original amplitude. The changes in z position of the cantilever give the
changes in height of features on the sample surface. It should be kept in mind that the AFM

probe has a finite width, around 8 nm for the probes used in this dissertation (Aspire CT-300).
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Since the width of the AFM tip will be convoluted with the width of features on the sample, the
lateral resolution of AFM images is poor. However, since only the very tip of the AFM probe

interacts with the sample surface, the height resolution is more accurate.

X-Ray Photoelectron Spectroscopy

XPS is a surface sensitive technique that can provide quantitative information on the
elemental composition and chemical state of a sample. The working principle of XPS is based on
the photoelectric effect. X-rays with a fixed energy hv (1486.6 eV for an Al Ka source) are
irradiated on a sample and can excite core electrons. The kinetic energy (Exe) of these
photoelectrons is measured and can be used to determine the binding energy (Ege) of the ejected
photoelectrons according to

Exkg = hv — Egg — ¢Analyzer ) (1)
where @anaiyzer 1S the work function of the electron energy analyzer. Figure 3 shows a
schematic of this process. The binding energies of the detected photoelectrons can be referenced
to known values for each element to determine the composition of the sample.

The peaks in XPS spectra are labelled using spectroscopic notation as nl;, where n is the

principle quantum number (n =1, 2, 3...), L is the orbital angular momentum (s=0,p=1,d =2,
f = 3), and j is the total angular momentum (j = |l + s|,s = i%). Due to the spin-orbit

interaction, p, d, and f electrons are split into two energy levels (e.g. 2p12 and 2p32, as shown in
Figure 3) and will appear as a doublet in the XPS spectrum. The binding energy difference
between the two peaks is known as the spin-orbit splitting. The areas of the peaks in the doublet

will depend on the number of electrons that can occupy each level. For example, two electrons
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will be in the 2py, state and four will be in the 2p3, state, so the ratio between the two areas will

be 1:2, while for the 3ds» and 3ds, state, the ratio would be 2:3.

Oxygen 1s Photoemission

Vacuum
level

Fermi
level

Binding
Energy

EBE

Figure 3. Schematic of photoelectron excitation during XPS. X-rays irradiate the sample and
excite core level photoelectrons, whose kinetic energy is detected by the analyzer. The
spectroscopic notation used in XPS is indicated.

In addition to the elemental composition, information can be gained on the chemical state
of the surface using XPS. When an element exists in a different oxidation state, the XPS peaks

will be shifted in binding energy due to the reduction of screening of the nucleus by the missing
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electrons. Shifts will also be caused by the bonding environment, for example, shifts in the
carbon 1s peak will be measured due to bonding between C and O. Quantitative information can
be determined on the chemical state of the sample by comparing these shifts with reference
values. When measuring NPs, it should also be kept in mind that binding energy shifts may exist
which depend on particle size due to initial and final state effects.”>® Finally, artificial binding
energy shifts may exist due to differential charging as electrons are depleted from the surface,
and care must be taken to avoid this by properly grounding the sample. For insulating samples,
an electron flood gun can be used to supply electrons to the sample surface.

In this dissertation, lab-based XPS measurements were performed in an ultra-high
vacuum (UHV) chamber with base pressure 2 x 10™® mbar pressure. The chamber is equipped
with an X-ray source providing Al Ko radiation (1486.6 eV) and a monochromator containing an
ellipsoidal quartz crystal mirror which narrows the width of the energy distribution and focuses
the X-ray beam for high energy resolution measurements and smaller spot size. The
photoelectrons from the sample are detected by a hemispherical electron energy analyzer (HSA).
Before the analyzer is a lens system, which collects the electrons, retards their velocity, and
focuses them onto a slit to the analyzer. The electrons then travel around the HSA, across which
an electric field is applied so that only electrons with a particular kinetic energy (pass energy)
can reach a specific position on the opposite side of the hemisphere. Here the electrons are
detected at a multichannel detector (MCD), containing several channeltrons which multiply the
signal from the detected electrons. To measure a spectrum, the lens system voltages are scanned
to collect electrons with different kinetic energies and retard their energy to meet the HSA pass

energy.
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XPS measurements can also be performed using synchrotron X-rays for higher resolution
and higher intensity measurements. In addition, the energy of the synchrotron X-rays is easily
tunable, which allows photoelectrons with different escape depth from the sample to be
measured. Recently, the capability to perform synchrotron XPS measurements under ambient gas
conditions has been developed, such as the setup at beamline X1A1 at the National Synchrotron
Light Source (NSLS 1) at Brookhaven National Laboratory (BNL). In this system, up to 1 Torr of
gas can be introduced to the measurement chamber during XPS acquisition. In order to protect
the detector, which requires UHV conditions, differential pumping is added to the lens system to
reduce the pressure before the detector. Also, to reduce scattering of the photoelectrons in the gas

atmosphere, the distance between the sample and the lens system entrance is kept small.

X-Ray Absorption Fine Structure Spectroscopy

Another X-ray spectroscopy technique used in this dissertation is X-ray absorption fine
structure spectroscopy (XAFS). XAFS is a synchrotron-based technique which can be used to
probe the local structure and chemical state of atoms of a particular element in a catalyst. In this
method, monochromatic X-rays are irradiated on the sample and scanned in energy around the
binding energy of a core electron of a particular element. As in XPS, the X-rays may excite
photoelectrons when they exceed the binding energy of this electron. However, in XAFS, the
emitted photoelectrons are not measured, but the X-rays which are transmitted through the
sample (or which fluoresce from the sample) are measured in order to derive the absorption
coefficient. For XAFS measured in transmission, the absorption coefficient is derived according
to Beer’s law:

I, = Ipe™#, (2)
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where [ is the intensity of the incident X-rays, I; is the intensity of the transmitted X-rays, and t
is the thickness of the sample.

Figure 4(a) shows the absorption coefficient u(E) as a function of X-ray energy for a Ag
foil measured at the Ag K edge. An edge jump can be seen when the X-ray reaches the binding
energy of the core electron, Eq. The region of the spectrum around Eq is known as the X-ray
absorption near edge structure (XANES) region, and the shape of the oscillations can be
compared to reference data to determine the oxidation state and coordination geometry of the
absorbing atom. The extended X-ray absorption fine structure spectroscopy (EXAFS) region is
also marked in Figure 4(a). In this region beyond the edge, small oscillations exist in the XAFS
spectrum. These oscillations are due to constructive and destructive interference between the
outgoing photoelectron wave and the wave which backscatters off neighboring atoms. This
interference influences the probability of the transition taking place and results in oscillations in
the absorption coefficient. These oscillations contain information about the number of
neighboring atoms to the absorbing atom, the type of neighbors (which element), and the
distance to them, all of which can be extracted through careful data analysis.

Figure 4 gives an overview of how EXAFS data is extracted and analyzed. In order to
isolate the EXAFS oscillations, y(E), a smooth background function p(E) which represents the
absorption spectrum of an isolated atoms with no neighbors must be subtracted from the data,

and the data is normalized to go from 0 to 1 by dividing by the edge jump Apo(E):

_ u(E)— po(E)
X(E) = FE = ®3)

The Athena software was used in this dissertation to calculate and subtract the isolated atom

background function. A smooth pre-edge and post-edge line (marked in Figure 4(a)) must be
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defined for this calculation. One calculated, y(E) can be plotted in k space (k =

2m(E—Ep)

=) as

shown in Figure 4(b) and is usually weighted by k? in order to emphasize the weaker oscillations

at high k.
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Figure 4. (a) Absorption coefficient of a Ag foil measured at the Ag K edge as a function of X-
ray energy. (b) The EXAFS of the Ag foil plotted in k space. (c) The Fourier transform of the Ag

foil EXAFS and fit plotted in R space.
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Next, a range of the data with good quality in k space is selected to be Fourier
transformed, with the result shown in Figure 4(c). The Artemis software®® was used to fit the
EXAFS data in R space. To fit the data, a theoretical EXAFS spectrum in generated using the
FEFF code® based on a known structure, for example a FCC structure with the lattice parameter

of Ag. The FEFF code is based on the EXAFS equation

—ZRi
(k) = 835, Ny L =200 630 sin(2kR; + 8;(k)) (4)

which can be derived from Fermi’s Golden Rule and describes how the EXAFS oscillations
depend on the number of neighbors of type i (N;), the distance to those neighbors (R;), and o,
the disorder in the neighbor distance. f;(k) is the scattering amplitude, §;(k) is the phase shift,
A(k) is the inelastic mean free path (IMFP), and SZ is the amplitude reduction factor, which
accounts for multiple excitations at the adsorbing atom. The FEFF code will generate the
scattering paths for a given structure, and those with the largest contribution to the EXAFS can
be fit to the experimental data. From this analysis, N;, Ri, and o;* can be fit. Figure 4(c) shows a

single scattering Ag-Ag path fit to the experimental data of the Ag foil.
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PART I. TUNING THE REACTIVITY OF PLATINUM NANOPARTICLES
SUPPORTED ON ALUMINA
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CHAPTER THREE: SIZE AND SHAPE EFFECTS IN THE CATALYTIC
OXIDATION OF 2-BUTANOL OVER PLATINUM NANOPARTICLES

Introduction

The catalytic conversion of alcohols is a subject of broad interest because of the growing
demand for environmentally cleaner industrial processes and fuels. Alcohols, or volatile organic
compounds (VOCs), have been recognized as major components of air pollution.®* The catalytic
destruction of these compounds is a very promising approach because it requires operation
temperatures much lower than those of thermal decomposition processes.®®® Moreover,
industrially useful chemicals might be obtained through the partial oxidation of such alcohols.®
® For example, the partial oxidation of 2-butanol over metallic catalysts could provide a cleaner
and more efficient route to the production of 2-butanone, or methyl ethyl ketone, an industrially
useful solvent.”

Alcohols such as methanol, ethanol, and butanol are being considered as promising raw
materials for hydrogen production via steam reforming or partial oxidation for use in fuel cells.
Butanol may have certain advantages over methanol and ethanol because of its higher hydrogen
content (higher energy density), lower vapor pressure, and lower risk of hazard generation during
production.”*"® Butanol is also emerging as an alternative to ethanol as a renewable biofuel for
use in the transportation industry. Like ethanol, butanol can be produced through the
fermentation of biomass. Isobutanol and 2-butanol are of special interest in gasoline blending

because they can be used at concentrations in gasoline that are higher than those of ethanol.”*"’

Adapted with permission from Mistry, H.; Behafarid, F.; Zhou, E.; Ono, L. K.; Zhang, L.; Roldan Cuenya, B. ACS
Catal. 2014, 4, 109. Copyright 2014 American Chemical Society.
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Because of the growing interest in butanol chemistry, understanding the parameters that
influence catalytic performance in butanol reactions has become important for selectively
designing more efficient catalysts. Following recent findings, parameters such as the
nanoparticle (NP) structure (size and shape),””®® NP support,®®" and oxidation state of the

active species® 88891

might play a role in the catalytic activity and selectivity of the supported
metal NPs. Therefore, it is vital to synthesize NPs monodisperse in size, shape, and chemical
composition to obtain reliable results on the respective influences of these parameters on
catalytic performance.

2-Butanol oxidation over metallic catalysts is interesting both as a promising means of 2-
butanone production through the partial oxidation pathway and as a model for VOC elimination
through total oxidation to its combustion products. The interaction of 2-butanol with metallic

surfaces has been described in several studies. Yan et al.”

reported results of the oxidation of 2-
butanol on oxygen-covered Au(111) surfaces. They found that at low oxygen coverages the
oxidation was highly selective toward 2-butanone and that when the oxygen coverage was
increased both partial oxidation and complete oxidation took place simultaneously.” Similar

.9 who described the exclusive formation of 2-butanone on

results were obtained by Li et a
oxygen-covered Pd(100) surfaces. Fewer studies are, however, available on metal NPs. Hou et
al.” investigated the oxidation of 2-butanol over 1:3 Au:Pd NPs and found 100% selectivity for
2-butanone at ~60 °C. The dehydrogenation of 2-butanol over Cu/SiO, xerogel catalysts was

found to be structure-dependent by Lambert et al.*

They observed almost no activity for highly
dispersed catalysts with only a small particle size (~3 nm), while poorly dispersed catalysts with

small and large (~15-30 nm) particles had the highest activity. For the Pt/Al,O3 system, the
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dehydration of n-butanol was hindered by the presence of oxygen, which promoted
dehydrogenation through oxidation.* Pure Pt or Pt-based catalysts were found to be more active
than those based on Pd, Ru, Rh, Co, Au, Ag, Ir, or Ni for alcohol oxidation in the liquid and gas

phases.®®*% However, while no size dependency of the turnover frequency was detected during

63 95
L., l.

butanol oxidation for Pt/Al,O; NP catalysts by Papaefthimiou et al.,”” Wang et al.™ observed the
highest activities for their smallest Pt NPs (1.5-4.9 nm).

Particularly interesting is the influence of the NP shape on their reactivity.*® For large
NPs (>5 nm), this influence is mainly due to the existence of different crystalline facets
associated with different NP shapes. For example, large Ag NPs (>50 nm) featuring mainly
{100} facets were found to be one order of magnitude more active than truncated triangular NPs
dominated by {111} facets for the oxidation of styrene.?® However, for small NPs, the shape
effect is limited not only to the specific crystallographic facets present but also to the role of
highly undercoordinated atoms at corners and edges. For example, for the partial oxidation of 2-
propanol to acetone, Mostafa et al.”” found that NP shapes with a larger fraction of
undercoordinated atoms at the NP surface lead to lower onset reaction temperatures, with the
most active sites for that reaction being corners and edges. Narayan et al.” also correlated the
number of corner and edge atoms on a nanocatalyst surface with increased activity. Ma et al.”
described shape effects of Pd nanocubes for the hydrogenation of 2-methyl-3-buten-2-ol and
observed that {111} facets were more active than {100} facets. Effects of shape on 2-butanol
oxidation, however, have not yet been described.

In this study, we investigate the oxidation of 2-butanol over Pt NP catalysts supported on

v-Al,O3 prepared with narrow size distributions and well-defined geometries via inverse micelle
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encapsulation. Transmission electron microscopy (TEM) and extended X-ray absorption fine
structure spectroscopy (EXAFS) data were used to characterize the structure (size and shape) of

these NP catalysts, and mass spectrometry was used to monitor their reactivity.

Experimental Methods

Platinum NPs with a narrow size distribution and well-defined shapes were prepared
through inverse micelle encapsulation. The size and shape of the NPs were controlled by varying
the metal loading (metal salt:P2VP ratio) and by using polymers with different head lengths (see
Table 1). The solution was then mixed with nanocrystalline y-Al,O3 powder with ~40 nm
average grain size and stir-dried in air at ~60 °C. The encapsulating polymer was then removed
from the y-Al,O3-supported Pt NPs by annealing in O, at 375 °C for 24 h. A 1 wt. % Pt loading
was used.

High-angle annular dark field scanning transmission electron microscopy (HAADF-
STEM) images of the as-prepared samples were acquired after polymer removal by Lihua Zhang
(Center for Functional Nanomaterials, BNL). The images were acquires with a JEOL2001F TEM
instrument operating at 200 kV. The samples were prepared for TEM by suspending the Pt/Al,O3
powder in methanol, placing two drops of the solution on Cu grids with holey carbon film, and
drying in air. Particle diameters were determined from the TEM images by taking the full width
at half maximum of the intensity profile across each particle. The TEM images were acquired
after NP reduction in H, at 375 °C. The maximal reaction temperature was kept below the

pretreatment temperature, in this case, 300 °C, to ensure lack of NP sintering.
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Table 1. Parameters used in the synthesis of size- and shape-controlled micellar Pt NPs:
molecular weight of the PS-P2VP polymers, metal-salt to polymer-head ratio (loading), TEM
diameters with error bars (standard deviation), the best model shape and the corresponding total
number of atoms (N;), the number of surface atoms normalized by N; (Ns/N;). The average
number of broken bonds at the NP surface obtained from the three best shapes in agreement with
the EXAFS coordination numbers and TEM diameter is also shown.

TEM Average

Sample  Polymer Loading diameter Model Best Average  Surface

Shape Shape N No/N¢ Broken

(nm)

Bonds
PS(27700)- 75 0.80 +

S1 P2V/P(4300) 0.1 1.0+£0.2 1 . 55 0.05 53+0.2
PS(16000)- ¢ 0.73

2 poupasog) 01 1002 ;‘:\\J 70 oo 50%02
PS(27700)- ) 0.70 +

3 pvpuon) 02 10%02 }féf 79 e 45%02

EXAFS measurements were taken at beamline X18B of the National Synchrotron Light
Source at Brookhaven National Laboratory to characterize the initial NP structure. The as-
prepared Pt NP/y-Al,O3 samples were first pressed into pellets and then loaded into a reaction
cell. The Pt-L3 EXAFS data were acquired in H, (1:1 Hj:He ratio with a total flow rate of 25
mL/min) at room temperature after a 30 min in situ reduction in H, at 375 °C. Data processing

% which are based on the IFEFFIT package.®®

was conducted using Athena and Artemis,’
Different scans were aligned to a Pt foil reference, and background was subtracted by fitting
smooth curves to the pre- and post-edge data. To obtain first to fourth nearest neighbor (N1-N4)

coordination numbers (CNs), theoretical signals were generated using the FEFF8 code® for a
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model fcc Pt structure. This theoretical model included the most important Pt—Pt scattering paths
from the absorbing atom to its nearest neighbors, including multiple-scattering paths. A
description of the scattering paths used can be found in Refs. 100-102 along with details about
the constraint of fitting parameters. R ranges of 1.9-6.0 A and k ranges of approximately 2.5-17
A were used in all fits. As described below, together with the TEM diameters, the EXAFS
coordination numbers can be used to extract the shape of the NPs by comparison to model fcc Pt
cluster structures.

Catalytic tests were conducted in a quartz packed-bed mass flow reactor. A K-type
thermocouple positioned inside the bed at the catalyst level was used to monitor the temperature.
Before the reaction was started, the catalysts were reduced using a 1:1 H,/He mixture at 375 °C.
The concentration of 2-butanol was controlled by passing He through a stainless steel bubbler.
The reaction was conducted under oxygen-rich conditions (~20% O). All flows were controlled
using MKS mass flow controllers. For each reaction, 50 mg of catalyst was used with a total
flow rate of 50 mL/min. The concentration of reactants and products was monitored using a mass
spectrometer (HPR 20 Hiden Inc.). The performance of each catalyst was studied at different
temperatures ranging from 60 to 300 °C, and each test was repeated twice to ensure the

reproducibility of the results.

Results

Figure 5a—c shows representative HAADF-STEM images of ligand-free Pt NP/y-Al,05
samples prepared via inverse micelle encapsulation acquired after NP reduction in H; at 375 °C.

Histograms of the measured particle diameters for each sample show a narrow size distribution,
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indicating that the preparation method provides a fine degree of size control (Figure 5d-f). The

average TEM diameters are listed in Table 1 together with their standard deviation.
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Figure 5. Representative HAADF-STEM images of Pt NPs on y-Al,0O3 in samples S1-S3 (a—c)
acquired after removal of the encapsulating polymer and the corresponding diameter histograms

(0-f).

Fourier transform EXAFS data plotted in r-space with k? weighting are shown in Figure 6

along with a spectrum obtained from a reference Pt foil. All measurements were taken in
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hydrogen after NP reduction. In all samples studied, the NPs display a fcc structure and appear
well-ordered by comparison with the bulk Pt reference (analogous features in the 4-6 A r-space
range). As described in detail in Refs. 100 and 101, to resolve the NP shape the spectra were fit
using a multiple-scattering approach. Because of the high quality of the EXAFS data measured,
information about the first to fourth nearest neighbor coordination numbers could be extracted
from the EXAFS measurements. An example of a typical EXAFS spectrum of one of our as-
prepared reduced samples (S3) together with its theoretical multiple-scattering fit is shown in the
inset of Figure 6. The coordination numbers derived from this analysis for all samples are listed
in Table 2. The experimentally determined coordination numbers along with the TEM diameters,
taking error bars into account, were used to estimate the NP shape most prevalent in each sample
by comparison with equivalent values from a database of ~4000 model fcc Pt NP shapes.'® The
three best model shapes representative of each sample were chosen by minimizing the difference
between experimental and model coordination numbers and diameters, and the one providing the
best agreement with the experimental parameters for each sample is included in Table 1. It
should be noted that such shape determination can be reliably conducted only on narrowly
distributed samples containing small NPs (<1.5 nm). For larger NPs, there would be a much
larger degeneracy of shapes that would fit the same set of experimental coordination numbers for

a given TEM NP diameter.
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Figure 6. k>-weighted Fourier transform EXAFS spectra of micelle-synthesized Pt NPs on v-
Al,O3 (samples S1-S3) and a reference Pt foil measured at room temperature in H, after NP
reduction. The inset shows the raw data and multi-scattering fit of sample S3.

Table 2. First to fourth nearest neighbor coordination numbers (N1-N4) derived from the
multiple-scattering analysis of EXAFS data acquired on as-prepared micelle-synthesized Pt NPs
after reduction.

Sample N1 N2 N3 N4
S1 8.1+0.7 24+15 57+25 44+138
S2 8.7+£0.6 1.7+1.0 55+£26 33+x11
S3 9.4+0.5 30+14 8.4+2.6 53+16

Figure 7 shows the conversion of 2-butanol over each Pt NP/y-Al,O3; sample under
oxidation at different temperatures. Data at each temperature were taken under steady-state

reaction conditions. In general, the oxidation of 2-butanol started at ~100 °C, and maximal
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conversion was reached at ~160 °C for all the catalysts studied. The reactivity of the y-Al,O3
support alone for 2-butanol oxidation was also measured at different temperatures, and a
maximal conversion of 10% was found to occur below 180 °C, indicating that the y-Al,Os

powder makes an insignificant contribution to the conversion measured for each sample.
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Figure 7. Catalytic performance of micelle-synthesized Pt NPs during the oxidation of 2-butanol

measured at different temperatures under steady-state reaction conditions. Each experiment was

repeated at least twice on fresh samples from the same catalyst batch. Error bars indicate

maximal and minimal conversions measured at each temperature from two reproducibility
experiments. Solid lines are guides for the eye.

The reaction products detected for the oxidation of 2-butanol were 2-butanone, carbon
dioxide, and water. At low temperatures (<140-160 °C, depending on the NP shape), while the
overall conversion is low, the reaction is more selective toward partial oxidation of 2-butanol,
producing 2-butanone and water, as expected following equation (5):

C4H100 + =0, > C4HgO + H,0 (5)
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At higher temperatures (>160-200 °C), 2-butanol undergoes complete oxidation to carbon
dioxide and water, described by equation (6):

C,4H100 + 60, - 4CO, + 5H,0 (6)
The total conversion together with the selectivity toward each reaction pathway at each
temperature is shown in Figure 8. From 25 to 120 °C, the total conversion is low; however, the
conversion toward the formation of 2-butanone is favored over the production of CO; in all
samples. At 120 °C, the selectivity for 2-butanone begins to decrease, while the selectivity
toward CO; increases. Complete oxidation of 2-butanol to CO is achieved with 100% selectivity

at approximately 160 °C for S1, 140 °C for S2, and 200 °C for S3.

Discussion

The NP samples in this study were prepared using colloidal chemistry by loading inverse
micelles formed from PS-2VP diblock copolymers with different molecular weights and distinct
metal:P2VP ratios with a Pt salt (see Table 1). Because of the very small size of the NPs (~1 nm)
and the high absorption of the thicker nanocrystalline Al,O3; support, HAADF-STEM
measurements were used to obtain adequate contrast between the NPs and the support. Under
these conditions, only the diameter of the NPs could be resolved, not their shape. Although TEM
measurements provide similar average NP diameters with narrow size distributions for all
samples, distinct catalytic behavior is observed (Figure 7), in particular, a different onset reaction
temperature (Figures 7 and 9), distinct selectivity at a given temperature (S1 and S2 compared to
S3), and a different transition temperature from the partial (2-butanone as the main product) to

the total oxidation of 2-butanol (CO, as the product) (S1 and S2 compared to S3) (Figure 8).
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Figure 8. Total 2-butanol conversion (m), conversion of 2-butanol to 2-butanone (a), and
conversion of 2-butanol to carbon dioxide (o) during the oxidation of 2-butanol over micelle-
synthesized Pt NPs/y-Al,O3 for samples S1-S3 (a—c, respectively). Error bars indicate maximal
and minimal conversions measured at each temperature in reproducibility experiments under
identical reaction conditions.
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It should be noted that the morphological characterization of our NPs, revealing small
size-selected NPs, was performed after pretreatment in H, at 375 °C, but before exposure to the
reactant. Nevertheless, because the reaction temperature never exceeded 300 °C, NP stability
against sintering is expected. In fact, previous work by our group on micellar Pt/Al,O3 NPs
showed that the EXAFS spectra and TEM images of the as-prepared H,-pretreated NPs were
analogous to those measured after the 2-propanol oxidation reaction at similar temperatures after
subsequent reduction in hydrogen, corroborating the absence of coarsening.'®® The NPs used in
this study were exposed to comparable oxygen-rich conditions and had reached 100% conversion
of 2-butanol at 240 °C, so it is unlikely that NP sintering occurred. In addition, the thermal
stability of identical micellar Pt/Al,03 NPs up to 450 °C in O, was previously demonstrated.*

To understand the structure—reactivity trends observed for nearly identically sized NPs,
the TEM diameters and EXAFS coordination numbers were used to obtain a model for the
dominant NP shape in each sample. As shown in Table 2, the EXAFS coordination numbers of
samples S1-S3 are different, indicating the presence of NPs with distinct shapes. For example,
for a given TEM NP diameter, flatter NPs are characterized by lower average coordination
numbers. According to the first NN CNs listed in Table 2, sample S1 has the lowest value of N1
and S3 the highest. Therefore, S1 should have the smallest and/or the flattest NPs and S3 the
largest and/or the most three-dimensional NPs. Via determination of the shape of the NPs, other
useful parameters such as the total number of atoms (N,), the ratio of the atoms at the NP surface
normalized by the total number of atoms (Ns/N;), and the average number of broken bonds at the
NP surface can be obtained. A Pt atom in a bulk fcc structure has a first NN CN of 12, but

surface atoms on NPs have lower CNs depending on their specific location. The number of
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broken bonds for each surface atom is defined as 12 — N1 of that atom. While N¢/N; represents
the surface:bulk ratio, which is expected to be larger for smaller NPs, the average number of
missing bonds depends mainly on the distinct NP facets and also the number of atoms at corner
and edge sites. For instance, Pt(111) and Pt(100) facets have average numbers of missing bonds
of three and four, respectively, while this value could be higher (up to eight) for atoms at NP

corners and edges.
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Figure 9. Onset reaction temperature (temperature of 50% conversion) as a function of (a) first
nearest neighbor coordination number (EXAFS) and (b) the average number of missing bonds on
the NP surface.
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Figure 9a shows a clear correlation between the onset reaction temperature (T of 50%
conversion) and the first NN CN (N1) obtained from the EXAFS analysis of Figure 7.
Interestingly, samples with lower coordination numbers (smaller and/or flatter) have higher onset
reaction temperatures and lower activities for 2-butanol oxidation. A similar trend is observed in
Figure 9b, where the onset reaction temperature is higher for the samples with the largest number
of atoms at corner and edge sites, namely, those with the largest number of broken bonds at the
NP surface. This is contrary to our previous findings for 2-propanol partial oxidation, where it
was shown that the NPs with the largest number of broken bonds were the most active™. To
understand the difference between these two studies, we should take into account the selectivity
of our catalysts in the 2-propanol and 2-butanol oxidation reactions. In the case of 2-propanol,
the onset temperature for its partial oxidation to acetone ranges from 45 to 85 °C, depending on
the specific NP shape, with more than 90% selectivity toward partial oxidation for all samples
investigated below 100 °C. In a follow-up study, operando EXAFS and X-ray absorption near
edge spectroscopy (XANES) data revealed a correlation between the chemical state of ~0.7 nm
Pt NPs and the switch in the selectivity observed from the partial (acetone) to total oxidation
(CO,) of 2-propanol above ~140 °C.'% Specifically, it was demonstrated that the partial
oxidation of 2-propanol occurs when the NPs are oxidized (<140 °C), while the total oxidation
pathway becomes dominant over metallic Pt NPs with a surface covered by chemisorbed oxygen
(>140 °C).) In contrast, in the case of 2-butanol, conversion toward the partial oxidation
product 2-butanone is low at all temperatures (nearly negligible for S1 and S2 and only clearly
detectable for S3 below 160 °C), and the temperature required to achieve 100% total conversion

is higher (140-160 °C), but also dependent on the specific NP geometric structure. In addition, in
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this case, 100% conversion of 2-butanol is never achieved during its partial oxidation
temperature regime, only at high temperature during its total oxidation to CO,.

The trend previously observed for 2-propanol partial oxidation” (undercoordinated Pt
atoms more active) is the opposite of the trend obtained here for 2-butanol total oxidation. A
possible explanation for the shape dependency observed here could be the size-dependent
stability of Pt oxide species. Binding of oxygen to Pt is stronger for smaller NPs;'%1% therefore,
Pt oxide decomposition is expected to require a higher temperature on smaller NPs. Assuming
that metallic Pt is the active species for the total oxidation of butanol to CO, (similar to 2-

propanol),'®

the higher onset temperature for 2-butanol oxidation over smaller NPs could be due
to the higher temperature needed for Pt oxide decomposition. Similar structure-dependent
reactivity trends have been shown in the literature for complete oxidation of various
hydrocarbons over Pt/Al,O3 catalysts, with larger NPs showing higher activity because of their
lower susceptibility to oxide formation.’*”™° Carlsson et al.!®® prepared Pt/Al,03 monolith
catalysts with particle sizes ranging from 10 to 48 nm for the total oxidation of propane at
varying oxygen concentrations, and their experiments showed a decrease in activity after
exposure to oxygen-rich conditions, most likely because of oxide formation. Furthermore,
catalysts with large Pt NPs showed higher activity and could withstand higher oxygen
concentrations before experiencing a decrease in activity as compared to smaller Pt NPs,
indicating that the larger NPs are more difficult to oxidize than the smaller NPs. Also, for the
oxidation of propane, Yazawa et al.**® found higher turnover frequencies (TOFs) for Pt/Al,Os

catalysts with lower dispersion, resulting from the lower degree of oxidation of larger Pt NPs as

revealed by XANES.
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In addition to the PtO4 decomposition effect, the binding energy of chemisorbed oxygen
species that might be present under reaction conditions at higher temperatures could also play a
role in the shape-dependent reactivity obtained. Papaefthimiou et al.?® studied the oxidation of
benzene, butanol, and ethyl acetate over Pt/Al,O; catalysts and fit their reaction data using a
simple power law rate equation. Remarkably, the highest reaction order with respect to VOC
concentration was found for the butanol oxidation reaction, where the most negative reaction
order for oxygen was obtained. Such a negative reaction order was interpreted as the inhibition
effect of oxygen, suggesting a Langmuir—Hinshelwood type of reaction mechanism. Along this
line, the expected higher binding energy of chemisorbed oxygen on smaller NPs***% or NP
shapes with a larger fraction of strong binding sites (corners and edges) would lower the reaction
rate and increase the onset temperature, which was observed in our study. Similar results
showing higher activity for larger NP sizes have been obtained for the complete oxidation of
other VOCs over the Pt/Al,O3 system.*****® For example, Radic et al.*** compared 1.0 and 15.5
nm Pt/Al,O; NPs in the complete oxidation of n-hexane and toluene, finding TOFs 10 times
higher for the larger particles than the smaller for both alcohols because of the decreased Pt-O
bond strength in the larger particles.

In summary, a shape-dependent trend was observed for the onset reaction temperature
during the oxidation of 2-butanol, where NPs with the smallest number of weakly coordinated
atoms (smallest number of broken bonds) at the NP surface displayed the best catalytic
performance at low temperatures. The total oxidation of 2-butanol to CO, was the dominant
reaction pathway, and metallic Pt surfaces decorated by chemisorbed oxygen were found to be

the active species during this reaction. Therefore, the shape-dependent reactivity can be
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explained by a lower PtOx decomposition temperature and weaker binding of chemisorbed

oxygen on NPs with less broken bonds at the surface, which favors the total oxidation pathway.
Our study illustrates the critical role played by the NP structure, specifically its size and

shape, in its catalytic performance, in particular, the onset reaction temperature, preferred

reaction pathway, and selectivity.

Conclusion

Small (~1 nm) size- and shape-controlled Pt NPs supported on y-Al,O; were used as a
model system to investigate structure—reactivity relationships during the oxidation of 2-butanol.
A shape dependency of the onset reaction temperature was observed, with decreasing activity
detected for NPs with the largest number of undercoordinated surface atoms. In addition, very
low activity for the partial oxidation of 2-butanol was obtained, with only a low conversion to 2-
butanone observed for S3 below 160 °C. The dominant reaction pathway toward CO, formation
was favored by the presence of Pt NPs with a small number of edge and corner sites. This result
is explained considering the negative effect that the strong binding of oxygen to such sites
(through the stabilization of chemisorbed oxygen or that of PtOx species) might have on the total
oxidation pathway.

This study emphasizes the importance of tailoring the structure of catalysts at the atomic
level to gain control of not only their catalytic activity but also their selectivity and optimal

operation temperature.
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CHAPTER FOUR: ADSORBATE-INDUCED SHAPE TRANSFORMATION
IN PLATINUM/y-Al, O3 NANOPARTICLES

Introduction

The interaction of hydrogen with supported noble-metal NPs is of great interest in

heterogeneous catalysis, especially for applications such as hydrogenation reactions,**?

121122 and hydrogen storage.!”*'?* Recent research has shown many of these

electrocatalysis,
catalytic processes to be dependent on catalyst particle size and shape.®*'**2" Smaller,
subnanometer-sized particles are often more active because of the increased number of edge and
corner sites. For some chemical processes, these properties might correspond to the increased
ability of such small NPs to adsorb hydrogen,*?® which has received much attention in recent
literature, particularly for the Pt/Al,O3 system.**'?*13% On Pt(111) single crystals, hydrogen
coverage has been measured to saturate at a 1:1 ratio of H/Pt, a fact commonly used to calibrate
metallic surface area measurements.*** However, H, chemisorption isotherm measurements have
indicated that nanometer-sized particles can adsorb between 1.1 to 1.5 H atoms per Pt.}3#%3
Theoretical work has predicted even higher hydrogen coverages for subnanometer Pt

particles, 3%

such as Pt;3 NPs which can stabilize 3.3 H/Pt as a result of particle shape
reconstruction.' Using size- and shape-selected Pt/y-Al,0; NPs, Behafarid et al.'* observed
experimentally that small NPs with a large number of low-coordinated surface atoms (corner and

edge sites) can adsorb significantly more H/Pt at atmospheric pressure than larger, more bulk-

like NPs.

Adapted with permission from Mistry, H.; Behafarid, F.; Bare, S. R.; Roldan Cuenya, B. ChemCatChem 2014, 6,
348. Copyright 2014 Wiley-VCH Verlag GmbH & Co.
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Understanding the adsorption of hydrogen on NP surfaces has been challenging because
of the complex interplay between particle structure and electronic properties, adsorbate
interactions, and support effects.’?***"** Furthermore, under realistic reaction pressures and
temperatures, NPs can have a dynamic structure which allows them to transition between several

14,140,141

stable structural isomers, which further complicates their characterization. Several recent

studies have measured morphological changes in Pt NPs under hydrogen environments, 33142143
Particularly interesting are recent theoretical investigations by Mager-Maury etal.,** who
calculated structural changes in subnanometer Pt/y-Al,O3 NPs as a function of temperature and
pressure. Their theoretical work predicts that an increase in the H coverage should result in Pt;3
NPs evolving from a biplanar to a cuboctahedral morphology as a result of weakened metal—
support interactions and surface Pt hydride formation.**

In situ XANES spectroscopy at the Pt Lz-edge has proved to be an excellent tool for the
study of hydrogen adsorption on Pt NPs through observing changes in the d electron density of
states of the particles under different adsorbate environments,'29134138.139.142144-151 1 g
experimental work we investigate the pressure-dependent changes in hydrogen coverage on size-
and shape-selected Pt/y-Al,O3 NPs as well as on their structure by using in situ XANES and
EXAFS spectroscopy measurements. Difference XANES (AXANES) plots were used to quantify
the H/Pt ratio as a function of H, pressure. In addition, EXAFS measurements showed changes

in Pt—Pt bond length and coordination number, revealing morphology changes in the Pt NPs at

room temperature under increasing H, pressure.
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Experimental Methods

Pt/y-Al,O3 NPs were prepared in solution through inverse micelle encapsulation. The
molar ratio of Pt to polymer P2VP was 0.05. The solution was then filtered, nanocrystalline -
Al,O3 powder (average grain size 40 nm) was added, and then the solution was stir-dried in air at
60 °C. The Pt/y-Al,O3 NPs were then calcined at 375 °C in O, for 24 h to remove the polymer,
and X-ray photoelectron spectroscopy was used to demonstrate that the encapsulating polymers
were completely removed, as indicated by the absence of a C 1 s signal. The size and shape of
the prepared NPs was determined using a combination of low-temperature EXAFS multiple
scattering analysis and TEM diameter measurements. The above synthesis resulted in size-
selected Pt NPs (0.8+£0.2 nm), with approximately 22 atoms (Ptp;) in a flat (2 D) bilayer
Shape.101,152

XAFS measurements were performed at Beamline 10-ID-B of the Advanced Photon
Source at Argonne National Laboratory. The Pt/y-Al,O3 sample (60 mg) was loaded into an in
situ beryllium high-pressure reaction cell allowing pressurization above 20 bar.**® The reaction
cell was housed within a furnace allowing for sample heating by means of an external PID
temperature controller. The Pt Lz-edge was measured in transmission mode, and at least three
spectra were acquired at each pressure condition for signal averaging. The gas flows were
controlled using Brooks mass flow controllers. The sample was first reduced in 50 % H
balanced by He at a flow of 50 mL min * at 375 °C. Next, the sample was cooled to 25 °C and
measured at atmospheric pressure in Hj, then measurements were taken after the cell was

pressurized to 6, 11, 16, and 21 bar of H,. The reactor was then depressurized to 4 bar, flushed

with He, and heated to 375 °C to remove all H, from the sample, and a measurement of the
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adsorbate-free NPs was taken at 25 °C in 4 bar He. A final set of measurements was taken at
375 °C in H; pressures of 0.15, 0.5, and 3 bar.

Data processing was conducted using the IFEFFIT package.® By using the Athena
software,*® reference spectra from each measurement were aligned to a Pt reference foil, and then
data were merged and normalized by fitting smooth curves to the pre-edge and post-edge.
AXANES plots were constructed by subtracting the spectra measured in He at 25°C from
spectra measured at various pressures of H,. Owing to the presence of isosbestic points in
XANES data at different hydrogen coverages, the AXANES data crosses the zero value at the
same energies for all different H coverages. The area of the second AXANES peak indicated in
Figure 11(a) as “peak B”** was integrated by using OriginLab software over the energy range in
which peak B was positive. EXAFS spectra were fit in R-space in the Artemis software® with
FEFF 8 calculations of face-centered cubic Pt to simulate Pt—Pt scattering paths and the Pt-O
scattering path from Na,Pt(OH)s to simulate Pt—O scattering paths. Data sets measured under
different pressures were fit simultaneously with the energy shift AE, constrained, and owing to
the strong correlation between Pt—Pt coordination number and bond length disorder (¢?), 6° was

fit as a shared parameter.

Results and Discussion

The Pt Ls-edge XANES analysis of size-selected 0.8+0.2 nm Pt NPs with 2 D shape™***?
were measured as a function of H, pressure. In Figure 10 the normalized absorption coefficient
of Pt NPs acquired in H; pressures of 1-21 bar and in 1 bar He, respectively, at 25 °C is shown
(1 bar=100 kPa). A positive shift (+0.6 eV) in the absorption edge energy was observed upon

hydrogen chemisorption as compared to the foil. Additionally, the intensity of the absorption
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peak (“white line”) was found to increase with increasing H, pressure, with adsorbate-free NPs
measured in He showing a significantly lower intensity. The white-line intensity corresponds to
the unoccupied 5 d electron density of states, and its increase upon hydrogen adsorption reflects
the transfer of charge from Pt to H. Furthermore, a broadening of the “white line” is observed

upon hydrogen chemisorption.
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Figure 10. Pressure-dependent normalized absorption coefficient, u(E), versus energy (XANES

region) for the Pt Ls-edge of Pt NPs on y-Al,O3. Data were acquired at pressures from 1 to 21 bar
at 25 °C. Data acquired in He at 25 °C and Pt foil data are also plotted for reference.

As shown in Refs. 129,145,147,154, the integrated area of the absorption peak can be
used to extract quantitative information on the hydrogen coverage on the NPs. However, to
conduct such analysis, a reference of the hydrogen-free state of the NPs is required. For this
purpose, XANES data obtained in helium were used as a reference. To ensure that the Pt NPs
were hydrogen-free during the measurements in helium after the NP reduction pretreatment in
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hydrogen, the reaction cell was pressurized to 4 bar He and heated to 375 °C for 30 min, then
cooled to 25 °C in He before the measurements. An alternative approach (not used herein) to
define the adsorbate-free state of the NPs involves the use of reference XANES data acquired
under hydrogen at a high enough temperature at which negligible amounts of hydrogen would be
adsorbed on the NP surface (375°C for our Pty NPs, but this approach may have added
complexity due to the embedded effect of temperature.

To quantify the change in the hydrogen coverage on the NP surface under elevated H,
pressure at 25 °C, AXANES plots were calculated. In Figure 11a the AXANES spectra for Pt
NPs are shown, measured in 1-21 bar H; at 25 °C. An increase in the area of peak B is seen with
an increase in H, pressure, corresponding to an increase in H coverage on the NP surface. To
estimate H/Pt ratios, the area of the AXANES peak B was normalized by the peak B area of large
1 nm diameter particles (Ptio) with well-defined shape previously measured'® in 1 bar H, at 183
K. Under these conditions, the larger NPs (Ptis0) are postulated to be saturated with one
hydrogen atom per surface platinum atom. The number of hydrogen atoms per total number of Pt
atoms in the Pty NP is shown in Figure 11b. To best compare our H/Pt ratios with those found in
the literature, we normalized the hydrogen coverage by the total number of atoms in the NP, and
not the number of Pt atoms at the surface, as was given in our previous work.'?® The hydrogen
coverage on the NPs at 25 °C was found to increase from 1.9 to 2.5 H/Pt with an increase of
pressure from 1 to 21 bar. Theoretical DFT H/Pt ratios for Pt;3 NPs calculated by Mager-Maury

et al.'

are also plotted in Figure 11b. For these smaller NPs, a higher H/Pt ratio of approximately
2.6 is seen at atmospheric pressure of Hj, which increases only slightly with increasing H;

pressure. This indicates that the smaller theoretical Pt;3 NPs are able to adsorb more hydrogen
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than our experimental Pty; NPs under equivalent conditions. This trend is in agreement with our
previous work on Pt/y-Al,03 NPs showing that hydrogen adsorption capacity increases with
decreasing particle size.’® Similarly, Jensen et al.'* obtained a saturation coverage of 2.9 H/Pt at

25 °C for their smaller Pty3 NPs supported on a zeolite using H adsorption isotherms.
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Figure 11. (a) AXANES spectra from the Pt Ls-absorption edge of Pt NPs on y-Al,O3 displayed
as a function of the H, pressure during measurement. In all plots, the RT He data are subtracted
from those acquired at varying pressures in Hj. b) H/Pt ratio calculated from the area of the
AXANES peak B normalized by the area of bulk-like NPs measured at 183 K (m). Model shapes
for low and high coverage are shown as well as theoretical H/Pt ratios from Ref. ** for Pty NPs

(®).
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Figure 12. Fourier transform magnitudes of k?-weighted EXAFS data for Pt/y-Al,03 NPs
measured at 25 °C under 1-21 bar H, pressure. A first shell fit of the experimental data measured
under 11 bar H; is included as an inset.

To investigate any morphological changes in the Pt NPs with increasing hydrogen
coverage, EXAFS analysis was performed to extract 1st nearest-neighbor (NN) coordination
number (CN) and bond length (r) information as a function of the hydrogen pressure. All
EXAFS data from the reduced Pt NPs were fitted with two components corresponding to Pt—Pt
(2.76 A) and a long Pt-O (=2.5 A) bond.*?"*** The Pt-O component exhibits a longer bond
length than that of the Pt oxide species or chemisorbed oxygen on Pt (2.0 A), and is assigned to
the NP/support interface.*?”*** The magnitude of the Fourier transform EXAFS data acquired in
hydrogen at 25 °C from 1 bar to 21 bar is shown in Figures 12 together with an example fit as

inset. In Table 3, EXAFS results are given for the Pt—Pt and Pt-O first-shell fits. In Figure 13,
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the Pt—Pt 1st NN coordination numbers and Pt—Pt bond lengths are displayed for our Pt NPs

under increasing H, pressure extracted from the analysis of EXAFS data, including NN data for

14
l.

Pty3 clusters from Mager-Maury et al.™ as a function of the H/Pt ratio.

Table 3. 1st NN CNs and Pt-Pt and Pt—O bond lengths (r) extracted from single scattering
analysis of EXAFS data acquired on Pt NPs at 25°C in different pressures of H,.® Fit
uncertainties are given in parentheses for the last significant figure.

H, pressure CN (Pt-Pt) r [A] (Pt-Pt) CN (Pt-0) r [A] (Pt-O)

(bar)

0 (He) 6.0 (7) 2.733 (5) 2 (1) 2.52 (3)
1 7.5 (7) 2.755 (4) 1.6 (8) 2.50 (4)
6 7.6 (7) 2.755 (4) 1.7 (9) 2.55 (4)
11 8.0 (7) 2.761 (4) 1.5 (8) 2.49 (5)
16 8.0 (7) 2.761 (3) 1.5 (8) 2.49 (4)
21 8.8 (8) 2.752 (3) 0.8 (7) 2.53 (8)

& The EXAFS fitting was performed with So? fixed at 0.85. The shared fit parameters AEq and 6°
were AEo=2.6 (5) ¢V and 6%=0.0072 (4) A,

Our results reveal that an increase in H, pressure correlates to an increase in Pt—Pt CN
from 7.5 to 8.8, which indicates a structural change in the NPs as the coverage of H increases. A
significant change in Pt—Pt CN occurs between 16 and 21 bar, indicating a possible abrupt
structural change at this pressure. The Pt—Pt 1st NN distance exhibits a slight increase with H,
pressure up to 21 bar, at which point it drops. The Pt—-O CN decreases with increasing hydrogen
pressure, indicating that Pt—O bonds between the metal and the hydroxylated Al,O3; support are
broken. The increase in Pt—Pt coordination number and bond length, together with a concomitant

decrease in the Pt—O coordination number, suggest that the NPs are restructured from their
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original 2D bilayer shape, modeled by our shape analysis,

upon hydrogen adsorption.
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Figure 13. (a) Pt—Pt 1st NN coordination number from EXAFS single-scattering analysis as a
function of H coverage (m), and theoretical 1% NN coordination numbers for Pty; from Ref. *
(e). (b) Pt—Pt bond length (r) as a function of H coverage.

Previous theoretical studies have predicted hydrogen-induced morphological changes in

subnanometer Pt NPs. For example, calculations by Mager-Maury etal.* on Pty clusters
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supported on y-Al,O3 revealed that they are stabilized in a 2D biplanar configuration at low
hydrogen coverage caused by strong metal-support interactions. However, at coverages above
approximately 1.5 H/Pt, these NPs are transformed to a 3D cuboctahedral shape as a result of a
weakening of the metal-support interaction by the adsorbed H, which is believed to accumulate
at the NP/support interface and to contribute to NP/support bond breaking. A transformation
from 2D to 3D shape would explain the increasing Pt—Pt CN with increasing H, pressure seen in
this study, and also the drop in Pt—O coordination number as bonds between metal and support

f. 1% revealed

are broken. It should be, however, noted in Figure 13(a) that the calculations in Re
an approximately constant cuboctahedral shape for the high H/Pt coverages used in our study,
because their Pt;3 NPs have already undergone a shape transformation from biplanar to
cuboctahedral shape. It is plausible that their smaller Pt;3 NPs are more susceptible to shape
transformation at lower H coverages because of their smaller size. Sintering could be another
possible explanation for the increase in the Pt—Pt coordination number. Room-temperature
Ostwald ripening has been reported for Pd nanoclusters upon exposure to hydrogen, which was
explained by the formation of Pd hydride.' Subsurface absorption of hydrogen would result in a
decrease in Pt—Pt coordination numbers, which was not observed in this study. Therefore, room-
temperature NP growth is not likely to occur in our samples, because they were also already
preannealed in H, at much higher temperature (375 °C) without any evidence of sintering.'™
Although our results show no evidence for subsurface hydrogen, surface hydride species may

|.156

still form on our NPs. Pt NPs are not known to form hydrides, but Hakamada et a reported

that nanoporous Pt could form hydride species under lattice strain. In addition, theoretical studies

predict the formation of Pt hydrides on nanoparticles at high H coverage.'****
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Recent work by Jensen etal.*® has provided experimental evidence for Pt NPs
restructuring under hydrogen pressure. Their Ptis/KL zeolite NPs were measured by EXAFS
after reduction in H and after H desorption by heating at 573 K. Upon desorbing H, the Pt—Pt
CN decreases, Pt—-O CN increases, and the Pt—Pt bond length decreases, which the authors
attribute to a restructuring of the NP to a flatter shape with more support interaction. DFT

calculations by Chen et al.**

also predicted restructuring for unsupported Pt;3 NPs, which
undergo a phase transformation from icosahedral to face-centered cubic structure at
approximately 0.8 H/Pt, and above 2.8 H/Pt, H atoms can penetrate into the structure.

In our study, the Pt-Pt bond length shown in Figure 13b increases with increasing
hydrogen pressure until a coverage of 2.5 H/Pt is reached, at which point the bond length drops.
For nanometer-sized Pt NPs, the Pt—Pt bond length has been shown to increase with increasing
hydrogen coverage caused by a lifting of the bond-length contraction by the adsorbed
hydrogen.1*#13%142157 A stryctural change in the NPs to a more 3D shape with a lower fraction of
atoms at the surface would also relieve surface strain responsible for bond contraction. The
anomalous drop in bond length measured at the highest pressure does not fit the previously
described trends, but might be plausible if the strain induced by the NP support is initially
expansive, in which case the NP break off from the support would result in Pt—Pt bond length

contraction. Indeed, DFT calculations by Hu et al.**

predict that for the majority of stable Ptj3
cluster shapes, the y-Al,O3 support induces an expansion in the Pt—Pt distance compared to that
of unsupported NPs. Alternatively, this drop could be related to decomposition of surface

hydride species at high hydrogen pressures, which was seen on nanoporous Pt above 13 bar H,
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pressure.®® Nevertheless, it should be noted that as no loss of hydrogen was observed at this
pressure through XANES analysis, the latter possibility is unlikely.

The present work illustrates the intricate correlation between the NP environment
(surrounding adsorbates and support) and the electronic and structural characteristics of small
NPs. To gain further insight into these effects, additional studies are planned with Pt NPs of

different size and shape, and to extend the H, pressure regime to higher values.

Conclusion

An insitu investigation of the role of chemisorbed hydrogen on the electronic and
structural properties of size-controlled Pt NPs supported on y-Al,03 was performed by means of
XANES and EXAFS measurements. In situ XANES measurements on approximately 0.8 nm Pt
NPs (Pty,) revealed an increase in the hydrogen coverage on the surface of the NPs (H/Pt ratio)
with increasing hydrogen pressure from 1 to 21bar at 25°C. Furthermore, EXAFS
measurements revealed a change in the structure of the NPs from 2D to 3D, evidenced by
increasing Pt—Pt coordination numbers and decreasing Pt—O (NP/support interface) coordination
numbers. This study highlights the dynamic nature of NP catalysts under industrially relevant
conditions and the superior adsorption capacity of subnanometer particles, properties that have

high importance to catalyst design.
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PART Il. CASE STUDY: TUNING ACTIVITY AND SELECTIVITY IN
MODEL CATALYSTS FOR CO, ELECTROREDUCTION
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CHAPTER FIVE: PARTICLE SIZE EFFECTS IN THE CATALYTIC
ELECTROREDUCTION OF CO;,

Size Dependent Reactivity of Au Nanoparticles for CO, electroreduction

Introduction

Because of the growing global demand for energy, rising CO, emissions from the burning
of fossil fuels are an increasing environmental threat that, if unmitigated, could have disastrous
environmental consequences. An ideal solution would be not only to curb CO, emissions by

switching to sustainable energy sources but also to capture and reutilize waste CO, though its

158

conversion into fuels and valuable chemicals™". A promising method of CO, utilization is its

direct electrocatalytic reduction into useful hydrocarbons, such as methane and ethylene, or H,

43,159 |43,160-163

and CO for Fischer—Tropsch processes Several electrochemica and

computational %21

studies have investigated different metal electrodes for this reaction.
However, low energy efficiency due to the need for high overpotentials to activate this reaction
and low selectivity for desirable hydrocarbons compared with the formation of H, mean that this
process is not yet industrially viable®®’. Pioneering work by Hori and others demonstrated that
gold is one of the few metals that can produce CO from the reduction of CO,'®%81% Several
recent studies indicate that gold electrodes with modified surface morphologies have superior
catalytic properties to traditional polycrystalline gold electrodes'’®*"®. However, studies of well-
defined ligand-free Au NPs in the nanometer size range (<2 nm), where electronic and geometric

79,83

finite-size effects play a significant role in catalytic activity and selectivity'™"°, are still missing

Adapted with permission from Mistry, H.; Reske, R.; Zeng, Z.; Zhao, Z.-J.; Greeley, J.; Strasser, P.; Roldan
Cuenya, B. J. Am. Chem. Soc. 2014, 136, 16473. Copyright 2014 American Chemical Society.
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for this reaction. This study sets out to fill this critical knowledge gap by exploring catalytic size
effects in this important size regime.

In order to elucidate the effect of structure on the CO, electroreduction reaction over
gold, we synthesized monodispersed Au NPs using the inverse micelle encapsulation method
followed by complete ligand removal by an O, plasma treatment. The catalytic activity and
selectivity toward CO formation during the electroreduction of CO, over these catalysts were
measured and shown to have a striking correlation with NP size. In order to understand these
trends, periodic density functional theory (DFT) calculations of Au NPs in the experimentally
relevant size range and Au single-crystal surfaces were performed, revealing the relation
between surface atomic coordination and catalytic behavior. Our work has uncovered
exceptionally high intrinsic catalytic CO, electroreduction activities and previously unexplored
size-dependent CO and H, selectivities that translate to tunable H,/CO synthesis gas ratios for

use in a variety of different subsequent catalytic transformations.

Experimental Methods

Au NPs with different size were synthesized via inverse micelle encapsulation. Synthesis
parameters for the nine samples used in this study can be found in Table 4. The micellar
solutions were filtered, and glassy carbon substrates were dip-coated into each solution. In order
to remove the encapsulating polymers, the glassy carbon supported Au NPs were cleaned using
an O, plasma etcher for 20 minutes at 10 W. To increase the NP density on the support, the
glassy carbon substrates were dip-coated and O,-plasma treated a total of three times. Nine

identical samples were simultaneously prepared on SiO,/Si(111). These were measured using
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XPS to ensure that the O, plasma treatment was sufficient for complete polymer removal by the

absence of a C-1s signal. Due to the relative roughness of the support, the nanometer-sized Au

NPs deposited on glassy carbon could not be accurately resolved with AFM. Therefore, the

Si0,/Si(111)-supported NPs prepared with the same colloidal solution were additionally used to

characterize the NP size and coverage resulting from the multiple dip-coating via AFM.

Table 4. Synthesis parameters for Au NPs, including polymer molecular weight, metal salt to
P2VP ratio (loading), particle size as measured by AFM, and surface area of Au normalized by
the geometric surface area of the support.

SNa;anp:ée Polymer Loading Pa;:)i((::]ems)ize Ajlzcr;?chﬁrrﬁ% o)
Aul PS(2600)-P2VP(4800) 0.2 1.1+1.0 0.006
Au2 PS(53400)-P2VP(8800) 0.1 1.4+0.4 0.006
Au3 PS(91000)-P2VP(10000) 0.1 18+1.2 0.006
Au4 PS(91000)-P2VP(10000) 0.2 3.2+0.8 0.026
AU5 PS(17000)-P2VP(9800) 0.1 33+1.3 0.037
Au6 PS(91000)-P2VP(10000) 0.4 3.6+1.0 0.037
Au7 PS(53000)-P2VP(43800) 0.2 43+13 0.092
Au8 PS(53400)-P2VP(8800) 0.6 49+1.1 0.120
Au9 PS(33000)-P2VP(46000) 0.3 7.7+23 0.178

AFM images were acquired using the peak force mode of a Multimode 8 AFM (Bruker).

For each sample, the average NP height, hy,, was measured. Assuming spherical particles, the

average height was used to calculate the average NP surface area as Aa, = 4n(hp/2)2, which was
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multiplied by NP density to estimate the total surface area of Au on each sample. All details
related to the NP synthesis and size characterization are included in Table 4.

Electrochemical measurements were performed by Prof. Peter Strasser’s group
(Technical University Berlin, Germany) in an air-tight electrochemical cell with a three-
compartment, three-electrode design. A platinum mesh 100 (Sigma Aldrich 99.9 %) formed to a
cylinder was used as counter electrode (CE) and a leak-free Ag/AgCI electrode as reference
electrode. The glassy carbon samples with Au NPs were contacted with a gold clamp and used as
working electrode (WE). The active geometric surface area of the particle-covered support was 3
cm?® 25 mL 0.1 M KHCO; was used as electrolyte and purged with CO, (30 ml/min) from the
bottom of the cell under the WE until a final stable pH of 6.8 was reached. The CO, saturation of
the gas atmosphere was controlled with an in situ mass spectrometer. H, and CO were analyzed
using a gas chromatography (GC) system.

The working electrodes were immersed into the electrolyte under potential control at E =
+0.22 V vs. RHE. A linear voltammetric sweep was performed with a scan rate of -5 mV/s
between E = +0.22 V vs. RHE and E = -1.22 V vs. RHE followed by a chronoamperometric
measurement at E = -1.22 V vs. RHE for 10 min. At the end of the amperometric step, product
gas samples were analyzed. CO; gas was bubbling through the electrochemical cell throughout
the electrochemical measurements. All potentials are reported with respect to the reversible
hydrogen electrode (RHE) and were corrected by the experimental voltage loss (IR-drop) caused
by the uncompensated resistances of the electrolyte and external electrical contacts and

connections. ICP-OS measurements of Pt ion concentration before and after the electrochemical
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experiments showed no detectable evidence of dissolved Pt ions, confirming the lack of any
significant dissolution of the Pt anode (counter electrode) during the experiments.

Surface-area normalized catalytic activity and selectivity values were calculated from raw
current data by subtracting data measured on a bare glassy carbon support and subsequently

dividing by the Au surface area for each sample, Aay, according to Table 4.

Results and Discussion

By means of the inverse micelle encapsulation method®9"417

, nine Au NP samples
ranging from 1.1 to 7.7 nm in size were prepared and deposited on glassy carbon. The samples
are labeled Aul to Au9 in order of increasing size. For AFM morphological characterization, the
NPs were deposited onto SiO,/Si(111). Figure 14 shows AFM images of the Au NPs after
removal of the polymeric ligands. AFM analysis revealed that the Au NPs had been prepared
with narrow size distribution and uniform coverage across the support. Table 4 lists the synthesis
parameters and AFM analysis results for each sample. The relative Au surface coverage for each
sample determined from AFM (assuming a spherical NP shape with the measured AFM height
and NP density) was used to normalize all of the subsequent electrochemical measurements.

The Au NPs deposited onto glassy carbon supports were used as working electrodes for
the electrochemical reduction of CO; in 0.1 M KHCO3 at pH 6.8. Linear sweep voltammograms
(LSVs) measured from E = +0.22 to —1.22 V vs. RHE are shown in Figure 15a after subtraction
of a background signal measured on the glassy carbon support and after normalization by the Au

surface area. For clarity, only five of the Au samples are shown here. Decreasing the particle size

from 7.7 to 1.1 nm resulted in a drastic increase in catalytic activity over a wide range of
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potentials. Figure 15b shows the current density measured at E = —1.2 V vs. RHE as a function
of NP size for all of the samples. Strikingly, the smallest NPs in sample Aul displayed over 100
times the activity of the largest NPs. All samples below 5 nm in size showed significantly higher
activity than bulk Au, while the largest NPs, Au8 and Au9, showed comparable activity to bulk

gold.

Bt AUL S ~b) S < S LT Aus
s 18 00m s . - " 3.6£1.0nm -,

Figure 14. AFM images of four differently sized Au NP samples prepared by inverse micelle
encapsulation and supported on SiO,/Si(111): (a) Aul (1.1 £ 1.0 nm); (b) Au6 (3.6 £ 1.0 nm); (c)
Au8 (4.9 £ 1.1 nm); (d) Au9 (7.7 £ 2.3 nm).
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Figure 15. (a) Linear sweep voltammetry of CO, electroreduction over Au NP catalyst samples.
Data were acquired at room temperature in 0.1 M KHCO3 with a =5 mV/s scan rate and were
normalized by the respective Au surface areas after subtraction of a background signal measured
on clean glassy carbon. (b) Faradaic current densities at E = —1.2 V vs. RHE as a function of Au
NP size, with error bars indicating NP size distributions.

The absolute volume percent of reaction products was measured under steady-state

reaction conditions at E = —1.22 V vs. RHE in order to characterize the NP size effect on the

reaction pathways. The results revealed that the increase in activity for small NPs below 5 nm is

mainly due to a sharp increase in H, production (Figure 16a). Figure 16b shows the Faradaic
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selectivity as a function of particle size, revealing a clear size effect on the selectivity toward the
two reaction products, CO and H,. While the smallest NPs below 5 nm overwhelmingly favored
the production of H,, the largest NPs (7.7 nm, Au9) showed a sudden increase in selectivity
toward CO. The intermediate NP sizes showed an approximately constant Faradaic selectivity
toward CO of ~18%, while Au9 showed the maximum CO selectivity of 45% and Aul showed a
minimum of 9%. Consistent with earlier measurements by Noda'® and Hori'®*'®® (after
conversion to the RHE scale), a gold foil measured under identical conditions showed 88.6%
Faradaic selectivity toward H, and 11.4% toward CO at E = —1.22 V vs. RHE, so that all NP
samples except Aul displayed higher selectivity toward CO than bulk Au. Evaluation of the
actual space time yields of CO revealed that Aul produces more than 8 mL of CO and over 80
mL of H, per hour and square centimeter of active surface, corresponding to more than 0.36
mmol h™* cm? and 3.6 mmol h™ cm™ CO and Hy, respectively, at the applied cell voltage. The
H,/CO molar ratio produced by each sample is plotted in Figure 16c. Changing the size of the
catalyst particle enables careful tuning of the H,/CO ratio in the product stream to acquire the
desired composition. NPs below 5 nm in size produce H,/CO ratios greater than 3, which is ideal
for the methane (synthetic natural gas, SNG) synthesis reaction. Between 5-7.5 nm, a H,/CO
ratio of 2 can be inferred by extrapolation, which is suited for methanol synthesis or Fischer—
Tropsch processes. At a H,/CO ratio of 1, which occurs on NPs approximately 7.5 nm in size,

the product stream can be used for hydroformylation of alkenes to aldehydes.

59



_£04-
o ]
>
0.2
0.0
i1 2 3 4 5 & T 8
d/nm
b) 1004 T T T T T T L
< | |
z ™ H f} f '
=
S 60- - '
Q
0 i
w
o 404 co 1
©
S 1
5 204 ¢3 5, 3 @ . -
u- .
0 L Al L L] Ll L L) L
0 1 2 3 4 5 6 7 8
d/nm
c) 1 ¥ 1 4 1 g 1 2 ] L] T . T ¥ ]
101 H2/CO > 3
8 HCO + 3H, > CHi + HO
= 81 i synmetc Ha/CO ~ 2 I
o™~ .
T Natural Gas CO + 2 Ha> CH:OH
%= 61 3 n CO + 2n+1 H2> CoHanez + n HO
o . ®  Methanol
= | e Fischer Tropsch Ha/CO ~ 1
© 4 ~ -" m ""., =
E 5 Hydroformylation
© -
= %!
« > [e—> | «]—
0 1 1 1 1 ) 1 1 )
0 1 2 3 4 5 6 | 8
d/nm

Figure 16. (a) Particle size dependence of the composition of gaseous reaction products (balance
is COy) during catalytic CO, electroreduction over Au NPs. (b) Faradaic selectivity toward H,
and CO as a function of NP size. Data were acquired in 0.1 M KHCO3 at E = —1.2 V vs. RHE.

(c) Ratio of the volume % of H, and CO produced at E = —1.2 V vs. RHE as a function of NP
size.
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The superior catalytic activity of Au NPs less than 5 nm in size is often explained by the
increasing ratio of low-coordinated surface sites such as edges and corners”®®. These low-
coordinated sites allow for stronger binding of reactants or intermediate species, which can lead
to increased activity and changes in product selectivity®. In order to investigate the population of
such active sites on our NPs, model spherical fcc Au structures between 1 and 20 nm in diameter
were generated. The population of atoms with CN less than 8 on the NP surface increases
significantly for NPs below 2 nm, which is in excellent correlation with the enhanced activity of
these NPs shown in Figure 15b.

1.17® to determine the

Cuboctahedral clusters were used as model shapes by Zhu et a
number of edge and corner sites for given NP sizes in order to establish structure—reactivity
correlations. However, their models fail to account for the difference in activity they observed
for NPs between 8 and 10 nm, and no experimental data were available for the most interesting
samples, namely, those with sizes below 2-3 nm. It is expected that our NPs are spherically
shaped with energetically unfavorable low-coordinated atoms present on the NP surface, as
opposed to lower-energy facets. As shown below, our smallest NPs (1.1 nm) were also modeled
on the basis of structures obtained by DFT.

Size-dependent reactivity was also observed by Kaufmann et al.'* for CO,
electroreduction over ligand-protected Auys(SC,H4Ph)1s— clusters (~1 nm) compared with bare 2
and 5 nm Au NPs and bulk Au. They also found that the current density increases with
decreasing particle size, but their catalytic activities were an order of magnitude lower than those

presented on the present ligand-free Au NPs. Our smallest NPs in sample Aul (1.1 nm in size)

produced H at a rate of 3.6 mmol h™* cm? at E=—1.2 V vs. RHE. In comparison, Kauffman et
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al. reported a rate of approximately 0.01 mmol h™* cm™ for similarly sized ligand-protected Aus
NPs at the same potential. The low efficiency for H, production on their ligand-protected NPs
could be due to blocking of low-coordinated corner sites by the encapsulating ligands, since such
sites are expected to favor H, evolution. Regardless, because of the low hydrogen yield, ligand-
protected Au NPs appear to be unsuitable for the production of industrially valuable synthesis
gas.

To further evaluate the effect of NP size on CO; electroreduction, DFT calculations were
conducted by Prof. Jeff Greeley’s group (Perdue University) on several models of both extended
Au surfaces and Au NPs, including a Au(111) terrace, a Au(211) step, and Ausg and Auss NPs.
The results at 0 V vs. RHE are shown in Figure 17. We see that, consistent with previous
calculations'’”, the CO; electroreduction intermediates COOH* and CO* are stabilized on both
the steps and NPs compared with Au(111). Similar stabilizing trends are seen for the H,
evolution reaction (HER) intermediate H*, where AG (at 0 V vs. RHE) is reduced from 0.28 eV
on Au(111) to 0.21 eV on Au(211) and further to 0.06 and —0.01 eV on Auss and Auzg NPs,
respectively. Since a good HER catalyst is required to exhibit H* binding that is neither too
strong nor too weak, i.e., a AG close to 0 V178180 the stabilization of H* on Au NPs implies that
Au, a traditionally inert HER catalyst, could actually catalyze this reaction if the NPs are
sufficiently small and contain many undercoordinated defects. For the CO, electroreduction
intermediates, COOH* is stabilized from AG = 1.47 eV on Au(111) to 1.27 eV on Au(211) and
further to 1.11 and 0.71 eV on Auss and Ausg, respectively. These results, calculated at low
surface adsorbate coverages, strongly imply that both CO, electroreduction and hydrogen

evolution proceed at higher rates on small NPs with significant numbers of undercoordinated
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surface features compared with extended surfaces, consistent with our NP-size-dependent
experimental trends. However, we note that the calculated stabilization of the COOH* energy on
smaller NPs is substantially larger than the corresponding stabilization of HER intermediates.
Further, the results in Figure 17 suggest both that CO* might accumulate on the small NPs and
lead to poisoning and that hydrogen might be present at relatively high coverages on the NP
steps and even terraces, at least at the very negative potentials applied in the experiments. These
considerations suggest that coverage effects for CO and H might have important consequences

for the size-dependent trends in CO,, electroreduction chemistry.
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Figure 17. Free energy diagrams for electrochemical reduction of (a) CO, to CO and (b) H to
H, on Au(111) (black lines), Au(211) (red lines), Auss NPs (blue lines), and Auss NPs (cyan
lines) at 0 V vs. RHE. The dashed lines are results of calculations performed with a full
monolayer of adsorbed H.

A very simple estimate of the coverages of CO* and H* at different potentials can be

made using Langmuir adsorption thermodynamics. The isotherms indicate that although the
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detailed CO* and H* coverage profiles vary from one surface to the next, the overall trends are
very clear and consistent. At potentials higher than —0.3 V, both the surface of Au(211) and the
NPs are predominantly covered by CO*. However, H* starts populating the surface at lower
potentials and becomes dominant on all surfaces at potentials lower than —0.5 V. At the
experimental potential, —1.2 V, it is clear that the surface will be fully covered by H*, which
emphasizes the possible importance of the H* coverage effect on CO, electroreduction.
Although it is challenging to quantify this effect, particularly for small NPs, a basic estimate of
its importance may be obtained on the single-crystal surfaces by evaluating the electroreduction
energetics in the presence of a full monolayer of adsorbed hydrogen. The results at 0 V vs RHE
are given in Figure 17 with dashed lines. For the intermediate CO*, consistent with the isotherm
analysis, there is no CO poisoning at low potentials at which surfaces are fully covered by H. For
the intermediate COOH*, although the trends are similar to the case with no adsorbed H* (the
binding is stronger on Au(211) than on Au(111)), the binding of the intermediates becomes
somewhat weaker, and the corresponding energy differences between Au(211) and Au(111)
become smaller. If these H coverage effects are somewhat similar on small Au NPs, the increase
in CO, electroreduction rate with respect to decreased NP size would be mitigated, and
consequent enhanced selectivity toward the HER could be observed. Therefore, as the NP size is
decreased, CO production likely increases only slightly while H, production increases
significantly, explaining the increased Faradaic selectivity toward H, on smaller NPs.

In addition to the larger population of low-coordinated atoms at the surface of small NPs,

quantum size effects responsible for the alteration of the electronic structure may play a role;
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however, it is likely that size-dependent changes in surface coordination are the dominant cause

of the enhanced activity of our small Au NPs.

Conclusion

Our results demonstrate the exceptionally high activity of ligand-free micellar Au NPs for
the electroreduction of CO; to CO in aqueous solution. By correlation of activity and selectivity
trends with changes in CO, reduction and HER energetics, as determined by DFT calculations,
the drastic increase in activity observed for NPs below 2 nm can be explained by the increase in
the content of low-coordinated sites. Furthermore, our results indicate that changing the size of
the NPs enables the adjustment of the H, to CO product ratio, allowing for the production of
specific chemical feedstocks for different industrial applications. Understanding these structure—
activity relationships for catalysts in the nanometer size range is critical for controlling reaction

pathways and designing highly active and selective nanostructured catalysts.

Size Dependent Reactivity of Cu Nanoparticles for CO, Electroreduction

Introduction

In comparison to Au catalysts, which can electrochemically reduce CO, only to CO in

aqueous solutions, it is well-known****

that CO, can be reduced on copper surfaces producing
formate, CO, and hydrocarbons like methane (CH,) and ethylene (C,H,) according to:
CO, + H,0 4 2e~ - HCOO™ + OH™ (7)

CO, + H,0 +2e~ — CO + 20H"™ (8)

Adapted with permission from Reske, R.; Mistry, H.; Behafarid, F.; Roldan Cuenya, B.; Strasser, P. J. Am. Chem.
Soc. 2014, 136, 6978. Copyright 2014 American Chemical Society.
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CO, + 6H,0 + 8e~ — CH, + 80H™ (9)

2C0, + 8H,0 + 12e~ — C,H, + 120H" (10)

Although the standard potentials of CO, reduction to CH, or C,H, are small and positive (Echa

= +0.169 V vs. SHE and E°cons = +0.079 V vs SHE),*®!#2 the overpotentials of these reactions

are in a range of —800 to —900 mV,****82%8 which makes these processes energetically very

inefficient. Furthermore, the catalytic selectivities of hydrocarbons are generally relatively small
compared to the formation of molecular hydrogen according to

2H,0 + 2e~ - H, + 20H™ (E%; =0V vs. RHE) (11)

In the past few years, several studies have investigated the mechanism of the CO,

reduction reaction,162-165.186

It is generally accepted that carbon monoxide (CO) is an
intermediate in the reduction of CO,. DFT calculations put forward by the Norskov group
proposed that the protonation of the adsorbed CO to CHO* is the potential determining step
(PDS) of methane formation on (211) and (100) surfaces.®*'®® On (111) surfaces, the initial
protonation of CO, was predicted to dictate the potential requirements. By the same authors,
ethylene was predicted to form through a chemical dimerization step of CHO or similar
adsorbates. Schouten et al.****® demonstrated experimentally that the Cu(100) surface offers a
uniquely active reaction pathway for the formation of C,H, via an electron-mediated
dimerization reaction of two adsorbed CO molecules. Dimerization of CO on Cu(111) indeed
was unfavorable compared to the protonation of CO to COH.***1%%8 More recently, Nie et al %

proposed that methane and ethylene formation on Cu(111) occurs via a common hydroxyl—

methylidyne intermediate, *C—OH, which is subsequently hydrogenated to a common CH,*
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intermediate. That latter adsorbate may undergo a nonelectrochemical dimerization and C-C
bond formation toward ethylene or else hydrogenate further to methane.*®®

Controlling the selectivity of the CO, reduction reaction and reducing the overpotential
for the formation of methane and ethylene are currently major scientific challenges. The
geometry, morphology, and roughness of copper single crystal and polycrystalline surfaces have
shown a dramatic influence on the catalytic activity and product selectivity during CO,
electroreduction.'®#>18” Enhanced ethylene and CO formation was reported on roughened Cu
foils.'® The altered selectivity was rationalized based on differences in the chemisorption
characteristics of (111), (100), and (211) surfaces. DFT calculations confirmed that key
intermediates, such as *CO and *CHO were stabilized on stepped surfaces owing to more
negative chemisorption energies. Vollmer et al. used temperature-programmed desorption (TPD)
to study CO adsorption on (i) low index surfaces (Cu(111), Cu(100), and Cu(110)), (ii) stepped
and kinked surfaces (Cu(211), Cu(221), and Cu(532)), and on (iii) sputtered and polycrystalline
Cu films, concluding that CO binds more strongly on Cu step edges and kinks than on terrace
sites.!®

Chemisorption and catalytic selectivities can also be controlled by lattice strain in thin
metal overlayers.?*?**8! This was shown in the electroreduction of CO, on thin Cu overlayers
on Pt studied using online electrochemical mass spectrometry (OLEMS).*** Results showed that
by decreasing the copper overlayer thickness, the selectivity of C,H4 versus CH, increased, while
the activity decreased.’®* This was explained by the alteration of the chemisorption of reactive

intermediates due to geometric lattice effects.
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Another well-known morphology-based strategy to tune surface chemisorption and
resulting catalytic activities and selectivities is varying the size and/or shape of the catalytically
active species, for instance, metal NPs.*1%412212.1%5 tjlized in practice for centuries, this
dispersion dependence is generally known as the “catalytic particle size effect”.****%1% For very

5,194,195
th

small NP diameters below around 2 nm, where quantum effects become noticeable, e

effect is often also referred to as the “catalytic finite-size effect”.*** Size effects have frequently

been reported for gas-phase catalytic reactions on metal NPs, such as hydrogenations, %%

199 200-208

ammonia synthesis,"*® alcohol decomposition reactions,”® or partial oxidation reactions, and

CO oxidation on Au NPs.'"*? Electrocatalytic reactions where size effects have been explored

125,210-215

include the oxygen reduction reaction on noble metals, the oxygen evolution reaction,

218(55-58) and electro-oxidation of small organic molecules,**® as well as electrocatalytic CO
oxidation.”®??#?! The oxygen electroreduction reaction (ORR) on Pt, for instance, exhibits a
pronounced particle size effect: Plotted against the particle diameter, the Pt mass-based catalytic
activity shows a nonmonotonic dependence with a maximum activity for Pt NPs between 3 and 5
nm in size.?1%#3222223 T¢ date, reports on NP size effects involving Cu NPs have been limited to
heterogeneously catalyzed gas-phase reactions, such as the heterogeneous oxidation of CO in an
excess of hydrogen and the catalytic degradation of gaseous carbon tetrachloride.?**?* The
present study is the first exploration of catalytic particle size effects in CO, electroreduction on
Cu NPs.

Here, we investigate the influence of the size of Cu NPs on the CO, electroreduction

activity and, in particular, on product selectivity. The copper NPs ranged from 2 to 15 nm in size

and gave rise to unexpected selectivity and activity variations. Aside from providing a practical
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strategy for deliberately altering activity and product selectivity, this size effect study provides
new clues and hypotheses how chemical bonding controls the selectivity in CO, electro
conversion. Experimental materials, reaction conditions, observables, and their interpretation
lend themselves easily to theoretical verification and thus will add important aspects to a more

complete mechanistic understanding of such an important energy storage reaction.

Experimental Methods

Size-selected Cu NPs were prepared via inverse micelle encapsulation, see Table 5.
Glassy carbon plates were dip-coated into each micellar solution, resulting in a monolayer of
NPs deposited on the support. The molecular weight of the polymer tail can be varied to control
interparticle spacing. Next, the encapsulating polymers were removed by O, plasma etching for
20 min (20 W power). To increase the NP density, the dip-coating and plasma etching (ligand
removal) steps were successively repeated 3—4 times on each individual sample. NPs were
simultaneously prepared on flat SiO,(4 nm)/Si(111) supports and underwent the same treatment
as the glassy carbon supported NPs. The complete removal of polymeric ligands from
Cu/SiO,/Si(111) samples was demonstrated based on the lack of any C-1s signal in high
resolution XPS measurements. However, such measurements are not possible for Cu NPs
supported on glassy carbon due to the very strong carbon signal from the support. Nevertheless,
since similar micelle prepared NPs (same NP solution) were deposited on both SiO,/Si(111) and
glassy carbon supports, and since the same plasma treatment procedure was carried out on both
samples, the complete removal of the polymeric ligands is guaranteed from our XPS

measurements on SiO,/Si(111).
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Table 5. Parameters used in the synthesis of size-controlled micellar Cu NPs."?

Real Cu Surface

Sﬁ;nrgée Polymer Loading Ié?)ég: Pa;’;it(::]ems)ize Areza ACu,nZorm

(cmcu/CM®geo)

s1 Ff’zs\(/zpiggg%') 0.2 4 19+0.7 0.018 + 0.001

s2 F',DZS\(/ZPZ%%') 0.4 4 23+08 0.037 + 0.002

s3 st/(gﬁfgc%c_)) 0.4 3 48+14 0.110 + 0.005

s4 P;f’/(g(:’fgggé) 0.4 5 6.7+18 0.153 + 0.008
S5 P;:;:/(;Ealosogggé) 0.1 5 13.1+35 0.06 + 0.01
s6 P;f’/(éfffgggé) 0.4 5 15.1+5.2 0.07 + 0.02

& Molecular weight of the PS-P2VP polymers, metal-salt to polymer-head ratio (loading), AFM
heights with error bars (standard deviation) measured on SiO,/Si(111) supported NPs, and
normalized Cu surface areas calculated from the AFM heights as surface area of NPs/geometric
surface area of support, assuming spherical NPs.

AFM images acquired in tapping-mode were used to characterize the NP morphology on
SiO2(4 nm)/Si(111). Average AFM particle heights h, (size) and support area-normalized NP
surface areas, Acynorm (in units of cmch/cngeo), were calculated assuming spherical particles,
Table 5. The assumption of a spherical NP shape on weakly interacting supports such as SiO, or
C is based on previous cross sectional transmission electron microscopy studies on similarly
synthesized NPs*®. The surface area of a single particle A, was estimated according to A, =
4n(hp/2)2. Using the surface particle density on the flat support, Acynorm Was evaluated.

Electrochemical measurements were performed by Prof. Peter Strasser’s group
(Technical University Berlin, Germany). An airtight electrochemical cell with a three-
compartment, three-electrode design was used for the electrochemical CO, reduction. The
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glassware was cleaned in a “nochromix” bath and afterward in concentrated HNO3 for 1 h,
respectively, rinsed with ultra-pure water several times, and dried at T = 60°C in a drying
cabinet. A platinum mesh 100 (Sigma-Aldrich 99.9%) formed to a cylinder was used as counter
electrode (CE) and a leak-free Ag/AgCl electrode as reference electrode (Hugo Sachs Elektronik
Harvard apparatus GmbH).

The glassy carbon plate, on which the Cu NPs were supported, was contacted with a gold
clamp and used as working electrode (WE). The geometric surface area, Ageo, Of the particle-
covered support was 3 cm®. 25 mL of 0.1 M KHCO; (Roth >99.5%) was used as electrolyte and
purged with CO, (Air liquid 4.5) (30 mL/min) from the bottom of the cell under the WE until a
final stable pH of 6.8 was reached*®. Before and during the electrochemical measurements, the
CO, saturation of the gas atmosphere was controlled with an in situ mass spectrometer
(OmniStar GSD 301c, Pfeiffer). Hydrogen (H>), carbon monoxide (CO), methane (CH,), and
ethylene (C,H4) were analyzed using gas chromatography (GC). The gas chromatograph used
was a Shimadzu GC 2016 equipped with a thermal conductivity detector (TCD) and a flame
ionization detector (FID). Argon (Air liquid 5.0) was employed as carrier gas. The gaseous
products H, N,, O,, CH4 and CO were separated in a molecular sieve column (Alltech, part no.
57732, 1.65 m x 1/8 in., molecular sieve 13X, 60/80 mesh) and for C2—C3 hydrocarbons and
CO; in a HayeSep column (Alltech, part no. 14487, 3.5 m x 1/8 in., HayeSep D, 80/100 mesh).

The working electrodes were always immersed into the electrolyte under potential control
at E = +0.22 V/RHE. A linear voltammetric sweep was performed with a scan rate of =5 mV/s
between E = +0.22 V/RHE and E = —1.1 V/RHE followed by a chronoamperometric

measurement at E = —1.1 V/RHE for t = 10 min. At the end of the amperometric step, product
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gas samples were analyzed. CO; gas was bubbling through the electrochemical cell throughout
the electrochemical measurements to ensure sufficient convective mass transport to keep the
Nernst diffusion layer thicknesses to a minimum and minimize mass transport limitations and
local pH changes at the electrode interface. All potentials are reported with respect to the
reversible hydrogen electrode (RHE) and were corrected by the experimental voltage loss (IR-
drop) caused by the uncompensated resistances of the electrolyte and external electrical contacts
and connections. ICP-OS measurements of Pt ion concentration before and after the
electrochemical experiments showed no detectable evidence of dissolved Pt ions, confirming the
lack of any significant dissolution of the Pt anode (counter electrode) during the experiments. In
addition, high-resolution XPS measurements confirmed the absence of Pt on the Cu foil or Cu
NPs after electrocatalysis, ruling out any possibility of Pt ion cross contamination.

Cu surface-area normalized catalytic activity and selectivity values were calculated from
raw current data subtracting coverage-corrected current and selectivity values of bare glassy
carbon supports, followed by subsequent division by the real Cu surface area, Acynorm X Ageo, Of
the Cu NPs according to Table 5.

To generate spherical Cu NP model shapes, a large FCC structure with a Cu lattice unit
(L) of 3.61 A was constructed using a MATLAB code. When the desired diameter was varied,
all the atoms outside the defined sphere were removed from the bulk FCC structure in order to
construct each model shape. For the database to be comprehensive, different symmetry centers
(SC) were considered with (i) the SC located on one of the Cu atoms and (ii) the SC shifted 0.5L
along one of the Cartesian axes (e.g., x-axis). The largest spherical NP considered had a diameter

of 18 nm and about 261000 atoms. In the next step, for each model shape in the database, the
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coordination number (CN) of all individual atoms was calculated. Atoms with a CN value of 12
were considered as bulk atoms and those with CN below 12 were considered as surface atoms.
The surface atoms were also further distinguished based on their coordination number as will be

discussed later.

Results

d"983174.227 \\as utilized

A well-established micelle-based nanoparticle preparation metho
to prepare six metallic Cu NP catalysts with spherical shape and different, well-controlled
particle height (“size”), henceforth referred to as S1 to S6 in order of increasing size, Table 5.
This synthesis method has been known to produce highly reproducible particle sizes, and
multiple duplicates of all six NP catalysts were prepared and measured independently. Figure 18
shows AFM images of the spherical Cu NPs after ligand removal.

Analysis of the AFM particle heights revealed that six distinct average NP sizes between
1.9 and 15.1 nm were obtained (see Table 5). Particle size histograms evidenced largely near-
symmetric, narrow size distributions. Increasing the molecular weight of the micelle head or
increasing the metal loading inside the micelles generally resulted in larger NP sizes. The
interparticle distance generally decreased with smaller NP size due to the successive multiple
dip-coatings employed in the preparation of such samples in order to ensure sufficient active Cu
NP surface and coverage on the carbon support.

The Cu NP catalysts S1-S6 were supported on flat glassy carbon electrodes and were

subsequently deployed as working electrode in a three-electrode electrochemical setup designed

for the electroreduction of CO;, in a 0.1 M bicarbonate solution at pH 6.8. The activity and
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chemical selectivity of catalysts S1- S6 for CO,RR were monitored during a slow cathodic
potential scan as well as at a constant electrode potential of —1.1 V/RHE. Reproducibility of
individual catalytic activity was confirmed and sample averages are provided. Figure 19 displays
the Linear Sweep Voltammograms (LSV) of each Cu NP catalyst in comparison to the LSV of a
Cu foil electrode (”foil”’), which was considered an extended macroscopic Cu reference catalyst.
To correct for differences in the electrochemically active real surface area of each Cu NP
catalyst, the geometric current density was converted into the Cu surface area-specific current

density after the subtraction of the glassy carbon (support) background.

Figure 18. Tapping-mode AFM images of micellar Cu NPs: (a) S1, (b) S2, (c) S3, (d) S4, (e) S5,
and (f) S6.
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Figure 19. Linear sweep voltammetry of CO, electroreduction on Cu NP catalysts, S1-S6, in 0.1
M KHCOj; acquired at room temperature with —5 mV/s scan rate. Current densities are
normalized by the Cu particle surface area after subtraction of the glassy carbon background
signal. A Cu foil electrode (“foil”) is included as reference.

Figure 19 reveals a dramatic particle size effect on the overall catalytic CO,RR activity of
Cu NPs. The LSV of the Cu foil showed the characteristic shoulder between —0.8 and —1.0 V,
previously associated with the formation of carbonous surface species. The catalytic LSV
currents of the Cu bulk reference in Figure 19 are in excellent quantitative agreement with
previous reports of CO, reduction on Cu foil electrodes in buffered bicarbonate
solutions®*4181228 The total current of the Cu foil at —1.1 V versus RHE was —23 mA/cm?,
while that reported by Hori* under similar conditions was —25 mA/cm®.

In stark contrast to the Cu foil electrode, the Cu NPs exhibited significantly higher
catalytic activity (larger negative current density J) as the Cu NP size decreased. The smallest Cu

NPs (S1 and S2, ~2 nm) showed almost twice the catalytic activity of extended bulk Cu, while
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catalysts S3-S6 exhibited similar catalytic activities over a wide potential window, ranging
between those of bulk Cu and of S2.

Figure 20 highlights the dependence of the overall catalytic CO,RR activity on particle
size at two different electrode potentials, E = —1.1 V versus RHE and E = —1.0 V versus RHE.
The data suggest comparable overall activity between bulk Cu and Cu NPs down to about 5 nm,
below which an explosive trend toward higher catalytic activity with smaller Cu NP size
becomes evident. The smallest Cu NP catalyst (1.9 nm) displayed a 100% increase in faradaic
current density (—48 mA/cm?c,), while the 2.3 nm NP catalyst S2 still showed a 50% increase in
activity compared to Cu foil electrode. Together, the observed trends evidence a dramatic

activity-enhancing size effect of nanoscale spherical Cu surfaces during CO2RR.
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Figure 20. Particle size effect during catalytic CO, electroreduction. The faradaic current
densities at —1.1 and —1.0 V vs. RHE are plotted against the size of the Cu NP catalysts. The
current densities have been normalized by the Cu particle surface area after subtraction of the
glassy carbon background signal. Error bars indicate scatter in particle size distributions. Lines
are guides to the eye. Data of a Cu foil electrode (“foil”) are inserted as reference. Conditions:
0.1 M KHCO3, pH =6.8, 25 °C.
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To obtain insight into the relevant catalytic reaction pathways, faradaic selectivity
measurements were performed under stationary reaction conditions at —1.1 V vs. RHE. Figure
21a reports the background-corrected, NP surface area-normalized product composition of the
gas stream leaving the working electrode compartment. Each data point represents the average of
at least three independent measurements. The excess CO; flow keeps the combined volumetric
ratios of gas reaction products below 1 vol % for all NP sizes (note that the values of three
products are scaled with the factor given in the plot). We note that the absolute volume % values
(gas molar ratios) of the reaction products are sensitive to variations in the volumetric CO, flow,
a shortcoming which is eliminated when relative faradaic selectivities are considered.

It is evident from Figure 21a that major reaction products were hydrogen, CO, methane,
and ethylene. While a minute amount of liquid formic acid was detectable for the Cu foil (<5%
consistent with results from Hori**), no detectable quantities of formic acid were formed for the
nanoparticle samples.

The size of the Cu NP catalysts had a significant effect on the formation rate of individual
products and, hence, their catalytic selectivity. Larger particles in the 5-15 nm size regime
clearly showed much less hydrocarbon formation, and instead yielded more H, and CO. Smaller
particles below 5 nm displayed a sudden increase in H, and CO formation relative to
hydrocarbons. It is evident that small Cu NPs, in stark contrast to bulk Cu surfaces, evolve no
significant amounts of the highly desired reaction product ethylene.

Taking the number of transferred electrons of each species into consideration, the
volumetric ratios were converted into faradaic selectivities, see Figure 21b. We note that the

faradaic selectivities of the Cu bulk electrode are in good agreement with earlier reports by
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Hori**. Methane showed the highest selectivity of 57% (55% reported by Hori), ethylene and
hydrogen showing about 20% (25% and 10% reported by Hori), and CO exhibiting less than 5%

selectivity (3% reported by Hori).
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Figure 21. Particle size dependence of (a) the composition of gaseous reaction products (balance
is COy) during catalytic CO, electroreduction over Cu NPs, (b) the faradic selectivities of
reaction products during the CO, electroreduction on Cu NPs. Lines are guides for the eye.
Conditions: 0.1 M KHCOs, E = —1.1 V vs. RHE, 25 °C. For (a), volume concentrations were
normalized using the Cu surface areas. Values for H,, CH,4, and C,H, are scaled by factors of
0.33, 3, and 5, respectively.
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Figure 22. (a) Ball models of spherical Cu NPs with 2.2 and 6.9 nm diameters. Surface atoms
are color-coded according to their first neighbor coordination number (CN), CN < 8 (gray), CN =

8 (blue), CN =9 (red), CN > 9 (green). (b) Population (relative ratio) of surface atoms with a
specific CN as a function of particle diameter.

The data in Figure 21b evidence a drastic dependence of the product selectivities on the
size of the spherical Cu NP catalysts at a given overpotential. In contrast to the bulk Cu
electrode, the selectivity profiles of Cu NPs are largely dominated by hydrogen evolution (60—
70% compared to 20% on Cu bulk) over the entire size range considered, a pattern that typically

occurs for extended Cu bulk surfaces at much less negative overpotentials. The selectivities of
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methane and ethylene dropped drastically from their bulk values to much reduced levels (10—
15% for methane and 0-10% for ethylene) in the 5-15 nm particle size regime, while CO
selectivities followed the trend of hydrogen and increased from 5% to 20-25%. The
anticorrelation between methane and ethylene, on the one hand, and H, and CO, on the other, is
quite obvious in Figure 21b. At particle sizes below 5 nm, hydrocarbon selectivities dropped
again with ethylene formation ceasing on 1.9 nm Cu particles. At the same time, CO selectivity
increased to almost 30%.

To gain insight into the origin of the observed particle size effects, model spherical Cu
NPs between 1 and 18 nm diameter were considered with a face-centered cubic structure and a
unit cell parameter of a = 3.610 A. Figure 22a illustrates the surface structure of 2.2 nm (left) and
6.9 nm (right) NPs corresponding to catalysts S2 and S4. The percentage ratio of the surface
atoms with specific nearest-neighbor coordination numbers (CN) between 5 and 11 were
considered and binned into atoms with CN <8, CN =8, CN =9, and CN > 9. Figure 22b breaks
down the size-dependent populations of atoms with these four CN groups.

Atoms with coordination 8 (blue), 9 (red), and >9 (green) accounted together for about
70% of the surface atoms of spherical particles between 6 and 18 nm. The contribution of low
coordinated atoms (steps and kinks) (gray) increased slightly between 18 and 6 nm, then started
to become significant between 6 and 2 nm, and finally drastically augmented for NPs below 2
nm. Below 4 nm, the scatter in the individual populations increased considerably, until, below 2
nm, low-coordinated steps prevailed on the surface of the Cu NPs. The color coding in Figure
22a reflects the location of atoms with individual CN providing an intuitive picture of how the

individual CNs are distributed across the surface of the particles. Atoms in Cu(111) and Cu(100)
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surfaces have CN values of 9 (red) and 8 (blue), respectively. Also the second layer of atoms in
Cu(110) and Cu(211) surfaces have CN of 11 and 10, respectively (green). However, there are a
small number of atoms with the mentioned CN values that do not belong to the assigned Cu
surface orientation (e.g., 6 blue-colored kink atoms with CN = 8 at the corner of each 111 facet).
Nevertheless, the color coding illustrates the complexity of the surface atomic coordination on
such spherical particles compared to faceted Wulff-type models (truncated cuboctahedron

shape).

Discussion

Structure sensitivity is very common in homogeneous, heterogeneous, electro-, and
biocatalysts. However, the dependence of the catalytic activity and selectivity on the catalyst
dispersion is an idiosyncrasy of heterogeneous catalysts and heterogeneously catalyzed reactions.
This study has explored the effect of the size of spherical Cu NPs on the catalytic activity and
selectivity during the mechanistically fairly complex electrocatalytic reduction of CO,. It is the
first of its kind for Cu and CO; electrocatalysis, and has revealed a distinctly different behavior
of nanoscale Cu surfaces compared to their extended bulk counterparts. A significant increase in
the overall faradaic activity was found with shrinking NP size. This was coupled to an increased
selectivity for hydrogen and CO, but decreased selectivity for hydrocarbon production. Entering
the smallest size domains of particles below 3 nm, hydrocarbon formation drops drastically,
while CO is the preferred carbonaceous product.

Stepped extended surfaces have often been considered as models for the behavior of

particle surfaces. The effect of steps and kinks on well-defined planar Cu surfaces on the
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catalytic activity and selectivity of CO,RR has first been addressed by Hori and co-workers*#%.

They reported a high selectivity for ethylene on Cu(100), while methane formation was clearly
preferred on Cu(111) facets. Steps in (100) terraces, regardless of their orientation, increased the
ethylene formation over methane. Hori’s observations were later confirmed by Koper and co-

workers!62163

, who found Cu(100) to be highly active and selective for ethylene and proposed a
decoupled proton—electron transfer during a dimerization of CO to explain the pH independence
of the reaction. More recently, surface morphology effects in CO, electroreduction were

explored by Tang et al.’®®

, who found that steps on roughened Cu surfaces show increased
ethylene, but very low methane selectivity. Unlike Hori, however, Tang et al. also reported
increased CO selectivities on roughened polycrystalline Cu surfaces. Similar to others'®, the
authors corroborated their experimental results using thermochemical DFT calculations that
suggested stronger chemisorption of CO and CHO intermediates on (211) stepped surfaces as
compared to planar (100) or (111) surfaces. These predictions are consistent with earlier
experimental studies of CO chemisorption on polycrystalline and stepped single crystals of
Cu'820.23L vsollmer et al.'® reported shifts of CO TPD peaks to higher temperatures as they
moved from (111) to (211) and polycrystalline Cu surfaces, indicating stronger CO binding on
stepped surface sites. While stepped planar-type surfaces do provide qualitative insight in the
effect of steps on reactivity and selectivity, they typically fall short of capturing the more
detailed behavior of highly curved NP surfaces.

Another recent computational thermochemical DFT analysis of the CO; electroreduction

on the stepped Cu(211) surface'® explored the effect of CO chemisorption on the limiting

potential U.. The limiting potential of an elementary electrochemical reaction step represents the
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electrochemical overpotential at which the elementary step becomes exergonic (or downhill in
free energy), and can be regarded as a simple measure of the potential where the rate of this step
becomes appreciable. The elementary step with the largest U, dictates the overpotential of the
overall reaction. Stronger CO binding was predicted to cause a moderate increase in the U, of
the potential-limiting protonation of CO,q according to CO,g + H" + € — CHO,q. This should
translate into lower CO protonation rates and lower hydrocarbon selectivities at any constant
electrode potential. While this prediction is qualitatively consistent with the present selectivity

k% to account for the

trends, the dependence of U_ on the CO binding energy appears too wea
sudden selectivity changes in Figure 21.

There is a consensus that NP size effects largely originate from size-dependent surface
metal atomic coordination and its corresponding surface electronic structure®®2%1931919%8 " Thjq
is the reason three-dimensional particle models and their surface coordination structure are better
suited to help understand particle size effects. A meaningful analysis of surface atomic
coordination using particle models requires the selection of structural models that are relevant to
the experimental system with respect to size and shape. In the present study, the micelle-assisted,
plasma-cleaned NP synthesis initially yielded surface-oxidized Cu NPs, which were
subsequently in situ electrochemically reduced to metallic Cu NPs, as confirmed by XPS. Since
neither thermal treatments nor repeated potential cycling was applied, the present Cu NPs are
rather spherical in shape with only limited surface faceting. Unlike faceted models, spherical
particle models also include energetically less favorable, higher-index facets and their

characteristic coordination. Clearly, this consideration renders highly faceted Wulff-type particle

models inappropriate for the present study, and this is the reason why spherical models with
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limited faceting were explored in terms of their surface atomic coordination. Coordination
numbers (CN) of surface atoms ranged from 5 to 11, where CN 8 atoms could be largely
associated with (100) facets, while CN 9 atoms represented (111) facets, see Figure 22a. The
present models also exhibit (110) facets and atoms with CNs of up to 11 (green in Figure 22a).
To understand the observed size effects in Figure 21 in more detail, the experimental
trends in catalytic activity and selectivity were correlated with the size-dependent surface
structure and coordination in Figure 22. We start our discussion with the smallest size regime.
The smallest Cu NPs S1 and S2 with sizes around 2 nm showed a dramatic increase in overall
catalytic activity, which is attributed to the high ratio of low-coordinated surface atoms (CN < 8)
starting as low as CN = 5 for NP diameters below 4 nm, see Figure 22b. In this size regime,
particle size effects are often referred to as “catalytic finite size effects”, and small variations in
size induce drastic changes in the NP’s electronic structure, while quantum effects may become
non-negligible>***. Following our arguments on stepped surfaces above, step and kink atoms of
Cu NPs with such low CNs are expected to exhibit stronger chemisorption of CO,, CO, atomic
H, and COyH, as compared to larger particles or bulk Cu surfaces. Since the reductive adsorption
of protons (the Volmer reaction) on free Cu surface sites (H" + & + * — Hy) is the rate-

determining step of the overall electrocatalytic hydrogen evolution reaction (HER)?%? th

e
observed increase in hydrogen production, in hydrogen selectivity, and overall faradaic activity
for small NPs appears plausible. A similar argument can be made for those Cu surface
orientations where the initial reductive CO, adsorption to COOH (CO; + H" + ¢ + * —

COOH,q) is rate-determining*®**®®. Stronger CO, adsorption would increase the overall rate of

this initial reaction step toward CO.
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For Cu particles in the intermediate size range (5-18 nm), the populations of surface
atoms with CN = 8 and 9 amount to about 12 and 20%, respectively (see Figure 22b), and remain
surprisingly constant over the entire intermediate size range. These population numbers are
significantly smaller compared to those found on low-index smooth extended surfaces, such as
the (100), (111), or (211) surfaces. With methane and ethylene forming preferentially on (111)
(CN = 9) and (100) (CN = 8) sites, respectively****1%% changes in the relative populations of
(111) and (100) facets provide a plausible explanation for both the sudden steep drop in faradaic
selectivities between Cu bulk surfaces and Cu NPs, as well as the selectivity plateau between 2
and 15 nm discernible in Figure 22.

The distinct selectivity observed when comparing small (2 nm) and large (15 nm) NPs
can be explained based on the increase in the strength of the binding of products and
intermediate reaction species on the smaller NPs. Strong CO binding on low coordinated sites
(small NPs) favors high activity, high CO and H, selectivities, and reduced hydrocarbon
formation. The latter is understood if the reduced surface mobility of the more strongly bound
CO4q and Hgg on the NP surface is considered, leading to a lower probability of surface reaction
to form hydrocarbons. Instead, it is likely that on small NPs CO,q4 and H,q desorb before reacting
on the Cu surface, which explains the higher yields of CO and H; products on these samples. The
lower mobility of adsorbed intermediate species on the surface of our small spherical NPs can be
assigned to their higher curvature and stepped and roughened surfaces. Thus, on the small NPs,
the small hydrocarbon yields detected may be explained based on a different reaction
mechanism, as for example, an Eley—Rideal-type one involving the earlier desorption of

hydrogen as compared to CO, its diffusion in the liquid phase, readsorption on the Cu surface
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near a strongly bound CO atom, and subsequent reaction and desorption in the form of a
hydrocarbon. For the large NPs, due to the expected weaker CO and H bonding, their diffusivity
on the particle surface might be greater, favoring reaction and hydrocarbon formation without
having to involve an additional desorption/liquid phase diffusion/readsorption/reaction pathway.

It should also be mentioned here that we do not have any indication of a CO-poisoning
effect for the small NP samples. If that were the case, we would have a decrease in the surface
area available for water dissociation, which should lead to a decrease in the yield of H,, which
opposes the present observation.

Li and Kanan®® recently reported interesting CO, electroreduction experiments on Cu
oxide electrodes. They achieved significantly increased CO selectivities on electrochemically
reduced micrometer-thick Cu oxide films and foils. Following the authors, Cu oxide
electroreduction creates a uniquely selective Cu surface. However, for thin Cu oxide layers, this
effect vanishes. This is the reason we believe we can exclude the formation of uniquely CO-
selective Cu metal phases from Cu oxide particles as origin for the current observations.

In a recent report by Gupta et al.?®, the authors highlighted the role of local pH changes
during the CO,RR. Under the present experimental conditions, the authors predicted a local pH
increase near the electrode surface of about 2 pH units at a Nernst layer thickness of 100 um.
This effect would result in a downshift of the zero point of the RHE scale relative to the NHE
scale (and along with it a downshift in the thermodynamic equilibrium potentials of coupled
proton/electron half-cell reactions). Given our constant applied electrode potential, this would
lead to a decrease in the electrochemical overpotential of proton-coupled electron transfer

reactions, leading to a smaller hydrogen evolution rate. This is in obvious conflict with our
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experimental observations, in which increased hydrogen selectivities and increased current
densities were measured for the smallest nanoparticles. We therefore conclude that a strong local
pH change is not the origin of the increased faradaic selectivities of hydrogen obtained for our

small nanoparticles.

I 234 I 235-237

Finally, in recent years, Ono et a and subsequently Eckle et a advanced a
particle density based mechanism to account for stability and selectivity changes in NP
ensembles. The role of the interparticle distance on the activity and stability of Au NP catalysts
during CO oxidation was investigated by Ono et al., and NP samples with larger distances were
found to result in lack of reactive-coarsening for these catalysts, while more closely spaced
catalysts experienced drastic morphological changes under reaction conditions?®*. Taking the
methanation of CO as a model reaction, Eckle et al. argued that low catalyst particle densities
favor desorption of intermediates rather than their subsequent reaction by repeated collision with
the catalytic surface. We cannot rule out that this effect might also contribute to the present
observations. While in our study the particle density of the most H,- and CO-selective particle
ensembles (smaller size Cu NPs, S1 and S2) is larger than that of the larger Cu NPs (S6) which
were found to be less CO-selective, the samples with the smallest NPs also have the smallest
total Cu surface coverage (see Table 5). Therefore, readsorption and reaction should also be less
favorable on our smallest NP samples. This is an interesting aspect that requires further attention
and will be addressed in a separate study where we are systematically changing the interparticle
distance while keeping the particle size constant.

In summary, a spherical particle model provided valuable insight into experimental trends

in activity and selectivity of CO, electroreduction as a function of particle size. An increasing
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number of surface atoms with CN below 8 are responsible for enhanced hydrogen and CO
evolution on NPs around 2 nm and below. Characteristic changes in the populations of low
coordinated sites provide plausible explanations for experimental activity and selectivity
variations for NPs between 5 and 15 nm. The smallest Cu NPs at and below 2 nm displayed the
most drastic dependence of product selectivities on particle size consistent with a dramatic

increase in the content of low-coordinated surface atoms.

Conclusion

The particle size effect has been explored for the catalytic electroreduction of CO, on Cu
NPs in the size range of 2-15 nm and compared to bulk Cu. Given that this reaction is emerging
as one of the most important processes for chemical storage of electricity, knowledge about the
reactivity and selectivity of this reaction on nanoscale catalysts is of utmost importance.
Nanometer-sized Cu NPs showed a dramatic increase in overall catalytic activity (faradaic
current). Selectivity analysis has revealed that enhanced formation of CO and H; accounts for the
increase in the faradaic activity observed on the Cu NPs. The selectivity of hydrocarbons first
changed to a reduced constant plateau, until it virtually vanished for NP sizes at and below 2 nm.

A model of nonfaceted, spherical, and hence experimentally relevant, Cu particles was
used to estimate the population of surface atoms with specific coordination numbers. Below 2
nm, a drastic increase in under-coordinated atoms with CN < 8 is observed. These strongly
binding sites accelerate the hydrogen evolution and the CO, reduction to CO. However, they
seem to be unfavorable for the subsequent hydrogenation of CO, which lowers hydrocarbon

selectivity at small particles. A plausible explanation for the observed trend is the reduced
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mobility of intermediate reaction species (CO and H) on the small NPs due to their stronger
bonding, which decreases the chance of further recombination and reaction to form hydrocarbons
on the Cu surface.

At intermediate particle sizes, the spherical particle model predicts low and constant
populations of (100) and (111) facets, which is consistent with the reduced, yet constant
hydrocarbon selectivities observed for Cu NPs between 5 and 15 nm compared to Cu bulk
surfaces. For these larger NPs, weaker binding of CO and H is expected, favoring hydrocarbon
formation. Clearly, where hydrocarbon yields are of the essence, very small (<3 nm) nanoscale
Cu catalysts should be avoided. However, where syngas is the preferred reaction product, for
instance, to serve as feed for gas-to-liquid reaction technologies, the size of the Cu particles
could serve as a convenient parameter to deliberately control the resulting H, to CO product
ratio.

Overall, the presented size-dependent selectivity conclusions help obtain a more
complete mechanistic understanding of the CO, electroreduction process. Catalyst materials,
their geometry, and the reaction conditions lend themselves easily to DFT theoretical verification
and refined mechanistic interpretation. In particular, this study considers particles below 2 nm,
which have become computationally tractable by theorists using ab initio codes. This opens the

possibility for further in-depth DFT work on the present system.
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CHAPTER SIX: SIZE- AND COMPOSITION-DEPENDENT REACTIVITY
OF GOLD-COPPER BIMETALLIC NANOPARTICLES DURING CO,
ELECTROREDUCTION

Introduction

Alloying is a powerful technique to improve the reactivity of metal nanocatalysts by
influencing their morphological, chemical, and electronic properties.>®>*° Alloying may allow
for the tuning of the electronic properties of the nanoparticle surface, and consequently its
binding strength to different adsorbed species.*! In addition, bimetallic particles may have
unique geometric properties which may enhance their reactivity. For example, the surface of
core-shell NPs may be under strain due to lattice mismatch with the NP core, leading to altered
binding properties.?>* Alternatively, different metal atoms may create a specific ensemble at the
NP surface which is the active site for a particular reaction.?® Since the reactivity of bimetallic
NPs will depend on the structure, composition, and chemical state of the surface, thorough
characterization of the properties is critical in order to gain insight into their behavior. However,
it is well known that under reaction conditions, nanocatalysts may evolve due to chemisorption
of reactants, to the environmental temperature or pressure conditions, or the presence of an
electrolyte or applied potential *>3"2232422%3 Therefore, operando measurements of a catalyst in
its working state are highly important, particularly for understanding reactivity mechanisms on
bimetallic catalysts, which have an added layer of complexity with the addition of a second
metal.

One reaction where alloyed catalysts may provide remarkable improvement in catalyst

activity and selectivity is the electroreduction of CO,. Currently, Cu shows the most promise as a
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catalyst for this reaction since it can produce hydrocarbons, but only at high
overpotentials.***??% Au is also a promising material since it can selectively generate CO at
moderate overpotentials.'®*** Despite these results, low-cost catalysts with high selectivity and
efficiency for CO, reduction to valuable products are yet to be discovered.

Using density functional theory (DFT), Hansen et al. have shown that the unique
hydrocarbon selectivity of Cu can be linked to its optimal binding to the CO* and COOH*
intermediates in comparison to other metals.'® These results indicate that the reactivity of Cu
could be further improved by tuning its binding properties to different intermediates, although
the scaling relations between these binding energies must first be broken.?*® Several strategies for
achieving this have been proposed, including nanostructuring the Cu surface?” or adding ligands
to an active metal center,?*® but the most promising may be introducing a secondary metal to
create an alloy catalyst.*®>%

Recently, several experimental and theoretical studies have explored the reactivity of
bimetallic catalysts during CO, electroreduction.®®***?*%" |n particular, several studies have
focused on copper-gold bimetallics, due to the reactivity of both of these metals,'87:242249.258-265
Composition dependent studies on bulk Au-Cu alloys and 10 nm Au-Cu nanoparticles (NPs)
indicate that hydrocarbon production is favored with increasing Cu content, although not
surpassing that of pure Cu, while increasing Au content favors an increase in CO selectivity.?*®
In order to understand the reactivity of AuCu bimetallic catalysts, it is crucial to understand the
structure and stability of the catalysts during the reaction. Monzo et al. investigated Au core Cu

shell NPs for CO, electroreduction, arguing that trends in reactivity may be explained by strain

effects in the Cu shells of different thickness.?®* However, it is important to consider that Cu
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monolayers on an Au surface can be highly unstable under electrochemical conditions, and Au
may segregate to the surface and alloy with Cu.?**?®® In addition, previous studies on AuCu CO,

187,265

electroreduction catalysts have been restricted to bulk-like surfaces or NPs 10 nm or larger

in Size,259,261-263

although NPs smaller than 10 nm are known to have widely different reactivity
than their bulk counterparts.? It is also important to consider the oxidation state of the metals in
the NP surface and its evolution during the reaction, since oxide derived Cu nanostructures have
shown widely improved reactivity during CO, electroreduction,’®* and a secondary metal may
alter the stability of such oxides.

In this study, we address the adsorbate-driven restructuring and structure-dependent
reactivity of AuCu bimetallic NPs for CO, electroreduction using well-defined model NP
catalysts less than 10 nm in size. NPs in the size range from 1.4 to 24 nm were synthesized using
inverse micelle encapsulation and characterized using microscopy and X-ray spectroscopy. In
addition, 1.4 and 4.8 nm NPs were characterized using AP-XPS in order to study the segregation
and chemical state of the NPs under different environments. During CO, electroreduction,

although a significant increase in activity was found for smaller NPs, the selectivity was found to

have only slight size dependence, in stark contrast to monometallic Au and Cu NPs.

Experimental Methods

Monodisperse AuCu bimetallic NPs were synthesized using the inverse micelle
encapsulation technique, see Table 6. The resulting metal loaded micelle solutions were dip-
coated onto the support (silicon wafers or glassy carbon), and then the encapsulating polymers
were removed using 20 min of oxygen plasma at 20 W. The absence of the C 1 s signal in XPS

measured on silicon wafer-supported samples was used to ensure the plasma etching conditions
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were sufficient to completely remove the polymers. For the synthesis of the electrodes, the dip-
coating and plasma etching steps were repeated three times to increase the loading of NPs on the
glassy carbon.

AFM was used to determine NP size, interparticle distance, and geometrical surface area
of our NP catalysts. AFM was acquired using a Digital Instruments Nanoscope-I1l1 microscope

on ligand-free AuCu NPs dip-coated onto SiO,/Si(111) wafers. The interparticle distance d was
estimated as d = \/% by measuring the NP density ¢ and assuming hexagonal arrangement. The

metal NP surface area was estimated by using the NP height and NP density from AFM and
calculating the NP surface area per area of support, assuming spherical NPs. The latter was used
as geometrical metal surface area for the normalization of the electrochemical currents.

XPS was measured with a monochromatic Al Ka source (1486.6 e¢V) in an ultra-high
vacuum (UHV) system with 2 x 10—10 mbar base pressure (Phobios 150, SPECS GmbH). Data
were aligned to the Si° 2p peak at 99.3 eV. XAFS was measured at beamline 10-ID-B of the
Advanced Photon Source at Argonne National Laboratory. For XAFS, 7.9 nm AuCu NPs
supported on a carbon foil were measured in air in fluorescence geometry at the Cu K and Au L;
edges. Data were analyzed using the Athena and Artemis software from the IFEFFIT package,*®
and fitting was performed using FEFF 8 calculations.®

Ambient pressure XPS measurements were performed at NSLS | at BNL, at the X1A1l
endstation. A SPECS Phobios 150 electron analyzer was used with a differentially pumped lens
system to allow measurements in up to 1 Torr of gas. 1.4 £ 0.7 nm NPs with AussCus;
composition, and 4.8 = 1.2 nm NPs with Aug,Cus composition were used for ambient pressure

XPS. Measurements were performed at X-ray energies of 295, 479, 523, and 777 eV, which
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result in Au 4f and Cu 3p photoelectrons with approximately 214, 398, 442, and 696 eV kinetic
energies (KE), respectively. XPS data analysis was performed using the CasaXPS software.
Spectra were aligned to the Si° 2p peak at 99.3 eV. To calculate Au/Cu ratios, the peak areas of
Au 4f and Cu 3p regions were normalized by the photoionization cross sections.?’

CO; electroreduction was performed by Prof. Peter Strasser’s group (Technical
University Berlin, Germany) in a three electrode electrochemical cell. A platinum mesh 100 was
used as counter electrode, and a leak-free Ag/AgCI electrode was used as reference electrode.
The working electrode was the AuCu NPs supported on glassy carbon plates. The electrolyte was
0.1 M KHCOg, and CO, was bubbled at a constant flow rate of 30 mL/min from the bottom of
the cell (pH = 6.8). Every measurement was started with a linear voltammetric sweep performed
with a scan rate of =5 mV/s between E = +0.05 VRHE and the working potential (—1.2 VRHE),
followed by a chronoamperometric step for 10 min. Gas products (Hz, CO, and CH,4) were
monitored using a gas chromatograph (Shimadzu GC 2016) equipped with a thermal
conductivity detector (TCD) and a flame ionization detector (FID). The products were measured
at —1.2 VRHE to ensure high enough production rates for reliable GC detection over our low
loading samples. The signal from a blank glassy carbon electrode was subtracted from all

electrochemical data shown here.

Nanoparticle Characterization: AFM, XAFS, and XPS

For this study, AuCu NPs ranging from 1.4 to 24 nm in size were synthesized using an
inverse micelle encapsulation method. Since the surface of the glassy carbon electrodes is rough,
the NPs were deposited onto silicon wafers to accurately characterize their morphology using

AFM. Figure 23 shows AFM images of three coats of AuCu NPs supported on SiO,/Si(111).
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Table 6 lists the synthesis parameters used for the five samples, along with the morphological
parameters acquired from AFM including the NP size, interparticle distance, and the surface area
used for normalization of the electrochemical data. The AFM results show that the NPs could be
synthesized with a high degree of size control, and narrow size distribution was achieved for the
four smaller NP sizes. The largest 24 nm NPs had a wider size distribution and resulted in a

bimodal size distribution.

Figure 23. AFM images of bimetallic AuCu NPs supported on SiO,/Si(111). (a) 1.4 + 0.7 nm
(enlarged region shown in inset), (b) 4.8 £ 1.2 nm, (¢c) 5.6 £ 1.3 nm, and (d) 7.9 £ 1.7 nm.
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Table 6. Synthesis parameters and size characterization of bimetallic AuCu NPs prepared via
inverse micelle encapsulation: polymer size, loading (metal salt to P2VP ratio), NP size
measured from AFM, metal surface area assuming spherical NPs (cm? of metal per cm? of
support), interparticle distance, and NP composition derived from XPS.

pobmurvag_Losang__"port S DS conpostin
Pg\igf? (()))0-0) 0.1 1.4+0.7 0.0458 12.9 AuysCus;
PZ?/(S%%O(%O) 0.2 48+1.2 0.100 27.7 AugoCus
ng/(éggoc?())o) 0.2 56+13 0.107 314 Aus4CuUss
PZ?/(IZ?4(2)305080) 0.2 79+17 0.148 37.4 AugzCus;
stl(éifég?ggb) e 24+6 0.145 75.7 Aug,Cuss

XPS was used to characterize the composition and chemical state of the NPs in their
initial as prepared state. The composition of the NPs was determined by quantifying the Au 4f
and Cu 2pz» peaks measured on the as prepared NPs supported on SiO,/Si(111). Close to 50-50
Au-Cu composition was calculated for each sample, as shown in Table 6. It should be noted that
XPS is a surface sensitive technique and may not probe the bulk of the larger NPs.

XPS was also used to investigate the oxidation state and alloying of the Au and Cu in the
NPs. Figure 24 shows the Au 4f and Cu 2p core level regions measured on the 7.9 nm AuCu NPs
supported on SiO,/Si(111). Figure 24a and b shows data acquired immediately after ex situ O,
plasma treatment and transfer in air to the UHV system for XPS measurement. After O, plasma,
the Au 4f region shows mainly Au®* peaks, indicating that the NPs contained mostly Au,Os
species. Small Au® peaks were also measured, and the Au® 4f;;, peak agrees with bulk metallic
gold at 83.9 eV. The Cu 2p region shows only Cu®* species with the characteristic satellite peaks
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at higher binding energies. Only the Cu 2ps/, peaks were fit, since a sloped background exists at
high binding energies due to overlap with the O LMM Auger lines. The Cu 2ps, peak can be
deconvoluted into two peaks which agree with CuO and Cu(OH), species. These results show
that the NPs are heavily oxidized in their as prepared state due to the O, plasma treatment

employed during the synthesis.
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Figure 24. XPS data of the (a,c) Au 4f and (b,d) Cu 2p core level regions of 7.9 nm AuCu NPs
supported on SiO,/Si(111). The spectra were measured of the same sample in its as prepared
state (a,b), and after in situ reduction (c,d).
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In order to confirm that true alloyed NPs were formed, the oxidized NPs were thermally
reduced under mild reducing conditions in situ so that binding energy shifts due to alloying could
be detected with XPS. XPS was measured on the 7.9 nm AuCu NPs/SiO,/Si(111) after annealing
in situ for 20 min at 275 °C in UHV. Figure 24c and d shows the Au 4f and Cu 2p regions of the
sample after in situ reduction. The Au 4f region in Figure 24c shows that the Au has been
reduced to metallic Au, with an Au 4f7, binding energy of 84.0 eV. The Cu 2p region also shows
reduction of the Cu®" species with a Cu 2ps, peak binding energy of 932.3 eV. A negative
binding energy shift exists with respect to bulk metallic Cu at 932.7 eV. Bulk alloys of Au and
Cu have shown a positive binding energy shift of 0.1 to 0.5 eV in Au 4f, and a negative shift of
approximately 0.1 to 0.4 eV in Cu 2p.?%® The positive binding energy shifts in Au 4f are due to
transfer of d charge from Au to Cu, although overall Au gains charge due to its electronegativity.
Similarly, Cu gains d charge causing the negative binding energy shifts in Cu 2p.®® Therefore,
our results indicate that Au-Cu alloyed NPs were synthesized.

The 7.9 nm AuCu NPs were also supported on carbon foil and measured in their oxidized
as prepared state using XAFS to gain information on the structure and chemical state. Figure 25
shows XANES and EXAFS of this sample measured at the Cu K and Au L3 edges. The XANES
spectrum at the Cu K edge (Figure 25a) shows the features of CuO species, in agreement with
XPS measurements. Table 7 and Figure 25b show fit results for the Cu K edge EXAFS. EXAFS
fitting gave a Cu O bond distance of 1.95 + 0.01 A, also in good agreement with CuO structure.
No Cu Cu bonds could be fit, indicating the copper in the NPs was heavily oxidized. The Au L3
edge XANES spectrum of the sample, shown in Figure 25c, shows a white line feature indicating

the presence of Au* species in Au,Os. Fit results for the Au L3 EXAFS are also given in Table 7
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and plotted in Figure 25d, indicating an Au-Au path with CN = 10, and an Au-O path with CN =
0.6. In agreement with XPS, XAFS measurements revealed that the initial samples are heavily
oxidized and likely initially composed of segregated oxidized Au and Cu grains, since no AuCu

path could be fit.
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Figure 25. XAFS measurements of as prepared 7.9 nm AuCu NPs supported on carbon foil. (a)
XANES spectrum of the AuCu NPs and bulk Cu foil, CuO and Cu,O references at the Cu K-
edge. (b) k’-weighted EXAFS spectrum of Cu references, AuCu NPs, and fit at the Cu K edge
(Fourier transform k range 2.5-10.5 A). (c) XANES spectrum of the AuCu NPs and Au foil at
the Au L edge. d) k’-weighted EXAFS spectrum of Au foil, AuCu NPs, and fit at the Au Ls
edge (Fourier transform k range 2.5-12 A).
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Table 7. EXAFS fit parameters: coordination number (CN), bond length (r), and disorder
parameter (¢°) for the Cu K edge and Au L edge of as prepared 7.9 nm AuCu NPs supported on
carbon foil.

Path CN r(A) ¢ (107 A%
Cu-O 32+05 1.95 + 0.01 2+2
Au-Au 10+1 2.854 + 0.007 9+1
Au-O 0.6+0.2 2.00 + 0.03 1+4

AP-XPS Measurements of Adsorbate-Driven Restructuring

AP-XPS measurements were performed on the 1.4 and 4.8 nm AuCu alloy NPs with
close to 50-50 composition supported on silicon wafers. AP-XPS was measured on the NPs
under different environmental conditions at various incident X-ray energies in order to probe
different depths into the NPs and monitor segregation phenomena. XPS spectra were measured
on the NPs as prepared (after ex situ O, plasma cleaning) in UHV at room temperature, in 1 Torr
O, at 300 °C after 1 hour, then in 1 Torr H; at 450 °C after 30 min. Figure 26(a) and (b) show the
Au 4f and Cu 3p spectra measured on the 4.8 nm AuCu NPs under 1 Torr O, at 300°C with KE =
442 eV. Figure 26(c) and (d) show the Au/Cu ratio calculated from the XPS spectra measured at
different photoelectron kinetic energies under different conditions for (c) the 1.4 nm NPs and (d)
the 4.8 nm NPs. The smallest kinetic energy electrons measured here have a inelastic mean free
path (IMFP) of about 0.5 — 0.6 nm, while the largest kinetic energy electrons have a IMFP of
around 1.0 — 1.3 nm (depending on if the medium is Au or Cu), meaning that the core of the 4.8
nm NPs will not be probed by these measurements. For the smaller 1.4 nm NPs, the IMFP of the
highest kinetic energy photoelectrons (1.0 — 1.3 nm) is similar to the NP size, meaning that it is

possible for the bulk of the NP to be measured, however these measurements at the highest
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energy may be weighted more to the species which is at the surface. This may explain why the

calculated Au/Cu ratio is not 1 at the highest kinetic energy.
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Figure 26. (a) Au 4f and (b) Cu 3p spectrum measured on 4.8 nm AuCu NPs in 1 Torr O, at
300 °C at KE = 442 eV. (c) Ratio of Au to Cu as a function of photoelectron kinetic energy for
(@) 1.4 nm AuCu NPs and (b) 4.8 nm AuCu NPs in UHV (as prepared), in 1 Torr O; at 300 °C,
and in 1 Torr H; at 450 °C.

For both NP sizes, Figure 26 shows that initially there is overall a higher fraction of Cu

(Au/Cu ratio below 1), and the fraction of Cu is highest at the very surface of the NPs (smaller
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kinetic energy photoelectrons). In the oxygen environment, no change is seen in the 1.4 nm NPs,
while in the 4.8 nm NPs, a smaller Au/Cu ratio is seen, indicating that Cu segregates outward. In
the H, environment, the Au/Cu ratio increases for both NP sizes, indicating the outward
segregation of Au atoms. Interestingly, for the 4.8 nm NPs, the surface is still Cu rich in the H,
450 °C environment. However, this measurements was performed after 30 minutes under these
conditions, and a longer time may have been necessary to allow further segregation of Au to the
surface.

Several mechanisms may be driving the segregation observed in these NPs. Previous
results have shown that for our micellar AuCu NPs, in their as prepared state after O, plasma
cleaning the NP surface is heavily oxidized, with Cu entirely in the Cu®* state and a mixture of
Au® and Au** present.* Under an O, atmosphere at 300 °C, it is likely that the NPs will become
further oxidized, and the segregation of Cu to the surface under these conditions may be driven
by the higher affinity of Cu for oxygen compared with Au. The absence of any change between
the 1.8 nm NPs in the as prepared state and in the oxidizing conditions could be explained if the
NPs are already completely oxidized in their initial state, with a shell of CuO surrounding an
Au/Au,03 core. The larger 4.8 nm NPs may still contain some metallic Cu within the core which
can still migrate outwards and become oxidized under oxidizing conditions. Conversely, in the
reducing H, environment, the oxides in the NPs will reduce, and Au preferentially segregates to
the surface. This phenomenon may be driven by the larger atomic radius of Au atoms compared

to Cu and the comparatively lower surface energy of Au.”®
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Figure 27. (a) Ratio of Au to Cu for 1.4 and 4.8 nm AuCu NPs under different environmental
conditions at 442 eV photoelectron kinetic energy. (b) Ratio of Au** to Au® for AuCu NPs under
different environmental conditions at 442 eV photoelectron Kinetic energy.

In order to further probe the stability and oxidation state, the oxidizing and reducing
conditions were cycled as shown in Figure 27. Figure 27(a) shows the Au/Cu ratio for the two
NP sizes at 442 eV kinetic energy during exposure to the conditions indicated. For the 4.8 nm
NPs, the segregation trends are reversible when the sample is exposed to another round of
oxidizing then reducing conditions. Although the oxidation state of Cu could not be fit and
deconvoluted from the Cu 3p spectra measured in this study, the oxidation state of Au could be
derived from the Au 4f spectra. Figure 27(b) shows the ratio of Au**/Au’ for the samples
measured in the same conditions. Interestingly, the smaller NPs show only metallic Au under the
different conditions, while the 4.8 nm NPs show significant oxidation of Au after exposure to

oxidizing conditions. This result may have to do with the larger NPs storing Au oxides within the
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bulk of the sample which are protected from reduction by a layer of metallic Au at the very
surface. It should be kept in mind that the synchrotron X-ray irradiation may play an important
role in the oxidation and reduction of the NPs in these experiments. Indeed, a previous study has
shown that AP-XPS measurements in O, at room temperature can oxidize Au NPs/TiO, and a

Au foil, and the synchrotron radiation in UHV could reduce the Au NPs, but not the Au foil 2"
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Figure 28. (a) Ratio of Au to Cu for 4.8 nm AuCu NPs under 1 Torr of CO at room temperature

over time. (b) Au 4f region of 4.8 nm AuCu NPs in 1 Torr CO at room temperature over time.
Data were measured with 214 eV photoelectron Kinetic energy.
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The dynamic changes in the largest NPs were also investigated in 1 Torr of CO at room
temperature over time. Figure 28(a) shows the Au/Cu ratio of the as prepared sample, and the
sample after 30 and 90 minutes in the CO environment. Remarkably, over time the Au/Cu ratio
increases slightly, indicating segregation of Au to the surface and dynamic changes in the AuCu
NPs even at room temperature. This Au surface segregation agrees with earlier results in
reducing H, conditions. Figure 28(b) shows the Au 4f region at the most surface sensitive kinetic
energy measured at the different times of CO exposure. Here it is clear that surface Au oxides are
more reduced after 90 minutes in 1 Torr of CO. It should be kept in mind that the reduction of
the Au** may also be accelerated by the X-ray irradiation, however no time dependent changes
were observed in the Au 4f region when measured in UHV. These results indicate that Au®* is

unstable in CO, and the reduction of Au atoms may drive the segregation of Au to the surface.

Reactivity for CO, Electroreduction

The AuCu NPs supported on glassy carbon were used as the working electrode for the
electroreduction of CO, in 0.1 M KHCOs. Figure 29 shows the current density after the first 10
min of reaction for each sample as a function of NP size. A significant increase in activity with
decreasing NP size was observed, with the smallest 1.4 nm NPs showing approximately twice
the current density of the largest NPs. This trend is in agreement with previous studies on
monometallic Au and Cu NPs, where CO, reduction current density increased significantly with
decreasing NP size, particularly below 5 nm NP size.?® In those studies, the size dependent trend
was due to the increased population of low coordinated sites on the smaller NPs, which were
more active. It is likely that a similar mechanism can explain the size-dependent activity here.

The 5.6 nm NPs are slightly out of the trend, showing a larger current density than the 4.8 nm
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NPs which are closest in size.

This anomaly may be related to the differing composition of these

two samples, which will be discussed below.
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Figure 29. (a) Current density (J) after 10 min of reaction during CO, electroreduction at E =
—1.2 V vs. RHE. Error bars indicate the standard deviation of multiple measurements on
analogously prepared fresh independent samples. The dashed line is a guide for the eye. (b)
Chronoamperometry during the first 10 min of reaction at —1.2 V vs. RHE.
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The selectivity towards gas products was measured at —1.2 V vs. RHE using gas
chromatography and is plotted in Figure 30. The NPs show ~20% selectivity for CO, reduction
products (CO and methane), and the remaining selectivity is to H,. Figure 30a shows that the
production of H,, CO, and CHj, increases for smaller NPs, however Figure 30b shows that there
is only very small size dependent change in the Faradaic selectivity for different products. CO
selectivity increases from approximately 11% on the smallest NPs to 18% on the largest NPs,
while CH, selectivity remains roughly constant with size. These trends are in stark contrast to
monometallic Au and Cu NPs, which show drastic size-dependent changes in product
selectivity.?*170%"

Our results demonstrate that while activity is strongly dependent on NP size, selectivity
does not show a strong size-dependence. This result can be compared to size-dependent studies
from our group on similarly prepared mono-metallic Au and Cu NPs during CO;
electroreduction, which clearly show size dependent selectivity.>®> Cu NPs were shown to have
increasing selectivity towards hydrocarbons for larger NP sizes, while smaller NPs favorably
produced H, and CO. In comparison, for Au NPs, CO selectivity increased with increasing NP
size, while H; selectivity decreased. The trends in H, and CO selectivity in our AuCu catalysts
follow the trends we observed for pure Au NPs, although CO selectivity is not as high for the
bimetallic NPs in comparison to the pure Au. This trend may indicate that the surface of the
AuCu NPs is Au rich. In our previous work on micellar Au NPs, DFT calculations showed under
the high H* coverage that is likely present on the NP surface under CO, electroreduction
conditions, H; evolution becomes more facile than CO, reduction on low coordinated surfaces,

i.e. Au(211) versus Au(111).> A similar mechanism may explain the higher H, selectivity of our
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smallest AuCu NPs, since low-coordinated Au atoms on an Au-rich surface of AuCu NPs may

also favor H, evolution. DFT has also predicted that adsorbed CO will enhance the hydrogen

evolution reaction on close-packed metal surfaces due to repulsion between CO* and H*.*"
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Figure 30. (a) Molar production rate and (b) Faradaic selectivity towards gas products formed
during CO, electroreduction as a function of NP size. Error bars indicate the standard deviation
of multiple measurements carried out on analogously prepared independent fresh samples.
Dashed lines are guides for the eye.

108



In order to understand the size-dependent selectivity, it is critical to also consider the
drastic chemical and structural changes that may occur in these bimetallic NPs under reaction
conditions.?*#%"#"%2%> |n particular, several studies have shown that such drastic restructuring
can occur in bimetallic catalysts under CO, electroreduction conditions.**?>*?%027¢ |n their initial
state, the AuCu NPs are oxidized due to the O, plasma treatment, and it is favorable for Cu to
segregate to the surface under oxidizing conditions, due to its higher affinity for oxygen.
Consequently, it is possible that the initial NPs have a Cu oxide-rich surface. Other studies of
AuCu catalysts have also shown that Cu can segregate to the surface after air exposure, after
calcination, or during oxidation reactions.”’’*° During the reaction at the high overpotential
used for CO, electroreduction, the NPs are expected to become at least partially reduced, and
under these reducing conditions it is more favorable for Au to segregate to the surface, due to its
lower surface energy and larger atomic radius. Indeed, Friebel et al. have shown that Cu
monolayers on Au(111) undergo restructuring and alloying with the underlying Au due to
segregation of Au atoms to the surface under electrochemically reducing conditions.?®
Furthermore, EXAFS measurements of AuCu clusters in a reducing H, environment have also
indicated segregation of Au to the surface.?®" Similarly, it is possible that the surface of our
AuCu NPs is Au-rich under reaction conditions, which could explain the higher selectivity
towards CO as opposed to CH,4 and the absence of C,H,. Our AP-XPS measurements of micellar
AuCu NPs described above support the idea that significant restructuring may occur in the NPs
under reactive environments, with Cu segregation to the surface under oxidizing conditions, and

Au segregation to the surface under reducing conditions.
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Studies of composition dependence in bulk and 10 nm NP AuCu catalysts have shown
that increasing Au content increases the selectivity towards CO compared to hydrocarbons.'®"2>
Similarly, for our AuCu NPs, which may be Au-rich at the surface, the majority of the CO,
reduction selectivity is towards CO, while only ~3% CHy, selectivity is observed. The 5.6 nm
NPs were observed to have slightly higher methane selectivity and lower CO selectivity
compared to 4.8 nm NPs, which are very similar in size, which may be due to their bulk
composition being Cu rich. This Cu-rich sample also shows the highest methane production, in
line with the results from Kim et al., who show that no methane is produced on their AusoCusg
catalysts, whereas 4% methane is produced on AuysCuzs at ~—1.1 V vs. RHE. Furthermore, their
Cu rich catalyst showed lower CO selectivity in comparison to a sample with the same size but
50-50 Au-Cu composition.”*®

Another factor to consider is the reduction of the oxidized NP surfaces, which may create
unique highly active sites for CO, electroreduction. Previous work has shown that bulk Cu
surfaces which are oxidized and reduced show higher activity, lower overpotentials, and higher
selectivity towards CO or C,H, with suppression of CH,4 in comparison to metallic Cu. 84282286
Similarly, oxidized and reduced Au surfaces have shown vastly improved CO; reduction
behavior compared to metallic Au."® Our group has recently shown that the improved catalytic
reactivity of oxide-derived Cu is not only due to the highly rough surfaces which are created
during the oxidation and reduction treatment or the high local pH generated by the high currents
on these rough surfaces, but also by the survival of cationic Cu species and subsurface oxygen

within the catalyst which control the selectivity and low overpotential for CO, reduction.®® The

AuCu NPs used in this study are heavily oxidized in their initial state, and would become
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partially or fully reduced under reaction conditions. However, it is unlikely that oxide species
can survive in these small NPs at CO; electroreduction overpotentials, in contrast to the thick
bulk oxidized surfaces. In addition, we do not see C,H, production or high CO selectivity, which
are the signatures of oxide-derived catalysts. In this case, a plausible explanation for the trends
observed is that, even if Cu” species might be more stable on the Cu-Au NPs than in other

287 the concomitant

related systems such as Cu-Pd or Cu-Ni due to the low affinity of Au for O,
favorable Au surface segregation results in the absence of Cu+ at the NP surface. Therefore,
even if Cu™ species might remain stabilized on these NPs under reaction conditions, they should

be subsurface and therefore not directly exposed to the reactants.

Conclusion

Bimetallic AuCu NPs 1.4-24 nm in size were synthesized using inverse micelle
encapsulation to achieve narrow size distribution. X-ray spectroscopy revealed that the NPs were
oxidized in their initial state. 1.4 and 4.8 nm NPs were measured using AP-XPS under oxidizing
and reducing conditions in order to resolve changes in the surface composition due to reaction
environment. By cycling in O, or H, environments at elevated temperature, reversible
segregation of Cu to the surface was observed under oxidizing conditions, while Au segregation
occurred under reduction conditions. Additionally, under CO atmosphere at room temperature,
segregation of Au to the surface over time, along with reduction of surface Au oxides was
observed. When used as catalysts for CO, electroreduction, smaller NPs showed high current
density during CO; electroreduction due to their higher population of low coordinated sites at the
surface. Faradaic selectivity depended less strongly on NP size. For all NPs, H, was the

dominant product with approximately 80% selectivity, although CO and CH, were also formed.
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CO production increased and H, production decreased by ~7% with increasing NP size. The
selectivity trends observed are assigned to possible preferential segregation of Au to the NP
surface under reducing reaction conditions, which may be responsible for the low selectivity for
hydrocarbon products. In order to further tune the catalytic properties of AuCu NPs, additional
studies of the morphological and compositional changes which occur in the NPs under reaction

conditions must be performed.
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CHAPTER SEVEN: TUNING THE REACTIVITY OF COPPER
CATALYSTS FOR CO, ELECTROREDUCTION THROUGH OXIDATION
STATE

Introduction

Investigations in recent years have led to the development of many interesting metal-

based catalytic materials for CO,RR. Nanostructured catalysts such as NPs,?3185288-29

291,292

nanocubes, nanofoams®® and nanowires'’> have shown vastly improved activity or

selectivity over bulk materials.*?*” Recently, nanostructures derived from the reduction of copper
oxides have shown vastly improved CO, reduction efficiency at lower overpotentials. 8423328
These materials were synthesized from the reduction of thermally oxidized Cu or
electrodeposited Cu,O, and in general display improved current density, enhanced CO, reduction
to CO at low overpotentials, and a partial suppression of methane in favor of ethylene at higher
overpotentials. Despite these promising results, the mechanism behind the reactivity trends of
oxide-derived CO,RR catalysts is still under dispute. Grain boundaries in oxide-derived Cu have
been suggested to support unique surface sites which may be active for CO,RR.**2822% Another
mechanism could be the increase in local pH due to high current densities®®® on the highly
roughened surfaces, which could alter the reaction pathway in favor of ethylene.?®>?
Alternatively, the nanostructuring of the catalyst surface during the oxide reduction may also
provide low-coordinated atoms as active sites.> Cu®* sites which may remain on the catalyst

surface during the reaction have also been suggested to be the active sites.?**3% However, no

operando evidence of this claim exists up to this point, and only ex situ evidence has been

Adapted from Mistry, H.; Varela, A. S.; Bonifacio, C. S.; Zegkinoglou, I.; Sinev, I.; Choi, Y.; Kisslinger, K.; Stach,
E. A;; Yang, J. C,; Strasser, P.; Roldan Cuenya, B. Nat. Commun. 2016, 7, 12123.
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presented. This ex situ evidence is complicated by the rapid formation of native oxides on
metallic Cu surfaces upon removal from the reactor and exposure to air.?® In general, it has been
assumed that Cu oxides are completely reduced during the relatively high CO,RR potentials used
(that is, ~ 1 V versus reversible hydrogen electrode (RHE)), and that the reaction occurs only on
metallic Cu species.

Oxygen plasma treatment is a facile and scalable technique to controllably oxidize and
nanostructure metal catalysts for CO,RR that has not yet been explored. Plasma treatment is a
powerful method to activate catalysts, for example by removing capping ligands used in the
synthesis of nanoparticles without sintering,?®>% by rapidly changing the chemical state of the

surface at room temperature, ">

or by creating defects or embedded atoms which can improve
reactivity.*>> We have used oxygen and hydrogen plasmas to create novel nanostructured oxide
layers and porous surfaces with tunable morphology and chemical state on polycrystalline Cu.
These catalysts can lower the onset potential of CO, reduction to ethylene by 350 mV compared
with electropolished Cu, with a maximum faradaic selectivity of >60% at —0.9 V versus RHE.
Here, using a combination of characterization techniques—including operando X-ray absorption
fine-structure spectroscopy (XAFS), scanning transmission electron microscopy (STEM)
equipped with energy dispersive X-ray spectroscopy (EDS)—we gain insight into the catalysts in
their working state and find that Cu™ is the active species for reducing CO, to ethylene. Through
our results, we unravel the mechanism behind the improved activity and unique ethylene

selectivity of oxide-derived Cu catalysts and lay out the design principles necessary for improved

ethylene-selective CO,RR catalysts.
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Experimental Methods

All Cu foils were initially electropolished in 85% phosphoric acid at 3 V versus a
titanium foil, then thoroughly rinsed with ultra-pure water and dried with nitrogen. Plasma
treatments were performed in 400 mTorr of H, or O, for the indicated plasma power and time.
For the O, 100 W 2 min + H,-treated sample, 100 W 10 min of H, plasma was used.

SEM images were obtained using a Quanta 200 FEG microscope from FEI with a field
emitter as electron source. A secondary electron (Everhart-Thornley) detector was used for the
image acquisition. An electron acceleration voltage of 10 kV and a working distance of 10 mm
were chosen for the measurements. TEM cross-section samples were prepared using a FEI
Helios 600 Dual Beam Focused lon Beam (FIB) at the Center for Functional Nanomaterials
(CFN) at Brookhaven National Laboratory (BNL) by Eric Stach’s group. The FIB sectioning was
performed at 30 keV with final milling at 5 keV. Spatially resolved elemental maps were
acquired using a FEI Titan TEM/STEM microscope with ChemiSTEM technology (X-FEG and
SuperX with four windowless silicon drift EDS detectors) operated at 200 kV, at the National
Center for Electron Microscopy (NCEM), Molecular Foundry at Lawrence Berkeley National
Laboratory (LBL). A Hitachi 9500 TEM at the Nanoscale Fabrication and Characterization
Facility (NFCF), University of Pittsburgh operated at 200 keV was used to acquire HRTEM
images and SAED patterns. TEM measurements were performed by Prof. Judith Yang’s group.

XANES and EXAFS spectra were measured at beamline 2—2 of the Stanford Synchrotron
Light Source. A home-built operando electrochemical cell was used, with a platinum foil counter
electrode and silver/silver chloride (Ag/AgCl) reference electrode. The samples were mounted

behind an X-ray kapton window with 1 mm of electrolyte between the sample and window. The
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electrolyte (0.1 M KHCO3) was circulated between the cell and a reservoir in which CO, was
continuously bubbled. Measurements were performed in fluorescence at small incidence angle
using a passivated implanted planar silicon (PIPS) detector. The acquisition of each spectrum
took 15 min, and they were acquired during the first 15 min and after 1 h of reaction. Data
analysis was performed using the Athena and Artemis software. The FEFF8 code was used to
simulate Cu, Cu,0 and CuO spectra for EXAFS fitting.

Electrochemical measurements were carried out by Prof. Peter Strasser’s group
(Technical University Berlin, Germany) in a custom made two compartment cell separated by a
Nafion membrane. The glassware was cleaned in a ‘nochromix’ bath and afterwards in
concentrated HNO3 for 1 h, rinsed, and sonicated with ultra-pure water several times. The
working compartment was filled with 120 ml 0.1 M KHCO3; (Sigma-Aldrich 99.95%). Before
and during the electrochemical reaction the cell was purged continuously with CO, (30 ml min’
1), reaching a stable pH value of 6.8.

A platinum mesh 100 (Sigma-Aldrich 99.9%) was used as counter electrode and a leak-
free Ag/AgCI electrode as reference electrode (Hugo Sachs Elektronik Harvard apparatus
GmbH). The plasma-treated Cu foils were used as working electrode and contacted by a gold
clamp. Every measurement was started with a linear voltammetric sweep, performed with a scan
rate of 5mVs™ between E = + 0.05 V vs. RHE and the working potential (between 0.45 V and
1.0 V vs. RHE) followed by a chronoamperometric step for 60 min. All reported potentials are
corrected for Ohmic drop determined by electrochemical impedance spectroscopy.

After 10 and 60 min of bulk electrolysis at constant potential, a sample of the gas was

analyzed by gas chromatography (Shimadzu GC 2016) to determine the production rate and
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faradaic selectivity of the gaseous products. In addition, an aliquot of the electrolyte was

analyzed by a high-performance liquid chromatograph (Agilent 1200 series).

Results

To synthesize plasma-activated Cu, electropolished polycrystalline Cu foils were treated
in O, and H; plasmas of varying power and duration. Figure 31 presents scanning electron
microscopy (SEM) images of the Cu films treated with O, plasma at 20 W for 2 min (top row)
and 100 W for 2 min (middle row) and 10 min (bottom row). By tuning the plasma conditions,
the morphology of the surface and oxide thickness can be easily controlled. Growth of the Cu
oxide begins at grain boundaries, forming micron-sized wires as shown in Figure 31la. With
increasing plasma time and power, the wires merged, forming a highly roughened surface, (c.f.
Figure 31b,e,i) and became highly porous with an observed 64% increase in the number of pores
and 50% decrease in pore size. Subsequently, the plasma-activated Cu samples were partially
reduced in situ during CO,RR, and the resulting surface morphology is shown in the last column
of Figure 31. For most samples, an increase in the porosity was observed. Interestingly, the
sample oxidized at 100 W for 10 min showed the growth of hair-like nanoneedles after the
reaction. To compare the effect of plasma reduction on the film morphology to the
electrochemical reduction mentioned above, a H, plasma was used (100 W for 10 min) and is
shown in Figure 31g. The resulting structure was very similar to the electrochemically reduced
sample (c.f. Figure 31f), indicating that plasma reduction or electrochemical reduction of the Cu

oxides results in a similar structure.
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Figure 31. Morphological characterization of plasma-treated Cu foil electrodes. SEM images of
Cu foils treated with O, plasma for (a—c) 20 W 2 min; (d—g) 100 W 2 min; and (h—j) 100 W
10 min. (a,b,d,e,h,i) The morphology of the as-prepared foils. (c,f,j) The morphology after the
CO2RR reaction. (g) The sample plasma treated with O, at 100 W for 2 min after an additional
H, plasma treatment at 100 W for 10 min. Scale bars, (a) 10 um; (b,c,e—g,i,j) 500 nm; (d,h)
20 pm.

To gain further information on the structure and chemical state of the plasma-treated Cu
films, cross-sections of the samples were measured using STEM combined with elemental
mapping using EDS. Cross-sectional EDS maps of plasma-treated Cu samples before and after
CO2RR are shown in Figure 32. After the O, plasma treatment, the EDS maps show two well-
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defined oxide layers over the bulk metallic Cu film. Stoichiometric analysis using EDS data
resulted in Cu:O ratios of 2.7:1.0 and 1.3:1.0 for the interlayer and upper layers, respectively,
indicating that the interlayer is Cu,O, while the upper layer is CuO. It is also apparent that at
grain boundaries and crystallographic domains with the fastest oxide growth, a thick 1.5-um
Cu,0 interlayer grows with a thinner 100 nm CuO top layer, while in domains with slower oxide
growth, the CuO layer is thicker at 260 nm—as clearly shown in Figure 32a. Figure 32g shows
the 100 W 2 min oxidized Cu with a subsequent H, plasma treatment. A 100 nm layer at the
surface is reduced entirely to metallic Cu, with the CuO and Cu,O oxide layers being still
observed subsurface. After H, plasma treatment, the sample was exposed to air for more than a
week before TEM sample preparation and analysis, and the native Cu oxide layer, measured to
be <3 nm thick, was insignificant compared with the thick oxide layers which formed from the
plasma treatment and the remained during the reaction. This indicates that observed oxides in our
samples before or after reaction are not simply due to surface oxidation in air during the ex situ
sample transfer to the TEM. Figure 32c,f,h also shows EDS maps of these samples after 1 h of
CO2RR at —0.91V versus RHE. Remarkably, after the reaction a single layer with O atom
concentration ranging from 3 to 29 atomic % remains with porous and oxygen-rich regions
observed. The Cu oxide species are present throughout the layer, indicating that the surface is
rich in Cu” sites which remain stable on the surface and near surface layers during the reaction.
This finding challenges the conventional assumption that only metallic Cu (Cu®) is the active
species during CO,RR and indicates that Cu® plays a significant role in the unique reactivity of

oxide-derived Cu.
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Figure 32. Morphological and chemical analysis of plasma-activated Cu foils. EDS elemental
maps of Cu foils treated with O, plasma for (a—d) 20 W 2 min; (e-f) 100 W 2 min; and (g—h)
100 W 2 min+H; plasma. The images labelled ‘after reaction’ were used as catalyst for CO,RR
for 1 h at —0.91 V versus RHE. (b,d) HRTEM and SAED analysis of the O, plasma 20 W 2 min
treated sample before and after the reaction, respectively. Scale bars, (a—c) 300 nm; (d) 20 nm;
(e-h) 200 nm.

Figure 32b,d show high-resolution TEM (HRTEM) and selected area electron diffraction
(SAED) patterns of the O, 20 W 2 min plasma-treated sample before and after the reaction. The
diffraction analysis confirms that a CuO top layer and Cu,O interlayer exist before the reaction
(Figure 32b). After the reaction, the layer transforms into a mixture of Cu-rich regions, which
contain only 3.4+£0.9% oxygen atoms, and oxygen-rich regions with 19.5+2.6% oxygen atoms
identified as Cu,O. It is clear that the oxygen is depleted during the reaction, but the surface
layer of the oxidized Cu films is still rich in oxygen even after 1 h of reaction. It is unlikely that

the Cu oxides in the sample after reaction could be a result of air exposure, since the native oxide
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would be much thinner due to its slow growth rate at room temperature in air and would contain
Cu(Il) species, which are not observed here.

To further investigate the changes in the structure of the oxide layer during CO,RR and
gain insight into the chemical state of the active Cu species, operando XANES and EXAFS were
used. Figure 33 shows the Cu K-edge XANES and EXAFS spectra of the O, 100 W 2 min
plasma-treated Cu measured in fluorescence at small incidence angle (for enhanced surface
sensitivity) during CO2RR at —1.2 V versus RHE. Although the thickness of the sample caused
dampening of the XAFS signals due to self-absorption, the XANES spectrum of the as-prepared
plasma-oxidized Cu shows the features of Cu,O, in particular, the prominent shoulder at the edge
marked with a green dashed line at ~8,982 eV. The presence of metallic Cu and Cu oxide in the
initial sample is also clear in the EXAFS data shown in Figure 33b,c. During the first 15 min of
reaction, a combination of Cu and Cu,O features are still present, and at 1h, only metallic Cu
features are discernable. Although an oxygen content of ~25-28% is still present in the surface
layer of the catalyst after 1 h of reaction according to STEM-EDS, XAFS probes further into the
bulk, and when the films are partially reduced, the XAFS signals become dominated by the
signal of the metallic Cu underlayer. Nevertheless, we have shown here unquestionably that for
our plasma-oxidized Cu catalyst, Cu,O species are present and can participate in the reaction. It
is clear that significant changes occur in the bulk of the Cu oxide layer during the first 15 min of
reaction in which the initial CuO and Cu,O layers are reconstructed and some of the oxygen is
depleted. After this initial change, it is likely that the Cu,O species remain relatively stable in the
surface layer, since the activity and selectivity measured after 10 min and 1 h are unchanged for

all the oxidized samples. Furthermore, the reactivity of the O, 20 W 2 min sample was observed
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to be stable over the course of 5 h, suggesting there is no significant change on the active phase
during this time. Therefore, it is likely that Cu™ species can be supplied to the surface from the
thick initial oxide surface and subsurface layers during the reaction to maintain the reactivity of

these catalysts over time.
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Figure 33. Operando structural and chemical characterization during CO, electroreduction. (a)
XANES spectra of the O, 100 W 2 min treated sample measured under operando conditions in
0.1 M KHCO3 during the first 15 min and after 1 h of reaction at —1.2 V versus RHE. Bulk Cu,
Cu,0 and CuO spectra are plotted as reference. (b) EXAFS spectrum of the as-prepared sample
plotted with references. (c) EXAFS spectra and fits (dashed lines) of the sample measured under
operando conditions. Fourier transforms are k?-weighted.
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The catalytic activity and selectivity of the plasma-activated copper foils were studied by
performing bulk electrolysis in 0.1 M potassium bicarbonate (KHCO3) at a constant potential and
analyzing the reaction products via chromatographic techniques. Figure 34 shows the geometric
current density as a function of applied potential. The plasma treatment has a clear effect on the
activity of Cu towards CO,RR which can partially be attributed to the surface roughness. In
general, longer and higher power O, plasma treatment increases the roughness factor (Table 8),
which is an estimate of the active surface area derived by measuring the double layer capacity
and normalizing by the electropolished foil. However, roughness effects alone cannot explain all
of our experimental findings satisfactorily. In fact, the initial oxidation state of the sample also
affects the current density. This is particularly evident when we compare the catalytic activity of
the O, 100 W 2 min and O, 100 W 2 min+H; plasma-treated Cu. Although both samples have a
similar surface roughness, as shown in Table 8, their catalytic activity is significantly different.
The H, plasma treatment on the oxidized sample reduces the activity by about two times
compared with the oxidized sample without H, treatment. The H, plasma treatment depletes the
oxide species available initially in the sample, as shown in Figure 32g, while having minimal
effect on the surface roughness. This result is an indication that the Cu oxide species are critical
for improved current density. As demonstrated by our STEM-EDS data, even after 1h of

CO3RR, patches of Cu,O are still observed near the sample surface.
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Figure 34. Electrochemical activity during CO, electroreduction. Geometric reduction current
density as a function of applied potential.

Table 8. Roughness factors estimated through capacitance measurements.

Sample Roughness Factor
Electropolished 1.0
H, 100W 2 min 15
0O, 20W 2 min 26.4
O, 100W 2 min 43.7
O, 100W 2 min+H; 48.3
O, 100W 10 min 89.7

Figure 35 shows the faradaic selectivity of the CO,RR products for the plasma-activated
Cu samples as a function of applied potential. The plasma treatments not only affect the activity

of copper, but more importantly, they also have a remarkable effect on selectivity. The
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selectivity change is most drastic on the O, treated samples: on one hand, this treatment clearly
suppresses methane formation (Figure 35c), while on the other hand, it enhances the formation of
the other products of CO,RR (CO, formate and ethylene). Consistent with results from Kanan
and co-workers,'®* we observe that the onset potential towards CO and formate (HCOO") is
shifted to lower overpotentials. Furthermore, for our plasma-oxidized Cu, the selectivity towards
CO reaches a maximum of 60% at —0.5V versus RHE, which is three times higher than for
electropolished Cu foil. In our study, the onset of ethylene production is also shifted from
approximately —0.85 V versus RHE for metallic Cu foils to as low as —0.5 V versus RHE for the
most oxidized Cu foils. In addition, we observe a remarkably high selectivity towards ethylene,
reaching 60% at —0.9 V versus RHE for the O, 20 W 2 min plasma-treated sample. This value is
higher than other oxide-derived Cu catalysts synthesized from thermal oxidation,*®* which show
<10% ethylene efficiency at these potentials, or from electrodepositon of Cu,0.22*?%* In addition,
the most oxidized foils in this study also produce trace amounts of ethanol. Interestingly, the
100 W O, plasma-treated samples, which have been exposed to a stronger oxygen plasma
treatment and are characterized by the highest roughness factors, also produce trace amounts of
ethane, but nonetheless exhibit lower C,H, selectivities. These results indicate that there is an
optimal oxidation treatment to favor ethylene formation, in agreement with results from Ren et
al.®® We hypothesize that this trend could be related to mass diffusion limiting ethylene
formation on the most roughened surfaces where high geometric currents are achieved. This is

also consistent with our observation that at high overpotentials—at which high geometric current

densities are also achieved—ethylene selectivity is suppressed.
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Figure 35. Faradaic selectivities of the main CO,RR products. Data were acquired after 60 min
of CO, electrolysis at a constant potential in CO; saturated 0.1 M KHCOs. (a) CO, (b) formate,
(c) CH4 (d) C2H4. Solid lines are guides for the eye. The remaining selectivity is due to Ho.

To confirm that the selectivity trend for the oxidized samples is due to the oxidation state,
not the surface roughness, we can compare the O, 100 W 2 min treated sample with the same
sample which was exposed to an identical O, plasma treatment plus H, plasma. Despite their
similar roughness (Table 8), their selectivity is drastically different. On both samples, methane

formation is suppressed, however on the former sample, which was only treated with O, plasma,
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the onset potential for the formation of CO, HCOO and C;Hy, is clearly shifted to less negative
potentials. The main difference between these two samples is the availability of Cu™ sites in their
initial state. Thus, by depleting the Cu™ sites using the H, plasma, we have reduced the number
of active sites available for C,H,4 formation, and therefore altered the selectivity.

We also observed that the H, 100 W 2 min plasma-treated sample, which has a similar
roughness to the electropolished Cu foil, has an improved catalytic performance towards CO,RR
compared with the polished foil. The H;, plasma-treated sample exhibits an earlier onset potential
for formate production and a higher faradaic selectivity towards methane. An explanation for this
effect could be improved CO, reduction on defect sites generated by the plasma treatment.
Another possible mechanism could be cleaning of contaminants or the native oxide from the Cu
surface by the H, plasma, which may improve the CO,RR performance in comparison to the
electropolished sample. XPS shows that the small adventitious carbon 1s peak present on the
electropolished foil is diminished after the H, plasma treatment, although the oxidation state of

the surface of the foil is not changed.

Discussion

Figure 36 shows a summary of the hydrocarbon selectivity as a function of the plasma
treatment of the Cu foils. Two competing effects are controlling the reactivity of the plasma-
treated Cu foils: the surface roughness and the oxidation state of the surface layer. As described
above, after oxidizing the surface layer with O, plasma, we see an almost complete suppression
of methane formation. As the foils are more oxidized, the surface roughness increases, and there

is a drop in the ethylene selectivity, likely due to mass diffusion limitations.
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Figure 36. Summary of hydrocarbon selectivity of plasma-treated Cu foils. From left to right,
the insets show SEM images of the low surface area H, plasma-treated metallic Cu foil, the O,
20 W 2 min plasma-treated Cu foil with optimal ethylene selectivity, and the high surface area
nanoneedles on the O, 100 W 10 min oxidized sample after the reaction (500 nm scale bars).

Previous studies have proposed that the catalytic behavior of such oxygen-derived Cu
catalysts can be attributed to a roughness effect or to the presence of strongly binding defect sites
such as grain boundaries. Recent work in Verdaguer-Casadevall et al.”®* have shown that CO-
binding energy on oxide-derived Cu is higher than on metallic copper. This high-binding energy
could explain the early onset potential for CO,RR, but does not explain why subsequent H,

plasma treatment would suppress the ethylene selectivity of the 100 W 2 min oxidized sample in

our study.

128



Another proposed mechanism for the behavior of oxide-derived CO,RR catalysts is a pH
effect. It is expected that during the catalytic reaction on these rough surfaces there is a
significant rise in the local pH, suppressing the pH-dependent CO protonation that leads to
methane formation.'®**** The pH-independent pathway via CO dimerization, however, is not
affected, resulting in high ethylene selectivities.?>*%*%" Consistently, all samples with some
initial oxidation treatment (rough surfaces) exhibit suppression of methane, as shown in Figure
36, which may be attributed to the pH effect. However, the lower onset potential for ethylene
production observed in the oxygen-treated samples (Figure 35d) cannot be attributed to a local
pH effect. In fact we observed that that the increasing oxidation treatment leads to a decrease in
the overpotential for C,H, production, indicating that high activity for ethylene can be related to
the oxidation—reduction treatment and not to a local pH effect.

By comparing the catalytic performance of O, plasma 100 W 2 min+H, and O, plasma
100 W 2min Cu, we have demonstrated that purely a roughness effect cannot explain the
reactivity trends of our plasma-activated oxide-derived Cu catalysts, since these catalysts with
nearly the same roughness, but different oxide content have significantly different reactivity and
selectivity. In addition, while the high local pH could explain the suppression of CH,, it cannot
explain the earlier onset potential for CO,RR. Since surface roughness and pH effects cannot
fully explain the reactivity of our plasma-activated Cu, it is clear that another mechanism is also
involved in controlling the reactivity. Based on our STEM-EDS and operando XAFS
measurement we conclude that, contrary to common belief, Cu” species are stable under reaction

conditions and play a determining role in the reactivity of oxide-derived Cu. These species may
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interact with negatively charged CO; reduction intermediates which may play an important role
in determining selectivity.?**

The mechanism behind the stability of Cu® species under the thermodynamically
unfavorable conditions of CO2RR is still under investigation; however, several mechanisms may
explain this phenomenon. One possibility is that the highly roughened surfaces with low-
coordinated sites which are formed after O, plasma treatment may bind more strongly to oxygen,
helping to stabilize oxides during the reaction. Strain in the surface caused by the oxidation and
reduction of the surface may also cause strong oxygen binding. The highly porous nature of the
films formed might also serve as favorable oxygen reservoir. Another possibility is that the high
local pH could help to stabilize Cu™ by negatively shifting the overpotential for Cu,O reduction.
Recent studies of nanostructured tin oxide catalysts for CO, electroreduction have also suggested
that oxide species are stable during the reaction and play a controlling role in their selectivity. Sn
oxides and not metallic Sn were shown to be the active species for CO; reduction to formic acid
and are metastable during the reaction at reducing potentials, even though the oxides are
thermodynamically unstable under these conditions.?**3%% While similar stability of Cu* has

285,298,310

been suggested for oxide-derived Cu catalysts , We provide here the first direct evidence

that Cu” species are stable during CO,RR and are key for controlling selectivity.

Conclusion

In summary, we have synthesized superior oxygen-derived Cu catalysts using plasma
treatments and used a synergistic combination of advanced ex situ, in situ and operando
techniques to reveal the key mechanisms behind the improved performance of oxide-derived

copper catalysts. Plasma treatment was found to be a facile method to rapidly oxidize Cu foils,
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which resulted in stable oxide layers with a unique surface structure. These plasma-oxidized
catalysts achieve lower onset potentials for CO, formate and ethylene, as well as outstanding
ethylene selectivity of 60% at —0.9 V versus RHE. In addition, using STEM-EDS and operando
XAFS, we have found that the oxides in the surface layer are surprisingly stable against
reduction, with a significant amount of oxide species and dissolved oxygen remaining after 1 h of
reaction at relatively high potentials (—0.91 V versus RHE). Furthermore, ethylene synthesis and
methane suppression are due to the presence of these oxides. It is expected that the fundamental
understanding extracted from our experimental study could aid the further design and

optimization of oxide-derived Cu catalysts.
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