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1. Introduction

1.1 Background

The global atmospheric concentration of carbon dioxide (CO,) has increased dramatically due
to human activity, particularly after the industrial revolution. The accumulation of CO,
(greenhouse gas) in the atmosphere is a serious environmental threat and a leading cause of
global climate change.*? The increased global mean temperature may trigger the rise of sea
levels and the frequency and intensity of extreme weather events. In addition, the increase of
the global CO, concentration has resulted in an increased ocean acidification,* leading to
the demise of many natural habitats and aquatic species. The oceans are a principal sink for
dissolving the anthropogenic CO; where it is estimated to have caused a rise of 30% in the
concentration of H* in the ocean surface waters since the early 1900s, which may adversely

affect many marine ecosystems in the near future.!!

For mitigating the atmospheric CO, concentration, carbon capture and sequestration (CCS)
at large emission sources such as industrial power plants has been proposed. However, there
are some unknown ecological and environmental impacts and risks associated with the
sequestration methods including geological and deep sea storage. Thus, carbon capture and
utilization (CCU) could be a feasible strategy. For the utilization of the captured CO,, the
electrochemical reduction of CO; to fuels and value-added chemicals at mild conditions has
attracted considerable attention as a promising solution.®*% In this process, the captured CO,
could be utilized as a chemical feedstock and converted into carbon monoxide (CO), methane
(CHy,), ethylene (C,H,), and even liquid products such as formic acid (HCOOH), methanol
(CH3OH) and ethanol (C,HsOH). ! The high energy density hydrocarbons can be directly
and conveniently utilized as fuels within the current energy infrastructure. In addition, the
production of CO is very interesting since it can be used as a feedstock in the Fischer—
Tropsch process, a well-developed technology that has been widely used in industry to
convert syngas (CO and hydrogen (Hy)) into valuable chemicals such as methanol and

synthetic fuels (such as diesel fuel).>®

In order to avoid extra CO, emissions, the electrocatalytic reduction of CO, should be
powered by electricity from renewable energy sources such as solar energy, hydropower and
wind energy.®¥ In this way, the anthropogenic carbon cycle can be closed by the conversion
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of CO; into fuels and useful products (Figure 1.1). A key technological challenge for
achieving this goal is to develop cheap and earth-abundant catalysts that are capable of
electrochemically reducing CO, in cost-effective process with high efficiency, controllable

selectivity and long-term stability.>14!

Cathode

Fischer—Tropsch process

Electroreduction of CO,

Renewable energy

Figure 1.1 The carbon-neutral fuel production from electrochemical reduction of CO,
powered with renewable energy sources such as solar energy, wind energy and hydropower,
offers a promising route to close the anthropogenic carbon cycle. Three options of products
via CO; conversion, (1) hydrocarbons such as C,Hg, (2) Chemicals such as ethanol, (3) syngas

for F-T process.

Hori and other researchers have extensively investigated the electrocatalytic reduction of
CO; using various polycrystalline and monocrystalline metal electrodes in CO,-saturated
aqueous solutions to establish the catalytic activity and selectivity of certain metals for this
conversion.®9>% However, recent studies have focused on utilizing nanostructured metal
catalysts, which have proven to have a significant effect on the catalytic selectivity, efficiency
and stability in the electrochemical reduction of CO,.**21261 |n addition, it has been
demonstrated that the nanostructured surface contains more low-coordinated sites (edge sites

and corner sites) which are more active for CO, reduction in comparison with a planar



metallic surface.>*2%6-28 Thys these nanostructured platforms offer a promising approach

for selective and efficient CO, conversion, and are the main focus of this thesis.

A short review of recent developments of nanostructured metal catalysts for the
electrocatalytic reduction of CO, is presented in this chapter, mainly focusing on the
fabrication, characterization and catalytic performance of the nanostructured metal catalysts.
In addition, the reaction mechanism of electrochemical CO; reduction on these nanomaterial-
based catalysts reported previously is also introduced.

1.2 Transition Metal Catalysts for CO, Electroreduction

In the electrocatalytic CO, reduction process, CO, can be converted into many different
products when combined with water on metal surfaces, and each product is formed by a
different number of electrons at different equilibrium potentials. The electrochemical
reduction of CO, to CO, CH4, C;H4, HCOOH, CH30H and C,HsOH with their corresponding
equilibrium potentials are given in the following reaction equations (all potentials are given

with respect to the reversible hydrogen electrode (RHE)):

CO, + Hy0 + 2e~ — CO + 20H" (-0.11 V vs. RHE) (1.1)
CO, + H,0 + 2~ —» HCOO™ + OH~™ (-0.03 V vs. RHE) (1.2)
2C0, + 8H,0 + 12e~ — C,H, + 120H" (0.08 VV vs. RHE) (1.3)
CO, + 6H,0 +8e~ — CH, + 80H"™ (0.17 V vs. RHE) (1.4)
CO, + 5H,0 + 6e~ — CH;0H + 60H~ (0.03 V vs. RHE) (1.5)
2C0, + 9H,0 + 12¢~ — C,H;OH + 120H~  (0.09 V vs. RHE) (1.6)

H, evolution is a competing reaction with CO, reduction in CO,-saturated electrolytes.
Thus, water could also be reduced to H, during CO; reduction according to the following

reaction:
2H,0 + 2e~ - H, + 20H™ (0 V vs. RHE) 1.7)

According to the aforementioned reaction equations, it is important to note that the
equilibrium potentials for each product formation are very close to that of hydrogen evolution

(0 V vs. RHE), which indicates that it theoretically should not add a substantial amount of



extra potential to drive these reactions compared to simple water reduction. However, the
practical potentials required for CO, reduction reactions are much more negative than the
equilibrium ones, indicating that CO, reduction is generally more difficult to take place in

comparison with H, evolution.™

To gain insights into the actual potentials required for electrochemical reduction of CO,, it
is critical to understand that numerous electron (or proton coupled electron) transfer steps are
involved in the formation of these products. The number of electrons needed to drive each
reaction is shown in Equation (1.1-1.7). The number of electrons required to form certain
products generally scales with the increased amount of reaction intermediates, and thus the
activation energy for each intermediate needs to be overcome to form the final product.
Therefore, while the overall equilibrium potential for each product formation seems to be
small and reasonable, the formation of multiple intermediates with electron transfer require
highly negative potentials to proceed, resulting in much more negative potentials for overall
CO-, reduction in practice compared to the theoretical equilibrium potentials. Thus, based on
experimental studies,®®?” an overpotential of ~ 1 V is generally needed to drive the
electrocatalytic reduction of CO, effectively and selectively in many practical cases. Notably,
the actual required overpotentials for driving the reduction of CO, are strongly materials

dependent.

Hori et al. has carried out electrochemical CO, reduction over various metal electrodes
(Table 1.1) ¥ discovering that several transition metal materials have the capability of
reducing CO,. It has been demonstrated that polycrystalline Ag and Zn show relatively high
faradaic efficiency (FE) for the electrocatalytic reduction of CO, to CO, although these occur
at high overpotentials. Au is the most efficient and selective metal surface for the
electrocatalytic conversion of CO, into CO at a moderate overpotential, as presented in Table
1.1. In contrast, Ni, Pt, and Fe have a very low catalytic activity for CO, reduction, instead
having a dominant selectivity towards hydrogen evolution. Notably, among the identified
transition metals, Cu electrodes can uniquely catalyze the conversion of CO, into CHj, C,Hy,
and alcohols at significant amounts in CO,-saturated aqueous electrolytes at ambient pressure

and temperature.[*>2!

The synthesis of products from CO, on metal catalysts is a complex multistep reaction with
multiple adsorbed intermediates, most notably adsorbed CO.M3%*! The reaction mechanisms

for the various products are attributed to the binding strength of intermediates (such as CO,



COH, CHO and CHs) on the catalyst surface during the electrocatalytic reduction of CO,.%34
The catalyst provides the reactive sites, and the product selectivity in the electrocatalytic
reduction of CO; is influenced by whether the reactants and other related species are adsorbed
at the active sites. Au, Ag and Zn exhibit a high faradaic efficiency for reduction of CO; to
CO due to surface of these metals bind CO weakly.!* In addition, this weak binding strength
of CO also lead to the observation of the fact that further reduction of the CO intermediate to
more complex products is rare on Au, Ag and Zn catalysts."™*! In contrast, the very strong
binding of CO on Ni, Pt and Fe metallic catalysts limits the desorption of CO,™*! which
implies that the coverage of CO adsorbed on Ni, Pt and Fe blocks the reactive sites for CO;
reduction, resulting in the suppressed catalytic activity for CO, reduction with dominant H,
evolution, as shown in Table 1.1. Cu, with a moderate CO binding energy, shows a total of 16

different CO, reduction products.”

Table 1.1 Faradaic efficiencies of products on various metal surfaces in CO, reduction at

room temperature. Electrolyte: CO,-saturated 0.1 M KHCO5.®!

Electrode  V vs. SHE Faradaic Efficiency (%)

CH, C,H, Ethanol  n-propanol CO HCOOH H, Total

Au -1.14 0 0 0 0 87.1 0.7 10.2 98.0
Ag -1.37 0 0 0 0 81.5 0.8 124 94.6
Zn -1.54 0 0 0 0 79.4 6.1 9.9 954
Pd -1.20 2.9 0 0 0 28.3 2.8 26.2 60.2
Ga -1.24 0 0 0 0 23.2 0 79.0 102.0
Pb -1.63 0 0 0 0 0 97.4 5.0 102.4
Hg -1.51 0 0 0 0 0 99.5 0 99.5
Tl -1.60 0 0 0 0 0 95.1 6.2 101.3
In -1.55 0 0 0 0 2.1 94.9 3.3 100.3
Sn -1.48 0 0 0 0 7.1 88.4 4.6 100.1
Cd -1.63 1.3 0 0 0 13.9 78.4 9.4 103.0
Cu -1.44 33.3 255 5.7 3.0 13 9.4 205 103.5
Ni -1.48 1.8 0.1 0 0 0 1.4 88.9 92.4
Fe -0.91 0 0 0 0 0 0 94.8 94.8
Pt -1.07 0 0 0 0 0 0.1 95.7 95.8
Ti -1.60 0 0 0 0 0 0 99.7 99.7




1.3 Nanostructured Metal Catalysts for CO, Electroreduction

Catalytic behavior is not only strongly materials-dependent, but also extremely
morphology-dependent.®® The development of nanoscience research provides the opportunity
to produce catalysts with controlled morphology such as size and shape, which has led to the
discovery of the altered or enhanced catalytic activity that is related to the size and shape of
nanostructured catalysts. Researchers have demonstrated that a nanostructured catalyst can
exhibit very different behavior compared to its bulk counterpart, and thus much work in the
field has focused on the elucidation of the effects of the nanostructured catalysts.

One of the main advantages of using metal nanocatalysts is that nanostructured catalysts
are capable of providing more active sites (low-coordinated sites such as edge sites and corner
sites) on the high surface area compared to bulk metal catalysts.??” The increased active
surface sites on nanocatalysts may cause an enhanced catalytic performance due to the fact
that the catalytic activity is proportional to the number of the active surface sites.” In
addition, the catalytic stability of the electrochemical reduction of CO, has been improved on
nanostructured catalysts, which can be attributed to the enhanced tolerance to heavy metal
impurities in an electrolyte. Hori has demonstrated that unavoidable ppm concentration of
heavy metal impurities (such as Fe or Pb) in the electrolytes can be reduced and deposited on
the cathodic electrode surface, which could poison a flat catalyst, resulting in a significant
influence in the electrocatalytic activity for CO, reduction.’) The large surface area of
nanostructured electrocatalysts could adapt the contamination or impurities, having a better

catalytic stability.[*!

1.3.1 Nanostructured Metal Catalysts for the Electrochemical Reduction of
CO,to CO

While several electrocatalyst materials such as Au, Ag and Zn are capable of reducing CO;
to CO in CO,-saturated aqueous solutions at ambient temperature and pressure, 1™ all suffer
from one or more of the following problems: high overpotential needed to drive the reaction
at a sufficient rate, low current density and rapid deactivation of CO, reduction activity in
favor of H, evolution.™ The main challenge for the electrochemical production of CO is the
development of electrocatalysts that are capable of reducing CO;, to CO efficiently and

selectively at low overpotential over a long period of time.



1.3.1.1 Nanostructured Au Electrocatalysts

Au Nanoparticles

Min et al.B”) reported the electrocatalytic CO, conversion to CO by nanostructured gold
catalysts deposited on carbon papers by an e-beam evaporator using an Au pellet (99.99%)
source. The morphology of deposited Au was observed to vary from the small nanoparticles
(NPs) to aggregated clusters to layered film (Figure 1.2). The CO faradaic efficiency and
production rate were found to increase with increasing the Au amount. The FE for CO
formation reached the saturation point at samples thicker than Au-4 (Au-4 represents that Au
amount corresponds to 4 nm thick Au film), which is comparable with a commercial Au foil.
In addition, Nam et al.®® synthesized a concave rhombic dodecahedron (RD) gold
nanoparticle by using 4-aminothiophenol as an additive and demonstrated that this concave
RD had a superior electrocatalytic performance for reduction CO, to CO in CO,-saturated
aqueous solutions. For instance, concave RD achieved a FE of approximately 52% for CO
formation at a potential of -0.26 V vs. RHE, which corresponds to an overpotential of 0.15 V
relative to the CO,/CO equilibrium potential (-0.11 V vs. RHE).

function of Au coverages.®”

Au clusters have also been explored by the combination of experimental and computational
studies, providing insights into the electronic interactions between Auas clusters and weakly
bound adsorbates.®¥ It was demonstrated that that the Aus clusters performed as

electrocatalysts for the electrochemical conversion of CO, into CO and exhibited the



reduction of CO, to CO could take place within an overpotential of 90 mV, which represents
an approximate 200—300 mV reduction in potential compared to the larger Au NPs and bulk
Au.

100 . .
§ corner bulk
2 80
2
2
S 60
o
g
‘®» 40
0
5
820
3]
o
0 { v
0 2 4 6 8 10
Tt particle diameter (nm)
‘ ’ ® corner © (100)
Auy ® edge (111)
Augg
Au,,;

Figure 1.3 Density of adsorption sites ( (001), (111), edge, or corner on-top sites are marked
with light orange, yellow, dark orange, or red symbols represent, respectively) on closed-shell
cuboctahedral Au clusters as a function of the cluster diameter. Gray dots represent the weight
fraction of Au bulk atoms.[*"!

Recently, Sun et al.”% reported that the electrocatalytic reduction of CO, on Au NPs with a
series of sizes (4, 6, 8 and 10 nm) in CO,-saturated 0.5 M KHCOs3. The crystallite diameters
of 4, 6, 8 and 10 nm NPs were estimated to be 2.0, 2.3, 4.0 and 5.9 nm, respectively. Among 4,
6, 8 and 10 nm Au NPs, the 8 nm NPs exhibited the highest selectivity for the reduction of
CO; to CO (FE=90% at -0.67 V vs. RHE). Density functional theory (DFT) calculations on
different crystalline faces suggested that edge sites on Au NPs are active for CO formation
while corner sites favor the competitive H, evolution reaction. To understand the size-
dependent electroreduction of CO, on Au NPs, the correlation of the density of catalytically
active surface sites and the cluster diameter was investigated, as shown in Figure 1.3. It was
found that more edge sites than corner sites on the Au NP surface could facilitate the
stabilization of COOH’ intermediate, resulting in the improved reduction of CO, to CO with

suppressed H, evolution.



Au Nanowires

The previous study on monodispersed Au NPs indicated that the edge sites of Au NPs are
favorable for the reduction CO, to CO while corner sites are active for the H, evolution.[*"!
Thus, a one-dimensional morphology may offer an abundance of edge sites which is preferred
for the reduction of CO,. Zhu et al.l*"! demonstrated ultrathin Au nanowires (NWs) for the
selective electrochemical reduction of CO, to CO. A facile seed-mediated growth method was
developed to fabricate the ultrathin Au NWs by reducing HAUCI, in the presence of 2 nm NPs.
These Au NWs were capable of catalyzing CO,to CO with FE of 94% at -0.35 V vs. RHE in
CO,-saturated 0.5 M KHCOs;. The modeling work (DFT) shows that the excellent catalytic
performance for CO; reduction to CO on Au NWs is ascribed to a high edge-to-corner ratio in

ultrathin Au NWs and the weak CO binding on these reactive edge sites.

1.3.1.2 Nanostructured Ag

Ag has attracted considerable attention as a catalyst for the conversion of CO, to CO due to
its relatively low cost compared to Au and its high selectivity for CO, reduction.®*! It has
been demonstrated (Table 1.1) that Ag foils are capable of electrochemically reducing CO, to
CO with a high FE at a relatively smaller overpotential than other metallic counterparts
(except for Au). Recently, Jaramillo et al.”” investigated the catalytic activity and selectivity
of the electrochemical reduction of CO, as a function of potential on metallic silver surfaces
under ambient conditions, discovering that the applied potential can significantly influence
the selectivity for the two major products (CO and H,). Specifically, the optimal selectivity
for CO formation on the silver electrodes was observed at the range from -1.0 to -1.2 V and
hydrogen evolution dominated at very high and low overpotentials (Figure 1.4).

On Ag catalysts, the overpotential (> 0.9 V) required for driving the electrocatalytic
reduction of CO, efficiently and selectively with suppressed H,O reduction remains relatively
high,*? which is attributed to the hindrance for the initial electron transfer to a CO, molecule
for CO, activation.>**?"3! |t has been demonstrated that the surface of nanostructured Ag
catalysts offer low-coordinated surface sites, which are favorable for CO; fixation (to stabilize
the COOH’ intermediate) through reducing the activation energy barrier of the initial electron
transfer.1’]

In addition, Hori et al.*"™ has investigated the electroreduction of CO, on single crystalline
silver electrodes, showing that the CO, conversion to CO is favorable on Ag(110) compared
to Ag(111) or Ag(100). Recently, a DFT simulation study (Figure 1.5) exhibited that Ag (110)

9



or Ag (211) surface has a lower free energy changes for the first proton-coupled electron
transfer for COOH’ stabilization than Ag(111) or Ag(100), resulting in better catalytic activity
for the reduction of CO, to CO on Ag(110) or Ag (211).” The authors believed that stepped
Ag(110) or Ag (211) surfaces are much prevalent on the nanostructured Ag catalysts than that

on bulk Ag electrodes.!”!
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Figure 1.4 Faradaic efficiency of products on polycrystalline Ag foils at various potentials.’”
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Figure 1.5 Free energy diagrams for the electrocatalytic conversion of CO, into CO on flat
(Ag(100) and Ag(111)) and edge (Ag(221) and Ag(110)) surfaces at an applied potential of
—0.11 V vs. RHE. A proton-coupled electron transfer is involved in the first two reaction steps.
Sphere colors: black, C; red, O; white, H.?"!
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Ag Nanoparticles

Recently Kim et al.l*! have examined silver NPs with different sizes for the
electrocatalytic reduction of CO, in CO,-saturated 0.5 M KHCOj3. Silver NPs with three
different sizes (3 nm, 5 nm and 10 nm) were fabricated on carbon substrates, respectively, by
a facile one-pot method using cysteamine as an anchoring agent. The authors discovered that
immobilized Ag NPs supported on carbon had an increased FE and a lower overpotential for
the selective reduction of CO, to CO. Notably, the particle size of 5 nm exhibited the highest
catalytic activity for the selective reduction of CO, to CO. As shown in Figure 1.6b, a FE of
84.4% and a decrease of the overpotential by 300 mV were observed on NPs with diameter of
5nm at —0.75 V vs. RHE compared to polycrystalline Ag foil. The DFT studies suggested that
the specific interaction (Ag-S interaction) between Ag NPs and the anchoring agents modified
the catalyst, inducing a selectively higher affinity to the COOH’ intermediate, which
effectively lowers the overpotential and improves the catalytic activity for the reduction of
CO, to CO. In addition, for identifying the carbon source for the CO, reduction, a *CO,
isotope experiment was performed, confirming that the carbon source for CO formation

completely originates from the dissolved CO, in electrolytes.
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(1111 Ag foil
40
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20+

Faradaic Efficiency (%)

0

Figure 1.6 Faradaic efficiency for CO formation in CO,-saturated 0.5 M KHCO; (a) at
various potentials and (b) at a fixed potential of —0.75 V vs. RHE. (c) TEM images of 5 nm
Ag/C after the reduction of CO,.1*!

A previous report!* also evaluated the Ag NP size effect, revealing that the catalytic

activity increases with decreasing particle size until a certain particle size with 5 nm, and that
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the activity decreases with going to even smaller nanoparticle size (1 nm). This observation is
consistent with the results from Kim (5 nm NPs offer the maximum catalytic activity for CO,

reduction).

Nanoporous Ag

Lu et al.”! reported that a nanoporous Ag catalyst, prepared by the de-alloying of an Ag-Al
prescursor, is capable of reducing CO; electrochemically to CO with a high FE of > 90% at a
moderate potential of -0.6 V vs. RHE in COj-saturated 0.5 M KHCOs;. To explore the
electrokinetics of CO, reduction, Tafel analysis was performed on the nanoporous Ag

catalysts and the polycrystalline Ag electrodes, respectively.
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Figure 1.7 (a) A schematic diagram of a nanoporous Ag catalyst with highly curved internal
surface. (b) SEM image of nanoporous Ag (scale bar represents 500 nm). (c) Corresponding
high-resolution TEM image with visible lattice fringes (scale bar, 2 nm). (d) Tafel plots of the
partial current density for CO production.

It is known that a two electron-transfer process is involved in the electroreduction of CO,
to CO on Ag catalysts. Firstly, one electron is transferred to a CO, molecule to produce a
CO," intermediate, and then one proton is coupled to form a COOH® intermediate.
Subsequently, the COOH® intermediate takes another electron and one proton, resulting in the
CO formation on catalyst surface. The initial electron transfer to a CO, molecule is the rate
determining step for the overall process because the first electron transfer requires a much
more negative potential compared to the following steps.’*2?"3%! A Tafel slope of 132
mV/dec for polycrystalline Ag shown in Figure 1.7d indicates that the rate determining step is
the initial electron transfer to CO, for the formation of the CO,"* adsorbed on polycrystalline
Ag. In contrast, nanoporous Ag with a Tafel slope of 58 mV/dec reveals a fast initial electron-
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transfer step, suggesting that a better stabilization for CO," intermediate on nanoporous-Ag in
comparison to the polycrystalline Ag. This study directly shows a clear advantage of CO,
reduction catalysis on nanostructured electrodes.

1.3.1.3 Nanostructured Zn

Zn is an earth-abundant material, which is roughly 3 orders of magnitude more abundant in
the Earth’s crust than Ag. Hori et al.l®) reported that polycrystalline Zn electrodes are capable
of catalytically reducing CO, to CO with a FE of 79.4%. However, Zn electrodes require a
relatively higher overpotential for driving CO; reduction selectively in comparison with Au
and Ag (Table 1.1).
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Figure 1.8 (a) SEM image for a Zn dendrite catalyst. (b) XRD patterns of dendritic and bulk

Zn electrodes. (c) CO selectivity for bulk and dendritic Zn electrodes.[*!

Nanostructured Zn with more active sites may offer better catalytic performance for CO,
reduction. Thus, nanostructured Zn dendrite electrodes were synthesized on Zn foil electrodes
using an electrochemical Zn deposition.[*”! As shown in Figure 1.8a, the scanning electron
microscope (SEM) images reveal that the dendrite layer was about 50-100 pm thick and
uniformly deposited on Zn foils. The X-ray diffraction (XRD) patterns in Figure 1.8b show
that all the diffraction peaks of the nanostructured Zn dendrite and the Zn bulk foil are aligned
precisely, indicating a pure metallic Zn. This nanostructured Zn dendrite catalyst was able to
electrochemically reduce CO,to CO in an aqueous bicarbonate electrolyte, with a CO
selectivity of around 3-fold higher than that of bulk Zn counterparts, as displayed in Figure
1.8c.
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1.3.1.4 Oxide-Derived Metal Nanocatalysts

In order to improve the electrocatalytic CO; reduction performance, an interesting method
of preparing catalysts through the electrochemical reduction of metal oxides was recently
proposed. In the process, the bulk metal is firstly oxidized, and then the metal oxide layer is
directly utilized in the electrochemical CO, reduction in CO,-saturated electrolytes, reducing
to metallic nanocatalysts during electrolysis. The recent development and progress of these
oxide-derived (OD) catalysts are introduced in the following section.

Oxide—Derived Cu

Kanan et al.'! demonstrated the electrochemical reduction of CO, on a metallic Cu
catalyst resulting from the reduction of thick Cu,O films prepared by annealing Cu foil in air.
This sample formed by the electroreduction of a Cu,O layer during the CO, reduction
electrolysis was analyzed by XRD and XPS, indicating the complete reduction of the copper
oxide layer. By systematically varying the original annealing temperature and time, it was
found that annealing the Cu foil in air at 500 °C for 12 hours results in a thick Cu,O layer,
which then forms a nanostructured Cu (OD-Cu) during electrocatalysis that are able to
produce CO with ~ 40% FE and HCCOH with ~ 33% FE at -0.5 V vs. RHE (Figure 1.9a,b).
Notably, the selectivity for CO (~ 40% FE) was maintained during the whole electrolysis of 7
hours, revealing a dramatically improved catalytic stability for CO, reduction on OD-Cu. As
shown in Figure 1.9b, the OD-Cu exhibited a high FE for CO, reduction at much lower
overpotential compared to the bulk Cu electrodes. The Tafel slope of ~ 116 mV/dec for OD-
Cu in the low overpotential range (Figure 1.9¢) indicates the Cu formed by electrochemical

reduction of Cu,O during electrolysis is in favor of the formation of CO," intermediate.
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Figure 1.9 (a) SEM image of oxide-derived Cu. (b) Faradaic efficiencies for CO and HCOOH
as a function of potential. (c) Tafel plots of CO partial current density for polycrystalline Cu

and oxide-derived Cu.™*!
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Furthermore, Kas et al.!”®! investigated the electrocatalytic CO, reduction on copper NPs
derived from different orientation of electrodeposited Cu,O ([110][111][100]). The authors
reported that the initial crystal orientation of Cu,O had a minor effect on the catalytic
selectivity for CO; reduction. However, it was found that the thickness of the initial Cu,O
layer strongly influenced the product selectivity, which is consistent with the previous study
on OD-Cu.[

The electrochemical reduction of CO; into fuels such as hydrocarbons on Cu catalysts is a
complex multistep reaction with adsorbed intermediates, most notably adsorbed CO. Thus,
CO reduction activity was investigated on OD-Cu, producing liquid products (ethanol, acetate
and n-propanol) with nearly 50% FE at moderate potentials.l*! In order to correlate a
particular structural feature of oxide—derived Cu with the catalytic activity, the authors
proposed that the Cu catalysts electrochemically reduced from copper oxide may obtain a
high density of grain boundary surfaces, likely resulting in a highly active sites for CO,
reduction.®! A temperature-programmed desorption (TPD) of CO was utilized to probe the
surface chemistry of OD-Cu, revealing a high CO reduction activity on OD-Cu is linked to
the active sites that bond CO more strongly in comparison with low-index and stepped Cu
facets.*”] 1t was proposed that the strong binding sites with CO are supported by grain

boundaries on the OD-Cu, which are only accessible in this nanostructured platform.

Oxide—Derived Au

Similar to the OD-Cu, OD-Au nanocatalysts were also studied for CO, reduction.™™!

Initially, the Au oxide layers were prepared on Au foil electrodes by applying periodic square-
wave pulsed potentials in 0.5 M H,SO,. After the pulsed anodization on Au, the Au oxide

layers were formed on Au foils.

The Au oxide layers on Au foils were directly utilized for CO; reduction in CO,-saturated
electrolytes and were electrochemically reduced to metallic Au at the beginning of
electrolysis (Figure 1.10a shows the SEM images of the oxide-derived Au). The significant
distinct electrocatalytic activity of CO, reduction between OD-Au and polycrystalline Au was
observed at low overpotentials, as shown in Figure 1.10b. At a low overpotential of 0.24 V,
the FE for CO formation was maintained at ~96% over the course of an 8 hour electrolysis
experiment. Furthermore, the Tafel slope of 114 mV/dec (Figure 1.10b) on polycrystalline Au

indicates the rate-determining step is the initial electron transfer to form an adsorbed CO,"
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intermediate (Scheme 1.1). The poor stabilization of CO," intermediate is correlated with the
high overpotential required on polycrystalline Au. In contrast, the active sites on OD-Au
nanocatalysts offer the fast initial electron transfer (low Tafel slope in Figure 1.10b), which
results in the dramatically enhanced stabilization of CO," intermediate. In addition, the
HCOg3 concentration dependence studies on OD-Au showed an increase in the CO partial
current density with gradually increasing the NaHCOj3; concentration, implying that the first
proton donation from HCOj3' is a rate determining step on OD-Au (Scheme 1.1). Furthermore,
a study on grain boundary effect showed that the catalytic activity for electroreduction of CO,
is linearly correlated with the grain boundary density on prepared Au NPs and the high

density of grain boundaries on OD-Au was thought to be linked to its catalytic performance.®®!
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Figure 1.10 (a) SEM image of oxide-derived Au NPs. (b) Faradaic efficiencies for CO and
HCOOH, and (c) Tafel plots of CO partial current density of oxide-derived Au NPs and
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Scheme 1.1 Proposed mechanisms for the electroreduction of CO, to CO on polycrystalline

Au and oxide-derived Au, respectively.™

1.3.2 Nanostructured Metal Catalysts for CO, Reduction to Hydrocarbons

The conversion of CO, and H,O to hydrocarbons on electrocatalysts has attracted

[9,13,14,22]

considerable attention recently. The main advantages of directly forming

hydrocarbons are their high energy density and the ease of utilization as fuels in our existing
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energy infrastructures. However, a major challenge of this goal is to develop electrocatalysts
that are capable of reducing CO, efficiently and selectively at low overpotentials. Hori and
coworkers carried out CO, reduction over various metal electrodes (Table 1.1), and it was
demonstrated that many electrocatalyst materials such as polycrystalline Cu, Au, Ag and Zn
show high FE for the electrochemical reduction of CO,, although these occur at very high
overpotentials.’®! Notably, it was found that copper electrodes can uniquely reduce CO, to
significant amounts of CH,4, C,H4, and alcohols in aqueous electrolytes at ambient pressure
and temperature.*>?*! One main reason for this unique catalytic activity of copper is attributed
to the appropriate binding strength of intermediates (such as -CO, -COH, -CHO and -CHjs,) on

the copper surface during the electrochemical reduction of CO,.E234

Recently, Jaramillo et al.””! reported new insights into the electrocatalytic reduction of CO,
on metallic Cu surface, finding as many as 16 different products from the electroreduction of
CO;, (five of them have never been reported previously). At low potential of < -0.75 V vs.
RHE, only H,, CO and HCOOH were detected on Cu. At -0.75 V vs. RHE, C,H, and CH,
formation started to be observed. In addition, other C, and C; products were initially
detectable at -0.95 V vs. RHE.

Until now, Cu is the only known material with capability of electrocatalytically converting
CO; into significant amounts of hydrocarbons at high reaction rates in aqueous solutions at
ambient conditions of temperature and pressure.*?%1 However, controlling the selectivity of
the CO; reduction and reducing CO, effectively at low overpotential with high current density
for the formation of hydrocarbons is a major scientific challenge for the practical use of this
technology.™ %41 |t has been demonstrated that the surface morphology and roughness of
copper electrodes have a dramatic influence on the catalytic activity and product selectivity
for the electrochemical reduction of CO; in an aqueous solution.2%23!

1.3.2.1 Cu nanoparticles

Tang et al.l? reported that Cu nanoparticle covered electrodes exhibited a better selectivity
towards C,H4 and CO formation in comparison with an electropolished Cu electrode and an
argon gas sputtered Cu electrode. In that study, the increased catalytic selectivity for C,H,
formation in CO; reduction performance was explained by the roughened Cu surface which
was able to provide a greater abundance of undercoordinated sites. Alivisatos et al.®® have

demonstrated that Cu NPs supported on glassy carbon (n-Cu/C) exhibited a 4-fold higher
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methanation current densities compared to the high-purity Cu foil counterpart. A FE of 80%
for CH, was achieved on the n-Cu/C electrocatalysts. The rate-limiting step for CH, on Cu
foils is a single electron transfer to CO, for CO, activation, which corresponds to a Tafel
slope of 120 mV/dec. The Tafel slope for CH, is 60 + 4.2 mV/dec on the n-Cu/C, which is
consistent with the theoretical value of 59 mV/dec, revealing that the methanation process is
involved with a one-electron transfer for CO, activation followed by a rate-limiting non-

electrochemical step for CH, formation.
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Figure 1.11 Faradic selectivity of reaction products during the CO, electroreduction on Cu
NPs in CO,-saturated 0.1 M KHCO; at —1.1 V vs. RHE under 25 °C 14

Recently, the particle size dependence for the electrochemical reduction of CO, has been
investigated on Cu NPs with the size range from 2 to 15 nm.[* Cu NPs exhibited that an
increase in the catalytic activity and selectivity for CO and H, with decreasing Cu particle size,
as presented in Figure 1.11. In addition, catalytic selectivity for hydrocarbons (CH4 and C,H,)
was suppressed on nanoscale Cu surface compared to the bulk Cu foil. To gain insight into the
Cu particle size effect, the atomic coordination of model spherical Cu particles from 1 to 18
nm was utilized, suggesting low-coordinated sites and the strong chemisorption are linked to

the acceleration for H, evolution and the CO, reduction to CO.
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1.3.2.2 Cu nanofoam

Sen et al.?! investigated the electrochemical reduction of CO, over copper foams with
hierarchical porosity. Three-dimensional foams of copper were electrodeposited onto
mechanically polished copper substrates. SEM images of copper foams prepared at different
amounts of electrodeposition time are shown in Figure 1.12. The electrocatalytic studies
exhibited that the copper nanofoams are capable of reducing CO; to HCOOH, H,, and CO as
major products along with small amounts of C,H4, C,Hs, CH4, and propylene (C3Hg), which
indicates a distinct product distribution (C,Hg and C3Hg were not observed on smooth copper)
in comparison with the smooth copper. The authors thought that these differences are
attributed to high surface roughness, hierarchical porosity, and confinement of reactive
species. In addition, it was observed that a gradual increase in the thickness the copper
nanofoams with increasing electrodeposition time enhanced the FE of HCOOH formation by

suppressing the electrochemical reduction of adsorbed H* to Hy.
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Figure 1.12 SEM images of electrodeposited copper foams on copper substrates for (a) 10s;
(b) 15s; (c) 30s.2

1.4 Bimetallic catalysts

Great efforts have been devoted to the developments of nanostructured metal
electrocatalysts for selective and efficient CO, reduction due to the fact that the
nanostructured surface contains more edge sites and corner sites that are active for CO,
reduction.[>#2225-281 However, the currently developed electrocatalysts based on the strategy
of nanostructuring materials still cannot meet the requirements for practical applications of
CO, reduction. Recently, developing the bimetallic alloy electrocatalysts has attracted
considerable attention as an alternative and promising strategy for dramatically improving the

catalytic activity and selectivity of CO, reduction.*>"]

CO; can be electrochemically reduced to CO, HCOOH, and hydrocarbons on metal

electrodes in aqueous solution. During this process, electrode surfaces provide the active sites
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for CO; conversion reaction, and the reactants and the formation of intermediates adsorbed on
the surfaces play an important role in the formation of final products in the electrocatalytic
CO, reduction. Therefore, it is important to know the binding energies of different reaction
intermediates on the surface of different metals. Table 1.2 shows a comparison of the binding
strength of CO, reduction intermediate species on FCC (111) single metal electrodes (adapted
from ref.30). The product distribution and selectivity of CO, reduction could be influenced by
whether or not the related intermediates are adsorbed. Alloying two different metals could
change the binding energies of intermediates on the metal surfaces in the electrocatalytic CO,
reduction, which significantly influences the catalytic activity and selectivity in CO, reduction.
Practically, bimetallic catalysts have been proven to be effective in reducing overpotentials,
and improving selectivity of materials. Below, the recent progress on alloy electrocatalysts,

predominantly on nanostructured materials, is introduced.

Table 1.2 Comparison of the binding strength on FCC(111) transition metal facets®®®.,

Species on FCC(111) transition metal facets Binding strength
*CO Rh >Pd > Ni>Pt> Cu > Au > Ag
*COH Rh > Pt>Pd> Ni>Cu>Au>Ag
*CHO Rh > Pt > Pd> Ni > Au> Cu > Ag
*OCH3; Ni>Rh>Cu>Ag>Pd>Pt>Au
*CH, Pt>Rh > Ni > Pd > Cu > Au > Ag

Table 1.3 Faradic efficiencies of main liquid products with different electrodes. *°

Electrode Faradaic Efficiency (%)

HCOOH Alcohols (methanol and ethanol)
Bulk Cu 115 4.8
Nanostrucutred Cu 27.4 9.7
Cugz oAU 1/NCF 12.6 28
Cuzp6AU,94/NCF 18.1 17.2
Cug; 3AU97/NCF 21.2 115

20



Electrocatalytic CO, reduction was performed on a nanostructured Cu-Au alloy prepared
through electrochemical deposition with a nanoporous Cu film (NCF) as template, showing an
improved catalytic selectivity for alcohols (methanol and ethanol).”® The authors found that
the FE for alcohols was dependent on the nanostructured morphology and composition of Cu-
Au alloys, as shown in Table 1.3. In addition, the FE of 15.9% for methanol was detected on

Cus3.9AU361/NCF, which was ~ 19 times higher than that of pure Cu.

Yang et al.’? assembled monodisperse Au-Cu bimetallic NPs (Figure 1.13a) with different
compositions by implementing the solvent evaporation-mediated self-assembly approach and
then the nanoparticle monolayer was transferred onto a glassy carbon substrate for the
electrocatalytic reduction of CO,. With increasing the Cu content, different products were
observed and the largest number in product distribution were found on pure Cu NPs. The
authors believed the degree of stabilization of the intermediates on these nanoparticle surfaces
can be tuned by varying the composition of Au-Cu bimetallic NPs, which results in the
different final products (Figure 1.13b). Furthermore, the catalytic activity of these bimetallic
catalysts was attributed to two factors: (1) the electronic effect on the binding strength of
intermediates, which is linked to the change of electronic structure that is tuned with surface
composition of the Au-Cu, and (2) the geometric effect that is correlated with the atomic

arrangement at the active site that have a significant influence on the binding strength of
[60]

intermediates.
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Figuré' 1.1‘3'(a) TEM image of AuCus NPs (scale bar, 100 nm). (b) Schematic illustration of

the proposed mechanism for CO; reduction on the Au—Cu bimetallic NPs. Filled circles with
grey, red and white color represent C, O and H, respectively. On the top right corner, the
relative binding strength of intermediate is marked with the stroke weight. A dotted line
indicates the additional binding between the COOH and the catalyst surface. Black horizontal
arrows show the difference in probability of having COOH intermediate on different catalysts.
The pathway towards each product is indicated by colored arrows (red: CO; blue: HCOOH;

green: hydrocarbons.
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Electrochemical CO, reduction on Cu-In bimetallic alloys was evaluated.®Y A
nanostructured Cu-In bimetallic alloy was prepared by the in-situ electrochemical reduction of
Cu20 in InSO, electrolytes, and it was found that the In incorporation exhibited an enhanced
selectivity for the electroreduction of CO, to CO with high catalytic stability.®™! At potential
from -0.3 V to -0.7 V vs. RHE, CO was generated on Cu-In alloy catalysts as almost the only
products in CO, reduction, and notably a FE of ~ 90% for CO formation was achieved on the
alloy catalysts at -0.5 V vs. RHE. A DFT study indicates that the incorporation of In may
cause both local electronic effect and local geometric effect. The presence of In atoms has a
significant effect on the binding energy of the associated intermediates adsorbed on Cu. After
that, the dramatically enhanced FE for the conversion of CO;, to CO is also achieved on

nanostructured Cu-Sn bimetallic electrocatalysts at decreased overpotentials.®!

Recently, a mesoporous nanostructured Cu-Pd bimetallic electrocatalyst was fabricated by
an electrodeposition method for CO; reduction and Cus-Pd; exhibited a faradaic efficiency of
more than 80% for selective CO formation at -0.8 V vs. RHE.®Y The mesoporous
nanostructure has a roughened surface, which could offer more active sites for the selective
reduction of CO, to CO. In addition, first principle calculation reveals that Pd atoms on the
surface of the bimetallic catalysts act as reactive centers with an increased adsorption ability
of CO, and COOH, and the presence of Cu could modify the CO desorption ability. The
authors believed that the activity of the Cu-Pd binary catalysts is ascribed to the change of
electronic structure of their neighboring element and adjustment of atomic arrangement in the

active sites.

Koper et al.® have used bimetallic Pd-Pt NPs for the electrocatalytic CO- reduction. They
found that Pd-Pt NPs had a low onset potential for the reduction of CO, to HCOOH, starting
at 0 V vs. RHE for HCOOH formation, which is close to the theoretical equilibrium potential
of producing HCOOH (equation (1.2)). In addition, the FE for HCOOH formation was
dependent on the composition of the NPs and a high FE of 88% towards HCOOH formation
was reached on Pd7o-Ptgg at an applied potential of -0.4 V vs. RHE.

Until now, most studies on the bimetallic catalysts for CO, reduction are nanostructured
materials, which makes it difficult to distinguish the effects of binary composition and surface
morphology. A better understanding of the catalytic activity of CO, reduction on bimetallic
catalyst is essential for further improving the catalytic performance, and thus it is crucial to

have a well-defined platform to distinguish these two factors for bimetallic catalysts.
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1.5 Objectives of this thesis

According to the development and recent trends of the electrocatalytic CO, reduction on
metallic catalysts (mentioned above in Chapter 1), nanostructured catalysts are capable of
electrochemically reducing CO, with high selectivity and efficiency. It is generally accepted
that nanostructured metal catalysts can offer an abundance of low-coordinated surface sites,
which are active for certain intermediate formation (e.g. COOH" ) by reducing the activation
energy barrier in CO, reduction, resulting in the enhanced catalytic CO, reduction
performance. In addition, the large surface area (roughened surface) provided by
nanostructured catalysts is capable of adapting contamination and enhancing tolerance to
heavy metal impurities, leading to a better catalytic stability in the CO, reduction on
nanostructured catalysts in comparison with bulk counterparts.”! All the above discussions
reveal that the nanostructured catalysts are highly important for CO, reduction due to their
high catalytic performance, and thus we initially aim to develop selective and efficient
electrocatalysts for CO, reduction. Based on the developed high-performance electrocatalysts,
a fundamental understanding of the reaction mechanism on nanostructured metallic catalysts
is systematically investigated in this project.

pH is an important parameter that is associated with certain intermediates formation in the
electroreduction of CO,, and the formation and coverage of intermediates on metal electrodes
could affect the reaction pathways that determine the final products.®® The pH increases
locally at the interface between electrode and electrolyte (thus, local pH > bulk pH), due to
the OH™ formation in the cathodic reactions, as noted in equations (1-7). The effect of local
pH near the catalyst surface on the catalytic selectivity of hydrocarbons has been proposed for
the reduction of CO, on flat Cu foils by Hori,'™ which indicates that the electroreduction of
CO; is sensitive to the local reaction environment. Highly nanostructured surface could alter
the local environment significantly (local pH) due to the limitation of the diffusion process in
nanostructure. However, there is no research about the systematic study on the effect of the
local pH created in highly nanostructured catalysts on catalytic activity of CO, reduction.
Herein, we aim to investigate the effect of local pH created in nanostructured catalysts on
intermediates formation in certain reaction pathways and formation of final products by
systematically tuning the nanostructured morphology.

Additionally, the interaction of two different metallic atoms in bimetallic alloys could
significantly influence binding strength of intermediates which determines the catalytic

activity for the electrocatalytic CO, reduction (Chapter 1). While some significantly
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improved catalytic performance for the reduction of CO, has been made on the bimetallic
alloy catalysts (as presented above), the fundamental understanding of the correlation of the
binary composition with the catalytic activity is still unclear, which may limit the capability of
rationally designing a bimetallic catalyst with facilitating certain intermediates formation that
lead to highly selective and efficient CO, reduction for practical application. For a better
understanding of the binary composition effect, we aim to build a well-defined platform for
exploring the effect of binary composition on the binding strength of intermediates and the
formation of final products by systematically varying the composition of bimetallic catalysts
at a consistent surface morphology.

1.6 Thesis outline

Within this PhD project, all the following steps are taken for achieving the above objectives.
Chapter 2 presents a new and simple synthesis method to prepare a Cu nanowire array
electrocatalyst for selective CO, reduction at room temperature and atmospheric pressure.

This chapter contains two parts.

In the first part, the electrocatalytic reduction of CO, on the Cu nanowire (NW) arrays with
fixed NW length and density was investigated at various potentials. It was found that the Cu
NW array electrodes were able to convert CO; selectively into CO with a faradaic efficiency
of 50% at a moderate overpotential of 0.49 V, which is dramatically higher than that of
polycrystalline Cu electrodes. In addition, a study of the kinetics for CO, reduction on
catalysts indicates a fast initial electron transfer for the CO, activation step on Cu NWs,
which implies that the enhanced catalytic selectivity for the reduction of CO, to CO is linked

to the better stabilization for the CO," intermediate on Cu NW arrays.

In the second part, Cu NW array electrodes with different length and density were
controllably synthesized. The selectivity of hydrocarbon products (ethylene, n-propanol,
ethane and ethanol) on Cu NW arrays was able to be tailored at a fixed potential by
systematically varying the length and density of the Cu NWs. The morphology effect is
correlated with a high local pH formed within the Cu NW arrays, and a detailed reaction
mechanism for the local pH-induced formation of C, products via a favorable CO

dimerization reaction pathway is presented in this chapter.
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Chapter 3 describes the selective electrocatalytic reduction of CO, to CO on oxide-derived
nanostructured Ag electrocatalysts. Nanostructured Ag electrocatalysts prepared through an
electrochemical reduction of Ag,O exhibited a high catalytic activity and selectivity for CO,
reduction to CO, which was shifted towards a lower overpotential compared to untreated Ag.
At a moderate overpotential of 0.49 V, the oxide-derived nanostructured Ag electrocatalysts
were capable of electrochemically reducing CO, to CO with ~80% catalytic selectivity, which
is much higher in comparison with that (4%) of untreated Ag catalysts under identical
conditions. Electrokinetic studies for CO, reduction were performed on both nanostructured
and untreated Ag electrocatalysts, revealing an enhanced stabilization for the COOH’
intermediate (CO, activation) on the oxide-derived nanostructured Ag. In addition, a high
local pH created within the porous-like nanostructured Ag may also play a role in the

improved catalytic activity of CO; reduction with suppressed H, evolution.

Chapter 4 reports the electrocatalytic reduction of CO, on Au-Pt bimetallic films with
tunable compositions, providing a platform for investigating the relationship between the
binary composition and the catalytic activity. The Au-Pt alloy films with controllable
compositions were prepared by a magnetron sputtering co-deposition technique, exhibiting an
improved catalytic activity for the reduction of CO, to CO with increasing the Au content.
This tunable selectivity is due to the fact that the adjustable binding strength of the COOH’
and CO" intermediates caused by the variation of surface electronic properties (d-band center
energy) that is related to the surface binary composition. More importantly, surface valence
band XPS spectra reveals a gradual shift of the d-band center away from the Fermi level with
increasing the Au content. This change correspondingly lowers the binding strength for
COOH' and CO intermediates, resulting in the variation of catalytic activity in the reduction
of CO; on the compositionally variant Au-Pt bimetallic films. Moreover, we demonstrate a
scaling correlation between the binding strength of the intermediates and the binary

composition.

Chapter 5 finally draws the conclusions and outlook based on the above CO, reduction

work in chapter 2, chapter 3 and chapter 4.
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2. Electrocatalytic CO, Reduction on Cu Nanowire

Arrays

This chapter demonstrates a new and simple synthesis method to prepare a Cu nanowire array
catalyst for the electrocatalytic reduction of CO,. This chapter contains two parts, (i) the
electrocatalytic reduction of CO, on the Cu nanowire (NW) arrays with fixed NW length and
density, (ii) Cu NW array electrodes with different length and density were controllably

synthesized for the reduction of CO,.
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2.1 Selective Electrochemical Reduction of CO, to

CO on CuO-derived Cu Nanowires

In this work, we report a new synthesis method to prepare a Cu nanowire electrocatalyst for
selective CO, reduction at room temperature and atmospheric pressure. Cu nanowire array
electrodes were prepared through a two-step synthesis of Cu(OH), and CuO nanowire arrays
on Cu foil substrates and a subsequent electrochemical reduction of the CuO nanowire arrays.
The Cu nanowire arrays are able to electrochemically reduce CO, to CO with a faradaic
efficiency of ~50% at a moderate overpotential of 490 mV, which is significantly higher than
that of polycrystalline Cu foil catalysts at identical conditions. The improved faradaic
efficiency for the reduction of CO, to CO is ascribed to the enhanced stabilization for the

CO," intermediate on the high surface area Cu nanowire arrays.

This part has been published:

M. Ma, K. Djanashvili, W. A. Smith, Phys. Chem. Chem. Phys. 2015, 17, 20861-20867.
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Graphical Abstract

CO4#H,0 CO, HCOOH, H,

Cu nanowire array electrode

33



2.1.1 Introduction

The increasing global CO, concentration is a serious environmental threat that is

responsible for climate changem and ocean acidification'.

To reduce anthropogenic
CO, emissions into the atmosphere, the capture and sequestration of CO; at large emission
sources such as industrial power plants has been proposed.®*! However, sequestration
methods including geological and deep sea storage has some unknown ecological and
environmental impacts and risk. For the utilization of the captured CO,, the electrochemical
reduction of CO, has attracted considerable attention as an attractive solution.*** In this
process, CO, could be employed as a chemical feedstock and converted into high energy
density fuels such as syngas (CO and H;) and other hydrocarbons.[m] In order to avoid extra
CO, emission, the process of the electrochemical reduction of CO, can be coupled to

renewable energy sources such as solar energy, wind energy and hydropower.[4’7]

The selective electrochemical reduction of CO, to CO at room temperature is a
particularly interesting reaction, which can be a potential key step in the development of a
clean and sustainable energy supply. Traditionally, CO is produced at an industrial scale from
a wide variety of materials that includes natural gas, residual oil, petroleum coke and coal.[**]
CO can be used as chemical feedstock in the Fischer—Tropsch process, a well-developed
technology that has been used in industry to generate chemicals (such as methanol) and
synthetic fuels (such as diesel fuel) from syngas (CO and H,) for many decades.* A key
technological challenge for the electroreduction of CO, to CO is to develop a suitable catalyst
that is capable of achieving a stable and cost-effective process with high efficiency and

selectivity at low overpotentials.> "¢l

Researchers have investigated the electrochemical reduction of CO, using various metal
electrodes in CO,-saturated aqueous solutions at ambient temperature.[4_1o'16_24] As many as
16 different products have been reported from the electroreduction of CO,,[" thus it is
necessary to find catalyst materials with a high selectivity towards a desired product
formation. It has been demonstrated that polycrystalline Au and Ag are capable of reducing
CO, to CO with high efficiency in CO,-saturated aqueous electrolytes.®#*#! However, Au
and Ag are not suitable catalyst materials for large-scale applications due to their high cost
and low abundance. Developing cheap and earth-abundant catalysts with a simple and
scalable method for fabrication and high selectivity for CO production is essential for

achieving large-scale utilization of CO; reduction.
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The focus of most CO, reduction studies has concentrated on Cu electrodes because Cu is
capable of reducing CO, to CO and hydrocarbons such as CH4 and C;H4, in CO; saturated-
aqueous electrolytes at ambient pressure and temperature, as first reported by Y. Hori.!®>?9 1t
has been demonstrated that the surface morphology and roughness of copper electrodes have a
dramatic influence on the catalytic activity and product selectivity during the electrochemical
reduction of CO,.11018:27-29 Tang et al. reported that Cu nanoparticle covered electrodes
showed better selectivity towards ethylene and CO formation compared with the other two
electrodes, an electropolished Cu electrode and an argon gas sputtered Cu electrode.™ In that
study, the improvement in CO; reduction performance was explained by the high surface area
which was able to provide a greater abundance of undercoordinated sites on the roughened Cu
surface.”! Kanan et al. have shown that a modified Cu electrode (thick Cu,0 film-derived
Cu) prepared by annealing Cu foil in air at 500 °C for 12 h has a large roughness factor,
resulting in a very high selectivity for CO formation at low potentials, though the exact
mechanism for the improved selectivity was not well established."® In addition, it was
reported that Cu nanofoams exhibited a better selectivity to HCOOH production compared to
polycrystalline Cu during electrochemical CO, reduction.'”) Recently, the effect of the size of
Cu nanoparticles on CO, electroreduction has been demonstrated, showing an increase in the
catalytic activity and selectivity for CO and H, with decreasing Cu particle size.*”! All the
above studies indicate that a nanostructured surface morphology has a significant effect on the
catalytic activity and selectivity for the electrochemical reduction of CO,. However, there is

little reported research on high surface area Cu nanowires for electrochemical reduction of
CO,.[18:30]

Here, we show the first example of the electrochemical reduction of CO, on Cu nanowires
reduced from CuO with a simple fabrication method. The Cu nanowire arrays are able to
electrochemically reduce CO; to different products, with a predominant formation of CO
with a significantly higher faradaic efficiency (FE) than polycrystalline Cu at moderate
overpotentials (n < 500 mV). Compared to the Cu electrode prepared by annealing Cu foil in
air at 500 °C for 12 h (FE for CO is ~45% at n < 390 mV)[lsl, the Cu nanowire arrays
prepared at 150 °C for 2 h has a comparable FE of ~50% for CO production at a moderate
overpotential (n = 490 mV). Furthermore, a Tafel plot for the Cu nanowires prepared by a
simple synthesis method was found to have a slope of ~110 mV/dec at low overpotential (n
< 0.3 V), which is consistent with that (116 mV/dec) of Cu electrodes prepared at 500 °C for

12 h 18 implying a favorable formation of the CO;" intermediate while suppressing
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hydrogen evolution. Therefore, this study shows that an easily fabricated CuO-derived Cu
nanowire array offers a highly selective platform for the electrochemical reduction of CO, to

CO.

2.1.2 Experimental section

Fabrication of CuO Nanowires

Cu(OH), nanowires were first synthesized on Cu foils using a simple wet chemical
method.B* The Cu foils were ultrasonically cleaned in acetone and ethanol and then rinsed
with de-ionized water. The cleaned Cu foils were dried with nitrogen and then immersed into
a solution mixture containing 0.133 M (NH,)2S,0sg and 2.667 M NaOH for 15 min. After this
time the Cu foils turned a deep blue color (the blue color is indicative of the formation of
Cu(OH), nanowires.[31]) and were taken out from the solution, rinsed with de-ionized water
and absolute ethanol, and dried with nitrogen. After that, CuO nanowires were fabricated by

annealing the Cu(OH), nanowire arrays at 150 °C for 2 hours under an air atmosphere.
Physical Characterization

The morphology and nanostructure of the samples before and after electrochemical
reduction of CO, were characterized by using scanning electron microscope (SEM, JEOL
JSM-6010LA). The crystal structure of the samples was measured by X-ray diffraction (XRD)
using a diffractometer (Bruker AXS GmbH-D8 Discover) with Co-Ka radiation (A = 1.7903
A). X-ray photoelectron spectroscopy (XPS, Thermo Scientific™ K-Alpha™) was used to

confirm the oxidation states of Cu in the samples before and after the electrolysis.
Surface Area Measurements

Surface roughness factors of the Cu nanowires and polycrystalline Cu foils were
determined by measuring electrochemical double-layer capacitance.[28’33’34] The cyclic
voltammograms (CVs) were measured in N2 bubbled 0.1 M phosphate buffer for a potential
range in which no faradaic processes were occurring (Figure S2.1.6 and Figure S2.1.7). The
geometric current density (jior) was plotted against the scan rate of the CV and the slope of the

linear regression was used to determine the capacitance (C). The surface roughness factor can
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be obtained by normalizing the capacitance value to that of polycrystalline Cu foil (the

surface roughness factor of polycrystalline Cu is used as the standard reference)
Electrochemical CO, Reduction

CO; electrolysis experiments were performed in an electrochemical cell made from Teflon
(Figure 2.1) using a three electrode configuration at ambient temperature and pressure. The
cell consists of two compartments (working and counter electrode compartments), which is
separated by a Nafion-115 proton exchange membrane to prevent the oxidation of CO;
reduction products. In the three-electrode configuration measurement, the counter electrode
was a Pt film (~160 nm) deposited on Ti foil by using direct current magnetron sputtering
(XRD pattern of the Pt film sputtered on Ti foil is shown in Figure S2.1.1) and an Ag/AgCl
electrode (XR300, saturated KCI + AgCl solution (KS120), Radiometer Analytical) was used
as the reference electrode (RE). The applied potentials vs. Ag/AgCl were converted to the
reversible hydrogen electrode (RHE) using the equation:

Vare = VAg

/AgCI + Vzg/AgCIvs.NHE + 0059p H (2 1)

0
where V agiagCivs NHE

1s 0.199 V at 25 °C. The electrochemical reduction of CO, was
performed in a 0.1 M KHCOj; (Sigma Aldrich, 99.95%) electrolyte saturated with CO, (pH =

6.83) at ambient temperature and pressure.

The cathodic compartment was continuously purged with a constant CO, flow rate and
vented directly into the gas-sampling loop of a gas chromatograph (GC, Interscience) in order
to enable periodic quantification of the gas-phase products. Liquid products formed during the
CO, reduction were identified and quantified by nuclear magnetic resonance (NMR)

after completion of the electrolysis.

37



Pt electrode
Cu nanowires

Ag/AgCI electrode

o, COz E

S 8
m ) 6%

Proton exchange membrane

Figure 2.1 The schematic illustration of the electrochemical cell used for reduction of CO,.

NMR Data Analysis

NMR measurements were performed by an Agilent MR400DD2 NMR spectrometer
operating at 400 MHz. Samples were prepared by mixing 450 pL of the electrolyte solutions
with 50 pL of D20 containing internal reference t-BuOH with a known concentration. 1H
NMR spectra were acquired by applying a hard pulse solvent pre-saturation pulse sequence
with 2 s saturation delay, 2 s relaxation delay, 2.5 s acquisition time, and spectral window of
6400 Hz. Typically, 8 scans were collected and the peak areas were integrated in order to
calculate the concentration of the solutes by taking into account the difference in the number

of protons in the reference compound with respect to the product.
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2.1.3 Results and discussion

Synthesis of CuO Nanowires

A typical SEM image of the prepared Cu(OH), nanowires is shown in Figure 2.2a. The Cu
substrate was uniformly covered with Cu(OH), nanowires, which were observed to have an
average diameter of around 100-250 nm and length of approximately 5-10 um. The XRD
pattern shown in Figure 2.2c confirms the presence of Cu(OH), in this sample, in addition to
the presence of the Cu foil substrate. After this initial characterization, the Cu(OH),
nanowires were annealed to form CuO. The annealing temperature and time were adjusted to
dehydrate the Cu(OH), nanowires in air and argon, respectively (shown in Figure S2.1.3), and
the optimal conditions were found to be 150 °C for 2 hours in an air atmosphere. While the
copper oxide nanowires retained their nanostructured morphology after annealing, a slight
bundling of the nanowires was observed, as shown in Figure 2.2b. The XRD pattern in Figure
2.2d reveals the Cu(OH), nanowires were dehydrated to form CuO after annealing in air at

150 °C for 2 hours, with no more indication of any remaining Cu(OH),.
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Figure 2.2 SEM images and XRD patterns of Cu(OH), nanowires before (a) (c) and after (b)
(d) annealing in air at 150 °C for 2 h, respectively.
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CuO-derived Cu Nanowires

The resulting CuO nanowire arrays were directly utilized in electrochemical reduction of
CO; in COy-saturated 0.1 M KHCOj electrolytes, and were reduced to Cu nanowires during
electrolysis. In order to confirm the formation of the Cu nanowires, further characterization of
the samples was performed. The SEM images of CuO nanowires after CO, reduction
electrolysis at -0.6 V vs. RHE reveals the nanowires structure, as shown in Figure S2.1.4,
therefore we conclude that all CO, electrochemical reduction experiments occurred on

nanowire structured substrates.

_(a)f | Culfoil

CuO nanowires

Cu(ll) satellites

\

Intensity / a.u

Cu nanowires

930 940 950 960
Binding energy (eV)

Figure 2.3 XPS spectrum of the polycrystalline Cu foil (a) and CuO nanowires on Cu foil
before (b) and after (c) CO; reduction electrolysis at -0.6 V vs. RHE.
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To confirm the oxidation states of the samples before and after CO, reduction, XPS
measurements were performed. The Cu 2p XPS spectrum of the polycrystalline Cu foil
(before CO; reduction electrolysis) and the CuO nanowires on the Cu foil substrate before and
after CO, reduction electrolysis are shown in Figure 2.3. The Cu 2ps2 peak at 932.58 eV was
observed for the polycrystalline Cu foil, shown in Figure 2.3a. For the CuO nanowire sample,
the Cu 2ps» peak shifted to a higher binding energy (932.98 eV) and was much broader
compared to that of Cu foil, which is consistent with the Cu 2p3» peak analysis of CuO and
Cu in previous reports.[35] In addition to the shift of the Cu 2p3/;; peak between CuO and Cu,
the Cu oxidation states can be further distinguished by observing satellite features in the Cu2p
XPS spectrum.[35] Cu”" satellite peaks at 941.3, 943.9 and 962.5 eV in Figure 2.3b indicate the
presence of CuO, which is consistent with the observation from the XRD pattern shown in
Figure 2.2d. After CO, reduction electrolysis, the Cu 2ps;, peak shifted back to a lower
binding energy of 932.78 eV, and the Cu®" satellite peaks were no longer observed, as shown
in Figure 2.3c, indicating the presence of Cu® or Cu* after CO, reduction. The Cu 2p XPS
spectrum of the nanowires after CO, reduction is almost identical to that of the polycrystalline
Cu foil. In addition, we only observed Cu® peaks in the XRD pattern of the nanowires after
CO; reduction electrolysis (Figure S2.1.5). These data indicate that the CuO nanowires in this
study were reduced to Cu during the electrochemical reduction of CO,. Thus, we can confirm

that the electrochemical reduction of CO; in our study occurred on Cu nanowire arrays.

CO, Reduction Performance on CuO-derived Cu Nanowires

The electrocatalytic CO; reduction results on Cu nanowires and Cu foils are presented in
Figure 2.4. It was found that the Cu nanowire array electrodes exhibited an initial high
geometric current density (for instance, Figure S2.1.8 shows jio:> 1 mA/cm” for 390 seconds
at -0.6 V vs. RHE) as the CuO nanowires were reduced to Cu nanowires, and subsequently a
stable current density was observed during electrolysis. At a negative potential of -0.35 V vs.
RHE, the Cu nanowire arrays revealed a stable ji; with a FE of ~ 18% for CO production. At
a more negative potential of -0.5 V vs. RHE, Cu nanowire arrays exhibited an increased jio in
Figure 2.4b, and a FE of ~ 30% for CO and a FE of ~ 7.5% for HCOOH (Figure 2.5) were
observed. Notably, a peak FE of ~ 50% for CO production (the FE for HCOOH was ~ 30% in
Figure 2.5) on Cu nanowires was reached at -0.6 V vs. RHE shown in Figure 2.4a,

corresponding to an overpotential of 490 mV relative to the CO,/CO equilibrium potential
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(-0.11 V vs. RHE). Furthermore, a relatively stable FE for CO production on Cu nanowire
arrays was observed in Figure 2.4, indicating the catalytic activity for CO, reduction on Cu

nanowire arrays was relatively stable during that time.
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Figure 2.4 CO; reduction performance of CuO-derived Cu nanowires. CO, reduction activity
of CuO-derived Cu nanowires and polycrystalline Cu foil at (a) -0.6 V and (b) -0.5 V, and
CuO-derived Cu nanowires at (c) -0.35 V vs. RHE in CO,-saturated 0.1 M KHCO;
electrolytes (no CO production was observed for polycrystalline Cu at -0.35 V vs. RHE). The
geometric current density is shown on the left axis and the faradaic efficiency for CO is
shown on the right axis (M and O represent CO faradaic efficiency on Cu nanowires and Cu

foil respectively).
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In contrast, the polycrystalline Cu electrodes experienced a decrease in current density
over time under identical conditions, as shown in Figure 2.4a and b. In addition, the
polycrystalline Cu substrates showed a low faradaic efficiency for CO (FE < 3% at -0.5 V and
-0.6 V vs. RHE), and the FE for CO decreased over time shown in Figure 2.4a and b, which
indicates a fast decrease in catalytic activity for CO; reduction. It was found that the FE for
HCOOH on the polycrystalline Cu foils was only ~11.6% at -0.6 V vs. RHE (Figure 2.5). It
was reported that the performance of CO; reduction on polycrystalline Cu foil in electrolytes
without stringent purification could not be observed due to rapidly complete deactivation of
catalytic activity.[ls’zs] Indeed, in our study, at less negative potentials than -0.5 V vs. RHE,

the CO production on polycrystalline Cu did not reach the detection limit of our GC.
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Figure 2.5 Faradaic efficiency for CO, HCOOH and H; at various potentials in CO,-saturated
0.1 M KHCO; electrolytes at ambient temperature and pressure.

CO; reduction on Cu nanowire arrays and Cu foils was also performed at more negative
potentials in order to investigate the FE for products (HCOOH, CO and H>) as a function of
potentials, as shown in Figure 2.5. The FE for CO on Cu nanowire arrays obviously increased
with increasing overpotentials at potentials of > -0.6 V vs. RHE and then evidently declined
with further increasing overpotentials at potentials of <-0.6 V vs. RHE. Similarly, the FE for
formic acid on Cu nanowire arrays also experienced an increase at potentials of > -0.7 V vs.
RHE and a decrease at potentials of <-0.7 V vs. RHE. It can be readily found that highest FE
of ~ 50% for CO production on Cu nanowire arrays was obtained at -0.6 V vs. RHE, while the
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peak FE of ~ 40% for HCOOH on Cu nanowire arrays was reached at a more negative

potential (-0.7 V vs. RHE).

Because H; evolution is always a competing reaction with CO, reduction in CO;-saturated
electrolytes, H, was also identified and quantified as a function of potentials during CO,
reduction electrolysis shown in Figure 2.5. As we note in Figure 2.5, the total faradaic
efficiencies for all the reduction products of CO, (the FE for CO is ~ 50% and the FE for
HCOOH is ~ 30%) on Cu nanowire arrays add up to ~ 80% at -0.6 V vs. RHE. Only 15% FE
for H; is produced on Cu nanowire arrays at this potential. As a comparison, the majority of
the current on the polycrystalline Cu foils is used for H, evolution at various potentials
(Figure 2.5), which is consistent with previous studies for Cu foil in CO,-saturated

electrolytes.[e’ls]

At less negative potentials (-0.4 V and -0.5 V vs. RHE), the decrease in total faradaic
efficiencies for CO and HCOOH on Cu nanowire arrays corresponds to an increase of
faradaic efficiency for H, evolution with lower overpotentials, as shown in Figure 2.5, which
is attributed to the fact that the overpotential is not high enough to drive CO; reduction
efficiently which is directly competing with H, evolution that requires a relatively small
overpotential to occur.® At more negative potentials than -0.6 V vs. RHE, the total faradaic
efficiencies for CO and HCOOH decreases with increasing overpotentials and the
corresponding faradaic efficiency for H, evolution increases. Furthermore, hydrocarbon gas
phase products (ethylene and ethane) are observed at more negative potentials (-0.8 V, -0.9 V
and -1.0 V vs. RHE) in Figure S2.1.9. At more negative potentials, the rate of CO2 reduction
(umol/s/cm?®) shows a dramatic increase up to ~ -0.7 V vs. RHE, and then increases much
slower with increasing potentials (shown in Figure S2.1.10), which indicates mass transfer
limitations at higher overpotentials.[18] Thus, with more negative potentials (< -0.6 V vs.
RHE), the observed decrease in the total faradaic efficiencies for CO; reduction and the
increase in faradaic efficiency for H, evolution reflect the mass transport limitations at

relatively high current densities.™
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Enhanced Performance Mechanism

The surface roughness factor for the Cu nanowires arrays relative to polycrystalline Cu
foils were determined by measuring the electrochemical double-layer capacitance.[28’33’34] In
Figure S2.1.6, Cu nanowire arrays show a capacitance of 3.5 mF, which means that the
surface roughness factor is ~ 80 times larger than that of the smooth polycrystalline Cu foil
(the capacitance of 0.043 mF in Figure S2.1.7). Thus, the increase of the geometric current
density (Figure 2.4) for Cu nanowire arrays during the electrochemical reduction of CO; can
be explained taking into account the higher surface area of the Cu nanowire arrays.
Furthermore, the high catalytic selectivity (high FE for CO and HCOOH) for CO, reduction
on Cu nanowire arrays may be attributed to the high surface area of Cu nanowire arrays that
may provide more active sites for CO, reduction electrolysis. It is interesting to note,
however, the roughness factor difference (~ 80x) is considerably larger than the difference in
Jiot between the two electrodes (~ 2x). The discrepancy between the increased surface area and
increased jir seems to show that all of the increased surface area is not active for CO,
reduction. One possible mechanism is the coverage of active CO, reduction sites caused by
product formation, where the reaction products block active sites. This coverage of active
sites 1s most likely to reduce the overall efficiency, because the long length of the nanowires

may make product diffusion very difficult.

In order to compare the catalytic activity, cyclic voltammetry of Cu nanowires and smooth
Cu in COp-saturated 0.1 M KHCO; electrolytes were shown in Figure S2.1.11. The
corresponding potentials at the electroreduction current density of 0.5 mA/cm? for smooth Cu
and Cu nanowires are observed at -0.69 V and -0.51 V vs. RHE, respectively. This positive
shift from -0.69 V to -0.51V may indicate the improved catalytic activity for CO, reduction on

Cu nanowire arrays.

Further insight into the kinetics of CO, reduction on catalysts can be examined by a Tafel
plot analysis.[5'9’17’18] Here, a Tafel plot of Cu nanowire arrays (overpotential versus log of the
partial current density for CO production) is shown in Figure 2.6. Y. Hori has proposed that a
two-electron transfer is involved in the electrochemical reduction of CO, to CO, as shown in
Scheme 2.1.1%2Y 1 the initial step, a CO,"" intermediate adsorbed on metal surface is formed
by a one-electron transfer to a CO, molecule.[%%2! Subsequently, the CO," on the surfaces
takes two protons and one electron to form a CO and a H,O molecule.®®?Y 1t is generally

accepted that the first electron transfer for the formation of the CO," is the rate determining
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step for the whole process because the first electron transfer requires a much more negative

potential compared to the following steps.[5]
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Figure 2.6 Tafel plots of the CO partial current density for polycrystalline Cu and Cu

nanowires.
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Scheme 2.1 Proposed mechanism for reduction of CO, to CO on metals.[*?]

A Tafel relationship between CO current i,, and overpotential  can be written as

follows: %!

. F
lco X Pgo, €Xp (a R—;) (2.2)

where F is Faraday constant, R is the gas constant, T is the absolute temperature, Pgq, is the

partial pressure of CO,, and a is the transfer coefficient.
From Henry’s law, the concentration of the dissolved CO; in electrolytes can be expressed as:
Cco, = KPco, (2.3)

where K is constant. Then, equation (2.2) can be written as: 1%
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. F
lco = NFkCco, €Xp (a ﬁ) (2.4)

where n is the total number of electron transfer needed to convert CO, to CO, and k is the rate
constant for converting CO;, to CO (incorporating K).[36] The Tafel slope is given by the
partial derivative of the overpotential with respect to the log of the current. Thus, equation

(2.4) can be rewritten as:

__ar dan
1= 2.3RT (Blogico) (2.5)

According to the equation (2.5), the Tafel slope ( ) of ~110 mV/dec for Cu

dlogico
nanowire arrays (1 < 0.3 V) shown in Figure 2.6 corresponds to the transfer coefficient of
0.54, which is consistent with the concept that the rate determining step of the reaction is the
initial electron transfer to CO, on metal electrodes.! According to previous studiesl 917181,
the low Tafel slope indicates a fast initial electron transfer to a CO, molecule (the rate
determining step), which implies that the formation of the adsorbed CO," intermediate may
be favored on Cu nanowire arrays. Therefore, according to these results, it appears that CuO-

derived Cu nanowires are able to provide the enhanced stabilization for the CO,"

intermediate.

2.1.4 Conclusions

In summary, CuO-derived Cu nanowire array electrodes prepared by a simple method were
capable of reducing CO; selectively to CO and HCOOH with high faradaic efficiencies (~
50% and ~30%, respectively) at a moderate potential of -0.6 V vs. RHE. This high faradaic
efficiency for CO, reduction may be due to the more active sites on the high surface area of
Cu nanowires, and the high catalytic selectivity for the reduction of CO, to CO is attributed to
the dramatically enhanced stabilization for the CO," intermediate. This study shows the
surface morphology of Cu electrocatalysts could dramatically influence the catalytic
selectivity for CO, reduction, making them an excellent platform for future studies of

electrochemical reduction of CO,.
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2.2 Controllable Hydrocarbon Formation via
Electrochemical Reduction of CO, on Cu Nanowire

Arrays

In this work, the effect of Cu nanowire morphology on the selective electrocatalytic reduction
of CO; is presented. Cu nanowire arrays were prepared through a two-step synthesis of
Cu(OH), and CuO nanowire arrays on Cu foil substrates and a subsequent electrochemical
reduction of the CuO nanowire arrays to Cu nanowire arrays. By this simple synthesis method,
Cu nanowire array electrodes with different length and density were able to be controllably
synthesized. We show that the selectivity for hydrocarbons (ethylene, n-propanol, ethane and
ethanol) on Cu nanowire array electrodes at a fixed potential can be tuned by systematically
altering the Cu nanowire length and density. The nanowire morphology effect is linked to the
increased local pH in the Cu nanowire arrays and a reaction scheme detailing the local pH

induced formation of C,-products is also presented via a preferred CO dimerization pathway.

This part has been published:

M. Ma, K. Djanashvili, W. A. Smith, Angew. Chem. Int. Ed. 2016, 55, 6680-6684.
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2.2.1 Introduction

The electrochemical reduction of CO, to fuel by using renewable energy has attracted
considerable attention for closing the anthropogenic carbon cycle.*® From electroreduction
of CO,, the captured CO, at the large emission sources could be used as a sustainable
feedstock to be electrochemically reduced to high energy density hydrocarbons (such as CH4
and C,H,).[*®! Hydrocarbon products can be conveniently utilized as fuels within the existing
energy infrastructure.l’”’ For achieving this goal, it is critical to develop a stable and cost-
effective catalyst with high selectivity and efficiency. Researchers have identified various
electrocatalyst materials that are capable of reducing CO, electrochemically in CO, saturated-
aqueous solutions.’® ! Among currently identified catalyst materials, Cu is the only known
material that is capable of catalyzing the formation of significant amounts of hydrocarbons at
high reaction rates in CO, saturated-aqueous solutions at ambient temperature and
pressure.®*® However, controlling the selectivity of the catalytic reduction of CO, to a

desired hydrocarbon product on a Cu catalyst remains a significant scientific challenge.

The electrochemical reduction of CO, to hydrocarbons on Cu catalysts is a complex
process with many adsorbed intermediates (such as CO and COH) that could influence the
formation of final products.™ % One of the important parameters in the electroreduction of
CO; is the pH that is related to the formation of intermediates in certain reaction pathways,
which could have a significant effect on products formation. The effect of local pH at the
electrode/electrolyte interface on the selectivity of hydrocarbon products in the
electroreduction of CO, was proposed by Hori in 1989, showing that a locally high pH
formed near Cu electrodes could facilitate the reduction of the intermediate CO to C,H, and
alcohols. Recently, Koper et al.l'’*%! demonstrated that the electrolyte pH could play a key
role in the product selectivity towards different hydrocarbons and proposed a CO coupling
mechanism, indicating that C,H,4 could be formed from a CO dimer adsorbed on Cu catalysts.
Furthermore, Mul et al. reported that the formation of C,H, from a CO coupling mechanism is

favorable at a high local pH.*"

Recently, we showed that CuO-derived Cu nanowire (NW) array electrodes are capable of
reducing CO, to CO at a moderate overpotentials.”! At more negative potentials,
hydrocarbon gas phase products on Cu NW arrays were observed.!” In this work, we tailor
the selectivity of hydrocarbon products on Cu NW arrays by systematically varying the length
and density of the Cu NWs which can offer a high local pH within the NW arrays. In addition,
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this study provides further insight into the mechanism of the hydrocarbon formation due to
the enhanced CO dimerization afforded by the NW morphology.

2.2.2 Experimental section

Cu(OH), NWs were first synthesized on Cu foils by immersing Cu foils into a solution
mixture containing 0.133 M (NHs),S,0s and 2.667 M NaOH.[?>%! The increased length of
Cu(OH), NWs was obtained by immersing Cu foils in the solution mixture for longer times.
After a discrete synthesis time, the Cu foils were taken out from the solution, rinsed with de-
ionized water and absolute ethanol, and dried with nitrogen. CuO NWs were then fabricated
by annealing the Cu(OH), NW arrays at 150 °C for 2 hours in air.’) The resulting CuO NW
arrays were directly used in the electroreduction of CO,, and were electrochemically reduced
to Cu NW arrays during electrolysis.”! Thus, the annealed Cu(OH), NWs with gradually
increased length and density were electrochemically reduced to Cu NWs with corresponding

increased length and density.

2.2.3 Results and discussion

Figure 2.7 shows typical SEM images of Cu(OH), NW arrays synthesized under different
synthesis time. The corresponding length of Cu(OH), NWs prepared at different synthesis
time were characterized by SEM (Figure S2.2.3), and the NW length as a function of
synthesis time is shown in Table S2.2.1. The increase of NW length follows an enhanced NW
density with increasing synthesis time (Figure S2.2.6). For simplification, the change of
overall morphology as a function of synthesis time are expressed by using ‘nanowire length’

in this study.

The electrocatalytic reduction of CO, on Cu NWs with different lengths were measured at
-1.1 V versus the reversible hydrogen electrode (RHE) for 5 h in CO,-saturated 0.1 M KHCO3
(99.95%) electrolytes (pH = 6.83) at ambient temperature and pressure. CO, electrolysis
experiments were performed in an electrochemical cell (Figure 2.1) consisting of working and
counter electrode compartments, separated by a Nafion-115 proton exchange membrane to
prevent the oxidation of CO, reduction products. The cathodic compartment was continuously
purged with a constant CO, flow rate and vented directly into the gas-sampling loop of a gas

chromatograph (GC) in order to enable periodic quantification of the gas-phase products.
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Liquid products formed during the CO, reduction were identified and quantified by nuclear

magnetic resonance (NMR) after completion of the electrolysis experiments.

Figure 2.7 SEM images (a-d) of Cu(OH), nanowires with synthesis time of 1, 3, 5, 8 min,

respectively.

The untreated polycrystalline Cu electrodes (i.e. with no NWs) had an obvious decrease in
geometric current density (jir) With a faradaic efficiency (FE) for C,H, that declined from 2%
at the start of electrolysis to 0 % during electrolysis (Figure S2.2.7). In contrast, Cu NW
arrays exhibited an initially high jit (< 3 min) as the CuO NWs were reduced to Cu NWs, and

subsequently a stable ji: Was observed over electrolysis of 5 h (Figure S2.2.7).

The faradaic efficiency of products in the electrocatalytic CO, reduction reaction as a
function of Cu NW length is presented in Figure 2.8. It is well established that H; evolution is
a competing reaction with CO, reduction in CO,-saturated electrolytes, therefore the
production of H, was also measured during electrolysis. We found that as the Cu NW arrays
grew longer and more dense, the FE for H, production steadily decreased as the amount of
CO; reduction products increased. In addition, the FE for C,H, gradually increased with
increasing the length of Cu NWs, as shown in Figure 2.8. Notably, the peak FE for C,H40n
8.1-um-length Cu NW arrays was maintained at 17.4% throughout the electrolysis (Figure
S2.2.7), implying not only enhanced selectivity for C,H, formation but also the stable catalytic
activity for CO, reduction on Cu NWSs. As we note in Figure 2.8, while HCOOH formation
was observed on all different lengths of Cu NWs, n-propanol was detected on Cu catalysts
with NW length of > 2.4 £0.56 um. With further increasing the length of Cu NWs, C;Hg

formation (FE=2%) was observed, accompanying with the formation of ethanol. All the above
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findings indicate that the selectivity for electrochemical reduction of CO, to hydrocarbons can
be tuned on Cu NW arrays by varying the Cu NW length and density.
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Figure 2.8 Faradaic efficiency for C,H4, CoHg, CO, HCOOH, Ethanol, n-Propanol and H; on
Cu nanowire arrays with different lengths at -1.1 V vs. RHE in CO,-saturated 0.1 M KHCO3;
electrolytes (O um nanowire represents Cu foil).

In order to understand the products distribution as a function of Cu NW length, a local pH
effect is proposed. It is known that the pH rises locally at the electrode/electrolyte interface
due to OH™ generation in the cathodic reactions (equations S(2.2.1-2.2.4) ).2®! Thus, the local
pH value close to the electrode becomes higher than the bulk pH.™M ! However, HCO; can
neutralize the OH™ due to the reaction: HCO3 + OH = CO5* + H,0. In this study, the
increase of NW length also corresponds to an enhanced NW density with increasing synthesis
time of the NWs (Figure S2.2.6). Thus, Cu NW arrays with an increase in nanowire length
and density may cause a decrease in the diffusion of HCO; into the Cu NW arrays and the
diffusion of generated OH™ out of the Cu NW arrays, as shown in Figure 2.9a. This limitation
of the diffusion process means a decreased amount of the neutralization reaction for OH"
generated near the catalyst surface, resulting in a higher local pH within the Cu NW arrays
with increasing NW length and density.

To provide evidence of the local pH effect, CO, reduction was performed on 8.1-um-
length Cu NWs in 0.1 M K;HPQOy, 0.1 M KHCO3; and 0.1 M KCIO4 electrolytes, as shown in

Figure 2.9b. These three electrolytes were chosen due to the difference in their buffer ability.
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The buffer action of CO,-saturated 0.1 M K;HPO4 can easily neutralize OH", keeping the
local pH at a relatively low value. While HCO5™ can neutralize the OH~,*®! the buffer action of
HCOj3 is weaker than the previous one. ClIO, does not have any buffer ability, leading to a
high local pH. In this study, the diffusion ability of the three different anionic species into the
NW arrays is considered to be identical due to the same concentration of anionic species (0.1
M). Thus, the local pH at the electrode/electrolyte interface could be affected by the buffer
ability of different electrolytes for Cu NWs (i.e. the local pH can be estimated as: KCIO, >
KHCO; > K;HPQ,).
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Figure 2.9 (a) Schematic illustration of the diffusion of electrolytes into Cu nanowire arrays.
(b)Faradaic efficiency for C,Hs, C,Hg, CO and H, on Cu nanowire arrays (8.1 + 1.3 um) at -
1.1 V vs. RHE in CO,-saturated 0.1 M K;HPO, (pH= 6.5), CO,-saturated 0.1 M KHCO3 (pH=
6.8) and CO,-saturated 0.1 M KCIO,4 (pH= 5.9) electrolytes, respectively.
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We found that the product distribution on Cu NWs was significantly influenced by the
different electrolytes. H, evolution (FE = 66%) was dramatically promoted in K,;HPO,
electrolytes with suppressed CO, reduction, in contrast, KHCO3; and KCIO, solutions favored
CO;, reduction with a reduced FE for H; evolution. In addition, the FE of CO and C,Hg were
roughly equal in the three different electrolytes. Interestingly, while the enhanced FE of
17.4% for C,H, (FE for C,H4is 10% in 0.1 M K;HPO,4) was observed in 0.1 M KHCOj3, the
highest FE of 20.3% for C,H; was obtained in 0.1 M KCIO, solutions (Figure 2.9b).
Furthermore, the highest and lowest FE for ethanol formation were discovered in 0.1 M
KCIO4 and 0.1 M K3;HPO,, respectively (Figure S2.2.10). These observations (FE for C,H,
and ethanol. KCIO4 > KHCO3; > K;HPQ,) are consistent with previous studies on the Cu foil
electrodes reported by Hori.™® Thus, a locally high pH formed at Cu catalysts could favor
the formation of C,H, and alcohols. In addition, the low pH value at the electrode/electrolyte
interface favors H, evolution." We therefore conclude the enhanced selectivity for C,H, with
suppressed H, evolution on the longer and more dense Cu NW arrays is attributed to the high
local pH formed in the Cu NW arrays (Figure 2.9a). In addition, the enhanced local pH on Cu
NWs may contribute to the observed ethanol formation on the longer Cu NW length (> 7.3 £
1.3 pm)

To gain further insight into the mechanism of the products distribution on Cu NW arrays,
we propose a reaction pathway for electrocatalytic CO, reduction, as shown in Scheme 2. It is
generally accepted that CO is a key intermediate for the formation of hydrocarbons in the
electrochemical reduction of CO,.**?4 However, it is generally accepted that the first electron
transfer for the formation of the CO,* shown in Scheme 2 is the rate determining step (RDS)
in the electrochemical reduction of CO, to CO because the first electron transfer requires a
much more negative potential compared to the following steps.”™ We have previously
reported the enhanced stabilization for the CO," intermediate on Cu NW arrays./?! The more
active sites that are provided by longer Cu NWs may lead to the enhanced stabilization of the
CO;". In addition, the suppressed CO, reduction with enhanced H; evolution at low local pH
caused by strong buffer action of K,HPO, electrolytes (Figure 2.9b) may indicate the local pH

formed in the Cu NW arrays may play a significant role in the CO, activation.
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Furthermore, the FE of products as a function of potential was plotted for 8.1-pum-length
Cu NWs (Figure 2.10a). We found that the FE for CO decreased from -0.7 V to -1.1 V vs.
RHE, along with enhanced FE for C,Hgand C,H,. In addition, the n-propanol was detected at
potentials of < -0.9 V. These observations imply that the formation of hydrocarbons from the
CO intermediate is more favorable at more negative potentials.

It was reported that one possible reaction path for C,H, formation is through a CH;
dimerization."™® Furthermore, more detailed reaction pathway for C,H, has been investigated
theoretically by density functional theory (DFT), which provides a pathway through a COH
intermediate  shown in Scheme 2.2 (path i, left).® Recently, a CO coupling
mechanism!*®1%%!! has been suggested as an alternative route to C,H, through a CO dimer
adsorbed on Cu, as shown in Scheme 2.2 (path ii, right). Thus, C,H, formation could have two
potential pathways, (i) via a COH intermediate and (ii) via a CO dimerization pathway. It is
critical to understand which pathway is preferred for the Cu NW arrays to determine the
mechanism of the selectivity for hydrocarbons. When comparing the two pathways, it can be
seen that CH, is only formed through the COH intermediate pathway (path i). In all our
experiments, C,H4 was observed without any detected CH, formation, which may indicate

that C,H, formation on Cu NWs is mainly from the CO dimerization reaction path (path ii).

In addition, the formation of C,Hg has not been reported in the electrocatalytic reduction of
CO, on smooth Cu,["®™! but was observed as a minor product on nanostructured Cu
catalysts.**"? However, a reaction pathway towards C,Hg has never been reported. Here we
propose two possible routes for C,Hs formation via CHjz; dimerization and CH3;CH,0
intermediate in Scheme 2.2. In our research, C,Hg formation appeared on longer Cu NWs
(NW > 7.3+1.3 um), and was always accompanied with the formation of ethanol without any
observed CH,4 formation (Figure 2.8), which implies that C,Hg and ethanol may be formed

[18]

through the same intermediate (CH3CH,O) in the CO dimerization pathway'™, as we

proposed in Scheme 2.2.

As discussed above, the formation of C,H,, C,Hgand ethanol could be mainly from the CO
dimerization reaction pathway in this study. The rate determining step for the formation of
CHs in the CO dimerization pathway is CO coupling (Scheme 2.2).*"1 It has been
demonstrated that the CO coupling step is favored at a high local pH near the catalyst
surface.’?” In addition, more products (such as C,Hg and ethanol) are detected on longer Cu

NW arrays at various potentials shown in Figure 2.10, indicating that the enhanced local pH
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on Cu NWs may contribute to the observation of C,Hgs and ethanol. Therefore, the higher
local pH in the Cu NW arrays with an increase in nanowire length and density could improve
the formation of C,H,;, C,Hs and ethanol through the enhanced CO coupling mechanism

which is formed in a high local pH due to the nanowire morphology.

2.2.4 Conclusions

In summary, the effect of Cu nanowire morphology has been explored for the
electrochemical reduction of CO,. With increasing the Cu nanowire length (>2.4 £0.56 pm),
the formation of n-propanol was detected along with CO, HCOOH and C,H,. Furthermore,
C,Hs formation appeared on longer Cu nanowires (> 7.3 = 1.3 pum), accompanying with the
formation of ethanol. We propose a route to C,Hg from the intermediate (CH3CH,O) in the
CO dimerization pathway. More importantly, Cu nanowire arrays exhibited an increased
selectivity for C,H, with increasing the Cu nanowire length and density, which is ascribed to
the improved formation of C,H, through a CO coupling mechanism caused by an enhanced
local pH in the Cu nanowire arrays. This study shows that the selectivity in the
electrocatalytic reduction of CO, to hydrocarbons could be tuned on Cu nanowire arrays by
varying the Cu nanowire length, providing a promising efficient approach for systematically

controlling hydrocarbon formation via the electrochemical reduction of CO,.
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Supplementary information for Chapter 2 (2.1)

Pt counter electrode
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Figure S2.1.1 XRD patterns of Pt film (a) deposited by magnetron sputtering and Ti foil (b).

Pt films (~160 nm) were deposited on Ti foils by using direct current magnetron sputtering
(60 W) at 0.3 Pa for 20 min (deposition rate is 0.133 nm/s). The XRD pattern of the Pt film
sputtered on Ti foil was shown in Figure S2.1.1 (a). The Pt film coated on Ti foil was used as

the counter electrode (anode) in the three-electrode configuration measurement.

Surface preparation of polycrystalline Cu

It is important to remove impurities on the surface of Cu foil.™*? SEM images of the copper
electrode surface are displayed after polishing by sandpaper in Figure S2.1.2 (a) and
subsequent electropolishing in Figure S2.1.2 (b) in order to have a surface free of impurities.

In our study the Cu foils were electropolished at 4.0 V for 5 min in 85% phosphoric acid.’

Figure S2.1.2 SEM images of Cu foil before (a) and after (b) electropolishing in 85 %

phosphoric acid.
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The annealing temperature and time

Some examples of annealed Cu(OH), nanowires at different annealing conditions were shown
in Figure S2.1.3.

Figure S2.1.3 SEM images of annealed Cu(OH), nanowires in argon at 500 °C (a) and 300 °C
(b) for 1 hour, and in air at 450 °C for 1 hour (c) and 230 °C in air for 2 hours (d), respectively.

SEM images of nanowires after electrolysis.

Figure S2.1.4 SEM images of CuO nanowires after CO; reduction electrolysis.
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Figure S2.1.5 XRD pattern of the CuO nanowire arrays after CO, reduction electrolysis.
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Figure S2.1.6 Determination of double-layer capacitance for the Cu nanowire arrays. (a) the

cyclic voltammograms were measured in a non-faradaic region of the voltammogram at the
following scan rate: 0.01, 0.03, 0.05, 0.06, 0.07, 0.09 and 0.1 V/s in N, bubbled 0.1 M

phosphate buffer. The working electrode was held at each potential vertex for 15 s before

starting the next sweep. (b) The relationship between the current density and the CV scan rate.
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Figure S2.1.7 The relationship between the current density and the CV scan rate for

polycrystalline Cu.
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Figure S2.1.8 CO, reduction current as a function of time at -0.6 V vs. RHE.
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Figure S2.1.9 Faradaic efficiency for Co;Hsand C,Hg at various potentials in CO,-saturated 0.1
M KHCO;s electrolytes at ambient temperature and pressure.
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Figure S2.1.10 Total rate of CO; reduction as a function of potentials.
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The total rate of CO; reduction is calculated at a given potential as follow:

J J
RCO _ JCO i ‘]HCOOH + C,H, + CyHg (82.1-1)
" 2F ' 2F  6F  7F

where J.q, Jycoon » Jde,n, @nd Je . are the partial current density for each reduction product

(CO, HCOOH, C,H,4 and C,Hg) of CO,, and F is the faraday constant. The partial current
density for each reduction product of CO, is calculated through multiplying the total

geometric current density by the faradaic efficiency for each product at a given potential.

10 T T T T T T : T T T
L |—— Smooth Cu ]
05r = 2l Copper oxidation |
& s / p
£
o 00r .
<
E
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Figure S2.1.11 Cyclic voltammetry (CV) of smooth Cu and Cu nanowire arrays in CO,-
saturated 0.1 M KHCOj electrolytes at ambient temperature and pressure (scan rate is 0.02

VIs).
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Supplementary information for Chapter 2 (2.2)

Materials

(NH4)2S205 (>98.0%), NaOH (99.99%), KHCO3; (>99.95%), KCIO4 (>99.99%) and
K2HPO4 (>99.999%) were purchased from Sigma Aldrich. All chemicals were used in
this study without further purification. Copper foil (99.9999%) were purchased from Alfa

Aesar.
Local pH

CO; is electrochemically reduced to a variety of major products in CO, saturated-aqueous

solutions according to the reactions:

CO, + H,0 + 2e~ — CO + 20H™ (-0.11 V vs. RHE) (S2.2.1)
CO, + H,0 + 2e~ - HCOO™ + OH~ (-0.03 V vs. RHE) (S2.2.2)
2C0, + 8H,0 + 12e~ — CyH, + 120H" (0.08 V vs. RHE) (S2.2.3)

H, evolution is a competing reaction with CO, reduction in CO,-saturated electrolytes. Thus,

water could be reduced to H, on Cu according to the following reaction:
2H,0 +2e~ - H,+ 20H~ (0 V vs. RHE) (S2.2.4)

OH  ions are released at the electrode in cathodic reactions according to the above reactions,
resulting in the fact that the pH rises locally at the electrode/electrolyte interface.™* Thus, the
actual pH near the electrode is higher that of the bulk owing to the release of OH™ in the

electrode reactions.™?
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Figure S2.2.1 Digital images of Cu(OH), nanowires with synthesis time of 1, 2, 3, 5, 8, 15

min, respectively.

Figure S2.2.2 SEM images of Cu(OH), nanowires on Cu foils with synthesis time of 0.5 (a), 3
(b), 5 (c) and 8 min (d).

The measurement of Cu(OH), nanowire length

Cu(OH), nanowire was removed from the surface of Cu foil to carbon tapes (double sides
carbon tape) by pressing Cu foil (nanowires on the surface of Cu foil) on carbon tape, and the
nanowires stuck to the surface of carbon tapes. Thus, the length of Cu(OH), nanowire was
measured by using scanning electron microscope (SEM, JEOL JSM-6010LA). Figure S2.2.3
shows the nanowires on carbon tape substrates. Here, I measured more than 100 different
nanowires for each sample to get the length histograms of Cu(OH), nanowires, as presented in
Figure S2.2.4.
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Figure S2.2.3 SEM images of Cu(OH), nanowires with synthesis time of 2 (a) and 5 min (b).
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Figure S2.2.4 Length histograms of Cu(OH), nanowires in the samples with fabrication time
of (a) 2 min, (b) 3 min, (c) 5 min, (d) 8 min.

The average length of nanowire can be calculated as follow:

| = Z(Lx x F,) (52.2.5)

where [, L, and E, are the average length of nanowire, the specific length of nanowire

measured from SEM and the percentage of the specific length of nanowire.
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The standard deviation of the length of nanowire can be obtained from equation:

9= JZ F.(L, — 1) (52.2.6)

Table S2.2.1 The average length of Cu(OH), nanowire under different fabrication time.

Synthesis time (min) Average Length (um) Standard Deviation (um)
0.5 2.0 1

1 2.4 0.56

2 3 0.87

3 5 1.68

5 7.3 1.3

8 8.1 1.3

15 8.5 11

The density of nanowire arrays

CuO nanowires were fabricated by annealing the Cu(OH), nanowire arrays at 150 °C for 2
hours in air.”’! The resulting CuO nanowire arrays were directly used in electrochemical
reduction of CO,, and were electrochemically reduced to Cu nanowires during electrolysis.?!
The charge used for the reduction of CuO to Cu can be calculated by equation:

Q= 2FX (g) (52.2.7)

where, F, M and m are Faraday constant, the molar mass and the mass of CuO, respectively.
This equation (S2.2.7) can be rewritten as:

anxle)

Q = 2F x ( (52.2.8)

Where, p is mass density of CuO. The n is the total number of nanowire involved in
electrolysis (geometric surface area involved in electrolysis is constant). The [ and A are the
length and cross-section area of CuO nanowires, respectively. Here, Cu nanowire length is
identical to the corresponding Cu(OH), nanowire length and we assume that the A is constant

for all different samples.
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The electrodes exhibited an initially high current density as the CuO nanowires were reduced
to Cu nanowires, and subsequently a stable current density during electrolysis, as shown in
Figure S2.2.5. Thus, we can get the total charge used for reducing CuO to Cu according to the
initial high current in Figure S2.2.5. Qzum and Qzaum are 0.71 C and 1.93 C, respectively.
From the equation (S2.2.8), we can get

Q73um n7.3uml7.3um

= (52.2.9)

Q3um n3uml3um
According to the equation (S2.2.9), n; 3m/N3um is 1.12
n l 7.3um 2.28C

8.1um _ '73um Qs.1um _ [ % (52.2.10)
n7.3um lS.lum Q7.3um 8.1um 1.93C
Here, ng 1ym/M7.1um is 1.06.
n l 8.1um 3.03C

8.5um — 8.1um x QS.Sum _ 2 (52-2.11)

= X
Ngium  Mgsum Qs.1um 8.5um  2.28C
Thus, g 5ym /Mg 1um 1S 1.27.

In this way, we can get the nanowire density as a function of synthesis time, as shown in
Figure S2.2.6. The color of the sample is getting darker blue with increasing synthesis time of
nanowires (Figure S2.2.1), which is consistent with the fact that the higher density and longer

length of nanowire with increased synthesis time.

_1'1\/\15 RHE |

0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time (s) Time (s)

Figure S2.2.5 CO, reduction current as a function of time on CuO-derived Cu nanowires with

length of (a) 3 um and (b) 7.3 um at -1.1 V vs. RHE, respectively.
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Figure S2.2.6 Cu(OH); nanowire length and density as a function of synthesis time.
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CO; reduction performance
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Figure S2.2.7 CO, reduction performance of Cu nanowires. CO, reduction activity of

polycrystalline Cu (a) and Cu nanowires with increased length (b-f) at -1.1 V vs. RHE in

COy-saturated 0.1 M KHCOj3 electrolytes. The geometric current density is shown on the left

axis and the faradaic efficiency is shown on the right axis (M and [ represent faradaic

efficiency for C,H,4 and C,Hg respectively).
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Figure S2.2.8 Faradaic efficiency for C,H, (2) and H; (b) on Cu nanowire arrays as a function
of nanowire length at -1.1 V vs. RHE in CO,-saturated 0.1 M KHCOj electrolytes.
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Figure S2.2.9 CO; reduction performance of 8.1-um-length Cu nanowire arrays at -1.1 V vs.
RHE in CO,-saturated 0.1 M K;HPO, (a), CO,-saturated 0.1 M KHCO3 (b) and CO,-saturated
0.1 M KCIOq (), respectively. The geometric current density is shown on the left axis and the
faradaic efficiency is shown on the right axis (M and ] represent faradaic efficiency for C,H,

and C,Hg respectively).
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Figure S2.2.11 The geometric current density as a function of potential in CO,-saturated 0.1
M KHCO; (pH= 6.8).
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NMR analysis

NMR spectra were obtained at Agilent MR400DD2 NMR spectrometer operating at 400 MHz.

For the preparation of the samples, 50 puL of D,O containing a known concentration of

internal reference t-BuOH were added to 450 uL the electrolyte solutions. Water suppression

hard pulse sequence was applied during the acquisition of the *H NMR spectra with 2 s

saturation delay, 2 s relaxation delay, 2.5 s acquisition time, and spectral window of 6400 Hz.

After collection of 8 scans, peak areas were integrated and the concentration of the solutes can

be calculated by considering the difference in the number of protons in the reference

compound and that of the product. Chemical shifts (8) are reported in ppm with respect to

internal standard set at 1.2 ppm. Thus, the "H NMR spectra (Figure S$2.2.12) allows for the

identification of products.

Table S2.2.2 NMR data used for the calculation of concentration of the products.

Compound Number of H Chemical Shift Multiplicity

Coupling

®) constant (Hz)
(n)

t-BUOH (ref) 9 1.2 singlet -

Formic Acid 1 (HCO) 8.45 singlet -
Ethanol 3 (CHs) 1.13 triplet 7.24
2 (CH2-0) 3.52 quartet 7.24
n-Propanol 3 (CH53) 0.84 triplet 7.76
2 (CHy) 1.41 multiplet 7.44
2 (CH,-0) 3.43 triplet 6.66

The concentration of products can be calculated by equation:
0 X Crer X Coroduct (52.2.12)

(Peak area)g,s " (Peak area)product

where Cproquet and n are the concentration of product and the number of corresponding protons

in the of related product (Table S2.2.2), respectively. Cgefis the concentration of reference t-
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BuOH (0.0825 mM). (Peak area)rer and (Peak area)proquct represent the integrals for t-BuOH
(reference) and product in the *H NMR spectra, respectively. Thus, n will be 9 (3xCHs) for
tBuOH and 1 (COH), 3 (CHg3), and 3 (CH3) at chemical shifts of 8.45, 1.13 and 0.84,

respectively.

Intensity (a.u.)
|

| .
| N A v /
Aot I‘W“/\rW‘*VWWWM“’W*MI‘MWWW‘U\’\W"' i '\Wf‘l"-"*“ﬂ'\'m" N W“JJ‘J\“WMMVW“JAWW"WWMWNJ ”h 'W*&-nw
- T T T T T T | T T T T [ T T T T T T T T [ T T T [ T T T T T T
8 7 6 5 4 3 2 1

Chemical Shift (ppm)

Figure S2.2.12 *H NMR spectra of electrolytes after reduction of CO, on 7.3-pm-length Cu
nanowires in CO,-saturated 0.1 M KHCOg electrolytes.
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Faradaic efficiency for products

Table S2.2.3 Faradaic efficiency for C,H4, C,Hs, CO, HCOOH, Ethanol, n-Propanol and H,
on Cu nanowire arrays with different lengths at -1.1 V vs. RHE in CO,-saturated 0.1 M

KHCOg electrolytes (0 um nanowire represents Cu foil).

Average Length

Faradaic efficiency (%)

(um) C,H, C,Hg co HCOOH Ethanol n-Propanol H,

0 (flat Cu) 2 6 12.7 83

2.0 5 9.9 18.4 63.7

2.4 10.4 10 19 5.8 52

3 14.2 10 20.7 7.8 48.4

5 14.4 7 23.5 8 46

7.3 166 2 8.5 15.5 5 9 44.3

8.1 174 24 7.6 17.5 3.8 7.8 44.2
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3. Selective and Efficient Reduction of CO, to CO on

Oxide-Derived Nanostructured Ag Electrocatalysts

In this work, the selective electrocatalytic reduction of CO, to CO on oxide-derived Ag
electrocatalysts is presented. By a simple synthesis technique, the overall high faradaic
efficiency for CO production on the oxide-derived Ag was shifted by >400 mV towards a
lower overpotential compared to that of untreated Ag. Notably, the Ag resulting from Ag
oxide is capable of electrochemically reducing CO, to CO with approximately 80% catalytic
selectivity at a moderate overpotential of 0.49 V, which is much higher than that (~4%) of
untreated Ag at identical conditions. Electrokinetic studies show that the improved catalytic
activity is ascribed to the enhanced stabilization of COOH® intermediate. Furthermore, a
highly nanostructured Ag is likely able to create a high local pH near the catalyst surface,
which may also facilitate the catalytic activity for the reduction of CO, with suppressed H,

evolution.

This part has been published:

M. Ma, B. J. Trzesniewski, J. Xie, and W. A. Smith, Angew. Chem. Int. Ed. 2016, 55 (33),
9748-9752.
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3.1 Introduction

The electrochemical conversion of CO; into carbon-based fuels is an attractive strategy for
utilizing CO, captured at large emission sources.™ In order to close the anthropogenic
carbon cycle, the electrocatalytic reduction of CO; to fuels should be powered by a renewable
electricity source.l’! For achieving this goal, the essential step is to develop a cheap, stable,
and efficient catalyst with high selectivity for a desired product. Over the past few decades,
several catalyst materials with the capability of reducing CO, electrochemically in CO,
saturated-aqueous solutions have been identified.27*® It has been demonstrated that
polycrystalline Au is capable of reducing CO, to CO with a high faradaic efficiency (FE) of ~
87% at -0.74 versus the reversible hydrogen electrode (RHE).[S] While Au is currently the
most efficient electrocatalytic surface for CO; reduction to CO, the low abundance and high
cost of Au may prevent its large-scale applications. To find a cost-effective and stable catalyst
with high selectivity and efficiency remains a challenge for achieving practical utilization of
CO; reduction to CO.

Metallic Ag has attracted considerable attention due to its significantly lower cost
compared to Au and high selectivity for CO, to CO conversion."* However, the high
overpotential (> 0.9 V) on Ag catalysts is required for driving the electrocatalytic reduction of
CO, efficiently and selectively with suppressed H,O reduction.® The large overpotential
required for the reduction of CO, is attributed to the hindrance for the initial electron transfer
to a CO, molecule.>**2! Ly et al.™! reported that a nanoporous Ag catalyst with a fast initial
electron transfer prepared by the de-alloying of an Ag-Al prescursor is capable of reducing
CO, electrochemically to CO efficiently and selectively at reduced overpotential. Recently,
Kanan et al.”%?? discovered that oxide-derived Cu and Au nanoparticle films exhibit
dramatically improved selectivity for reduction CO;, to CO at low overpotential and high

resistance to catalytic deactivation compared to polycrystalline metals.

This study is the first exploration of the catalytic activity of the electrochemical reduction of
CO, on oxide-derived nanostructured Ag catalysts (OD-Ag). Here we demonstrate that a
nanostructured Ag electrode resulting from silver oxide is capable of electrochemically
reducing CO, to CO with high selectivity at much lower overpotential compared to that of the
polycrystalline Ag, and the increased catalytic activity is linked to the improved stabilization
of the COOH?® intermediate.
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3.2 Experimental section

The thermal oxidation of Ag foils is prohibited because the decomposition of silver oxide
becomes significant at temperatures above 200 °C.[%! Here, we used a simple and scalable
electrochemical method for oxidizing Ag electrodes. Potential anodization in alkaline
solutions was an effective and simple method for the formation of Ag oxide on Ag
electrodes.”*?®! Here, an electrode made of a polycrystalline Ag foil was immersed in 0.2 M
NaOH solutions in a two-compartment cell with a Pt counter electrode and an Ag/AgCl
reference electrode (cyclic voltammetry of Ag in 0.2 M NaOH is shown in Figure S3.1). The
two-compartment cell was separated by a Nafion-115 proton exchange membrane to avoid Pt
deposition on Ag electrodes during the electrochemical synthesis. Symmetric 50 Hz square-
wave pulsed potential was applied on Ag electrodes to synthesize Ag oxide layers. We found
that the fabricated Ag oxide layers exhibit a porous structure, as shown in Figure S3.2. The
resulting Ag oxide electrodes were directly utilized in the electrochemical reduction of CO,,

and were electrochemically reduced to metallic Ag in the early stage of electrolysis.

3.3 Results and discussion

Figure 3.1a and b show scanning electron microscope (SEM) images of electrodes resulting
from Ag oxide after the electrocatalytic reduction of CO, in CO,-saturated electrolytes. The
SEM images indicate that a porous-like nanostructured Ag surface was formed as a result of
the reduction of Ag oxide after electrolysis. The X-ray diffraction (XRD) pattern in Figure 3.1
(c) confirms the presence of Ag,O on Ag foil synthesized by anodization in alkaline solutions.
After CO, reduction electrolysis, XRD pattern shows only Ag peaks with no more indication
of any remaining Ag oxide. In addition, the Ag foil fabricated by anodization turned a black
color (Figure S3.3), which is also indicative of the formation of Ag oxide, and the sample had

no remaining black color after CO, reduction electrolysis.

To further confirm the composition of the samples before and after electrolysis, X-ray
photoelectron spectroscopy (XPS) measurements were performed. The Ag 3ds,, peak at 368.2
eV was observed for polycrystalline Ag in Figure 3.1d. For the synthesized Ag oxide, the Ag
3ds, peak shifted to the binding energy of 367.7 eV, which corresponds to the Ag,O
formation according to the Ag 3ds, peak analysis for Ag and Ag oxide in previous work.*’!

After electrolysis, the Ag 3ds, peak shifted back to 368.2 eV, implying the surface was
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metallic Ag without any Ag oxide.’”” The Ag 3d XPS spectrum analysis is consistent with the
results of the XRD patterns, indicating the electroreduction of Ag,O to metallic Ag was

complete within the detection limit of these characterization techniques.
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Figure 3.1 (a) and (b) SEM images of oxide-derived Ag. (c) XRD patterns and (d) XPS
spectrum of the polycrystalline Ag electrode (black line) and Ag oxide electrode before (red

line) and after (blue line) CO, reduction electrolysis, respectively.

The electrocatalytic reduction of CO, on OD-Ag and polycrystalline Ag were performed in
CO,-saturated 0.1 M KHCO3 (99.95%) electrolytes (pH = 6.83) at ambient temperature and
pressure. In the initial period of electrolysis, OD-Ag electrodes were directly formed in situ
by the electroreduction of the Ag oxide film formed on the Ag electrode. CO, reduction
electrolysis experiments were performed in an electrochemical cell consisting of working and
counter electrode compartments, separated by a Nafion-115 proton exchange membrane to
prevent the oxidation of CO, reduction products. The cathodic compartment was continuously
purged with CO; at a constant flow rate and vented directly into the gas-sampling loop of a

gas chromatograph (GC) for the periodic quantification of the gas-phase products. Liquid
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products formed in the CO, reduction were detected by 'H nuclear magnetic resonance

(NMR) after completion of the electrolysis experiments.

The comparison of the CO, reduction activity of untreated polycrystalline Ag and OD-Ag is
presented in Figure 3.2. The OD-Ag exhibited a high initial current density (ji:) (Figure S3.4),
which stems from the reduction of the Ag oxide layer in the initial period of electrolysis.
Subsequently, the OD-Ag exhibited a jio; of 1.15 mA/cm? with CO faradaic efficiency of 89%
at -0.8 V vs. RHE, as shown in Figure 3.2a. At a less negative potential of -0.7 V vs. RHE, a
decreased FE of 82.4% for CO formation was observed (Figure 3.2b). Notably, the FE of 80%
for CO production was achieved at -0.6 V vs. RHE (Figure 3.2c), corresponding to a modest
overpotential (nco) of 0.49 V relative to the CO,/CO equilibrium potential of -0.11 V vs. RHE.
In contrast, the polycrystalline Ag electrodes experienced low ji:, accompanying with very
low FE for CO formation (22.4%, 12% and 4.1% at -0.8 V, -0.7 V and -0.6 V vs. RHE,

respectively).
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Figure 3.2 CO, reduction performance of untreated Ag and oxide-derived Ag. The total
current density (left axis) and the CO faradaic efficiency (right axis) on untreated Ag and
oxide-derived Ag (m and O represent CO faradaic efficiency on oxide-derived Ag and
untreated Ag respectively) at (a) -0.8 V and (b) -0.7 V, and (c) -0.6 V vs. RHE in CO,-
saturated 0.1 M KHCOj electrolytes.

To better understand the catalytic activity for CO, reduction, the FE for the major products
of CO; reduction was plotted at various potentials for the polycrystalline Ag and the OD-Ag
(Figure 3.3). As noted in Figure 3.3a, the FE for the electrochemical reduction of CO, to CO
on both the polycrystalline Ag and the OD-Ag gradually increased with enhancing
overpotentials. The increase of the FE for CO corresponds to a decrease in the related FE for
H, production (Figure 3.3b). In addition, a small amount of formate was only detected at high

overpotentials (Figure S3.5). Interestingly, Figure 3.3a shows that the overall FE for CO on
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the OD-Ag was shifted by > 400 mV toward the positive potential compared to that of
untreated Ag (at the range of FE for CO > 30%). In addition, the current density for CO
production as a function of potentials in figure 3.3c implies the onset potential for CO,
reduction on OD-Ag was -0.4 V vs. RHE (nco = 0.29 V), which is a positive shift by ~ 200
mV compared to that (-0.6V vs. RHE) of polycrystalline Ag. More importantly, for driving
the electrocatalytic reduction of CO, to CO with a high FE of 80%, a potential of -0.6 V vs.
RHE was required on OD-Ag, which is significantly reduced by 500 mV compared to that of
untreated Ag (-1.1 V vs. RHE). These results indicate that OD-Ag acts as an efficient catalyst
for the electrocatalytic reduction of CO, to CO with significantly suppressed H, evolution at

decreased overpotentials.

—_
3
—
—_
=3
—

(c)

10— - Polycrystalline Ag 100 "
- e ! A —_ —a—Polycrystalline Ag | u- Polycrystalline Ag
£ . e | ~e-Oxide-derived Ag £ v Oxidederived Ag| u” hd o .\\ —e- Oxide-derived Ag
z 8ol e 7 8ot / ‘
N, 2 - L
S . £ ~ 08
3 : o A v £
2 60+ \ 2 60 / 5}
€ \ ‘« ; ~< 7 T
. ]

o \ o A / E
3 “0f \ . § 4 i b 3 04l
g . g / =
£ 20+ £ 20t -~ 02}
8 - ¢ Fa e P v

0 L L L 1 0 L2 B2 L 1 n 0.0k L L

1.2 -1.0 -0.8 -0.6 -0.4 -1.2 -1.0 -0.8 -0.6 -0.4 -1.0 -0.8 -0.6 -0.4

Vvs. RHE V vs. RHE Vvs. RHE

Figure 3.3 Comparison of the electrocatalytic activity of polycrystalline Ag and oxide-
derived Ag. Faradaic efficiency for CO (a) and H, (b) on polycrystalline Ag and oxide-
derived Ag at various potentials in CO,-saturated 0.1 M KHCOj3; (pH= 6.8). (c) Current

density for CO at various potentials.

To gain insight into the electrokinetic mechanism of CO, reduction on both catalysts, a
Tafel plot analysis was performed. Here, Tafel plots of the OD-Ag and the polycrystalline Ag
(overpotential versus log of the partial current density for CO production) are shown in Figure
3.4. Hori has proposed that a two-electron transfer is involved in the electrochemical
reduction of CO, to CO (Scheme 1).*3% |n addition, most of the computational studies on
reaction paths for CO, reduction are based on the computational hydrogen electrode (CHE)
model, which is assumed that a proton-coupled electron transfer (PCET) takes place at every
reaction step.*>*! Thus, a COOH" is assumed to be formed via a PCET as the first CO,
activation step in density funcational theory (DFT) simulations.®*333% However, in some
experimental work; it is believed that the adsorbed CO," intermediate is formed on the active

sites of metal surface via a one-electron transfer to a CO, molecule, and then the COOH®
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intermediate is produced after accepting one proton.**?23% Furthermore, it was reported that
the first proton donation is from HCO3".[***3! Subsequently, the COOH® intermediate on the
surface takes another electron and proton to form a CO and a H,O molecule. It has been
demonstrated that the initial electron transfer for CO, activation is the rate determining step

(RDS) for the overall process because the first electron transfer requires a much more

negative potential compared to the following steps.[*?!
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Figure 3.4 (a)Tafel plots of the CO partial current density for polycrystalline Ag and oxide-
derived Ag. (b)Bicarbonate concentration at constant potential for oxide-derived Ag.
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Scheme 1. Proposed reaction paths for electrocatalytic reduction of CO, to CO.

A Tafel slope of 133 mV/dec for polycrystalline Ag shown in Figure 3.4a corresponds to a
transfer coefficient of 0.44 (Equation S3.2). This slope and the transfer coefficient are
consistent with the fact that the rate determining step is the initial electron transfer to
C0O,.119 In contrast, OD-Ag exhibited a low Tafel slope of 77 mV/dec at low overpotentials,

which indicates a fast initial electron transfer to a CO, molecule according to previous
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studiest’ 2% Subsequently, we found a dramatic increases of the Tafel slope for OD-Ag at
relatively high overpotentials, indicating the CO, electroreduction may reach a mass transport
limitation on the porous-like nanostructured Ag.*® Thus, while the mass transport in a
nanostructured Ag catalyst is likely slower than an untreated Ag (flat surface) at relatively
high overpotentials, the OD-Ag can offer better stabilization for the COOH® intermediate than

that of untreated Ag, thus decreasing the overpotential needed to drive CO, reduction to CO.

To further investigate the electrokinetics of CO, reduction on OD-Ag, electrolysis was
performed at the HCO3 concentrations from 0.5 to 0.1 M. A plot of log(jco) vs log([HCOs3 )
in Figure 3.4b shows a zero-order dependence of HCO3; concentrations on CO; reduction
activity, indicating that the donation of a proton from HCOg3 is not a rate-determining step

for CO, reduction.!*”!

It was reported that the surface of nanostructured Ag catalysts can provide the low-
coordinated surface Ag sites, which plays a significant role for stabilizing the COOH®
intermediate through reducing the activation energy barrier of the initial electron transfer.!*
In addition, Kanan et al. proposed a grain boundary effect for OD-Cu*” and OD-Au®. Here
we propose a local pH effect to offer a new insight into the correlation of nanostructured Ag
catalysts with the catalytic activity for CO, reduction. The pH rises locally at the
electrode/electrolyte interface because of releasing OH" in the cathodic reactions (equation S
(3.4-3.5)).2% Thus, the pH close to the electrode (local pH) is higher than the bulk pH. To
understand the local pH effect, CO, reduction was performed on flat Ag and OD-Ag in 0.1 M
K,HPO,4 and 0.1 M KHCOg, respectively. The FE for CO on flat Ag was significantly reduced
(Figure 3.5a) with dramatically enhanced FE for H, (Figure 3.5¢) in CO,-saturated 0.1 M
K2HPO,, which is consistent with the Hori’s work on flat Cu (FE for H; is 72.4% and 10.9%
in 0.1 M K,HPO, and 0.1 M KHCO3, respectively)™!. This observation is due to the fact that
the buffer action of CO,-saturated 0.1 M K,HPO, can easily neutralize OH" generated at the
electrode surface, keeping local pH at relatively low value. The low pH value at the
electrode/electrolyte interface favors H, evolution.*¥} To further improve the local pH effect,
CO; reduction was also measured on flat Ag in 0.1 M KCIO4. KCIO,4 does not have buffer
ability, which results in a relatively high local pH at the electrode/electrolytes interface. We
found that the FE for CO in CO,-saturated 0.1 M KCIO4 was obviously higher than that of
CO,-saturated 0.1 M KHCO3 (Figure 3.5a). These observations (the FE for CO on flat Ag:
KCIO; > KHCO3 > K;HPO,4) imply that the local pH may play an important role in CO,

reduction.
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Figure 3.5. Faradaic efficiency for CO and H; on polycrystalline Ag (a) (c) and oxide-derived
Ag (b) (d) at various potentials in CO,-saturated 0.1 M K;HPO, and CO,-saturated 0.1 M
KHCOg, respectively. CO, reduction on flat Ag was also performed in CO,-saturated 0.1 M
KCIO..

In contrast, we found that FE for CO on OD-Ag was almost equal in the two different
electrolytes (Figure 3.5b) at various potentials. This observation may be partly attributed to
that the limitation of the diffusion process in nanoporous Ag catalysts (Figure 3.1a and b)
causes a decreased amount of the neutralization reaction for OH™ generated near the catalyst
surface, resulting in a high local pH in 0.1 M K;HPO,. In addition, H, evolution is not
favorable at the high pH value. Thus, the high local pH created in nanoporous Ag may
contribute to the suppressed H, evolution (Figure 3.5d) with preferred CO, reduction (Figure
3.5h).
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3.4 Conclusions

In summary, nanostructured Ag catalysts prepared by electrochemically reducing Ag.O
exhibited an enhanced catalytic activity for the reduction of CO,, and the high selectivity for
CO was shifted by > 400 mV to a lower overpotential than that of untreated polycrystalline
Ag. At a moderate overpotential of 0.49 V, the oxide-derived nanostructured Ag was able to
reduce CO; to CO with ~80% faradaic efficiency, which is dramatically higher compared to
that (~4%) of untreated polycrystalline Ag at identical conditions. The dramatically improved
catalytic activity and selectivity for CO, reduction to CO is likely correlated with the
nanostructured surface, resulting in highly active sites for stabilizing COOH® intermediate. In
addition, a high local pH generated within the porous-like nanostructured Ag catalysts may
also play a role in the improved CO; reduction along with suppressed H, evolution. This
study shows that a selective and cost-effective oxide-derived Ag catalyst can efficiently and
selectively reduce CO, to CO. While the catalytic activity of this oxide-derived Ag catalyst is
not as high as the recent oxide-derived Au, its cost is significantly lower, and thus this catalyst
and synthetic approach may provide a more practical platform for large-scale CO;

electroreduction.
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Supplementary information for Chapter 3

Materials

NaOH (99.99%), KHCO3 (>99.95%), K;HPO4 (>99.999%), KCIO, (>99.99%) and KClI
(>99%) were purchased from Sigma Aldrich. All chemicals were used in this study
without further purification. Silver foil (99.998%, 0.25 mm thick, hard) were purchased
from Alfa Aesar. The silver foils were ultrasonically cleaned in acetone and ethanol. The

cleaned silver foils were dried with nitrogen.
Fabrication of Silver Oxide

Figure S3.1 is a typical cyclic voltammetry (CV) for a silver electrode in 0.2 M NaOH. The
oxidation peaks (a) and (b) in the anodic sweep are related to the formation of Agoxide. The
cathodic peaks (c) and (d) represent the reduction of AgO and Ag,0, respectively.? A piece
of Ag foil was immersed in 0.2 M NaOH solutions in a two-compartment cell (the two-
compartment cell was separated by a Nafion-115 proton exchange membrane) with a Pt count
electrode and an Ag/AgCI reference electrode (XR300, saturated KCI + AgCl solution
(KS120), Radiometer Analytical). A symmetric 50 Hz square-wave pulse between 1 V and
2.2V (vs. RHE) were applied for 5 hours (900000 cycles).
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Figure S3.1 Cyclic voltammetry of polycrystalline Ag foils in 0.2 M NaOH electrolytes at

ambient temperature and pressure (scan rate is 0.02 V/s).
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Figure S3.2 SEM images of Ag oxide on Ag foil synthesized by anodization in 0.2 M NaOH

solutions.

Ag foil Ag oxide OD-Ag

Figure S3.3 Digital images of the polycrystalline Ag foil (left image), the Ag oxide film
synthesized on Ag foil before (middle image) and after (right image) CO, reduction

electrolysis, respectively.
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Figure S3.4 Current density as a function of time for the untreated Ag and the oxide-derived

Ag at-0.8 and -0.7 V vs. RHE in CO,-saturated 0.1 M KHCOj electrolytes.

Physical Characterization

The morphology and nanostructure of the samples were characterized by using scanning
electron microscope (SEM, Philips/FEI XL 40 FEG). The X-ray diffraction (XRD) patterns of
the samples were obtained by using a diffractometer (Bruker AXS GmbH-D8 Discover) with
Cu-Ko radiation (A = 1.5406 A). X-ray photoelectron spectroscopy (XPS, Thermo
Scientific™ K-Alpha™) was utilized to confirm the oxidation states of Ag in the samples

before and after the electrolysis.
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Liquid product measurement

NMR measurements were performed at Agilent MR400DD2 NMR spectrometer operating at
400 MHz. Samples were prepared by mixing 450 uL of the electrolyte solutions with 50 uL of
D,0 containing a known concentration of internal reference t-BuOH. *H NMR spectra were
acquired by applying a hard pulse solvent pre-saturation pulse sequence with 2 s saturation
delay, 2 s relaxation delay, 2.5 s acquisition time, and spectral window of 6400 Hz. Typically,
8 scans were collected and the peak areas were integrated for calculating the concentration of
the solutes by taking into account the difference in the number of protons in the reference

compound with respect to the product.
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Figure S3.5 Faradaic efficiency for HCOOH at various potentials in CO,-saturated 0.1 M

KHCO; electrolytes at ambient temperature and pressure.
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The Tafel slope is given by the partial derivative of the overpotential with respect to

the log of the current as follow:

s=(52—) (S3.1)

dlogic,

where n is the overpotential for the reduction CO; to CO. i., is CO current density.
Here, a correlation between the Tafel slope and the transfer coefficient can be written

astl:
0(( on ) _ 23RT (53.2)

dlogico F

where F, R, T and a are Faraday constant, the gas constant, the absolute temperature

and the transfer coefficient, respectively. Here, @ Is ~59 mV/decade.

Partial current density

The partial current density for CO is calculated at a given potential as follow:
Jeo = f XJtot (S3.3)

where J, and f are the partial current density and faradaic efficiency for CO production. j,.

is the total current during electrolysis. In our study the current density used for CO, reduction
(without H, evolution) is considered to be equal to the partial current density for CO due to a

very small amount of formate was only detected at high overpotentials (Figure S3.5).

Similar to the partial current density for CO, the partial current density for H, was plotted as a
function of potentials on the polycrystalline Ag and oxide-derived Ag, as shown in the below
figure S3.6. The polycrystalline Ag exhibited a dramatic increase in the partial current density
for H, with enhancing overpotentials. In contrast, the oxide-derived Ag catalysts had an
obviously suppressed partial current density for H, with increasing overpotentials. In addition,
at the potential range from -0.4 - -0.8 V vs. RHE, the partial current density for CO on the
OD-Ag catalyst increased to over 1 mA/cm? (Figure 3.3c), while the partial current density
for H, production in the same range stayed below 0.11 mA/cm? indicating that as CO
production is increased on this catalyst, H, production is sufficiently suppressed. All these
observations further imply that OD-Ag acts as an efficient catalyst for the electrocatalytic

reduction of CO, (Figure 3.3) with significantly suppressed H, evolution.
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Figure S3.6 Current density for H, on polycrystalline Ag and oxide-derived Ag at various

potentials in CO,-saturated 0.1 M KHCO3; (pH= 6.8).

KHCO; concentration effect

The electrochemical reduction of CO, to CO were performed at a constant applied potential
(-0.6 V vs. RHE) at KHCOj3 concentrations ranging from 0.5 to 0.1 M. KCI was added to the
low KHCO3; concentration solutions to keep a total concentration of 0.5 M, maintaining ionic
strength. Partial current density for CO formation as a function of the log(|[HCO3]) is

presented in Figure S3.7.
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Figure S3.7 Partial current density for CO as a function of the KHCOj3; concentration at a

constant potential.
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Local pH

The electrochemical reduction of CO, to CO in CO,-saturated aqueous solutions can be

expressed by the following reaction:
CO, + H,0 +2e~ - CO + 20H (-0.11 V vs. RHE) (S3.4)

H, evolution is a competing reaction with CO, reduction on Ag catalysts in CO,-saturated
electrolytes. Thus, H,O could be electrochemically reduced to H, on Ag catalysts according to

the below reaction:
2H,0 + 2e~ - H, + 20H™ (0 V vs. RHE) (S3.5)

OH" ions are generated at the electrode in cathodic reactions according to the above reactions,
resulting in the fact that the pH rises locally at the electrode/electrolyte interface.'**! Thus, the
actual pH near the electrode is higher that of the bulk owing to the release of OH™ in the

cathode electrode.**!
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Buffer action:

The pH of a phosphate buffer solution changes from the original fresh solution by bubbling
with CO, due to the reaction as follow”:

HPOZ™ + CO, + H,0 - H,PO; + HCO3 (S3.6)
The CO,-saturated 0.1 M K;HPO, (pH=6.5) is equal to a total electrolytes of 0.2 M (KH,PQO4
+ KHCO3). After saturation and equilibrium with CO,, 0.1 M K;HPQ, is converted into 0.1 M
KH,PO,4 and 0.1 M KHCOs. Thus, the buffer ability in CO,-saturated 0.1 M K,HPO, (pH=6.5)
is better than CO,-saturated 0.1 M KHCO3 (pH=6.8).

The pH also can be influenced by the below dissociation reactions:

H,PO; & HPO}  +H* pK, = 7.2 (S3.7)

HCO3 & CO05~ +H* pK, = 10.2 (S3.8)

Where, pKa is theacid dissociation constant, which is a measure of the strength of
an acid in solution.

Therefore, the buffer action (for neutralizing OH") of CO,-saturated 0.1 M K,HPO, (pH=6.5)
is stronger than CO,-saturated 0.1 M KHCO; (pH=6.8).
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Figure S3.8 Faradaic efficiency for CO on polycrystalline Ag at various potentials in CO,-
saturated 0.1 M KCIO,4 (KCIO,4 does not have buffer ability) and CO,-saturated 0.1 M KHCOs,

respectively.
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4. Electronic Effects on the Electrochemical
Reduction of CO, on Compositionally Variant Au-Pt

Bimetallic Thin Films

The electrocatalytic reduction of CO, on Au-Pt bimetallic catalysts with different
compositions was evaluated, offering a platform for uncovering the correlation between the
catalytic activity and the composition of bimetallic electrocatalysts. The Au-Pt alloy films
were synthesized by a magnetron sputtering co-deposition technique with tunable
composition. It was found that the syngas ratio (CO:H,) on the Au-Pt films is able to be tuned
by systematically controlling the binary composition. This tunable catalytic selectivity is
attributed to the variation of binding strength of COOH and CO intermediates, influenced by
the surface electronic structure (d-band center energy) which is linked to the surface
composition of the bimetallic films. Notably, a gradual shift of the d-band center away from
the Fermi level was observed with increasing the Au content, which correspondingly reduces
the binding strength of the COOH and CO intermediates, leading to the distinct catalytic
activity for the reduction of CO, on the compositionally variant Au-Pt bimetallic films. In
addition, the binding strength of the intermediates on the Au-Pt bimetallic films is correlated
linearly with the variation of the binary composition, indicating that only the electronic effect
in the bimetallic system is unable to break the scaling relation to significantly improve the

catalytic activity and selectivity for CO, reduction to CO.

This part has been submitted:

Ming Ma, Heine A. Hansen, Marco Valenti, Zegao Wang, Anping Cao, Mingdong Dong and
Wilson A. Smith
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4.1 Introduction

Converting CO; electrochemically into fuels and valuable chemicals has great potential
for the utilization of captured CO,.["" For a sustainable production of fuels and value-added
chemicals with zero carbon emission, renewable electricity sources can be used to power the
electrocatalytic reduction of CO,.!"" The main challenge for achieving this goal is to develop
a cost-effective electrocatalyst which is capable of reducing CO; efficiently with controllable
selectivity and long-term stability. Researchers have previously investigated various
polycrystalline metallic materials for the electrochemical reduction of CO, in aqueous
electrolyte.** ") While several polycrystalline metal catalysts have been identified with the
capability to electrocatalytically reduce CO,, the high overpotential required for driving
selective CO; reduction with suppressed H, evolution and the fast catalytic deactivation in

favor of H,O reduction significantly limit the potential for large-scale applications.!'"*'”]

The electrocatalytic reduction of CO, is a complex reaction process with various adsorbed
intermediates (such as COOH"® and CO®) and the binding strength of intermediates on the

14-17

catalyst surface plays a key role in the formation of final products.!'*'” Recently, bimetallic

alloy electrocatalysts has attracted considerable attention as an alternatively promising
approach for dramatically improving the catalytic activity and selectivity of CO, reduction.!"®
1 Alloying two metals alters the binding strength of intermediates on the catalyst surface in

19231 Density functional

the reduction of CO; due to electronic effect and geometric effect.!
theory (DFT) has been utilized for calculating the binding energy of multiple intermediates on
various alloys, giving a theoretical basis for developing suitable bimetallic alloy catalysts with

high catalytic activity for a desired product.!'*!>2¢1¢]

Experimentally, it has been demonstrated that the interaction of the two different metal
atoms in a bimetallic alloy could significantly influence the catalytic activity and selectivity in
the electroreduction of CO,. Recently, Koper et al.*” reported that bimetallic Pd-Pt alloy
nanoparticles exhibit a very low onset potential for the reduction of CO2 to HCOOH of ~0 V
vs. the reversible hydrogen electrode (RHE) and a high faradaic efficiency (FE) of 88% for
HCOOH formation at -0.4 V vs. RHE. In addition, Takanabe et al'® discovered that a
nanostructured Cu-In bimetallic alloy prepared by the in situ electrochemical reduction of
Cu,0 in InSO4 electrolytes is able to reduce CO; to CO with a FE of 85% at -0.6 V vs. RHE.
Furthermore, the dramatically improved FE for the reduction of CO; to CO has also been

achieved on nanostructured Cu-Sn and Cu-Pd bimetallic catalysts at reduced
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overpotentials.?*** While impressive progress has been made on the improvement of the
catalytic activity and selectivity for the reduction of CO; on alloy catalysts, the fundamental
understanding of the correlation of the composition of bimetallic catalysts with the catalytic
activity remains unclear. This discrepancy largely comes from the fact that mostly studied
catalysts for CO; reduction are nanostructured materials, which make it difficult to distinguish
the effects of bimetallic composition and surface morphology (each of which can contribute to

altered CO; reduction performance).

Au is the most active metal electrocatalysts for the reduction of CO, to CO, however, the
catalytic activity on Au is still limited by the activation of CO; to stabilize COOH".!'”) In
contrast, Pt provides favorable activation and conversion of CO; to adsorbed CO (limiting
step is CO desorption)."”) Herein, we present the first exploration of the electrocatalytic
reduction of CO; on Au-Pt bimetallic thin films with controllable compositions and planar
morphology. These bimetallic planar films provide an ideal platform for investigating the
electronic effect on the binding strength of intermediates and the formation of final products
by tuning the composition of bimetallic catalysts while keeping the surface morphology
consistent. A systematic experimental and theoretical investigation elaborates the mechanism
of the effect of binary catalyst composition on the catalytic activity and selectivity of CO,
reduction, revealing an important correlation of the electronic structure of the alloys with the

binding strength of reaction intermediates that determines the final product distribution.

4.2 Experimental section

4.2.1 Fabrication and characterization of bimetallic Au-Pt films

For obtaining high purity Au-Pt bimetallic films, Au-Pt films were deposited by a
magnetron sputtering co-deposition technique (separated targets) at an argon pressure of 0.3
Pa, as shown in figure S4.1. In this co-deposition process, the deposition rates of the two
target materials (Au and Pt) were manipulated by adjusting the deposition power, respectively,
for synthesizing the controllable compositions of binary metals. The composition of binary

films will be hereafter expressed by the atomic ratio of Au and Pt (Aujgp-nPtn, 0<n<100). In
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addition, the thickness of the Au-Pt films were controlled by deposition time, and the cross-
sectional scanning electron microscopy (SEM) image (Figure S4.3) indicates that the Au-Pt

binary electrocatalyst was comprised of ~ 60-70 nm thick film.
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Figure 4.1 Characterization of Au-Pt bimetallic films. (a) A comparison of surface
composition with bulk composition of AuPt film measured by XPS and EDS, respectively. (b)
XRD patterns of pure Au (orange line), pure Pt (gray line) and Au;gp-nPt, bimetallic films. (c)

Variation of the lattice parameter of the Au-Pt bimetallic alloys as a function of the Pt content.

To confirm the surface composition of the deposited Au-Pt bimetallic films, X-ray
photoelectron spectroscopy (XPS) measurements were performed. It was found that the
surface atomic ratio of Au to Pt in the Au-Pt bimetallic film was tuned by altering the
deposition rate of magnetron sputtering (Table S4.1). It has been reported that Au could
segregate to the surface of binary films, which is caused by the low surface free energy of Au,
resulting in slightly enriched Au in binary film.”* Here, the bulk composition (Table S4.2) of
the deposited Au-Pt bimetallic films were characterized by Energy-dispersive X-ray
spectroscopy (EDS). The comparison of the bulk and surface composition of binary films is
presented in Figure 4.1a, which reveals the bulk composition of the Au-Pt binary films was
consistently identical to the surface composition of the films, indicating no obvious Au
segregation at the surface of the binary films prepared by magnetron sputtering. The
observation of no Au segregation at the surface is consistent with the previous work on Au-Pt

[30]

bimetallic films fabricated using pulsed laser deposition. Importantly, the surface

composition of the Au-Pt films was maintained even after 2 hours of electrolysis (Table S4.3).
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X-ray diffraction (XRD) measurements were conducted for verifying the formation of the
Au-Pt alloys. As noted in the XRD patterns (Figure 4.1b), all compositions of the samples
exhibited only one dominant diffraction peak which can be assigned to the diffraction of the
(111) plane from the fcc crystal structure and the (111) peak position gradually shifted to
larger 26 with an increase of Pt content, indicating the formation of the Au-Pt bimetallic

(291 The shift of the (111) peak towards larger 20 with increasing Pt content is attributed

alloys.
to the reduced lattice parameter of Au-Pt alloy caused by the incorporation of Pt (the lattice
parameter of the alloy is between the pure Au and Pure Pt). Here, the lattice parameter of Au-
Pt alloys (Table S4.4) was extracted according to the XRD patterns and Bragg’s law (Equation
S4.1). A plot of the lattice parameter as a function of Pt content in the Au-Pt bimetallic films
is displayed in Figure 4.1c, which includes the lattice parameter of pure Au (0.40736 nm) and
pure Pt (0.39290 nm) for comparison. A linear relationship between lattice parameter and the
Pt content of Au-Pt films was observed (Figure 4.1c), which is the typical characteristic of

alloying based on Vegard’s law.’’*!) These results indicate that Au-Pt alloys were formed

over the whole composition range without Au segregation at the surface.

4.2.2 Electrocatalytic CO, reduction activity

The electrochemical reduction of CO, on the Au-Pt bimetallic films with different
compositions were performed in a CO,-saturated 0.1 M KHCO; (99.95%) electrolyte (pH =
6.83) at room temperature and atmospheric pressure. The CO; electroreduction was conducted
in an electrochemical cell, which is separated into working and counter electrode
compartments by a Nafion-115 proton exchange membrane for preventing the oxidation of the
CO; reduction products. The cathodic compartment was continuously purged with CO, at a
constant flow rate, venting directly into the gas-sampling loop of a gas chromatograph (GC)
for periodically quantifying the gas-phase products. To analyze liquid products produced in
the CO, reduction, the CO, reduction electrolyte was collected after completion of the

electrolysis experiments and then detected by 'H nuclear magnetic resonance (NMR).*
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4.3 Results and discussion

The comparison of the electrocatalytic activity of the Au-Pt bimetallic alloys with different
compositions is presented in Figure 4.2. CO and H;, were detected as the major products of
CO; reduction on these Au-Pt bimetallic alloys (Figure 4.2). At a fixed potential of 0.65 V vs.
RHE, CO formation was not detected on pure Pt, and the highest CO faradaic efficiency of
~77% was observed on pure Au. Interestingly, the Au-Pt bimetallic alloys exhibited a
gradually enhanced FE for CO formation as the Au content increased, simultaneously
accompanying with decreased FE for H, evolution, which reveals that the syngas ratio
(CO:H») could be tailored in the electroreduction of CO; at a fixed potential by systematically
tuning the composition of the Au-Pt bimetallic films.
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Figure 4.2 Faradaic efficiency for CO on Au-Pt bimetallic alloys with different compositions

at 0.65 V versus RHE in CO,-saturated 0.1 M KHCOj; electrolyte (pH= 6.8).
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To gain a deeper understanding of the trend of the electrocatalytic activity of CO, reduction
on Au-Pt alloys with different compositions, the FE for the major products was plotted at
various potentials (Figure 4.3). With increasing overpotentials, the Au-Pt bimetallic catalysts
with various compositions all experienced a gradually increased FE for the reduction of CO,
to CO, while the peak FE for CO on pure Au was achieved at -0.6 V vs. RHE and then a
gradual decease in the FE for CO was detected with further increasing overpotentials. In
addition, the opposite tendency in FE for CO and H, was also observed on the Au-Pt
bimetallic films with different compositions at various potentials. As displayed in Figure 4.3a
and 3b, the increase in the FE for CO formation followed the correspondingly reduced FE for
H; evolution with increasing Au incorporation at various potentials. In this study, during the
various potential tests for CO; reduction, CO formation on Pt was only detected at 0.7 V vs.
RHE with a very low FE of 1%, and the CO formation on Aus;Ptss, Aus;Pts3 and pure Au was
able to be detected at 0.4 V, 0.35 and 0.3 V vs. RHE, respectively, which implies the
decreased overpotential for the reduction of CO, to CO with increasing Au content of Au-Pt
bimetallic catalysts (Figure 4.3a). Furthermore, a plot of the partial current density for CO
formation as a function of potential in Figure 4.3c also reveals a positive shift for the onset
potential in the reduction of CO; to CO with incorporating more Au into binary films. These
results indicate that the catalytic activity for the reduction of CO, to CO and the competing H»
evolution can be tuned on the Au-Pt bimetallic films by systematically controlling the atomic

ratio of Au/Pt.

In addition to the observed major products, formate was also detected as a liquid product.
As presented in Figure 4.4, the formation of HCOOH (FE of 1.4%) started to be detected on
pure Au at -0.6 V vs. RHE, and at a less negative potential of -0.55 V vs. RHE, a FE of 2% for
HCOOH was observed on AuysPty, (Figure 4.4). Notably, for driving the electrocatalytic
reduction of CO, to HCOOH, a potential of -0.5 vs. RHE was required on the Aus;Pts3, which
is a positive shift of 100 mV and 50 mV in comparison with pure Au and Au7sPty,
respectively. These findings imply that the Pt content (<50 at.%) in Au-Pt bimetallic catalysts
may facilitate the electrocatalytic reduction of CO, to HCOOH formation at a reduced
overpotential. With further increasing the Pt composition, the potential required for driving
the reduction of CO, to HCOOH formation shifted back to a more negative potential (0.6 V
and 0.65 V vs. RHE were required for Aus,Ptss and Pt, respectively). All the above results
indicate the catalytic activity and selectivity for CO, reduction is strongly linked to the

composition of the Au-Pt bimetallic alloys.
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Figure 4.4 Faradaic efficiency for HCOOH formation at various potentials in CO,-saturated

0.1 M KHCO; electrolyte.

To gain further insights into the influence of the binary composition on the catalytic activity
of CO; reduction, it is critical to distinguish the electronic effect and the geometric effect.!!*>]
The electronic effect is linked to the change of electronic structure that is tuned with surface
composition of bimetallic catalysts, which results in the variation of the binding strength of
intermediates. In addition, the geometric effect that is correlated with the atomic arrangement
at the active site which has a significant influence on the interaction between adsorbed species
and the surface atoms."”’ In our study, the surface roughness was analyzed by atomic force
microscopy (Figure S4.5, all films on polished Si substrates had a roughness of 0.3 - 0.5 nm),
showing magnetron sputtering is able to deposit uniform flat surface layer for all different

compositional alloys, which implies that the variation of the catalytic activity with changing

the bimetallic composition should be only related to the surface electronic effect.
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Figure 4.5 Electronic properties of Au-Pt bimetallic films. (a) Comparison of surface valence
band XPS spectra of Au-Pt bimetallic films with different composition (the binding energy is
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corresponding Au-Pt film. (b) Energy of d-band center as a function of Pt content. The inset

shows the d-band center (E4) position of Au and Au-Pt alloys with respect to the Fermi level.

For the effect of the electronic properties on the catalytic activity and selectivity, d-states

(that are close to the Fermi level) of transition metals play an important role in the binding

(253133 The higher energy of d-states leads to the

(33

strength of adsorbed species on the surface.
stronger interaction with adsorbed intermediates.*” Thus, alloying two metals may alter the
average energy of the d-electrons of the catalyst surface, which is correlated with the variation
of the binding strength of intermediates, leading to the change of catalytic activity and
selectivity. Of particular note, it has been reported that value of d-band center can be used to

represent the average energy of the d-electrons.™

In order to reveal the variation of the average energy of the d-electrons with the bimetallic
composition, high-resolution surface valence band XPS measurements were performed on
Au-Pt bimetallic films. The surface valence band XPS spectra as a function of composition of
the Au-Pt bimetallic films is presented in Figure 4.5a. The position of the d-band center of
Au-Pt bimetallic films was determined according to Equation S4.2, and was labeled with
colored vertical lines in Figure 4.5a, which indicates an obvious change of the d-band center
with different atomic ratios of Au/Pt. The energy of the d-band center as a function of Pt

content shown in Figure 4.5b implies that pure Pt has the closest d-band center (E4=3.67 V)
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relative to the Fermi level (Ef). Notably, the d-band center of Au-Pt bimetallic films was
shifted away from the Fermi level (Er) with gradually increasing Au content, correspondingly
weakening the binding strength of intermediates on the surface, which is consistent with the

reported bimetallic Au-Pt alloys.*"
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Figure 4.6 Schematic illustration of binding strength of COOH, CO and H intermediates on

Au-Pt bimetallic catalysts as a function of the d-band center position.

Based on the catalytic CO, reduction performance of Au-Pt bimetallic films, we propose a
mechanism to correlate the binding strength of COOH, CO and H intermediates on Au-Pt
bimetallic films with the d-band center position relative to the Fermi level, as displayed in
Figure 4.6. For Pt, the Eq4 is very lose to Er (3.67 eV), which corresponds to the strongest
binding strength of COOH® and CO?®, indicating that the CO, activation for stabilizing COOH"
intermediate and the formation of adsorbed CO are facile. However, the desorption of CO
from the surface is limited due to the strongest binding strength of CO on Pt (Figure 4.6),
which corresponds to the very low catalytic activity for the reduction of CO, to CO (Figure
4.3a). This result is consistent with DFT simulation work for CO, reduction on pt.l'") With
increasing Au composition of Au-Pt bimetallic films, the Eq moves away from Er by getting
more d-electrons from Au,”'! which reduces the binding strength of COOH® and CO® with
gradually increasing Au content, resulting in gradually increased catalytic conversion of CO,

to CO. The highest value of E4 (5.03 eV) was detected on pure Au, which offers weaker
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binding strength for COOH® and CO°, which is the optimum binding strength among
transition metals for the reduction of CO, to CO,"'”! corresponding to highest catalytic activity

for CO, reduction to CO.

The above discussion indicates that the binding strength at a mixed site is the average of the
properties of the constituents, which likely implies that the binding strength for intermediates
on the Au-Pt bimetallic films are correlated linearly with each other with tuning the binary
composition, corresponding to the gradually enhanced catalytic activity for the reduction CO,

to CO with increasing the Au content.

The binding energies of the reaction intermediates on Au-Pt bimetallic surface were further
investigated by DFT simulation.!"” The binding energies of COOH and CO intermediates on
the Au-Pt alloys are shown in Figure 4.7a together with the rate of CO, reduction to CO based

1.7} According to this model, optimum activity

on a previously published micro-kinetic mode
for CO production is obtained for appropriate binding energies of COOH® and CO°, which
simultaneously allow facile CO, activation and CO release. The catalytic activity on late
transition metal and coinage metal surfaces is limited by a correlation between COOH® and
CO® binding energies. The Au-Pt alloys studied here follow the same correlation between
COOH" and CO® binding energies as discovered previously.!'”! In addition, the variation in
catalyst activity for CO production is linked to the change of hydrogen binding energy that is
responsible for H, production,”* due to a correlation between CO* and H binding energies as
presented in Figure 4.7b. Furthermore, the variation of electronic properties on bimetallic
surfaces are induced by strain and ligand effects.””) We find no correlation between alloy
lattice constants and binding energies of COOH®, CO®, H® on Au-Pt alloy (Figure S4.6).
However, the electronic ligand effect plays a significant role, which may lead to Au atoms in
Au-Pt alloys binding intermediates stronger than pure Au and Pt binding intermediates weaker
than pure Pt, implying that the binding energies of intermediates on the Au-Pt alloy films lie
in between pure Pt and pure Au. This result is consistent with our experimental work (the
binding strength at a mixed site is the average of the properties of the constituents). In
addition, the shift of the d-band center away from the Fermi level with increasing Au

composition is also found from DFT calculation (Figure S4.7).
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Figure 4.7 (a) COOH and CO binding energies of Au-Pt (211) steps calculated from DFT
shown over an activity map for CO production. (b) Correlation of CO and H binding energies

on Au-Pt (211) steps.

This exploration of the electronic effect on the catalytic activity for CO; reduction in the
bimetallic system suggests that the binding strength for intermediates on Au-Pt bimetallic
films likely follows the scaling relation, which is also in agreement with the previous DFT
simulation work for Au-Pd alloy surfaces (a linear relationship is obtained between the
adsorption strength of intermediates and the composition of alloy).””! In addition, it was
reported that although the dramatically improved FE for the reduction of CO, to CO is
achieved on nanostructured Cu-In and Cu-Sn bimetallic catalysts at the reduced
overpotentials, In and Sn deposited on flat Cu catalysts experienced a predominant H,

(18201 The significantly improved catalytic activity for CO,

evolution under similar conditions.
reduction only observed on the nanostructured Cu-In and Cu-Sn bimetallic surfaces is mainly
ascribed to the synergistic geometric and electronic effects. It has been demonstrated that the
geometric effect which could lead catalysts to deviate from the scaling relation has a

19251 Thereby, it seems that a solely

significant effect on the adsorption of intermediates.
electronic effect of bimetallic alloys may not be enough to significantly break the scaling
relation for dramatically improving the electrocatalytic reduction of CO,. The atomic
arrangement (nanostructure) should be also considered to design a bimetallic catalyst for the
electroreduction of CO,, which may be attributed to the synergistic geometric and electronic

effects that contributes to the high-performance of bimetallic catalysts.
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4.4 Conclusions

In summary, Au-Pt bimetallic thin films with tunable compositions were prepared with a
uniform morphology, offering a platform for understanding the electronic effect on the
catalytic activity for CO; reduction in a bimetallic system. The Au-Pt binary films exhibited a
gradually improved catalytic activity for the reduction of CO, to CO with increasing the Au
content, which is attributed to the variation of electronic properties caused by changing binary
composition. We show that the d-band center was gradually shifted away from the Fermi level
with increasing the Au content, which weakens the binding strength of COOH® and CO°®,
resulting in the corresponding variation in catalytic activity for CO, reduction. In addition,
with increasing the Au composition, the binding strength of intermediates on the Au-Pt
bimetallic films may still follow the scaling relation, which reveals that electronic effect alone
in bimetallic catalysts is likely unable to break the scaling relation to freely tune the binding
strength of a certain intermediate without affecting others for achieving a high CO, reduction
performance. This study shows that a single electronic effect in bimetallic system could not
reduce the required overpotential for the dramatically improved catalytic activity for CO,
reduction to CO, and the atomic arrangement also needs to be taken into account to design a
bimetallic catalyst for driving highly selective and efficient CO; reduction to CO at the
reduced overpotential. In addition, this study does not contain more complicated intermediates
and reaction pathways which are involved in hydrocarbon formations, thus systematic studies
of bimetallic films with a fixed morphology are still needed to determine the role of the
electronic effect on the catalytic activity and selectivity for CO, electroreduction to more

complex products.
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Supplementary information for Chapter 4

Materials

0.1 M KHCOj3 (Sigma Aldrich, >99.95%) was made from de-ionized water with
resistivity of 18.2 MQ cm from Milli-Q® Integral unltrapure water (Merck Millipore), and
directly used in this study without any purification. The Ti foils (Sigma Aldrich
,99.7%, 0.25 mm thick) and Si (n-type, phosphorus doping, one-side polished, (100)-
oriented, resistivity 5~10 Q cm) were ultrasonically cleaned in acetone and ethanol,

and subsequently dried with nitrogen.

Fabrication of Au-Pt alloy with sputtering

Au-Pt alloys films were prepared on flat Ti foils by a co-deposition, which consists
of a radio frequency (RF) magnetron sputtering from pure Pt target (MaTecK GmbH,
99.99%) and a direct current (DC) magnetron sputtering from pure Au target (MaTecK
GmbH, 99.99%). Figure S4.1 shows a typical schematic illustration of magnetron sputtering
with co-deposition technique under an argon (Ar) ambient. Ar" bombardment takes place on a
target (cathode) due to the energetic Ar* ions generated in a glow discharge plasma, and the
bombardment process leads to the removal of target atoms, which condenses on a substrate to

form a thin film.

Substrate holder ” @ .

= <

Au target Pttarget |, gas inlet

Pumps

target gun

Figure S4.1 Schematic illustration of the magnetron sputtering co-deposition with Au and Pt

targets.
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Pure Au Au;Pt AuPt AuPt; Pure Pt

Figure S4.2 Digital pictures of the Au-Pt samples fabricated by magnetron sputtering.

400 nm

Figure S4.3 Cross-sectional SEM image of Au-Pt bimetallic film fabricated by magnetron

sputtering.
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Composition of Au-Pt bimetallic films

The surface and bulk composition of the Au-Pt alloys were detected by X-ray photoelectron
spectroscopy (XPS, Thermo Scientific™ K-Alpha™) and Energy-dispersive X-ray
spectroscopy (EDS, JEOL JSM-6010LA), respectively.

Table S4.1 The surface Au/Pt atomic ratio determined by XPS analysis.

Atomic ratio Au (at. %) Pt (at.%)
Pure Au
AuPt sample 1 77.88% 22.12%
AuPt sample 2 57.49% 42.51%
AuPt sample 3 31.75% 68.25%
Pure Pt

Table S4.2 The bulk compositions (at. %) of the Au-Pt alloys measured from EDS analysis.

Atomic ratio Au (at. %) Pt (at.%)
Pure Au

AuPt sample 1 79.81 % 20.19%
AuPt sample 2 57.06% 42.94%
AuPt sample 3 30.34% 69.66%
Pure Pt

Table S4.3 The surface Au/Pt atomic ratio from XPS analysis after CO; electrolysis.

Atomic ratio Au (at. %) Pt (at.%)
Pure Au
AuPt sample 1 77.59% 22.41%
AuPt sample 2 57.58% 42.42%
AuPt sample 3 31.67% 68.33%
Pure Pt
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XPS spectra of Au-Pt bimetallic films
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Figure S4.4 XPS spectra of Au-Pt bimetallic films with different composition at the binding
energy range of 0 ~ 500 eV (a) and 60 ~100 eV, respectively.

Electrochemical characterization and product analysis

CO; reduction electrolysis was performed in an customized electrochemical cell which
consists of two compartments (working and counter electrode compartments) separated by a
proton exchange membrane (Nafion-115) with a three electrode configuration at room
temperature and atmospheric pressure. In the three-electrode configuration measurement,
platinum gauze (Alfa Aesar, 99.9%, 25x312.5 mm, 52 mesh woven from 0.1mm dia wire) and
An Ag/AgCl electrode (XR300, saturated KCI + AgCl solution (KS120), Radiometer
Analytical) were used as the counter electrode and the reference electrode, respectively. In
addition, the both compartments were filled with a CO,-saturated 0.1 M KHCO3 (pH = 6.83)

electrolyte, with continuously purging with CO, at a constant flow rate.

During the electrolysis, gas chromatograph (GC, Interscience) equipped with two thermal
conductivity detectors (TCD) was used to periodically detect CO and H, generated in CO;
reduction. In addition, liquid products was analyzed by nuclear magnetic resonance (NMR)
after completion of the electrolysis. An Agilent MR400DD2 NMR spectrometer operating at
400 MHz was used for the measurement, and the detailed measurement process has been

reported in our previous work.!?
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Surface roughness

The surface roughness of Au-Pt bimetallic films deposited on polished Si substrates by
magnetron sputtering were characterized with atomic force microscopy (AFM, commercial
Dimension Icon AFM, Bruker) operating in tapping mode in air. Analysis of AFM images

was done with Scanning Probe Image Processor software (SPIPTM, Image Metrology ApS).
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Figure S4.5 AFM images of Au (a), AusgPty (b), AusPtss (C), AusPtes (d) and Pt (e) on
polished Si substrates. (f) Surface roughness of the Au-Pt bimetallic alloys with different
compositions measured by AFM (the root mean square average (RMS) of height deviation

taken from the mean image data plane was used to denote the surface roughness).
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Lattice parameter calculation

From the bragg’s law and the crystal face (111), the lattice parameter of FCC structure of the

Au-Pt bimetallic alloys can be expressed as:

a — ﬁ/loobalt
~ 2sind (S4.1)

where, “4eparis 0.178897 nm. 6 is the angle between the incident X-ray and the scattering

planes.

Table S4.4 The calculated lattice parameter of FCC structure of pure Au, Pt and Au-Pt

bimetallic alloy.

Sample 26 (deg) for (111) Crystal face Lattice parameter (A)
Pure Au 44.708 4.07357
AugPty, alloy 45.022 4.0466
Aus7Pty alloy 45.429 4.01226
Aus,Ptgg alloy 45.713 3.988

Pure Pt 46.447 3.92904

d-band center determination

The d-band center determination of surface valence band XPS measurements were performed
with a Thermo Scientific K-alpha apparatus using an Al K-ray source and a flood Gun. 50
scans in the valence band binding energy range (0-30 eV) were carried out with a spot size of
400 um, pass energy of 50 eV, dwell time of 50 ms and a step size of 0.1 eV. For comparison
of all valence band XPS spectra, the background was subtracted. The position of the d-band
center (Eg), equation can be calculated by equation®*

__ [N(e)ede

Eq = [N(&)de

(S4.2)

where, Eq is the energy of d-band center, and N(g) is the density of state. For the integration,

the range of the binding energy was fixed from 0 to 9.0 eV.2*
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Computational details

Density functional theory calculations are performed using the Dacapo DFT code with the
ASE package.” lonic cores are described using Vanderbilt ultrasoft pseudopotentials and the
Kohn-Sham wavefunctions are expanded in planewaves with Kinetic energy below 340 eV,
while the electron density is expanded in planewaves with a cutoff corresponding to 500 eV.®!
Effects of exchange and correlation are approximated by the RPBE functional.l”? The catalyst
surface is modeled using slabs oriented in the (211) direction with 10 (211) layers
corresponding to about 3 closepacked (111) layers. The bottom 6 layers are fixed in the bulk
fce position with a lattice parameter obtained from Vegard’s law and the topmost 4 layers and

any adsorbate are optimized until the maximum force component is below 0.03 eV/A.

Periodically repeated slabs are separated by at least 15 A of vacuum and the dipole correction
have been applied to remove the electrostatic dipole interaction between repeated slabs.’® A
rectangular surface cell with 3 step atoms is used and the first Brilluin zone is sampled using a
(4,4,1) Monkhorst-Pack grid of special k-points.!®!

Adsorbate formation energies are here reported as the reaction energies of the reactions

CO,(g) + % Ha(g) -> COOH" (54.3)
CO*->CO(g) +* (S4.4)
Yo Ho(g) + * -> H° (S4.5)

Where * denotes a step site on the catalyst. A + 0.45 eV destabilization of the CO, molecule is
applied to correct for systematic errors with the RPBE functional, and COOH*® and CO* is
corrected by 0.25 eV and 0.1 eV respectively to account for stabilization due to solvation

from hydrogen binding from the aqueous electrolyte.'!

Surfaces are constructed with lattice constants corresponding to bulk compositions

Au, AU78Pt22, AU75Pt25, AU57Pt43, AU50Pt5o, AU32Pt68, AU25Pt75, and Pt. Due to the limited size
of the slab model containing a total of 30 atoms, actual compositions realized in the
simulations are, however, Au, Au77Pty3, Au77Ptas ,Aus7Ptas, AusoPtso , AussPtsr, AuyzPtzs, and
Pt.
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Figure S4.6 Scatter plots of binding energies of CO, COOH and H on PtAu(211) alloys versus

the lattice parameter.

130



3.6 —

3.4 .

3.2} ]

3.0 ]

d band center (eV)

2.8 B

2.6 ! ! ! ! ! !
0 20 40 60 80 100

nin Auy,_, Pt,

Figure S4.7 Distance from the d band center to the Fermi level obtained by projected density

of states from DFT model surfaces.

References

[1] M. Ma, K. Djanashvili, W. A. Smith, Phys. Chem. Chem. Phys. 2015, 17, 20861
20867.

[2] M. Ma, K. Djanashvili, W. A. Smith, Angew. Chemie Int. Ed. 2016, 55, 6680-6684.

[3] G.-R.Zhang, D. Zhao, Y.-Y. Feng, B. Zhang, D. S. Su, G. Liu, B.-Q. Xu, ACS Nano
2012, 6, 2226-2236.

[4] D.Kim,J. Resasco, Y. Yu, A. M. Asiri, P. Yang, Nat. Commun. 2014, 5, 4948.
[5] ASE and Dacapo are open source codes available at wiki.fysik.dtu.dk.

[6] D. Vanderbilt, Phys. Rev. B 1990, 41, 7892—-7895.

[7] B.Hammer, L. Hansen, J. K. Ngrskov, Phys. Rev. B 1999, 59, 7413-7421.

[8] L. Bengtsson, Phys. Rev. B 1999, 59, 12301-12304.

[9] H.J. Monkhorst, J. D. Pack, Phys. Rev. B 1976, 13, 5188-5192.

[10] A. a. Peterson, F. Abild-Pedersen, F. Studt, J. Rossmeisl, J. K. Ngrskov, Energy
Environ. Sci. 2010, 3, 1311.

131



5. Summary and Outlook

The electrocatalytic conversion of CO; into fuel and valuable chemicals by coupling with a
renewable electricity source is a promising strategy for closing the anthropogenic carbon
cycle. The critical step for achieving this practical CO, utilization is to find a suitable
electrocatalyst that is capable of reducing CO, in a cost-effective process with high efficiency,

stability and selectivity for a desired product.

We developed a simple and scalable method for synthesizing Cu nanowire (NW) arrays,
which were prepared through a two-step fabrication of Cu(OH), NW arrays and CuO NW
arrays on Cu foils and a subsequent electroreduction of CuO NW arrays to Cu NW arrays.
The Cu NW arrays were utilized for the electrocatalytic reduction of CO,. In the first part of
the chapter 2, the Cu NW arrays with fixed NW length and density as a function of potential
was studied, discovering that Cu NW array electrodes are capable of catalytically reducing
CO, to CO and HCOOH with selectivity of ~ 50% and ~ 30%, respectively, at an applied
potential of -0.6 V vs. RHE, which are much higher in comparison with polycrystalline Cu.
The high catalytic activity for the reduction of CO, may be due to the more active sites on the
high surface area of Cu NW, and the enhanced catalytic selectivity for the conversion of CO,
into CO on Cu NW arrays is attributed that the fast initial electron transfer for CO, activation

step on Cu NW arrays.

At more negative potentials, hydrocarbon gas phase products were detected from the
electroreduction of CO, on Cu NW arrays. In the second part of chapter 2, the effect of Cu
nanowires morphology on the catalytic selectivity of hydrocarbon formation were explored by
systematically varying the nanowire length and density of Cu NW arrays. The catalytic
selectivity for hydrocarbon products at a fixed potential can be tuned through systematically
controlling the length and density of Cu NW. On the Cu nanowire length (>2.4 £0.56 um), the
formation of n-propanol was detected along with CO, HCOOH and C,H;. With further
increasing the length of Cu nanowire (> 7.3 = 1.3 pum), C,Hg was observed on Cu NW arrays,
accompanying with the formation of ethanol. The formation of C,Hg has never been reported
for the electroreduction of CO, on polycrystalline Cu. We propose a possible pathway for

CoHg from the intermediate (CH3CH,0) in the CO dimerization pathway. Interestingly, an
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enhancement in the selectivity for C,H, formation was presented with increasing the Cu
nanowire length and density, which is linked to an enhanced local pH in the Cu nanowire
arrays that contributes to the formation of C,H,4 through a CO coupling mechanism. Thus, the
selectivity for the conversion of CO; into hydrocarbons could be tuned on Cu nanowire arrays
by tailoring the Cu nanowire morphology, which offers a promising way for systematically

controlling the formation of hydrocarbons through the electrocatalytic reduction of CO..

Ag is also a highly interesting metal catalyst in the field of CO, reduction due to its high
selectivity for the electrochemical conversion of CO; into CO. In this thesis, nanostructured
Ag catalysts were prepared by the electrochemical reduction of Ag,O layers which was
formed by pulsed potential anodization of Ag electrodes in alkaline solutions. The oxide-
derived nanostructured Ag catalysts were investigated for the electrocatalytic reduction of
CO,, revealing that the high catalytic selectivity for the reduction of CO, to CO was shifted
by more than 400 mV towards a lower overpotential compared to untreated Ag. Notably,
nanostructured Ag synthesized from Ag oxide is capable of electrochemically converting CO,
into CO with ~80% catalytic selectivity at a moderate overpotential of 0.49 V, which is
dramatically higher than the untreated Ag under identical conditions. Electrokinetic studies
indicate that the improved catalytic activity and selectivity for the reduction of CO, to CO is
likely correlated with an enhanced stabilization for COOH® intermediate (CO; activation) on
the highly active sites of the oxide-derived nanostructured Ag. In addition, we proposed a
local pH effect for the catalytic activity of the reduction of CO, on oxide-derived
nanostructured metallic catalysts. The porous-like nanostructured Ag hinders the
neutralization reaction for OH™ generated near catalyst surface due to the limitation of the
diffusion process, which results in a high local pH within the porous-like nanostructured Ag,
likely playing a significant role in the improved catalytic activity of the reduction of CO;

along with suppressed H, evolution.

The formation and adsorption of intermediates on catalyst surfaces play a significant role in
the catalytic activity for CO, reduction. Alloying two different metals is able to change the
binding energies of intermediates that are related to the formation of final products in the CO,
reduction reaction. In this thesis, Au-Pt bimetallic thin films were synthesized with tunable
compositions (uniform morphology), which offers a platform for investigating the binary
composition effect on the catalytic activity for CO, reduction in a bimetallic system. A
gradual rise of syngas ratio (CO:Hy) in the reduction of CO, was observed with increasing the

Au content. This variation of catalytic activity is strongly linked to the changed electronic
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properties caused by tuning binary composition. With increasing the Au content, the d-band
center was gradually shifted away from the Fermi level, which gradually reduces the binding
strength of COOH® and CQO°®, correspondingly enhancing catalytic activity for the reduction of
CO, to CO. The binding strength of intermediates followed the scaling relation with binary
compositions, indicating that electronic effect alone in bimetallic catalysts may be unable to
freely vary the binding strength of certain intermediates without influencing others for
achieving a high catalytic performance in CO; reduction. The geometric effect (atomic
arrangement) also should be taken into account for developing a bimetallic catalyst that can

drive highly selective and efficient CO, reduction to CO.

Overall, nanostructured metal catalysts were prepared for the electrochemical reduction of
CO,, and a fundamental understanding of the local environment effect in highly
nanostructured surfaces was demonstrated in this thesis. In addition, this thesis also presents a
well-defined platform for a better understanding of the correlation between CO, reduction

activity and binary composition of a catalyst.

For commercial electrochemical CO, conversion, it is essential to fulfill the following
requirements: high selectivity for desired products, low overpotential needed for driving this
reaction and long-term stability. Thus, further improved nanostructured catalysts are highly
significant for approaching this target. This thesis offers a local environment effect on the
detailed reaction mechanism in nanostructured surfaces, and further investigation of CO,
reduction mechanism has to be continued. A deeper understanding of reaction mechanism
could help to rationally design high-performance nanostructured electrocatalysts for practical
application of CO, reduction. In addition, the catalytic performance of nanostructured
catalysts may be further improved by the strategy of alloying two elements (bimetallic
surfaces). Furthermore, gas diffusion cells should be utilized by combining with highly active
nanostructured catalysts to achieve high current densities, which can dramatically enhance the

reaction rate.
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Samenvatting en vooruitzicht

De elektrokatalytische conversie van CO, naar brandstoffen en waardevolle chemicalién
door deze te koppelen met een duurzame elektriciteitsbron is een veelbelovende strategie om
de antropogene koolstofcyclus te kunnen sluiten. De meest kritische stap om praktisch CO,
gebruik haalbaar te maken is het vinden van een geschikte elektrokatalysator die CO; op een

kosteneffectieve manier kan reduceren met een hoge efficiéntie, selectiviteit en stabiliteit.

Wij hebben een simpele en schaalbare methode ontwikkeld om Cu nanodraden (NWs) te
produceren. Deze werden gemaakt middels een 2-stap fabricage waarbij eerst ofwel Cu(OH),
NWs ofwel CuO NWs op Cu folie werden gevormd en vervolgens een elektroreductie stap
van CuO NWs naar Cu NWs werd uitgevoerd. De Cu NWs werden gebruikt voor de
elektroreductie van CO.. In het eerste deel van hoofdstuk 2 zijn Cu NWs van een vaste lengte
en dichtheid bestudeerd als functie van de aangelegde spanning. Hierbij werd ontdekt dat Cu
NWs CO, katalytisch kunnen reduceren naar CO en HCOOH met een selectiviteit van
respectievelijk ~50% en ~30% bij een aangelegde spanning van -0.6 V vs. RHE, dit is een
veel hogere selectiviteit in vergelijking met polykristallijn koper. De hoge katalytische
activiteit voor de reductie van CO; zou veroorzaakt kunnen worden doordat er meer actieve
atoom posities te vinden zijn op het vergrote opperviak van Cu NWSs ten opzichte van
polykristallijn koper. De verbeterde selectiviteit voor de conversie naar CO is toe te schrijven
aan de snelle initiéle elektron overdracht als activatie stap van de CO; reductie.

Bij negatievere aangelegde spanningen werden er ook koolwaterstoffen in de gasfase
waargenomen uit de reductie van CO, aan Cu NWs. In de tweede helft van hoofdstuk 2 is het
effect van de morfologie van Cu NWs op de katalytische selectiviteit van koolwaterstof
vorming uitgezocht door systematisch de lengte en dichtheid van de NWs te variéren. De
katalytische selectiviteit voor gasvormige koolwaterstoffen bij een vaste aangelegde spanning
kan worden afgestemd door systematisch de lengte en dichtheid van Cu NWs te controleren.
Bij een NW lengte groter of gelijk aan 2.4 £ 0.56 um werd n-propanol gevormd naast CO,
HCOOH en C,H.. Bij langere Cu NWs (> 7.3 £ 1.3 um), werden C,Hs en ethanol gevormd.
De vorming van C,Hg was nooit eerder gerapporteerd als product van de elektrokatalytische
reductie van CO, aan polykristallijn Cu. Wij presenteren een mogelijk reactie mechanisme

voor de vorming van C,Hg uit de intermediair CH3CH,O in het CO-dimerisatie mechanisme.
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Belangwekkend genoeg is dat een verbetering in de selectiviteit voor C,H, werd gevonden bij
de verlenging en verdichting van de Cu NWs. Dit wordt toegeschreven aan een verhoogde
lokale pH tussen de Cu NWs die bijdragen aan de vorming van C,H,; middels een CO
koppelmechanisme. Oftewel: men kan de selectiviteit voor de conversie van CO, naar
koolwaterstoffen afstemmen door de morfologie van de Cu NWs te manipuleren, dit biedt een
veelbelovende route voor het systematisch controleren van de vorming van koolwaterstoffen

door de elektrokatalytische reductie van CO,.

Zilver is ook een zeer interessant metaal als katalysator voor CO, reductie dankzij zijn hoge
selectiviteit voor de elektrochemische conversie van CO, naar CO. In deze thesis zijn
nanogestructureerde Ag katalysators gemaakt middels de elektrochemische reductie van lagen
van Ag,0 die worden gevormd door gepulseerde spanningsanodisatie van Ag elektrodes in
basische oplossing. De oxide afgeleide nanogestructureerde Ag Kkatalysators werden
onderzocht voor de reductie van CO,. Dit leverde een hoge selectiviteit en een reductie van
ruim 400 mV in benodigde aangelegde spanning op ten opzichte van onbehandeld Ag voor de
reductie van CO, naar CO. Opmerkelijk genoeg kan nanogestructureerd Ag, wanneer gemaakt
uit zilver oxide, CO, met 80% efficiéntie omzetten in CO bij de zeer gematigde aangelegde
spanning van 0.49 V. Deze efficiéntie is veel hoger dan voor onbehandeld zilver onder
dezelfde condities. Elektrokinetische studies wijzen erop dat de verbeterede katalytische
activiteit en selectiviteit voor de reductie van CO, naar CO zeer waarschijnlijk te correleren
vallen met een verbeterde stabilisatie van het COOH® intermediair (CO, activatie) op de zeer
actieve atoom posities van het oxide afgeleide Ag. Ook stellen wij dat er een lokaal pH effect
optreedt bij de reductie van CO, aan nanogestructureerde metaal katalysators. Het poreuze
nanogestructeerde Ag hindert de neutralisatie reactie van OH" ionen die gevormd zijn aan het
katalysator oppervlak als gevolg van een gehinderde diffusie. Dit resulteert in een hoge lokale
pH binnen het poreuze nanogestructureerde Ag, dit speelt waarschijnlijk een belangrijke rol in
de verbeterde katalytische activiteit van de reductie van CO, in combinatie met een

onderdrukte H, formatie.

De vorming en adsorptie van intermediairen aan de katalysator oppervlakte spelen een
belangrijke rol in de katalytische activiteit voor CO; reductie. Het legeren van twee
verschillende metalen kan de bindingsenergie van CO, reductie intermediairen veranderen. In
deze thesis werden er Au-Pt intermetallische dunne films gemaakt met aanpasbare compositie
(van uniforme morfologie). Deze dunne films bieden een platform om het effect van binaire

composities op de katalytische activiteit voor CO, reductie te testen. Een geleidelijke stijging
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van de syngas ratio (CO:Hy) als product van CO, reductie werd geobserveerd wanneer het Au
gehalte van de dunne films werd vergroot. Deze variatie in katalytische activiteit is sterk
gelieerd aan de veranderende elektronische eigenschappen van de intermetallische katalysator
als functie van de compositie. Door het vergroten van het Au gehalte schuift het d-band
centrum geleidelijk weg van het Fermi niveau, dit reduceert de bindingsenergie voor COOH*
en CO® geleidelijk, waardoor de katalytische activiteit voor CO, reductie wordt vergroot. De
bindingsenergie van intermediairen volgt waarschijnlijk de gewogen relatie van binaire
composities, wat betekent dat het elektronische effect op zichzelf niet genoeg is om vrijelijk
de bindingsenergie van bepaalde intermediairen te veranderen zonder daarbij andere
intermediairen ook te veranderen. Het geometrische effect (atomische reorganisatie) zou ook
meegenomen moeten worden wanneer men een intermetallische katalysator zou willen

ontwikkelen die een zeer selectieve en efficiénte reductie van CO, naar CO behaalt.

In deze thesis zijn nanogestructureerde metaal katalysators gemaakt voor de
elektrochemische reductie van CO, naar CO, hierbij is een fundamenteel begrip van het lokaal
pH effect in zeer nanogestructureerde oppervlaktes gedemonstreerd. Verder presenteert deze
thesis ook een goed gedefinieerd platform voor een beter begrip van de korrelatie tussen CO,

reductie activiteit en de binaire compositie van een katalysator.

Voor commerciéle elektrochemische CO; conversie is het essentieel om aan de volgende
eisen te voldoen: een hoge selectiviteit voor het beoogde product, een lage benodigde
aangelegde spanning om deze reactie uit te voeren en stabiliteit op de lange termijn. Dus om
dit doel te behalen zijn verder verbeterde nanogestructureerde katalysators zeer belangrijk.
Deze thesis biedt met het directe omgeving effect (lokale pH) een verklaring voor het reactie
mechanisme van nanogestructureerde katalysators maar verder onderzoek naar het CO,
reductie mechanisme is nodig. Een groter begrip van het reactie mechanisme kan helpen bij
een rationeel ontwerp van zeer goede nanogestructureerde katalysators voor praktisch
haalbare CO, reductie. Verder kan de katalytische activiteit van nanogestructureerde
katalysators mogelijk verder vergroot worden door het gebruik van intermetallische
legeringen. Ook zouden gas diffusie cellen gebruikt moeten worden in combinatie met zeer
actieve nanogestructureerde katalysators om een hogere stroom dichtheid te behalen; dit zou

de reactiesnelheid enorm kunnen verbeteren.
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