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Abstract

Electrochemically converting GCGand HO into fuels or chemical feedstocks by using renewable
energy is a promising approach for closing the artificial carbon cycle. Howevegtép CQ
reduction has remained mostly an academic endeavor due to the complexitrefl@dion reaction
(CORR), a high energy consumption multi electron and proton transfer process which is often
accompanied by the kinetically more favorable comgehlpdrogen evolution reaction (HER). A
widespread application of G@eduction technology is hindered by low energy efficiency due to low
product selectivity, high overpotentials, low reaction rates, and lack of catalytic stability. Developing
well designd electrocatalysts with high catalytically active site density is a key challenge identified
for improving the energy efficiency of CRR towards the production of vakaelded chemicals. In

this thesis, | focus on the design and synthesis of nano meatiéitysts for electrocatalytic GO
reduction:

Chapter 1. Introduction. A comprehensive literature review of fundamental and rational catalyst
design for electrocatalytic G@eduction.

Chapter 2.Cu nanoparticles embedded inddped carbon (Cu@NC) arraysme fabricated and
tested for electrocatalytic G@duction in dimethylformamide medium. The thdBmensional array
structure of the Cu@NC was demonstrated to be effective for improving the catalytic activity of
copperbased catalysts while maintainiraptrterm catalytic stability.

Chapter 3A general strategy to synthesize size controllable metal NPs supported on carbon materials
for electrocatalytic energy conversion was developed in this work. Size effect of Co nanopatrticles for
electrocatalytic C@reduction in organic medium was discovered.

Chapter 4Eight metalSn bimetallic materials by electrochemical reduction of their corresponding
metal stannates is reported. When the rr&tabimetallic materials were used as electrdgstsfor
electrochemical Cé&reduction, bulk electrolysis results revealed that the&SAgind CeSn bimetallic
systems showed the highest activity and selectivity for formate.

Chapter 5. A facile strategy has been developed to obtain {disiceatedBi nanowires on copper

foam (Cu foam@BINW) througim situ electrochemical transformation of an electroless plated Bi
film on copper foam after thermal treatment in air. Thefoam@BINW is found to be a highly
active electrocatalyst for G@eduction to fomate at a low overpotential.

Chapter 6. A coordination enabled galvanic replacement method is developed to prepare atomically
dispersed Ni decorated on defeich Cu surface. The ratio of Nu on the NiSD-CuNW samples

can be tuned by controlling reactitme. When used as electrocatalyst forRR, the 1.1%NSD-

CuNW exhibited 6fold larger FE towards £products than that on SOuUNW.

Chapter 7. Summary and outlook. A brief summary of the thesis and several possible future directions
proposed.
Il
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CHAPTER 1. FUNDAMENTAL AND RATIONARDESIGN OF CATALYSTS FOR
ELECTROCATALYTIC GAREDUCTION
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1.1 Background introduction

Carbon dioxide (Cg@) is the primary carbon source for life on Earth and its concentration in the
atmosphere has been regulated by photosynthetic organisngealodical phenomena. In Nature,
about 203 gigatons (Gt) of GQre being recycled each yéaf.The carbon cycle in Nature can
maintain a delicate balance between the consumption and productionoin@®ing natural
processes. However, consumptioriasfsil fuels by human activities are producing over 30 Gt of CO
per year The natural carbon cycle, however, is incapable of digesting this excessive amoust of CO
As a result, C@concentration in the atmosphere has increased dramatically in theQagtdrs. The
accompanying greenhouse effect has become a major impact on climate>chiaagdore, it is vital
to develop technologies to limit GAccumulation in the atmosphéré.

Producing an anthropogenic carbon cycle by using renewablgyetioeconvert C@and HO into
fuels and chemicals is an appealing strafe§ySuch techniques not only can solve energy and
environmental issues related to £€nissions, but also show the probability of creating a profitable
carbon economif *Figure 1.1provides an illustration of a simplified anthropogenic carbon cycle.
In such a system, renewable energy is converted to chemical energy and storediénv&d fuels
and chemicals. The key to close this anthropogenic carbon cycle is reduction.tf B@re are
several techniques widely studied for £@eduction through biological, thermochemical,
photochemical, and electrochemical means. Among them, electrochemical conversiop ltdsCO
several advantages including mild reaction conditions, gremstrol of reaction rates and product
selectivities through the applied voltage, and wide scalability due to modular electrolyzer designs.
Electrochemical reduction of G@oupled with intermittent renewable energy sources is a promising

method for incrasing the penetration of renewables into the fuels and chemicals indtistries.
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i

Renewable energy

Fuels & Chemicals CO, emissions

Figure 1.1.lllustration of a simplified anthropogenic carbon cycle.

1.2 Fundamentals of electrocatalytic CO2 reduction
1.2.1 Electrocatalysis and electrochemical double layer

Electrocatalysis is, as indicated by the name, the combination of electrochemistry and catalysis.
Electrochemistry is concerned with the interconversion of electrical and chemical energy, while
catalysis is the process of increasing the rate of a chene@etion in the presence of a catalyst.
Electrocatalysis can be regarded as a specific form of catalysis that involves interaction and electron
exchange between reactants and an electrocatalyst, which is often an electrode or a component of the
electrode dring chemical transformatiofi.An electrocatalytic process is facilitated by transferring
electrons between two species involved in a chemical reaction under an external power source, such
that the electrical energy associated with the external poweresisiconverted to the chemical energy
associated with the reaction products. Such a process requires separating the complementary oxidatior
and reduction reactions of which every redox reaction is composed. Therefore, an electrocatalytic
system includesan electron conducting phase (electrode), an ion conducting phase (electrolyte
medium, typically with a selectively permeable membrane), and the interfaces between these phases

at which the oxidation and reduction reactions take plagpire 1.2ashows anillustration of a
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conventional electrocatalysis system. The electrode/electrolyte interface is where the electrocatalytic
reaction actually take place. Therefore, close inspection of the interface can help provide a better

understanding of the electrocigtec reaction.

a | b
|
i
e e Compact layer
| Diffuse layer
-_catholyte anolyte 1 =
Q -
g
bs » - =
= 1 + @ 5 _
=] o =] = w
S : £ _
s ! T « .E“
= o £-
o —
i membrane - [

HP oHnr

|
Electrolyte medium

Figure 1.2.(a) lllustration of a conventional electrocatalytic system. (b) lllustration of electrochemical
double layer structure on the cathode side. IHP represents the inner Helmholtz plane and OHP
represents the outer Helmholtz plane.

In electrochemistry, electrodes which are under potentiostatic control are influenced by the identity
of the surface charge of the electrode. This results in strong interactions occurring between the
ions/molecules in solution and the electrode surfagkich gives rise to a region called the
electrochemical double layeFigure 1.2b). The structure of the electrochemical interface is typically
divided into five distinct regions: the electrode surface, the Inner Helmholtz plane (IHP) and the Outer
Helmholtz plane (OHP), the diffuse layer, and the bulk soluttoBpecies that are specifically
adsorbed on the electrode surface, including solvents molecules, reactants, products and reaction
intermediates, and any other adsorbed molecules or ions ondtreddebelong to the IHP. The OHP
is primarily comprised of ions with an opposite charge of the electrode drawn by electrostatic forces.
For electrocatalytic C®reduction (ECR), adsorption and bond rearrangement of rG@ecules
proceed within the IHP. Wdn a CQ molecule approaches the electrode surface, its interactions with
both the electrolyte medium and the electrode come into play. The following electrocatalytic processes

are therefore influenced by factors such as potedéipendent structure oféhsolvent, reaction
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induced concentration gradients, and the potedggkendent behavior of electrolyte ions and their

effect on double layer structure, reaction activity, and selectivity.

1.2.2 Physical and chemical properties of CO>

The CQ molecule is lirar and centrosymmetric. Tha @ bond length is 116.3 pm, which is
noticeably shorter than the bond length ofi@®Gingle bond and even shorter than most otli€ C
multiply-bonded functional groups, such asGCbonds in carbonyf. The G O bonds in CQare

polar and yet the dipole moment is zero because the two bond dipoles cancel each other due to the
linear structure. The carbon center of thex@Wlecule islectrophilic The bonding electrons are

more closely associated with oxygen than with car@@». itself is a highly stable form of carbon

with C-O bond energy of 805 kJ moié’ The direct decomposition of G@o CO and Qyields a

large enthalpy change {H°) under standard conditions (1 atm, 298.15 K):

Co(g) Y CO(@(g) + H#280kJmole (1.1)

The presencef a reducing reactant could lower the enthalpy change. For example, when H
involved in the reaction, the H° value could drop to 52.2 kJ mdigand a correspondingG° of 286

kJ moletis calculated. The thermodynamic energetic requirements for selected ECR half reactions are
shown inTable 1.1 The slightly positive standard electrode potentials for the formation of those
highly reduced products indicate that the correspandeactions are thermodynamically reasonable.
However, the sluggish kinetics of ECR reactions lead to much more negative applied potential
requirement to drive the reactions than implied by the standard electrode potentials. For example, the
activation ofCO, molecule to form a C& 'radical anion, which is often the first elementary electron
transfer step for an ECR reaction, only proceeds at a very negative applied poter&tid (s.
standard hydrogen electrode (SHE)Therefore, the developmentelectrocatalysts for ECR is vital

to lower kinetic energy barriers and improve energy efficiency.
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Table 1.1. Selected standard electrode potentials for ECRs (V vs. SHE) at 1.0 atm and 25 C.

ECR half reactions E° (V vs. SHE)
CO2(g) + 2H(ag) +2eY CO( g20()+ H -0.10
CO2(g) + 2H(aq) +2eY HCOOH( | ) -0.25
CO2(g) + 6H"(aq) + 6e Y  CaH(l) + H20(l) 0.01
CO2(g) + 8H(aq) + 8e Y  C4y) + 2H0(l) 0.17
2C0O2(g) + 12H(aq) + 12eY CaH2(g) + 4H0()) 0.06
2C0O2(g) + 12H(aq) + 12eY  CaBH20H(l) + 3H20(1) 0.09

1.2.3Interaction of CO2> molecules with electrode surface

Under ECR conditions, when a @@olecule adsorbs to an electrode surface, it binds with the
electrode surface through chemisorption interaction, which involves electron redistribution and the
formation of a chemical bond. Discussion of how-@idds with a catalyst surface can helpsthae

several points that will aid readers in understanding the chemisorption process, which is the very first
elementary step of ECR. First, we need to consider the electronic structure ah@@ow it is
modified by the presence of a catalyst surf&egure 1.3ashows the molecular orbitals of @O'he

highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of
CO:;ar ega h dy, réspectively? In coordination chemistry, HOMO and LUMO have the greatest
effect onadsorbate/surface chemistry. Chemisorption is highly directional, as are all chemical bonds.
Therefore, adsorbates that are chemisorbed (chemisorbates), stick at specific sites and they exhibit &
binding interaction that depends strongly on their exadtippsand orientation with respect to the

substrate.

...............................

¢ + A\SNN\Y
B Y F le,
‘J‘ 4 lo,

Figure 1.3.(a) Molecular orbitals of C® (b) Possible coordination modes of £ a metal surface.
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The alignment of the HOMO and LUMO with respect to the surface is importdatermining the
bondi ngga nBdg a@hSynimetrically distributed along the molecular axis. The fully occupied
1 4 orbital interacs strongly with the metallic electronic states of the electrode. Effectively, the
el ectr on degmorpifaltisydonatdd totthe electtode and new hybrid electronic states are
f or me d .,orbitdl accefts electron density from the electrode and forms new hybrid electronic
states that are primarily localized about the.@@®lecule. The chemisorbed €@olecule has a bent
configuration?®° Three possible configuration types of chemisorbed i@Glecule on metal surface are
proposed, as shown Figure 1.3b The G configuration has been excluded, based on experimental
observation of the absence of anrasyetric stretching loss in the specular direction. However, there
arecontroversies about which of the twe,Configurations should be adopted. Here, based on the fact
t hat t he o0 vgamnldeapitas with themetal statés is most favorecgliypear geometry
and the carbon center &ectrophilic, the C end downz{configuration is adopted in most cases,
especially for CO and hydrocarbgnoducing electrocatalyst¥he O end down &, configurationis
only adopted for formatproducing eleco c at al y s t gorbitalAas CG rhogeculé is non
bonding, modi fication of this orbital does nc
bonds . Ho werbital is antidorddiag, I#nce, the increased occupation of this orbital leads to
a weakening of the Ci O b ommlsculeeThisisaisigdiedustrationa c t i
of how a catalyst can decrease the activation energy barrier for the ECR. The actual ECR mechanism

is much more complicated and will be discussed later.

1.2.4 Performance indicators for electrocatalytic CO2 reduction systems

Before we proceed to further discussion, it is useful to introduce the performance indicators for an
ECR system. One of the most important is the product selectivity. ECR can leadts yaoducts

and the competing hydrogen evolution reaction (HER) can often consume a lot of input charge too.
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Therefore, improved selectivity towards desired products are favored, which can not only avoid
wasting electricity on unwanted products but alsskenproduct separation easier. Product selectivity

is normally evaluated by measuring the product Faradaic efficiency’{E).is calculated by the
following equation:

FE =nFN/Cx100% 1.2)

where n is the mole amount of the product, F is the Faraday constant, N is the electron transfer number
per each product molecule, C is the total input charge.

Anot her i mportant performance i ndi claetvalueofi s o
the difference between the actual potential (E) that a product was produced and the equilibrium
potential of the corresponding ECR half reactioff)(E
d =i EME (1.3)

The overall energy efficiency of an ECR system should consider reactions on the anode side. For most
fundamental researches in ECR, details on the anode side is often ignored for simplicity. Therefore,
energy efficiency is not a commonly uspdrformance indicator for fundamental studies of ECR
systems.

The last but not the least performance indicator for an ECR system is the reaction rate, which is
often represented by catalytic current density (j) in a heterogeneous system. j is detfireecbaalytic
current per unit area, where the area could either be the geometric area or the electrochemical active
surface area (ECSA). The geometric area based value is useful in terms of practical application, while
the ECSA based value obtained unkimetically controlled conditions is often used to evaluate the
intrinsic activity of the catalyst Most of the j values reported in this project are based on geometric

area. However, ECSA normalized values are also calculated and presented when needed
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1.3 Mechanistic study of electrocatalytic CO2 reduction

Possible C, Species C, Pathway C, Pathway Cu _
Surface  Solution
fJﬁ e AY4 N
Glyoxal
HO. io
_.? HQ OH HQ OH 7
OH HO OH
. |
__§__ Acetate 2¢ +2H \z\e +21* Glycolaldehyde Hydroxyacetone
OH )
HQ  OH HO, HO. HOQ OH Ho O
thp? j\o' = \e/ _D\g\or_q__ron )_/ - H Ho\j\ Propionaldehyde
= OH == OH ) st A~

2e + m)/ Ze+24 2e+2H | Erhvil weoll] 22+ ?“/ \ e 4 2H N\ 2¢ + 2H i
HO. _OH / . { Ethylene Glycol A -
/‘ton /t OH OH OH \:t 7
# o e HO L A OH ,_/ i o j\ OH

i -

K

EH o\
2e +2H ¢AcetaldehN P" +2H 2e 4+ 2H
” 2e +2H Ethanol Allyl Acetone
H H Alcohol OH
>0 /—OH
ﬁ_i__ H W Ethylene Propanol  /
, & '\ Z' N J/

Figure 1.4. Proposed reaction pathways for £@eduction products with endike surface
intermediatesReproduced with permissidfhCopyright 2012The Royal Society of Chemistry.

ECR is acomplicated multelectron and muHproton transfer process. Proposing a definitive
mechanism is challenging. According to Kulh ef4hs many as 16 products have been identified for
ECR on a Cu catalyst, including a broad mix of alkanes, alkenebydkte ketones, carboxylic acids,

and alcoholsFigure 1.4shows proposed reaction pathways for@luction products with endike

surface intermediates. It is a complex network, where many reaction products share similar reaction
intermediates. Details and elementary steps of most of these reactions are still waiting to be
rationalized. The ECR reaech field is currently in fast development. Any new experimental discovery
could contribute to the construction of a comprehensive theory for ECR.

The complexity of the ECR process is also embodied in the existence of various reaction
intermediates. blike the kinetically more facile HER, which can be predicted by a simple Sabatier
principle, improving the selectivity of ECR towards vahaded products is challenging due to the
adsorption energies of different intermediates scaling with one anothephilenomenon is called the
scaling relationship and is a theoretical construct that relate the binding energies of a wide variety of
catalytic intermediates across a range of catalyst surfaBesause many carbdiound species often
act as the reactiointermediates in COthermocatalytic and electrocatalytic reactions, the linear
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scaling between the various carbmntaining adsorbates is important in reducing the calculation
complexity and facilitating the prediction of effective catalysts for. @G&nediation. However, the
scaling relations may introduce more negative effects on ECR catalyst design than positive effects in
reducing the calculation tim€&igure 1.5shows the calculated scaling relationships between various
C-bound intermediates in threaction pathway to CHThe hydrogenation of *CO to *CHO has the
highest freeenergy change of 0.75 eV and is therefore considered the rate determine step (RDS). To
reduce the energy change, the surface would need to bind *CHO stronger than *CO. Hibweeiger,
difficult to realize due to the constraint imposed by the scaling relatioffsMpny strategies have

been proposed to break the scaling relations to achieve betteredGction performance, as
summarized by Li and SufiThese strategies focus tuning the internal and external factors, where

the former takes advantage of the electronic parameters underlying the scaling relations, while the

latter has a close relationship with electrochemical environments.
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Figure 1.5.Scaling relationships fa€-bound intermediates relevant to the ECR pathway on a range
of metal surfaceReprinted with permissioff. Copyright2012American Chemical Society.

1.3.1 Carbon source and proton source

Chemisorbed C®is the very first reaction intermediate in all ECR palis. However, the carbon
source of the ECR products is controversial. Dissolved, ®@arbonate ions, or GGurnished

through the carbon dioxidéicarbonate equilibrium are three possible carbon sources in aqueous
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bicarbonate medium. Extensively invegtiions involving surfaceensitive infrared spectroscopy and
mass spectrometry suggest that,@@ther than HC® is the eletroactive species in the EERP

which rapidly exchanges with the G@ssociated with HCO on the reaction timescaté.lt is
rationalized that, under ECR conditions, hydrated cations would densely accumulate in the outer
Helmholtz plan€? which may hinder the interaction between free;@®lecules in the solution and
electrode surfaces, asastn in Figure 1.6. Nevertheless, the negatively charged bicarbonate anions
would possibly approach the electrode surfaces more easily due to their electric attraction interaction
with cations. These bicarbonate anions near the electrode surface canG€eassecules for ECR

via a fast equilibrium. The continuous consumption and regeneration (or migration) mode of
bicarbonate anions possibly mediate the @Qhe electrode surfaces for reaction, instead of the direct

adsorption of solution phase @O

9 0 0 0 H 0900 o

Figure 1.6. Schematic illustration on proposed role of bicarbonate anions in RERinted with
permissiortt Copyright2017American Chemical Society.

There are two proton sources in aqueous bicarbonate medi@gnd bicarbonate. If we consider
the ECR process, on a macroscopic scale, the concentration of the bicarbonate anion in solution should
maintain constant since only G@nd water are consumed in the overall reaction. On this ba€is, H
can be considered the proton source. However, it ise ncomplicated when dealing with the
microscopic mechanism on the electrode surface; eits@ttar HCQS' 3* %°has been considered the
proton source for ECR on different bases. For instance, the justification for using) &&0e proton
source is basedn a thermodynamic basis with the pKa value of HC@Ka = 10.3) being much

lower than that of kD (pKa = 14). However, Dunwell and coworkers questioned the role oHCO
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as a proton dondf. The evidence is the experimental observation that partial current density of CO
(jco) obtained in phosphate buffer solution is significantly lower than that obtained in bicarbonate
solution with similar pH and concentration, even thougR®' (pKa = 7.2)is a more effective proton

donor. Another piece of evidence is that no specific adsorption of either bicarbonate or phosphate has
been observed spectroscopicically under ECR conditions, which is likely to be due to the electrostatic
repulsion between amg and the negatively charged electrode surface. However, the evidence is not
convincing enough to exclude HEGas a proton donor since the dissolved proton donors in principle
can also participate in the in the reaction. Therefore, we consider the Ei@an as the proton source

in this project when discussing ECR mechanisms in aqueous bicarbonate medium on the

thermodynamic basis.

1.3.2 Electrochemical investigations

Despite the great effort focused on mechanistic studies of ECR, a comprehensive undgystandin
especially for the formation of highly reduced products, is still in development. Also, the distribution
of pathways may vary under different circumstances, for example, variation in potential, pH, or gas
pressures. Therefore, new experimental studreghe mechanism of ECR still required to provide
further clues for theoretical studies. Tafel analysis is one of the most common electroanalytical
techniques used to obtain kinetic information for electrochemical prétEgperimentally obtained

Tafel dopes can be compared to theoretically derived slopes by assuming differdimitatg steps

and quasequilibrated steps in a proposed reaction mechanism. Thus, a proposed mechanistic pathway
can be either supported or rejected. However, it is linfojetthe fact that some different reaction types
share the same Tafel slope vatd&urthermore, since Tafel analysis needs to be conducted in a low
current region (Tafel region) while reaction mechanisms may alter depending on the applied potential,
it is difficult to assume a proposed reaction mechanism in the Tafel region also applies in a higher

overpotential regioR® Other electroanalytical techniques, such as large amplitude Fourier
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Transformed alternating current Voltammetry (FTacV), developed bygmup also can assist in
mechanistic studie¥.In FTacV, a large amplitude periodic ac waveform is superimposed onto the
direct current (dc) ramp to generate higher harmonic components that are devoid of background
charging current and insensitive to agtic process, allowing fast underlying electron transfer
processes to be detectdd*Useful information on the electron transfer process that directly underpin
the electrocatalytic hydrogen evolution, water oxidation, and I€@Quction has been uncened by

using this techniqu#:4®

1.3.3In situ spectroscopic investigations

In situ spectroscopic experiments also are required to understand the complexity of the ECR system.
Specifically, in situinfrared and Raman analysis can detect the existence ofnkaynediates
directly3% 31 47 487hy et al. investigated the ECR process on a Cu thin film by attenuated total
reflectance surfacenhanced infrared adsorption spectroscopy (AERRAS) technique. Several
reaction intermediates, other than the freqyamported surfacéounded CO, were observed for the

first time. As shown irFigure 1.7, a new band near 1720 thwas detected betweé&®.6 andi 1.2

V, which can be assigned to multiple CO intermediate or *CHO, a key intermediate after the
subsequent ptonation of adsorbed CO. Two other weak bands observed near 1380 (*COOH) and
1400 (bidentate COQcni! from10.4 to7 0.9 V implied the coexistence of two intermediates after

the initial electron transfer and protonation of Gfiblecules. In combination with other techniques,

such as isotopic labeling and potential stepping techniques, the isotopic nature of initial surface
generated CO was found to be identical with that of bicarbonate anions instead of the free CO
moleculesn the solution. Similar in situ ATHRR experiments were also carried out by Baruch &t all.

They demonstrated that, even under reducing potentials, a metastable oxide layer is present on tin
cathodes. Analysis of the potential and tidependent IR datadicates the formation and subsequent

reduction of a surfacbound tin carbonate intermediate.
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Integrated Peak Intensity (a.u.)
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Figure 1.7.(a) Realtime ATR-SEIRAS spectra and (b) cyclic voltammogram and integrated band
intensities recorded during the cathodic scan of the Cu thin fédotrede in a C@saturated 0.1 M
KHCOs solution.Reprinted with permissioft.Copyright2017American Chemical Society.

1.3.41sotopic labelling techniques

Whilst the above mentioneid situ characterization techniques have proved useful in interpreting
CO:RR mechanisms, they are uncapable of distinguishing whether different products are produced
from the same active sites or if specific active sites generate a given product. The answger to th
guestion is crucial for understanding the nature of the active sites and improving catalyst selectivity,
especially on Cu electrocatalysts. Isotope trace analysis is a useful technique for the kinetic study of
heterogeneous catalytic reactions. Thishmdtcan be used to provide kinetic information related to
the reaction mechanism and the catatysface reaction intermediatég.4°%! The principle of this
technique is based on the detection of isotope labels in the reaction products versudineg fo
switch in the isotopic labelling of one of the reactants. Kinetic information that can be obtained from
isotope trace analysis include adsorbed intermediate coverage, site heterogeneity, and activity
distribution.

For electrocatalytic CERR, simple isotope labelling experiments have been used to verify the
source of carbon or proton in the reduction prodefcBS A comprehensive isotope analysis study for
understanding CERR on Cu was reported by Lum et al. receftlfhe experimental desigs shown

in Figure 1.8 Through isotope labelling, it was found that oxakrived Cu has produspecific
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active sites for the CRR, with one set of active sites generating ethylene, another ethanol/acetate
and yet another-propanol. Due to scaling legions, the rate of *COOH formation (intermediate to

*CO) should be different for each type of active site. This means that each active site has a different
probability of #2CO versus *3CO and, as a result, products generated from different sites posses
different isotopic compositions. In contrast, by performing similar experiments on polycrystalline Cu,
Cu(100) and Cu(111), it was found that these have sites that produces a mixtii@ odbupled
products. This work should motivate future work aimegraterstanding these sites as well as provide
ways to engineer specific types of sites into a single structure, and thereby create catalysts with very

high product selectivity.

oDe ode 0o
°Qe e eDe e

Ethylene Ethanol
A A
‘_. e o . [ | @
Site A (ethylene) Site B (ethanol)
.@. 12002 @. 12CO . 13CO

Figure 1.8Hypothetical scenario in which the reduction of a mixtur€@0 and*?CO; is carried out

on a catalyst with two types of active sites, A and B. Site A favours ethylene formation (green),
whereas site B favours ethanol formation (blue). It is assumed that the turnover frequE@: of
reduction to *2CO is higher forethanolselective sites, which leads to a higher probability’4€©

on site B. This results in ethylene having mo@ compared to ethandReprinted with permissiot?.
Copyright 2018 Springer Nature.

1.4 Factors that influence CO2 reduction performance

Based on the fundamentals of electrolysis discussion, we should now have a detailed picture of the
ECR process. Under ECR conditions, Z@olecules travel through the outer and inner Helmholtz
Planes to reach the catalyst surfacel d&imd suitable sites for location through chemisorption

interactions. Then, they accept protons from the solution and electrons from the electrode. Finally,
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under favorable circumstances, they will move out through a process called desorption. For a given
ECR system, the move in/out processes are governed by factors such as the surface structure of the
electrocatalyst (C&®molecules may not interact with the surface if #ldlsorptioninteractionon the

surface sitess too weak or they may not move awalythe adsorptionnteractionis too strongyy the

pH, proton availability, C@solubility in the electrolyte solution and the configuration of the ECR

system. These factors are discussed in detail below.

1.4.1Electrocatalyst

The structure of the electrocatalyst an ECR system is one of the most important factors that

determines the performance of the system. The surface must be reactive enough to break the
appropriate bonds and hold adsorbates on the surface, but not so reactive that it inactivates the product
The majority of ECR research is focused on the development of electrocatalysts. The rational design

of an electrocatalyst for ECR is discussed in detail in section 1.5.

1.4.2 Electrolyte medium

The electrolyte medium provides the proton and &Serve in ER processes. Many molecular ECR
catalysts have been evaluated in low proton availability organic media, such as dimethylformamide
and acetonitril@*°® These media offer greater €€blubility (~200 mM, ambient conditioré)and a

more controllable proton source availabifiif® However, ECR in an organic medium often requires
large overpotentials and the reduction rate is limited by the poor ionic conductivity of the solution. On
the contrary, although GGolubility (~30 mM, ambient conditiorfd)in aqueous solution is low and

the accompanying hydrogen evolution reaction (HER) often significantly diminishes the efficiency of
ECR in aqueous medium, the majority of ECR studies tdre@nducted in aqueous media. This is

due to the large availability of proton source and high ionic conductivity of aqueous media which can

facilitate the kinetics of ECR. Additionally, the HER process in aqueous solution can be suppressed
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by loweringthe buffer capability, such as occur with low concentration bicarbonate solutions or even
use norbuffered solutions.

Anions and cations in an electrolyte medium can also influence the ECR processes. The function of
bicarbonate anions as a €€durce 6r ECR was discussed in section 1.3.1. Another function of anions
is their role in shaping the structure of the electrode. For example, Hsieh et al. fabricated a porous Ag
nanocoral by an oxidatiereduction method in the presence of chloride anféirs.addition to the
effect on nanomorphology, the adsorbed chloride anions play a critical role in enhancing the activity
and selectivity of the Ag nanocoral electrocatalyst towarad @@uction. It is suggested that the
chloride anions, remaining adsorbed the catalyst surface under electrocatalytic conditions, can
effectively inhibit the side reaction of hydrogen evolution and enhance the catalytic performance for
COz reduction. A more systematic study on the effect of halide anions was conducted byevalféla
They found that the addition 'Chnd Bf results in increased CO selectivity. However, in the presence
of I', the selectivity toward CO decreased and instead methane formation is enhanced by up to 6 times
compared with the halide free electrolyitevas hypothesized that the adsorption of halides alters the
catalytic performance of Cu by increasing the negative charge on the surface according to the following
order: Cl <Br' <I'. In the case of adsorbéed the induced negative charge has a riataly positive
effect favoring the protonation of CO.

Cations in the solution also can have significant effects on the ECR process. One important example
is the phenomenon that an increase in the size of the alkali metal cation in the solution leads to
improved current density and the ratio eft€C; products$*5¢ Singh et al. proposed an interpretation
of the effects of electrolyte cations on the ECR over Ag an8’Che essence of their theory is
summarized inFigure 1.9 The authors suggested ththe hydrated alkali metal cations undergo
hydrolysis in proximity to the cathode, at negatively applied potentials, and act as a pH buffer near the
cathode. The buffer capability decreases in the order &b" > K* > Na" > Li*. Consequently, the

pH decreases, and the €€bncentration increases near the cathode with increasing cation size. The
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resulting polarization losses at the cathode causes the Faradaic efficiencies (FesnitiGti to

decrease and the FEs for CQHg and GHsOH to increasevith increasing cation size. However,

their explanation for the cation effect does not hold up to closer investigation, as all alkali cations are
strong bases. A more reasonable explanation was given by Saveant and coworkers that those cation:
can stabilte CQ” %8 Electrons are pushed into the £@olecule by the electrench catalyst and the

cleavage of one of the Ci O bonds is helped by
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Figure 1.9.Effect of cation hydrolysis on the electrochemical reduction of @@r Ag. (a) pKa of
hydrolysis of hydrated Liand Cs inside the Helmholtz layer and in the bulk electrolyte and (b)
distribution of pH and C&concentration in the boundary layer. Hywdh Cs buffers the cathode to
maintain the pH close to 7 and to increase the €&@@centration, whereas hydrated does not buffer
the cathode, which leads to an increase in the pH to 9 and a decreaseon@tration to 0.4 mM.
(c) FE for CO increases and for: ldecreases with increasing cation size due to a decrease in
polarization.Reprinted with permissiotl.Copy right 2016American Chemical Society

The same group later conducted a combined expeatahand theoretical study of the cation effect
at sufficiently low applied potentials to observe the influence of cation size on the intrinsic activity
and selectivity of the cataly3t. The results indicate that hydrated alkali metal cations in ther out
Helmholtz plane create a dipole field of the order 1 V/A, which can stabilize the surface intermediates

having significant dipole moments (e.g., *¢®CO, *OCCO). This field stabilization decreases the

energy for *CQ adsorption, the precursor to tveectron products, andi@ coupling to form *OCCO
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or *OCCHO, possible precursors teH; and GHsOH. Calculations of the stability of the solvated
cation in the Helmholtz plane indicate that larger hydrated cations are more energetically favored at
the oute Helmholtz plane than smaller ones, which suggest a larger coverage of cations as cation size
increases.

Another important example is the use of imidazolium cation as a promoter in the heterogeneous and
homogeneous electrocatalysis of 4€duction®®’2 Mechanistic studies revealed that £hds with
imidazolium cations to form an [imi¥@0O,]" complex, which could potentially physisorb at the
electrode surface and reduce the reaction barrier for electrons passing inWdaks in the Monash
Electrohemistry Group further revealed that enhanced catalytic activity is achieved by addition of
many cations other than imidazoliUmUnder cyclic voltammetric conditions at a Ag electrode in
acetonitrile solutions, imidazolium, pyrrolidium, ammonium, phosiimm and (trimethylamine)
(dimethylethylaminedihydroborate cations can all enhance the kinetics of catalyticr€&fdction
with imidazolium and pyrrolidium being the most active. Analysis of the voltammetric data suggests
that imidazolium cations achievieeir impact by directly acting as -catalysts with Ag whereas the

other cations affect the reaction rate by modifying the electrochemical double layer.

1.4.3 Cell configuration

A conventional twecompartment Hype cell has widely been used fraluating ECR performance.
However, due to the low solubility of G agueouded systems that limits GQ@onversion to current
densities of ~35 mA crf) some recent studies have turned tedjtfasion layerbased (GDL) systems

to obtain higher currerdensities that can meet commercial application requirements (> 200 mA cm
2). Although a GDL system was first used for ECR more than 20 years ag@ined wide attention
only recently when the applications an alkaline medium were introdtic€d’’ Figure 1.10a,b
illustrate species transport in a conventional H cell and a GDL systemdi@@ses through the

hydrodynamic boundary layer of a saturated bulk electrolyte with a diffusing distance on the
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mi crometer scal e ( ~50 ios in)contrast, intahGOL dystem,ethe Iprocess n f |
involves the diffusion of C®across a gas/liquid interface and through a thin electrolyte to a porous
catalyst layer with a diffusing distance on the nanometer scale (~5¢ fiimd.CQ concentration at

the dectrode surface drops dramatically in an H cell when the current density reaches above 20 mA
cmi? (Figure 1.109. The maximum current densities are much higher in a GDL system as a result of
the enhanced mass transport r&igire 1.109. However, in tis work, an Htype cell configuration

with a bicarbonate medium is mainly used, which allows us to directly compare results with those
reported in literature under similar conditions. It should be noted, though, that the GDL system is the
only configuration to date that has the potential for commercial application up to now. Future ECR

studies are likely to adopt the GDL system.
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Figure 1.10.(a) Species transport to and from a catalyst layer in whichi€supplied via diffusion

from the bulk electrolyt®é n t he mi c r oirsaHitypecell((h) B CO edadtion catalyst

layer deposited onto a hydrophobic substrate with @fusion from a nearby gas/liquid interface

(=50 nm)in a gas diffusion electrode systemquid species diffuse to then-exchange membrane
through either a bulk flowing electrolyte or a sedidpported electrolyte layer. (c,d) Simplified
predictions of the electrode concentration of2G& commonlyused electrolytes as a function of
current density in an (c) 4dell with a 50 mm CQ diffusion thickness and, (d) a gdgfusion layer
with a 50 nm CQdi f fusi on thickness and | Reprioteddwithd i f f
permission’* Copyright 2019 Th&oyal Society of Chemistry (Great Britain)
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1.5 Recent advances in rational design of electrocatalysts for CO2 reduction
1.5.1Electrocatalysts for CO2 reduction in agueous media

A large number of research papers on ECR catalyst design are being published every year. However,
the present catalyst design theory lacks systematichbsese are several recently published review
articles focused on different types/aspects of electrocatalysts for BCR26: 38 %4 gy ch as defect
and interface engineerif§,Cu-based bimetallic materiaf§,alloys® carbonbased catalystsand
molecular catalyst& Various catalyst design tools, such as nano engineering, exposing specific facets,
guantum confinement, doping, alloying, and defect engineering have been developed to tune the
adsorption and desorption of catalytic intermdediatégufe 1.11). All these tools function by
modifying the electronic and geometric structures of a catalyst, which are often decisive in the
performance of an ECR system. However, these two aspects of the structure are inherently coupled.
For example, nanopous materials often contains numerous grain boundary defects that have a unique
electronic structure and doping or alloying one metal surface with a secondary metal will inevitably
change the local geometric structure. Quantum confinement is anotherlexhatps induced by
confined geometric structure, yet it can also influence the electronic structure.

Theoretical understanding of the ECR mechanism also has advanced rapidly in the past féw years.
38.85A comprehensive summary of recent advesnion ECR by combining statd-the-art mechanisms
with catalyst design strategies is given below with the hope of revealing the inner connection between
the behavior of surface adsorbates and the structure of the catalyst, and hence provide valbéble insig
for future catalyst design. The discussion is divided into fivesadbions, mainly based on the
designated products: electrocatalysts for ECR in organic medium, formate producing electrocatalysts,
CO producing electrocatalysts, methane and methan@ duci ng el ec taprodudast al y
producing electrocatalysts. Each section begins with an introduction to the detailed formation

mechanism associated with the designated products. This is followed by consideration of recent
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advances in catalysedign strategies aimed at improving the production efficiency of the designated

products.
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Figure 1.11.lllustration of catalyst design tools for heterogeneous ECR.

1.5.1.1 Formate producing electrocatalysts

Formic acid or formate is a common E@Rduct, which is also an important chemical feedstock and

a promising fuel for fuel cell® Early mechanistic studies found that formic acid cannot be reduced
to other products, suggesting that the mechanistic pathway toward formic acid is separabe from
hydrocarbon pathway¥: 8 In an aqueous medium, three reaction pathways for l€@uction to
formate have been proposed in the literature: path 1 through a *COOH interri2&atth 2 through
a*OCOH intermediat&‘®® and path 3 through a *Hiiermediaté? as illustrated ifFigure 1.12a The

*H pathway is supported by experimental observation of the lack of signal corresponding to an
interfacial carbonate on bismuth. However, a theoretical calculation study By stwiws that the
*OCOH pathwg is the energetically most favorable one. Therefore, we adopted the *OCOH pathway

to explain the formate formation mechanism in aqueous media in this project.
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Formate is one of the simplest €@duction products. The fact that there is only one key
intermediate for the formation of formate indicates that Sabatier principle should be applicable for
predicting catalytic activity of transitional metals for £@duction to formate. Feaster et al. plotted
formate partial current densities-8t9 V vs. RHE versus *OCHO binding energies and observed a
clear volcano trendrigure 1.12b.23 Au, Ag, Pt, and Cu are on the weak binding side of the volcano,
indicating that *OCHO may not interact strongly enough with the surface to lead to high selectivity to
formate. Ni and Zn are on the strehopding side of the volcano, indicating that *OCHO binds too
strongly to the surface for further reduction to formate. Sn appears near the top of this volcano,
implying that Sn has a neaptimal binding energy of the keytermediate *OCHO to produce
formate. This volcano plot also confirms that *OCHO is a key intermediate for formate production on
transition metals. It should be noted that although Bi is not plottEdyure 1.12h it is also reported

to greatly favor thedsorption of the *OCHO intermediate over *COOH and *H.

A *+CO,(g) + [H" + e7] = *COOH(aq)  (RI-1; slow) b b R
&S
*COOH(aq) + [H* + ¢] — *HCOOH(aq) o \n
(R1-2; fast) 1F ,, iR
*HCOOH(aq) — * + HCOOH(aq) (R1-3) L
B 1 Cu 2
* 4 CO:(g) +[H +e] - *OCOH(J&]) (R2-1; slow) g 0 ! ™
+ ; < ll.Zn o ~ <3
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3 ] g S0
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Figure 1.12.(a) Three possible reaction pathways for the formation of formic acid; path 1 via the
formation of *COOH intermediate, path 2 via the formation of *OCOH intermediate, and path 3 via
the formation of *H.Reprinted with permissiot?. Copyright 2017 American Chemical Sociel)
Volcano plot using *OCHO binding energy as a descriptor for formate partial current dengit9 at

V vs RHE. Sn appears near the top of the volcano, suggélsahtfOCHO is a key intermediate for
CO; reduction to formate on SReprinted with permissioft. Copyright 2017 American Chemical
Society

In general, Sn, Bi, Pd, Pb, and In have all demonstrated relatively high selectivity for formate

production. Other metals, such as Co, Cu or Sb also can show high selectivity for formate with a

properly designed structurgable 1.1is the performance sunary of recent reports on formate
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producing heterogeneous catalysts for ECR in agueous media. A more perceptual comparison of the
performance of these catalysts is showfigure 1.13 It is clear that Sn and Bi based materials are

the most widely studiefbrmateproducing electrocatalysts. They are also two of the most promising
candidates for formate producing catalysts as they are comparatively inexpensive and environmentally
benign. However, the overpotential required to reach high formate formatiols tede further
reduced for both Sn and Bi. Recent progress has seen improvements in formate formation performance

by using catalyst design tools, such as alloying, creating porous structure, creating defects, or 2D

engineering.
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Figure 1.13.FE of formde plotted as a function of applied potential for recently reported formate
producing heterogeneous catalysts for ECR in aqueous solutk8nORIW: reduced Sn®
nanowires. BiSnNS: Bi decorated Sn nanosheets-BIRS: mesoporous Bi nanosheets.-BINW:
lattice dislocated Bi nanowires. GBb: oxide derived Pb.-Bi: S doped In. SBECu: sulfide derived
Cu. CoQNS: CoQ nanosheets. SbNS: Sb nanosheets. Please reféabie 1.2 for detailed
information.

For single metal Sn based electrocatalysts, the FEoiate (FErmad is mainly located between
80% to 90% in the applied potential range -6f80 to -1.20 V vs RHE. For example, the
electrochemically reduced Sa@orous nanowire catalyst (fNWs) with a high density of grain
boundaries (GBs) exhibits anergy conversion efficiency of Gnto formate higher than analogous
catalysts’® Formate formation begins at a lower overpotential (350 mV) and reaches a steady Faradaic

efficiency of ca. 80% at only @0.8 V vs. RHE. A comparison with commercia} Balparticles

confirms that the improved GOeduction performance of SNWs is due to the density of GBs
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within the porous structure, which introduce new catalytically active sites. Introduction of a secondary
metal composition shows the potential of imprayformate selectivity by modifying the electronic
structure of Srbased bimetallic surfaces. Improvedsdrkae and reduced overpotential have been
observed with binary Shased catalysts containing AgCu® °Pd1% and Bt as the secondary
metal, while reduction in Fimae has been observed with Cd and'%Zncontaining catalysts.
Specifically, Bai et at® developed a R&n alloy electrocatalyst for the exclusive conversion of CO

into formate. This catalyst showed a nearly perfect selectowtgrd formate formation at a very low
overpotential of-0.26 V, with both CO formation and hydrogen evolution being completely
suppressed. DFT calculations suggested that the formation of the key reaction intermediate HCOO*

as well as the product formicid was the most favorable for the-Bd alloy catalyst surface.
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Figure 1.14.a) Projected density of states (PDOS) of s, p, and d orbitals of Sn atom and p orbitals of
O atom on Sn (101) and &in (101) surfaces with adsorbed HCOO*. PDOS of b) p ostéadl ¢) d
orbitals of Sn atom on Sn (101) and$ (101) surfaces before HCOO* adsorptiBeprinted with
permission-°* Copyright 208 Wiley-VCH Verlag GmbH& Co. KGaA.
Although enhanced performance ofBased bimetallic catalystsegperimentally confirmed, there
is a lack of mechanic insight on the synergistic effect between Sn and the secondary metal. Recently,

Wen et at% reported orbital interactions in &in bimetallic electrocatalysts for highly selective ECR
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toward formate ppduction. DFT calculations revealed that the HCOO* intermediate is better stabilized
on Bi-Sn than on Sn. To provide a deeper understanding of this theoretical result, the projected density
of states (PDOS) of the O atom in adsorbed HCOO* and surfader8a im Sn (101) and E$n (101)
are analyzed by deconvoluting the electron density and the wave function into the atomic orbital
contributions. As shown iRigure 1.14a, there is harmonic-p and ps overlap between the-2p and
Snbs, Spbp statesatenegy | evel s from 0O to 71 10-Sre(d0l)jthereSn (
are three new harmonic overlaps (U, b, and 92)
atomsforBdoped Sn (101) surface. E s p dapd batWdery@Qpf or t
and Sk4d are observed, indicating strongSD bonding. The density of states at the Fermi energy
level () roughly determines the availability of electrons for a given reaction. Comparing the PDOS
of the p orbitalsFigure 1.14b and dorbitals Figure 1.149 of an Sn atom on Sn (101) and-8
(101) surfaces before HCOO* adsorption, both p and d orbitals of Sn electron states are upshifted away
from the Fermi level after interfacing with Bi deposits. Although Sn is not a transitica, riret d
orbitals of Sn electron states is still important and needs to be considered for studying the changes in
electronic structures. Therefore, the electron density from more electronegative O atoms is readily
transferred to the p and d orbitals of &oms, boosting the adsorption energy of the HCOO*
intermediate to the Bsn (101) surfaces and leading to improved selectivity oREoward formate
production. This study provides sabomic level insights and a general methodology for bimetallic
catdyst developments and surface engineering for highly selectiveeféCtroreduction.

For Bi-based electrocatalysts, less effort is needed to suppress the accompanying HER as Bi itself
is HER inert. Therefore, many recent studies have focused on creatosjroatures that can increase
the exposure of catalytically active sites of Bi, such as nano dendfiteanosheet®+'%7 or
nanoparticle¥? %supported on porous substrates. One of the representative work is the mesoporous
bismuth (mpBi) nanoshés developed by Yang et af5 which is so far the only Bbased

electrocatalyst that achieved ~100%rdmkate The mpBi nanosheets were derived from@BCO:s
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(BOC) nanosheets and are comprised of interconnected Bi hanoparticles-abaouh5n sizeKigure

1.159. Mesoporous nanosheets have enlarged surface areas, and therefore can maximize their contac
with the liquid electrolyte. The authors estimated the electrochemical active surface area (ECSA) of
mpBi nanosheets from the CV cathodic peak curi@md, concluded that 13.4% of the total Bi sites

are electrochemically accessible. The mpBi nanosheets showed significantly improved selectivity
towards formate production when compared to Bi nanoparti¢tegure 1.150. The faradaic
efficiency increases tover 80% at0.7 V, reaches a maximum value of 99%0a® V, and then starts

to slowly decline. The authors attributed the superior performance to the advantageous nanostructure.
The ECR performance is promoted by the unique 2D mesoporous nanosheelogymiith enlarged

surface areas, abundant undeordinated Bi sites, and structural robustness. However, it should be
noted that BOC derived Bi was later proved to exhibit an extra ECR pathway for formate formation at
low overpotentiaf® Also, BOC dened Bi may show a similar-prbital delocalization phenomenon
observed on BiOCI derived Bf,which can facilitate the adsoption of *OCHO intermediate o CO

and thus boost the ECR rate for formate production.
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Figure 1.15.(a) TEM image of mesoporous Bi nanosheet (mpBi). (b) Faradaic efficiency of formate,
H>, and CO on mpBi nanosheets in comparison with Faradaic efficiency of formate on commercial Bi
nanopowderAdapted with permissiot® Copyright 208 Wiley-VCH Verlag GnbH & Co. KGaA.

In addition to Sn and Bi, Pd is another promising foraptelucing metal that can show high
selectivity with extremely low overpotentials, but it is too expensive foriacgée application. Pd is

typically condisered to be an inefficient ECR catalyat pfroduces CO as the major carmamtaining

product. On the contrary, earlier studies discribed an alternative pathway in which Pd selectively

27



Chapte 1

reduces C@to formate at minimal overpotential but only at low current densitfe§!Also, Pd loses

the dility to reduce CQ@to formate beyond a narrow potential range around 0 V vs RHE. Min and
Kanart'2have showed that G@eduction to formate can proceed at high mass activity and high current
density on Pd nanoparticle electrodes when driven by smapatesttials and that deactivation of this
catalysis is caused by CO poisoning. With less than 200 mV of overpotential, Pd on carbon (Pd/C)
electrodes reduce G@ formate at up to 80 mA per mg Pd averaged over 3 h in botts&tOrated

and N-saturated bigrbonate solutions. CO is formed as a minor product at a potdaepahdent rate

and binds tightly to the Pd surface to inhibit electrocatalytic activity at low overpotential. Briefly, it is
also noted that Pb and In, on the other hand, are toxic ardvioinmentally friendly. The mechanism

for ECR on Pd nanoparticles is showrrigure 1.16 Initially, reversible hydrogen adsorption results

in a steadystate PdH coverage. Then, the rate determining addition of surface hydrogenfeon@O

adsorbed CeH, which is subsequently rapidly reduced by one electron to form formate.

HCO, CO.?
+e CO, +e
-— -H ~ ~HCO, HCO,
.e .
HCO, CO;?

eqlnlibrium rate-limiting step
Figure 1.16.Electrohydrogenation mechanism for £@duction on Pd/(Reprinted with
permission-*? Copyright 2015American Chemical Society

Cu, Co and Sb based materials ar¢ well recognized formatproducing electrocatalysts.
However, with a properly exposed catalyst surface, their efficiency toward formation production could
be improved significantlyA notable exampless a sulfide-derived copper (SECu) catalyst can
selectively produce formate for ECR due to stronger binding of the CO intermediate originating from
remaining suksurface sulfur atom&3 Co-based catalysts in the form ofafomthick layers exhibit
higher intinsic activity and selectivity for formate production at lower overpotentials than the bulk
material, with partial oxidation further improving the intrinsic activity of the system significgiitly.

Li et al. utilised an electrochemical exfoliation methodoroduce 2D Sb nanosheets (SbNSs) and
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found that the 2D engineering strategy can turn ECR inactive bulk Sb into active fpnodieing

Sb nanosheetd®

Table 1.1.Performance summary of recent reports on forrpadelucing heterogeneous catalysts for
ECR in aqueous media.

Catalyst Electrolyte/cell Applied FE of | Partial Reference
configuration potential | formate | current
(v vs. | (%) density
RHE) (mA cn1?)

Sn | Mesoporous Snp 0.5M NaHCQ/H cell | -0.90 83 ~15 116
SnOH 0.1M KCI/H cell -1.15 82.5 ~13 117
CuSn alloy 0.1M KHCGOs/H cell | -0.50 95 31 98
Ni doped Sng| 0.1M KHCGOs/H cell | -0.90 80 ~16 118
nanosheets
Bi NPs decorated S| 0.5M KHCOyH cell | -1.10 96 ~48 101
nanosheets
SnG NPs 1M KOH/Flow cell -0.95 46 ~68 119
AgsSN@SnQ 0.5M NaHCQ/H cell | -0.80 80 16 97
Mesoporous Sn®| 0.5M NaHCQ/H cell | -0.97 87 45 120
nanosheets
Reduced Sn® porous| 0.1M KHCOy/H cell | -0.80 80 ~4.8 96
nanowires
PdSn/C 0.5M KHCOs/H cell | -0.43 99 ~2 100
Graphene confined S| 0.1M NaHCQ/H cell | -0.96 85 21 121
nanosheets

Bi | Lattic-dislocated  Bi| 0.5M NaHCQ/H cell | -0.69 95 15 45
nanowires
Cu doped Bi NPs 0.5M KHCOy/H cell | -1.2 90 34 122
Bi/Bi20.COs 0.5M NaHCQ/H cell | -0.70 85 ~12 46
nanosheets
Bi,S; derived Bi 0.5M NaHCQ/H cell | -0.75 84 ~5 123
Bi NPs 0.5M KHCGy/H cell -0.83 94.7 ~5 108
Bi nanosheets 0.1M KHCOy/H cell | -1.1 86 16.5 104
Mesoporous Bif 0.5M NaHCGQ/H cell | -1.1 ~100 18 105
nanosheets
BiOx NPs/C 0.5M NaHCQ/H cell | -1.1 93.4 16.1 109
p-orbital delocalized Bi 0.5M KHCOy/H cell | -1.16 95 57 9
Bi nanosheets 0.5M NaHCQ/H cell | -0.90 95 ~13 107
Bi2Os-N doped| 0.5M KHCOy/H cell | -0.90 95 ~17 o
graphene

Pd | B doped Pd 0.1M KHCOy/H cell | -0.50 70 ~5 124
Electrodeposited  P{ 0.1M KHCOy/H cell | -0.40 ~55 ~2 125
film
High index facets Pd 0.5M KHCOyH cell | -0.40 97 ~21 126
NPs
Pd/C 2.8M KHCGs/H cell | -0.05 100 ~2 112

Pb | Sulfide derived Pb 0.1M KHCOy/H cell | -1.08 88 12 127
PbQ derived Pb 0.5M NaHCQ/H cell | -0.80 100 3.5 128

In | SdopedIn 0.5M KHCOy/H cell | -0.98 93 ~60 129

Cu | Sulfide derived Cu 0.1M KHCOy/H cell | -0.80 ~60 ~2.5 113

Co | CoQx nanosheets 0.1M N&SQy/H cell | ~-0.33 ~90 ~10 114

Sb | Sb nanosheets 0.5M NaHCQ/H cell | -1.06 84 ~8 130
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1.5.1.2 CO producing electrocatalysts

CO is another simple G@eduction product that requires only two electron transfer per molecule. The
reaction pathways for the formation of CO in aqueous media are well established. As shigurein

1.173 two types of reaction pathway have been proposed depending on thregandicipation in the

first electron transfer step. In earlier studies, it is widely accepted théAtr@dical anions are initially

formed on the surface of the catalyst by reduction of the adsorbedv@ih is often the rate
determine step. *COOH iatmediate is then produced by the protonation of the® €adlical anion.

In recent studies, a proton concerted electron transfer step to obtain *COOH intermediates is proposed
to be the rate determining step for the CO pathway. In both cases, *COOldysradcmediate for

CO formation. For a C@roducing electrocatalyst, it is required to have strong binding with *COOH

and a weak coordinating effect with the CO molecule.

a b 10 ¢ T T T T

Pathway I:

*CO, +e” — COy™
*CO,” + H* — *COOH s v
*COOH+e +H" = *CO+H,0 ] g ®Ag 7
*CO—*+CO

J;p (MA/CM’)
AY

Pathway II:
*CO,+H" +e — *COOH -
*COOH+e +H" — *CO+H,0 . -0.9Vvs RHE

*CO—-*+CO 92 o8 Y 0.0
*COOH Binding Energy (eV)

Figure 1.17.(a) Reaction pathways for the formation of CO with and without a proton source. (b)
Volcano plot using *COOH binding energy as a descriptor for CO partial current densitp at vs
RHE. Adapted with permissio?t Copyright 2017American Chemical Socigt

Feaster et al. also plotted the calculated binding energies of *COOH on each metal surface along
with each metal 6s experimentally méa¥wsrRHE par
(Figure 1.17H.23 Again, a volcano trend in activity ideerved for C@reduction to CO. The Sabatier
principle, which states that binding to key intermediates that is neither too strong nor too weak leads

to maximum activity, is evident ifigure 1.17h A trend in activity is observed in the form of a
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volcanoplot for ECR to CO. This volcano plot is very similar to those in previous reports using CO*
binding energies as a descriptor and further supports the hypothesis tmatiG&ion to CO proceeds
through a carboibound *COOH intermediate, based on the isgatelationshipFigure 1.18shows

the FE of CO plotted as a function of applied potential for recently reportegr@iDcing
heterogeneous catalysts for ECR in aqueous solution. Detailed performance data and relevant
references are presentedTiable 1.2 Bulk Ag, Au, Zn, Cd and Pd are typically known as-CO
producing metals. Ag and Au based materials are the most widely studied systems for the production
of CO. The current trend is focusing on materials design to reduce overpotential and enhance CO
selecivity, as well as reduce materials cost. Sn and In are typically fofpnatkicing metals, that can

be tuned to produce mainly CO by techniques such as alloying or doping. A special category of CO
producing materials is the single atom catalyst (SAC), lwiscnormally composed of atomically
dispersed metal atoms on N doped carbon. Fe, Co and Ni based SACs have all been reported to shov
high CO selectivity for ECR. Besides mekased catalysts, metlibe materials, mainly N doped

carbon, are also reportéalbe good C&producing electrocatalysts.
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Figure 1.18.FE of CO plotted as a function of applied potential for recently reportegré@ucing
heterogeneous catalysts for ECR in aqueous solutiorA@[Zarbonate derived Ag. NGuNP: N
doped graphen wpped Au nanoparticles. AuFe: AuFe alloy nanoparticleZnHhexagonal Zn. AD
Sn: atomically dispersed Sn. PANP: 3.7 nm Pd nanoparticlek: @QurIn alloy. SA FeNG: single
atom Fe on N doped graphene. SA Co: single atom Co. SMN\single atom Ni on Moped carbon.
NG: N doped graphene.

31



Chapte 1

Au is the most active surface for reducing LZ@lectively to CO among the metal catalysts. As
shown inFigure 1.18 the most recently reported Aased catalyst can achieve highcbBver the
potential range of0.25 t0-0.67 V. Fu et al. reported thatdbped graphene quantum detsapped
single crystalline Au nanopatrticles (NGQBEAu, Figure 1.199 shows enhanced catalytic activity
for converting CQ@into CO at ultrdow potentials*! The highest FEo achieved is 93% a0.25 V,
and CO production starts from as low-@dl5 V Figure 1.19b, which is much lower than with other
Au-based nanocatalysts. The origin of the superior catalytic performance-8CRG toward CQ
electrochental reduction to CO was further explored using Edaked firstprinciple computations.
The calculated free energies of the reaction pathways are shofigure 1.19c When NC is
supported on SCAu, COOH* formation on NBCAu is identified to be endotherrnby 0.41 eV,
which is significantly lower than that on SCAu or NC alone. The improved binding of COOH* species
on pyridinic N sites of NESCAuU is explained by a synergistic effect that is attributed to direct charge
transfer, which is also confirmed byetklectron density difference pldétigure 1.19d. On this basis,
the pyridinic N sites on the NCQE®CAu work as surface functional groups to enhance the adsorption

of COOH*, and finally result in improved catalytic activity for the production of CO.
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Figure 1.19.(a) HRTEM image of NGQDsSCAu NPs. (b) ECR performance towards CO production

of NGQDsSCAu in comparison with SCAu. (c) Free energy diagram for the reduction abdID

on the SCAeplane, SCAtedge, NC, and NGCAu at U = 0 V. (d) Electron dsity difference of
NC-SCAu. Red and blue denote electron accumulation and depletion regions, respectively.
Reproduced with permissidft Copyright 2018American Chemical Society
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Another important strategy for enhancing-Blta s ed cat al ywtyis éreatm@dranl y t i
boundaries (GBs). Kanan and coworkers proposed that the high densities of GBs present in
nanocrystalline oxideerived catalysts were responsible for their improved electrocatalytic aéfivity.

132, 133 Quantitative correlations beeen electrocatalytic activity and GB density for catalysts
composed of dicrete Au and Cu nanoparticles were also revéalEdLater, they investigated GB
effects on flat, polycrystalline Au electrodes with large grain sizes, which permit spatlaticgsof

the GB surface termination regiot¥ By probing the local electrocatalytic activity across GBs using
scanning electrochemical cell microscopy (SECCM), they show that the origin of GB effect is a
selective increase in GQeduction activity atite GB surface terminationBigure 1.20shows the
scanning electrochemical cell microscopy of Gdd HO reduction on Au. The magnitude of the
increased activity depended on the GB geometry, which determined the concentration of dislocations
in the GB regn. Two possible explanations are available for the increase imedQction activity in

regions with high dislocation densities. One is lattice strain at the surface induced by dislocations that
could alter the binding energies for €@duction interméiates in a way that reduces the overall

barrier. Alternatively, dislocation surface terminations may create high step densities that are more

active than terrace ones.
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Figure 1.20.Scanning electrochemical cell microscopy of &@d HO reduction on Au(a) EBSD
orientation map of sample used for (b) to (e). Inset text and paths indicate location where line scans

33



Chapte 1

and maps were collected. (b) Line scan generated from individual constant potential electrolysis across
the GB under 1 atm Ar. (c) Line scandem 1 atm CQ@ Dashed lines indicate location of GBs inferred
from optical images and topography data. (d) Electrocatalytic heat map composed of multiple line
scans across the GB under 1 atm Ar. (e) Heat map under 1 atnR@®inted with permissiott®
Copyright 2017The American Association for the Advancement of Science

While Au is the most active surface for reducing&®lectively to CO of the identified metal
catalysts, its potential for industrial applications is limited by its low abundance and high cost. In this
context, Ag has greater potential for lasgmale applications due to its significantly lower cost than A
and high catalytic selectivity for the reduction of 0 CO. However, ECR on Ag catalysts requires
high overpotentials. Most Afased electrocatalysts achieve the highesbkEthe potential range of
-0.6 t0-0.9 V. To overcome the limitations of Agjectrocatalysts, many attempts have focused on the
development of nanostructured surfaces, which offerfinassport advantages and contain more low
coordinated sites (edge sites and corner sites) that are more active>feed0Qion in comparison
with a planar metallic surfacé’”'#! To date, the lowest overpotential for the production of CO on Ag
based catalysts is AGOs derived Ag reported by Ma et af2which can reach a kg of 90% at an
applied potential as positive &4 V, albeit only wih a low catalytic current densit¥igure 1.21).
The improved C@reduction performance is attributed to the increased number of active sitesfor CO
reduction and the improved intrinsic €@duction activity by fast initial electron transfer. It is
interesting to note that low overpotential requirement has also been reported for Bi subcarbonate

derived Bi for the production of format&This may indicates that carbonate or subcarbonate derived

catalysts have special affinity towards £@duction intermeiates.
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Copyright 2018American Chemical Society

Singleatom catalysts (SACs) have sparked new interests in electrocatalysis because of their high
catalytic activity, stability, selectivity, and 100% atom utilizattthSACs often exhibit unexpected
catalytic activity for many important chemical reaosocompared to their bulk counterparts duet to
the high ratio of lowcoordinated metal atoms and technically uniform structure. In recent studies,
Fel44 Co'® and N¢14°based SACs have been explored asp@lucing catalysts for ECR. Using
Ni-based S&s as an example, bulk Ni metal has very high affinity towards CO molecules that its
catalytic sites will be poisoned once adsorbed Cg&skhe only dominant product on bulk Ni metal
under ECR conditions in aqueous medium. However, Zhao'&raportel a MOF derived Ni SAC
can exhibit an excellent turnover frequency for electroreduction of(62Y3 HY), with a Faradaic
efficiency for CO production of over 71.9% and a current density of 10.48 maatan overpotential
of 0.89 V. This high performaeowvas attributed to the increased number of surface active sites, lower
adsorption energy of CO over single Ni sites, and improved electronic conductivity. Later, Y& et al.
further proved that ECR on coordinatively unsaturatedNdites within Ni SACis preferred. DFT
calculations were performed to understand the catalytic selectivity of the ECR and the HER over Ni
N sites with different degrees of vacanciegj(re 1.22. As shown irFigure 1.22h the free energies
of *COOH (Gcoon) on coordinativelyunsaturated Ni&y NiN3V and NiNoV» are significantly lower

than those on Nil suggesting that the high ECR activity originates from those coordinatively
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unsaturated NN sites. The competition between the ECR and the HER at the active sites can be
investgated by comparing the free energies of *COOKtan) and *H (Gr). FromFigure 1.22¢ it

can be inferred that *H blockage is relatively weak on4\Vildnd NiNoV2 structures. In particular, for
NiN2V2, Gcoon (0.62 eV) is lower than 4 (0.69 eV), which shows high selectivity for ECR. This

study demonstrates how the electrocatalytic performance of SACs can be tuned at an atomic level and

the underlying mechanisms can be revealed by theoretical calculations.
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Figure 1.22.DFT calculations. (a) O"ptimized atomic structures of differeaNNitructures with Ni
atoms coordinated with 4 N atoms (N)N3 N atoms (NiNand NiNsV), 2 N atoms (NiNV>). (b and
c) Free energy diagrams with implicit (solid lines) and expldashed lines) solvation effect
corrections for the ECR (b) and the HER (c) pathways on Ni sites of differétsiuctures at 0 V.
Reprinted with permissiotf” Copyright 2018The Royal Society of Chemistry

For Zn, Cd, Sn and Pd based @@ducng electrocatalysts, relatively large overpotentials are
required to achieve reasonable CO selectivity. It is also challenging to suppress the HER on these
metals. Alloying or doping with a secondary metal that is less active towards HER and has more
affinity to the *COOH intermediate could be a useful strategy to improve their performance towards
CO production. Au based catalysts have very low overpotential for the production of CO, but their
potential for industrial applications, as noted above, is cthyriemited by its low abundance and high
cost. Future studies should try to improve the atom utilization of Au by means of fabricating atomically

dispersed Au, doping Au on a lesost substrate, or alloying Au with a second metal. For Ag based

catalysts,the most urgent target is to further reduce their overpotential requirements for CO
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production. Alloying Ag with another metal located on thelteftd side of the volcano plotkigure
1.17bcould potentially create a catalyst with a similar *COOH bigdinergy to that of Au. Finally,
SACs based on all the above mentioned@ducing metals could potentially show unique catalytic

activities.

Table 1.2.Performance summary of recent reports onfE@lucing heterogeneous catalysts for ECR
in agueous medi

Catalyst Electrolyte Applied | FE of | Partial Ref
potential | CO current ere
V  vs.| (%) density nce
RHE) (mA cn1?)
Ag lodide derived Ag 0.5M KHCOy/H cell | -0.70 945 | ~18 137
Ag dendrites on Cu foam | 0.5M KHCOy/Flow | -0.80 95.7 | ~14 150
cell
Ag2CQO; derived Ag 0.1M KHCGOs/H cell | -0.40 ~90 ~0.1 142
Ag nanowire array 0.5M KHCOy/H cell | -0.60 91 ~4.5 138
AgQ/PTFE M KOH/GDL- | -0.70 ~90 200 m
Flow cell
Plasmaactivate Ag 0.1M KHCOy/H cell | -0.60 >90 | ~2 139
Triangular Ag nanoplates | 0.1M KHCGOs/H cell | -0.85 96.8 | ~1.2 140
Ag NPs decorated Zj 0.1M KHCGOs/H cell | -0.80 84 1.9 141
nanoplaltes
Mesoporous Ag 0.1M KHCOyH cell | -0.60 90 ~5 151
Ag-CNT M KOH/GDL- | -0.80 100 350 152
Flow cell
Oxide derived Ag 0.1M KHCOy/H cell | -0.80 89 1.15 153
Au AuCu alloy NPs 0.5M KHCGs/H cell | -0.38 90 ~2.7 154
Pd-Au nanowires 0.5M KHCOy/H cell | -0.60 94.3 | ~7 155
Au NPs/graphene 0.1M KHCOyH cell | -0.70 ~75 | ~6 156
N doped graphene wrappd 0.5M KHCOy/H cell | -0.25 93 ~2 131
Au NPs
Au with surfaceadsorbed Cl| 0.2M KHCOy/H cell | -0.39 ~91 | ~05 157
Au NPs with chelating 0.5M KHCOy/H cell | -0.45 93 ~2 158
ligands
Au-Fe NPs 0.5M KHCGs/H cell | -0.40 97.6 11 159
Au NPs/graphene 0.5M KHCOy/H cell | -0.67 ~92 | ~33 160
AuCu NPs 0.1M KHCGs/H cell | -0.77 ~80 1.4 161
Au nanoneedles 0.5M KHCOy/H cell | -0.35 95 22 162
Grain boundary rich Au NP{ 0.5M  NaHCQ/H | -0.50 94 ~0.2 135
cell
Zn Hexagonal Zn 0.5M KHCOy/H cell | -0.80 ~85 | ~8.5 163
Electrodeposited Z1 0.5M  NaHCQ/H | -1.1 79 ~13 164
dendrites cell
Cd CdSSe.x hanorods 0.1M KHCOy/H cell | -1.2 81 27 165
Sn Atomically dispersed Sn 0.1M KHCOy/H cell | -0.60 91 ~1.8 166
Ultra-small SnO/C 0.5M KHCOy/H cell | -0.66 ~40 | ~5 167
7/1.8 nm Cu/Sn@NPs 0.5M KHCOy/H cell | -0.70 93 ~11 168
Cu-Sn 0.1MKHCO4y/H cell | -0.60 90 1 169
Pd Size controllable Pd NPs | 0.1M KHCGOs/H cell | -0.89 91.2 | ~9 170
In Cu-In alloy 0.1M KHCOy/H cell | -0.50 920 ~0.5 7l
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S| Fe | Fe single atom/N dope| 0.1M KHCOy/H cell | -0.60 80 ~1.6 144
A graphene
C| Co | Co single atom 0.5M KHCOy/H cell | -0.63 95 ~17 145
Ni | N-doped carbon with N| 0.5M KHCOyH cell | -1.0 97 48 146
single atoms
Coordination  unsaturate| 1.0M KHCOy/H cell | -1.03 90 71.5 147
Ni-N on carbon
-0.53 ~95 ~15
Ni single atom/CNT 0.5M KHCOy/H cell | -0.70 ~90 | ~23 148
MOF derived Ni single aton| 0.5M KHCGOs/H cell | -1.0 70 ~7 149
Metal | N doped graphene 0.1M KHCOy/H cell | -0.50 85 ~1 172
free

1.5.1.3 Methane and methanol producing electrocatalysts

It is widely acknowledged that *CO is a key intermediate infthmation of hydrocarbons from the
reduction of CQ. Experiments have shown that the CO reduction reaction (CORR) leads to products
and overpotential similar to those of the 4@duction reaction (C&RR), indicating that the potential
determining step (P®) is due to CORR’3 Therefore, many researchers has adopted the theory of
CORR to explain the mechanism of hydrocarbon formation frosRROCH; and CHOH are two of

the most important > 2e:1(roducts. Several reaction pathways have been proposedl&inete
formation of CH and CHOH from CQRR or CORRL/First, a methoxy mechanism is proposed by
Peterson et al/> where the formation of a CHO* intermediate is the PDS controlling the overall
overpotential. DFT calculations suggesting that in teentodynamically most favorable pathway, the
second Ci O bond is broken only at a | ate st a:i
observed selectivity of C+Hover CHOH based on the free energy of £HO* is lower than that of
CH3OH. However, thisnechanism is not able to explain the fact thag@H cannot be reduced to

CH.. Later, a *C intermediate pathway was proposed by Nie ¥fathich is in better agreement with
various experimental observations of coking of the catalyst while producing methane and the reduction
of formaldehyde to methanol and not to methane. Nie also calculated the pathway forr@ation
proposed by Petersat al. for Cu(211) but concluded that this pathway produce®OEHnstead of

CHas on Cu(111), consistent with gatiase experiments’
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Figure 1.23.Proposed reaction pathways fo: I(EHCR+ E)r(;ducing methang) @id methanol (C$OH)
on Cu (100)Reprinted wih permissiort’® Copyright 2015American Chemical Society

On the basis of these previous studies, Cheng et al. studied the CORR mechanisms and barriers or
Cu(100) using quantum molecular dynamii@sFigure 1.23 shows the lowest energy reaction
pathways for the formation of GHind CHOH on Cu(100). The firsteduction step is adding one H
to the carbon of *CO to form chemisorbe’fof form
0.55 eV. I n the next step, the protonation of
0.13 eV. It is the next protohan step that determines the production ofs@H CHOH. Proton
additiontoCtoform*CHH OH wi | I fi nal |y | £H#.®Ontheothér kidge, pfotor ma t
addition to O will lead to the release of®and the formation of *CH, whictltimately leads to the
formation of CH. This mechanism considered pure solvation, specific hydrogen bonds to surface OH
groups, and water networks for cooperatively transferring the proton. It should be noted, however, that
formation of CHOH is favoredver CH; in the gas phase thermo reduction of2@Qe to the different
origin of the proton source. Formation of €bH requires sufficient surface adsorbed hydrogen, while
the formation of CHrequires protons in the solutiéff:1&

Cu based materials atiee most widely studied group of heterogeneous catalyst that allow room
temperature ECR into deep reduction products with relatively high faradaic efficiéficiése

Methane is a common ECR product obtained on Cu catalysts albeit with low fatiideency under

most cases. Varela et al. demonstrated that the activity and selectivity of copper during ECR can be
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tuned by simply adding halides to the electrofjft€omparing the production rate and Faradaic
selectivity of the major products as adtion of the working potential in the presence df, &' , and

I", they showed that the activity and selectivity of Cu depends on the concentration and nature of the
added halideRigure 1.24. They found that the addition 'Cand Bt results in an increszed CO
selectivity. On the contrary, in the presence’pthe selectivity toward CO diminishes and instead
methane formation is enhanced up to 6 times compared with the -frakkdelectrolyte. The
modification in the catalytic performance of Cu is mgiattributed to halide adsorption on the Cu
surface. It was hypothesized that the adsorption of halides alters the catalytic performance of Cu by
increasing the negative charge on the surface according to the following ofdeBCI< I'. In the

case ofadsorbed '], the induced negative charge has a remarkably positive effect favoring the
protonation of CO. This work presents an easy way to enhancpr@#tuiction during the ECR on Cu.

Furthermore, understanding this effect can contribute to the desigwand more efficient catalysts.

o
o

n B~ Bl
E=-0.95V a
e — LN —

I containing

» (o4}
o o

Faradaic Selectivity of Products |/ %,
FN
o

0.1 M KHCO, 0.3M Kl + 0.1 M KHCO, 0.1 M KHCO,

Electrolyte
Figure 1.24.Faradaic selectivity of the gaseous products after 10 min of bulk electrolysis at a constant
potential of 0.95 V vs RHE. Inset provide SEM images of the surface after reatiapted with
permissiorP3 Copyright 2016American Chemical Society

Wang et al. developed a @woped Ce@electrocatalyst for selective G@eduction to Ckl The
strong interaction between Cegénhd Cu leads to singletomically dispersed Cu species,igéhfurther
enriches multiple 3) oxygen vacancies into the neighboring positions, thus yielding a highly
effective catalytic site for electroreduction of a single-@@lecule to CH. Figure 1.25shows the
electrochemical C® reduction performances of @e®, CeQ, and Cu. Compared to Cu
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nanoparticles and undoped Geat@norods, the GCeG nanorods exhibit a clearly reduced amount

of Hz side product from the water reduction, and significant increase of the ECR products, indicating
the high activity of CQ reduction on the Gdoped Ce® electrocatalysts. For the 8le(G-4%
nanorods, the FE of CHeaches a peak &%58% ati 1.8 V vs RHE, which is the highest reported
efficiency of CH, production by electrocatalytic G@eduction using Fshaped electrochemical cells.

The excellent Chiselectivity was attributed to both the atomic dispersion of the electrocatalytic Cu
sites and the surrounded multiple O vacancies, as well the cooperative effect from the CeO
framework. Tls study features an exquisite example of rational design of highly dispersed metal

catalytic centers at the single atomic level.
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Figure 1.25.Electrochemical C@reduction performances. (a) Cyclic voltammetry curves for Cu
Ce(Q, CeQ, and Cu. (k) Faralaic efficiencies (bars, leftgxis) and deep reduction products current
density (jdrp, red curves, rightakis) of (b) CuCe(-4%, (c) pure Cu, and (d) undoped Gefd
different overpotentials. The deep reduction products were the first five prodtinesi@gends at the
bottom, marked with a red linReprinted with permissiof¥* Copyright 2015The Royal Society of
Chemistry

°

Hydrocarbon formation typically requires a more balanced interaction of the *CO intermediate with
the catalyst surface in cumction with a sufficiently high residence time on the reactive catalyst site
as mechanistic prerequisites for further reductive hydrogenation reactions. These features explain why
Cu-based materials are the most widely studied catalysts for the pradofchigdrocarbons. However,

Dutta et al® recently discovered that Ag nanofoam can also effectively redueedOCHs with a
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maximum faradaic efficiency of 51% 4.5 V. The Ag nanofoam has a hierarchical porous structure
composed of needliike Ag nangarticles Figure 1.26a,h). It preserves the Ag characteristics at low

and moderate ovgrotentials and switches to dilie behavior only at potentials 1.1 V (Figure

1.2649. It is suggested that an irreversible carbonization of the Ag surface cordribuibe observed
catalyst degradation when the &ydrocarbon pathway is active. Additionally, an enhanced surface
mobility of Ag under these harsh conditions seems to lead to the drastic electrochemical annealing
phenomena. The latter apparently invole loss of low coordinated surface sites, which are
particularly important for the stabilization of *CO and *CHO intermediates. This work demonstrates
that the tailored design of ECR catalysts can transform a predominaryddQcing catalyst, e.g.,

Ag, into a Culike catalyst that is capable of producing hydrocarbons.
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Figure 1.26.(a, b) SEM images of the Ag nanofoam. (c) Plot of the Faradaic efficiencies as a function
of the applied electrolysis potential for the Ag nanofoam catalygapted with permissiotf>
Copyright 2018American Chemical Society

Although CHOH is a lss common ECR product in aqueous medium, a few studies have reported
high CHsOH selectivity on specially designed cataly$fs$® zZhang et al. reported that SnO
nanoparticles capped ultrathin Pd nanosheets (PdjSsr@ble multielectron transfer for setive
production of CQinto CHsOH.18 A TEM image of the Pd/Snihanosheets is shownfigure 1.27a
As verified by highangle annular dark fieldcanning transmission electron microscopy (HAADF
STEM) image and energyispersive Xray (EDX) mapping igure 1.27b, SnQ nanoparticles are
well-dispersed on each Pd nanosheet. The coverage efo@rf@/Sn@was tuned by using different
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Pd:Sn ratios in the synthesis, and leads to a significant influence on the product distribution, as shown
in Figure 1.27c While the Pd/Sn@nanosheets with a low ratio of Sn(d:Sn=3:1) had Has the

major product, an increase of Si@ntent on Pd nanosheets increased the FEs of H@@HOH.

No matter what potential applied, the total FE of HC@@ CHOH reached a m@mum value when

Pd:Sn ratio is 1:1. The authors useday absorption studies to evaluate the interface structure of
Pd/SnQ and proved the presence ofBeSn interfaces. It was then proposed that the partially exposed

Pd on Pd/Sn@adsorbs CO* intermediate for further electroreduction. While the existencé Of Pd

Sn interfaces assists further reduction of CO* intermediate t®OEH

311113 311:113

Faradaic effciency ("/g)
o 8 8 8 8 8
L 1 1 1 1 1

-0.06 -0.16 -0.26 -0.36 -0.56
Potential (V vs.RHE)

Figure 1.27.(a) TEM image and (b) HAADISTEM and EDX mapping images of Pd/SnO
nanosheets. (c) Fataic efficiencies for methanol, formate, and hydrogen at different voltages on

Pd/SnQ with different Pd/Sn ratiosReprinted with permissiolf® Copyright 2018Wiley-VCH
Verlag GmbH& Co. KGaA.

1.5.1.4 Cz and Cz+ products producing electrocatalysts

As COyis a G specie, the formation &> and C»+ products for CGRR must go through the coupling
of two G pathway intermediates. Specifically, the coupling of *CO with variough@rmediates,

such as *CO, * CHO, and *CHIT OH is consideped t
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product s. Speci f i enaking step attlotv everpotests isGai*CO dimerization

step mediated by electron transfer rendering #05Cintermediate®® DFT calculations have shown

that the formation of *@0;' is most stable on square arrangements of four surface atoms, explaining
the observed preferential foation of ethylene on Cu(100) at low potentif&Figure 1.28shows the
reaction scheme of major pathways considered for CO reduction towaeshdCG+ products.
Experimental Tafel slope has suggested an earhlinaiing proton-electron transfer procegor G
pathways$* which is consistent with thermodynamic analysis results that suggested all intermediates
to be downhill in energy after the formation of OCCH*, OCCHO*, and OCCH&HHigh surface
coverage of *CO can promote the dimerization proaefsrin these gintermediate$®Nevertheless,
identifying the dominant ratdetermine steps forLpathways is challenging due to the existence of

various competing steps.

o] 0 OH
E” =" ‘H sH t|:H wH GH wH cH, SH cH,
VAV AV Ve :/l/lz' YAV a4 ?;:? 77"77
+H
+CO*
G, products
0, o} 0, OH
\\C—Cd | \\c_cﬁ “H
Q // Iy
N/
G—¢C [—— C,,, products
77 S/ 0, OH
\ \
. \C——C/ s \c——c A C—CH =
OCCOH* 7J77g- -
pathway / S yys

Figure 1.28.Reaction scheme of major pathways considered for CO reductiomdt@vand G-
products. The green path denotes gfoduction via OCCHO coupling; the blue and red path
represents £production via protonation of OCCO to form OCCHO and OCCOH, respectively; the
yellow path represents 2Qoroduction via OCCHOH coupling. Reprinted with permissiot?®
Copyright 2019 Springer Nature.

Experimentally, a steeper Tafel slope far(€3 mV de?) vs. that for G (116 mV ded) products and

the decrease in ctivity at high overpotential have been obser?édhese observations together

with theoretical kinetic model suggests the OCCOH* pathway to dominate fog giredtiction. This

concluson is consistent with previous experimental reports enp@ducts formatior?: 194 1%
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However, it should be noted that there are still uncertainties due to the inherent sensitivity of rates to
energetics and the uncertainties in the energetics. Mscharior G pathways should follow the
pattern of G pathways but with a Ontermediate dimerizing with a-Gntermediate. A systematic
study of G mechanisms is still lacking in the literature and will not be discussed here.

Ethylene (GH4) and ethaol (G;HsOH) are two of the most common @roducts for CERR. It is
useful to investigate the mechanisms for the formation of bgtha &d CHsOH in detalil, as it could
potentially shed light on the development of a catalyst that prometegid prodiction. Figure 1.29
shows possible reaction pathways for the electrocatalytic reduction ptcCQHs and GHsOH.
Based on above discussion, OCCOH* pathway dominates the production dhélefore, both
pathways begin with an OCCOHiitermediate. After a three proton and electron transfer process, a
*C2H30 intermediate is formed. At this late stage, the adsorbegdTintermediate may proceed to
ethanol through further carbon protonation; or to ethylene by leaving an oxygen atobeddsothe
surfacet®® 19DFT calculations can then be performed to predict the selectivitytdf &. GHsOH
on a specific catalyst surface. A general trend is that catalyst surfaces with higher oxygen affinity tend
to produce @HsOH over GHa4. Neverheless, systematic studies on the rationale of selectivityttf C

and GHsOH on catalyst surface are needed.
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Figure 1.29.Possible reaction pathways for the electrocatalytic reduction eft€@thylene (gray
arrows) and ethanol (green arrowRgprintel with permissiort/4Copyright 2015 American Chemical
Society.
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The key for designing £products producing catalysts @&atalysts) is to facilitate the coupling of
two CGii nt er medi at es, such as *CO, *CHO, aurfate * CHI
coverage. The majority of Zatalysts are Gbased materiaf$®2% albeit a few studies have reported
the production of €products on metal free cataly$?$.2°Here we will discuss several representative
works to show how catalyst design tools can be applied to tupeo@ucts selectivity. Lee et &t
reported mixed Cu states in anodized Cu {8 electrode can facilitate,B4 production for ECR.
Figure 1.3 and bshow the ECR product distributions obtained orf@uand AN-Cu, respectively.
The Cufoil favored the production of C4bver GH4 under all applied potentials. On the other hand,
the AN-Cu samples suppressed £hd CO generation and selectivginerated €Hs suggesting €
C bond formation was activated even at low applied potentials. The surface of ta Abds
characterized by XPS before and after EERjre 1.30c and d. It was confirmed that the initial
Cu(OH) phase was reduced under theRE€onditions, and the reduced copper states irreversibly
changed to the mixed states of metallic and oxidized coppers post ECR. The mixed valene®s of Cu
can be related to the active species of the ethylene production or can be the consequence of the
structural changes. It was found thatHG production was favored by catalysts containing mixed
oxidized copper species along with high oxygen content, while a sharp increase foQtttion
was observed when &uvas removed from the surface. These resaiteal the relationship between
the durability of ethylene production and -Qucontaining surface states. However, Jaramillo and
coworkers showed recently that Gu® fully converted to metallic Cu at a pproximately +0.3 V vs

RHE 2% Therefore, the reacth mechanism may be different from what was believed previously.
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Figure 1.30.ECR product selectivity of a) the €ail and b) the ANCu catalyst dependence on the
applied potential. ¢) Cu 2p XPS spectra and d) Cu LMM Auger spectra of #guAddtalystmeasured
asprepared and after 100 min of ECReprinted with permissiof?® Copyright 2018American
Chemical Society

Among the various & products formed on Cu, alcohols are highly desirable due to their high energy
densities and ease of storage and transportation as a?figd8However, ethylene is generally the
favored G product produced on Ghoased catalysts. Earlier studies hasmonstrated that when
directly supplied with C&"° or when a C@roducing component was combined with &4 Cs.
alcohol selectivity could be enhanced significantly. Mor&eso et al. recently reported a tandem
Au/Cu bimetallic catalyst that can prove CQ reduction activity towards £ alcohols!®® The Au/Cu
catalyst is composed of Au particles that are approximatdlyn® in diameter and uniformly
distributed on the surface of a Cu fdfligure 1.319. The production rates of G@eduction to >2'
products on Cu, Au and Au/Cu are showrkigure 1.31h At higher overpotentials, Au/Cu reaches
the maximum alcohol partial current density 90 mV more positive than that on Cu. Remarkably, at low
overpotentials, the rate of G@eduction to >2eproduct is more than 100 times higher on Au/Cu
than on Cu. The €€ coupling selectivities of copper and Au/Cu are compared by examining the ratios

of C2+to G products as a function of the potential. The-©-C; ratios for both Cu and Au/Cu increase

exponentlly with a decrease in the overpotential, demonstrating that more positive potentials favour
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C-C coupling over ¢ pathways Figure 1.319. At lower overpotentials, a clear improvement is
observed for & production rates on Au/Cu by up to two orders ogmtude compared with those on

Cu, while the @ production rates are similar for both electrodégyre 1.31d. A tandem catalysis
mechanism was proposed where x0@duction on the Au nanoparticles generates a high local
concentration of CO on the neighbouring Cu surface where CO can be further reduced. The insights
gained from the Au/Cu catalyst open up new possibilities for developing highly active tandem
catalyss. Specifically, decoupling multiple steps duringz8€duction using bimetallic electrodes is

a valid alternative to bypass design limitations intrinsic to monometallic surfaces.
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Figure 1.31.(a) SEM images of the Au/Cu catalyst. The brighter spotespond to approximately

3-5 nm gold nanoparticles on a polycrystalline copper surface. Scale bar is 100 nm. Scale bar in inset
is 20 nm. (b) Rate of C{reduction to >2eproducts. (c) Potential dependence of the molar ratio of

C2+ to G products. (d) Ratef CO. reduction to @ and G+ products on the Cu, Au and Au/Cu
electrodesReprinted with permissiot?® Copyright 2018Springer Nature

1.5.2 Electrocatalysts for CO2 reduction in organic media

ECR in an organic medium, which often has low proton availability, provides some unique reaction
pathways, but needs to overcome large overpotentials. CO, formate and oxalate are the most commor
products of ECR undertaken in an organic medium. Since ex@alatn undesired product of ECR,

most studies on ECR in organic media have focused on the production of CO and feignagel.32

shows the ECR pathways in low proton availability organic medfutROxalate is produced by the
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dimerization of two C@& . CO can be produced either by the protonation 05’30@ trace water or

the raction of C& 'with CO, to give CO and carbonate. Formate can only be produced with the
participation of a proton source. It should be noted that the overpotential and weléativity of

ECR in organic media is largely influenced by the amount of proton source available. Consequently,
catalyst design and electrolyte composition are usually considered simultaneously in studies on ECR

in organic media.

CO,+e — CO,* (1)

o, o]

e N
2 CO," — — 2
b Vs c\o_ (2)
CO,'” +H +e — CO+ OH (3)
o}
. V4
CO,"+ CO, — O—c\ (4)
0=C‘ o~
4 5
O—C  +¢ — CO+CO%™ (5)
0=C' o~
4 : ,
o—c\ +CO," — CO+ CO;” + CO, (6)

O=C‘ o~
CO,*” + H,0 — HCO,® + OH (7)
HCO,* + e — HCO, (8)

HCO,* + CO,*~ — HCO, + CO, 9)

Figure 1.32.ECR pathvays in low proton availability organic medi@eprinted with permissioi¥.
Copyright 2014The Royal Society of Chemistry

Most electrocatalysts for ECR in an organic medium arep@ducing molecular catalysts with a
CO selectivity that can approachQP6. Homogeneous catalysts are desirable in these studies because
their active sites are usually welefined, they are easily tunable, and their reaction mechanisms are
easier to unravéf However, their activities are generally lower than those of hgeeeous catalysts,
with catalyst decomposition and separation sometimes being a problem. Readers can refer to a
comprehensive review article written by Francke et al. on the subject of homogeneous catalysts for
ECR?2'2 Here the focus is only on heterogensclectrocatalysts, albeit where much less relevant
literature is availableTable 1.3provides a performance summary of recent reports on heterogeneous

catalysts for ECR in organic mediaz®lis frequently used as a proton source in these studiessand it
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presence potentially can lead to enhanced reaction rates via-poaipled electroiransfer pathways.
For example, in anhydrous acetonitrile (MeCN) solution, a Mmzaalyst produces 43% oxalate, 28%
CO, and negligible formate. In the presence of 0.44®@ Hhe main product is 70% CO. On further

increasing the KD concentration to 1.4M, the main product becomes 55% foffhate.

1.2
al HCOz ]

. 08¢} N

S

> 06 3 Overpotential
oy

:c: 04}

o 02 CO+H,0
o

|-

w o

-

0.2 EM'M'CO; ""BF4

-0.4
Reaction Progress

Figure 1.33.A schematic diagram showgrhow the free energy changes during the reactionp+0O
2H" + 2é z CO + KO in water or acetonitrile (solid line) or EMIMBRFdashed line)Adapted with
permissiort*® Copyright 2011 American Association for the Advancement of Science
Imidazoliumbased ionic liquids are also frequently used as promoters foPEBCRe high energy
barrier for the formation of C®'can be reduced significantly by the presence of the imidazolium
cation by forming a imidazoliur€O, complex, as illustratech Figure 1.33 Lau et al. found that the
catalytic effect primarily originates from the cation and that the protons at th@n@4C5 positions
are essential for efficient catalysis.It was recently reported by Atifi et al. that the selectivity @ th
2€ reduction of CQtowards formate or CO can be dictated by the choice of the ionic liquid promoter
in the electrolyte mediuft® It was demonstrated that the protic ionic liquid derived from 1,8
diazabicyclo[5.4.0Junde@-ene (DBU) effectively promotethe electrochemical reduction of £0
formate with high selectivity (77%). For comparison, in the presence of [BMUNHRE same Bi

electrode produced 85% CO.
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Table 1.3 Performance summary of recent reports on heterogeneous catalysts for ECRiia orga

media.
Catalyst Electrolyte Applied Highlighted | Partial Reference
potential | Products current
with FE density
Electrodeposited B| [BMIM]OTf/MeCN -2.0 V vs.| 87% CO 25 mAcm? | ©
SCE
Bi 0.25M [DBU-HJPFs + | -1.8 V vs| 77%formate | 21 mA cm? | 2%
0.1M TBAPR/MeCN SCE
Dendritic Cu 0.1M TBABF/MeCN-8 | -1.55 V vs| 83% formate| ~4 mA cm? | 216
v%H,0 Fc/F¢
Cu NPs@NC 0.1M TBAPR/DMF-0.5| -2.4 V vs| 64% formate| ~3.6 mA |
v% H,0 Fc/F¢ cnr?
Cu esSe 30 wt% [Bmim]Pk | -2.1 V vs| 77.6% 41 mA cn?? | 187
/MeCN-5 wt% HO Ag/Ag* methanol
CulnS 0.1M TBAPR/MeCN -1.5 V vs| 77% CO 022 mA| 27
NHE cnr?
MoO; 0.1M TBACIO/MeCN- | -2.45 V vs| 70% CO 14 mAcny? | 58
0.4M H,O Fc/F¢
0.1M TBACIOJ/MeCN- 55% formate| N/A
1.4M H,0
PbQ 14.6 -2.3 V vs| 95% formate| ~38 mA | 2%
wt%[Bzmim]BF/MeCN- | Ag/Ag* cnt?
11.7 wt% HO
Pb 30 wt% | -2.2 V vs| 95% formate| 17 mA cm? | 2%°
[BMIM]PF ¢/ MeCN-5 Ag/Ag* .
Sn W% H,O 95% formate| 15 mA cm
FTO/FeDTPFPR | 0.1M TBAPR/DMF- | -1.2 V vs| 70% CO ~1.7 mA| 20
PQO:H, 10% HO Fc/F¢ cnr?
Co30;4 fibers 0.1M TBAPR/MeCN-1 | -1.5 V vs| 65% CO ~0.3 mA| 2!
v% H,0 NHE cnr?
POM-Ag dendrite | 0.1IM TBAPR/DMF-0.5| -1.7 V vs| 90% CO ~3.0 mA| 2?2
v% H0 Fc/F¢ cnr?

Chapte 1

Due to the emphasize on the very large impact of the proton source anligwdicocatalyst on
ECR performance in organic media, the effect of the catalyst structure has not been studied in great
detail. Benefiting from the low proton availability, catalysts that are highly HER active can also be
evaluated for ECR in organic mi@. Some early studies employed bulk metal electrodes for ECR in
organic media, such as propylene carbonate containing 300 gprtHt was found that Pb, Hg, and
Tl give oxalate as the main product. Cu, Ag, Au, Zn, In, Sn, Ni, and Pt predominardi{C@elhile
Fe, Cr, Mo, Pd, and Cd form both oxalate and CO in comparable yields. The formation of formate is
only found with the addition of #¥D. Formation of species beyond the telectron reduced products
remains a challenge. In terms of structure gle$or catalysts in organic media, the most important

aspect is to facilitate the formation of &0 Guo et al. recently reported a Ag surface decorated with
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a Keggin type polyoxometalate [PM®ad)® ' (PMo) which can catalyze the reduction of 460 CO

with an onset potential 61..70 V vs F&*, with only a 290 mV overpotential and which is 700 mV
more positive than that for bulk Ag metal as illustrateBigure 1.34222High faradaic efficiencies of
about 90% were obtained over a wide range of applied potentials. A Tafel slope of 60 TV dec
suggests that rapid formation of *@Dis followed by the rateletermining protonation step. This is
consistent with the voltamnrét data which suggest that reduced PMo interacts strongly with CO
(and presumably C8) and hence promotes the formation of£0Another simple strategy that can
effectively improved ECR efficiency in an organic medium is to increase the numbealgficaictive

sites by creating large surface area nano materials, such nanop#tti@earchical dendrite$ and

nano fiberg?!

.....

electron
*® -~ 90%

Figure 1.34. lllustration of polyoxometalatpromoted electrocatalytic GOreduction at Ag in
dimethylformamideAdaped with permissioR?? Copyright 2018 American Chemical Society

Very recently, Yang et al. reported the formation of methanol in a [BMIMNECN/HO ternary
electrolyte by using GussSe as the cataly&’ A methanol faradaic efficiency as high as 77% was
achieved at2.1 V vs Ag/Ad together with a catalytic current density of 40 mAZTMFT calculations
show that CussSe has a moderate binding energy for *CO and a negative free energy for *CHO,
which isbeneficial for CQtransformation to more reduced products. However, it is hard to understand
why Cu esSe is not reduced to metallic Cu under ECR conditions since therGour* reduction
potential is much more positive than that of thexC&lso,theat hor s di dndét expl ai

produced methanol instead of methane, as methane is a more common ECR product. Future studies ol
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ECR in organic media should focus on trying to find suitable catalysts that can produce highly reduced
products. In themeantime, strategies that can further reduce ECR overpotentials also should be

developed.

1.6 Research reported in this Thesis

During my PhD study, | have focused on catalyst design and synthesis for the ECR, in tandem with
situ FTacV analysis to exploredER mechanisms. Nano engineered materials have been explored for
ECR in both organic and aqueous media. Materials with -sitrall particle size, bimetallic
compositions, lattice dislocations, and surface adatoms have been proved to stabilize reaction
intemediates and enhance mass transport of reactive species, and therefore performance for the
reduction of CQto CO, formate or &€products has been significantly enhanced. A new reaction
mechanism has also been proposed based on experimental results @aéGmdlgsis. The structure

of the Thesis is as follows:

Chapter 2Ultra-small Cu nanoparticles embedded irdbped carbon arrays for electrocatalytic:xCO
reduction reaction in dimethylformamide.

Chapter 3.Size Controllable Metal Nanoparticles Anchored HNitrogen Doped Carbon for
Electrocatalytic Energy Conversion.

Chapter 4. Stannate derived bimetallic nanoparticles for electrocatalytice@@tion.

Chapter 5. Formation of Lattie#islocated Bismuth Nanowires on Copper Foam for Enhanced
Electrocatalyit CO; Reduction at Low Overpotential.

Chapter 6. Improved Selectivity towards Products for Electrochemical G®eduction on Nickel
Decorated Defeetich Copper.

Chapter 7. Summary and outlook
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ABSTRACT

The development of heterogeneous catalysts with a well-defined micro structure
to promote their activity and stability for electrocatalytic CO, reduction has
been shown to be a promising strategy. In this work, Cu nanoparticles (~ 4 nm
in diameter) embedded in N-doped carbon (Cu@NC) arrays were fabricated by
thermal decomposition of copper tetracyanoquinodimethane (CuTCNQ) under
N,. Compared to polycrystalline copper electrodes, the Cu@NC arrays provide
a significantly improved number of catalytically active sites. This resulted in
a 0.7 V positive shift in onset potential, producing a catalytic current density
an order magnitude larger at a potential of -2.7 V vs. F¢/Fc¢' (Fc = ferrocene) in
dimethylformamide (DMF). By controlling the water content in the DMF solvent,
the CO; reduction preduct distribution can be tuned. Under optimal conditions
(0.5 vol% water), 64% HCOOr, 20% CO, and 13% H, were obtained. The Cu@NC
arrays exhibited excellent catalytic stability with only a 0.5% decrease in the
steady-state catalytic current during 6 h of electrolysis. The three-dimensional
(3D) array structure of the Cu@NC was demonstrated to be effective for
improving the catalytic activity of copper based catalysts while maintaining
long-term catalytic stability.

CO;, to C1 feedstocks or fuel is especially appealing
as it could potentially close the anthropogenic carbon

Converting small and stable molecules such as H;O,
CO,, and N into fuels using renewable energy sources
could provide an environmentally friendly alternative
to fossil fuels[1]. The electrocatalytic reduction of

Address correspondence to jie.zhang@monash.edu

@@TS]NGHUA

UNIVERSITY PRESS

@ Springer

cycle [2-4]. However, this presents great challenges,
including the lack of electrocatalysts that can efficiently
reduce the energy barriers to activate the CQ, molecule
and enable selective multi-clectron catalysis over a
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long time scale [5-10]. Some transition metal catalysts
have exhibited excellent catalytic activity for CO,
electrocatalytic reduction [11-18]. Of these metal-based
catalysts, copper is a promising material because
of its abundance and its ability to reduce CO, by
multiple electron transfer reactions to generate formic
acid, carben monoxide, hydrocarbons, and alcohols
[19-23]. However, Cu-based catalysts suffer from
several drawbacks, including poor product selectivity
(as many as 16 products have been identified) [22],
and rapid catalytic activity decay [24-28]. Recently,
significant attention has been focused on solving
these problems. For example, Cu particles prepared by
reducing um-thick Cu;0 films catalyzed the reduction
of CO,; to CO (faradaic efficiency above 40%) and
HCOOH (faradaic efficiency above 30%) at very low
overpotentials (400 mV produced a current density of
1 mA-cm™) and maintained stable catalytic activity
for hours [28]. Gupta et al. found that ultra-fine CuO
nanoparticles (17 nm) formed into a copper electrode
could convert CO, to formic acid with a faradaic
effidency of greater than 60% in an aqueous bicarbonate
medium [29]. These studies show the importance of
surface treatment and morphology of Cu catalysts
and their influence on catalytic performance towards
CQO, reduction.

Currently, coppet-based electrodes are mainly used
for CO, reduction in aqueous bicarbonate solutions.
Compared to an aqueous electrolyte medium, an organic
electrolyte medium offers greater CO, solubility and a
more controllable H, evolution rate through the tuning
of proton availability. Furthermore, the controlled
proton source in an organic solvent can inhibit the
formation of highly reduced hydrocarbon products
on the copper electrode surface, providing improved
product selectivity [30, 31]. Several studies have recently
been performed in non-aquecus solvents such as
acetonitrile (MeCN), dimethyl formamide (DMF),
methanoel, and ionic liquids [32-34]. For example,
Huan et al. developed a [Cu{cyclam)](ClO,), complex
electrode that enabled a current density of I mA-cm™
to be achieved at a 540 mV overpotential with 90%
formic acid faradaic efficiency and was relatively stable
for 1 h during the reduction of CO, in DMF/H,0 (97:3
v/v) [35]. Nevertheless, CO; reduction in organic media
is hampered by slow kinetics which generally leads

(B TANGHYA

to low catalytic current densities. In addition, the
catalytic stability of Cu catalysts must be improved
for practical applications.

Herein, we report ultra-small Cu nanoparticles
embedded in N-doped carbon arrays (Cu@NC arrays)
that enable controllable CQO, reduction to CO and
formate in DMF/H,O and maintain stable catalytic
activity for longer than 6 h. The Cu@NC arrays were
fabricated by carbonization of copper tetracyano-
quinodimethane (CuTCNQ), a well-known charge-
transfer conducting materials that can anisotropically
grow into a one-dimensional nanostructure through
the facile and spontaneous redox reaction between
TCNQ and Cu [36,37]. The Cu@NC arrays are
composed of densely arranged Cu@NC micro rods
with a diameter of approximately 2 ym and lengths
exceeding 20 um. The Cu nanoparticles with an
average size of 4 nm are uniformly dispersed within
the NC matrix and form the micro rods. This three-
dimensional (3D) structure provides large surface
area, high active site density (metal nanoparticles),
and good conductivity (carbon matrix). Therefore,
improved catalytic performance for CO; reduction is
expected with this novel material. Indeed, the Cu@NC
arrays provide a significantly improved number of
catalytically active sites, resulting in a 0.7 V positive
shift in onset potential, producing an approximately
10 times larger catalytic current density at a potential
of 2.7 V vs. F¢/Fc’ (Fe = ferrocene) compared to poly-
crystalline copper electrodes. By controlling the water
content in the DMF solution, the CO, reduction
product distribution can also be tuned. Under optimal
conditions (0.5 vol% water), 64% HCOO", 20% CO,
and 13% H, were obtained. The Cu@NC arrays also
exhibited excellent catalytic stability with only a 0.5%
decay in the steady-state catalytic current over 6 h of
electrolysis.

2 Experimental section

2.1 Materials and apparatus

TCNQ (98%, Sigma), Fc (= 98%, Sigma), CO, (food
grade, Aligal, Air Liquide), and ethanol (99%, Merck)
were used as supplied without further purification.
Copper plate (= 99.99%, Good Fellow) was polished
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using emery paper and rinsed with ethanol before
use. MeCN (Reagent grade, Merck) and DMF (99.8%,
Merck) were dried over 4 A molecular sieves for
at least 2 days before use. Tetrabutylammonium
hexafluorophosphate (BusNPF;, GFS) was recrystallized
twice from hot ethanol before use.

Raman spectra were measured using a Renishaw
inVia Microscope with a 532nm laser source and
X-ray diffraction (XRD) data were collected with a
Bruker D8 Advance powder diffractometer (Cu Ka
radiation, A = 0.15406 nm). Transmission electron
microscopy (TEM) images were collected with a FEL
Tecnai G2 T20 TWIN instrument. Scanning electron
microscopic (SEM) images and energy dispersive
X-ray (EDX) spectra were recorded with a FEI Nova
NaneSEM 450 FEG instrument equipped with Bruker
Quantax 400 X-ray analysis system. 'H NMR experi-
ments were performed with a Bruker DRX400 spec-
trometer with a 5 mm broadband autotunable probe
with Z-gradients (400.1 MHz). Cas chromatography
(GC) was performed with an Agilent 7820 A gas
chromatography system cquipped with a HP-plot
molesieve (5 A) column and a thermal conductivity
detector {TCD). The carrier gas was helium (99.99%)
for CO analysis while nitrogen (99.99%) was used as
the carrier gas for H, analysis. The retention times
were compared with authentic compounds. X-ray
photoelectron spectroscopy (XPS) analysis was per-
formed using an AXIS Ultra DLD spectrometer {(Kratos
Analytical, Manchester, UK) with a monoechromated
180 W Al Ker source (15 kV ¢ 12 mA), a hemispherical
analyzer operating in the fixed analyzer transmission
mode and standard aperture (analysis arca: 0.3 mm x
0.7 mm). The total pressure in the main vacuum
chamber during analysis was typically between 107
and 10~ mbar. The survey spectra were acquired at
a pass energy of 160eV. To obtain more detailed
data regarding chemical structure, oxidation states,
ctc., high resolution XPS spectra were recorded from
individual peaks at a 40 eV pass energy (yielding a
typical peak width for polymers of below 1.0 ¢V). No
charge neutralization was used during analysis and
no adjustments have been made to peak positions
post-analysis. Data processing was performed using
CasaXPS processing software version 2.3.15 (Casa
Software, Teignmouth, UK). All elements presented

were identified from the survey spectra. The atomic
concentrations of the detected elements were calculated
using integrated peak intensities and the sensitivity
factors supplied by the manufacturer.

2.2 Materials synthesis

A CuTCNQ thin film on a Cu substrate was syn-
thesized by a facile solution based spontaneous redox
reaction. First, a piece of copper plate was polished
with emery paper and then rinsed with de-ionized
water and absolute ethanol. Next, the Cu plate was
immersed into an acetonitrile solution containing
10 mM TCNQ, which leads to the following reaction

@

After being kept in the dark for 20min to prevent
photodecomposition of TCNQ, the Cu plate was
removed from the solution. This revealed the presence
of a dark blue layer of CuTCNQ on the surface of the
Cu plate. The Cu plate with the CuTCNQ layer was
rinsed with acetone three times and dried in air. The
CuTCNQ thin film electrode was then transferred to
a high temperature tube furnace. After heat treatment
at 500 “C under N, flow for 1 h, the modified Cu plate
was cooled down naturally to room temperature to

CUggae + TCNQ oy — CuTCNQ

produce the Cu@NC arrays. The synthesis process is
illustrated in Scheme 1.

To compare catalytic activitics, nitrogen doped
carbon (NC) was prepared by direct carbonization of
TCNQ at 500 'C under N, flow, and a CuQ, array was
fabricated by calcination of the CuTCNQ thin film
electrode at 500 "C in air for 1 h.

2.3 Electrochemical instrumentation and procedures

All electrochemical experiments were performed at
room temperature (22°C) using a standard three-
electrode cell configuration with a CHI760D electro-
chemical workstation (CHI Instruments, Austin, Texas,

X L
o pemnt Carbonization
ﬁ § growth
—
TONQ solution Cu TONQ Cu@NC arrays
Scheme 1 'The procedure for the preparation of the Cu@NC

arrays.
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USA). Copper metal disc/plate, NC modified glassy
carbon electrode, CuO, arrays modified copper plate,
and Cu@NC modified copper plate were used as
working electrodes (cathode), and platinum mesh as
the counter electrode (anode). The quasi-reference
electrode was a small, fritted glass tube containing a
silver wire immersed in a DMF solution containing
0.1 M Bu,NPF;. The reference clectrode potential was
stable (#5 mV) on the bulk electrolysis timescale,
and was calibrated against the Fc/Fc' process, post
electrolysis. Bulk electrolysis was conducted in a gas-
tight two-compartment H-shape electrolysis cell under
a CO, atmosphere, with a porous glass frit separating
the anodic and cathodic compartments. The quasi-
reference and working electrodes were placed in the
same compartment, while the counter electrode was
placed in a separate compartment. High purity CO,
gas was introduced to saturate the solution and remove
oxygen prior to the clectrochemical measurements.
After bubbling with CO, for approximately 20 min,
the electrolysis cell was sealed tightly with a rubber
stopper. The controlled potential used during the
bulk electrolysis was selected based on voltammetric
data obtained under corresponding conditions.

24 Analysis of the electrolysis products

Gas chromatography was used to identify gaseous
products in the headspace of the cell. Calibration
curves for H, and CO were constructed by injecting a
known amount of pure H, and CO, and plotting the
peak area against the amount injected. The gaseous
products were identified by comparing the retention
times with the pure standard gases and quantified
from their respective calibration curves. 'H NMR was
used to detect the liquid phase product (HCOO") in
the DMF solution. Deuterated chloroform (CDCl;) was
used as the deuterium source and dichloromethane
(DCM) was used as the internal standard. In a typical
'"H NMR measurement, 200 uL of the electrolyte
solution, 400 pL of CDCl;, and 100 puL of DCM/DMEF
(1/10,000) solution were mixed together. The resonance
of DCM at 4.6 ppm was used as an internal reference
to calculate the amount of [HCOO"] from its resonance
peak at 8.1 ppm.

TSINGHUA
UNIVERSITY PRESS

3 Results and discussion

3.1 Material characterization

To prepare the Cu@NC arrays, a thin film of CUTCNQ
on Cu substrate was first synthesized by a facile solution
based spontancous redox reaction as described in
the Experimental section. Figure 1(a) shows the SEM
image of the CuTCNQ thin film, showing that it

Figure 1 (a)and (b) SLM images of the CuTCNQ film. (¢) and
(d) SEM images and (e) cross-section view of the Cu@NC
hybrid arrays. () and (g) TEM and (h) and (1) HRTEM images of
a Cu@NC micro rod. (j) EDX mapping images of the Cu@NC
rods containing C, Cu, N, and O.
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consists of closely packed herizontally aligned micro
rods. As can be seen in the images under a larger
magnification (Fig. 1(b)), the micro rods are composed
of bundles of smaller rods with diameters in the several
hundred-nanometer range. EDX spectra (Fig. S1 in the
Electronic Supplementary Material (ESM)) measured
on the surface of the thin films confirm the presence
of Cu, C, and N, corresponding to the chemical com-
position of CuTCNQ.

The CuTCNQ thin film was carbonized at high
temperature under an N; atmosphere. The as-obtained
Cu@NC arrays maintained the overall microstructure
of the CuTCNQ thin film, as shown in Fig. 1(c).
However, the higher magnification image (Fig. 1(d))
reveals that deformation occurred on the surface of
the micro rods. Figure 1(e) shows a cross-section view
of the Cu@NC arrays, and the thickness of the arrays
was determined to be approximately 21 pm. Figure 1(f)
is a TEM image of a Cu@NC micro rod pecled off
from the Cu@NC arrays. Under higher magnification
(Fig. 1{g)), numerous nanoparticles (with an average

size of ~ 4 nm) dispersed within the micro rod can be
observed. The high resolution TEM (HRTEM) image
(Fig. 1(h)) reveals a crystal interplanar spacing of
0.21 nm corresponding to the (111) plane of Cu. The
HRTEM image obtained from the edge of the micro
rod (Fig. 1(i)) shows the (002) plane of CuO with a
d spacing of 0.24 nm, originating from the partal
oxidation of Cu nanoparticles by air during sample
transfer. To observe the crystal lattices more clearly,
enlarged versions of the two HRTEM images are shown
in Fig. 52 in the ESM. EDX mapping (Figs. 1(j1)-1(j4))
collected from the surface of a Cu@NC micro rod
showed that C, Cu, N, and O are uniformly distributed.
The surface atomic content of the Cu@NC is 65% C,
7.5% Cu, 12% N, and 15% O, as determined from the
XPS data (Table S1 in the ESM).

The XRD spectra were measured before and after
carbonization to examine the nature of the solid-state
transformation of CuTCNQ (Fig. 2(a)). The CuTCNQ
before carbonization exhibits several XRD diffraction
peaks assigned to phase [ in the 20 region of 10° to

(a) CuTCNQ/Cu plat ] | ) (b) 1 [
——Cu u plate . C .
Cu@NC/Cu plate s c:o cuTCNG s 2:0
Cu@Nc
- & # CuTCNQ o # CuTCNQ
5 . 3 *
s : 2
z ‘U\L z
5 -5
c [=
E @ M = | .
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i U . LIxes
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Figure 2

Binding energy (eV)

(a) XRD patterns of the CuTCNQ (black trace) and Cu@NC (red trace) supported on Cu plates. (b) XRD patterns of pure

CuTCNQ (black trace) and pure Cu@NC (red trace) without Cu substrate. Diffraction peaks in the patterns are labelled with designated
symbols. (¢) Raman spectra of the Cu@NC arrays are [itted by the Lorentz method with two bands. (d) High resolution N 1s spectrum
of the Cu@NC, deconvoluted into seven sub-peaks representing spi, pyridinie, pyrrolic, graphitic, quaternary, and unassigned N signals.
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30° (Fig.2(a), black trace) [37]. After carbonization,
the CuTCNQ peaks disappeared and the Cu ions were
reduced to Cu metal. The metallic Cu in the Cu@NC
was confirmed by the three strong Cu diffraction
peaks at 43.4°, 50.5°, and 74.2° in the XRD pattern of
the Cu@NC (Fig. 2(a), red trace). The peak at 43.4°
corresponds to the (111) crystal face of Cu with an
interplanar spacing of (.21 nm, which agrees with the
observation made from high magnification TEM.
Two small diffraction peaks at 36.3° and 38.9° can be
assigned to the (002) and (111) crystal faces of CuO
(JCPDS no. 03-0884), respectively, which is consistent
with the TEM measurements. To rule out the possibility
that the observed Cu diffraction peaks arise from the
unreacted Cu substrate, XRD spectra of pure CuTCNQ
and Cu@NC obtained from pure CuTCNQ are
presented in Fig. 2(b). Diffraction peaks of metallic
Cu emerged in the pattern of the pure Cu@NC, con-
firming that the presence of metallic Cu in the Cu@NC
does not originate from the substrate.

In the Raman spectra of the Cu@NC (Fig.2(c)),
both the D and G bands between 1,363 and 1,592 cm™
were observed and analyzed by fitting with Lorentz
profiles. The calculated D and G band intensity ratio
(In/lz)y is 1.14, indicating that disordered spz-carbon is
most abundant in the carbonized product [38]. The N
content in the NC was determined through analysis
of its XPS fine spectrum. Figure 2(d) shows the high-
resolution N 1s spectrum, deconvoluted into seven
sub-peaks representing sp®, pyridinic, pyrrolic,
graphitic, quaternary, and unassigned N. The peaks
corresponding to the pyridinic, pyrrolic, and graphitic
N are the most dominant components [39-41].

3.2 Electrocatalytic reduction of CO; in “dry” DMF

Cydlic voltammetry (CV) measurements were per-
formed in DMF (0.1 M Bu,NPFg) saturated with N, or
CO, using the Cu@NC arrays as the working electrode
to test their catalytic activity for CO, reduction. Under
a COs, atmosphere, substantial capacitance current
was observed between -1.5 and -1.8 V and a rapid
increase in reduction current was detected at approx-
imately 2.1V vs. Fc¢/Fc”. The current increase was
not observed under an N, atmosphere, indicating the

adsorption and catalytic reduction of only CO,. For
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comparison, cyclic voltammograms obtained with a
polycrystalline Cu plate are also shown. In this case,
a more negative onset potential of —2.85 vs. Fc/Fc'
was observed for CO, reduction, suggesting that the
Cu@NC array is more active than the polycrystalline
Cu plate. The current density at the Cu@NC electrode
(8.2 mA-cm™ at 2.7 V vs. F¢/Ec’) is approximately
10 times larger than that of the polycrystalline Cu
electrode (0.8 mA-cm™ at -2.7 V vs. Fc/Fc') under the
same conditions. Compared to the Cu plate, the Cu@NC
electrode also shows a much larger capacitance current
from -1.5 to -1.8 V, due to its larger surface area
associated with the 3D array structure and higher
conductivity imparted by the carbon matrix.

To confirm that the observed large reduction current
involves the catalytic reduction of CO, and determine
the product distribution, potentiostatic electrolysis
was performed by applying potentials ranging from
-2.3 to =2.9 V. The faradaic efficiency (FE) values for
all products are shown as a function of the applied
potential in Fig. 3(b). Three major products (H, CO,
and HCOO") were found in the gas and liquid phases
with their combined FE exceeding 90%. This suggests
that if other products exist, they are very minor
At 2.3 V vs. Fc¢/Fc', the FE values are 12.1%, 32.9%,
and 51.7% for H, CO and formate, respectively. As
the potential became more negative, the FE of H,
and formate decreased, while that of CO gradually
increased. At-2.7 V vs. Fc/F¢', FE values of 5.5%, 60.3%,
and 27.2% for H;, CO and formate, respectively, were
obtained. It should be noted that at more negative
potentials, such as 2.8 and —2.9 V, the total FE values
were 81.9% and 72.3%, respectively. This decrease in
FE was due to the charge being consumed by the
reduction of the electrolyte solution at highly negative
potentials, as shown in the voltammogram measured
under a N, atmosphere (Fig. 3(a)).

The mechanism of CO, reduction in a low protic
organic medium was proposed by Savéant et al. [31,
42, 43] where CO;~ radical anions are initially formed
on the surface of the catalyst by reduction of the
adsorbed CO,, as shown in Eq. (3) (x and superscript
* denote an adsorption vacancy site and an adsorbed
species, respectively). CO is then produced by
the reaction of the CO,” radical anion with CO,
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(a) Cyclic voltammograms obtained with the Cu@NC and polycrystalline Cu plate in N, or CO, saturated DML (0.1 M

Bu,NPF) solutions at a scan rate of 100 mV-s". (b) I'aradaic efficiency for 11, (black bar), CO (red bar), and IICOO (blue bar) production

plotted as a function of applied potential.

(Eqs. (4)-(6))-

CO; + * — "CO, (@

"CO, + e — 'CO,” 3)
‘CO + CO, — "GO )
‘CO + e — 'CO + CO- (5)
‘CO —~ CO+* (6)

The formation of formate involves the protonation of
the CO,~ radical anion, as shown in Eqs. (7)~(9). The
most likely source of the proton is water since a
residual water content of 0.03% (~ 17 mM) is present
in the DMF solution even after drying for 2 days over
4 A molecular sieves.

"CO~ + HO — "HCOO" + OH- @)
‘HCOO" + ¢ — * HCOO (8)
"HCOO- — HCOO- + * )

3.3 Electrocatalytic reduction of CO, in wet DMF

The water content in DMF solvent is crucial for product
formation, as it acts as the only proton source. The
influence of the water content was studied by adding
known amounts of water to the DMF solution. Figure S3
in the ESM shows the cyclic voltammograms of the
Cu@NC electrode in the N,/CO, saturated DMEF solution
with 0.1 vol%, 0.5 vol%, 0.8 vol%, 2.0 vol%, and 5.0 vol%
water. Increased water content caused an increase in
current density and decrease in the onset potential.
Figure 4(a) shows the product distribution at an

applied potential of —2.5 V vs. F¢/Fc' as a function of
water content on the DMF solution. When the water
content was increased from 0.1 vol% to 5.0 vol%, the
FE of H; increased from 5.9% to 44%, while that of
CO decreased from 46% to 14%. The FE of HCOO~
mitially increased with the addition of water, but
then rapidly decreased after reaching a maximum FE
of 59% at 0.5 vol% water. The changes in product
distribution is the result of the competition between
the hydrogen evolution reaction (HER) and CO,
reduction reaction (CO,RR). In a DMF solution with
0.5% water, the concentration of water is approximately
270 mM, which is close to that of CO, (~ 200 mM) in a
CO; saturated DMF solution (1 atm, room temperature).
Under these conditions, H,O premotes protonation
in the CO,RR while the HER is not competitive. At
a higher water contents, such as 5 vol% water, the
concentration of water is 10 times higher than that of
CO,, and promotes the formation of hydrogen.
Figure 4(b) shows the product distribution resulting
from the reaction catalyzed by the Cu@NC electrode
in DMF solution with 0.5 vol% water as a function of
applied potential. At 2.3 to 2.4V, the FE of HCOO~
increased from 59% to 64%, while that of CO decreased
from 24% to 20%. A further increase in the applied
potential (more negative values) gradually enhanced
the production of CO and inhibited HCOO™ pro-
duction. At even more negative potentials of -2.8 and
-2.9V, the low combined FE for H,, CO and HCOO™
was caused by the reduction of the electrolyte solution.
The product distribution can be rationalized by the

www theNanoResearch.com | www.Springer.comijournal/12274 | Nano Research

69



Chapter 2

70



