Universiteit

4 Leiden
The Netherlands

Electroreduction of nitrate and carbon dioxide on copper electrodes: a

mechanistic study
Perez Gallent, E.

Citation
Perez Gallent, E. (2018, February 1). Electroreduction of nitrate and carbon dioxide on copper
electrodes: a mechanistic study. Retrieved from https://hdl.handle.net/1887/61142

Version: Not Applicable (or Unknown)
) Licence agreement concerning inclusion of doctoral thesis in the
License:

Institutional Repository of the University of Leiden
Downloaded from: https://hdl.handle.net/1887/61142

Note: To cite this publication please use the final published version (if applicable).


https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/61142

Cover Page

The following handle holds various files of this Leiden University dissertation:
http://hdl.handle.net/1887/61142

Author: Perez Gallant, E.

Title: Electroreduction of nitrate and carbon dioxide on copper electrodes: a mechanistic
study

Issue Date: 2018-02-01


https://openaccess.leidenuniv.nl/handle/1887/1
http://hdl.handle.net/1887/61142
https://openaccess.leidenuniv.nl/handle/1887/1�

ELECTROREDUCTION OF NITRATE
AND CARBON DIOXIDE ON COPPER
ELECTRODES

A mechanistic study

Proefschrift

ter verkrijging van
de graad van Doctor aan de Universiteit Leiden,
op gezag van Rector Magnificus Prof. Mr. C. ]. ]. M. Stolker
volgens besluit van het College voor Promoties
te verdedigen op donderdag 1 februari 2018

klokke 11:15 uur

door
Elena Pérez Gallent

geboren te Valencia, Spanje in 1988



Promotiecommissie

Promotor : Prof. Dr. M. T. M. Koper

Co-promotor : Dr. F. Calle-Vallejo

Overige leden : Prof. Dr. H. S. Overkleeft (Universiteit Leiden)
Prof. Dr. E. Bouwman (Universiteit Leiden)
Prof. Dr. Ir. B.M. Weckhuysen (Universiteit Utrecht)
Dr. W.A. Smith (Technische Universiteit Delft)

Dr. B.S. Yeo (National University of Singapore)

ISBN 978-94-6299-842-1
Printed by Ridderprint BV

Cover designed by Elena Pérez Gallent and Marta Ramirez Angulo



Life is and will ever remain an equation incapable of solution, but it
contains certain known factors. Nikola Tesla


https://www.goodreads.com/author/show/278.Nikola_Tesla




Contents

1. INErOAUCHION ..ot 9
1.1  The Birth of Electrochemistry ........cooneonenneneinseeneesseseeseeneesseennes 10
1.2 ElectroCatalySiS....iiessssssssssssssssssssssesssssssssssssssssssssaes 11
1.3 The potential of electrochemistry in industrial processes....... 12
1.4  Electrocatalytic reduction of Nitrate........eeneeseeneeenseesneenens 15
1.5  Electrocatalytic reduction 0f COz....cooiemereeenmeenmeeseensecrneeenseiseenens 18

1.5.1 Electroreduction of CO to hydrocarbons........eeneeenn. 19
1.5.2 Electroreduction of CO; to cyclic carbonates ........cooeeeeeenn. 22
1.6 Copper, an extraordinary catalySt .......eneenseeseesesseesseennes 23
1.7  Scope and outline of this thesis......—————" 25

2. Electroreduction of nitrate on copper single crystals in acidic

and alkaline media ... —————————— 29
2.1 INEFOAUCTION ...ttt ns s 30
2.2 EXPerimental ... eeemreerreerseesseesseessesssesssesssessssssssssseessesssssssssssesssssssssssseens 31
2.3 Results and DiSCUSSION ... isesssessssssssssssssssssesssssessssssessssans 34

2.3.1 Nitrate reduction in alkaline media......ccccouornecneennenenrcrneesseeneenn. 34
2.3.2 Nitrate reduction in acidic media ... 43
2.3 General diSCUSSION .. sssssssssssssssssssssssssssans 48

2 3 000 0 Lol 1013 T ) s V- 49



3. Structure-sensitive electroreduction of acetaldehyde to ethanol
on copper and its mechanistic implications for CO and CO:

o= 1) U o) T 51
3.1 INTrOAUCHION covveeteeeece ettt s s bbb e 52
I 254013 1 4 =) 01 -1 S0P 53
3.3 Computational detailS......coenereennerreenreereeseiseessiseesseesesse s sssssessees 54
3.4 Results and diSCUSSION.....ceeeneerrennerseiserssessissesssseessessesssssessssssssssssssssees 57
3.5 Mechanistic IMpPlications ... 61
3.5 CONCIUSIONS .orreurieeeineereesesseesesssessesssesss s ssssss s ssssssssssssssasssssssssssnsssssanees 64

4. Spectroscopic Observation of a Hydrogenated CO Dimer

Intermediate During CO Reduction on Cu(100) Electrodes ............. 65
2300 0010 oo T 18 Uot () o 00T PP 66
0 254 0 1<) 9000 =) 0L - | PP 67
4.3 Results and diSCUSSION......cereereeseeeee e ssesseessessessseseessessessessessseaes 68
4.4 CONCIUSION wervreeeereeeseenesseessesssessesseessesssesss s sesse e es s ssse s s s s sasessssnns 75

5. Structure and potential dependent cation effects on CO reduction

at copper single crystal electrodes.........cocuniirnrsrsmssnnsnssssmssssssnnns 77
L7001 0o U 0T L U 0 o) o FPEN PP 78
5.2 EXPETIMENTAL ..ottt ssss s sess s sssss s sssssssees 80
5.3 Results and diSCUSSION.....ccoeeeeureenrerseeseeseeseiseessesecssessessessesssssssssesssessees 84

5.3.1 OLEMS and HPLC.......orerreereersssessesssssssssssssssssssssssssssssssssssssssssssssens 84
T8 20720 S | 2 OO 89
5.3.3 DFT CalCULAtiONS ..coeueeieerereineeeeeseesesseesesseessssssessesssssesssesssssesssssssssesans 92
5.3.4 Mechanistic implicationsS......miessssens 95

SR 0 4 Tod L0 13 o) o -3 99



6. Mechanistic study of the electrosynthesis of propylene carbonate

from propylene oxide and CO; on copper electrodes......c..ouersnsnnns 101
6.1 INErOAUCHION ..ceereereereeeeseeteeeeeese st sesss s sses s ssssss s s sssssaens 102
6.2 EXPETIMENTAL ..cooreueerreriereereereceseessesseesssseesse s ssssssessse s sssssssssssssssssssssanes 103
6.3 ReSults and diSCUSSION......uieeereerreeereseseesesssessseesssessssesseesseesssssssssessens 105

6.3.1 Cyclic VOItaMMELIY ..cveerrirrrerrsrrerssessssssssssssesssssesssssssssssssssssssssessssanes 105
6.3.2 FTIR and HPLC characterization of intermediates and
PTOAUCES 1ottt sesss s s s s s s ssnsnss 106
6.3.3 Proposed meChaniSm .........oeeeeereeemeeeesseesseessmesssessseesseesssesssesssens 114

6.3.3 Electrosynthesis of propylene carbonate on other metals...119

(O3 31 001 Tod 1D 3 (0] o ST PSPPSR 120
Y 1010010 T: ) 2, 121
2 ) ) 4 L 125
APPENIX L —————— 141
APPENAIX I sssess 143
WV 7 013 1 1o 0. 1 IO 147
APPENIX IV.rrssssss s ——————" 151
APPENAIX V s ssssssasasssssssssss 173
SAMENVALLING ..covierrresesnisssssssssseesssssmsssass s sens 175
2T ) 11 <3 181
List of publications ... 187

CUITICUIUIM VITAEC cervsrvesrresssesssssssssssssssssnsssmsssmssssssssssssssssssssssnsssasssnssssssnssnnss 189







Chapter 1

Introduction



1.1 The Birth of Electrochemistry

Despite the broad knowledge of electricity gained during the 17t and
the 18t century by scientists like William Gilbert, Stephen Gray, Charles
Francois, Jean-Antoine Nollet, William Watson and Charles-Augustin
Coulomb, among others, it was not until the late 18t century that Luigi
Galvani pronounced the birth of electrochemistry by creating a bridge
between muscular contractions of a frog’s leg and electricity. In 1791
Galvani established that animals hold a vital force, namely “animal
electricity”, which activates muscles when placed between two metals.
Alessandro Volta postulated that the real source of stimulation was the
contact of dissimilar metals connected by a moist conductor (a frog’s
leg). Volta persistently studied this phenomenon in order to explain his
“contact” theory of electricity, and in 1800 he announced his invention
of the first electrical battery, the voltaic pile. Years later, Humphry Davy
established that the voltaic pile produces electricity depending on the
event of chemical reactions, and not just on the contact of dissimilar
metals as Volta proposed. Davy’s successor, Michael Faraday, studied
the effects in electrochemical decomposition, which was discovered by
Paets van Troostwijk and Deiman by splitting water into hydrogen and
oxygen by electrolysis. Faraday concluded that the passage of electricity
through a conducting liquid medium causes the molecules to dissociate
and the amount of product decomposed was directly proportional to the
amount of electricity passing through the solution. These laws are still
fundamental to industrial electrolytic production of chemicals. This
story illustrates how even an immature, undeveloped or imperfect
scientific idea can assist in the development of a cultivated and world-
wide accepted scientific theory. Every minor stage in research triggers
the commence of an open discussion that with effort, time and lots of re-
thinking and understanding will result in a putative theory.
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Chapter 1 | Introduction

1.2 Electrocatalysis

A catalyst is defined as a substance that intervenes in a chemical
reaction modifying the reaction rate without being consumed or
chemically changed. Electrocatalysts are specific forms of catalysts
where the rate of an electrochemical reaction occurring on an electrode
surface is enhanced. Electrocatalysts are classified in two categories:
homogeneous, in which catalyst and reactants have the same phase, and
heterogeneous, where the reaction takes place at the interface between
the catalyst (the electrode) and the reactant phase. In electrocatalysis,
the reactions involve electric charges flowing between the electrodes
and the ionic conductor, the electrolyte. Thus, electrochemistry handles
the interaction between electrical energy and chemical change.

Every electrochemical cell reaction consists of two half reactions, one
occurring at the anode where a certain substance will donate electrons
and become oxidized, and one occurring at the cathode where a certain
substance will accept electrons and become reduced. This thesis is
focused on reduction reactions of nitrate and carbon dioxide taking
place at a cathode made of a solid metal electrode, mainly copper.

The performance of the catalyst for a certain reaction depends on a vast
number of parameters, such as electrode material, oxidation state of the
material, electrode morphology, surface roughness, differences in
adsorption sites, pH and the nature of the species in solution, etc. A good
strategy to develop an active and efficient new catalyst is by first
determining how all these parameters affect the reaction and its
mechanism. In that vein, the scope of this thesis is to investigate the
mechanism of nitrate and CO; reduction and how different parameters
have an impact on the catalytic performance of copper.
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1.3 The potential of electrochemistry in
industrial processes

The use of electrochemical techniques for the synthesis of valuable
products provides several advantages over chemical synthesis. An
important advantage that makes electrochemistry attractive for
industry is the ease of scalability, which allows large-scale chemical
production. A classic example of ton-scale production is the chloralkali
process?, where aqueous sodium chloride, normally brine obtained
directly from natural salt deposits, is electrolyzed to form chlorine gas
and sodium hydroxide. The chloralkali process is the largest of the
electrolytic industry. The preparation of chlorine electrochemically in
industrial scale was first achieved in 1892. In 1987 it was responsible
for about 10% of the total world production, and in 2000, 95 % of the
world’s chlorine production was obtained by the chloralakli process3.
Another example of large-scale synthesis is the Hall-Héroult process,
where Al;O3 is electrolyzed to produced elemental aluminium¢“. The
Hall-Héroult process is the largest in terms of energy usage in industrial
processess. In addition, organic chemicals such as adiponitrile, an
intermediate to nylon, or ethylene glycol, used as antifreeze or in PET
bottles, are also produced electrochemically in large scale. 200 million
kg of Adiponitrile are produced per year by electrohydrodimerization of
acrylonitriles, and about 10 billion kg of ethylene glycol are produced
per year by catalytic oxidation of ethylene oxide followed by hydrolysiss.

One of the most important contemporary benefits of electrochemistry in
industrial processes is an environmentally friendly and clean process by
employing renewable electricity. Electrochemical processes use electric
current as energy source, averting the use of stoichiometric amounts of
oxidants or reductants, dramatically lowering the amount of by-
products formed and thus the pollutant levels. A precise control of
oxidation or reduction levels can be achieved by the adjustment of the
electrode potential. The electrochemical synthesis of compounds offers
a precise control of the product yield through the applied current or

12



Chapter 1 | Introduction

potential, virtually leading to higher energy efficiencies compared to
thermal-based processes, and to more pure products than those
synthesized by chemical routes. The electrochemical synthesis of DZ-
2384, a diazoamide-based preclinical candidate for oncology, marked an
improvement in terms of selectivity and environmental footprint. This
substance is now prepared by an intramolecular electrochemical
oxidative coupling?, while previously it was synthesized with the use of
oxidants such as PhI(OAc).. The reagent-based process led to significant
by-product formation which limited the yield of DZ-2384 and
complicated its purification”-°.

The use of less extreme process conditions such as lower temperature
and pressure potentially leads to less degradation of the starting
material or products, making electrochemical methods industrially
interesting. In addition, a lower number of steps might be involved in
the process, for instance, by combining in one reactor the
electrochemical synthesis and the product separation. In the chloralkali
process, the formation of chlorine gas occurs in the anodic compartment
of the reactor, whereas sodium hydroxide is formed in the cathodic
compartment; therefore, the separation process is direct.

However, the existence of physical restrictions such as mass transport
limitations and more importantly economically unprofitable processes,
makes electrochemical processes less beneficial. For large-scale
production, electrochemical processes are costly. The traditional
chemical preparation, even being less selective, is usually economically
more beneficial.

Electrochemical routes are not always economically feasible if the
selectivity for the desired product is low or inadequate. In aqueous
systems where the competitive reaction is based upon oxygen or
hydrogen formation, the process becomes especially unfeasible in
economic terms, due to the ease of H; or O; production compared to the
formation of the desired product. In electrochemical processes, high-
energy consumption is usually required.

13



However, direct conversion with the use of renewable energies offers a
cheap source of energy which may partially help overcome this
problem. In addition, the use of abundant and thereby less expensive
starting materials such as CO; and nitrate also helps in counteracting the
expenses and readjusting the balance to beneficial values.

Despite the advantages previously mentioned, it is important to remark
the existence of several drawbacks which limit the industrial application
of electrochemical processes. Important factors that make processes
economically unfeasible are the short lifetime and/or the high cost of
some electrode materials. Ideally, the electrode material should be
cheap and stable in the electrolysis medium. In addition, some
electrochemical reactions have low current efficiency under some
conditions and/or high activity towards side reactions limiting the
production yield of the desired product. It is important to mention the
vast amount of factors that affect electrochemical conversion and,
therefore, determine the electrolysis performancel® such as the
electrolyte nature, concentration, pH or conductivity and the nature and
structure of the catalyst, among many others. Other factors such as the
potential or current distribution, the mass-transport regime and the
electrochemical cell design are also of paramount importance!l. The
geometry of the electrodes, the inter-electrode distance, the cell
dimensions and the operation mode of the reactor, among others, are
decisive parameters that affect the electrochemical performance of the
processio.

In the interest of eventually obtaining an efficient and economically
feasible process for the industry, a detailed mechanistic study of the
reaction must be addressed, to understand which factors play a role in
the efficient and selective formation of the desired product. An
attractive process would be the conversion of a cheap and abundant
substance to a more valuable product. In this thesis three different
reactions and their mechanisms are the object of study: the
electrocatalytic reduction of nitrates to hydroxylamine, and the
electrocatalytic reduction of carbon dioxide for two different purposes,
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namely the formation of hydrocarbons and the formation of cyclic
carbonates.

1.4 Electrocatalytic reduction of nitrate

The reduction of nitrate has attracted interest due to its environmental
significance!? in view of the contamination of groundwater,!3-14 and
because it causes serious health problems?5 such as liver disease, cancer
and blue baby syndrome. Nitrate contamination is a result of industrial
waste, nuclear industries and agricultural runoff such as livestock feces
and the use of fertilizers, which currently induce severe alterations in
the nitrogen cyclelé. This biogeochemical cycle is a complex network of
biological and abiotic processes through which nitrogen circulates
through the organic and physical world. A very simplified scheme of the
nitrogen cycle is displayed in Fig.1.1. The atmosphere is the main
reserve of nitrogen, however, the majority of the living beings cannot
use atmospheric nitrogen to generate amino acids and other nitrogen-
based compounds. Therefore, atmospheric nitrogen must be converted
to ammonia which can be used by organisms through a process called
nitrogen fixation. The formed ammonia is oxidized by bacteria to first
form nitrites that will be further oxidized to nitrates (nitrification). The
absorption of nitrate by plants incorporates the nitrogen in proteins,
nucleic acids and chlorophyll, which will be further converted to
nitrogen-based animal compounds when assimilated by animals. The
nitrogen cycle is closed by the denitrification process, where bacteria
reduce nitrates to N, which is freed back into the atmosphere.

15



Dinitrogen (Nz)

Nitrification

Ammonia(NH,) Nitrate(N03_)

Figure 1.1: Simplification of the nitrogen cycle. Adapted from ref. !

The main cause of the destabilization of the nitrogen cycle is the usage
of fertilizers, which contain large amounts of nitrates, causing
environmental issues like the contamination of groundwater.
Governmental regulations limit the maximum concentration of nitrate in
drinking water to 10 mg/L 17. However, the overpass of this limit in
certain regions!8 leads to a need for nitrate removal from water. As the
natural process of denitrification is unable to handle the excess of
nitrite-derived substances, several methods to remove NO3- ions from
contaminated water have been developed. Physicochemical methods
like electrodialysis!?, ion exchange resins2® or reverse osmosis?! only
provide a separation method but do not convert nitrate. Biological
methods?? are slow and difficult to control and cannot be used for high
nitrate concentrations to avoid poisoning the bacteria. These methods
are hardly acceptable for large-scale applications due to the low
reaction rate, continuous monitoring and/or large amounts of by-
products. Electrochemical reduction of nitrate presents an alternative
and promising solution, because it is selective, environmentally friendly
and cost-effective?3. Nitrate can be used as starting material to produce
useful chemicals such as ammonia, hydroxylamine, hydrazine or azide.
The intricacy of the electrochemical reduction of nitrogen-containing
compounds is related to the existence of numerous stable species with
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oxidations states from -3 to +5. The electrochemical reactions and their
equilibrium potentials for the formation of the different reduction
products are listed below?24:

NOs- + 2H* + 2e- > NOz + H:0 E°=0.835 Vvs. NHE (1.1)
NOs + 4H* + 3e- > NO(g) + 2H:0 E°=0.958 Vvs. NHE (1.2)
2NOs + 10H* + 8e- = N;0+ 5H20 E°=1.116 Vvs. NHE (1.3)
2NO3- + 12H* + 10e- = Nz(g) + 6H20 E°=1.246 Vvs. NHE (1.4)
NOs- + 8H* + 6e- > NH30H* + 2H,0 E°=0.727 Vvs. NHE (1.5)
NOs3- + 10H* + 8e- > NH4* + 3H20 E°=0.875V vs. NHE (1.6)

The obtained product varies depending on the cathode material, the
electrolyte used and the potential applied25-2°. Platinum has been the
most studied catalyst for nitrate reduction. The reaction is pH
dependent, being active in acidic media with the consequent formation
of ammonium, but inactive at higher pH26. In addition, nitrate reduction
on platinum in acidic media is surface structure dependent due to the
structure-sensitive adsorption of hydrogen and anions30-31. Other metals
such as rhodium show high activity for nitrate reduction over a wide pH
range32-33, forming ammonium in acidic medium and nitrite in alkaline
media3+. Some coinage metals like Cu, Ag and Au have also been studied
in acidic media3s: among these metals, copper showed the highest
activity for nitrate reduction, with ammonia as the main product?°. The
high activity observed for nitrate reduction on copper in alkaline
media36-37 makes it an interesting system due to the less probable
formation of products like toxic nitrogen oxides compared to reduction
in acidic media38. In this thesis, we investigated the mechanism of
nitrate reduction on copper electrodes in acidic and alkaline media by
cyclic voltammetry, Fourier Transform Infrared Spectroscopy, lonic
Chromatography and Rotating Disc Electrodes. Copper single crystals
were used to unravel the structure sensitivity of the reaction (Chapter
2).
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1.5 Electrocatalytic reduction of CO:

The accelerated increase of the population in the last century has
resulted in a massive growth of energy consumption. 85 % of the
world’s energy demand is supplied by fossil fuels, the consumption of
which creates an increase of greenhouse gases (GHG) in the
atmosphere3?. An increase of atmospheric levels of GHG creates
environmental issues such as climate change. Although GHG such as
methane and chlorofluorocarbons have much higher greenhouse effect
per mass of gas, carbon dioxide is the largest contributor to global
warming due to the substantial amounts present in the atmosphere#.
Several strategies can be used to decrease the atmospheric CO; levels.
First of all, one can reduce the world’s energy consumption by means of
more energy-efficient processes. Reduction in the carbon intensity of
energy usage can be achieved by switching to renewable energies such
as wind, solar or geothermal. Another option would be the capture and
sequestration of CO.*l. However, this is a rather expensive option, and
only provides a mid-term solution. A good strategy to make CO; capture
more interesting would be to convert it to valuable chemicals and fuels
by electroreduction#2. The use of CO; as a C1 feedstock for the formation
of more valuable chemicals offers the use of an easy, available and
renewable carbon source, which is non-toxic and abundant. However,
CO; is the most oxidized state of carbon, being thermodynamically and
kinetically stable, such that it requires a large energy input to convert it
into other molecules. The energy necessary for the electrochemical
conversion can be obtained by renewable energies, making the
combination of renewable energies with the electrochemical reduction
of CO2 a promising path towards a sustainable energy future with net
neutral CO; emissions.

A significant amount of molecules can be formed from electroreduction
of CO2 especially on copper electrodes. In this thesis, we focus our
attention on the formation of hydrocarbons such as methane, ethylene
and ethanol and on the formation of bigger molecules such as cyclic
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carbonates. Ethylene is a widely used industrial building block, and
ethanol is a valuable fuel. Therefore, the reduction towards these
desired products is potentially interesting, due to their higher energy
density compared to single carbon products. The formation of cyclic
carbonates offers wide applications in the chemical industry, as these
are used as fuel additives, in plastics, as green solvents and as
electrolytes for Li ion batteries.

1.5.1 Electroreduction of CO: to hydrocarbons

The electrochemical reduction of carbon dioxide has gained
extraordinary interest in the past decades as a means of energy storage.

The simplest products obtained are those for which only 2 e- transfers
are involved in the reaction path, such as carbon monoxide and formic
acid. However, the formation of hydrocarbons would be the most
significant target of CO; utilization due to their high energy density and
the benefit of direct use without changing the present infrastructures
based on fossil fuels.

The electrochemical reactions and their equilibrium potential for the
formation of different products of carbon dioxide reduction are listed

below:

CO2 + 2H* + 2e- > CO + H,0 E°=-0.10 Vvs. RHE (1.7)
CO2 + 2H* + 2e- > HCO:H E°=-0.20 Vvs. RHE (1.8)
CO2 + 4H* + 4e- - H2CO + H20 E°=-0.07 Vvs. RHE (1.9)
CO; + 6H* + 6e- > CH30H + H,0 E° = 0.02V vs. RHE (1.10)
COz + 8H* + 8e- > CH4 + 2H,0 E°=0.17 Vvs. RHE (1.10)
2C02 + 12H* + 12e- > CH3CH20H + 3H20 E°=0.09 Vvs. RHE (1.12)
2C0O2 + 12H* + 12e- > CzHs + 4H20 E°=0.08 Vvs. RHE (1.13)
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The product distribution resulting from the electrochemical reduction of
CO; depends on the metal used as electrode. A screening of several
transition metals used for carbon dioxide was performed and a
classification regarding the product formed was suggested*s. The
product selectivity is mainly determined by how CO; is reduced initially
at the electrode surface. In the first group belong metals such as In, Sn,
Hg and Pb that selectively form formic acid. These metals have high
hydrogen overvoltage and low CO adsorption strength, therefore the
intermediates are weakly adsorbed on the surface making those metals
unable to catalyze the breaking of the C-O bond in CO; and thus
facilitating the formation of formic acid. The second group of metals,
where Ag and Au belong, produces mainly CO. CO is formed on these
metals, especially on Au, at less negative potentials than formic acid.
Hansen et al#* developed a model to describe trends in catalytic activity
for CO; reduction in terms of the adsorption energies of the reaction
intermediates. Considering that CO is formed through the adsorbed
intermediates *COOH and *CO, Au is able to stabilize *COOH without
over-stabilizing CO. This explains the formation of CO on Au at lower
potentials than formic acid formation suggesting a different mechanism
for the formation of CO. The third group consists of metals such as Ni,
Fe, Pt and Ti, which evolve hydrogen at low potentials. On these metals
CO2 is reduced to CO, but it is strongly adsorbed on the surface,
poisoning the metal and blocking possible further reactions. Therefore,
the main product formed is hydrogen from the competitive hydrogen
evolution reaction. Metals with a moderate CO adsorption energy are
able to further reduce CO to hydrocarbons. Elements such Mo and Ru
have been reported to convert CO, to methanol and methane but with
low efficiencies*5-46. However, copper is a unique metal able to form
hydrocarbons, mainly methane and ethylene with high efficiencies?’.
Formation of oxygenated species such as ethanol and propanol has also
been observed, although normally in smaller amounts48-49. Jaramillo et
al. recently observed the formation of 16 different products: besides the
main products such methane, ethylene, formate, CO, ethanol and
propanol, other minor products such as allyl alcohol, methanol,
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glycoaldehyde, acetaldehyde, ethylene glycol, propionaldehyde, acetone,
acetate and hydroxyacetone were also observed with lower efficiency>0.
The extraordinary ability of copper to form hydrocarbons has motivated
a substantial effort to understand its special activity for the carbon
dioxide reduction reaction. Numerous experimental and theoretical
studies have proposed mechanisms for the reduction of CO2 on coppers
50-56, However, a detailed mechanism for this reaction is still under
debate#9.51-52,57-58, Ethylene and methane formation follow two different
pathways>® having carbon monoxide as the key intermediate in the
formation of both productsé0-62, The formation of methane has been
found to be pH dependents® 63, which implies that the rate-determining
step must involve the transfer of a proton and an electron. Hori
suggested a path for the formation of methane via adsorbed COH®!. In
contrast, the formation of ethylene is pH independent, ¢! 63 which implies
that the rate-determining step does not involve a proton transfer.
However, the formation of ethylene does depend on the potential, so
that an electron transfer must be involved. A C-C coupling of two
adsorbed CO molecules through a reductive dimerization step has been
proposed as a rate-determining step5..57. In chapter 4 of this thesis the
formation of this CO dimer will be discussed in detail.

Several factors such as the electrode morphology*”. ¢4, the pH of the
electrolytes3, the identity of the cations and anionssé ¢5, the size and
shape of nanoparticlessé, the oxidation state of the copper electrode¢? ,
among others, have been extensively studied to gain insight into the
extraordinary reactivity of copper to form hydrocarbons from carbon
dioxide.

In this thesis, we focus our attention on the study of several steps during
the reduction of CO; such as the reduction of CO (chapters 4 and 5) and
the reduction of acetaldehyde (chapter 3) in order to gain insight into
the mechanism of the reaction. In addition we investigated how
different factors such as the structure of the electrode, the potential
applied or/and the effect of the cations influence the mechanism of
these reactions. The study was performed with a combination of
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techniques such as cyclic voltammetry, High Performance Liquid
Chromatography, Online Electrochemical Mass Spectrometry, Fourier
Transform Infrared Spectroscopy and Density Functional Theory
calculations.

1.5.2 Electroreduction of CO: to cyclic carbonates

Cyclic carbonates are profitable synthetic targets starting from CO due
to the added value of these organic molecules compared to CO;. In
addition, the fixation of CO; into organic molecules offers an
environmentally friendly alternative to storage solutionsés. The
formation of cyclic carbonates has been an area of interest due to the
versatility of these compounds. Cyclic carbonates can be used as
electrolytes for Li ion batteries, fuel additives, as aprotic polar solvents,
as green reagents and as useful intermediates for manufacturing
polycarbonates®9-70. Polycarbonates are the most widely used
engineering plastics, currently synthesized through the phosgene
process. The use of a highly toxic substance like phosgene, which is
regulated by the international treaty concerning chemical weapons 71,
makes the synthesis of polycarbonates environmentally unacceptable.
Substituting phosgene with CO; will radically diminish environmental
issues due to not only the elimination of toxic by-products but also due
to the capture and conversion of CO..

In view of the commercial importance of cyclic carbonates and their
broad applications in industry, the catalytic synthesis of these
compounds has been extensively studied. Several homogeneous
catalysts based on metal complexes’274 have been proposed for the
conversion of CO; and epoxides to cyclic carbonates. However, most of
the currently used catalysts for this process demand high operational
temperatures and/or high carbon dioxide pressures’s7?. The use of
electrochemistry allows for the synthesis of cyclic carbonates under
mild conditions with high efficiencies’8-79. Copper, among other metals
tested for this process such as Ni, Ag or graphite, has been found to be
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one of the most efficient metals for the conversion of carbon dioxide and
epoxides to cyclic carbonates?9-81, Copper and copper nanoparticles
have been employed as cathode for the synthesis of cyclic carbonates,
achieving high conversion and selectivity 7889,

Despite all the studies concerning this process, the mechanism of the
reaction is still under debate. While numerous studies argue that the key
step for the synthesis of cyclic carbonates is the activation of the
epoxide via the ring opening?? 74 8283 other studies consider the
activation of carbon dioxide through the formation of the radical anion
CO2- to be the key step for the synthesis of organic carbonates8 84,

In this thesis, we employed Fourier Transform Infrared Spectroscopy
(FTIR) and High Performance Liquid Chromatography (HPLC) to gain
insight into the mechanism of cyclic carbonates synthesis and establish
that adequately activated CO:is able to carboxylate organic molecules,
such as epoxides, to form cyclic carbonates.

1.6 Copper, an extraordinary catalyst

Copper has been used since 8000 BC due to the luxury of direct use in
metallic form without its extraction from an ore. Copper is abundant on
Earth, with 1014 tons existing in the first kilometer of the Earth’s crust.
The abundance of copper and its ease of mining make it a rather
inexpensive metal. The price of copper has been unstable during
historyss, although in the last 10 years it has been more stable with
values around US$3/kg. The price of copper is more than 10000 times
lower than other metals like Pt or Au. The abundant and cheap nature of
copper, has generated interest into its use as a catalyst in
electrochemical processes. Metallic copper, copper-based and oxide-
derived copper catalysts are able to efficiently catalyze numerous
reactions?29 47.57.67-68,86_[n this thesis, we will focus our attention on the
reduction of nitrates, the reduction of carbon dioxide and the
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conversion of carbon dioxide and propylene oxide to propylene
carbonate on metallic copper electrodes.

The morphology of the catalyst is crucial to understand the mechanism
of the reaction carried out on the copper surface. For that reason,
copper single crystals were employed.

Copper is a face-centered cubic (fcc) metal with copper atoms located at
each of the corners of the unit cell and at the center of all the cubic faces.
Bulk copper has a coordination number of 12 since 12 of their atoms are
shared with other unit cells. The fcc unit cell consists of a net total of
four atoms, eight eighths from corner atoms and six halves from the face
atoms. In order to identify the different planes and directions in a
crystal structure, Miller indices are used which consist of three values of
h, k and 1 as directional parameters. The most studied surfaces are those
for which the plane is perpendicular to the principal axis, called basal
planes. For an fcc structure the basal planes are (100), (111) and (110).
In addition, other surfaces with larger Miller indices, namely stepped
surfaces, can also be studied. Ideal stepped surfaces consist of terraces

Ay

Figure 1.2: Representation of different surface structures of an fcc crystal,

taken from surface explorer.(http://surfexp.fhi-berlin.mpg.de)
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with a low index atomic arrangement, separated by monoatomic steps.
A representation of such surfaces is displayed in Figure 1.2. The use of
single crystals in electrochemistry helps in understanding how different
adsorption sites influence the stability of intermediates in a certain
reaction, catalyzing more efficiently the conversion of different species.

1.7 Scope and outline of this thesis

The general focus of the research offered in this thesis is the electro-
conversion of environmentally harmful chemicals, such as nitrates and
carbon dioxide, into more valuable and less polluting compounds. In
particular, the study is focused in the understanding of the mechanistic
aspects of these reactions carried out on copper electrodes.

In chapter 2, we study the electrochemical reduction of nitrates on
copper single-crystal electrodes in acidic and basic media to evaluate
the reaction mechanism and the products obtained in the different
media and on the different surfaces employed. Using electrochemical
techniques coupled to analytical techniques we observe differences in
product distribution depending on the pH of the electrolyte. Whereas in
acidic media the reduction of nitrate leads to NO and ammonia, in basic
media the product observed is hydroxylamine. Furthermore, the
reaction is structure sensitive in basic media: Cu(100) is most active for
the formation of hydroxylamine. Conversely, in acidic media the
reaction is independent of the catalyst’s structure.

In chapter 3 we study the electroreduction of acetaldehyde to ethanol, a
reaction which is supposed to take place at a late stage in the reduction
of carbon dioxide. Combining experimental techniques with density
functional theory we outline the structure sensitivity of the reaction.
Experiments show that more open facets have lower overpotentials for
the formation of ethanol. DFT calculations predict that the formation of
ethanol proceeds via a weakly bounded CH3CH,0* intermediate which
binds more favourably on open surfaces, explaining the earlier
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formation of ethanol on those facets. In addition, DFT calculations show
higher thermodynamic limitations for ethanol compared to ethylene.
Making use of the structure selectivity observed for ethanol formation,
the selectivity towards ethanol formation can be enhanced.

In chapter 4 we study the early stages of CO reduction by Fourier
Transform Infrared Spectroscopy and Density Functional Theory. We
show experimentally that Cu(100) electrodes in LiOH solutions host a C-
containing adsorbate at low overpotentials, which we propose to be a
hydrogenated CO dimer (OCCOH). The formation of the hydrogenated
dimer is a structure-sensitive process, which does not occur on Cu(111)
surfaces, confirming the theoretical hypothesis that the dimerization is
favoured on square-symmetry sites.

In chapter 5 we show how the combined effect of alkaline cations,
catalyst structure and applied potential can steer the selectivity of CO
reduction towards ethylene or methane. First, we find that the nature of
the cation affects the product selectivity, depending on the potential
applied. Whereas larger cations enhance the selectivity to ethylene at
potentials more positive than -0.45 V vs RHE, the selectivity towards
methane is enhanced by larger cations at more negative potentials. The
fact that ethylene formation declines at potentials for which methane
formation increases, suggests that the pathway towards ethylene is
blocked by the enhancement of the pathway that leads to methane.
Secondly, we observe that cation effects are structure dependent, as the
onset potential for ethylene formation depends on the electrode
structure and cation size, whereas the onset potential for methane
formation does not. The formation of the intermediate suggested in
chapter 4 (OCCOH) was found to be dependent on the nature of the
cation, so that the hydrogenated dimer can be detected with FTIR in
presence of Li*, Na*and K*, but not in presence of Rb* or Cs*. DFT
calculations explain that the potential necessary to form *OCCOH from
*CO in presence of Cs* is more negative compared to Li* or Na*. Lastly,
we point out the role of the cations as catalytic promoters by stabilizing
intermediates through favourable electrostatic interactions.
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In chapter 6 we investigate the conversion of CO to organic molecules,
specifically the reaction between CO. and propylene oxide to form
propylene carbonate. Employing cyclic voltammetry, Fourier Transform
Infrared Spectroscopy and High Performance Liquid Chromatography
we study the mechanism of the reaction. We rule out different reduced
forms of CO;, such as CO and (bi)carbonate as possible carboxylation
agents. Moreover, we rule out the electrochemical activation of
propylene oxide via ring opening as the initial step for this reaction. We
propose an electrochemical reaction initiated by the activation of CO; to
COz~ which then attacks propylene oxide to form propylene carbonate.
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Chapter 2

Electroreduction of nitrate on
copper single crystals in acidic and
alkaline media

Nitrate reduction on Cu (100) and Cu (111) surfaces in alkaline and
acidic solutions was studied by electrochemical methods (cyclic
voltammetry, rotating disc electrode) coupled with online and in situ
characterization techniques (mass spectrometry, ion
chromatography and Fourier transformed infra-red spectroscopy) to
evaluate the reaction mechanism and products on the different
surfaces. Electrochemical results show that reduction of nitrate in
alkaline media on Cu is structure sensitive. The onset potential on Cu
(100) is +0.1 V vs. RHE, ca. 50 mV earlier than on Cu (111). The onset
potentials for nitrate reduction on Cu (100) and Cu (111) in acidic
media are rather similar. Analytical techniques show a diverse
product distribution for both surfaces and for both electrolytes.
Whereas in acidic media both Cu electrodes show the formation of
NO and ammonia, in alkaline media Cu reduces nitrate to nitrite and
further to hydroxylamine. In alkaline media, Cu (100) is a more
active surface for the formation of hydroxylamine than Cu (111).

This chapter has been published as: E Pérez-Gallent, MC Figueiredo, I
Katsounaros, MTM Koper, Electrochimica Acta, 2017, 227, 77-84



2.1 Introduction

Human activities like the combustion of fossil fuels, the nuclear industry,
the production of nitrogen fertilizers and the cultivation of nitrogen-
fixing plants are inducing severe alterations in the global nitrogen cycle
16, The rate of many human-caused global changes has increased
severely in last decades, but none so rapidly as industrial production of
N fertilizers, which has grown exponentially since the 1940s. The
increase of the availability of N also increases biomass production and
accumulation significantly8” . Consequently, changes in nitrogen cycle
can also lead to changes in the global carbon cycle, generating an
increase of carbon dioxide in the atmosphere 8. The slow natural
process of denitrification is unable to deal with the surplus of nitrate-
derived compounds leading to a deteriorating effect on our ecological
system and human health.

Electrochemistry could play an important role in the development of
new denitrification technologies due to its environmental compatibility,
versatility, energy efficiency, selectivity and low associated costs, as well
as the non-requirement of reduction agent?3.35. However, there is a need
for an appropriate electrocatalyst that can provide an optimized process
with high selectivity to harmless products like N;or valuable products
such as ammonia or hydroxylamine. The electrochemical reduction of
nitrate has been studied on several transition and coinage metal
electrodes in acidic media35. Copper has been shown to be the most
active coinage metal for this reaction having ammonia as main
product36-37. A high electrochemical activity for nitrate reduction has
also been observed on copper electrodes in alkaline solutions38. Nitrate
reduction in alkaline media is of interest due to the less probable
solution-phase formation of products like toxic nitrogen oxides8® , as
compared to reduction in acidic media, and because of the concern of
removing nitrate from alkaline nuclear waste. In this context, the use of
single-crystal copper surfaces offers the unique opportunity to evaluate
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the effect of the surface atomic structure on the reaction rate, the
preferred reaction paths and the resulting product distribution.%

In this chapter, we study the influence of the surface structure of Cu
electrodes on the nitrate reduction in alkaline and acidic media. We use
electrochemical techniques (cyclic voltammetry, rotating disc electrode)
coupled with online and in situ characterization techniques (mass
spectrometry, ion chromatography and Fourier transformed infra-red
spectroscopy) to evaluate the reaction mechanism and products on the
different surfaces and their dependence on the available atomic sites.

2.2 Experimental

Prior to each electrochemical experiment, the glassware used was
stored overnight in a solution of KMnO4 that was rinsed with a mixture
of ultra clean water (Millipore MilliQ, resistivity > 18.2 M), 20 mL/L of
hydrogen peroxide and 1 mL/L of concentrated sulfuric acid. The
glassware was further cleaned by boiling 4 times in Millipore MilliQ
water. A coiled platinum wire was used as a counter electrode and a
reversible hydrogen electrode (RHE) in the same electrolyte was used
as the reference electrode. All potentials in this chapter are referred to
RHE.

The copper electrodes used were 99.99% copper disks with a diameter
of 6mm, purchased from Mateck and aligned to < 0.5° accuracy. Prior to
every experiment, the electrodes were electropolished in a 10:5:2
mixture of H3P04:H;0:H,SO4 at +3 V vs. Cu for 30 s, followed by a
stabilization step at 0 V for 30 s. After thorough rinsing with ultrapure
water, the surface of the crystal was characterized by cyclic
voltammetry at a scan rate of 50 mV/s in NaOH 0.1 M solution®. Cyclic
voltammograms were recorded by an Ivium A06075 potentiostat.

Electrolytes were made from ultra-pure water (Millipore MilliQ,
resistivity > 18.2 M(Q) and high purity reagents (Sigma Aldrich
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TraceSelect). Before every experiment, Argon (Linde, 6.0) was bubbled
through the electrolyte for 15 min in order to remove air from the
solution, and during the experiments the argon was kept flowing above
the solution.

In order to control mass transfer rates, Cyclic Voltammetry (CV) under
hydrodynamic conditions was performed with a home-made hanging-
meniscus rotating disc electrode (HMRDE) configuration, compatible
with single-crystal electrodes. The rotation was controlled with a
modulated speed rotator (PINE, MSR). Experiments were carried out at
a rotation rate of 400 rpm.

Online Electrochemical Mass Spectroscopy (OLEMS)92 was used to
detect the gaseous products formed during the reaction. The reaction
products at the electrode surface were collected by a hydrophobic
Teflon tip situated very close to the surface of the electrode (about 10
um). The tip is a 0.5 mm diameter porous Teflon cylinder with an
average pore size of 10-14 yum in a Kel-F holder, connected to a mass
spectrometer by a PEEK capillary. Before every experiment, the tip was
submerged in a solution of 0.2 M K,Cr;07 in 2 M H;SO4 and rinsed
extensively with MilliQ water. A Balzers Quadrupole mass spectrometer
with a secondary electron multiplier (SEM) voltage of 2400 V was used
for the detection of every mass. The different mass signals were
followed while changing the electrode potential from +0.25 V to -1 V vs.
RHE and back at a scan rate of 1 mV/s.

Online Ion Chromatography (IC) was utilized to detect ionic products
dissolved in the electrolyte?3. The reaction products were collected with
an automatic sample collector (FRC-104, Shimadzu) by an open tip
situated very close (about 10 pum) to the electrode. The potential of the
electrode was changed from 0.35 V to -0.6 V and back at a scan rate of 1
mV/s. Every sample contains 60 pL and they were collected with a rate
of 60 pL/min, meaning that every sample contains the average products
of a change in potential of 60 mV. After voltammetry, all the samples
collected were analyzed with IC (Shimadzu, Prominence) equipped with
a conductivity detector (CDD-10A vp, Shimadzu). For the detection of
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the anion (NOz’), sodium nitrite (Merck, 99.99%) was utilized to prepare
standard solutions, from which the retention time was determined and
the concentration was calibrated. An NI-424 (Shodex) anionic column
was used at a constant temperature of 40 °C with an eluent flow rate of
1 mL/min. The eluent consists of 2.8 mM BIS-TRIS (Fluka, BioXtra,
>99%), 2 mM phenylboronic acid (Fluka, purum, >97%), 8mM 4-
hydroxybenzoic acid (Sigma-Aldrich, 99%), and 0.005 mM trans-1,2-
diaminocyclohexane-N,N,N’,N’-tetra acetic acid (Sigma- Aldrich, ACS
reagent, >99%).

In all the above techniques, the electrode was in hanging meniscus
configuration, meaning that only the face of the crystal with the desired
structure was in contact with the electrolyte.

FTIR measurements were performed with a Bruker Vertex 80 V Infrared
spectrophotometer94. The electrochemical cell was assembled on top of
a 60° CaF; prism, and the electrode was situated against this prism to
form a thin layer. The measurements were performed under external
reflection. FTIR spectra were obtained from an average of 100 scans
with a resolution of 8 cm! at the selected potentials. Every spectrum
was obtained by applying single potential steps compared to the
reference potential (+0.35 V vs. RHE). The spectra are shown as (R-
Ro/Ro) where R is the reflectance at the sample potential and Ry is the
reflectance at the reference potential. Thereby the ratio AR/R, gives
positive bands for the formation of species at the sample potential, and
negatives bands correspond to the loss of species at the sample
potential. P-polarized light was used to probe species both near the
electrode surface and in solution.
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2.3 Results and Discussion

2.3.1 Nitrate reduction in alkaline media

2.3.1.1 Cyclic voltammetry (CV) and hanging-meniscus rotating
disc electrode (HMRDE) measurements.

Fig 2.1a shows the cyclic voltammograms for Cu (111) (blue curve) and
Cu (100) (green curve) in 0.1 M NaOH solution (dashed lines) and in
0.1M NaOH with 2 mM of NaNOs3 (full lines). In the blank voltammetry,
for both surfaces we observe a featureless voltammogram between +0.3
V and -0.5 V vs. RHE. When more negative potentials are applied, both
surfaces evolve hydrogen, with Cu (111) being more active for HER with
an onset potential of -0.4 V compared to -0.5 V for Cu (100). With
nitrate in solution, reduction currents are observed for both surfaces at
much lower potentials than HER. Cu (111) shows two reduction peaks,
the first one starts at +0.15 V reaching a maximum current density of ca.
-0.4 mA/cm? at +0.1 V. The second peak has an onset potential of -0.15 V
reaching a maximum current density of ca. -3 mA/cm?2at -0.5 V. On the
other hand, Cu (100) shows one peak starting at +0.1 V reaching a
maximum current density of ca. -4.3 mA/cm? at -0.3 V. According to the
literature?4 32.37. 95 the first reduction product of nitrate reduction is
nitrite. The small reduction peak starting at +0.15 V on the Cu (111)
electrode is probably associated with this first reduction step:

NO3' + H,0 + 2e- -> NO;- + 20H- (2.1)

as is evidenced by the absence of this peak when the reactant is NaNO;
(see Fig. 2.1b). The voltammogram obtained with Cu (100) only shows
one wave with an onset potential of +0.1 V, associated with the
formation of nitrite and further reduced products as suggested by the
CVs for nitrite reduction shown in Fig 2.1b. Cu (100) shows a diffusion-
limited plateau with a maximum current density of ca. -4.3 mA/cm? at
around -0.3 V, this limiting current being dependent on rotation rate. A
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Levich plot of the rotation-rate dependence of the current plateau is not
perfectly linear; from the slope we estimate that the number of
electrons involved in the process is between 5 and 7 (with 6
corresponding to the formation of hydroxylamine). On the other hand,
the CV obtained for Cu (111) is only partially diffusion limited and does
not reach a plateau current. Although on Cu (111) the reduction of
nitrate has a lower onset potential, the reaction appears to become
blocked by intermediates of the hydrogen evolution reaction, which has
a more positive onset potential on Cu (111) than on Cu (100), and as a
result the nitrate reduction is not able to reach full diffusion limitation

on Cu (111).
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Figure 2.1: Cyclic voltammetry recorded at Cu (111) and Cu (100) electrodes
in 0.1M NaOH in the absence (dashed lines) and presence (solid lines) of a) 2
mM NaNOs and b) 10 mM NaNO: Experimental conditions: scan rate 50 mV/s;

rotation rate 400rpm.
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We note that in the presence of nitrate there is a strong poisoning effect
on Cu (111) as illustrated in figure 2.2, showing cyclic voltammograms
of the nitrate reduction reaction as a function of the cycle number for Cu
(100) (Fig.2.2a) and Cu (111) (Fig.2.2b) electrodes in a 0.1 M NaOH
solution containing 2 mM NaNOs. The reduction peak observed at +0.15
V in the first cycle of nitrate reduction on Cu (111) is absent in the
following cycles, suggesting that the reaction on Cu (111) is inhibited
already after the first cycle. Both electrodes show deactivation with
cycling in the potential window shown in Fig.2.2, but the deactivation of
the Cu (111) electrode is much more pronounced than for Cu (100). If
the negative vertex of the potential window is limited to -0.4 V (see
Fig.2.3a), Cu (100) does not show deactivation, suggesting that the
deactivation is associated with the formation of adsorbed hydrogen. On
the contrary, Cu (111) still shows deactivation also if the potential scan
is limited to -0.4V (see Fig.2.3b), in agreement with the lower onset
potential for hydrogen evolution and hydrogen adsorption on Cu (111).
This inhibition and deactivation by adsorbed hydrogen is also known for
nitrate reduction on Pt24 9. Similarly to nitrate reduction on Pt the
negative differential resistance that is the result of the inhibition by
adsorbed hydrogen can give rise to spontaneous (current) oscillations9?
during nitrate reduction, as illustrated in Fig.2.2a for Cu (100). These
oscillations are caused by the interplay between the negative
differential resistance and the ohmic resistance of the electrolyte
solution?8. The possibility of poisoning of the electrode by intermediate
N-containing species was also considered. However, we consider it less
likely considering that self-poisoning typically does not lead to a
negative differential resistance, but rather to a lower overall current.
The observed negative differential resistance is characteristic for
poisoning by a parallel side reaction, in this case hydrogen adsorption.
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Figure 2.2: Cyclic voltammetry recorded at a) Cu (100) and b) Cu (111)
electrodes in 0.1 M NaOH in the presence of 2 mM NaNO3 as a function of the
cycle number. First cycle starts at 0.35 V vs. RHE. Experimental conditions:
scan rate 50 mV/s; rotation rate 400rpm
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Figure 2.3: Cyclic voltammetry recorded at a) Cu (100) and b) Cu (111)
electrodes in 0.1 M NaOH in the presence of 2 mM NaNOs in the potential
window between +0.35 and -0.4 V vs. RHE as a function of the cycle number.
Experimental conditions: scan rate 50 mV/s; rotation rate 400rpm.

37



2.3.1.2 Ion Chromatography and OLEMS data

Fig.2.4 illustrates the formation of nitrite detected by Ion
Chromatography as a function of the cycle number for Cu (100) (Fig. 4a)
and Cu (111) (Fig. 4b) in a 0.1 M NaOH solution containing 2 mM NaNOs.
The onset potential for the formation of nitrite matches the onset
potential seen in voltammetry (see Fig.2.1), i.e. +0.15 V for Cu (111) and
+0.1 V for Cu (100). The profile of the formation of nitrite on Cu (100)
shows a maximum at -0.1 V, and decreases at more negative potentials,
indicating the further reduction of nitrite. On the other hand, the
formation of nitrite on Cu (111) shows a less accentuated profile, with a
plateau, suggesting that further reduction is slow. Moreover, consistent
with the deactivation of Cu (111) shown in Fig.2.2, Cu (111) does not
form any nitrite in the second cycle of the voltammetry, whereas Cu
(100) shows only a small decay in the amount of nitrite formed
compared with the amount formed in the first cycle. Note, however, that
the employed scan rate in Figure 2.4 is significantly lower than in
Figures 2.2 and 2.3.
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Figure 2.4: Formation of NO2- detected with online ion chromatography from
a) Cu (100) electrode and b) Cu (111) electrode in a 0.1 M NaOH solution
containing 10 mM NaNOs. Scan rate =1 mV/s
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The possible formation of gaseous products such as N;O, NO or N;
during the reduction of nitrate, was followed by OLEMS. As Fig. 2.5
shows, neither Cu (111) nor Cu (100) form any gaseous products other
than hydrogen, which is associated with the reduction of water from the
electrolyte.
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Figure 2.5: Mass fragments associated with various products measured with
OLEMS for the reduction of 10 mM NaNO3 in 0.1 M NaOH solution in Cu (100)
(green curves) and Cu (111) (blue curves) electrodes. Scan rate = 1mV/s
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2.3.1.3 FTIR spectroscopy

Reaction intermediates or possible adsorbates on the electrodes were
followed by FTIR in order to obtain a better insight about the
intermediates and the mechanism of the reaction. Fig.2.6 displays the
potential dependent absorbance spectra with respect to the reference
potential (0.35 V). In agreement with the onset potentials for nitrate
reduction observed in the CVs (fig.2.1) and IC (fig.2.4), the absorbance
spectra also show that the onset potential for the reduction of nitrate is
0.15 V on Cu (111) and +0.1 V on Cu (100), as observed by a negative
band at 1370 cm! associated with the consumption of nitrate%.
Simultaneously to nitrate consumption the formation of nitrite can be
seen by the positive band at 1231 cm-, which appears at similar
potentials to those observed by IC (Fig.2.4). Interestingly, the band
observed at 1191 cm! during the reduction of nitrate on Cu (100)
indicates the production of hydroxylamine (NH.OH)% at potentials
more negative than 0 V (see Fig.2.6 left panel). By contrast, the spectra
recorded with Cu (111) do not show the band at 1191 cm-t. However,
cathodic currents are observed in the reduction of NaNO; on Cu (111),
suggesting that nitrite can still be reduced. Fig. 2.1b shows similar
limiting currents for both surfaces, suggesting that the reduced product
has the same nature, but is formed with a slower rate on Cu (111).
Therefore, we suggest that, even though clear hydroxylamine bands are
not present in the FTIR spectra on Cu (111), the most likely product is
still NH,OH. The absence of the bands related to hydroxylamine in the
working potential range suggests that hydroxylamine is formed with a
too low concentration at potentials less negative than -0.35V. Also, it is
important to highlight the absence of adsorbed NO on both copper
surfaces, even when the FTIR spectra were recorded in NaOH solution
using D20 (See Appendix I Fig. AL.1.). The negative band observed at
1623 cm! is due to the O-H bending of water.
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0.1 M NaOH, 10mM NaNO,
Cu (100) Cu (111)

0.001 a.u.

0.001 a.u.

<1191 cm’

1623 cm”
<1231 em’

A|-0.35V

 1231cm’

£
54
©
o
©

1370 cm”
. 1370 cm”

absorbance / a.u.
-0.05V

-
035V

2200 2000 1800 1600 1400 1200 2200 2000 1800 1600 1400 1200
wavenumber / cm’™

Figure 2.6: Potential dependent absorbance spectra for the reduction of 10
mM NaNOs on Cu (100) (left panel) and on Cu (111) (right panel) electrode in
0.1 M NaOH solution. Reference spectrum recorded at 0.35 V vs. RHE.
Potential step is 0.05V.

The reduction of nitrite (NO2") was also studied by FTIR on both copper
surfaces (see Fig. 2.7). As the CVs in Fig.2.1b show, the reduction of
nitrite on Cu (100) starts ca. +0.1 V earlier than on Cu (111). Similar to
nitrate reduction, also for nitrite reduction the Cu (111) electrode
shows a more pronounced inhibition by hydrogen than Cu (100). FTIR
spectra were taken in 0.1 M NaOH solutions containing 10 mM of NaNO
(see figure 2.7). Spectra obtained with Cu (100) show a negative band at
1235 cm?! corresponding with the consumption of nitrite!® and a
positive band at 1191 cm! assigned to the formation of
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hydroxylamine?. When Cu (111) is used, the spectra only show a clear
negative band at 1235 cm! corresponding to the consumption of nitrite
suggesting that nitrite is indeed reduced further. A small band can be
observed at 1190 cm! suggesting formation of hydroxylamine in
accordance with the cathodic currents observed in the reduction of
NaNOz on Cu (111).

Detection of hydroxylamine with another analytical technique such as IC
was not technically feasible due to the chemically decomposition of
hydroxylamine in alkaline media in the presence of oxygen as described
by Hughes et al. 101,
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Cu (100) Cu (111)

0.001 a.u. 0.001 a.u.

~ 1191cm’

1620 cm’
1235 cm”

-0.35V

1620 cm”’
1235 cm”

absorbance / a.u.

-0.05V

! . ] . L _|o3sV : ] . ! e
1600 1400 1200 1600 1400 1200
wavenumber / cm’”

Figure 2.7: Potential dependent absorbance spectra for the reduction of 10
mM NaNO:z on Cu (100) (left panel) and on Cu (111) (right panel) electrode in
0.1 M NaOH solution. Reference spectrum recorded at +0.35 V vs. RHE.
Potential step is 0.05V.
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2.3.2 Nitrate reduction in acidic media

In order to investigate the pH dependence of nitrate reduction, 32 38
9cyclic voltammetry, OLEMS and FTIR measurements were performed
in 0.1 M HClO4 solution on both Cu (111) and Cu (100).

2.3.2.1 CV and RDE data

Fig.2.8 displays the cyclic voltammograms recorded for Cu (111) and Cu
(100) in a 0.1 M HCI1O4 solution. There is a significant dependence of the
profile of the CV on the surface orientation of the copper electrode. In
the absence of nitrate, Cu (111) is the more active surface for HER, as in
alkaline media, starting at -0.4 V on Cu (111) and at -0.5 V on Cu (100).
In the presence of nitrate, the onset potential for nitrate reduction in
acidic media seems to be rather similar, around +0.2 V vs. RHE, for both
copper surfaces. On both electrodes the cathodic current reaches a
diffusion limited plateau at around -0.1 V. At Cu (111) the current drops
drastically to a value close to zero at -0.3 V to eventually increase again
at -0.4 V due to the hydrogen evolution reaction. The voltammogram for
Cu (100) appears to show two waves with an inflection feature at
around 0 V. The cathodic current reaches a plateau at around -0.2 V with
the same current density as the plateau obtained on Cu (111), ca. -4.5
mA/cm2. CVs recorded on Cu (100) show diffusion limited currents that
depend on the rotation rate, following the Levich equation. From the
slope of the Levich plot, the number of electrons involved in the process
was calculated to be close to 5. From the reduction of NOs-, a 5e- transfer
process would suggest formation of N,. However, OLEMS measurements
showed the absence of nitrogen formation, with the only volatile
product being NO, as shown in Fig.2.9. Cu (111) reaches the same
diffusion-limited current at -0.2 V, but becomes poisoned at ca. -0.3 V,
probably due to the blockage of the surface by adsorbed hydrogen.
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Figure 2.8: Cyclic voltammetry recorded at Cu (111) (blue curve) and Cu
(100) electrodes (green curve) in 0.1M HCIO4 in the absence (dashed line) and
presence (solid line) of NaNOs. Experimental conditions: scan rate 50 mV/s;
rotation rate 400rpm; [NaNO3] = 2 mM

Cyclic voltammograms recorded on Cu (111) and on Cu (100) ina 0.1 M
HCIO4 solution containing 2mM NaNOs, as a function of the cycle
number, are plotted in Fig. 2.10. The evolution of the CVs differs
between the two surfaces. On Cu (111) (right panel) the features a, b
and c give rise to a more negative currents with increasing number of
cycles, and the decay in current observed at -0.3 V in the first cycle is
shifted to more positive potentials in subsequent scans. On Cu (100),
there is no strong effect of repeated cycling and no deactivation. In line
with the greater extent of deactivation of Cu (111) in alkaline media, in
acidic media Cu (111) also shows a much stronger deactivation than Cu
(100) for the reduction of NOs. However, the CV on Cu (111) shows no
deactivation if the negative potential limit is kept above -0.2 V (see
Fig.2.11), suggesting that the cause of the deactivation is adsorbed
hydrogen. As mentioned above, the deactivation of Pt electrode during
nitrate reduction has also been suggested to be related to the formation
of Had5.24
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Figure 2.9: Mass fragments associated with various products measured with
OLEMS for the reduction of 10 mM NaNOs3 in 0.1 M HClO4 solution on a Cu
(100) electrode. Scan rate = 1mV/s
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Figure 2.10: Cyclic voltammetry recorded at a) Cu (100) and b) Cu (111)
electrodes in 0.1 M HClO4 in the presence of 2 mM NaNOs as a function of the
number of cycles. Experimental conditions: scan rate 50 mV/s; rotation rate
400rpm.
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Figure 2.11: Cyclic voltammetry recorded at a Cu (111) electrode in 0.1 M
HClO4 in the presence of 2 mM NaNOs as a function of the number of cycles.
Experimental conditions: scan rate 50 mV/s; rotation rate 400rpm.

2.3.2.2 FTIR spectroscopy

With the aim to elucidate possible adsorbates or intermediates of the
reaction, FTIR measurements were carried out on both copper
electrodes in 0.1 M HCIO4 solution. Fig.2.12 shows the potential
dependent absorbance spectra with respect to the reference potential of
+0.35 V. The FTIR spectra indicate that the onset potential for nitrate
reduction in acidic media is +0.15 V for Cu (100) and +0.1 V for Cu (111)
as shown by the negative bands at 1270 cm! associated with the
consumption of nitrate%t. These values of the onset potential are in
agreement with the values observed with cyclic voltammetry (see
Fig.2.8). Interestingly, the band corresponding to nitrite is not present in
the spectra, probably because of the fast conversion of nitrite into NO in
acidic media, and subsequent reduction of NO to ammonium?2+89. N-O
stretching bands corresponding to adsorbed NO are present in the

46



Chapter 2 | Electroreduction of nitrate on copper electrodes

spectra of both electrodes. On Cu (111), the band appears at 1627 cm-!
102 and on Cu (100) the band appears at 1617 cm- 103, The onset
potential for the formation of NO is difficult to estimate, since the small
NO band is hidden in a fluctuation of the baseline of the spectra due to
changes in the thin layer. Both copper surfaces show a positive band at
1460 cm-! corresponding to NH4*.94 Ammonium formation starts around
+0.1 V vs. RHE for both copper orientations. These observations are
consistent with the results by Bae et al.90.95 , who reported the formation
of NO and ammonium for the reduction of nitrate on copper.
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Figure 2.12: Potential dependent absorbance spectra for the reduction of 10
mM NaNOs3 on Cu (100) (left panel) and on Cu (111) (right panel) electrode in
0.1 M HCIO4 solution. Reference spectrum recorded at 0.35 V vs. RHE.
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2.3 General discussion

From the above results, we conclude that there are both structural and
pH effects for nitrate reduction on copper single-crystal electrodes. We
summarize the relevant reaction steps and observed products and
intermediates in Fig.2.13.

In alkaline media, Cu (111) reduces NOs" to NO2- at lower overpotentials
than on Cu (100). However, Cu (100) reduces NOy further to NH,OH
with a considerably higher rate than Cu (111), reaching almost perfect
diffusion limitation. Nitrite is observed as an intermediate of the
reaction on both surfaces, but no other volatile or surface-adsorbed
intermediates have been identified. Both Cu (100) and Cu (111) suffer
from inhibition and deactivation by the concurrent hydrogen adsorption
reaction. We attribute the deactivation to adsorbed hydrogen since it is
not observed if the potential remains at values at which the HER does
not occur. Cu (111) is more sensitive to this inhibition/deactivation than
Cu (100) because the hydrogen evolution reaction is more active on Cu
(111) and Cu (100), both in acidic and alkaline media. The higher
activity of Cu (111) for HER as compared to Cu (100) is in agreement
with recent theoretical predictions by Santos et al104.

In acidic media, Cu (100) reduces NOs to HNO, at slightly lower
potential than Cu (111). In acid media HNO; forms NO in solution8?
leading to NO.g¢s on both Cu surfaces, which in turn is reduced to
ammonium at roughly the same potential. The reduction of nitrate on Cu
(100) is diffusion limited as in alkaline media, but the reduction does
not seem to correspond to a single product. Irreversible deactivation is
observed on Cu (111) in acidic media, due to the concomitant HER and
the related formation of adsorbed hydrogen.

These results demonstrate that the most suitable copper surface for
nitrate reduction is the Cu (100) surface, in terms of its activity, its
ability to reduce nitrate to an interesting product (hydroxylamine) in
alkaline media, and for its smaller tendency to deactivate due to its
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lower HER activity compared to Cu (111). Remarkably, the final product
of nitrate reduction appears to be pH sensitive: ammonia in acidic
media, hydroxylamine in alkaline media.

a) Cu (100) Cu (100) Cu (100) Cu (100)
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Figure 2.13: Proposed mechanism for nitrate reduction on copper single
crystals in a) acidic media and b) alkaline media.

2.4 Conclusions

Electrocatalytic reduction of nitrate on Cu single crystals has been
investigated by electrochemical methods coupled with in situ and online
analytical techniques, showing that the reduction of nitrate on copper
single crystals is sensitive to both surface structure and pH. In alkaline
media, Cu (111) reduces nitrate to nitrite at slightly lower potentials
than Cu (100), but Cu (100) performs much better in reducing nitrite
further to hydroxylamine. In acidic media, there are some differences in
the CV profiles, but both copper electrodes give the same intermediates
and products: NO, NO.gs and NHy4*. In addition, deactivation of Cu (111)
during the reduction of nitrate or nitrite has a larger effect than on Cu
(100), in both alkaline and acidic electrolytes studied. The nature of the
deactivation is presumably due to the formation of Ha.¢s and the
difference between the extent of deactivation of the two surfaces can be
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related to the higher hydrogen evolution activity of the Cu (111)
electrode. Therefore, nitrate reduction on copper is a pH dependent
reaction, forming NO and NH4* when an acidic electrolyte is used, and
NO; and NH;OH when the electrolyte is  alkaline

50



Chapter 3

Structure-sensitive electroreduction
of acetaldehyde to ethanol on
copper and its mechanistic
implications for CO and CO;
reduction

Ethanol is a highly desirable product of the electrochemical
reduction of CO and/or CO2 on copper. Although ethanol and
ethylene share common intermediates at the early stages of CO/C02
reduction to C2 species on copper, the pathways bifurcate and most
copper surfaces favor the formation of ethylene. We present here a
combined experimental-computational study of the electroreduction
of acetaldehyde to ethanol on Cu(111), Cu(100) and Cu(322). The
experiments show structure-sensitive onset potentials for
acetaldehyde reduction such that lower overpotentials are observed
for more open facets (1322 <1 100 < i 111). Our DFT calculations
show that the electrochemical reduction of acetaldehyde proceeds
via a CH3CH20* intermediate on the three electrodes at high *H
coverage, and that the stability of this weakly bound intermediate
determines the onset potential. Our results suggest that during the
late stages of CO/CO2 reduction to C2 species on copper, ethanol
formation has higher energetic barriers than ethylene formation,
and hence the selectivity is inclined towards the latter. Importantly,
our results suggest that the barriers for ethanol formation can be
lowered by making use of its structure sensitivity.

This chapter has been published as: I Ledezma-Yanez, E Pérez-Gallent, MTM
Koper, F Calle-Vallejo, Catalysis Today, 2016, 262, 90-94



3.1 Introduction

It is well known that CO and CO; can be reduced electrochemically to
useful products. The seminal works of Hori and co-workers pointed out
that copper is a unique catalyst for electrochemical CO; reduction 105-106,
as it is able to produce methane, ethylene and ethanol in different
proportions depending on the electrode potential and morphology.
However, substantial overpotentials and low Faradaic efficiencies
prevent the widespread use of electrolyzers based on copper
electrocatalysts. Currently, the challenges are, first of all, to achieve a
thorough understanding of the intricate multielectron reaction
mechanism, and secondly, to design efficient and selective catalysts
based on such understanding.

The major C; product on copper is ethylene, while there is a marginal
production of ethanol and traces of acetaldehyde 105-106, There are
several indications that these three products share the same reaction
pathway up to a given key intermediate, the