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0. Abstract

In order to overcome both the problem of emission of greenhouse gasses and the problem of the
depletion of our energy source, alternative energy sources have been investigated. Since CO; is the
most prominent greenhouse gas and an abundant carbon source, the electrochemical CO, reduction
reaction (eCO2RR), to hydrocarbons and alcohols (Ca+ products) would be a step forwards in closing the
carbon cycle. In this research, copper is used as an electrocatalyst, since it is the only metal that can
make C,. products in significant amounts. However, the selectivity is still a big problem. Zinc is a great
candidate as a promoter to improve the selectivity of the copper catalyst, due to its selective CO
production, the main intermediate in the CO,RR. The potential synergistic effects of a bimetallic copper
zinc catalyst make this electrode an interesting candidate to tune the selectivity of the CO,RR. Two
different combinations of copper with zinc were used in this research: galvanic replaced and oxide-
derived electrodes. The galvanic replaced electrodes showed an optimum in partial current density of
CO when 2.9 - 6.2 atomic% of copper was present. This optimum is most likely caused by a promoting
and a deteriorating effect counteracting. An increase in electrochemical surface area is suggested as
the promoting effect and the deteriorating effect is likely due to the addition of copper in the Zn/Cu
epsilon phase. The addition of ZnO nanorods to Cu,0 nanocubes in oxide-derived catalysts causes an
increased activity compared to the monometallic electrodes. Unfortunately, reproducibility proves
difficult and the stability of the catalysts remains a challenge, observing dissolution of zinc and dendrite
formation of the copper particles during catalysis. However, the addition of zinc to the copper
electrode resulted in a shift from ethylene to ethanol formation in the CO;RR. Thus, the product
formation of the CO,RR can be tuned by changing the ratio of copper and zinc in an electrocatalyst.

Abstract for laymen

The emission of CO; is a big problem for the environment, since CO; is a greenhouse gas and therefore
causes climate change. To reduce CO, and overcome the problem of the depletion of fossil fuels, the
conversion of CO, towards chemicals and fuels has been greatly investigated. A promising method for
this conversion is with the use of electricity in a reaction called the electrochemical CO; reduction
reaction (eCO2RR) In this reaction hydrocarbons and alcohols (Ca+ products) are made, which are
valuable products if we want to close the carbon cycle. Copper is the only metal that can make Cs.
products in significant amounts. However, it forms a lot of different products, so besides our wanted
C,. products, multiple side products are observed. To overcome this problem, an additional metal can
be introduced. Zinc is a great candidate, since it reacts CO; to CO, whereafter copper can use the CO
to make C,. products. In this research, copper and zinc are combined in different ratios via two
different methods to tune the product formation of the CO,RR. In the first method an increase in CO
formation was observed when 2.9 - 6.2 atomic% of copper was present, but no C,. products were
formed. When less than 2.9 or more than 6.2 atomic% copper was used, the CO formation lowered. In
the second method the performance in the CO; reduction reaction was increased. But unfortunately,
the reproducibility proved difficult and the zinc copper particles were not stable. However, we did form
ethylene and ethanol (both Cy. products) in different amounts. The addition of zinc to the copper
electrode resulted in a shift from ethylene to ethanol formation in the CO,RR. Thus, the product
formation of the CO2RR can be tuned by changing the ratio of copper and zinc in our reaction.
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1. Introduction

In the last era, wealth has taken a leap in the western world, with electricity being available to everyone
and the amount of passenger cars per household still increasing. With this increase in wealth, the
uptake in energy consumption has skyrocketed, see figure 1. The amount of coal, oil and gas being
burnt is at an all-time high and is still enlarging./!! With the combustion of these fossil fuels, a big
problem for the environment is created: the emission of greenhouse gases.!” Greenhouse gases heat
the planet, which in turn causes rising sea levels, extreme weather and changes to plant and animal
life. Furthermore, fossil fuels are depleting, making it a limited and temporary energy source.
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Figure 1. The worldwide energy consumption over time separated in colour for the different energy
sources. Duplicated from Our World in Data ™

In order to overcome both the problem of emission of greenhouse gasses and the problem of the
depletion of our energy source, alternative energy sources have been investigated.®! Renewable
energy sources, such as solar energy systems, use of biomass, geothermal energy and wind energy are
promising, however, they do have downsides. The biggest downside being the intermittence and fixed
location of the energy source, making it difficult to get an even distribution.! Therefore research into
energy storage and energy conversion are crucial. However, the capacity of storage and public
affirmation linger. An alternative for the storage of renewable energy is the storage of emitted CO;
with subsequential conversion into useful chemicals or fuels.!

Since CO; is the most prominent greenhouse gas and an abundant carbon source, the reduction of this
molecule into hydrocarbons and alcohols (C,. products) would be a step forward in closing the carbon
cycle, see figure 2. A highly investigated method for this conversion is the electrochemical CO,
reduction reaction (eCO,RR), since it can be carried out in an electrochemical cell that operates at
room temperature and in aqueous solution.!®”) Hence, this is a sustainable reaction in case renewable
electricity is used.
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Figure 2. A schematic representation of the carbon cycle where CO2 is reduced electrochemically. Reproduced
from Albo et al.l®

Different reaction products can be formed in the CO,RR, with the type of products formed depending
on the binding energy of the metal catalyst used, see theory section 2.2. For example, CO is produced
by Zn, Ag and Au, whereas HCOOH is produced by Pb, Sn and Bi. Some metals are inactive for CO2RR
and produce only H; in the competing hydrogen evolution reaction (HER). Copper is especially
interesting, because it is the only metal capable of producing significant amounts of valuable
hydrocarbon and alcohol products (Cz+ products) like ethylene and ethanol.!!

However, the selectivity towards these C,. products is insufficient, with less valuable products such as
CO and methane being formed.*® Moreover, the reduction potential of the hydrogen evolution
reaction is close to the reduction potential of the wanted products, producing hydrogen as an
undesired side product. A last challenge in this reaction is the high overpotentials that are needed to
drive this reaction in order to break the high bond energies of the CO, molecule. Therefore, numerous
efforts have been made to improve the selectivity, stability and activity of copper-based
electrocatalysts. Common strategies include the use of oxide-derived copper®*™3, tuning the
morphology!***>! and adding a second metal to create a bimetallic system!*®1”), In theory section 2.2,
the specifics of these modifications to the copper electrodes will be discussed further.

The addition of zinc to a copper catalyst is promising in showing the CO spillover effect in the CO;RR,
see figure 3, making it an interesting candidate for a more selective, stable and active catalyst. We will
explore the common strategies of tuning the oxidation state, morphology and chemical composition
for their relevance to improving the CO,RR performance of bimetallic CuZn-based electrodes. In this
research the goal is to answer the following question: “Can we tune the CO;RR selectivity of CuZn-
based electrodes by changing their atomic composition, morphology, and oxidation state?” This will
be accomplished by synthesizing different Cu-Zn electrodes and studying their catalytic activity.
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Figure 3. A schematic representation of the CO spillover effect between zinc and copper in the CO; reduction
reaction.
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2. Theory

This chapter describes the theory needed to correctly interpret the research executed in this thesis.
Firstly, we will give background information about the general electrochemical reduction of CO;. Then,
bimetallic systems, and more specifically Zn/Cu bimetallic systems, will be discussed. Lastly, the
background theory on oxide-derived electrocatalysts and morphology effects in the CO;RR will be
described.

2.1. The electrochemical CO2 Reduction Reaction

The CO, Reduction Reaction (CO2RR) is performed in an electrochemical cell. Multiple types of
electrochemical cells can be used to perform this reaction. Examples are the H-cell, most commonly
used to screen electrocatalysts for fundamental research,*® the flow cell, used for representations of
scale ups, and the membrane electrode assembly,*® where the catalyst is coated directly on the
membrane. In this research, an H-cell is used, as shown in figure 4. This electrochemical cell consists
of an anodic and a cathodic side, separated by a membrane. On the anodic side, there is a counter
electrode e.g. platinum or glassy carbon, and an anolyte. On the cathodic side, we can find the working
electrode, Ag/AgCl reference electrode and a catholyte. The membrane is an anion exchange
membrane, enabling anions to pass through, while keeping neutral species and cations separated.
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Figure 4. Schematic representation of an H-cell. The electrochemical cell used for the CO2 Reduction Reaction
in this research.

CO, is bubbled through the catholyte, enabling it to dissolve and get in contact with the working
electrode, where the reduction towards the reaction products takes place. However, since CO2 has a
low solubility in water, mass transport limitations are observed in the H-cell.!?” This limits the current
density that can be achieved. Inthe CO,RR, gaseous products, such as carbon monoxide, methane and
ethylene, and liquid products, such as formate and ethanol, can be produced. Oxidation occurs at the
counter electrode, forming oxygen from water.

2.2. Selectivity problem

Thus far, at least 17 different products have been reported in the CO, Reduction Reaction, all with
similar equilibrium potentials. In table 1, relevant half reactions are summarized, together with their
equilibrium potentials and the major product. The reactions can be classified by the amount of
electrons used in the catalysis, e.g. six-electron reactions towards methane or methanol or the eight-



electron reaction towards ethylene. Unfortunately, unwanted hydrogen gas is also formed with two
electrons, making it a competitive reaction: the Hydrogen Evolution Reaction (HER).

Table 1. The equilibrium potentials for the reduction reactions occurring during the CO2RR. Duplicated from

Nitopi et al.[?
Reaction
2H,0 — O, + 4H" + 4e”
2H* +2¢” = H,
xCO, + nHY + ne™ = product + yH,0
CO, + 2H" + 2¢” — HCOOH_,,
CO, + 2H' + 2¢” — CO(y + H,0
CO, + 6H' + 6¢~ — CH;OH,,) + HyO
CO, + 4H" + 4¢- — C, + 2H,0
CO, + 8H' + 8¢~ — CHyy + 2H,0
2C0, + 2H" + 2¢” — (COOH),,
2CO, + 8H" + 8¢~ — CH,COOH,,, + 2H,0
2CO, + 10H' + 10¢” — CH,CHO(,, + 3H,0
2CO, + 12H* + 12¢” — C,H;OH ) + 3H,0

2C0O, + 12H" + 12¢” — C,Hy(,y + 4H,0
2C0, + 14H" + 14¢” = C,Hy(, + 4H,0
3CO, + 16H" + 16¢” — C,H,CHO,, + SH,0
3CO, + I8H' + 18e” — C3H,0H ) + SH,0
xCO + nH* + ne™ — product + yH,0

CO + 6H" + 6e” — CH,(,y + H,0

2CO + 8H" + 8¢~ — CH,CH,0H,,, + H,0
2CO + 8H* + 8¢~ — CyHy(,) + 2H,0

E%/[V vs RHE] (Product) Name, abbreviation
1.23 Oxygen Evolution Reaction, OER
0 Hydrogen Evolution Reaction, HER

CO, Reduction, CO,R
-0.12 Formic acid
—-0.10 Carbon monoxide
0.03 Methanol, MeOH
021 Graphite
0.17 Methane
—0.47 Oxalic acid
0.11 Acetic acid
0.06 Acetaldehyde
0.09 Ethanol, EtOH
0.08 Ethylene
0.14 Ethane
0.09 Propionaldehyde
0.10 Propanol, PrOH
CO Reduction, COR
0.26 Methane
0.19 Ethanol, EtOH
0.17 Ethylene

The selectivity is dependent on the binding energies of CO2RR intermediates and adsorbed hydrogen
on different catalyst metals, as shown in Figure 5. Metals with a positive binding energy for CO, (e.g.
Cd and Sn) bind CO; weakly and therefore produce formate. Metals with a positive binding energy for
CO (Ag, Au and Zn) are capable of binding CO, and reducing it to CO, but they release CO too easily to
reduce it further. Therefore, these metals produce primarily CO. The third group of metals is the metals
with a negative binding energy for hydrogen (Ni, Pd and Fe). These metals strongly release H; in the

Hydrogen Evolution Reaction.??
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Figure 5. CO; reduction metal classification. Duplicated from Bagger et al.!?*



Copper is the only metal that can produce significant amounts of valuable products that require C-C
coupling, such as hydrocarbons and alcohols. This ability to form C-bonds is due to copper’s negative
adsorption energy for *CO but positive adsorption energy for *H (see Figure 5).2*) Hydrocarbons and
alcohols, also called C,. products, are of special interest due to their high energy density and high
economic value.?” However, copper is unselective, and in addition to C. compounds, less valuable
products such as CO, hydrogen and methane are formed.” Therefore, several efforts have been made
to increase the selectivity of copper-based electrocatalysts, including the use of bimetallic
systems,2>2% oxide-derived copper,***3?71 and tuning the morphology of the catalyst****!. These three
improvement strategies will each be discussed in the following subsections.

2.2.1. Bimetallic copper systems

Bimetallic systems are frequently used as a method to increase the selectivity of a copper catalyst by
generating an in situ source of CO. CO is the main intermediate in the CO;RR towards C,. products, but
has a poor solubility in aqueous solutions.?® Therefore a low current density is observed, however, if
a co-catalyst produces CO selectively, the mass transport limitations could be decreased. As a result,
this in situ produced CO can then be reduced to hydrocarbons or alcohols on copper nanoparticles.?!
This tandem catalysis is also known as the spillover effect.

Addition of various metals to Cu-based electrocatalysts have been investigated for synergistic effects.
Upon intimate mixing of two metals, the electronic structures can be changed, thus creating new active
sites.[?! Especially the addition of gold and silver are state-of-the-art for the production of CO.3%32 For
example, Ting et al. synthesized a Cu-Ag catalyst and observed a fivefold improvement in ethanol
production. They propose that the excess of CO formed by silver is aiding this transition from CO;
towards ethanol.l*”! Cu-Au alloys developed by Jia et al. were selective towards alcohols in aqueous
systems.33! And Huang et al. report a 3.4-fold enhancement in faradaic efficiency toward C,H; and a
doubled activity when comparing Ag/Cu nanocrystals to the monometallic system.?’!

Beside Ag and Au, also Zn is known to selectively produce CO."?®! Furthermore, it is low-cost, non-toxic
and the 23" most abundant element on Earth.?* Furthermore, the atomic radii of zinc and copper are
similar (139 and 140 pm, respectively), making them great candidates for alloys with multiple mixed
states.[* Therefore, the chemical composition and degree of alloying can be varied to a great extent.
This provides ample opportunity for tuning the electronic properties of both metals, which might
benefit their electrocatalytic CO,RR performance.

However, challenges can be expected when using zinc in the CO,RR. One of the biggest challenges is
the dissolution of zinc, which can be explained with the Pourbaix diagram, see figure 6. The standard
reduction potential of zinc is -0.76 V vs. SHE, causing zinc to be unstable in H,O and dissolve at open
circuit. This results in restructuring of zinc particles during catalysis in aqueous solutions. The
dissolution of the zinc catalyst decreases the stability of the catalyst, but seems to have no influence
on the product formation in the CO,RR.® Another disadvantage is the high overpotentials required
for zinc to be active in the CO,RR.1?®! Therefore, competition with the hydrogen evolution reaction is
observed.
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Figure 6. Pourbaix diagram of Zn at standard conditions.

Cu/Zn bimetallic systems

The combination of copper and zinc for the reduction of CO, has gained the interest of many
researchers recent years, both in simulations and in experimental work. The synergistic sites of CuZn
nanoparticles are considered to have a great influence on the adsorption of CO and therefore play a
big role in the selectivity of the CO,RR.E”! CuzZn bimetallic catalysts with faradaic efficiencies outshining
monometallic copper systems have been reported.??! Furthermore, CuO and ZnO are often used
together, where CuO is used as a promoter in the methanol production of Zn0.® Not only C; products
have been reported in literature, also increased faradaic efficiencies towards C. products have been
ascribed to the combination of copper with zinc. Recently, Dongare et al. combined CuO and ZnO via
co-precipitation. They saw the faradaic efficiency toward ethanol increase from 9 % to circa 22.3 %
when 10 w% ZnO is added. This effect is ascribed to the abundance of CO in solution produced by zinc,
and the ability of copper to bind CO and CH, forming *COCH.*3!

Alloys

When varying the ratio of zinc and copper, different alloy phases can be formed, because the parent
structures of the two metals differ (hexagonal close-packed for Zn versus cubic close-packed for Cu).
The different possible alloy phases are depicted in Figure 7 and called intermetallic compounds.% The
changes entailing intermetallic compounds in electronic structure, chemical bifunctionality and
geometric strain allow for modified chemical binding of intermediates on the catalyst surface.!*"!
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Figure 7. The equilibrium phase diagram for Cu/Zn, showing five different stable CuZn alloy phases called a, 6,
v, 6, €, n. Duplicated from M. Ahlers.*!

2.2.2. Oxide-derived electrodes

Oxide-derived electrodes are widely studied for their improved CO,RR performance as compared to
the pure metals. However, a detailed mechanism of oxide-derived species and their performance in
the CO;RR is still under debate. One of the often mentioned explanations for the improved
performance is the increased surface area of oxide-derived particles, containing more defects, which
increases their activity. In turn, more protons are consumed, which increases the local pH. This
suppresses the hydrogen evolution reaction and thus enhances the selectivity for C,. products.*?

Oxide-derived copper shows an improved catalytic performance as compared to its metallic
counterpart.'? In research conducted by Ren et al., the faradaic efficiency of ethylene and ethanol
were increased from 13.8% and 0% to 39% and 16%, respectively, when going from metallic copper to
oxide-derived copper electrodes.*” The study was executed with Cu,O films of different thicknesses
and analysed by SEM, XRD and in-situ Raman spectroscopy. They suggest a Cu® oxidation state to be
responsible for their results, since the surface of their Cu,0 electrode is reduced and remains metallic
under COzRR conditions. However, research performed by de Luna et al. on oxide-derived copper
catalysts supported by DFT calculations suggests that Cu® is an important species in ethylene
formation, due to its stabilization of the OCCOH* intermediate.*?

Not only oxide-derived copper, but also oxide-derived zinc shows this improved catalytic performance.
A more detailed explanation of this phenomenon in oxide-derived zinc electrodes is described in the
review written by Solomon et al.*¥! Herein, it is explained that the hydrogenation of CO on a ZnO-
derived catalyst favours methanol production, in which the C-O bond is retained, instead of the
expected methane, in which the C-O bond is broken. The reason for this unusual retaining of the C-O
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bond is that CO binds to the coordinatively unsaturated zinc ion as a sigma donor. This eventually
causes the C-O bond to be stronger and results in methanol formation.

2.2.3. Morphology

A third parameter that is important for tuning the electrocatalytic performance is the electrode
morphology. It is known that by nanostructuring, a higher roughness and surface area of the catalyst
particles are introduced. Furthermore, more defect sites are generated, which have been shown to
possess a higher binding energy for CO, and an enhanced catalytic conversion towards Cz. products.!*
Recently, da Silva et al. researched the effects of chemical composition and surface morphology on the
CO,RR of CuZn electrodes. They found that nanostructure shape had a bigger influence on the
production of Cz products than chemical composition. The nanocubes, exposing the (100) facet of
copper, enhanced the C,. production most, which is in agreement with other literature reports on Cu
particles.l>*!

Since nanostructured zinc electrocatalysts are already investigated in our group, we can expand on
earlier obtained knowledge. Han et al. synthesized ZnO nanorods of different size and thickness, and
found that reduction changed the morphology immensely.“!! The thinnest nanorods became sponge-
like after reduction in CO, saturated 0.5 M KHCOs, while the middle and thickest nanorods maintained
their structure. However, when reduced in CO; saturated 0.1 M KCIO4, nanoplates were formed. Of all
morphologies tested in this research, these nanoplates showed the highest faradaic efficiency for CO.

Unfortunately, performing morphological studies can often prove difficult. First of all, imperfections in
the structure of catalyst particles make it difficult to disentangle shape effects from other effects like
the amount of surface atoms and other defect sites.?!! Secondly, the catalyst structure is often not
stable during catalysis.* Whereas the morphology can be analysed before and after catalysis,
studying it in situ technique is extremely challenging.[*>4¢!
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3. Methods

This chapter describes the chemicals and methods that were used during this research. First, the
chemicals with purification and vendor will be specified. Subsequently, the synthesis methods, galvanic
replacement and drop casting, that are performed are described. Lastly, the characterization methods
and details of electrochemical measurements will be discussed.

3.1 Chemicals

Copper(ll) nitrate hydrate (99 %), copper(ll)chloride dihydrate (99.0 %), zinc nitrate hexahydrate
(>99%), sodium hydroxide (97.0 %), NH,OH*HCI (99.995 %), 2-propanol (99.5 %), potassium
bicarbonate (99.9 %), Chelex® 100 sodium form, 50 — 100 mesh (dry) and Nafion® 117 solution (5 % in
a mixture of lower aliphatic alcohols and water) were purchased from Sigma Aldrich. Sodium dodecyl
sulphate (99%) was obtained from Acros Organic and ethanol (99.5%) and acetone from VWR chemic.
Kalium chloride (>=99%) was purchased from Fisher Chemical and hexamethylenetetramine (99%) and
sodium nitrate (99.0 %) from Thermoscientific,

All chemicals were used without further purification.

3.2. Galvanic Replacement

Zinc foil (from Goodfellow, 0.025 mm in thickness) was cut into discs of approximately 4 cm?. They
were cleaned by rinsing them three times alternating ethanol and MilliQ water (taken from Direct G®
3UV machine), followed by drying under ambient conditions. To submerse the zinc foil evenly in
solutions, a customized holder was made, see figure 8. Herein, the foil is held in place by pressing it
against a glassy carbon disc and sealed leak-tight using an O-ring.

Figure 8. Representation of the holder used to submerse the zinc foils in solution.
The holder was put in a beaker containing 100 mL of 100 mM Na(NOs). To fully reduce the zinc and

measure the resistance, an linear sweep voltammetry (LSV) from 0 to -0.577 V, electrochemical
impedance spectroscopy (PEIS), then cyclic voltammetry (CV) from -0.577 V to -1.377 V and

13



chronoamperometry (CA) on -1.377 V, all versus RHE, were executed. Hereafter, the reduced zinc foil
was immersed into a Cu(NOs); solution for two minutes to exchange Zn for Cu. To vary the amount of
copper exchanged, the Cu(NOs), concentrations were systematically varied from 0 — 10 mM. The colour
of the foil after this submersion varied from yellow/brown to black depending on the molar
concentration of the Cu(NOs); solution, see appendix A.

3.3. Oxide-derived Cu20-Zn0O-based electrodes

ZnO nanorod synthesis

ZnO nanorods were synthesized via a hydrothermal synthesis method as described by Han et al.*
0.74 g Zn(NOs),*6H,0 and 0.35 g hexamethylenetetramine were dissolved in 50 mL deionized water,
yielding a 0.05 M and 0.05 M solution. Teflon liners were filled with 10 mL solution and sealed and
heated in an autoclave at 85°C for four hours. Afterwards, the white precipitate was collected and
washed three times with MilliQ and once with ethanol. Thereafter, they were left to dry under ambient
conditions.

Cu,0 nanocubes synthesis

Cu,0 nanocubes were synthesized using the method described by Huang et al.[*”! 89.2 mL deionized
water was added to a 250 mL round bottom flask and heated to 33°C in a water bath. 5 mLof 0.1 M
CuCl; solution and 0.87 g sodium dodecyl sulphate surfactant were added and dissolved under stirring
at 450 RPM. After this dissolution, 1.8 mL of 1 M NaOH was added and the solution rapidly turned blue
due to formation of Cu(OH), seeds. Stirring was increased to 1000 RPM and after two minutes, 4 mL
of 0.1 M NH,OH*HClI solution was introduced. After two minutes, the stirring was stopped. The colour
changed from blue to green to yellow to orange in circa six minutes. After growing the nanocrystals
for one hour, the mixture was centrifuged at 4500 RPM for five minutes. The supernatant was
decanted and the precipitate was washed three times with 50 mL of a 50:50 mixture of MilliQ water
and ethanol. Lastly, the Cu,O cubes were washed once with pure ethanol and dried under ambient
conditions.

Working electrode preparation

Glassy carbons (SIGRADUR K-discs from HTW HochtemperaturWerkstoffe GmbH, diameter 30 mm,
thickness 2mm) were cleaned by rinsing with sequentially deionized water, ethanol and acetone. Then,
they were polished with sequentially 1, 0.25 and 0.05 pm Polish MetaDiTM and sonicated for 15
minutes.

To prepare the catalyst ink, 4 mg nanoparticles (either Cu,O nanocubes or ZnO nanorods) were added
to a vial. 1.6 mL MilliQ water, 300 puL 2-propanol and 100 pL 5 wt% Nafion solution were added. The
resulting ink, with a catalyst loading of 0.5 mgin 2000 L ink, was sonicated for 15 minutes and dropped
on a glassy carbon substrate and dried under ambient conditions. A total of 250 pL of this ink in
different Cu,0:Zn0 ratios was drop casted onto each glassy carbon. In appendix E, a list of all sample
names with different Cu,0:Zn0O ratios is given.

Washing treatment

After catalysis all drop casted electrodes are disposed of salts by rinsing them with MilliQ and leaving
them in MilliQ water. Thereafter, the MilliQ is decanted and they are left to dry under ambient
conditions.
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3.4 Characterization

Scanning Electron Microscopy
Scanning electron microscopy (SEM) and energy dispersive X-Ray Spectroscopy (EDX) of the galvanic
replaced electrodes were performed on a Phenom Pro Thermo Fisher.

SEM-EDX micrographs and elemental maps of the oxide-derived particles were made on a Zeiss EVO
15 instrument equipped with a secondary electron detector, operating at 400 pA and 10.0 kV for
imaging and 20.0 kV for elemental maps

SEM micrographs were taken on a Zeiss Gemini 450 equipped with Inlens detector and operated at 10
kV and 500 pA

X-Ray Diffraction
X-Ray Diffraction (XRD) measurements were carried out on a Bruker D2 Phaser with a Co Ka X-ray
wavelength of 1.79026 A.

lon Coupled Plasma
lon coupled plasma was performed on a PerkinElmer Optima 8300 ICP-OES with a PerkinElmer S10
autosampler, the software used was Syngistix.

3.5 Electrochemical measurements

Catalytic testing was performed in a custom-made H-cell. The cathodic side and the anodic side were
separated by an anion exchange membrane (Selemion membrane from ACG engineering) . At the
anodic side, a counter electrode consisting of glassy carbon and carbon paper (TGP-H-060 from Toray)
were used. At the cathodic side, the Ag/AgCl reference electrode (saturated in 3 M KCI, Metrohm) and
the working electrode are present. Both the anolyte and the catholyte consist of 15 mL of 0.1 M KHCO3
solution. The electrolyte was purged for 30 minutes before each measurement with 20 mL/min Ar and
CO, gas for the anolyte and catholyte, respectively.

Electrochemical Impedance Spectrometry (EIS) was performed before each measurement to
determine the cell resistance, typically around 30 Q. All potentials were converted from versus the
Ag/AgCl reference electrode to RHE and iR corrected according to equation 1.

Eir (vs.RHE) = Ejg/agci + 0.209 + 0.059 * pH — iR (1)

Where Eag/agciis the measured potential, | is the current and R is the measured resistance. The pH of
the CO;-saturated 0.1 M KHCOs electrolyte used is 6.8.

The gaseous products were analysed using an on-line gas chromatograph (Compact GC4.0 Global
Analyzer Solution GAS) with three detectors (a Thermal Conductivity Detector, a Flame lonization
Detector and a Flame lonization Detector with a methanizer). Liquid products were measured by
hydrogen nuclear magnetic resonance spectroscopy (H1-NMR on the Varian MRF 400 MHz
spectrometer). The faradaic efficiencies were calculated with use of equation 2, where the moles of
products for gaseous products were calculated with equation 2.1 ..

n, * F x [moles of products] (2)

FE(%) = 0 * 100%

In which ny is the amount of electrons needed to form product x, F is the faradaic constant (96 485
C/mol) and Q is the charge (C) consumed.
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Cy*q (2.1)
Vi

Where Cy is the response factor in ppm, q is the gas flow rate (20 mL/min) and Vy, is the total volume

of an ideal gas (22.4 m3).

[moles of product] =

The liquid products were calculated by making use of an internal standard and acknowledging earlier
measurements.
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4. Results

This chapter will describe the results of both the conducted research on galvanic replaced electrodes
and oxide-derived particles. In section 4.1, the galvanic replaced electrodes are discussed. This section
will be divided in six parts: the catalyst characterization, the activity, the selectivity and the stability
results, a discussion on the roughness effect and a short conclusion and discussion on the method. In
section 4.2, the results of the oxide-derived electrodes is reported. This method has a few advantages
over galvanic replacement, namely the controllable morphology and multiple oxidation states.

4.1. Galvanic replacement

Galvanic replacement is an electroless plating technique in which atoms of a less noble metal are
displaced by a more noble metal.*® In our case, copper will take the place of zinc in a zinc
nanostructure. This technique combines a simple synthesis with a composition that puts copper and
zinc atomically close to each other.*”

4.1.1. Catalyst characterization

Multiple electrodes are synthesised using the galvanic replacement technique: GR_0.5, GR_2.9,
GR_6.2, GR_6.7 and GR_12.5, where the number indicates the atomic percentage of copper as
determined by SEM-EDX (see section 4.1.2. Morphology effects).

SEM-EDX

The morphology of the zinc foils changed drastically upon immersion in the copper solution, see figure
9. We observed two main structural changes. First, the foil was etched, resulting in formation of cracks.
Second, round, pebble-like structures had grown on top of the foil and in between the cracks. EDX
results verify these pebble-like structures to be copper, see appendix B. The copper content was
determined by SEM-EDX to be 0.5, 2.9, 6.7, 6.2 and 12.5 atomic% copper when 1 mM, 2.5 mM, 5 mM,
7.5 mM and 10 mM copper solution were used in the synthesis, respectively, see table 2. Since the
EDX has a penetration depth of circa 2 um, this weight percentage only relates to the upper 10% on
the surface of the electrode.

Table 2. The volumes of copper solution used to prepare multiple molar concentrations of copper
solution.

Sample name | mM copper solution made | mL of 100 mM | mL of deionized water
Cu(NOs3)2*3H,0 used used

GR_0.5 1 1 99

GR_2.9 2.5 2.5 97.5

GR_6.7 5 5 95

GR_6.2 7.5 7.5 92.5

GR_12.5 10 10 90

GRO3 100 100 0

A correlation is seen between the size of the pebbles and the amount of copper in the sample as
determined with EDX. An increased amount of copper resulted in a larger pebble size. As can be seen
in the zoomed-in figures, the structure of the pebbles becomes cauliflower-like when reaching a size
larger than 100 nm. Cauliflower structures are a well-known shape for copper particles and have been
mentioned before in electroless deposited structures.®® In the electrode with least and most copper
content, the pebbles are evenly distributed and roughly monodisperse. In the samples in between,
though, we observe both small pebbles as in GR_0.5 and large pebbles as in GR_12.5. The smaller
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particles are mostly concentrated in the cracks and deeper in the foil, whilst the top layer consist
mostly of larger particles, as can be seen in figure 9 GR_6.7.

When even higher copper concentrations than 12.5 atomic% were used, dendrites consisting of copper
and big chunks consisting of zinc, both of circa 50 um, were recognized, see appendix B. These larger
particles cause the zinc and copper to be farther away from each other and are therefore less
interesting when looking at synergistic effects. Catalytic testing of the sample confirmed this
hypothesis by showing significant hydrogen formation.

e R et A A
GR_0.5, GR_6.7 and GR_12.5 before catalysis.

XRD

The synthesized electrodes were observed with XRD before catalysis to determine the catalyst
oxidation state and discover if the electrodes consist of zinc foil with copper on top or if an intermetallic
copper/zinc alloy phase was present. As can be seen in figure 10, the diffractograms correspond to
that of the zinc foil and thus to metallic zinc. At a 26 of 58° a little peak is observed and at circa 75°,
two little bumps are seen. These correspond to monometallic copper,®¥ and not to an intermetallic
phase of zinc and copper as described in the theory section 2.2.1. The peaks indicating monometallic
zinc shift slightly per sample, however, since the foils were not all perfectly flat while measuring the
XRD, we believe this to be the result of differences in measuring height in the XRD and not of an alloy
formation. From this diffractogram we can conclude that metallic copper structures have grown on
top of the zinc foil, but copper has not infiltrated the hexagonal structure of zinc.

18



GR_12.5 |

Intensity (a.u.)

| | | l GR 6.7

_____J_ L GR_6.2
]
-

L GR_2.9

J ~ GROS5

Zn - ref
T — - T T - T T B
40 50 60 70 80
20 (°)
Figure 10. The normalized diffractograms of the synthesized electrodes before catalysis with increasing copper
content from bottom to top.

4.1.2. Activity

The electrodes with different Cu:Zn ratios were catalytically tested to obtain results on activity,
selectivity and stability during a measurement. The measurements were conducted for two hours on
-1.39 V, the potential with the most CO formation by zinc foil. This potential is determined without
correcting for the resistance in the cell.

To compare the activity of the synthesised electrodes, the total current densities of all samples were
analysed, see figure 11. The current is stable for every sample after approximately 30 minutes.
Interestingly, the synthesised electrodes with both zinc and copper on the surface all show higher
current densities than both monometallic counterparts. This suggests that combining copper with zinc
increases the activity of the catalyst. The synthesised electrodes themselves are ordered in such a way
that with increasing copper content, increasing activity is observed. This could indicate that a
synergistic effect between the copper and zinc occurs.

0
E + GR_2.9
E -10 GR_6.2
© .15
-20

0 10 20 30 40 50 60 70 8 90 100 110 120

t (min)
Figure 11. The total geometric current density of all synthesised electrodes and the two reference electrodes
(zinc and copper foil) versus time.
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4.1.3. Selectivity

Figure 12 shows the faradaic efficiency for different products obtained during catalysis. All synthesised
electrodes exclusively produce hydrogen and carbon monoxide, except for the copper foil.
Interestingly, no C,. products are produced when copper is added to the zinc foil. It is possible that we
did not reach potentials high enough to form Cs,. products, since no correction for the resistance in the
cell was used. We expect the iR-corrected potentials to be around -0.9 to -1.0 V, assuming a resistance
of 30 Ohms. C,. products are known to be formed in significant amounts at potentials of circa -1.1 V.
However, the copper foil itself does produce C,: products at this same potential. Another explanation
for the lack of Cu: products is the formation of an alloy phase giving rise to a change in the product
distribution. Since the product distribution in the CO2RR of all Zn/Cu alloy phases is unresolved, more
knowledge is needed in order to draw a clear conclusion.

The increase of selectivity towards CO when bimetallic systems with copper are used has been
observed before. Zhiyuan et al. propose that the oxygen affinity of copper helps stabilizing the *COOH
intermediate.™® Since they use small amounts of copper, CO gets released before further protonation
can occur.

120% m H2 = CH4 Potential = -1.39 V vs. RHE
m CO C2H4
Missing

100%
80%
60%
40%
20%
0%

zinc GR_0.5 GR_29 GR_6.2 GR._6.7 GR_12.5 copper

Faradaic Efficiency (%)

-20%
Figure 12. Faradaic efficiency per sample, measured at -1.39 V vs RHE, not iR-corrected.

No clear trend is observed in terms of CO : H; ratio. However, when the partial current density for CO
is plotted against the copper content of the electrodes, an optimum atomic composition for the surface
is observed, see Figure 13. 2.9 and 6.2 atomic percentage of copper (in the upper 10% of the electrode)
show the highest partial current density for CO formation with over 6 mA/cm?. A hypothetical Lorentz
fit, as calculated by Origin is drawn in the graph to show the possible maximum. The calculated values
are depicted in appendix C.

20



o
co

6 = —— Lorentz fit

liol(mA/cm?)

0 \ ‘ T ‘ \ ‘ T ‘ T T \
0 20 40 60 80 100

copper (atomic %)
Figure 13. The partial current density for carbon monoxide in mA/cm? plotted against the weight percentage
of copper present in each electrode as determined with EDX.

The maximum can be the result of the Cu:Zn ratio, but other explanations need to be taken into
account as well. Firstly, the morphology of the foil might be altered during the synthesis or during
catalysis, possibly giving rise to an increased roughness of the surface. Moreover, mobility of copper
and zinc species under CO,RR conditions might induce redistribution of both elements and possibly
cause alloy formation, giving rise to intermetallic phases that possess different reactivity. To obtain
more information on these effects, characterization after catalytic testing was performed.

4.1.4. Stability

XRD

When we look at the diffractogram after catalysis (Figure 14), the same peaks are observed as in the
diffractogram before catalysis. Interestingly, additional peaks have appeared at 44° and 49°. These
correspond to the epsilon phase in a Cu/Zn alloy, with around 80% Zn and 20% Cu.? Thus, it appears
that the epsilon alloy phase has formed in certain parts of the electrode. As clear in the zoomed-in
diffractogram in Figure 14, the peaks corresponding to the epsilon phase intensify with increasing
copper content. Hence, we can conclude that copper is integrated in the hexagonal crystal lattice of
zinc, resulting in a crystal structure combination of the zinc and the copper/zinc epsilon phase.

21



‘ - l GR_12.5 AC
i 1 | | \ GR_6.7 AC_
GR_6.2 AC
. GR 2.9 AC

L ) 'GR_05AC_

ZnCu e-phase
1 UL A R

Intensity (a.u.)
Intensity (a.u.)

Zn

40 45 50 40 50 60 70 80
20(°) 20(°)
Figure 14. The normalized diffractograms of the synthesized electrodes after catalysis with increasing copper
content from low to high. The blue strokes indicate the 2 at which the epsilon phase of Cu:Zn alloys is observed.

SEM-EDX

After catalysis, platelets are observed in the electrodes, see Figure 15. Plate-like structures have been
reported in literature when the e-phase of Zn-Cu alloys is observed.3>> However, we observe them
in GR_0.5, which has the least amount of copper, and in GR_12.5, with the most amount of copper,
but not in GR_6.7, with an intermediate amount of copper. Thus, the formation of platelets has no
correlation with the Cu:Zn ratio. If the platelets were to be the e-phase of Zn-Cu alloys, we would
expect the amount of platelets to increase with increasing copper content as we saw in XRD
measurements that the e-phase of Zn-Cu alloys show a positive correlation with the copper content.
Furthermore, EDX measurements confirm the platelets to consist of zinc and oxygen and the small
pebbles seen in between the platelets to be copper mixed with zinc.

GR_0.5 : . e GR_12.5
after catalysis ' -.\"' “Rp - after catalysis

A : Lt QN T
- o N g SR A LSS 3% d}/a
J q‘. bad 2 - >3 b < 3

The change in morphology during catalysis is often observed and is most likely the result of dissolution-
redeposition mechanism.®”! This is confirmed by ICP data, where zinc is observed in the electrolyte,
indicating the dissolution of zinc during catalysis.
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4.1.5. Effect of surface roughness

Anincrease in surface roughness can result in a higher selectivity towards C,. products.l®*=% Therefore,
we would expect more Cu. products for cauliflower shapes than for nanospheres, since cauliflowers
have a higher roughness factor, i.e. more catalytically active sites per geometric unit of area than
nanospheres. This means that it is unsure if the optimum in CO production found is due to the Cu:Zn
ratio or due to the roughness effect. To investigate the roughness of our different samples, the
electrochemical surface area (ECSA) of the samples needs to be determined.

The only method for ECSA determination applicable to our samples is double layer capacitance, which
is a common method for copper samples. However, when trying to find a non-faradaic region for the
zinc foil, it was discovered that there is no such region for zinc. The performed measurements can be
found in the appendix D.

4.1.6. Discussion of galvanic replacement

The copper was introduced in the zinc lattice structure, giving rise to the intermetallic Cu:Zn
compound. An optimum partial current density of CO was observed when 2.9 - 6.2 atomic% of copper
is plated electroless on zinc foil. This optimum is most likely caused by a promoting and a deteriorating
effect counteracting. The promoting effect could be an increase in electrochemical surface area,
resulting in additional CO production. However, since the electrochemical surface area is
undetermined in this project, further research is necessary.

A suggestion for the deteriorating effect is the addition of copper, increasing hydrogen formation. XRD
confirmed the development of the Zn/Cu epsilon phase to grow with increasing copper concentration.
Because copper is known for significant hydrogen formation, we expect the presence of the Zn/Cu
epsilon phase to cause a higher hydrogen formation. To get more knowledge on the product
distribution of the Zn/Cu epsilon phase in the CO2RR, a homogeneous Zn/Cu epsilon phase electrode
should be synthesised and catalytically tested.
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4.2. Oxide-derived Cu20-ZnO-based electrodes

In galvanic replacement, we have no control over the catalyst morphology and (metallic) oxidation
state. In the previous section, it was described that only hydrogen and carbon monoxide were
produced in the CO2RR using the galvanic replaced electrodes. C,. products were absent, even when
copper, which is known for being the only metal to produce a significant amount of C,. products in the
CO4RR, was introduced in the crystal lattice of zinc. As described in the theory in sections 2.2.2. and
2.2.3., apart from using bimetallic versus monometallic particles, the selectivity of electrodes in de
CO4RR can be tuned by changing the morphology or using oxide-derived particles instead of metallic
particles.

The drop casting method allows for an electrode with a quantified amount of dispersed
nanoparticles. Since these nanoparticles are synthesized beforehand, it gives complete control over
the morphology. Specifically, Cu,O nanocubes and ZnO nanorods were used which we reduce
beforehand, giving us oxide-derived species. The cubic shape of copper has been widely investigated
in recent years and has proven to be most promising in making C,. products.[*® ZnO nanorods were
already researched in our group and revealed a Faradaic Efficiency of 45% towards CO.!*4

4.2.1. Catalyst characterization

SEM-EDX

To determine the shape and size of the synthesized particles, SEM images were made. The SEM results
in Figure 16 show the Cu,0 nanocubes and ZnO nanorods after synthesis. The cubes (on the left) are
monodisperse, but look a bit fluffy and lack sharp edges. The larger cubes seem to have a hole in the
middle. This suggests that eight cubes have agglomerated to form one bigger cube. On the right side
of Figure 16, the obtained nanorods after hydrothermal synthesis are depicted. The nanorods are well-
defined, however, particles of two different sizes are visible: larger particles of circa 5 um in length and
smaller particles of roughly 1 um.

100 Cu,0:0ZnO 9% * " M| 0Cu,0:1002Zn0

+ e A

A

Cu;0 nanocubes (left) and ZnO nanorods (right) after synthesis.

iy

Figure 16. SEM images of the

Four ratios of Cu;0:Zn0 ink will be compared in this research: 100 Cu,0 : 0 Zn0O, 90 Cu,0 : 10 Zn0O, 75
Cu,0 : 25 Zn0O and 0 Cuy0 : 100 ZnO. The SEM images below show the electrodes after drop casting
with the four separate inks before catalysis, see Figure 17. In the top row, the electrodes with
monometallic copper (left) and monometallic zinc (right) are depicted. As expected, nanocubes and
nanorods covered by binder are observed. The particles themselves did not change in shape or size.
We do see some particles that are embedded deeper and some that lie at the surface of the electrode.
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In the bottom row, we see the electrodes with mixed Cu,O and ZnO nanoparticles in two different
ratios (90 Cu,0 : 10 ZnO on the left and 75 Cu,0 : 25 ZnO on the right). The left image shows platelets
have formed of roughly the same size the Cu,0 cubes would be. Also, big lumps of agglomerated
platelets are observed. We expect these platelets to be ZnO particles, since they are known to exist in
platelet shape and these were also observed in the galvanic replaced electrodes (see section 4.1.4).
The right image shows a cloud of Nafion binder, with a few cubes and rods (see appendix K for more
images). The cubes and rods do not appear in close proximity, but this is difficult to say because some
particles might be obscured by binder.

Figure 17. SEM images from the drop casted electrodes before catalysis.

X-Ray Diffraction

Before catalysis, the diffractograms of all electrodes depict peaks corresponding to ZnO, Cu,0 or glassy
carbon (the broad peak around 50°), see Figure 18. Remarkably, different ratios of the [200] (at 50°)
versus [111] (at 47°) of Cu,0 are observed for the three electrodes with Cu,0, whilst the same batch
of Cu,0 cubes is used. In the 90 Cu,0 : 10 ZnO sample, the [200] peak, indicating cubes, is absent or
obscured by the peak of the glassy carbon. The low indication of the [200] site corresponds with the
SEM images of the sample, in which no cubes were observed. The other samples with Cu,O nanocubes
drop casted do display this [200] peak at a 26 of 50 degrees. These different ratios of the [200] versus
[111] peak could be the result of preferential orientations of the particles with different Cu,0:ZnO
ratios.
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Figure 18. The normalized diffractograms of the synthesized electrodes before catalysis.

4.2.2. Activity

Catalytic performance was tested by operating chronoamperometry on five different potentials (-0.8,
-0.9, -1.0, -1.1 and -1.2 V vs RHE) two or three times each. The resistance was measured beforehand
and corrected for during each measurement.

Figure 19 shows the total current density during catalytic measurements for the four different
electrodes. A few differences are discovered between the monometallic electrodes and the bimetallic
electrodes. Firstly, the current density for the bimetallic electrodes reach slightly higher cathodic
values than the monometallic electrodes (-8 mA/cm? versus -6 mA/cm?). Secondly, the standard
deviation of the current of all electrodes becomes higher at more cathodic potentials. Thirdly, the
standard deviations are greater when zinc and copper are combined than for monometallic zinc or
copper.

One factor of importance could be the iR shift in potential, which becomes greater at more cathodic
currents and is significant because of the relatively high cell resistance of around 30 Q. Another factor
could be limitations of the transport of CO; to the electrode at high current densities due to the poor
solubility of CO; in aqueous electrolytes.!*™ However, this is especially important at current densities
higher than 20 mA/cm?. At a maximum current density of circa -8 mA/cm?, we do not expect to observe
these problems.?? A third factor is the expected inconsistency of the synthesis method, more variables
causes a greater inconsistency, thus creating a bimetallic system increases the possibility of deviations.
A fourth and last factor of importance is the fact that copper and zinc combined might increase the
activity by display of the CO spillover effect.
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Figure 19. The total current density in mA/cm? during catalytic measurements for the four different electrodes
on five potentials vs RHE plotted against the time.

4.2.3. Selectivity

To find the interesting elemental ratios for this study, multiple samples were made and tested for two
hours at a fixed potential. The results are depicted in appendix G. No other C,. products than C;Hs and
EtOH were observed in significant amounts.

It is known that the CO;RR selectivity is strongly potential dependent. Therefore, the catalytic
performance was measured at five different potentials in the range of -0.8 V to -1.2 V and performed
three times to verify the reproducibility. In Figure 20, the catalytic performance of the four electrodes
is shown. As expected, the catalyst with 100% Cu,O produces multiple products —hydrogen and carbon
monoxide, hydrocarbons and alcohols. Since this research is mainly focusing on C,: products, only
ethylene and ethanol (the C,. products observed) are depicted in the graphs. Graphs with all formed
products can be found in appendix H. The catalyst with only ZnO forms exclusively hydrogen and
carbon monoxide. Interestingly, the catalysts with mixed Cu,O and ZnO particles also show formation
of C,. products, in contrast to the galvanic replaced samples discussed before.

A first note must be made about the significant amount of missing faradaic efficiency observed. A first
reason for the missing electrons is the reduction of the catalyst metal oxides. To quantify this
contribution, a calculation was executed to determine the maximum value in faradaic efficiency
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originating from the reduction of Cu,O and ZnO. This calculation proved that only 0.9% faradaic
efficiency could originate from the reduction of Cu,O and ZnO. The calculations are included in
appendix |. Therefore, this contribution is negligible for our results. A second reason might be the
oxidation of product to CO, and H;0. Since products are observed in both catholyte and anolyte, it can
be concluded that the anion exchange membrane is not selectively permeable. Therefore, we might
oxidise products at the counter electrode. This might also explain the loss of products such as ethanol
discussed below (section shift from ethylene to ethanol formation).

When the product distribution between the samples is compared, interesting differences can be
observed. Copper is known to produce significant amounts of hydrogen, more than zinc. We can see
this corresponds with our catalytic results for the electrodes of Cu,0 and ZnO for all potentials in the
graph. Especially, at a potential range of -0.8 V to -1 V a high faradaic efficiency for hydrogen is
observed for the Cu,0 electrode. The electrodes with mixed Cu,O and ZnO show a higher faradaic
efficiency for hydrogen than ZnO, but lower than Cu,0.

When the CO production between the four samples is compared, it is obvious that the 100 Cu;O : 0
Zn0 electrode makes the least. The more zinc is added to the copper electrode, the higher the faradaic
efficiency for CO is observed. Interestingly, when partial current densities for CO formation are
compared, the electrode with 75 Cu,0 : 25 ZnO shows a higher CO formation than the electrode with
only ZnO, see appendix H.

Ethylene and ethanol formation are mostly observed in the potential range of -1 V to -1.2 V, which
corresponds values described in literature.??! Ethylene formation increases with increasing potential
for all electrodes including copper. More ethanol is formed when 10 or 25 percent zinc is present in
the electrode, especially at moderate overpotentials around -1 V. This phenomenon is also discussed
in the paper of Koper et al. for the cubes, where 100% Cu cubes produced 15% ethanol and 90% Cu
with 10% Zn cubes produced approximately 20% ethanol.[*! The considerable formation of ethanol
around -1 V for both mixed electrodes as compared to the 100% Cu,O electrode is remarkable.
Especially since the ethylene formation for the mixed electrodes is lower than for the 100% Cu,O
electrode. This suggests that the selectivity for the CO2RR can be shifted towards the formation of
ethanol by adding zinc to a copper catalyst.
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Figure 20. Faradaic efficiency for hydrogen, carbon monoxide, ethylene and ethanol depicted for the four

different samples (100 Cu;0 : 0 ZnO, 0 Cu,0 : 100 ZnO, 90 Cu,0 : 10 ZnO and 75 Cu;0 : 25 ZnO), measured

at five different potentials, all depicted vs RHE.

Shift from ethylene to ethanol formation

Figure 21 highlights the ethylene and ethanol selectivity of the different electrodes at three different
potentials. From this figure, it can be concluded that the faradaic efficiency for ethylene increases with
increasing cathodic potential and increasing copper content. The 100 Cu,0 : 0 ZnO electrode produces
more ethylene at the least cathodic potential than the 90 Cu,O : 10 ZnO electrode, which in turn
produces more than the 75 Cu,0 : 25 ZnO electrode. This sequence applies to all three potentials
displayed. Interestingly, this trend is reversed if we look at ethanol. The ethanol FE shows a maximum
at -1.05 V for the 100 Cu,0 : 0 ZnO electrode. For the 90 Cu,0 : 10 ZnO electrode, the maximum FE is
8% at -0.94 V. The 75 Cu;0 : 25 ZnO shows even higher ethanol FE at this potential, 17%. This implies
that the selectivity of the copper electrocatalyst shifts from ethylene to ethanol formation with the
addition of zinc.

This shift from ethylene to ethanol formation has been recognized before in literature for Cu-Ag
systems!*® and a hypothesis for the mechanism has been proposed by Ting et al.*” With their Cu-Ag
bimetallic system, the ethanol:ethylene ratio shifted from 0.4 in a monometallic copper electrocatalyst
to 1.1 in the bimetallic catalyst. Ting et al. ascribe this shift to the abundant CO availability at Cu-Ag
boundaries, facilitating the *CO diffusion and promoting the coupling of *CO and *CH, species. This
results in an increased formation of the *COCH species, intermediate in the reaction pathway for
ethanol. lyengar et al. describe similar results, but include the ratio to be even greater when octahedral
copper particles are used. Recently, Dongare et al. showed similar results for a CuO-ZnOy catalyst,
increasing the ethanol production from 9% for monometallic copper to 22.3% in the bimetallic
catalyst.!*3

The negative faradaic efficiency for ethanol observed at -1.05 V for the electrodes with zinc added can
have multiple explanations. First of all, products are observed in the anolyte, which indicates an
unselective permeable membrane for our products. If our counter electrode oxidizes the products to
CO; and H;0, a loss of products is observed. A second explanation could be the condensation of liquid
products during catalysts, when gas is bubbled, or during storage in the NMR tube.
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Figure 21. The faradaic efficiency in % for ethylene (filled) and ethanol (stripes) plotted against the potential in
V.

4.2.4. Stability

SEM-EDX

To verify the stability of our catalyst during a measurement, SEM images were taken after catalysis,
see Figure 22. All four electrocatalysts show a big change in morphology during the catalytic
measurement, this restructuring is expected to be the result of a dissolution-redeposition mechanism,
where Zn is oxidized to Zn?* and redeposited on the electrode.[®®® This is the result of zinc being
unstable in water, see the Pourbaix diagram in section 2.2.1. In the electrode with only Cu,0, dendrites
have grown. We expect that fragmentation into smaller particles has taken place, followed by
agglomeration to form these larger dendritic structures. This clustering is observed in literature, where
it is ascribed to the high potential used during catalysis.'®” On the electrodes with mixed Cu,0 and ZnO
particles, the particles have fragmented into many smaller particles. On the 0 Cu,0 : 100 ZnO electrode,
an absence of particles is observed, which is confirmed by EDX (Appendix K).

100 Cu,0:07Zn0

after catalysis \‘“\
3 L N 7

0 Cu,0:100Zn0
after catalysis

. N

Figure 22. SEM images from the drop casted electrodes after catalysis.

The particles on the electrode with 90 Cu,0 : 10 ZnO after catalysis were too small for the EDX signal
to be accurate, see Figure 23. For the electrode with 75 Cu,0 : 25 ZnO, a combination of larger particles
in the micrometre range and smaller particles in the nanometre range are present. EDX confirms the
bigger particles to be bimetallic copper/zinc and the smaller particles to be monometallic copper. No
monometallic zinc particles are observed. We also see some big plates, which according to the EDX
mapping contain Nafion binder with copper/zinc cubes inside, see appendix K.
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Figure 23. SEM iage from the drop casted electrodes with mixed Cu20 and ZnO particles after catalysis (on the
left) and SEM-EDX measurements with zinc and copper overlay (on the right).

It appears that particles are lost under CO,RR conditions, since all the SEM images show less particles
than before catalysis. But looking at the activity and the total product formation that stay constant
after two hours, it is unlikely that all zinc dissolved. According to research conducted by Loiudice et al.,
nanocubes are intrinsically more active than spheres, but smaller particles exhibit higher activity than
bigger particles.l®® Therefore, we might lose activity in our catalysis by going from cubic shapes to
spheres, but gain activity in going from relatively large to smaller particles. A second explanation could
be that the particles are too small to see in SEM. It would be interesting to look at TEM images to get
a better resolution. A third explanation is the detachment of Nafion binder, which extracts the copper
and zinc particles. However, this does not explain why more zinc than copper is lost.

X-Ray Diffraction

The XRD after catalysis shows no peaks for the electrodes with only Cu,0 particles and only ZnO
particles, see Figure 24. The two electrodes with mixed Cu,O and ZnO particles do show peaks
corresponding to ZnO. The 75 Cu,0 : 25 ZnO electrode shows peaks corresponding to both ZnO and
Zn, which indicates that the ZnO is reduced during catalysis. The extent of which is difficult to ascertain
due to possible reoxidation in air. The SEM-EDX results indicated bimetallic copper/zinc structures to
be present, however, we did not observe these in the XRD patterns. Probably, the signal is obscured
by the glassy carbon background signal. The 90 Cu,O : 10 ZnO electrode shows new peaks after
catalysis, at 40°, 45°, 55° and 58°, corresponding to carbonates and salts.
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Figure 24. The normalized diffractograms of the synthesized electrodes after catalysis.

4.2.5. ICP results

Both the SEM-EDX and XRD results after catalysis suggest that we lose particles of our glassy carbon.
This could either be during catalysis or during our washing treatment after catalysis, which helps us to
remove some of the electrolyte salts formed on the electrode surface. Both electrolyte and wash water
were measured with ICP for traces of zinc and/or copper. In the catholyte, large quantities of zinc and
copper were observed (up to 42 and 29% of the starting quantities, respectively). This is peculiar
because we would expect our activity to drop when losing particles and thus surface area. The washing
water did not contain significant amounts of zinc and copper. This shows that we lose a significant
amount of catalyst during catalysis.

4.2.6. Discussion/Summary drop casting

Zn0 nanorods Cu,0 nanocubes were drop casted in different ratios and catalytically tested on -0.8, -
0.9, -1.0, -1.1 and -1.1 V vs RHE for thirty minutes. The activity of the bimetallic electrodes was
increased with circa 3 mA/cm? compared to the monometallic electrodes. The reproducibility of the
bimetallic electrodes proved difficult, giving rise to great standard deviations in current density of circa
2 mA/cm?. The mixed electrodes produced C,. products during catalysis and a shift from ethylene to
ethanol formation was observed when ZnO was added to a Cu,O catalyst. This shift is described in
literature for CuAg systems due to the CO spillover effect, where the abundance of CO in solution
causes CO to bind to copper and react with *CH. The obtained *COCH is an intermediate for ethanol
formation.

Both zinc and copper is altered in morphology during catalysis. In copper, dendrite formation is
observed, which is a known morphology for copper structures. Zinc dissolves (is observed in the
catholyte) and therefore decreases the stability of the catalyst.
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5. Conclusions and Outlook

5.1. Conclusions

In order to overcome both the problem of emission of greenhouse gasses and the problem of the
depletion of our energy source, alternative energy sources have been investigated. Since CO; is the
most prominent greenhouse gas and an abundant carbon source, the reduction of this molecule into
hydrocarbons and alcohols (C,+ products) would be a step forwards in closing the carbon cycle. A highly
investigated method for this conversion is the electrochemical CO, reduction reaction (eCO;RR), since
it can be carried out in an electrochemical cell that operates at room temperature and in aqueous
solution.” Hence, this is a sustainable reaction in case renewable electricity is used.

Copper is the only metal that can make C. products in significant amounts. However, the selectivity is
still a big problem. There are multiple ways to improve this such as changing the morphology or using
a second metal as promotor, the latter being used in this project. CO spillover effects can be observed
if the second metal produces CO selectively, since CO is the main intermediate of the CO; reduction
reaction. Thus, the addition of zinc to a copper catalyst is promising in showing an improved selectivity
in the CO,RR due to synergistic effects. Making this electrode an interesting candidate for a more
selective, stable and active catalyst.

Galvanic replacement

Synthesising copper zinc electrodes via galvanic replacement was successfully executed, with multiple
copper-zinc ratios as a result. With increasing copper content, the morphology of the zinc foil changed
to pebble-like structures with increasing size. The X-ray diffractogram indicates that metallic copper
structures have grown on top of the zinc foil, but copper has not infiltrated the hexagonal structure of
zinc.

Activity measurements were performed on potentials between -0.8 and -1.0 V to investigate the
performance of the electrodes during catalysis. All electrodes showed similar and stable current
densities during the two hours of measuring. The product formation during this catalytic tests
consisted of H; and CO, in different ratios. An optimum partial current density of CO was observed
when 2.9 - 6.2 atomic% of copper was present. This optimum is most likely caused by a promoting and
a deteriorating effect counteracting. The promoting effect is conceivably an increase in
electrochemical surface area, resulting in additional CO production. However, since the
electrochemical surface area is undetermined in this project, further research is necessary. A
suggestion for the deteriorating effect is the addition of copper in the Zn/Cu epsilon phase, increasing
hydrogen formation. More research is crucial to confirm this hypothesis.

Oxide derived particles

Zn0O nanorods were synthesised via hydrothermal synthesis and Cu,O nanocubes via the method
described by Huang et al.*”! The ZnO particles were identical in shape but polydisperse, with particles
of both 1 pum and 5 um present. The Cu,0 nanocubes were monodisperse (circa 50 nm) but lack sharp
edges. After drop casting with different Cu,0:Zn0O ratios, all particles were covered by Nafion binder.

The electrodes with different Cu,0:ZnO ratios were catalytically tested on -0.8, -0.9, -1.0, -1.1 and -1.1
V vs RHE for thirty minutes. Both bimetallic electrodes had a higher activity than the monometallic
electrodes with a maximum current density values of circa -8 mA/cm? versus -5 mA/cm?, respectively.
The reproducibility of the bimetallic electrodes proved difficult, giving rise to great standard deviations
in current density of circa 2 mA/cm?. The mixed electrodes produced C,. products during catalysis and
a shift from ethylene to ethanol formation was observed when ZnO was added to a Cu,0 catalyst. This
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shift is described in literature for bimetallic systems due to the CO spillover effect, where the
abundance of CO in solution causes CO to bind to copper and react with *CH. The obtained *COCH is
an intermediate for ethanol formation.[*® Both zinc and copper is altered in morphology during
catalysis. In copper, dendrite formation is observed, which is a known morphology for copper
structures. Zinc is observed in the catholyte and therefore decreases the stability of the catalyst.

This research gives evidence for the tunability of the selectivity for the CO, reduction reaction (CO2RR)
by adding different amounts of zinc to a copper catalyst.

5.2. Outlook

Various investigations can be conducted as follow-up research for this project. First of all, it is difficult
to keep the reaction conditions consistent over multiple measurements. Especially the galvanic
replaced samples showed difficulties, since it was impossible to correct for the resistance in the cell,
due to the set-up used. To be able to keep the potential stable over different samples, it is necessary
to compensate for the resistance and measure it beforehand.

Furthermore, an optimum was observed in the current density for CO in galvanic replaced samples
with an atomic% of copper between 2.9 and 6.2. To determine the promoting and deteriorating effect
in this reaction, it would be interesting to synthesise the epsilon phase homogeneously and measure
it in catalysis. This way, the product distribution in the CO,RR for the Zn:Cu epsilon phase can be
determined, giving knowledge on the effect it had on the reaction performed in this research.

Another unknown factor in this reaction is the electrochemical surface area. Therefore, it is uncertain
if the effect seen in the production of CO is due to the increased Cu:Zn ratio or an altered
electrochemical surface area. To establish the effect of the electrochemical surface area in this
research, it is necessary to calculate the roughness effect value. When more knowledge is gained on
these effects, it would be interesting to synthesise the optimum and perform catalysis on multiple
potentials for longer time, to see the potential dependence and stability of the catalyst.

To gain more knowledge on the stability of the oxide-derived electrodes, TEM images could be made.
These will give a better indication of the morphology of the remained particles after catalysis and EDX
can help to obtain the composition, since TEM has a better resolution than the SEM images that were
used in this research. Furthermore, other binders or a combination of different binders could be used
to see if this helps in maintaining the particles. Multiple suggestions have been reported in literature
about pre- and posttreatments, such as hot pressing methods, and variations in the ink formation, such
as differences in solvents, ionomer, and additives.®¥ Moreover, shorter measurements can be
executed to gain knowledge on the change in morphology and dissolution of zinc over time.

To get a better look at the shift from ethylene to ethanol, different follow-up experiments can be
executed. Firstly, a different morphology of the Cu,O and ZnO particles can be catalytically tested,
since the ethanol:ethylene ratio is described to be even higher for octahedral than for cubic particles
in literature.!*® Moreover, it would be worth investigating the optimal Cu:Zn ratio to be used for tuning
the selectivity of the CO,RR towards ethanol. In the research of lyengar et al. ratios of 2:3 Cu:Zn are
used, while our maximal performance is at 75 Cu;0 : 25 ZnO. The addition of more ZnO might drive
the ethanol formation even further. Another way to investigate a maximum is by testing the Cu,0
particles using CO or a CO/CO, mixture as a starting gas. By using CO as a starting gas, a potential
threshold in the CO spillover effect can be found.
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A challenge observed in this thesis in the production of ethanol is the diffusion of our products through
the anion exchange membrane and anolyte, where it is oxidized to CO, and H,0. Therefore, we lose
products. Research with different membranes is necessary to look at the influence of this diffusion.

Performing the reaction in a flow cell will have multiple advantages. First of all, the flow cell is able to
get to higher currents than an H-cell.?? Secondly, it would prevent the oxidation of the products at the
anodic side. Thirdly, the detachment of particles can be the result of bubble formation in the H-cell,
this will be prevented in a flow cell.
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8. Appendix

Galvanic Replacement

A Photos of the synthesised electrodes
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B SEM-EDX

The following weight percentage of different elements was obtained via EDX:

Naam Cu(NOs); (mM) Zinc (%) Copper (%) Oxygen (%)
GR_0.5 1 96.2 0.5 3.3
GR_2.9 2.5 82.9 2.9 14.3
GR_6.2 7.5 84.9 6.2 8.9
GR_6.7 5 84.6 6.7 8.7
GR_12.5 10 75.5 12.5 12.1

The SEM images of extra samples after catalysis. In every sample, the copper and zinc is mixed, except
for GRO3. For GR_2.9, we can see the copper is concentrated on the small particles. GRO3 was made
with 100 mM copper nitrate solution, but the copper content was not measured.
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C Calculated fit by Origin
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D Double Layer Capacitance

Linear Sweep Voltammetry was performed on the zinc foil and copper foil in a wide potential range,
to find the best potential range for double layer capacitance, see the figures below. The best range
seems to be between 0 and 0.2 V vs RHE, however, at this potential the zinc dissolves. At the rest of
the potentials, no region was observed where both zinc and copper showed no reactions.
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Oxide-derived Cu20-ZnO based electrodes

E

Sample ratios

A list of all sample names with different Cu,0:Zn0 ratios is given.

Name Cu20 atomic % pL Cu20 ink Zn0 atomic % uL ZnO ink
8A 100 250 0 0
8B 90 225 25 30
8C 75 187.5 10 62.5
8D 0 0 100 250
F Photos of the synthesised electrodes

90 Cu;0:102Zn0O 75 Cuz0 : 25 ZnO

100 Cu;0:02Zn0O 0 Cux0: 100 ZnO

G fixed potential study
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IR-corrected Potential vs. RHE

The figure below shows the current density of the different Cu,O : ZnO electrodes over time, measured
on a fixed potential (see the figure above for the potential per sample). The electrode with only ZnO
shows the highest current density and therefore the least activity. The Cu,0 electrode has a slightly
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increased activity. Interestingly, the electrodes with mixed Cu,0 and ZnO all show an increased activity
compared to the electrodes with only one metal.
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Product distribution oxide-derived particles

The figures below show the faradaic efficiency for the four different electrodes.
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Figure 14. Faradaic efficiency for hydrogen, carbon monoxide, ethylene and ethanol depicted for the four
different samples (100 Cu,O : 0 ZnO, 0 Cu,0 : 100 ZnO, 90 Cu,0 : 10 ZnO and 75 Cu,0 : 25 Zn0O), measured
at five different potentials, all depicted vs RHE.
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The figure below shows the partial current density used for producing a certain product by the four

different electrodes.
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Figure 15. The partial current density in mA used for producing a certain product from the CO2RR (Hz, CO, C2H4
and EtOH, respectively) plotted against the potential in V.

2 electrons are used in the reduction of one ZnO molecule.
In sample 7A (10 Cu20 : 90 ZnO), there was 0.05025 mg ZnO, corresponding to 6.1*107 mol ZnO.

96485

o
*2(
m

ol
0.1177117 C

7200 s
The total current measured was 0.018316 C/s

mol

partial current =

_ partial current _ 1.63488 + 1073
B ~0.018316

total current

=0.9%

) * 6.1 1077 mol Zn0O = 01177117 C

= 1.63488 % 107° C/s
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K EDX results oxide-derived Cu20-ZnO based electrodes
Extra SEM images of 75 Cu;0 : 25 ZnO

The SEM images below show nanorods (on the left image) as well as nanocubes (on the right image) to be present
in the 75 Cu,O : 25 ZnO sample.

1 um 5.00 kv Signal A =SE2 hiag= 1574 KX 14 Jun 2023 1 um 5.00 KV Signal A= SEZ Mag= 11.77 KX 14 Jun 2023

i ZEILS o ZEIS
500 pA WD = 10.6 mm Width = 7.26% um bgh Vacuum — 500 pA WD = 10.6 mm Width = 8,717 um tigh Vacuum
DG08CT 05, 0G8GT 02:4F

Nafion plate formation

As can be seen in the figures below, Nafion plates have formed during catalysis. The left image is an
overview and the right image shows a zoomed in plate, where the cubes can be observed.

18 Sep 2023 504 X SE1 16 Sep 2023
W0 = 1068 mm 14.0815 WO =10.15 mar 141043
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90 Cu20 : 10 ZnO electrode after catalysis
No zinc is observed in the SEM-EDX calculations after catalysis.

Mass Mass Norm. Atom abs. error [%)] rel. error [%
Element At.No. Netto (%] %]

[%] [%] [%] (1 sigma) (1 sigma)
Carbon 6 1142039 80,31 80,31 87,16 3,69 4,60
Oxygen 8 48484 13,16 13,16 10,72 0,71 5,37
Potassium 19 301871 6,03 6,03 2,01 0,10 1,70
Copper 29 5882 0,49 0,49 0,10 0,02 3,31
Zinc 30 104 0,01 0,01 0,00 0,01 75,92
Fluorine 9 0 0,00 0,00 0,00 0,00 5,13

Sum 100,00 100,00 100,00

ZnO0 electrode after catalysis

As can be seen in the figure below, the mass % for copper and zinc is negligible low in the 0 Cu,0 : 100
Zn0 electrode after catalysis. The only elements measured are carbon, oxygen and potassium.

SPUO

Mass Mass Norm. Atom abs. error [%] rel. error [%
Element At. No. Netto %] %]

[%] [%] [9%] (1 sigma) (1 sigma)
Carbon 6 1056776 77,81 77,81 84,96 3,62 4,66
Oxygen 8 62695 15,99 15,99 13,11 0,86 5,36
Potassium 19 250211 5,06 506 1,70 0,09 1,73
Copper 29 7900 0,65 0,65 0,13 0,02 2,87
Zinc 30 4753 0,47 0,47 0,09 0,02 3,74
Fluorine 9 g8 0,01 0,01 0,01 0,01 90,83

Sum 100,00 100,00 100,00
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L Particle ink measurements:

SEM images were made of the nanoparticle inks after different sonicating times. As we can see, the
best distribution of the particles is after 30 minutes of sonicating.

Cu,0 ink:

0 min 10 in ‘ _ 20 min » ‘ 30 min

Zn0 ink:
0 min ‘ 10 min ’ 30 in
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