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ABSTRACT

Toward Efficient Electrochemical Reduction of CO2 to CO: Decorating ZnO
Nanorods with CuxO
Muhammed Yusufoglu
Master of Science in Materials Science and Engineering
August 04, 2023

This thesis investigates CuxO-ZnO based electrocatalyst as a potential cost-effective
electrocatalyst for electrochemical reduction of COz to CO (CO2RR). CO2RR is a viable
solution that can offer a potential source of energy while also reducing the amount of CO>
in the atmosphere. CO2RR to CO presents a promising route due to having the highest
economical visibility among other targeted products. In response, we have synthesized
and examined two sets of CuxO-ZnO electrocatalysts derived from earth-abundant
elements that have high Faradic efficiency (FE) for CO, exceeding 70%.

We initially synthesized CuxO/ZnO electrocatalysts with different amounts of CuxO,
using the electrodeposition technique. The optimized CuxO/ZnO electrode exhibited
elevated selectivity towards CO, achieving a Faradaic efficiency (FE) of 75% at a low
overpotential of -0.8 V vs. RHE. This, in itself, marked a clear improvement from the
performance of bare ZnO, which only achieved a CO selectivity of 48% under identical
conditions. However, an even more significant enhancement in CO selectivity was
observed when CuxO was introduced using atomic layer deposition (ALD). Specifically,
the CuxO-250/Zn0 electrode, prepared with 250 ALD cycles, exhibited a remarkable CO
selectivity of 88% at the same potential, demonstrating the superior performance of ALD
CuxO/ZnO over both bare ZnO and the electrodeposited CuxO/ZnO electrodes.

The addition of CuxO was found to enhance CO selectivity through the introduction
of the new active phase €-CuZns and a reduction in charge transfer resistance (Rc).
Furthermore, the incorporation of CuxO significantly influenced the surface
reconstruction process, resulting in a distinct surface morphology for the CuxO/ZnO
electrodes after CO2RR. This led to an increased surface area compared to bare ZnO,
suggesting a possible contribution to enhanced CO2RR performance.

We also demonstrated that the applied potential substantially impacts the reconstruction
process, affecting the Cu/Zn ratio at the surface, which in turn influences CO selectivity.

We proved that after CO2RR at -0.8 V, the Cu/Zn atomic ratio was higher than that after
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-1.2 V of the same electrode, aligning with our findings on CO selectivity and
highlighting the crucial role of surface Cu in CO production.

We further noted that after CO2RR, the surface composition underwent significant
changes, and the highest Cu/Zn ratio was not necessarily associated with the greatest
initial amount of Cu. Rather, the maximum Cu/Zn ratio was observed in the CuxO-
250/Zn0 electrode, which also exhibited the highest FE of CO. We attribute this variation
to the surface reconstruction process and the galvanic effect between Cu and Zn atoms,
both of which influence the surface composition and, by extension, electrode selectivity.

In summary, this thesis presents a new earth-abundant electrocatalyst that is highly
selective toward CO and provides new insights into the dynamic behavior and surface
composition of Cu-Zn electrocatalysts during CO2RR. These insights will significantly
contribute to future studies aiming to design more effective and efficient Cu-Zn based

electrocatalysts.



OZETCE

CO:'nin CO'ya verimli elektrokimyasal doniisiimii: ZnO Nanocubuklarinin
CuxO ile Dekorasyonu/Modifikasyonu
Muhammed Yusufoglu
Malzeme Bilimi ve Miihendisligi, Yiiksek Lisans
04 Agustos 2023

Bu g¢alisma, maliyet/etkinlik agisindan potansiyeli yiiksek CuxO-ZnO
elektrokatalizorlerinin CO2'nin CO'ya elektrokimyasal indirgenme (CO2RR) reaksiyonu
tizerine elektro-katalitik etkisini incelemektedir. CO2RR reaksiyonu hem enerji kaynagi
saglayabilmesi hem de es zamanli atmosferdeki CO> miktarin1 azaltabilmesi sebebiyle
uygun bir ¢0ziim sunmaktadir. Diger hedeflenen iriinler arasinda, COz'nin
elektrokimyasal yol ile CO'ya doniistiiriilmesi ve bu iiriiniin en yiiksek ekonomik
gorilintirliige sahip olmasi nedeniyle 6n plana c¢ikmaktadir. Bu cgercevede, yapilan
calismada yeryiiziinde bol bulunan elementlerden tiiretilmis iki set CuxO-ZnO
elektrokatalizorleri sentezlenmis ve incelenmistir. Bu elektrokatalizorlerin CO igin
yiiksek Faradaik verime (FE) sahip oldugu gosterilmis ve bu verimlerin %70'i astig1 tespit
edilmistir.

Calismanin ilk kisminda, elektrodepozisyon teknigi kullanarak farkli miktarlarda
CuxO'ya sahip CuxO/ZnO elektrokatalizorleri sentezlenmistir. Optimize edilmis
CuxO/ZnO elektrodunun, -0.8 V (vs. RHE) diisiik asir1 gerilimde %75 faradaik verimlilik
(FE) ile yiiksek CO segiciligi gostermistir. Bu sonug¢ ¢iplak ZnO'nun performansi ile
kiyaslandiginda belirgin bir iyilesmenin oldugunu gdéstermektedir., Ciplak ZnO’nun ayni
kosullar altinda CO’ya kars1 gosterdigi segicilik %48 faradik verime sahiptir.

Ikinci kisimda, elektrokimyasal biriktirme ydntemi yerine atomik katman biriktirme
(ALD) kullanilarak CuxO'nun ZnO iizerine kaplanmasi ile, CO seciciliginde daha da
belirgin bir artisin oldugu bulunmustur. Ozellikle, 250 ALD déngiisii ile hazirlanan
Cux0O-250/Zn0 elektrodu, ayni potansiyelde (-0.8V vs. RHE) CO segiciligi %88 faradaik
verime ulagsmistir. Bu sonuglar ALD yontemi ile hazirlanan CuxO/ZnO elektrotlarinin
hem ¢iplak ZnO hem de elektrokimyasal biriktirme yontemi ile hazirlanan CuxO/ZnO

elektrotlarindan iistiin performansini gostermistir.
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CuxO'nun yapiya eklenmesinin potansiyel altinda yeni aktif faz &-CuZns'lin
olusumuna neden oldugu ve bununla baglantili olarak yiik transfer direncindeki (R()
azalmanin CO segiciligini arttirdigr bulunmustur. Ayrica, CuxO'nun, CO2RR sonrasi
CuxO/ZnO elektrotlari igin belirgin bir ylizey morfolojisine yol agarak, ylizeyin yeniden
yapilanmasi siirecini onemli Olgiide etkiledigi tespit edilmistir. Bu da ¢iplak ZnQ'ya
kiyasla artmis bir ylizey alanma yol agmis vedaha iyi CO2RR performansina katki
sunmustur.

Ayrica, uygulanan potansiyelin yeniden yapilanma siirecini énemli 6l¢lide katki
sundugu gosterilmistir. Bu siirecin yiizeydeki Cu/Zn oranini etkileyerek CO segiciligini
degistirebilecegi bulunmustur. CO2RR sonras1 ayni elektrot i¢in hesaplanan Cu/Zn
atomik oranmin -0.8 V’ta -1.2 V’a gore daha yiiksek oldugu vebunun da CO segiciligi
tizerindeki bulgularimizla uyustugu gozlemlenmistir. Bu sonuglar yiizeyde bulunan
Cu'nun CO tiretimindeki kritik roliinii vurgulamaktadir.

CO2RR sonrasi, yiizey kompozisyonunun onemli degisiklikler gecirdigi ve en
yiiksek Cu/Zn oraninin mutlaka en yiiksek ilk Cu miktar ile iligkili olmadig1 da tespit
edilmistir. Bunun yerine, maksimum Cu/Zn orani, ayn1 zamanda en yiiksek FE degerine
de sahip olan CuxO-250/ZnO elektrodunda gozlemlenmistir. Bu varyasyonun yiizey
yeniden yapilanma siirecine ve Cu /Zn atomlar1 arasindaki galvanik etki ile ilgili oldugu
diistiniilmektedir. Her iki olgunun da de ylizey kompozisyonunu ve dolayisiyla elektrot
seciciligini etkiledigi tespit edilmistir.

Sonug olarak, bu tez, CO'ya kars1 yiiksek secicilige sahip ucuz,yeryiiziinde bol
bulunan elementlerden tasarlanmis alternative bir elektrokatalizér olduguna inanilan Cu-
Zn elektrokatalizorlerinin CO2RR sirasindaki dinamik davranisi ve yiizey kompozisyonu
hakkinda yeni bilgiler sunmaktadir. Bu bilgiler, daha etkili ve verimli Cu-Zn tabanl
elektrokatalizorler tasarlama hedefindeki gelecek calismalara 6nemli Olgiide katkida

bulunacag: diisiintilmektedir.
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Chapter 1:Introduction

For thousands of years, the rate of carbon dioxide (CO>) production in the atmosphere
was relatively balanced. This natural equilibrium was then disturbed by the industrial
activity and the utilization of carbon-based fuels, leading to a rapid rise in the emission
of COq[1]. Presently, the planet is witnessing a huge accumulation of CO> in the
atmosphere, that has started from the early 1700’s [2,3]. Between 1750 and 2021, the
global concentration of CO; in the atmosphere has observed a significant increase from a
280 ppm to 415 ppm [4,5]. Figure 1.1 shows the estimated CO; emission levels up to
2050. It is evident that, unless serious actions are taken toward this issue, the CO, amount
will surge into extremely high levels. This high CO: concentration and its severe
implication cannot be overlooked, as it is accounting for 60% of the climate change.[6].
Therefore, an urgent and efficient solution must be found to mitigate climate change
consequences. One of the proposed solutions is decarbonization, primarily shifting to
energy sources that produce lower levels of greenhouse gases, like photovoltaics and wind
turbines. However, these technologies come with limitations, including challenges related
to electrical energy storage, scalability and versatility [7]. Moreover, energy use is not the
sole contributor to CO> emission. A considerable portion of these emissions comes from
the production of industrial products such as steel and cement, accounting about 12% of
total CO2 emission [8,9]. Thus, the reliance on decarbonized energy sources would surely

mitigate and decrease climate change effects but will never solve the issue completely.

Carbon capture and storage (CCS) technology serves as another option that could possibly
lower the high CO» emissions in the atmosphere. CCS essentially involves the process of
capturing generated CO: and storing it in a location that ensures no environmental impact.
The International Energy Agency (IEA) has set a target to decrease CO2 emission by the
year of 2035, and it is projected that 17% of the planned reduction will be achieved by
utilizing CCS technology.[10]. Nonetheless, the high current cost of CCS technology,
estimated at around 60 $ per ton of CO, presents a considerable barrier for the high
scalability of the process. Thus, making the wide implementation of CCS both

challenging and commercially unviable at present [11]
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Figure 1.1.Projected CO> emissions from 1990 to 2050, comparing scenarios with
and without the implementation of mitigation strategies [12].

Carbon recycling offers an innovative approach of reducing carbon emission in the
atmosphere. One of the promising methods in this regard is converting CO: into
chemicals and energy sources, which offers extensive market opportunities and
substantial advantages [13]. A particular method in carbon recycling is CO;
hydrogenation, which involves a thermal reaction between hydrogen and CO> to form
other chemical products with lower oxidation state of carbon such as methanol, methane,
formic acid etc. [13]. However, while being promising, the process of CO2 hydrogenation
still faces big obstacles that needs to be overcome. The procedure demands a large
quantity of catalysts and requires a high temperature and pressure. Additionally, the
process requires long time for the reaction, which limits its scalability and industrial

application [14].

1.1.The Electrochemical Reduction of CO2 (CO2RR)

Other methods are under investigation and research for carbon recycling. These methods
involves different strategies such as photoreduction of CO; (named as artificial
photosynthesis) [15], photoelectrochemical [16], biochemical [17], radiochemical [18]
and electrochemical reduction of CO» [8]. The electrochemical reduction of CO;
(CO2RR) has caught a significant attention of researchers worldwide. Figure 1.2

summarizes the carbon recycling process using CO2RR. CO2RR is a process that utilizes



electrical current to make an electrochemical reaction occurs. In the cathodic side, the
carbon atom in CO; molecule is reduced from a high oxidation state of +4 to a lower
oxidation one, while water undergoes oxidation and releases oxygen on the anode side.

Both cathodic and anodic reactions are presented in the following equations in an alkaline

condition.
CO2 + xH20 + ye™ = product + zZOH™ Cathodic reaction (CO2RR) (1.1)
2H, 0 =02 +4e +40H Anodic reaction (OER) (1.2)
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Figure 1.2. Schematic illustration of CO2RR [19].

1.1.1Thermodynamic of CO2RR

CO2RR is a thermodynamically favorable reaction at relatively low potentials. Table 1.1
shows the thermodynamic cell potential of the half redox reaction taking place in standard
condition (1M reactants and products, 25°C, 1 atm pressure). Calculated from Gibbs
energy formula shown below. However, in practical condition, CO2RR requires typically
higher potentials that the one indicated in Table 1.1. The reason behind this is that carbon
dioxide is a highly stable molecule with 750 KJ of dissociation energy. This makes the

chemical activation of carbon dioxide quite difficult [20]. Furthermore, CO2RR consists



of multiple electron proton transfer steps and accompanied with slow reaction kinetics,
therefore an overpotential is essential to be applied to fasten up these intermediate steps.
and to run the reaction in acceptable rate [21]. Overall, to overcome CO2RR barriers such
as mass transport limitation, ohmic resistances and activation energies, a high
overpotential needs to be applied.

AGO = -nFEorxn (1 '3)

Table 1.1. Electrochemical reduction of CO; products with standard potentials [22].

Reaction E° (V vs. SHE) Product
COzg) + 2H20 + 2¢” = HCOO™ (aq) + OH™ -1.078 Formate
COz) + 2H20 + 2e” = CO(y) +20H™ -0.934 Carbon
monoxide
COxg) + 2H20q) + 4¢” = C(s) + 4OH™ -0.627 Graphite
COz() + SH20q) + 6¢” = CH30H(1) + 60H™ -0.812 Methanol
CO2() + 6H20q) + 8¢ = CHa(g) + SOH™ -0.659 Methane
2COx(g) + 9H20() + 12e” = CH3CH2OH(j) + 120H -0.744 Ethanol
2COxzg) + 8H20() + 12¢™ = CH2CHazg) + 120H™ -0.764 Ethylene

1.1.2.Advantages of CO2RR

CO2RR has numerous advantages that makes it more favorable than other pre-mentioned
techniques. Notably, it does not require a high temperatures and pressures that are
necessary of the hydrogenation process. Instead, CO2RR can be conducted under
atmospheric pressure and room temperature. Furthermore, the energy input required for
CO2RR is solely electrical current, which can be obtained from renewable energy sources.
This makes CO2RR to be a viable technique for energy storage that converts the electrical
energy, harvested from photovoltaics and wind turbines into chemical products, which
paves the way for more sustainable and less expensive than alternative than batteries.

Moreover, CO2RR can result a various type of products depending on the nature of the
catalyst and operating conditions. This feature allows us to synthesize complex products
such as ethanol or propanol via a single step reaction. It is important to note that this
feature can turn into a potential disadvantage if the catalyst produces a mixture of

products that needs long and costly separation processes [23].




1.1.3.Challenges of CO2RR

In order to scale up the CO2RR process from a lab scale to industrial levels, several
challenges have to be overcome. As discussed before, current CO2RR catalysts requires
a large overpotential to derive the reaction at the rate that is industrially acceptable. This
energy barrier makes the process inefficient and remains an active area of investigation.
Finding selective catalysts is another challenge that needs to be addressed. As noted
earlier, CO2RR can yield various type of products. Therefore, a highly selective catalyst
must be utilized to avoid post-production separation processes. H> evolution reaction
(HER) is another concern for CO2RR. HER occurs at thermodynamical potential of O vs.
RHE, which is close the thermodynamical potentials of CO2RR products shown in Table
1.1. Therefore, the electrocatalysts should be designed in a way that inhibits the undesired
competing HER, while promoting the production of the target product. In some cases, H>
is a desirable product in specific ratios when syngas is the intended product. Overall, HER
has to be controlled during CO2RR to assure production of target product [24]. The third
challenge relates to ensuring an adequate amount of CO; on the surface of the catalyst.
Any limitation in mass transfer can decrease the reaction rate, and consequently reduce
the efficiency of the process. Low solubility of CO: in aqueous electrolytes is the main
cause for mass transfer limitation [11-14] and to solve this issue, researchers have thought
about two distinct strategies. The first strategy is to directly send of CO; onto the catalyst
surface, such as in case of gas diffusion electrodes (GDE) [29]. Alternative strategy is to
increase the pressure of COz, as a higher pressure can drive more CO; into the electrolyte,
mitigating the effect of mass-transport limitation [30]. Additionally, several research have
been dedicated to find and optimize the electrolyte for CO2RR. Different electrolytes were
used to reduce the of mass transfer limitation and solve this issue [10,16-17].

Lastly, the stability of the electrocatalyst over adequate amount of time is a fundamental
requirement for commercialization of CO2RR. The catalyst needs to remain active and
selective over prolonged periods to enable efficient and continuous operation of the

process.

Addressing these challenges and trying to overcome them is crucial to move from
laboratory-scale research to an industrial-scale and have a viable solution for climate

energy.
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Figure 1.3. Classification of monometallic electrocatalysts based in their selectivity
[33].

1.2.CuZn electrocatalyst

CO2RR catalysts are generally classified according to their favored product. One
pivotal study conducted in 1985 by Hori and his team [34]. They conducted CO2RR in
0.5 M KHCOj5 under constant current 5 mA.cm™ and used polycrystalline mono-metals
as electrocatalysts, which resulted in categorizing them into four primary groups as seen
in Figure 1.3. Gold (Au) and silver (Ag), along with zinc (Zn), form a group of metals
that are primarily selective towards CO. Another group, including titanium (Ti), iron (Fe),
nickel (Ni), gallium (Ga), palladium (Pd), and platinum (Pt), is selective towards Ha,
implying their intrinsic characteristic to reduce water rather than CO,. Cadmium (Cd),
indium (In), tin (Sn), mercury (Hg), thallium (TI), and lead (Pb) makes the third group,
displaying selectivity towards formate or formic acid (HCOOH). The fourth group
comprises of only one metal which is copper (Cu). Cu stands apart as the only metal
capable of moving beyond the pre-mentioned products. Its unique characteristic can be
attributed to its adsorption energies with key intermediates as seen in Figure 1.4.
Specifically, Cu is the only metal that has optimum binding energy toward adsorbed CO
(CO*) and adsorbed H> (H*) neither weak nor strong binding. This distinct feature and
optimum binding energies allows adsorbed H* and CO* to further react on the surface

and forms hydrocarbon products [35].
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Figure 1.4.Classification of CO2RR metals [10, 18]

1.3.COz2RR to CO

Among all pre-mentioned possible products, CO and HCOOH are the only product that
have high industrial feasibility. This is due to the fact that the FE of these products have
reached superior values near 100% [35-37]. Additionally, CO is considered to be highly
valuable feedstock in industry, as it is used in the famous Fischer-Tropsch process to
synthesize CHO products [39]. CO is formed on the surface of catalyst by two possible
routes that can be seen in Figure 1.5. The first route starts with the formation of COOH*
intermediate by concerted proton electron transfer (CPET) process [39—41].The formed
COOH* is then converted to form CO* and H>O by another CPET process. Finally, CO*
desorbs from the surface and forms gaseous CO. The other possible route differs by the
formation of COOH*, where it forms by proton decoupled electron transfer process,
where adsorbed CO,* is reduced and protonated in two separated steps as seen in Figure
1.5. Optimizing the binding energy of COOH* is very crucial while designing CO
forming catalyst. Previous studies indicated that the activity of the catalysts is directly

related to COOH* binding energy[42—-43].



co, 00
Absorb l Rate deterr:nining step 1 Rate determ{ining step 2 [ syngas )

@\ i _L _________ alkanes '

05 HO [0}

= \c// Desorb alcohols '
| (H*+e) i

o]

:
|

e

—

CN / *COOoH ; (carboxytic acids)
\c/ H,0 o (

o
=

0O—0

*CO,™ electrode

Figure 1.5. Two possible routes of CO formation during CO2RR [45].

1.3.1.CuZn as an electrocatalyst for CO

While Zn is the sole earth-abundant metal among those monometallic metals
selective towards CO, it demonstrates lower selectivity and activity than both Ag and Au.
To boost Zn's catalytic performance, addition of another element has been proposed, and
Cu emerges as a promising candidate. Cu owes an optimal binding energy to CO* and
has a high charge transfer capacity that can boost the activity and selectivity of Zn [46].
Furthermore, Cu possesses a relatively low market price, making it more financially
feasible compared to other costly alternatives [47]. Several research have used Cu-Zn
electrocatalysts for CO.RR. When Zn ratio is higher than Cu, the catalyst tends to be
selective toward CO. Several researchers have noticed a marked increase in CO
selectivity by addition of Cu, with various reasons proposed for this improvement. For
instance, Wang et al used a galvanic replacement procedure on a Zn foil to prepare a Cu-
Zn catalyst. They observed that the Cu-Zn catalyst surpassed the selectivity of both Zn
and Cu foils, achieving a Faradaic efficiency (FE) for CO of about 95% at -1.0 V vs.
RHE. This was attributed to the stabilization of the carboxyl intermediate (COOH*) [48].
In contrast, Lue et al prepared two different Cu-Zn catalysts: a core-shell and a phase-
separated one. They found that the phase-separated Cu-Zn catalyst demonstrated superior
selectivity towards CO, reaching 94% at -1.0 V vs. RHE [49]. TEM results showed a
formation of Zn layer on the surface of the core-shell catalyst after CO;RR. This
demonstrates that the catalyst underwent reconstruction process and attributed the lower
catalytic activity of core-shell catalyst to the absence of Cu on the interface.

Moreover, Xue and his colleagues reported that Cu-decorated ZnO nanosheets,

synthesized via a wet chemistry approach, exhibited a high catalytic performance towards



CO. By combining is-situ IR spectroscopy , quasi in-situ measurements and DFT
calculation., they found that Cu decoration had reduced the angle of Zn-O, created more
surface defects and improved the physisorption and chemisorption of CO». They further
hypothesized that the presence of Cu decreased the energy barrier from CO>* to COOH*
while promoting the formation of COOH* [46]. Additionally, Wang et al observed that
Cu-doped ZnO yielded an FE for CO higher than 80%. With the help of theoretical
calculation and in-situ measurement, they posited that Cu atoms stabilize neighboring
oxygen vacancies and tune the local electronic structure. This resulted in an increase in
the number of active sites, enhanced electrical conductivity, and a lowered barrier for CO
formation [50]. In conclusion, the use of Cu-Zn based catalysts for CO2RR to CO has
shown impressive results. This motivated researchers to investigate more on this type of
catalysts, given its appealing low cost and plentiful availability, which reinforces their
potential for commercial utilization.

Other reports observe an increase in different products selectivity while using Cu-Zn
catalyst. Mainly, when Cu amount is high enough, the catalyst starts to form other
products beyond HCOOH and CO, such as methane, ethylene and ethanol [50-53].
However, given the concentration of this thesis on the conversion of CO2 to CO, an in-
depth exploration of these alternate products is beyond its scope. For a more
comprehensive understanding, the reader is directed to two pertinent review articles [10,

24].

1.4.Scope and Objectives of the Study

This study is conducted to understand the effect of CuxO addition on the selectivity of
Zn0O nanorods. As explained above, Zn is a metal that belongs to the CO-selective group,
but its low selectivity and activity limit its use on a large scale. The addition of CuxO 1is
intended to enhance CO selectivity and activity due to having an optimum binding energy
to reaction intermediates. However, more in-depth understanding of oxide-derived Cu-
Zn electrocatalysts is still required due to the dynamic behavior of the surface and the
galvanic effect between Cu and Zn. In this study, we showed that the addition of CuxO
improved the FE of CO. Several compositional, structural, and physical characterizations
were implemented to understand the origin of the enhancement. The addition of CuxO

was shown to have a significant effect on the reconstruction process of the surface,
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resulting in a higher surface area of the electrode. Furthermore, we showed that a new
active phase, e-CuZns, formed after the pre-reduction step and CO2RR. The addition of
CuxO further improved the charge transfer resistance (R¢¢) of the electrodes, which results

in faster charge transfer and hence, enhanced CO2RR performance.

In Chapter 2, the experimental procedure of electrocatalyst synthesis, CO2RR

performance testing, and structural and compositional characterizations are explained.

In Chapter 3, we examined the first set of synthesized electrocatalyst, ZnO nanorod with
different amount of CuxO nanoparticles, both layers synthesized using electrodeposition
methods. We further proved that the applied potential affects the compositional
characteristics of the surface, where high CO was observed when the Cu/Zn ratio was

higher on the surface.

In Chapter 4, we examined the second set of CuxO-ZnO, where CuxO was added using
advanced atomic layer deposition (ALD) technique. The addition of CuxO using ALD
showed a more significant improvement in CO selectivity than electrodeposited CuxO.
Furthermore, ALD CuxO showed a greater improvement in reducing Rct and increasing
the surface area. Different amounts of CuxO were deposited on the surface. We showed
that the initial amount of CuxO doesn’t necessarily reflect the compositional
characteristics of the surface. As XPS results suggest, CuxO-250/ZnO showed the highest
Cu/Zn ratio on the surface, while CuxO-400/ZnO and CuxO-500/ZnO showed a lower
amount of Cu on the surface. This result aligns with the FE of CO, further proving the

importance of the presence of Cu on the surface for having high selectivity to CO.
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Chapter 2:Experimental Methods

2.1. Synthesis Procedure

2.1.1. Electrodeposition

Electrochemical synthesis is a well-known deposition technique, operates on the
principle of electrochemical reduction or oxidation, where an electric current or potential
difference is applied between two conductive electrodes that are separated by an
electrolyte. In this process, the substrate (cathode) and the counter electrode (anode),
which is generally graphite or platinum electrode are immersed into an electrolyte that
contains the source of metal ions. The applied potential or current reduces the metal ions
and forming metal atoms that adheres and crystallize on the surface. The morphology,
thickness, and composition of the deposited layer can be carefully controlled by adjusting
the process parameters, such as applied potential or current density, deposition time, the
composition of the electrolyte, the distance between the two electrodes etc.
Electrodeposition holds a distinct edge over alternative deposition techniques, due to its
simplicity and cost-effectiveness, as it does not require expensive or complex instruments
and operates at ambient pressure and temperature. Several materials, compositions and
morphologies can be obtained using electrodeposition by simply adjusting parameters
including potential, temperature, and pH. Furthermore, Electrodeposition stands out due
to its suitability for large-scale deposits which make it a suitable technique for industrial

applications.

Ag/AgCl Reference electrode

Working electrode i =

Beaker

Counter electrode

U

Electrolyte Solution

—_

Hot plate

Figure 2.1.Schematic representation of electrodeposition cell [56].
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2.1.1.1. Electrodeposition of ZnO

Electrodeposition of zinc oxide nanorods (ZnO) were prepared using the recipe
shown in previous report [57] with slight modifications. Zn foils (substrate) were first
cleaned in absolute CoHsOH and then with ultrapure water in an ultrasonic bath for 10
mins each, followed by drying with a lab tissue to avoid rapid oxidation.
Electrodeposition of ZnO nanorods was then implemented in an aqueous solution, which
includes 5 mM Zn(NO3)2-6H>0 and 5 mM HMT. Constant current -0.25 mA.cm™ was
applied for 1 h at 75 °C. Ag/AgCl and platinum (Pt) electrodes were used as reference
and counter electrodes, respectively. The electrodes prepared were then rinsed with water
and dried in an oven for 6 h. Figure 2.2 shows the potential difference versus time during
the electrochemical deposition of ZnO nanorods. The obtained electrode was

homogenously coated with white ZnO layer as depicted in Figure 2.2.

Electrodeposition of Zn0O nanorods
-0.75}

-0.80

-0.85}

-0.90

Potential V (V vs Ag/AgCl)

-0.951

0 10 20 30 40 50 60

Time (min)

Figure 2.2. the potential difference with time during electrodeposition of ZnO.

2.1.1.2. Electrodeposition of CuxO
For CuxO/ZnO electrocatalysts, similar recipe reported by Ren et al was used with
slight modification [57]. 0.4 M CuSO4.5H>0 and 3 M C3HsO3 aqueous solution were used
as an electrolyte for CuxO deposition. 5 M NaOH was used to adjust the pH of the
electrolyte to 11.5. For the electrodeposition of CuxO, constant current (-0.9 mA.cm?)

was applied for 25, 50, and 120 s at 45 °C, followed by similar cleaning and drying steps

12
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as in the ZnO electrode. CuxO/ZnO electrocatalysts were named as CuxO-25/Zn0O, CuxO-
50/Zn0O, and CuxO-120/Zn0O according to CuxO deposition time.

(a) (b) (c)

Figure 2.3. As-prepared (a) CuxO-25/Zn0O (b) CuxO-50/Zn0, and (c) CuxO-
120/Zn0.

2.1.2. Atomic layer deposition (ALD)

Atomic layer deposition (ALD) is a deposition technique belongs to chemical vapor
deposition (CVD) family, that is typically used for thin film deposition. ALD provides
high uniformity and control over thickness with the ability of having single atomic layer
deposition thickness. ALD starts with first pumping the reaction chamber, where then a
precursor A is pulsed into reaction chamber and chemisorbs to the surface. Then the
precursor A is removed by purging the camber with an inert gas. The chamber is
evacuated again and precursor B which is typical an oxidant such as water (H20),
Oxygen(0O2) or ozone (O3) is pulsed into the chamber. The oxidant reacts with precursor
A where the desired thin film is formed. The unreacted oxidants species are then removed
by similar purging with an inert gas. This entire cycle is then repeated several times

depending on the desired deposit thickness[57-58] .

13



14

N— v A
|V VNN NN VI_,W + Products

B

Figure 2.4. Illustration of ALD cycle with precursor A contains metal source B is
the oxidant [59].
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2.1.2.1. ALD of CuxO
ALD CuxO/ZnO electrocatalysts were fabricated by depositing CuxO using ALD. Water
functioned as an oxidant where copper(ll) hexafluoroacetylacetonate (Cu(hfac)) was
used as a copper source. The substrate holder was heated to 280°C, while the precursor
holder was maintained at 75°C. ZnO electrodes were added to the chamber and kept for
5 minutes for heating prior to pulsing. Precursor was then pulsed for 1 second, held in the
chamber for 5 seconds before being removed by the pump. Water is then pulsed for 3
seconds and held for 5 seconds. Cu(hfac), and water were pulsed subsequently 100, 150,
250, 400, and 500 times, where the electrodes are named based on the cycle number (e.g.,

CuxO-100/Zn0O, CuxO-150/Zn0, etc.).

2.2.Electrochemical Characterization

2.2.1.Electrocatalytic CO2RR Performance Test Setup

Electrocatalytic CO2RR performance tests were conducted in H-cell of a 35 mL capacity
of each compartment. The anode and the cathode were separated by a Nafion 212
membrane. Ag/AgCl and Pt were used as reference and counter electrodes, respectively.
0.1 M KHCOs3 was used as an electrolyte and purged with CO; for 30 mins prior to the
tests and continuously supplied to each compartment at 8.8 sccm using a digital

flowmeter.

14



15

2.2.1.1.Gas Chromatography (GC)
Gas chromatography (GC) is a widely used technique for analyzing and quantifying a
mixture of gases. The analysis starts with injecting the sample into GC. The sample is
then transported by a carrier gas into a column, where it passes through a stationary phase.
Each gas molecules interacts differently with the stationary phase, causing the gaseous
molecules to exist the column at the different elution times depending on the interaction
strength. More specifically, the gas molecules that have a weak interaction with the
stationary phase does not absorb for a long period of time and will exist the column

quicker and the converse holds true for those with a stronger interaction[60].

After the gas separation, the eluted gas molecules pass through two different detectors
TCD and FID. In TCD, the eluted compound enters the detector. The difference in thermal
conductivity between a pure carrier gas (reference) and the eluted gas is then measured.

The conductivity difference indicates the concentration of eluted gas in the sample.

In FID, the eluted gas is injected into hydrogen air-flame. This causes the organic elute
gas to break down into cations and electrons that would result in a creation of a current
between two collector electrodes. The current is then measured, which gives information

about concentrations of the eluted organic gas in the sample [60].

For gaseous product analysis, a 7820A Agilent gas chromatograph (GC) equipped with a

thermal conductivity detector (TCD) and flame ionization detector (FID) was used.

2.2.1.2.Hydrogen Nuclear Magnetic Resonance (H-NMR)
Hydrogen nuclear magnetic resonance (H-NMR) is a powerful analytical technique that
is used for several purposes including chemical identification of molecules. H-NMR
relies on the magnetic properties of hydrogen atoms in the molecules. When the sample
with hydrogen containing-molecules is placed in a strong, uniform magnetic field, the
hydrogen nuclei (protons) align either with or against the direction of the magnetic field.
The protons are then exposed to a radio frequency pulse that causes the protons to switch
from low energy state to high energy state. Upon the removal of the radio frequency, the
protons are back to the low energy state and releases the energy in form of radiofrequency
(resonant frequency) that is measured by a receiver coil. The energy released upon the
removal of the radiofrequency gives information about the chemical environment of the
protons, which allows us to understand and quantify several proton-containing molecules

such as formic acid, ethanol, and acetate [61].
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2.2.1.3.Faradic Efficiency (FE) Calculation
For calculating FE of gaseous products, standard gas mixture with known composition

was used for calibration, and the below formulas were used for calculations:

n, Xxn, X F

FE =
g 09 Qtotal

Ny flow™ Cx xn (Vtotal)

Peak area of gas x obtained during CO,RR ) ) .
= ( - ) x (Volumetric % of gas x in the standard mix gas)
Peak area of gas x obtained from standard gas measurement

Duration of experiment (min) x Flow rate of gas (sccm)
22400

n(Vtotal) =

F represent Faraday constant whereas, nx represents the number of moles of gas x being
sent to GC. Cx represents the volumetric percentage of gas x present in the sample. The
total number of moles of gas being sent to GC is represented by n(Viotar). ne shows the

number of electrons that are transferred for the reduction of product x.

Velectrolyte X Cx XN X F

FEjiquid (0= Q
total

Velectrolyte 18 the volume of the electrolyte used during CO2RR (L). Cx is the concentration
of the product x obtained from H-NMR (mol.L!), and n. shows the number of electrons

that are transferred for the reduction of product x.

2.2.2.Electrochemical Surface Area (ECSA)

Cyclic voltammetry (CV) is popular electroanalytical technique used to study the
electrochemical properties of a material in solution, where a potential sweep is applied
between two distinct potentials. The current is measured during the sweep to provide
information about redox reaction taking place between the two potentials. In this study,
CV scans were implemented for measuring electrochemical surface area (ECSA) of the
electrodes. The CV scans must be applied in a non-faradic region that is no redox reaction
takes place on the selected range. Different scan rates are required to be applied to
determine the double layer capacitance. The obtained capacitance current is proportional

to ECSA values [62].

In this study, we calculated the difference between the anodic and cathodic currents and

then divided the result by two for each scan rate. Finally, we plotted the scan rate versus
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this difference and determined the slope of the resulting line, representing the double-
layer capacitance (Cdl) of our electrocatalysts. More details about scan rates and potential

range are given in experimental part in chapter 3 and 4.

2.2.3.Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy is a powerful technique used to investigate
electrochemical characteristics of an electrode such as charge transfer resistance
(Re),solution resistance (Rs), double layer capacitance (Car), etc. In EIS measurement, a
small amplitude sinusoidal voltage or current is applied and the response current and
voltage is measured. As a result of the test, Nyquist plot is typically obtained which

represents imaginary and real resistance of the system at different frequency values.

Different frequencies are applied in order to separate different processes that might take
place at the electrode-electrolyte interface at different frequencies such as electron
transfer, diffusion, adsorption or desorption of species. Randles circuit is the selected
model to represents the obtained Nyquist plots as shown in Figure 2.5. R; often called the
solution or ohmic resistance coming from the electrolyte, connection wires and the used
cell. Ret, 1s the charge transfer resistance where the lower Re value is, the faster the
reaction rate [63]. CPE stands for constant phase element which represents non-ideal
capacitor due to roughness, porosity and other irregularities on the surface of the

electrode.

In this study, EIS measurements were performed in the H-cell in CO;-saturated 0.1 M
KHCO:s electrolyte solution. All measurements were implemented in a frequency range
from 0.01 Hz to 100,000 Hz. Difference potentials were applied depending on the type of

the measurement which is specified in the experimental section in chapter 3 and 4.

CPE
SAAVAAY —
Rs
A N————
Ret

Figure 2.5. Randles circuit model
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2.3 Structural and Morphological Characterization

2.3.1 X-ray Diffraction (XRD)

X-ray diffraction (XRD) is a wild known non-destructive characterization technique that
is used for phase identification, where each crystalline material has characteristic XRD
pattern. In XRD experiment, X-ray is generated by a cathode ray tube which is generally
made of Cu. The emitted X-ray is then filtered to have monochromatic radiation and
directed toward the target material. When the x-ray enters lattice planes, it gets diffracted
according to Bragg’s law that is shown in the formula below. The sample is scanned in a
range of 20 to effectively probe different planes of atoms. From XRD pattern, different
information can be obtained such as formation or losing of crystalline phases,
crystallographic orientation, crystallite size and size distribution, impurities etc [64]. In
this study, the crystal structure was analyzed through X-ray diffraction (XRD) using a D2
Bruker phaser with Cu Ka radiation as the X-ray source (30 kV, 10 mA).

nA=2d sin 0

2.3.2.Feild Emission Scanning Electron Microscopy (FESEM)

Field emission scanning electron microscopy (FESEM) is an important microscope
technique that is used for obtaining images of the surface morphology and topography.
In principle, a high energy electron beam emitted from field emission source is focused
on the sample. The sample interacts with the electron beam, generating a signal that is
collected and translated into a detailed image. More specifically, when the incident beam
hits the surface of the sample, the low energy electrons on the surface of the sample are
ejected, which is known as secondary electrons. These electrons are collected by a
detector and analyzed according to it intensity. Back scattered electrons (BSE) are another
way for getting information of the material, where the incident beam scatters back and
collected by a specific detector. BSE images are usually good for compositional contrast
and identification of different phases, while SE images are better for morphological and
topological analysis as the image gives more surface details. The use of FESEM provide
smaller and more coherent beam of electrons with results in better and brighter resolution

than conventional SEM [65].
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In this study, Field emission scanning electron microscopy (FESEM) images were
measured by Zeiss Ultra Plus Field Emission Scanning Microscope equipped with an

energy-dispersive spectrometer (EDS).

2.3.3.Energy Dispersive Spectrometer (EDS)

Energy dispersive spectrometer (EDS) is an analytical technique that is used for elemental
compositional characterization of materials. In EDS, the surface of the specimen is
bombarded with high energy electrons. When these electrons hit an atom in the specimen,
an inner shell electron gets ejected, leaving a vacancy that is later filled with an outer shell
electron. The energy difference between the outer and inner shells is emitted in a form of
X-ray. The emitted x-ray is characteristic of their originating elements, where each
element has a distinct x-ray. This X-ray is then collected by a detector and analyzed,

giving a quantitative elemental characterization of the specimen [65].

2.3.4.X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy is a surface sensitive spectroscopy technique that is
widely used to identify the surface composition and electronic structure of a material. The
fundamental of XPS involves the interaction between incident x-ray beam with the
surface of the specimen. The photoelectron effect results in an ejection of electron from
core level as shown in Figure 2.6. The ejected photoelectrons are emitted with a kinetic
energy that is defined by the equation shown below, where hv represents the energy of
the incident X-ray, BE is the binding energy of the electron in its original orbital, ®ypg 1S
the work function of the spectrometer, and KE is the kinetic energy of the photoelectron

[66].
BE=hv- (KE + (Dxps)

After the ejection of core-level electron (photoelectron), another electron moves from
outer shell to the core shell to fill the vacancy. The energy difference between the two
levels is transferred to a second outer shell electron that causes that electron to be ejected
known as Auger electron. The energy of this electron is then measured and gives

characteristics of the atom. Overall, XPS technique is considered to be surface sensitive
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technique, giving an information about topmost surface only due to the mean free path of
these electrons. Typically, photoelectrons have a mean free path of around 1-10 nm while
Auger possesses even shorter mean free path due to lower kinetic energy [66]. In this
study, XPS measurements were performed on a Thermo K-alpha laboratory XPS system

with a monochromatized Al K-alpha X-ray source.
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Figure 2.6. Schematic representation of how (a) photoelectron and (b) Auger electrons
are generated [67].

2.3.5. Raman Spectroscopy

Raman spectroscopy is non-destructive characterization technique that gives information
about molecular composition, structural characteristics, and chemical environment of a
specimen. The principle of Raman spectroscopy starts with illuminating the specimen
with monochromatic light which is typically a laser. The laser interacts with the specimen,
where most of the incident light is elastically scattered known as Rayleigh scattering. At
the same time, a very small amount of the incident light (1 in 10°-10® elastic scattering)
is scattered inelastically known as Raman scattering [67-68]. The resultant of laser-matter

interaction can be seen in Figure 2.7

The inelastic scattering causes energy exchange between the incident light and the
specimen molecules, where they change their vibrational or rotational state to either
higher or low energy states. In case of higher energy state transition, the molecules absorb
energy from the incident light, and hence, scatters with lower energy known as Stocks
Raman scattering. Meanwhile, in case of lower energy state transition, the molecules emit

energy, which causes incident light to scatter with higher energy known as Anti-Stokes

20



21

Raman scattering. Raman scattering gives information about energy difference between
incident light and the scattered photons that corresponds to energy of the rotational or
vibrations transitions of molecules. Each molecule has a characteristic Raman spectrum
due to unique energy level and this technique offers a powerful identification of different
molecules and any changes in their energy levels. In this study, Raman spectra were

generated by Renishaw Invia Raman Microscope with 633 nm excitation laser

To detector
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Figure 2.7. Energy states of Raman spectra [69].
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Chapter 3: Modification of ZnO by Electrodeposited CuxO for
Enhancing CO selectivity

3.1.Introduction

Carbon dioxide (CO2) is a greenhouse gas that is released into the atmosphere
through human activities such as burning fossil fuels and deforestation. These emissions
contribute to climate change and have catastrophic consequences for the environment [69
-70]. This issue causes serious global concern and calls for an urgent solution. Many
technologies have been implemented to reduce CO; amount in the air, including CO>
capturing [72], thermochemical [73], biochemical [74], photochemical [75],
photoelectrochemical, and electrochemical conversion of CO> [76]. Among all,
electrochemical reduction of CO> (CO2RR) drew significant attention [35] due to several
advantages over other processes, such that it can be performed at room temperature and
ambient pressure while thermochemical conversion needs high temperature and pressure
conditions. Moreover, electrochemical CO2RR is performed using electrochemical
principles where the only source of energy needed is electricity that can be harvested from

renewable sources such as solar cells or wind turbines [45], [77].

Different products varying from C; [78], Cz to even Cs3 [78-79] can be produced via
electrochemical CO2RR. The activity and selectivity are affected by several parameters,
including the nature of the electrocatalyst, applied potential, pH, type of electrolyte, etc.
[77]. Thermodynamically, CO> can be reduced to the pre-mentioned products by proton-
coupled multielectron transfer steps at low potential [24]. However, CO2RR has kinetic
limitations so it requires high overpotential and consequently lowers the energy efficiency
of the process [77]. Meanwhile, the hydrogen (H») evolution reaction (HER) is a
competing reaction that takes place at similar electrode potentials. Therefore, the
electrocatalyst should be designed in a way to lower overpotential while suppressing HER
[81]. Syngas (a mixture of carbon monoxide (CO) and H>) with a high (CO/H>) ratio is
an important raw material for many industrial processes, mainly for Fischer-Tropsch (F-

T) process [82].

In CO2RR, CO is formed on the surface of the electrocatalyst by two possible routes.

CO:z is firstly adsorbed on the surface (*CO2), and one electron is transferred to *CO
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resulting in a carboxylate anion (CO,). Then *CO, gets protonated and converts to
carboxyl (COOH). *COOH is then further reduced to *CO and H>O molecules by a
concerted proton-electron transfer (CPET) process, and finally, *CO desorbs from the
surface to form gaseous CO. The second possible route differs in terms of *COOH
formation, where it is directly formed by the CPET process, which then undergoes another
CPET as the first route [24], [81]. It is suggested that the rate-determining steps (RDS) in
the second route of the CO formation are COOH* formation and CO* desorption [45].
Therefore, high activity and selectivity toward CO can be achieved by overcoming the

kinetic bottleneck in these steps.
First route
COxg + * +& — *CO,
*CO, + H*(aq — *COOH
*COOH + H*aq) + € — *CO + H20
*CO — *+ CO(y
Second route
COx) + * + H*(aq) + € — *COOH
*COOH + H*aq) + € — *CO + H20
*CO — *+ CO(y

To date, the most common metal electrocatalysts in CO2RR toward CO are silver
(Ag) and gold (Au), as they have high activity and selectivity [83], [84]. However, both
metals are rare and expensive, opening the door for the investigation of more abundant
and cost-effective alternatives. Zinc (Zn) is the only earth-abundant non-precious metal
that is among CO-selective metals [35]. However, bulk Zn metal suffers from lower
selectivity and activity, where many attempts were implemented to boost their
performance. For example, nanostructured Zn, such as nanoparticles, porous, and
dendritic structures, have been widely studied, as they showed high faradaic efficiency
(FE) of CO >70% due to increased surface area and hence, new active sites [85]—[87].
Another way to enhance the selectivity of Zn is by using oxide-derived Zn, where they

showed better activity than metallic Zn. These enhancements were attributed to the
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introduction of new active sites. However, the chemical nature of those sites (oxide

species (0%, edges, or O vacancies) are still debated [87-91].

Bimetallic or oxide-derived Zn-Cu electrocatalysts are promising candidates for
CO2RR as Cu is a cost-effective metal with moderate binding energy to CO that can
optimize the binding energies of Zn-CO and other crucial intermediates [48]. Previous
studies showed that if the Cu amount is higher than Zn on the surface, the electrocatalyst
is more likely to produce hydrocarbons and formate (HCOQO™), while if Zn is in a higher
fraction, it is more likely to produce CO [47], [48], [88], [92-94]. The improvement in
CO selectivity in previous studies was attributed to different reasons, such as (i)
weakening the adjacent Zn-O bond induced by Cu, which increases the number of active
sites for CO» adsorption [95], (ii) the electronic effect of Cu adatoms on Zn surface [48],
and (iii) optimization of the binding energy of key intermediates such as *COOH and

*CO [49], [93].

Herein, we report electrodeposited ZnO nanorods modified with Cu20 nanocubes
that are more active and selective toward CO formation than pristine ZnO nanorods. We
attribute the improvement to the enlarged electrochemical surface area, lower charge
transfer resistance (Rct), and alloy formation, which are supported by electrochemical
surface area (ECSA), electrochemical impedance spectroscopy (EIS), and X-ray
diffraction (XRD) measurements, respectively. X-ray photoelectron spectroscopy (XPS)
depth profile analysis suggests that at -0.8 V (vs. RHE) at which CO selectivity is higher,
the Cu/Zn content on the surface was found to be higher than that at -1.2 V. This finding
shows that the optimum amount of Cu/Zn ratio is required for high selectivity toward CO.
In addition to this, our electrocatalyst showed high stability (more than 4 h) and therefore,
we believe that our study will help in the process of designing cost-effective commercial

electrocatalyst for CO2RR to CO.

3.2.Experimental Methods

The CuxO-ZnO electrocatalyst were synthesized and characterized as described in chapter
2. ECSA measurements were carried out in a COz saturated 0.1 M KHCOs electrolyte
solution using cyclic voltammetry (CV) scans at 5 different scan rates: 20, 40, 60, 80, and
100 mV.s™'. The potential range was selected in a non-faradic region between -0.5 and -

0.6 V.
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3.3.Results and Discussion

Figure 3.1a-d shows as-prepared electrodes examined by FESEM. The ZnO
electrode shows a homogeneous distribution of ZnO nanorods on the substrate with an
average diameter of ~45 nm. The nanorods are compact, with small gaps between the
rods. Meanwhile, CuxO/ZnO electrodes show that Cu>O deposition takes place primarily
between ZnO nanorods. This suggests that the deposition starts from the substrate and
grows and reaches the tip of the nanorods, as in CuxO-25/ZnO and CuxO-50/ZnO. When
deposition time is long enough, Cu,O particles grow and settle on top of the nanorods,
which is observed in the CuxO-120/ZnO electrode. Figure 3.1e shows the changes in the
Cu amount with increasing deposition time. The atomic fraction of Cu increases linearly
with deposition time, with the amount of Cu ranging from 3 to 16% for CuxO-25/ZnO
and CuxO-120/Zn0, respectively. It is expected from the EDS result that, since Zn is the
predominant metal on the surface, the electrocatalysts are more likely to be selective

toward CO, as demonstrated in the next section.
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Figure 3.1.FESEM images of (a) ZnO, (b) CuxO-25/Zn0, (c) CuxO-50/Zn0, and (d)
CuxO-120/Zn0O. (e) The atomic percent of Cu collected from EDS quantitative analysis.

The Raman spectra shown in Figure 3.2a were conducted to examine the local
bonding geometry and oxidation states of electrodes. The most intense peaks for ZnO are

EX™ and EI;igh at 99 cm! and 438 cm™, respectively. EY™ is ascribed to Zn sublattice

vibration, while Egﬁgh is assigned to oxygen vibration in the lattice [96]. CuxO/ZnO
electrodes show extra peaks at 147, 220, and 648 cm’!' which are assigned to the vibrations
of Cuz0. The two peaks at 147 and 648 cm™ are assigned to Ty, vibration mode, while

the intense peak at 220 cm™! is assigned to Eu. Tu1 and Ey are both modes that represent
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the rotation of Cu tetrahedra around their centers [97]. Raman spectroscopy results
suggest that the electrodeposited CuxO is mostly Cu® in the bulk. With increasing
deposition time of CuxO, Raman spectral features of this phase gained intensity. Although
SEM images indicate that ZnO and CuxO crystals are likely separated from each other,
the appearance of new broad peaks at around 200 and 400 cm™ can be attributed to a
chemical interaction that could be established during the deposition of CuxO. These new
broad peaks are close to the main peaks of Cu>O and ZnO, which could be an indication

of a change in the electronic environment of some of the electrodeposited Cu20 and ZnO.
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Figure 3.2.(a) Raman spectra of as-prepared electrodes. (b) Zn 2p and (c) Cu 2p XPS
spectra.

To understand the chemical composition of the surface, XPS measurements were
performed for all as-prepared electrodes, as shown in Figure 3.2b-c. XPS results indicate
the presence of both Cu and Zn elements on the surface. Zn 2p XPS spectra show a peak
at around 1022.3 eV that belongs to the ZnO phase. Zn 2p peak shifts to lower binding
energy with increasing CuxO amount, emphasizing the interaction between CuxO and
ZnO0 [98]. Since the Cu,0 deposition is cathodic, partial reduction of the ZnO surface can
also be expected. Cu 2p peak intensity increases while Zn 2p decreases with increasing
CuxO deposition time, indicating an increase in Cu amount on the surface. A similar
increase in the intensity of the Cu LMM Auger spectra was also observed (Figure Al.1a).
Cu 2p XPS spectrum of CuxO-25/Zn0O shows a peak at 932.6, which could be assigned
to Cu®. An intense higher binding energy shoulder that could indicate the presence of
Cu?* species on the surface is also observed at 933.5 eV. This shoulder feature seems to
remain intact with increasing the amount of CuxO, however, the main peak gains intensity
and shifts to lower binding energy, similar to the Zn 2p. Cu20 and CuO have strong and
distinctive shake-up features residing between 940 and 948 eV (for Cu 2p32 component).
These shake-up features are seen in the Cu 2p XPS spectrum of CuxO-120/Zn0O, however,
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they are lacking in other spectra. This observation might be another sign of chemical
interaction, as Cu** species are , at least partially, incorporated into the ZnO structure.
Both XPS and Raman spectra suggest that there is a slight interaction between both
phases. O 1s spectra in Figure A1.1b points out that all electrodes might contain Zn(OH):
on the surface, which can be attributed to the conversion of ZnO to Zn(OH), in air

exposure.

The performance of the electrodes for CO2RR was evaluated in two-compartment H-
cell at constant potentials ranges from -0.8 to -1.2 V in CO»-saturated 0.1 M KHCOs. The
electrodes were tested sequentially by first pre-reducing at -0.7 V for 30 min and then
applying each potential for 30 min. Figure 3.3a shows the FE values of CO and H; for the
four different electrodes. At -0.8 V, the FE of CO jumped from 48% for bare ZnO to
~75% for CuxO/ZnO and H; dropped from 35% to almost 23-26%, which suggests that
the addition of CuxO has increased the selectivity toward CO, while reducing Ho.
Interestingly, each of the CuxO/ZnO electrodes exhibited the highest CO selectivity at a
different potential. As the amount of CuxO was increased, the potential at which the
maximum CO production observed also increased. Specifically, CuxO-25/ZnO showed
the highest CO production at -0.8 V, whereas CuxO-50/Zn0O and CuxO-120/ZnO showed
the highest CO production at -0.9 V and -1.0 V, respectively. These findings suggest that
a higher potential is required to form an alloy that is responsible for the high selectivity
towards CO production as the amount of CuxO is increased. The bare ZnO electrode
exhibited high H» selectivity at -0.8 V, which decreased at -0.9 V that could be due to the

formation of liquid formate.

To compare the intrinsic properties of electrodes, ECSA-normalized partial current
densities (Jco/ECSA) were estimated for both CuxO-50/ZnO and ZnO (see Figure A1.2).
The Jco/ECSA value of CuxO-50/ZnO was found to be slightly higher than that of ZnO
at all potentials except the one at -1.2 V. This indicates that CuxO-50/ZnO contains a

higher level of active catalytic sites, which can facilitate the reduction of CO» to CO.

Observations show that the total FE of the ZnO electrocatalyst was not consistently
100%. This may be attributed to the re-oxidation of the produced formate, which could
pass through the membrane and reach the anode, as suggested by previous research [99].
Liquid products were measured at two different potentials, -0.8 and -1.2 V (see Table S1).

At -0.8 V, a negligible amount of formate was observed, which increased at -1.2 V for

27



28

both electrodes, indicating that at a higher potential, formate formation is more favorable
due to the reaction of physisorbed CO; with a surface *H that is more available at -1.2 V
[100]. No multicarbon products were detected, which suggests that our electrodes are
only active for C1 products. This could be attributed to the low *CO binding energy on
the electrocatalyst and further hydrogenation requires increased binding energy of *CO
[101]. To ensure reproducibility, CuxO-50/ZnO was repeated three times at -0.8 V and

results are seen in Figure A1.3.
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Figure 3.3. (a) FEs of electrocatalyst pre-reduced at -0.7 V for 30 min. The same
electrodes were used at all potentials, each potential was applied for 30 mins sequentially.
(b) Nyquist plots obtained at OCP for as-prepared electrodes in COz-saturated 0.1 M
KHCO:s.

EIS was performed on the as-prepared electrocatalysts in 0.1 M KHCO3 at open
circuit potentials (OCPs), and Nyquist plots are shown in Figure 3.3b. All CuxO/ZnO
electrodes exhibited lower charge transfer resistance (Rc¢) than bare ZnO, which indicates
faster charge transfer kinetics and hence, facilitated CO2RR. Among the different
electrocatalysts, CuxO-50/Zn0O showed the lowest R due to its more dispersed and larger
amount of small nanocubes of Cu0O as observed through FESEM characterization. It is
important to note that the EIS results in Figure 3.3b represent the surface of the
electrocatalysts prior to exposure to the pre-reduction process, during which significant
reconstruction and alloy formation occur. Therefore , to understand the origin of the
improved CO selectivity, CuxO-50/ZnO and bare ZnO were chosen among other
electrocatalysts for post-reaction characterizations, which are shown in the following

sections.
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Figure 3.4. FESEM images of CuxO-50/Zn0O (a) as-prepared, after 1h of CO2RR at
(b) -0.8 V and at (c) -1.2 V. FESEM images of ZnO (e) as-prepared, after 1h of CO.RR
at (f)-0.8 V and (g) -1.2 V. EDS quantitative analysis for as-prepared and tested (d) CuxO-
50/Zn0, and (h) ZnO electrodes.

Cux0O-50/Zn0 and ZnO were examined after CO2RR at two different potentials using
SEM and EDS, as shown in Figure 3.4. At both potentials, electrodes underwent
reconstruction where both ZnO nanorods and Cu;O particles lost their initial morphology.
FESEM images show that ZnO and CuxO-50/ZnO both have different final structures,
which confirm that Cu has a significant influence on the structural reconstruction process.
At-0.8 V, ZnO presents a porous-like structure, while at -1.2 V, it crystallizes and forms
nanoparticles. It is suggested that the ZnO reduction process starts by first dissolving into

the electrolyte due to the high local pH on the interface, which results in forming
Zn(OH);2 ions [102] and then reduce to metallic Zn and crystalize on the surface of the

electrode. Previous studies suggest that the applied potential affects the final morphology
due to the difference in dissolution and re-deposition rates of the ions [91], [103]. In
Cux0-50/Zn0, at both potentials, morphologies are so close to each other, that the surface
becomes rough with chunks of particles that contain both Cu and Zn as seen in EDS
mapping in Figure Al.4. Quantitative analysis by EDS presented in Figure 3.4d and h
shows that, at -0.8 V, the atomic percent of oxygen in the ZnO electrode is close to the
initial amount. This suggests that ZnO is partially reduced while the bulk is still in the
oxide state. Meanwhile, CuxO-50/ZnO shows much lower O content at -0.8 V, which can
be attributed to a faster reduction in CuxO-50/ZnO due to lower charge transfer resistance.
At -1.2 V, both electrodes show a greater drop in O content which suggests a further

reduction of oxides at higher potentials.
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Figure 3.5. XRD reflections of (a) fresh CuxO-50/ZnO and ZnO. XRD reflections
after -0.8 V and -1.2 V of (b) CuxO-50/Zn0O, and (c) ZnO.

XRD reflections of both CuxO-50/ZnO and ZnO were measured before and after 1 h
of CO2RR at -0.8 V and -1.2 V and results are shown in Figure 3.5a-c. No reflection that
can be attributed to CuxO planes was detected on the as-prepared CuxO-50/Zn0O. At -0.8
V, CuxO-50/Zn0O electrode showed a complete reduction where all peaks that belong to
Zn0O disappeared. Meanwhile, the ZnO electrode shows 2 peaks at 31.7° and 34.3° after
1 h at -0.8 V which indicate that ZnO is reduced faster in CuxO-50/ZnO than pristine
Zn0, matching with EDS results. At both potentials, XRD of the CuxO-50/Zn0O electrode
showed the evolution of 4 new reflections at 37.6°, 41.9°, 57.4°, and 67.9°, which could
be assigned to CuZns alloy, confirming the dynamic behavior of the electrocatalyst and
alloy formation during CO2RR. Previous works suggest that CuZn alloys can have
different binding energy to CO2RR intermediate. For instance, Ren et al. showed that by
changing Zn to Cu ratio, different FEs for CO and HCOOH were obtained, attributing
this to changing *COOH binding energy [54]. Another work by Wang et al. showed that
the binding energy of *COOH on the uncoordinated stepped sites of ZnioCu was higher
than that of on the metallic Zn, hence, a higher selectivity toward CO could be obtained
[104]. We postulate that the CO selectivity enhancement we observed could be attributed
to the CuZn4 forming in the course of CO2RR, presumably due to the optimized binding
energy of *COOH.

To measure ECSAs of the electrodes after CO2RR, CV scans with different scan rates
were applied for CuxO-50/Zn0O and ZnO after -0.8 V and -1.2 V (see CVs in Figure A1.5
in the Appendix). After both potentials, CuxO-50/ZnO showed higher double-layer
capacitance than bare ZnO as shown in Figure 3.6a and b, which corresponds to a higher

surface area. By dividing double layer capacitance of CuxO-50/ZnO to bare that of ZnO
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after testing at -0.8 V, the roughness factor of CuxO-50/ZnO was estimated as ~1.31,
whereas selectivity is 1.5 times better than bare ZnO. Therefore, it might be concluded
that the improvement in the selectivity toward CO could be associated with the
introduction of new active sites which have an optimum binding energy for *COOH, also

confirmed by the result Jco/ECSA.
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Figure 3.6. Double layer capacitance of CuxO-50/ZnO and ZnO after testing at (a) -

0.8 V,and (b) -1.2 V in COz-saturated 0.1 M KHCO3. Nyquist plots of CuxO-50/ZnO and
Zn0O at (¢) -0.8 V, and (d) -1.2 V in CO»-saturated 0.1 M KHCOs.

EIS was measured to compare the Re: of both electrocatalysts. Figure 3.6¢ and d
exhibit Nyquist plots of CuxO-50/ZnO and ZnO at two different potentials in COz-
saturated 0.1 M KHCO3. To quantify circuit elements, data were fitted in a three-
component circuit where Rs, Re, and CPE represent solution resistance, charge transfer
resistance, and constant phase element, respectively. It is observed that at -0.8 V, CuxO-
50/Zn0O exhibits lower R¢ than ZnO, matching with EIS employed at OCP for as-prepared

electrocatalysts. Lower R¢ might be a sign of a faster electron transfer which might
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facilitate the conversion of adsorbed CO: to *CO, and hence, improving selectivity
toward CO [46]. Meanwhile, at -1.2 V, both electrodes exhibit close charge transfer
resistance where CuxO-50/ZnO and ZnO exhibit a value of 14.79 and 15.28 Q,
respectively. Interestingly, both electrodes showed similar FE for CO at this potential

which further emphasizes the impact of lower R in the elementary steps of CO2RR.

The surface composition of CuxO-50/ZnO electrode was determined by XPS depth
profile analysis after -0.8 V and -1.2 V (see Zn 2p3,2, Cu 2p32, Cu LMM, and O 1s spectra
in Figure A1.6 and A1.7). 7 different depths were scanned every 60 s of argon ion
sputtering with a total of 420 s sputtering time. Figure 3.7 shows the Cu/Zn ratio with
time at the two different potentials. The results indicate that the first layer of the electrode
surfaces did not contain Cu. This may be attributed to the continuous dissolution and re-
deposition of ZnO during the CO2RR process [105]. At -0.8 V, Cu/Zn ratio is higher than
that at -1.2 V, which shows that the surface undergoes severe reconstruction processes
during the reaction. It can be suggested that CO selectivity is higher at -0.8 V due to the
higher amount of Cu at the surface, which further confirms the critical role of Cu at the

surface for CO selectivity.
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Figure 3.7. The change in Cu/Zn ratio with increasing sputtering time.

Strategies to improve CO selectivity in CO2RR usually involve using different
electrocatalysts and optimization of reaction conditions. CuxO is electrodeposited on
Zn0O, FE of CO can be maximized with a certain potential range, however, the

enhancement appears to be the dynamic nature of the surface during reaction conditions
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and tuning of the electrode potential can be beneficial to keep the selectivity high. CO:H>
ratio critical to the F-T process can then be tuned by applied potential and the amount of
CuxO initially deposited. Cu in the surface layer and CuZn alloy formation play a
significant role in CO formation, however, operando spectroscopy investigations might

be required to identify the nature of the adsorption site of *COOH and *CO.

3.4.Conclusion

In this chapter, we have presented 4 different ZnO electrocatalysts with different
amounts of CuxO. CO2RR performance tests showed that CuxO/ZnO electrodes had
higher FE% for CO than pristine ZnO. According to EIS results, the addition of CuxO
reduces charge transfer resistance, which may help in improving CO2RR, as it contains
multiple charge transfer steps. CuxO-50/ZnO was selected for post-reaction
characterization at -0.8 V and -1.2 V to further understand the effect of CuxO on CO
selectivity. XRD analysis shows that CuZn4 alloy forms during the CO2RR as a result of
the dynamic behavior of the structure. CuxO-50/ZnO had different Cu/Zn ratios on the
surface depending on the applied potential during CO2RR. At -0.8 V, CuxO-50/ZnO
showed a higher Cu/Zn ratio as determined by XPS. Our findings strongly indicate that
the formation of CuZng4 alloy in the course of CO2RR 1is responsible for the higher number
of active sites and optimized *COOH binding strength that leads to higher CO FE. To
check the stability, CuxO-50/ZnO electrode was tested for 4 h at -0.8 V (see Figure A1.8).
Both current density and CO FE showed high stability during this test. Overall, our work
highlights the importance of the role of CuxO in the modification of the selectivity of ZnO

and helps in designing cost-effective commercial electrocatalysts for CO2RR to CO.
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Chapter 4:Modification of ZnO by ALD CuxO for Enhancing CO
Selectivity

4.1.Introduction

Electrochemical CO: reduction reaction (CO2RR) to CO presents a promising
technology for reducing carbon emissions and offers a sustainable pathway for CO>
utilization [45]. However, the high cost of current electrocatalysts, which are primarily
based on Ag and Au, limits their wide range utilization. Zn is the only rare-earth metal
capable of producing CO with acceptable selectivity. Nevertheless, a significant
overpotential must be applied to bulk Zn to achieve satisfactory activity and selectivity
[35]. Alternative solutions, such as nanostructured Zn, oxide-derived Zn, and bimetallic
Zn-based alloys, have been explored to enhance the catalytic behavior of bulk Zn.
Nanostructured Zn, for instance, has demonstrated high selectivity to CO, reaching
Faradaic efficiency (FE) values of up to 95% [86], [87], [106], [107]. Oxide-derived Zn
has also shown improved CO selectivity, with FE values exceeding 90% [88], [90], [91],
[108]. The increased surface area provided by these nanostructures introduces new active
sites, rendering them more selective and active than bulk Zn. Bimetallic AgZn
electrocatalysts have exhibited high CO FEs [109], [110], while bimetallic CuZn catalysts
have emerged as another promising candidate. Wan et al. reported a phase-separated
CuZn catalyst with a 94% FE for CO [49], attributing this improvement to the enhanced
binding energy of the carboxyl (*COOH) intermediate. Similarly, Wang et al.
demonstrated a CuZn-based catalyst with a 95% FE for CO [104], again attributing the
enhancement to the superior binding energy of the *COOH intermediate. Xue et al.

showed that decorating ZnO with Cu increased the FE to 90% [46].

Atomic layer deposition (ALD) stands out among other thin film fabrication
techniques due to its high uniformity and precise thickness control. It proves particularly
advantageous when substrates of complex structures, such as nanorods are used, ensuring
a uniform coating throughout. In addition, ALD operates under comparatively lower
temperatures than other similar methods, which mitigates any potential damage to the
substrate that can be caused by high-temperature procedures [111]. Several works
attempted to use electrocatalysts synthesized by ALD for the CO2RR. Sherier et al

demonstrated that the ALD of SnO> onto CuO nanowires enhanced the selectivity toward
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CO, attributing this to the diminished adsorption strength of CO2 to CO reaction key
intermediates.[112]. In another work, Zheng and co-workers showed that S-modulated
Sn synthesized through ALD improved the selectivity of formate (HCOQO™) to FE of 93%.
The usage of ALD allowed them to precisely control the amount of S and thickness of the
film and hence better CO2RR performance [113]. Ren et al, revealed that a small layer of
Zn0 added via ALD to CuO nanowires was able to increase the ethanol C2HsOH/C2Hy4
ratio over five times and achieve a FE of 41% for C> products. This enhancement was
attributed to the modification in adsorption of intermediate that was confirmed by in-situ

Raman spectroscopy [114].

In this study, we present that ZnO nanorods coated with CuxO via ALD exhibit higher
selectivity to CO than bare ZnO. The FE of CO reaches a peak of 88% at an optimal CuxO
coverage at a comparatively low potential (-0.8 V). Comprehensive characterizations
were undertaken to understand the origins of this enhancement. We showed &-CuZng
phase had developed during the pre-reduction step. Moreover, the electrodes possessed
different surface composition than the bulk, the optimum CuxO/ZnO had the highest Cu
content on the surface, leading to a lower charge transfer resistance and the required
Cu/Zn ratio on the surface. These combinations resulted in a synergy effect between e-

CuZn4 and Zn- n phases that co-existed simultaneously at the surface of electrocatalysts.

4.2.Experimental procedure

All experimental procedures regarding synthesis, testing and characterizing are

described in chapter 2.

4.2.1.Electrochemical measurements:

Electrochemical surface area (ECSA) measurements were performed in CO»-
saturated 0.1 M KHCOs by applying cyclic voltammetry (CV) with different scan rates.
Finding a non-faradic region for the as-prepared electrodes was somewhat challenging
due to instabilities during anodic sweep; therefore, the range was selected from the open
circuit potential (OCP) to -0.1 V away from OCP, with six different scan rates: 20, 40,
60, 80, 100, and 200 mV.s!. The 20 mV.s™' scan rate was excluded in calculations of
double-layer capacitance (Car) due to its deviation. For ECSA measurements after CO2RR

tests, cyclic voltammetry (CV) scans with five different scan rates: 20, 40, 60, 80, and
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100 mV.s™! were applied. The potential range was selected in a non-faradic region, which

was easier to find than for as-prepared electrodes between -0.5 and -0.6 V.

4.2.2. Quantitative Analysis of € and n Phases

The € and n phases were determined from the phase diagram depicted in Figure
B1.10. Cu/Zn ratios were sourced from EDS (for bulk composition) and XPS (for surface
composition). Subsequently, the lever rule was used to quantify each phase. We operated
under the assumption that the presence of oxides on the surface was minimal and that no
phases other than € and n exist. This assumption was based on the data collected by XRD,

which showed no peaks other than those corresponding to the two aforementioned phases.

4.3.Results and Discussion

Figure 4.1 shows the FESEM images of the as-prepared CuxO-/ZnO electrodes as a
function of the number of ALD cycles. Figure 4.1a shows the bare ZnO electrode where
nanorods are distributed across the surface, providing a homogenous surface for the
subsequent ALD CuxO deposition. Figure 4.1b shows the CuxO-100/ZnO where CuxO
particles are barely discernible due to their small thickness. CuxO overlayer grows and
becomes more visible with increasing cycle number. In the case of CuxO-150/Zn0O, cubic
CuxO particles are observed to partially cover the nanorods whereas at CuxO-250/ZnO
electrode, CuxO particles almost entirely cover the ZnO nanorods. As the number of ALD
cycles further increases, the CuxO particles start to agglomerate forming larger particles
cluster (Figure 4.1e and 4.1f). It is important to note that the orientation of ZnO nanorods
may exhibit a slight variation between electrodes, which is due to a slight variation in the
electrodeposition condition between electrodes employed during synthesis. Despite these
small differences, the overall homogenous distribution and the growth of ZnO nanorods

and CuxO particles remain consistent across the electrodes.

36



37

Figure 4.1.FESEM images of as-prepared electrodes. (a) ZnO, (b) CuxO-100/Zn0O,
(c) CuxO-150/Zn0, (d) CuxO-250/Zn0, (e) Cux0-400/Zn0O, and (f) CuxO-500/ZnO.

Figure 4.2 presents the Raman spectra for the as-prepared electrodes. The
measurements were taken to identify the Cu oxidation states in the bulk materials and
observe the evolution of peaks with increasing ALD cycle numbers. Four main peaks
associated with ZnO can be observed at 99.5 cm™, 335 cm™, 374 cm™!, and 438 cm™.
These peaks correspond to the Ex%, E;"gh-E,°% ) A|(TO), and E;"¢" vibrational modes of
ZnO respectively [96], [115]. The Ex'°¥ and Ex"¢" modes are related to the vibrations of
the Zn and O atoms in the wurtzite crystal structure of ZnO, Ex"¢"-E,°Y corresponds to a
difference in frequency between these two vibrational modes, while AT is associated
with the transverse optical mode of ZnO [116]. The CuxO peaks at 147 cm™" and 220
cm!, assigned to the Cu™ oxidation state, become more prominent with increasing cycle
numbers, indicating the progressive growth of Cu20 on the surface. These vibrational
modes are attributed to the second-order E. mode and Ti. respectively, which both

correspond to the rotations of Cu tetrahedra around their centers [117].
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Figure 4.2. Raman spectra of as-prepared electrodes.

To examine the surface composition and oxidation states, XPS measurements were
implemented for the as-prepared electrodes. As demonstrated in Figure B1.1a, the Zn 2p
spectra align with the binding energy of ZnO for all electrodes [118], [119]. Meanwhile,
a shift to higher binding energy in Zn 2p spectra is observed with the increase of CuxO.
This shift is indicative of a reduction in the electron density around the Zn atoms due to
the introduction of CuxO [46], [49], [50]. Concurrently, the Cu 2p spectra reveal that
electrode surfaces show both Cu* and Cu?*. The presence of Cu** is associated with a
pronounced satellite feature between the Cu 2p3,2 and Cu 2p1.2 peaks, as well as another
satellite at binding energy exceeding that of Cu 2pi,. A depth profile analysis, depicted
in Figure B1.2, was performed specifically on the CuxO-250/ZnO electrode. These
findings confirm that Cu" is confined to the topmost surface layer, which disappears after
60 seconds of soft sputtering. This observation aligns with the Raman results, which did
not show any peaks associated with Cu®*. The formation of this layer is likely due to air-

induced oxidation.
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Figure 4.3. (a) Cq of the as-prepared electrodes estimated from the changes in anodic
and cathodic charging measurement at different potential scan rates. (b) Nyquist plots of

as-prepared electrodes. Both performed in COz-saturated 0.1 M KHCO:s.

To understand the effect of CuxO on Cq; and R, ECSA and EIS measurements were
carried out on the as-prepared electrodes in COz-saturated 0.1 M KHCOs. The ECSA
results reveal that the addition of CuxO increases the electrochemical surface area for the
as-prepared electrodes, with CuxO-150/Zn0O exhibiting the highest Cai value. This can be
attributed to the CuxO content, which has not yet begun to cover the nanorods and form
a compact layer, thus providing the largest initial surface area among other electrodes. It
is worth noting that the electrodes undergo significant changes during the CO2RR and
pre-reduction steps. Therefore, post-reaction characterizations were performed to
understand these alterations during CO2RR. Figure 4.3b represents the Nyquist plots that
were obtained at an OCP. Based on the radius of the Nyquist plots, the R of CuxO/ZnO
became significantly smaller than bare ZnO, suggesting the accelerated charge transfer

process to adsorbed species for forming the reactive intermediates.
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Figure 4.4. FEs of (a) gaseous products and, (b) liquid products at -0.8 V.

The electrocatalytic performance test reveals that the addition of CuxO leads to an
enhancement in CO selectivity at -0.8 V. Figure 4.4a and 4b presents the FE values for
both gaseous and liquid products for the 6 different electrocatalysts. The FE of CO
increases with the number of ALD cycles up to CuxO-250/Zn0 electrode, where it reaches
a maximum value of 88%. Beyond CuxO-250/Zn0, the CO FE drops while C;HsOH and
H: increase again. The increase in C:HsOH selectivity in favor of CO indicates that CO
formed on 400-CuxO/Zn0O and 500-CuxO/Zn0O electrodes had further reacted to form C2

products, suggesting a change in the chemical nature of active sites [54].

Figure B1.3 shows the FE of gaseous products at 5 different applied potentials
ranging from -0.8 V to -1.2 V. Notably, the CuxO-400/ZnO and CuxO-500/ZnO electrodes
exhibit higher CO selectivity at more negative potentials. This observation emphasizes
that when the CuxO overlayer is thick, the electrodes require greater applied potentials to
promote the formation of CO, which could be attributed to the higher potential required
to form the active surface for CO formation. As the electrodes undergo a re-construction
process, the applied potential affects the dissolution rate of Zn atoms and hence, affects

Cu/Zn ratio on the surface [91], [103].

To emphasize the synergistic effect of both oxide layers, CuxO-250 was synthesized
directly on Zn foil without the ZnO nanorods layer. Figure B1.4 presents the FE of
gaseous products at the 5 different potentials. A clear distinction can be observed between

the performance of the two electrodes. The CuxO-250/Zn0O electrode exhibits a higher
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CO selectivity significantly and lower H> compared to the CuxO-250 electrode. This
control experiment highlights the importance of the synergistic effect between CuxO and
ZnO0 layers in achieving high CO selectivity. The reduction of these layers during pre-
reduction and CO2RR is crucial in the formation of e-CuZns alloy that possesses a higher

density of CO-active sits compared to both bare ZnO and Cux0O-250 layers.

Figure 4.5a presents the ECSA measurements after CO2RR at -0.8 V. The Cq of the
electrodes has significantly increased after CO2RR compared to the as-prepared
electrodes. This increase is due to the formation of new porous morphology with a higher
surface area than the initial structures. In line with the results obtained from as-prepared
electrodes, the results clearly demonstrate that the addition of CuxO increases the Cai,
which is correlated to the surface area and consequently increases the activity of the
electrodes. Even a tiny amount of CuxO, as seen in the case of CuxO-100/ZnO was capable
of increasing the Cq by 2.3 times. This enhancement is attributed to the change in the
dissolution/re-deposition process that occurs differently among electrodes during pre-
reduction and CO2RR. The Cq of the electrodes continues to increase up to CuxO-
400/Zn0O and then experiences a slight decrease, due to the agglomeration of CuZn
particles, which also can be seen in Figure 4.6. Although the CuxO-250/ZnO and CuxO-
500/Zn0O electrodes appear to have similar double-layer capacitance, their selectivities
are quite distinct This observation suggests that increasing the amount of CuxO changes
the nature of active sites, which in turn affects the selectivity of the electrocatalytic

process.
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Figure 4.5. (a) Double layer capacitance of the electrodes, and (b) Nyquist plots
employed at -0.8 V. Both measurements were implemented for CO2RR tested electrodes

at -0.8 V in COs-saturated 0.1 M KHCOs.

Figure 4.5b presents the Nyquist plots of the 6 different electrodes after CO2RR at -
0.8 V. The results indicate that the addition of CuxO reduces the R for all CuxO-ZnO
electrodes. Interestingly, CuxO-250/ZnO showed the highest CO selectivity and lowest
Ret, suggesting that an optimum amount of CuxO layer minimizes the value of Rc, and
consequently, contributes to its enhanced electrocatalytic activity and selectivity toward

CO.

Figure B1.5a shows the Je, at five different potentials. Jco increases with the
increasing applied potential where CuxO-250/ZnO showed the highest J.o compared to
the other electrodes until -1.1 V. The high J.,, of CuxO-250/ZnO derives from a
combination of high selectivity and high surface area value shown in Figure 4.5a. Figure
B1.5b showcases the partial current density, normalized to Ca. Among all tested
electrodes CuxO-250/ZnO maintained its superior performance with the highest
normalized Jeo. This suggests that high Je, at -0.8 V comes from the more selective
characteristic of active sites, promoting the need for further analysis to understand the

reasons behind this enhancement.

Figure 4.6 presents the FESEM images of the electrodes after CO2RR at -0.8 V for 1
h. It is evident that the morphology of the electrodes has undergone significant changes,

resulting in distinct structures. The bare ZnO electrode transformed into a porous
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structure, while the other electrodes developed into an agglomeration of nanoparticles.
As the amount of CuxO increased, the agglomeration became more pronounced, as seen
in CuxO-500/ZnO electrode. Both CuxO and ZnO got reduced during pre-reduction and
CO2RR processes, forming an e-CuZns alloy that was confirmed by XRD (see Figure
B1.6). After the pre-reduction process at -0.7 V, all ZnO peaks disappeared except for the
Cux0O-100/Zn0O electrode which showed small peaks of ZnO remaining. It appears that

the addition of CuxO facilitates the reduction of ZnO nanorods.

Figure 4.6. FESEM images of electrodes after CO2RR at -0.8 V for 1 h. (a) ZnO, (b)
Cux0O-100/Zn0O, (c) CuxO-150/Zn0, (d) CuxO-250/Zn0, (e) CuxO-400/Zn0O, and (f)
Cux0-500/Zn0.

Even though it is proved that the e-CuZns alloy forms during the pre-reduction
process, the surface composition changes, depending on the applied potential during
CO2RR. This was concluded from ICP measurements. The concentration of dissolved Zn
in the electrolyte after 1 h at -0.8 V, was found to be lower than that observed after the
pre-reduction step, noting that CO2RR at -0.8 V was conducted after a pre-reduction step

for 30 mins utilizing the same electrolyte (Figure B1.7a).

This can be explained by the re-deposition of Zn ions that dissolved during pre-
reduction. This observation emphasizes that Cu/Zn ratio on the surface might not maintain
the same at different potentials. Meanwhile, the dissolution of Zn increases with the
amount of CuxO overlayer, possibly due to a galvanic effect between Cu and Zn atoms
which might prompt Zn atoms to preferentially dissolve. Interestingly, no Cu species are

detected either after -0.8 V or after pre-reduction, suggesting a complete re-deposition of
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Cu to form a e-CuZng4 alloy. This dynamic behavior of the surface underlines the complex
interplay at work and requires further investigation on surfaces of electrodes to

understand their composition during CO2RR.
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Figure 4.7. (a). Cu/Zn ratio obtained from XPS and EDS after CO2RR at -0.8 V for
1 h. The quantification of the surface Cu/Zn ratio was performed by first normalizing the
background of the spectra, followed by the integration of Zn 2p3/2 and Cu 2p3,2 XPS peaks.
(b) The ratio of € and n phases was calculated from Cu-Zn phase diagrams (Additional

details pertaining to the calculation methods can be found in the Experimental section)

XPS and EDS were conducted after CO2RR at -0.8 V to find the precise Cu/Zn ratio
on the surface and the bulk of the electrodes. Surface-sensitive XPS results showed that
the surface of electrodes composes of ZnO, where Zn 2p shows a binding energy
corresponding to ZnO on the surface. (see Figure B1.7). Cu 2p spectra showed no
evidence of Cu specie on the upper surface of CuxO-100/Zn0O, the others however might
contain a minute amount. This observation can likely be attributed to the higher tendency
of re-deposited Zn atoms to oxidize when exposed to air. To counteract this, the surface
of the electrodes was sputtered for 60 s to remove the layer of ZnO. Cu layers were then
observed as shown in Figure B1.9. By quantifying Cu/Zn ratio on the surface (Figure 4.7),
it was observed that Cu/Zn ratio first increases with the Cu content until it peaks at CuxO-
250/Zn0, after which it starts to descend. This pattern provides a plausible explanation
for the similar selectivity exhibited by CuxO-400/ZnO and CuxO-150/ZnO electrodes.
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Nonetheless, CuxO-500/ZnO showed lower selectivity than CuxO-100/ZnO regardless of
close Cu/Zn ratio, potentially due to its distinctive morphology, as shown in Figure 4.6.
Conversely, the bulk Cu/Zn ratio exhibited an almost linear increment in correspondence
with the Cu amount, aligning with expectations based on the increasing ALD cycle
numbers. At these atomic ratios provided on the surface and in the bulk, two phases, €
and m, could potentially arise, which is further substantiated by the XRD reflections
displayed in Figure B1.6 and B1.7.

From Cu-Zn binary phase diagram, the fraction of € and n phases were calculated for
the bulk and surface. Notably, CuxO-250/ZnO exhibited a proportion of 44.3% ¢ and
55.7% m phase. This emphasizes the synergistic effects between these phases in boosting

CO selectivity, as both phases co-exist simultaneously in close ratios.

4.4.Conclusion

In conclusion, this study offers critical insights into the behavior of oxide-derived
CuZn-based electrodes. The synthesized CuxO/ZnO electrodes using ALD of CuxO
exhibited promising CO selectivity reaching 88% at -0.8 V for CuxO-250/Zn0O. Several
compositional, structural, and electrochemical characterizations were performed to
understand the role of CuxO in CO selectivity enhancement. The observed differences
between the bulk and surface composition underline the dynamic nature of these
electrocatalysts under CO2RR. Our results also highlight the important roles played by
the reconstruction process and the galvanic effect between Cu and Zn atoms in
modulating the surface composition and the selectivity of these electrodes. Our finding
suggests that the enhanced catalytic activity of CuxO-250/Zn0 is derived from the lowest
R¢, the formation of € -CuZns phase that exhibited higher selectivity toward CO than bare
N-Zn. The current density of CuxO-250/Zn0O was tested to be stable for more than 4 h (see
Figure B1.11), offering viable alternatives to traditional precious metal-based CO
electrocatalysts. This work not only expands our current understanding of CuZn-based
electrocatalysts but also creates new pathways for future studies in designing more

efficient electrocatalysts for CO2RR.
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Chapter 5:Summary and Conclusions

In the first part of this study, we explored the performance of electrodeposited CuxO-
Zn0 electrocatalysts for CO2RR to CO. Compared to the bare ZnO, these electrodes
demonstrated a superior selectivity toward CO formation. Post-reaction characterization
revealed that the electrodes underwent a reconstruction process during which both oxide
phases were reduced. Further, XRD analysis indicated the formation of a CuZn4 alloy
post-CO2RR, which was proposed as the crucial alloy in the enhanced selectivity. EIS
indicated that CuxO-50/Zn0O presented a lower R¢ at -0.8 V compared to bare ZnO.
Despite acknowledging that Rct does not necessarily affect product selectivity, we
propose that reducing R played a noteworthy role in enhancing CO2RR performance
towards CO. XPS depth profile analysis suggested a different surface composition for
CuxO-50/Zn0O after CO2RR at -0.8 V and -1.2 V. Notably, higher Cu/Zn ratio was
observed after -0.8 V, aligning with observed CO selectivity patterns. We hence assert
that the presence of Cu in specific ratios initially boosts the selectivity towards CO during

CO2RR.

In the second part, we further explored the effects the addition CuxO on ZnO via
ALD, where we synthesized a series of electrodes with varying ALD cycles. Remarkably,
the CuxO-250/Zn0O electrode outperformed the others, achieving a FE of 88% at -0.8 V.
Interestingly, this electrode also showed the lowest R among all the others, indicating
that a reduced R could indeed play a significant role in improving CO selectivity. Post-
CO2RR XPS analysis revealed that the CuxO-250/ZnO electrode had the highest Cu
content on the surface among all the tested electrodes, which emphasizes that the initial
amount of CuxO in the fresh electrodes does not necessarily reflect the actual surface
composition during and after CO2RR due to the dynamic nature of this electrocatalysts.
Additionally, we tracked the development and appearance of the CuZns alloy during
CO2RR, where we observed the emergence of the alloy after pre-reduction at -0.7 V
further development during CO2RR.

These findings offer valuable insights that can guide future studies in designing stable
and selective Cu-Zn-based electrocatalysts and in understanding the active phase for CO
production. We recommend further in-situ investigations utilizing XPS, Raman

spectroscopy, and X-ray absorption spectroscopy (XAS) for a more comprehensive
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understanding of surface changes occurring during CO2RR. The dynamic nature of these
electrodes might pose challenges for commercializing such electrocatalysts. Therefore,
more in-situ studies could provide insights into stabilization strategies of such
electrocatalysts. Additionally, we believe that this study offers valuable insights into ALD
CuxO, which could be effectively utilized for synthesis on hydrophobic gas diffusion

electrodes (GDE) and further industrialization of the technique.
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Chapter 7: Appendix

Appendix A: Supporting Information for Modification of ZnO by

Electrodeposited CuxO for Enhancing CO Selectivity.

—_
Y
~

Intensity (a.u.)

— Cu,0-120/Zn0 Cu LMM (b) M Zn(OH), O 1s
Cu,0-50/Zn0 n
Cu,0-25/Zn0 & zno

——2zn0 5

s
2
7
c
o
et
/\//\’\\f\\; <

906 909 912 915 918 921 924 927 930

Kinetic energy (eV)

Figure A1.1. XPS spectra of as-prepared electrodes: (a) Cu LMM (b) O 1s.
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Table A1.1. FE of liquid products obtained at 2 different potentials after 1 h of

electrolysis in COz-saturated 0.1 M KHCO3 analyzed by H-NMR.

CuxO-50/ZnO Zn0O
08V 0.46% HCOO™ 0.4% HCOO™
-1.2V 4.11% HCOO~ 1.5% HCOO™
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Figure A1.2. ECSA-normalized Jco of CuxO-50/Zn0O and ZnO electrodes.
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Figure A1l. 3. Faradaic efficiency (FE) of the gaseous product of CuxO-50/ZnO
electrode at -0.8 V, measured three times for consistency.
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Figure A1.4. Elemental mapping obtained by FESEM-EDS of (a) fresh CuxO-50/ZnO, after 1 h
electrolysis at (b) -0.8 V and (c) -1.2 V.
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Figure A1.5. CV scans at different scan rates in COz-saturated 0.1 M KHCO;3 of (a)
Cux0-50/Zn0O after -0.8 V, and (b) after -1.2 V. ZnO electrode after (¢) -0.8 V and (d) -
1.2V.
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Figure A1.6. XPS depth profile analysis of CuxO-50/ZnO after 1 h of electrolysis
at -0.8 V (a) Zn 2p3.2 (b) Cu 2p32 (¢) Cu LMM (d) O 1s.
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Figure A1.8. The stability test of CuxO-50/ZnO at -0.8 V in 0.1 M KHCO:s.
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Appendix B Supporting Information for Modification of ZnO by ALD
CuxO for Enhancing CO Selectivity
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Figure B1.1. XPS spectra of as-prepared electrodes (a) Zn 2p (b) Cu 2p.
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Figure B1.2. XPS spectra of as-prepared electrodes (a) Zn 2p (b) Cu 2p.
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Figure B1.3. FEs of gaseous products of the 6 electrodes, pre-reduced at -0.7 V for

30 min. The same electrodes were used at all potentials, each potential was applied for 30

mins sequentially.
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Figure B1.4. FEs of gaseous products of the 6 electrodes, pre-reduced at -0.7 V for

30 min. The same electrodes were used at all potentials, each potential was applied for 30

mins sequentially.
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Figure B1.5. (a) Partial current density of CO (Jco) at five different potentials. (b).
ECSA-normalized Jco at -0.8 V estimated by dividing Jco by Cq found after -0.8 V.
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Figure B1.6. XRD reflections obtained after pre-reduction at -0.7 V for 30 min in
0.1 M KHCO:s.
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Figure B1.7. (a) Zn concentration in the electrolyte after pre-reduction and CO2RR

at -0.8 V obtained from ICP. It's noteworthy that before initiating CO2RR at -0.8 V, a pre-

reduction step was carried out utilizing the same electrolyte. (b). represents the XRD

reflection after pre-reduction step and CO2RR at -0.8 V in 0.1 M KHCOs for CuxO-

250/Zn0.
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Figure B1.8. (a) Zn concentration in the electrolyte after pre-reduction and CO2RR

at -0.8 V obtained from ICP. It's noteworthy that before initiating CO2RR at -0.8 V, a pre-
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reduction step was carried out utilizing the same electrolyte. (b). represents the XRD

reflection after pre-reduction step and CO2RR at -0.8 V in 0.1 M KHCOs; for CuxO-

250/ZnO0.
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Figure B1.9. (a) Zn 2p, (b) Cu 2p XPS spectra of the electrodes after CO2RR at -

0.8 V., recorded after 60 s of sputtering with Ar* at sputtering rate of 0.2 nm.s™.
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Figure B1. 10. The equilibrium Cu-Zn binary phase diagram used for quantitative
calculation of each phase [120]
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Figure B1.11. Stability test of CuxO-250/ZnO at -0.8 V. The current density was

maintained stable for more than 4 h.
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