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Abstract: The electrochemical reduction of carbon dioxide (CO,RR) represents a promising strategy for CO, mitigation, requiring highly
efficient catalysts integrated into electrochemical devices to achieve high conversion rates and energy efficiencies for desired products.
Establishing a gas diffusion electrode is crucial for practical applications of CO, electrochemical reduction reactions (CO,RR). This study
uses the air-spraying method to immobilise nano-catalysts onto a gas diffusion layer (GDL) with exceptional homogeneity. A composite
of copper(l) oxide (Cu,O) and zinc oxide (ZnO) nanoparticles in a 4:1 ratio was deposited onto the GDL. Surface morphology analysis
revealed the successful immobilisation of cubic Cu,O and hexagonal wurtzite ZnO with a uniform distribution, indicating potential
improvements in CO2RR performance. Contact angle measurements were conducted to assess surface hydrophobicity, comparing pristine
GDL with Cu,0/Zn0-based GDL. Although the contact angle on the surface of the Cu,0/Zn0O-based GDL slightly reduced from 143.69° to
134.82°, it maintained its hydrophobic nature. This reduction is attributed to Nafion, a binder in the catalyst ink mixture. The sustained
high contact angle is crucial for the CO, reduction reaction process. X-ray diffraction (XRD) diffractograms of Cu,0/ZnO-based GDL were
compared with reference Cu,0, ZnO, and bare GDL. The presence of all essential peaks confirms the successful immobilisation. The air-
spraying technique effectively achieved a favourable distribution of active metals.

Keywords: Cu,0/ZnO, gas diffusion layer, immobilisation, CO, reduction reaction

volumes of CO,, this approach is characterised by its energy-
intensive nature and potential costliness (Hassan et al., 2018;
Qiao et al., 2014). In pursuit of alternative solutions, methods
involving utilising and converting CO, are considered. These
approaches aim to generate more value by producing higher
outputs of valuable chemicals while concurrently minimising costs
(Lin et al., 2020; Qiao et al., 2014).

1. Introduction

Carbon Carbon dioxide is categorized among greenhouse
gases (GHG) and is a significant contributor primarily to fossil fuel
combustion (Lin et al., 2020; Kim et al., 2015). It is a by-product of
natural gas field monetisation within the oil and gas industry
(Ahmad Zuhdi et al.,, 2021; Hassan et al., 2018). With the
increasing demand for natural gas, there is a growing exploration
of high-CO, fields to meet this need. However, the monetisation
of high CO, fields has led to a rise in global carbon dioxide
emissions, contributing to global warming. In response,
PETRONAS has set a net-zero carbon emissions target by 2050,
emphasizing the necessity for cleaner energy sources. Given the
surge in environmental regulations addressing CO, emissions, gas
field monetisation processes must prioritise fields with fewer
contaminants. The depletion of such fields poses a challenge,
necessitating urgent strategies to manage the extensive
inventories of CO, by-products from high CO, fields (Hassan et al.,

Exploring reliable pathways such as photoelectrochemical,
thermochemical, photocatalytic, and electrochemical routes for
converting CO> into valuable products is crucial for mitigating
global carbon emissions (Yuan et al., 2023; Qiao et al., 2014).
Among these methods, the electrochemical route, known as the
CO; reduction reaction (CO,RR), stands out as a highly favourable
technique. It reduces CO, emissions by transforming it into
valuable products through heterogeneous electrochemical
reduction principles (Lee et al., 2020; De Luna et al., 2018; Lee et
al., 2015). CO, reduction occurs on the catalytic metal surface of

2018).

Effective monitoring of CO, emissions is achievable through
adopting carbon capture, utilisation, and storage (CCUS). While
sequestration remains a primary strategy for handling significant
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the working electrode, involving two-, four-, six-, and eight-
electron reductions, either in an H-cell or flow cell configuration
(Yuan et al., 2023; Mowbray et al., 2021; Lin et al., 2020; Qiao et
al., 2014). This method has been extensively investigated, yielding
valuable products such as methane, carbon monoxide, ethanol,
ethylene, formic acid, methanol, and propanol (Lin et al., 2020;
Jouny et al., 2018; Qiao et al., 2014). With ongoing research, the
prospects for extensive implementation of this technology appear
promising.
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Ethylene, a highly versatile product generated through the
CO; reduction reaction (CO,RR) process, has significant market
value and annual consumption. This chemical is a pivotal raw
material in producing various items, including tyres, automotive
products, textiles, paint, children's toys, and electronics. Despite
the current lab-scale status of ethylene production technology,
challenges such as limited ethylene selectivity over other by-
products like H,, resulting from the hydrogen evolution reaction
(HER), carbon monoxide, CH4, and other substances, coupled with
drawbacks like a current density below 100 mA/cm? and
electrolyser design, have hindered substantial progress toward
commercialisation (Yuan et al., 2023). According to Lin et al., the
electrochemical reduction technology must fulfil specific criteria
to be deemed suitable for commercialisation (Lin et al., 2020).
Feasibility for commercialisation hinges on process characteristics
meeting certain benchmarks, including a current density within
the range of 200-400 mA/cm?, a 90% faradaic efficiency, a cell
potential below 2.3 V, and a minimum of 30% conversion of CO,
(Lin et al., 2020).

Since 1989, researchers have investigated the optimal
working electrode for the CO,RR. Copper-based electrodes have
emerged as distinctive and efficient catalysts for converting CO,
into hydrocarbons. While their efficiency has endured, there
persists a demand for an active and selective catalyst that can
generate specific products (Mok et al., 2023; Yuan et al., 2023;
Chen et al.,, 2021; Chu et al., 2021). The quest for an effective
catalyst demonstrating high activity and exceptional selectivity
continues. Numerous copper-based working electrodes have
been explored, including those with surface modifications geared
towards ethylene production from CO,, such as copper
nanoparticles (NPs), copper wire, copper foil, copper oxide-based,
bimetallic copper-based, copper-polymer, and copper-MOF
(Strijevskaya et al., 2023; Yang et al., 2023; Chen et al., 2021; Chu
et al., 2021; Tang et al., 2021; lvan Merino-Garcia et al., 2019;
Hoang et al., 2018; |. Merino-Garcia et al., 2018; Dohyung Kim et
al., 2017; Reske et al., 2014). Kim et al. highlighted the efficacy of
copper oxide nanoparticles for ethylene production, achieving a
faradaic efficiency exceeding 65% (J. Kim et al., 2019). The nano-
catalysts were deposited on a glassy carbon electrode and
evaluated in a conventional H-cell configuration, with the current
density limited to less than 50 mA/cm? due to mass transport
limitations. To facilitate the assessment of CO,RR at higher
current densities of 200-400 mA/cm?, the integration of the
catalyst onto gas diffusion electrodes becomes imperative (Zhang
etal., 2019).

This study involves the synthesis of nanosized copper(l) oxide
and zinc oxide, applied through air-spraying onto a gas diffusion
layer to create copper-based electrodes. In accordance with
existing literature (Albo & lIrabien, 2016), the inclusion of zinc
contributes to the stabilisation of copper ions (Cu*) and the
elimination of impurities capable of deactivating the
electrocatalyst. Moreover, zinc has the potential to mitigate
hydrogen formation during the hydrogen evolution reaction
(HER), thereby enhancing the overall performance of CO;
conversion (Merino-Garcia et al., 2019; Keerthiga & Chetty, 2017).
There is a gap in the catalyst immobilisation technique on the gas
diffusion layer for use in CO2RR. Previous researchers focused
more on the catalyst and CO;RR performance compared to the

catalystimmobilisation, which is a vital procedure in producing an
effective working electrode. With detailed steps, this paper aims
to assess the effectiveness of immobilising Cu,0/Zn0-based gas
diffusion layers using the air-spraying technique and characterise
the resulting working electrode for potential application in the
CO,RR. The primary objective is to enhance the catalytic efficiency
of the gas diffusion layer-based working electrode, particularly
when employed in a liquid-flowing system. This enhancement
aims to increase the selectivity for ethylene production and
improve overall energy efficiency within a CO; electroreduction
system.

2. Experimental

2.1 Synthesis Preparation of Cu,0 Nanoparticles

Cubic copper(l) oxide (Cu,O) nanoparticles (NP) were
synthesized by dissolving 6g of copper(ll) nitrate trihydrate in 30
mL of ethylene glycol with vigorous stirring, heated to 120°C for
20 minutes. The copper solution was then poured into a Teflon-
lined sealed reactor. The temperature was gradually increased to
a crystal growth temperature of 180°C in an oven and maintained
for 7 hours to induce cubic morphology, following the procedure
outlined by Jung et al. (Jung et al., 2019). The solution was then
cooled to ambient temperature, and the resulting precipitate was
subjected to centrifugation and washed multiple times with
distilled water and isopropyl alcohol until a clear solution was
achieved. The obtained powder was dried overnight at 100°C. The
Cu,0 nanoparticle powder was securely stored in a clean and dry
Duran bottle for subsequent use.

2.2 Synthesis Preparation of ZnO Nanoparticles

Zinc oxide (ZnO) nanoparticles were synthesized using a
modified polyol chemistry method tailored to the available
laboratory facilities, following the approach outlined by
Mahamuni et al. with modification (Mahamuni et al., 2019). To
initiate the synthesis, 6 g of zinc acetate dihydrate was dissolved
in 100 mL of triethylene glycol with vigorous stirring, and the
mixture was heated to 80°C for 0100 hours. Subsequently, the
zinc solution was transferred into a Teflon-lined sealed reactor,
and the temperature was gradually increased to 220°C using an
oven, maintaining this temperature for 0500 hours. The reaction
resulted in the formation of a white precipitate, which was then
subjected to centrifugation and washed multiple times with
distilled water and ethanol until a clear solution was achieved.
The obtained powder was dried overnight at 100°C, and the
resulting ZnO nanoparticle powder was stored in a clean and dry
Duran bottle for subsequent use.

2.3 Immobilisation of Cu,0/Zn0O Nanoparticles on Gas Diffusion
Layer (GDL)

Cu,0 NPs and ZnO NPs were combined in a 4:1 ratio to study
the effect of ZnO on the CO, reduction performance. Sigracet
39BB carbon paper served as the gas diffusion layer, providing
support for the immobilisation of Cu,0/Zn0. The catalytic ink was
formulated by dispersing Cu,0/ZnO NPs in a 5% Nafion solution,
which served as a binder, with isopropyl alcohol (IPA) as the ink
deposition carrier. This process followed the methodology
outlined in previous studies (Guzman et al., 2021; Jung et al., 2019
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Figure 1. The Setup of a) Air-spraying System for Immobilisation of Cu,0/Zn0O-based GDL, b) neat Gas Diffusion Layer, c) Cu,0/Zn0O-based
GDL

I. Merino-Garcia et al., 2018). A mass ratio of 50:50 Cu,0/Zn0O
NP with 5 wt% nafion solution was established as the baseline.
The solution underwent ultrasonication for 1 hour at ambient
temperature to ensure optimal homogeneity. The catalytic layer
was then immobilised by spraying the catalyst ink onto the GDL
surface and allowing it to dry in an oven for one hour. Figure 1
illustrates the setup of the air-spraying equipment and the colour
change of the GDL before and after the immobilisation of
Cu,0/Zn0 on its surface.

2.4 Catalyst Characterization

Characterizing Cu,0/Zn0 nanoparticles on the gas diffusion layer
(GDL) is essential for evaluating the catalyst's properties. Various
characterization methods were employed, as outlined below. A
Theta Lite Optical Tensiometer determined the hydrophobicity
and hydrophilicity of the gas diffusion electrode (GDE) surface
surface. One centimetre (cm) samples of both the pristine GDL
and Cu,0/ZnO-based GDL were tested. Hydrophobicity was
assessed by dropping distilled water on the GDE surface and
measuring the contact angle. A Hitachi SU8020 Field Emission
Scanning Electron Microscope coupled with Energy Dispersive X-
Ray (FESEM-EDX) was utilized to examine the surface morphology
of the pristine GDL and Cu,0/Zn0O-based GDL. Both surface and
cross-sectional morphologies of the bare GDL and modified GDL
were analyzed for structural comparisons at 10K and 40K
magnifications. Simultaneously, EDX was employed to identify the
elemental compositions and distribution of active metals on the
surface and cross-section of the Cu,0/Zn0O-based GDL. For an in-
depth analysis of inorganic and nanomaterial phase purity as well
as crystallinity properties, X-ray diffraction (XRD) was performed
using the Shimadzu XRD-7000 over a range of 30-80 20. This
technique was applied to both the pristine GDL paper and the
Cu,0/Zn0-based GDL.
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3. Results & discussion

3.1 Hydrophobicity of the Cu;0/ZnO Immobilized on GDL

The contact angle measurement is imperative for assessing
surface hydrophobicity and hydrophilicity, providing insight into a
liquid's ability to wet a solid surface. A surface is categorized as
hydrophobic if its angle exceeds 90°, while an angle below 90°
denotes hydrophilicity. Figure 2 displays the contact angles of the
pristine GDL and the GDL modified with Cu,0/Zn0. The average
contact angle for the pristine GDL is 143.69°, whereas the
Cu,0/Zn0-based GDL exhibits a reduced angle of 134.82°,
indicating a decrease of approximately 6%. Despite this reduction,
the surface remains classified as hydrophobic.

This reduction in contact angle may be attributed to the
presence of Nafion ionomers acting as binders, which enhance
catalyst utilization by promoting ionic connectivity. The Nafion
ionomer presents a dual advantage by aiding in the binding of
metals to the gas diffusion layer and concurrently enhancing ionic
conduction (Ramasamy, 2020). However, the inherently
hydrophilic nature of Nafion results in an elevated water content
within the pores (Kibria et al., 2019). The preservation of high
hydrophobicity is crucial for the success of this technology, as it
prevents the flooding of the gas diffusion layer. Flooding could
adversely impact the mass transfer of CO, to the catalyst layer
during experimental runs (Guzman et al., 2021; Mowbray et al.,
2021; Lin et al., 2020).

Burdyny and Smith (2019) discovered that the elevated
hydrophobicity of the electrocatalyst on the gas diffusion layer
played a significant role in enhancing CO, reduction efficiency and
bolstering the stability of the GDL. The hydrophilic and
hydrophobic conditions at the working electrode significantly
influence the products generated during CO, reduction. A
hydrophobic environment fosters the hydrocarbon reaction
pathway, leading to enhanced C-C hydrocarbon coupling and thus
boosting the formation of ethylene (Chang et al., 2022).
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Figure 2. Contact Angle of a) GDL b) immobilized Cu,0/ZnO-
based GDL

3.2 Morphology of the Cu,0/Zn0O Immobilized on GDL

A comparative analysis of FESEM images was conducted at
varying magnifications to examine the cross-sectional and surface
morphology of both pristine GDL and GDL modified with
immobilized Cu,0/Zn0. Figures 3(a), (b), (e), and (f) depict the
cross-sectional views of the pristine GDL and Cu,O/Zn0O-based
GDL, respectively. Meanwhile, Figures 3(c), (d), (g), and (h)
showcase the surface morphology at magnifications of 10K and
40K.

The results indicate the successful immobilisation of
Cu,0/Zn0 nanoparticles on the pristine GDL surface. The catalyst
was incorporated into a Nafion solution, serving as a binder, with
isopropyl alcohol (IPA) acting as the catalyst carrier during the

Figure 3. Cross-section and Surface Morphology of a-d) GDL, e-h)
Cu,0/Zn0-based GDL

immobilisation process, following protocols outlined by Guzman
et al.,, Jung et al., and Merino-Garcia et al. (Guzman et al., 2021;
Jung et al., 2019; |. Merino-Garcia et al., 2018). The Cu,0/ZnO
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nanoparticles  were  effectively  deposited,  providing
homogeneous coverage over the GDL surface. Notably, the
surface morphologies of the immobilised GDL revealed the cubic
shape of Cu,0 and the hexagonal shape of ZnO at both 10K and
40K magnifications.

3.3 Elemental Composition of the Cu;0/ZnO Immobilized on GDL

Figure 4 depicts the Energy Dispersive X-ray (EDX) spectrum
of the gas diffusion layer (GDL), revealing the presence of carbon,
fluorine, and oxygen elements. The GDL comprises two primary
layers. The first is a microporous layer designed to provide
mechanical stability and electrical contact, facilitating gas
distribution through macroscale pores composed of carbon
structure paper (Kibria et al., 2019). According to Liang et al.
(2020), the inclusion of a catalyst in the composition of the GDL
prolongs the retention time on the electrode surface, thereby
enhancing mass transport and resulting in an augmented current
density for CO2RR.

The second layer, situated between the microporous and
catalyst layers, is also microporous and serves to enhance
interfacial electrical connectivity while preventing flooding. This is
achieved through a combination of carbon black nanoparticles
and a hydrophobic polymer mixture. The presence of fluorine is
attributed to the inclusion of polytetrafluoroethylene (PTFE) in
the GDL compound mixture. PTFE enhances the hydrophobic
nature of the GDL, mitigating the risk of flooding during
electroreduction reactions.

2 4 8 o
ol Scale 2712 ¢t Cursor 1000 18]

Figure 4. Energy Dispersive X-ray (EDX) Spectrum of GDL

Figure 5 presents the Energy Dispersive X-ray (EDX) spectrum
of Cu,0/Zn0-based GDL. The spectrum reveals the presence of
Cu, O, and Zn elements, confirming that the Cu,O and ZnO
compounds were effectively immobilized onto the GDL substrate.
The homogeneous distribution of Cu, Zn, and O elements across
the gas diffusion layer was achieved using the air-spraying
technique. Jhong et al. (2013) similarly observed that the air-
spraying method results in a more uniform catalyst layer, thereby
contributing to improved performance.

Element mapping is employed to assess Cu,0/ZnO dispersion
uniformity on the GDL. In Figure 6, the oxygen atoms are denoted
by red dots, copper by blue dots, and zinc by green dots,
indicating their distribution on the GDL. The surface crack
observed on the catalyst on the GDL is due to the slow
evaporation rate of the solvent from the catalyst ink solution
during immobilisation. This aspect can be improved by
immobilising catalysts on a heated surface, such as a hot plate
operating at temperatures ranging from 60 to 80°C.
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Figure 5. Energy Dispersive X-ray (EDX) Spectrum of Cu,0/ZnO-
based GDL

Electron Image 1

CukKat ZnKa1

Figure 6: Elements Mapping of Cu,0/Zn0O-based GDL
3.4 Crystalline Structure of Cu;0/Zn0O Immobilized on GDL

Figure 7 illustrates the X-ray diffraction (XRD) patterns of
pristine GDL and GDL modified with Cu,0/ZnO, validating the
crystalline structures of the deposited nanoparticles. The XRD
diffractogram of Cu,0/ZnO-based GDL was compared with the
pristine GDL, standard Cu,0 (JCPDS 01-078-2078), and ZnO (JCPDS
00-036-1451) patterns to elucidate the crystal structure of these
compounds.

The XRD analysis revealed distinct diffraction peaks for the
pristine GDL at 37.9°, 44.1°, 54.2°, 64.4°, and 77.5°, as depicted in
Figure 7. The immobilized Cu,0/ZnO-based GDL exhibited all
crucial diffraction peaks associated with the Cu,O cubic crystalline
structure (111), (200), and (220) at 36.4°,42.3°,52.5°, 61.4°, 65.6°,
69.6°, 73.6°, and 77.4°. This observation aligns with the results
reported by Jung et al. (2019), who identified face-centered cubic
Cuz0.

Furthermore, the hexagonal wurtzite crystal structures of
Zn0, specifically (100), (002), (101), and (110), were observed on
the Cu,0/ZnO-based GDL surface at 31.8°, 34.4°, 36.3°, 47.5°,
56.6°, 62.9°, 66.4°, 67.9°, 69.1°, 72.6°, and 76.9°. The compilation
of prominent diffraction peaks corresponding to GDL, Cu,0O, and
ZnO in the XRD pattern for Cu,0/ZnO-based GDL serves as
conclusive evidence, affirming the successful immobilisation of
the nanocatalyst onto the GDL substrate.
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Figure 7. X-ray Diffraction (XRD) Pattern of a) Cu,0/ZnO-based
GDL, b) neat GDL, c) Reference Zn0O, d) Reference Cu,0

4. Conclusion

The deployment of the air-spraying technique for
immobilizing Cu,0/Zn0O nanoparticles on the gas diffusion layer
(GDL) has been effectively implemented. Detailed examinations
of the working electrode's surface morphology, textural
properties, and phase characteristics were conducted. The Cu,0
nanoparticles display a cubic structure, while ZnO manifests a
hexagonal wurtzite shape, with both uniformly deposited across
the gas diffusion layer. The introduction of the Nafion binder
resulted in a slight decrease in the hydrophobicity of the
Cu;0/Zn0-based GDL compared to the pristine GDL. Nonetheless,
the hydrophobicity level remains acceptable, -effectively
mitigating the risk of flooding at the working electrode during the
liquid flow system's CO, reduction reaction process. Projected as
an exceptional electrocatalyst for CO, reduction reactions, the
Cu;0/Zn0  nanoparticle gas diffusion electrode shows
considerable potential for future applications.
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