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ABSTRACT:

Carbon dioxide (CO2) significantly contributes to global warming and climate change. The
excessive burning of fossil fuels to fulfil almost 80% of global energy demand is largely
responsible for CO> emission. To alleviate the negative impact of CO, discharge, many
researchers are exploring ways to convert CO> into value-added hydrocarbon (HC) fuels as an
efficient solution for diminishing greenhouse gas emissions and developing sustainable sources
of renewable energy. CO; electroreduction is a promising technology that involves the use of
an electrocatalyst, that can facilitate the electrochemical reduction of CO; into green products

that can provide a pathway towards a circular carbon economy.

This study focuses on synthesizing beneficial nano hybrid electrocatalysts and analysing their
electrocatalytic properties for the effective electrochemical reduction of CO». Herein,
metalloporphyrin is incorporated as a molecular cocatalyst with the TiO2> (P25) and rGO
(reduced graphene oxide) composite to enhance the electron transfer kinetics and
electrochemical reduction activity of CO,. This trio of GO-TiO> /metalloporphyrin catalysts
was synthesized by performing the solvothermal process. The characterizations of the catalyst
composites are analysed by performing several instrumental techniques such as Fourier-
transform infrared (FTIR) spectroscopy, Raman spectroscopy, Thermogravimetric analysis
(TGA), UV-visible spectroscopy, X-ray photoelectron spectroscopy (XPS) and X-ray
diffraction (XRD) techniques. These spectroscopic techniques have provided valuable insights
into the structure, morphology, and composition of the composite material. The electrochemical
reduction performance of the prepared catalysts was assessed by performing cyclic
voltammetry with rGO-TiO2/TAPP, rGO-TiOy/ Zn-TAPP and rGO-TiO2/Ni-TAPP nano

electrocatalyst coated on glassy carbon (GC) electrode.
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ABBREVIATIONS

rGO Reduced graphene oxide.

GO Graphene oxide.

TiO; Titanium dioxide

CV  Cyclic voltammetry

GC Glassy carbon

DI Deionized Water

TBAPFs Tetrabutylammonium hexafluorophosphate

TAPP Meso tetra (4-amino phenyl) porphyrin

Zn-TAPP Meso tetra (4-amino phenyl) Zinc porphyrin

Ni-TAPP Meso tetra (4-amino phenyl) Nickel porphyrin

Pt Platinum

Au Gold

KCL Potassium chloride

ACN Acetonitrile

DMF N, N-dimethylformamide

THF Tetrahydrofuran

CO» Carbon Di oxide

ECR Electrochemical Reduction



1 INTRODUCTION:

The present world is now confronting the negative consequences of extreme global warming in
the disguise of drought, heatwave, and ocean acidification because of excessive amounts of
greenhouse gas (GHG) discharged from different energy-driven sectors per annum [1]. COz is
the major contributor (74.4%) of the total discharged of these GHGs [2]. Based on many
scientific studies it has been found that emitted CO; from fossil fuel combustion remains
accumulated in the atmosphere for a longer period almost 100-160,000 years compared to other
GHG emissions causing grave damage to the global environment [3]. It has been estimated that
the burning of fossil fuels will produce more than 500 gigatons of CO2 over the next few
decades [4]. According to the global carbon budget report of 2022, CO; emission from fossil
fuel combustion and industrialization like cement production has already reached a record high
of 36.6 billion tons [5]. The amount of CO; released due to energy consumption jumped by

0.9%, or 321 Mt in 2022 [6]
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Figure 1: Global Primary sources of Green house Gas MTCO,e (Metric tons of carbon dioxide

equivalent) emissions. (Climate Analysis Indicators Tool , World Resources Institute, 2017).

Since the middle of the 20™ century, the rate of global energy consumption for transporting,
heating and electricity is alarmingly accelerating to ensure the smooth growth of civilization
and industrialization. To fulfill this existing demand of energy we are particularly reliant on

fossil fuel-based energy resources.
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Figure 2. Global CO> emissions from energy combustion and industrial processes and their

annual change, 1959-2022 (chart by Carbon Brief")

Unfortunately, the reservation of these nonrenewable (petroleum, coal, natural gas etc.)
resources is limited and scarce. Subsequently, excessive use and the rapid depletion of these
primary energy sources will cause the future generation to face a great energy crisis. To resolve
these aforementioned issues, researchers have discovered alternative strategies like improving
energy efficiency and replacing non-renewable energy sources with renewable sources such as
harnessing renewable electricity from natural and low or non-carbon sources like solar PV,
geothermal, wind generation, hydropower, nuclear etc. To produce clean and sustainable
energy,converting CO; into high-value commodities and hydrocarbon fuels like carbon
monoxide (CO), formate (HCOO-) or formic acid (HCOOH), methane (CH4), ethylene (C2Ha),
ethanol (C2HsOH), and other alcohols are also effective ways of decarbonizing the global
energy supply [7], [8]. Several promising methods have been encountered theoretically and
experimentally so far including thermochemical [9] biochemical [10] radiochemical [11],
photochemical, photoelectrochemical [12] and electrochemical [13] reactions for efficient
transformation of CO; into clean fuel. Comparatively, electrochemical CO> reduction reaction
(CO2RR) for chemical conversion of CO; has become a more widespread topic of scientific
research because of several advantages among which are noteworthy mentioned 1) Reasonably
powered by renewable sources such as the electricity force like solar, wind and nuclear energy
to run the conversion preventing from producing any extra CO»; 2) Less expensive equipment
and ambient operating conditions like temperature and pressure 3) Chemical usage can be

abated by recycling the electrolytes 4) The reaction pathways can be control effortlessly to



produce a desired product by changing and selecting an appropriate external potential,

electrolyte and electrocatalysts [14].

But as CO> ERR is thermodynamically a sluggish kinetic process, to practical and successful
implementation and commercialization of this process, the development of an active, selective,
stable, and reasonably inexpensive electrocatalyst is inevitable. Numerous researchers have
devoted many years to investigating and designing different types of electrocatalysts including
metal electrodes, metal alloys, inorganic metal compounds, organic metal complexes and
various others for efficient CO» electroreduction [15]

This thesis experiment aim is also synthesizing an efficient and environment-friendly hybrid
electrocatalyst with Meso tetra 4-amino phenyl porphyrin(TAPP), Meso tetra 4-amino phenyl
zinc porphyrin (Zn-TAPP )and Meso tetra 4-amino phenyl nickel porphyrin (Ni-TAPP )

decorated on rGO- TiO; for utilizing it successfully for electrochemical reduction of CO».

1.1 METALLOPORPHYRIN

Over the last few decades, a wide variety of molecular catalysts that are mainly organic
molecules like porphyrins [16], phthalocyanines [17] cyclam [18] and polypyridines [19] have
been introduced and studied as potential catalysts for CO> reduction reactions. This molecular
electrocatalyst is identified as different types of noble ( i.e. Re, Rh, Ir, Ru, Os and Pd) or earth-
abundant non-noble ( Fe, Co, Ni, Mn, Cu, Zn ) transitional metal-based complexes with
macrocycle, porphyrin or phosphine ligands. Although non-noble metals have lately substituted
noble metals for synthesizing different types of active metal complexes as they are less
expensive and highly reaction active. For instance, Co, Fe, Ni, and Cu-porphyrin complexes
have replaced the noble metal Platinum in H> generation reactions for better economical and
workable options [20], [21], [22].

In our study, we have selected Meso tetra 4-amino phenyl porphyrin, TAPP, and two types of
metal ions (Ni*", and Zn**) complexes of TAPP to hybridize with rGO- TiO, and synthesize a
suitable electrocatalyst for CO2ERR. Porphyrin metal complexes can efficiently transfer
electrons in a catalytic system which can decrease the recombination of electron-hole pairs and

can also broaden the absorption range [23].


https://www.sciencedirect.com/topics/chemistry/porphyrin

Porphyrins are mainly N4 macromolecular, heterocyclic and highly conjugated 18n electron-
containing compounds that are widely available in nature such as in chlorophylls and in heme
or can be synthesized in the laboratory. Its capability to catalyse various oxidation reactions in
biosystems and light harvesting capacity has given it the recognition of an environment-friendly
bionic catalyst and active biological enzyme. The aromaticity of the porphyrin compounds with
a large delocalized m-electronic system is the key reason for its semiconducting behavior and
efficient electron transfer capability. The free base of porphyrin can be converted into
metalloporphyrin by replacing the two inner pyrrole protons with a metal ion, shown in Figure
3. A great number of transitional metal porphyrin complexes are possible to produce by
changing the side chains and core metal ions. The metal ion that is coupled with the porphyrin
framework mainly determines the electron density of porphyrin rings. The addition of ligands
or the introduction of electron-donating or electron-withdrawing groups in meso or B-positions
can improve the overall catalytic performance, stability, and high selectivity of a

metalloporphyrin in a variety of processes.
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Figure 3: Typical structure of Porphyrin and Metalloporphyrin

Metalloporphyrin complexes as homogeneous catalysts face challenges like complicated
preparation processes, reaction surroundings, difficulty in product separation, poor solubility in
aqueous electrolytes and inactivation when far from the conductive electrode surface. On the
contrary, the heterogeneous electrocatalyst of metalloporphyrin complexes shows better
practical application by overcoming the mentioned drawbacks of the homogeneous form of
catalyst. It can also control the chemical surroundings of the catalyst's active site by improving
the catalytic performance and preventing the deactivation caused by dimerization and

aggregation in a homogeneous process.
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Porphyrin-based transition metal complexes are stable, affordable, readily functionalized, and
possess exceptional tuneable optical, photophysical, and electrical properties and efficient
energy transformation capability. Its semiconducting nature, high catalytic efficiency and
selectivity have made them a promising catalyst in diversified applications including artificial
photosynthesis, biometric chemistry, photodynamic therapeutic agents, molecular electronics,
sensors, non-linear optics, charge separation in solar cell materials [24], [25], [26], [27], [28].
The facile structure and tunable oxidation state of metal centers of metalloporphyrin complexes
have proven it a model catalyst for electro/photo catalytic water splitting [29], CO2 reduction,
O reduction [30], nitrate reduction [31], hydrogen evolution [32] and other reactions in
numerous studies. For effective energy conversion, immobilization of a metal into an organic
framework (MOF) or covalent organic frame work (COF) or combination of both MCOFs, are
being lately extensively explored by scientists because of the porous structure of the material
that provides a higher number of active sites, stability and high specific surface area for an
efficient catalytic activity like CO; reduction [33].

Around 1988, Savéant et al. reported the first electrochemical reduction of CO2 by applying
iron tetraphenylporphyrin complex (Fe-TPP, where TPP = 5,10,15,20- tetraphenylporphyrin )
as a catalyst and obtained CO as a major product. After that, Saveant and his coworkers has
studied Fe porphyrin complexes further for CO> reduction extensively [34], [35], [36]. Idan
Hod et al., opted for a heterogeneous electrocatalyst by synthesizing Fe porphyrin-based MOF
(metal-organic  framework) thin films-525 that contains TCPP [meso-tetra(4-
carboxyphenyl)porphyrin] linkers and hexa-zirconium nodes. In this experiment, MOF-525
acts as a catalyst immobilizer that has provided good molecular-scale porosity and excellent
chemical stability for the electrocatalytic reaction with ~100% faradic efficiency of the CO and
H> mixed products with an overpotential of ~650 mV for CO» electrochemical reduction [37].
Cobalt (Co) porphyrin complexes have also been studied as a molecular catalyst under both
homogeneous and heterogeneous conditions for CO; reduction reactions. Dr Xin-Ming Hu and
his colleagues have approached both heterogeneous and homogeneous ( organic medium -
DMF )conditions for CoTPP (Cobalt meso-tetraphenylporphyrin) catalyst.But compare to
homogeneous state they observed a high catalytic activity with a low overpotential , good
current density and FE >90% to produce CO from CO; electrolysis reaction under
heterogeneous conditions in the presence of aqueous solution. In heterogenous form, CoTPP
catalyst was immobilized on a CNT via adsorption. The TON turnover number) 1118 and TOF
(turnover frequency) 280 h™'were also 300 times higher than in the homogeneous process of

the same catalyst [38].


https://onlinelibrary.wiley.com/authored-by/Hu/Xin‐Ming
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Song Lin et al. synthesized Co(Il)-porphyrin-based covalent organic framework (COF) for an
aqueous electrochemical reduction of CO.. 5,10,15,20-tetrakis(4
aminophenyl)porphinato]cobalt, Co(TAP), was used for the catalyst framework and the COF
powders were deposited on porous, conductive carbon fabric for the electroreduction. A high
selectivity for CO formation (FE=90%) and turnover numbers 290,000, with an initial turnover
frequency of 9400 hour ! at —0.55 V overpotential was detected. It has been observed that the
incorporation of cobalt porphyrin complex into COF has 26-fold increased the overall catalytic

activity of the molecular Co catalyst [39] .

1.2 TITANIUM DIOXIDE (TiOz2)

Titanium dioxide (TiO> or titania) is one of the most popular transition metal oxides and n-type
semiconducting material. It has received a lot of interest ever since Fujishima and Honda
utilized it successfully for water photolysis in 1972 [40]. Compared to other metal oxides,
nanostructured TiO; (diameter > 100 nm) is prefered for use in versatile reactions because of
its outstanding physical and chemical qualities such as stable chemical structure, non-toxicity,
economical, higher specific surface area, photoactivity/light absorption and greater
dispersibility. Furthermore, it has possessed other abilities like enhanced porosity,
biocompatibility, excellent optical properties, redox and strong oxidizing capability.The
presence of bulk vacancies for oxygen and efficient electron/hole separation are the focal
reasons for its electrical conductivity [41], [42].

Nanoparticles, NP, of TiO2 are frequently applied in food, cosmetics, pharmaceuticals [43],
paints, plastics, self-cleaning coating [44] and medical therapies [45] because of their improved
efficiency and exceptional adjustable properties. In the last few decades, its application has
widely intensified in high-tech diversified fields mostly in environmental and energy-related
areas like water splitting for producing H» [46] solar cells, sensors, supercapacitors,
photocatalysis, photovoltaic, air purification, antibacterial, dye degradation and water
desalination [47], and in Li-ion batteries [48]. TiO> NPs can be synthesized by following a
number of procedures including the sol-gel method, chemical vapour deposition, mechanical

alloying, 3D printing, hydrothermal method green synthesis etc. [49].
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The properties of this nanomaterial are largely influenced by its size, shape, surface morphology
and crystal phase. Anatase, rutile and brookite are the main crystallographic structures of TiO>
struvture shown in Figure 4. Anatase has better photocatalytic ability than others due to its
excellent electron mobility, electron affinity, and visible light transmission [50]. Rutile is
thermodynamically more stable and has been usually used as an effective light-scattering

material for dye/semiconductor-sensitized solar cells as it has a high refractive index [51]

o

BD ¢
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Figure 4: Unit cells of A) anatase TiO> and B) rutile TiO». Large light-blue and small

red spheres are Ti*" and O* ions, respectively [52] .

The usage of TiO; as a heterogeneous catalyst support or co-catalyst in CO; electroreduction
has been reported in a limited number of studies so far. In some of these studies, it has been
noted that the mesoporous structure of TiO, NPs and large surface area displayed strong redox
abilities and chemical stability that aids in carrying electrons in various catalytic reactions like
CO» reduction reactions. Furthermore, the surface of TiO; has the adsorption capability of CO>
that helps to stabilize CO> reduction intermediates and to decrease the overpotential [53].
Though TiO2 is the most commonly used photo electrocatalyst in catalytic reactions, its
functionality is highly constrained because of the fast recombination of the photo-induced
electron-hole pairs and low adsorption of visible light. This is due to the wide band gap (rutile
3.0 eV and anatase 3.2 eV) averting it from being stimulated by anything other than UV light

which is only a small fraction (5%) of solar light. The effective strategies for overcoming the
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limitations of TiO»-based photocatalysts are categorized by different scientists as follows: (i)
Design of nanostructured TiO»-based catalysts, (i1) modification of TiO> facial properties, and
(i11) Usage of cocatalysts for TiO> photocatalysts. Different types of metal and noble metal,
nonmetal, photosensitization, semiconductor composite, and carbon-based materials
coordinated with TiO; as cocatalyst have so far demonstrated successful results by widening
the band gap of TiO: to the visible range and preventing the recombination of electron/hole pair
[54].

In our study, we have used P25 mixed phase of anatase-rutile:70-80 % anatase and 20-30 %
rutile) as a cocatalyst for synthesizing a composite catalyst for CO2ERR. P25 is commercially
available popular semiconductor photocatalyst that possesses high photocatalytic activity due
to interface electro-transmission ability, greater ionic charge separation and longtime electro-
hole separation [55].

Jing Yuan et al. investigated Cu/TiO> NP anchored onto N-doped graphene, NG, for CO;
electro reduction to different alcohols. Cu/TiO2 /NG heterogeneous catalyst has shown
excellent stability and dual catalytic ability as it produced both methanol with FE 19.5% at a
potential of —0.20 V vs. the reversible hydrogen electrode (RHE), and ethanol with a higher FE
up to 43.6% (at —0.75V vs. RHE ) compared to Cu/NG with 12.7% FE for methanol (at
—0.20V vs. RHE ) and 24.1% FE for ethanol ( at —0.75V vs. RHE ). Also, Cu/TiO2/NG
demonstrated (at —0.20 V vs. RHE) a larger partial current density, J (0.061 mA/cm?) for
methanol compared to Cu/NG (0.041 mA/cm?) and a 2.06-fold higher J on Cu/TiO2/NG (at
—0.75 V vs. RHE ) than that on Cu/NG for ethanol of CO; reduction. This indicates that the
presence of TiO; has increased the overall electrocatalytic activity of Cu/TiO> /NG catalyst by
showing a high efficiency and low overpotential for CO; electrocatalytic reduction in contrast
to the Cu/NG catalyst [56].

In a recent experiment conducted by M. Nur Hossain and his team a TiO2/Au nanocomposite
was used for electrochemical reduction of CO; towards multiple hydrocarbons. Usually, Au-
based nanomaterials have successfully produced CO in an aqueous solution for CO» electro
reduction [57] but the nanocomposite TiO2/Au synthesized by galvanic replacement reaction
have produced highly energetic gas products CO and CH4 and liquid products like HCOO—,
CH3COO—, CH30H, and CH3CH>O (formate, acetate, methanol, and ethanol ) from the CO»
electroreduction at different cathodic potentials. Au*" ions were reduced and the Au thin layer
was deposited on to TiO2 NPs. The presence of TiO> has improved the catalytic performance
of the TiO2/Au nanocomposite electrode catalyst compared to polycrystalline Au with the

instant current efficiency (ICE) 67.2 and FE 67.36% at—0.5 V (vs RHE) in a CO»-saturated
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0.1 M NaHCOs solution by decreasing the overpotential for CO; reduction and improving the

reaction stability at the intermediate stage [58].

1.3 GRAPHENE, GRAPHENE OXIDE, and REDUCED GRAPHENE OXIDE

A single layer of graphene is one of the thinnest, strongest and lightest two-dimensional (2D)
materials composed of sp? hybrid carbon atoms with a layered hexagonal honeycomb structure.
It’s the elementary unit of many other carbonic materials with different morphologies like
fullerenes wrapped into 0D structure, carbon nanotubes rolled into 1D structure and stacked 3D
graphite.

In 2004, Novoselov and Geim successfully separated a single layer of graphene by repeated
peeling from bulky graphite. Since then graphene has emerged as a blessing for the 21st century
in the field of technology because of its distinct lattice structure, morphological features, and
C-C bond (~ 1.42 A) that offers excellent chemical stability, bio compatibility, good electron
transfer capability, exceptional optical transparency (97.4%) and distinct thermal conductivity
(5000Wm™'K-"). Moreover, the strong planar ¢ bonds provides its astounding mechanical
properties that include a break strength of 42 N m™!, Young's modulus of 1.0 TPa, and tensile
strength of 130 GPa. The presence of ® bonds is mainly responsible for its excellent electrical
capabilities. Besides, the large surface area (~ 2630 m? /g), zero gaps between valence and
conduction bands, rapid electron transfer rate (200,000 cm? /Vs, 200 times higher than silicon)
and capability to be functionalized variously are the key reasons for its widespread application
in environment, biomedicine, electrochemical and energy-related fields [59], [60], [61].

The two major synthesis methods of graphene are top-down approaches like peeling,
sonication, ball milling, and exfoliation and bottom-up methods include chemical vapor
deposition, silicon evaporation, epitaxial growth, using an electric arc etc. But these procedures
are less capable of producing enough amount of defect less pristine graphene at a low cost and
at a large scale due to poor solubility and agglomeration. As a consequence, for experimental
purposes, researchers made extensive utilization of graphene oxide (GO) which has similar
properties to pristine graphene prepared by oxidizing graphene by oxidizing agents. GO is
mostly a single monomolecular layer of graphite covalently functionalized with oxygen-
containing groups (carboxyl, epoxy, and hydroxyl) on the basal plane and sideways of the
structure. Unlike graphene, GO can be produced in vast quantities at a reasonable cost by using

a simple processing approach. Furthermore, GO has excellent water dispersibility as its
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hydrophilic by nature and consists of both aromatic (sp?) and aliphatic (sp®) regions which
results in easy surface interaction with a variety of different molecules. Because of other
prominent properties of GO like optical, electrical and mechanical abilities, it is used as an
active material in many synthesized composite materials and also as precursor for a plethora of
applications including photocatalysis, bioimaging, solar cells, lithium-ion batteries (as
electrode material), supercapacitors, fuel cells, medicine, biosensing, drug delivery, water

purification and many more.

Graphene Graphene Oxide (GO) Reduced Graphene Oxide (rGO)

Figure 5: Conversion of graphene into GO and rGO [62].

GO can be quickly generated from graphite flakes using widely recognized chemical and
electrochemical exfoliation procedures based on techniques proposed by Hummers,
Staudenmaier, Offeman, Brodie or different modern methods proposed by other researchers
[66]. We have opted for the modified Hummers method in our experiment for producing GO.
The usage of strong oxidizing agents like potassium permanganate can disturb the crystalline
sp>-bonding network of GO to some extent which impacts its electrical conductivity instigating
semi-conductive or insulative behavior. But the chemically reduced state of GO which is
denoted as rGO (reduced graphene oxide) possesses a similar level of conductive properties of
pristine graphene because of the presence of mnetwork and fractional recombination of
carbon—carbon double bonds, see the structures in Figure 5. The large surface area of rGO
provides a potentially high density of surface active sites that is beneficial for the high capacity
energy storage devices and various catalytic reactions like H» evolution reaction, CO> reduction
reaction, N> reduction reaction, and O> reduction reaction.

rGO can be easily and economically produced in bulk quantities by eliminating the oxygen

functional groups from graphene oxide following several reduction procedures like thermal
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reduction, microwave-assisted reduction, photo chemical reduction, chemical reduction,
electrochemical, ultraviolet radiation or solar mediated reduction procedures by applying
different reducing agents. The properties and quality of rGO depend on the degree of reduction
as well as on the conducted reduction methods. In our work we have followed the thermal
reduction technique to produce rGO at an oxygen free environment and optimal temperature.
The thermal reduction methods is more environment friendly and give higher reduction degree
than chemical reduction methods [63], [64], [65] .

rGO has also been proved as an excellent support material in combination with different kinds
of electroactive materials for the CO2RR. Takuya Tsujiguchi et al. studied the effects of rGO
for a synthesized composite catalyst Sn/rGO for Electrochemical CO> reduction to formate.
They analyzed through the Density functional theory (DFT) calculations that the synergistic
effect of rGO as catalyst support increased the CO, absorption rate 8.1-times faster and
absorption capability 4 times more than only single atom tin (Sn) nano catalyst. This is due to
the availability of oxidized functionalized CO> absorption sites of rGO on the composite
catalyst surface. They also observed that CO2 reduction ability of Sn/rGO800 was higher than
Sn/G800, Sn particles, and rGO.The Faradic Efficiency was also enhanced 1.8 times over +90%
due to rGO catalyst support [66].

Hui-Yun Jeong and team used tris(2-benzimidazolylmethyl)amine (NTB) ligand as linker to
uniformly dispersed single-atom nickel ion over N-doped rGO sheets. This NTB ligand worked
as a binder between Ni ions and the GO sheets and formed a stabilized Ni(NTB)-GO complex
through n-m interaction with GO sheet and ligation with transitional metal Ni ion. By annealing
the complex at high temperature (800°C) and at inert (Ar) condition, thermally reduced Ni-N-
rGO complex catalyst was produced and employed for electrochemical reduction of
COz reaction to CO. They compared the catalytic activity of Ni-N-C and Ni-N-rGO complex
and observed a higher catalytic activity of Ni-N-rGO than that of Ni-N-C complex, showing a
more positive onset potential of —0.6 V vs RHE at the current density of —5 mA/cm? under CO..
FE for CO product is 70% at —0.4 V vs RHE near the onset potential. The FE also increased as
the applied potential amplified and reached its maximum of 97% at —0.8 V vs RHE (reversible
hydrogen electrode). At —1.0 V vs RHE, high current density of —42 mA/cm? is also detected.
This indicated that the high surface area of rGO sheet has not only facilitate the synthesis of a
stable nanoparticle single atom electrocatalyst but also improved its overall catalytic

performance for CO2 electroreduction [67].
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1.4 CO2 ELECTROREDUCTION:

CO electroreduction is a promising approach of applying electrical energy or non/low carbon
energy sources to convert captured CO» into reduced and functional chemical commodities and
fuels to manage the global carbon cycle and lessen the dependence on fossil fuels. The CO2
reduction electrolyzer basically consist of a cathode that is responsible for CO> reduction,
whereas the anode is responsible for oxygen oxidation (from water).

CO; is a thermodynamically stable molecule because of which the dissociation of the O=C=0
bond needs a high activation energy.To break C=0O bond requires to overcome a high-energy
barriers of about 750 kJ/mol which leads the overall CO> ERR to low energy efficiency.
Moreover, the applied potential for the first direct one electron CO; reduction to get CO>~
radical anion is-1.9 V vs SHE (standard hydrogen electrode), which is highly negative redox
potential and makes the overall reaction kinetics slow. The poor solubility of CO; in the most
frequently used aqueous electrolyte solution also slows down the CO2RR reaction activity.
During CO; reduction a simultaneous Hydrogen evolution reactions (HER) occurs at cathode
as a side reaction of hydrolysis of water which also act as proton donors for the CO2 RR. The
redox potential range of many end products and HER thermodynamic on set potential are
similar which leads to poor selectivity of a particular desired final product.

A significant number of studies have revealed that the production of the reduced end
compounds are dependent on several factors such as electrolyte, highly functioned
electrolyzer, electrocatalyst properties, the reactions working conditions like proton
obtainability, applied cathode voltage, carbon dioxide concentration, mass transport, pH, and
temperature. In most of the conducted experiments, the catalyst lifetime was under 100 h.The
electrode's surface structure also has a substantial impact on the catalytic performance of
CO2RR. Therefore, a stable electrocatalyst is inevitable for CO» electro reduction to minimize
this overpotential need, increasing the current densitiy, improving the energy efficiency and
selectively deliver the desired hydrocarbons without being interrupted by any undesired side-
reactions and at a industrial level [68], [69], [70].

These electrocatalysts have been classified into homogenous and heterogenous catalysts.
Homogenous catalysts are basically organic compounds or organometallic materials (enzymes

and molecular catalysts) with low overpotential, functional structure, great selectivity and
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suitable kinetics for CO> reduction but because of their low thermal stability, poor electrolyte
solubility, high cost, non-recyclability and difficulty in product separation, its practical and
scalable application has becomes limited as electrocatalyst for CO> RR. To overcome these
downsides, researchers are lately more interested in employing heterogeneous electrocatalysts
for effective CO2RR [71].

The electrocatalysis process of CO: follows a several numbers of reaction pathways to produce
different compounds. CO» Electroreduction is a multistep complicated process that involves the
transfer of multiple protons and electrons that can be denoted as CPET (couple proton electron
transfer process including 2e, 4e, 6¢e, 8e, 12e or 18e at different applied potentials at the
electrodes, while also yielding diverse reduction compounds. For instance, formic acid (CO; +
2e- + 2H— HCOOH) and carbon monoxide CO (CO; + 2 e- + 2H— CO + H;0) will be
produced during two electron reduction pathway.

In the case of multiple electron transfers, more complex hydrocarbons can be achieved like:
Methanal (CO; +4e- + 3H,O — HCHO + 40H-), methanol (CO; + 6e- + 6H— CH3OH +
H>0), methane (CO> + 8e- + 8H— CH4 + 2H>0), ethanol (2 CO2 +12e- + 12H— CH3CH,OH
+ 3 H>0), propanol (3 CO» + 18e- + 18H— C3H70OH +5H0).

Generally, the overall electrochemical reduction reaction of CO> happens at the interface of
the electrocatalyst on the electrode surface and the electrolyte solution. This whole process
consists of three main steps that are: (1) the adsorption of CO: on the electrocatalyst surface 2)
CO; will then be reduced to an intermediate form such as *COz~ or *COOH through
electron/proton transfer process across the interface. 3) finally the produced compound migrate
into the bulk electrolyte solution.

The production of final products usually depend on the bond formed between the activated
CO; " radical and catalyst, an example shown in Figure 6. During the adsorption step if the O
atom of activated CO;~ connects to the catalytic site then HCOO will form in the intermediate
step which will finally form formic acid after further protonation. But if C atom of CO>~ binds
to the catalytic site, *HOCO and then CO will be formed as intermediates. If CO adheres to
the surface poorly, the intermediate will release and eventually create CO. If *CO bindes
strongly, then the intermediate step will go through a more intricate process involving more e-

transfer and protonation, resulting in the creation of various hydrocarbons or alcohols [13], [15].
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Figure 6: Possible reaction pathways for electrochemical CO2RR to formate, CO, and other

products [13].

It has been observed in many studies conducted so far that the faradic efficiency ( FE ~ 100%)
for producing C1 products (CO, CH4, HCOO—, and CH30H ) from CO; electroreduction is
higher with a less complex reaction pathways compare to the C2 product (CoH4) (FE ~60%)
and C3 product (n-C3H70H) (FE <10%). This is because of a complex and unsettled reaction
mechanism and higher energy requirement, which limits the practical utilization of CO>
transition to C2 and C3 products in commercial electrolyzers [72].

In 1980, Hori group first tested a number of pure metal electrodes catalyst for CO2RR and
classified them into 3 main groups. (1) Transition metals like Ag, Au, Pd that produce CO as
their primary product. (2) Metals like Sn, Pd, Bi, that produce HCOOH as their main byproduct.
(3) Cu was the only metal that can produce a sizeable amount of hydrocarbons and multi-carbon
compounds [73]. Metal electrodes have been investigated and applied for many years as a
potential electrocatalyst for effective CO2ERR but due to their relatively low active surface
space various other catalyst like single atom catalyst (Fe,Cu,Zn), bimetallic catalyst
(Culn,PdPt), molecular catalyst (Re(bpy)(Co)s, noble metal catalysts (Au, Ag, Pd),
nanostructured (nanoparticles, nanoclusters, nanowires) electrocatalysts have gained the
attention of the researchers for COECR over the years. Their improved surface area has
boosted the CO» reduction activity, selectivity and high current density [74].

Jonathan Rosen et al. investigated a nanostructured Ag electrocatalyst included both
nanoparticle and nanoporous in an aqueous electrolyte for CO; reduction. The large Ag surface

area and increased surface site activity reduce the activation energy of the intermediate CO; to
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COOH.gp step, leading to a reaction mechanism with a fast first electron and proton transfer
followed by a slow second proton transfer as the rate-limiting step [75].

Kristian Torbensen et al. studied a molecular electrocatalyst, Co phthalocyanine (CoPc2), a
phthalocyanine macrocycle consist of three tert-butyl groups attached to it and one trimethyl
ammonium moiety immobilized on an electrode. This Cobalt complex demonstrated same
electronic and steric properties for CO2 ECR to CO in water solution with high selectivity (ca.
95%), maximum current density of 165 mA cm—2 (at —0.92 V vs. RHE) and good reaction
stability over an extended period of time of 10h experiment [76] .

Anna Klinkova and her colleagues employed a traditional and noble metal catalyst Palladium
(Pd) nanostructured form to improve its catalytic performance and stability for CO; reduction
to liquid formate fuel. They observed the surface of Pd catalyst and saw a low overpotential of
-0.2V with a high current density of 22mA/cm? and FE of 97% which could be attributed to
the controlled morphology of Pd surface [2], [77], [78].

A bimetallic Cu-Sn electrode was generated by S. Sarfaraz et al. by electrodepositing Sn
particles onto the oxide-derived copper (OD-Cu) surface. A Cu-Sn catalyst surface with
reduced Hz adsorption and good selectivity, as well as FE >90%, were demonstrated by DFT
calculation for CO generation from CO: over a broad potential range (—0.4 to —0.8 V vs RHE)
[78] .

Recently, MOF-based electrocatalysts have also demonstrated excellent performance in CO>
reduction because they combine the benefits of homogeneous and heterogeneous catalysts.
Using a cobalt—porphyrin MOF, Al,(OH),TCPP-Co (TCPP-H,=4,4",4",4""-(porphyrin-
5,10,15,20-tetrayl)tetrabenzoate) based electrocatalyst, Nikolay Kornienko et al. were able to
improve catalytic performance overall and obtain high selective CO yielding 1400 turnover

number (TONNE) and 76% Faradaic efficiency [79] .
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2 EXPERIMENTAL PART

2.1 Materials and Methods:

Chemicals and reagents: TiO> (P25) (Rutile:anatase:85:15), crystal size 20 nm was purchased
commercially. Graphite, 5,10,15,20-tetrakis(4-aminophenyl)porphyrin, Meso tetra (4-amino
phenyl) Zinc porphyrin, Meso tetra (4-amino phenyl) Nickel porphyrin were bought from
commercial supplier Por-Lab.

TBPAFs, DMF, Diethyl ether, KCI were purchased from Sigma-Aldrich and used as received.
THF was purchased from Riedel-de Haen.DI (Deionized) water and ethanol (99.5%) were used
for synthesis purposes. All reagents and solvents were analytical grade and used as received
without further purification.

A teflon lined autoclave ( see Figure 7) was used for samples synthesis purpose.

Figure 7: The used Teflon lined autoclave
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2.2 Synthesis of GO by modified Hummers method:

The production of graphene oxide was carried out by following the modifying Hummers'
method reported by Hiratan et al. [80]. First, 2.0 g of powdered graphite and 1.5 g of sodium
nitrate (NaNOs ) were amalgamated with 124.2 g of sulfuric acid (H2SO4 )(67.5 ml ) in a 3 neck
bottle placed in an ice bath. 9 g of KMnO4 was added gradually for a period of 30 minutes into
the mixture and the mixture was kept for two hours to react in the ice bath. The solution was
left for 5 days to react well while maintaining the mixture temperature equivalent to room
temperature by using a water bath of the melted ice. The solution color changed from black -
greenish to brownish. To finished the oxidation process 200 ml of 5 w-% sulfuric acid was
added drop wise into the graphene oxide mixture in an ice bath and stirred for one hour in the
room temperature. This results in a dark brown solution. Finally, 6 ml of 30% H2O> solution
was dropped into the reaction mixture, which turned the color of the solution into light brown,
confirming GO formation and stirred for two hours.

To achieve neutral pH and removed the excess H2SO4, the formed GO is then repeatedly
washed and centrifuged and the precipitate redispersed into clean water in large glass
centrifugal tubes. Next, diluted graphene oxide is placed into a dialysis tube for dialysis and
the tube is placed in water bath. After 15-20 dialysis, when the absorbance spectra of the outer
solution shows no signs of significant absorbance the dialysis was finished and GO was

collected from the dialysis tube.

2.3 Synthesis of rGO-TiO2 nanocomposite:

rGO-Ti0; nanocomposite was synthesized by following a customized hydrothermal method.
At the beginning of the synthesis process of rGO-TiO., the bulk GO, prepared by modified
Hummer’s method was sonicated for 10 minutes before using it.7ml of GO (5mg /ml) and 39
ml of DI water were added and sonicated for 1 hour for proper dispersion by maintaining the
temperature below 32°C. Next, in the same mixture, 35 mg of P25 powder and 23.3 ml EtOH
(99.5%) were further added and stirred for 2 hours at a constant medium speed with a magnetic
bar at room temperature to ensure a homogeneous solution. The theoretical ratio maintained of
EtOH: H>O=1:2.The total 70 ml of brownish-coloured solution was then transferred into a

Teflon liner and the sealed Teflon lined flask was put inside a stainless steel autoclave which
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was then placed inside a vacuum oven at 150°C for 18h . The autoclave was gradually cooled
down to room temperature. The obtained solution was centrifuged at 8500 rpm for 20 minutes
each time and washed with DI water several times until the filtrate was clear. Before each round
of centrifugation, the sample was sonicated for 5 minutes to avoid agglomeration. Lastly, the
gained sample was dried overnight at 30°C in the air inside a vacuum oven. After drying

approximately 35 mg of composite sample was retrieved.

2.4 TiO2 treatment:

Commercial TiO2 (P25) powder was hydrothermally treated for background checking 30 mg of
P25 powder was added into 20 ml of DI water with 10ml of EtOH (99.5%) to prepared a 30ml
of total solution (H2O:EtOH::1:2). The solution was stirred for 2 h and then poured into a Teflon
lined autoclave which was heated to 150°C for 18 h inside a vacuum oven. The autoclave was
left to cool down to room temperature .The sample was then centrifuged at 8500 rpm for 10
minutes and washed three times with DI water. Finally, the sample was dried in a petri dish

overnight at 30°C inside an oven.

2.5 Synthesis of Reduced Graphene oxide:

To prepared reduced graphene oxide (rGO) a measured amount of GO (6 ml) was taken from
bulk GO (5 mg/ml) after 10 minutes of sonication. GOwas mixed with 14 ml of DI water
followed by ultrasonication for 1 h and vigorous stirring for 2 h. The autoclaved liner filled up
by the mentioned solution was placed inside a vacuum over for 18 h at elevated temperature
of 150 °C for GO reduction. After cooling the solution was centrifuged (at 8500 rpm,20
minutes) and washed with DI water few times until the filtrate looks clear. The washed sample

was dried in a petri dish overnight at 30°C.
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2.6 Synthesis of rGO-TiO2 /ITAPP, rGO-TiOz /Ni-TAPP and rGO-TiOz /Zn-TAPP

nanocomposites:

By following the standard procedure 100 mg of rGO-TiO; composite powder was dissolved
into 15 ml of DMF solvent. Subsequently, 5 mg of TAPP was added to the solution and stirred
for half an hour for uniform dispersion. A 30 ml Teflon lined autoclave filled with the
mentioned solution was heated at 120 °C for 6 h in a vacuum oven. The cooled solution was
centrifuged initially with diethyl ether and then two times with THF for 5 minutes each time at
3500 rpm to remove the unbound TAPP. Afterwards, the sample was further washed with DI
water two times for 10 minutes at 8500 rpm to get rid of all the impurities. The sample was
dried inside a vacuum oven for 7 h at 60°C temperature.

The same above-mentioned procedure was followed for preparing rGO-TiO; /Ni-TAPP and
rGO-TiO2 /Zn-TAPP nanocomposites but instead of TAPP, metal porphyrins Ni-TAPP and Zn-
TAPP were added respectively.

2.7 Preparation of Catalyst ink on Glassy Carbon electrode :

Figure 8: Glassy carbon electrode surface with drop casted catalyst ink.

Catalyst ink was prepared for drop casting it on a glassy carbon electrode (GCE) surface for
electro-reduction of CO», see Figure 8.Catalyst ink different samples (Ti02,GO,rGO, rGO-TiO>
composite, TGO-TiO2 /TAPP, rGO-TiO; /Zn-TAPP and rGO-TiO> /Ni-TAPP ) was prepared
by dispersing 1 mg of the sample in 1 ml of ethanol (99.5%). Ultrasonic treatment was used for

20 minutes to break down the composite flakes into small particles and for homogenous
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dispersal into the solvent. Total 30 ul (3 pl each time, 10 times) catalyst ink was drop cast on
the surface of a glassy carbon electrode (GCE) and the surface was dried with a top gun The
surface of the GCE was coated with the thin catalyst film after completing each drop casting

process.
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3 CHARACTERIZATION

3.1 Fourier-transform infrared spectroscopy (FT-IR):

In this experiment, FTIR analysis was performed to identify the synthesized compounds by
detecting their functional groups by absorbing the infrared radiation.

All the nanocomposite samples were characterized by Bruker Vertex 70 FTIR spectrometer
with an MCT detector cooled with liquid nitrogen with attenuated total reflectance (ATR-IR)

plate-smart orbit crystal with 120 scans, resolution 4 cm™'.
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Figure 9: FTIR spectra of GO, rGO, TiO> and rGO-Ti10; materials

FTIR spectra of the compounds are shown in Figure 9.The FTIR spectra of GO demonstrated
signals for C-O, C=C, C=0 and OH functional groups which confirm the the presence of
carbonyl, epoxy, carboxyl and hydroxyl groups. The peaks that appeared at around 1035 cm’!
were responsible for the C-O alkoxy groups stretching vibration band and 1150 cm™ (C-O-C)
was attributed for epoxy. The band stretching at 1610cm™ was for the presence of aromatic
sp2 C=C functional group. The presence of carbonyl C=0 functional groups were observed at

1726 cm™ band stretching [81], [82], [83].The broad signal between 3100 cm™ to 3700 cm’!
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was corresponding to hydroxyl (OH) functional groups of GO specifically the wide peak at
3406cm'[83], [84] .

The peak intensity and position for rGO has notably altered which was clearly visible in the
FTIR signals for rGO. This indicates the partial reduction of GO. The intense peak at 630cm-
lin the lower FTIR spectra region of TiO> was appeared because of Ti-O stretching vibration
band [84].

The Corresponding signals of rGO-TiO; nanocomposite’s FTIR spectra were in accordance
with most of GO, rGO and TiO2 FTIR spectrums indicating rGO-TiO, composite has been
successfully synthesized. Low frequency bands presence around 670 cm™ indicates the
vibration stretching of Ti-O-C due to the bond formation between rGO and TiO> [82].The Ti-
O peak intensity is observed at TiO2. The absorbance in the FTIR spectra were comparatively
lower in rGO-TiO; spectra which confirms that TiO2 has been covered with rGO in the prepared

composite sample.
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Figure 10: FTIR spectra of A) rGO-TiO2 / TAPP , B) rGO-TiO2 / Zn-TAPP and C) rGO-TiO>
/Ni- TAPP composites respectively.

The formation of rGO-TiO»/TAPP, rGO-TiO; / Zn-TAPP and rGO-TiO2 /Ni-TAPP
nanocomposites and their chemical structure were confirmed by studying their respective
FTIR spectrums. In the Figure 10, the lower intensity of the absorption bands that appeares
approximately between 500 cm™! to 800 cm™! range in all of the three composites spectra were

due to the vibration of Ti-O-Ti bonds, which also was observed in TiO; and rGO-TiO> FTIR
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spectra [85]. This confirms the bond creation between the rGO-TiO> and the three metal

porphyrin complexes.

In Figure 10 showing FTIR spectra, the peak intensities and positions of the three rGO-TiO:
/metal pophyrin nanocomposites have drastically changed. The oxygen containing C=0O groups
from GO around 1726 cm™ was weakly visible in the FTIR spectra of the hybrid
nanocomposites [82]. A strong new vibration band at around 1650 cm™ and a stretching band
at 1257 cm™ observed in all the three hybrid rGO-TiO2 /Porphyrin compounds which is
characteristic forC=0 stretching of primary amide and stretching band of C—N respectively.
Bands appeared around 1062 cm™ (C-O stretching vibration ), around 1469 cm™ (amine -NH
bending) and around 1386 cm™ (C-N stretching) confirmed that -NH; group of TAPP and the
two metalloporphyrin complexes bonded with the COOH functional groups of GO, forming C-
N covalent bonds through amide linkage [81]. The peaks around 3380cm-! can be attributed to
the stretching vibrations of N-H and surface hydroxyl groups (OH) of TiO» (Ti-OH) [85].

The presence of amine N-H and C-N characteristics band in rGO-Ti0O, / TAPP, rGO-TiO; / Zn-
TAPP and rGO-TiO: /Ni-TAPP nanocomposites indicates the successful hybridization of
rGO-TiO>with TAPP and two metalloporphyrin complexes to form the hybrid nanocomposites.

3.2 Raman Spectroscopy analysis:

The samples chemical structural changes and molecular interactions were examined by using
Raman spectroscopy. The Renishaw Qontor in Via Raman microscope instrument was used
with 532 nm excitation laser power for all measurements of the prepared nanocomposites. The
nanocomposite sample was drop casted on a sample holding slide. Raman spectra of the

compounds are shown in Figure 11.
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Figure 11 : Raman spectra of GO,rGO,Ti0; and rGO-TiO, samples.

Two strong peaks were observed stated as D which is stretching at around 1350 cm™ and the
adjacent peak G located at around 1596 cm™ band stretching in GO ,rGO and rGO-TiO> Raman
spectrum. This two D and G bands are the main GO characteristic peaks. In case of GO, D and
G bands peak intensity implies disruption of graphitic hexagonal lattice due to oxygen
containing groups. The D band mostly is a representation of structural flaws, vibration of sp?,
edge effects and dangling of sp? carbon atoms that cause the hexagonal graphitic lattice to
dislocate and break symmetry. G 1is ascribed to the in-plane vibrational stretching motion
between sp” carbon atom [86].

The high intensity peak at 145 cm™ in TiO, Raman spectra corresponds to the symmetrical
stretching mode of Ti-O bond. The low Raman bands observed at 397 cm™ ,513 cm™ and

643 cm’! can be assigned to the anatase phase of P25 [82] .

In rGO-Ti0O; Raman spectrum it can be observed that a number of typical TiO> and rGO related
Raman bands has appeared.The band intensity of TiO; in rGO-TiO; was also considerably
decreased with increased amount of GO content in the sample. This confirms the successful

loading of TiO2 on the GO surface.
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Figure 12:Raman spectra of tGO-TiO2 / H2-TAPP , 1GO-TiO2 / Zn-TAPP and rGO-TiOz /Ni-
TAPP samples.

In case of synthesizing the hybrid nanocomposite of the porphyrin metal complexes the amount
of the used H>-TAPP, Zn-TAPP and Ni-TAPP were so low that in the Raman spectrum of the
all the three rGO-TiO2 / H-TAPP , rGO-TiO2 / Zn-TAPP and rGO-TiO2 /Ni- TAPP
nanocomposites no detectable Raman signal was observed for the porphyrin complexes, Figure

12. But the Raman peaks for rGO and TiO were clearly visible.

3.3 Powder X-ray diffraction :

PXRD was conducted to verify the formation of the composite materials through identifying
their crystalline phase.

The XRD pattern of TiO, nanoparticles in Figure 13 showing the blended crystal phase of
anatase (marked with A) and rutile (marked with R) with certain number of diffraction peaks at
20 angle . The 26=25.28°, 37.83°, 47.86 °, 53.843° and 54.841° with diffraction planes (101),
(004), (200), (105) and (211) respectively are responsible for anatase phase , while 26=27.38"
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and 36.07 ° are corresponds to 110 and 101 rutile crystal plans (JCPDS No. 01-075-2547 and
01-JCPDS No. 079-6031) [87].
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Figure 13: PXRD spectrums of GO, TiO; and rGO-TiO:

In the XRD spectrum of the composite rGO-TiO2 we can observe a wide characteristic peak at
20 = 11.65 ° which is attributed to the GO plane that can be also seen in the inset figure of GO
XRD spectrum at 20 = 11.46 ° with a sharp high diffraction peak (001). In addition, other
characteristic crystal diffraction peaks of TiO, were also seen in the similar spectrum.
Moreover, the partial disappearance and the broadness of the GO peak (001) in the rGO-TiO2
composite indicates the successful reduction of GO to rGO. Additionally, the shift of GO peak
from 11.46 ° to 11.65 ° in the rGO-TiO> composite because of the bond formed between the

surface carbon groups of rGO and TiO; to synthesize rGO-TiO2 nanocomposite [82].
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Figure 14: PXRD patterns of rGO-TiO2/TAPP, rGO-TiO; /Ni-TAPP and rGO-TiO; /Zn-
TAPP .

The similar diffraction peaks of the rGO-TiO2 nanocomposite have been observed in the XRD
spectrums of the three nano hybrid composites denoted as rGO-TiO»/TAPP, rGO-TiO, /Ni-
TAPP and rGO-TiO; /Zn-TAPP. No visible change in the standard peaks of the rGO-TiO2
(Figure 14) was observed during loading of TAPP, Ni-TAPP and Zn-TAPP on the rGO-Ti0O>
composite. It could be due to the small amount of TAPP and metal porphyrin complexes and
their weak crystallinity [88]. This also implies that the hybridization of rGO-TiO2/TAPP, rGO-
TiO2 /Ni-TAPP and rGO-TiOz /Zn-TAPP with rGO-TiO2 has slight effect on the crystal
form of TiO> [82]. From the inset in Figure 14 of GO of the composite materials it can be
observed that the diffraction peak 001 has been slightly shifted to 20 = 11.04° (black line),
11.05° (red line) and 10.88" (blue line) respectively from 20 =11.65 *(rGO-Ti0O2) and broadened
which could be attributed to the change in the lattice parameter because of GO reduction to rGO

and the sensitization of rGO-TiO> with TAPP, Ni-TAPP and Zn-TAPP compounds.
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3.4 X-ray photoelectron spectroscopy measurements:

XPS analysis was conducted to study the nature of the connection between the complex
materials along to get their surface chemical state information. The XPS results are shown in

Figure 15.
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Figure 15 : XPS results of A) GO, rGO, TiO2 and rGO-TiO; full survey scan spectra B) for
Cls of rGO-TiOa.

Two peaks seen at 292 eV and 538 eV in the full scan survey of GO (Figure 15) were
corresponding to C and O respectively. In rGO, the C and O related peaks slightly blue shifted
at 285 eV and 533 eV respectively which can be owing to the reduction of GO.

Peaks related to both GO and TiO2 were observed in the full scan survey of rGO-TiO». The
less intensity of C in rGO-TiO> composite’s XPS is due to the loading of TiO> on graphene
sheet. The intense peak centered at 459 eV in rGO-TiO2 XPS indicates the presence of Ti in the
formed composite [82].

The high resolution deconvoluted spectrum and the peak of Cls of rGO-TiO2 composite
showed C-C and C=C bonds binding energy at 284.78 eV. (Moreover, other deconvoluted
peaks represented a C-O-Ti bond peak at 286.88 eV and C-O bond peak at 288.38 eV binding
energy originated from the rGO-TiO, composite [89] .These peaks are strong prove for that
rGO-TiO; has successfully synthesized.
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Figure 16: The full survey XPS spectrum of rGO-TiO2/TAPP.

The XPS survey spectrum of rGO-TiO2/TAPP in Figure 16 reveals that the rGO-TiO>/TAPP
composite is composed of C, Ti, O and N components. The presence of less intense N1s peak
BE at 401,42 eV indicates that TAPP porphyrin complex has formed a bond with the surface
of rGO or TiO> to synthesized rGO-TiO2/TAPP material.
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Figure 17: XPS spectra of A) rGO-TiO2/Ni-TAPP full survey B) Ni 2p region
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The XPS spectra of rGO-TiO2/Ni-TAPP clearly suggesting the existence of Cls, N1s, Ti2p and
Ols materials in the rGO-TiO2/Ni-TAPP sample. The presence of the Ni metal in the
metalloporphyrin complex contained rGO-TiO2/Ni-TAPP composite has been identified by the
signals of Ni 2p (Figure 17) which can be deconvoluted into two peaks for Ni 2p3/2 ('scan A )
at 854,83 eV and Ni2p1/2 (Scan B) located at 872,27 eV.
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Figure 18: XPS spectra of A) rGO-Ti02/Zn-TAPP full survey B) Zn 2p region

In the case of rGO-TiO2/Zn-TAPP, the full XPS survey spectrum (Figure 18) confirms
the C, Ti, O and N composite materials same as the other two porphyrin contained
hybrid samples. In Figure 18, high-resolution Zn 2p spectrum with two BE peaks that
can be referable to both Zn 2p3/2 at 1023,34 eV and Zn 2p1/2 at 1046,32 eV confirms
the presence of Zn metal in the rGO-TiO2/Zn-TAPP composite [90].

3.5 Thermogravimetric analysis:

TGA was performed under N> to observe the thermal degradation of the synthesized samples

at a specific temperature 1400°C and weight (~10mg).
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Figure 19: Thermogravimetric analysis of GO (black line), rGO (red line), rGO-TiO2 (purple
line) and TiOz (blue line).

It was shown from the Figure 19, that GO has a massive mass loss for heating at 1400°C. In
the initial stage GO has gone through almost 50% of weight loss due to the evaporation of
absorbed and bound water molecules before 100 °C [81] and pyrolysis of less stable (CO, CO»,
and H>O) oxygenated functional groups above 100°C. The later mass loss (~32%) after 250°C
can be attributed to the content of carbon and more stable oxygenated functional groups in GO
carbon skeleton. The elimination of oxygen functional groups in GO, however, results in
increased van der Waals forces between the layers of rGO, giving it better thermal stability than
GO. Due to this rGO demonstrated a less total mass (~65%) loss compare to GO appeared in
its TGA graphs because of partial reduction [91].

The TGA curve of TiO> show no noticeable weight loss up to 900 °C. In the 900 to 1400 °C
range, small linear weight reductions were found. TiO2 possess a high thermal stability as it has
deconposed a very slight mass upon heating until 1400°C. When heated from room temperature
to 1400°C, rGO-TiOz initial weight loss is due to the vaporization of water molecules that were
absorbed. The last gradual mass loss at around 230°C is because of decomposition of carbon
and residual oxygen functions Additionally, it shows that rGO-TiO: displayed superior thermal

stability as a result of the strong interaction between TiO; and rGO sheets.
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Figure 20: Thermogravimetric analysis of rGO-TiO2/TAPP, rGO-TiO2 /Ni-TAPP and rGO-
TiO2 /Zn-TAPP.

The TGA graph of the three hybrid nanocomposites (Figure 20) showed that the thermal
stability of the three composite samples are almost similar. The 1% stage weight loss of the three
samples around 100°C indicates water vaporization, whereas the 2" step mass loss near 210°C
could be attributed to the degradation of TAPP , Ni-TAPP and Zn-TAPP molecules covalently
attached to the rGO-TiO; surface [81] .

3.6 UV-Visible Spectroscopy:

UV-Visible Spectroscopy were conducted to determine the optical properties and light
absorption ability of the nanocomposite’s samples. All the samples were diluted in DI water
solution and DMF solution and tested with Agilent Cary 60 UV-Visible spectrophotometer. It
should be noted that differences in concentration of the solution are to blame for the variations

in the samples' overall absorption intensities.
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Figure 21:UV-vis spectra of GO,rGO,TiO> and rGO-TiO; in water solution.

In the UV-vis spectrum (Figure 21), a strong n— n * absorption band at 230 nm for GO is
observed for C=C bond and a weak band at 300 nm attributed to n-n* absorption of C=0 bond.
This n— 7 * transition peak of GO red shifted to 245 nm for rGO, specifying the reduction of
GO by removing of some groups on the GO surface. A 325 nm excitation absorption peak is
visible in the UV-visible absorption peaks of TiO, and rGO-TiO> nanocomposites. From the
UV-vis spectrum it can be stated that after the recombination of the n—m covalent bond of
graphene sheets to TiO2, rGO has improved the ability of TiO2 to absorb visible light .
Furthermore, rGO-TiO; has exhibited a broader red shifted absorbance peak compare to rGO
[92] .
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Figure 22:UV-vis spectra of rGO-Ti0; ,rGO-Ti02/TAPP, rGO-TiO; /Ni-TAPP and rGO-TiO;

/Zn-TAPP samples in A)water solution B) DMF solution

The low concentration of the samples rGO-Ti0; ,rGO-TiO2/TAPP, rGO-TiO;, /Ni-TAPP and

rGO-TiO2 /Zn-TAPP were unable to provide strong, sharp and clearly detectable UV-vis

absorbance band in water solution.

In case of organic solution DMF, the UV-vis spectra of the nanocomposites presented well

defined absorption peaks in Figure 22. A strong absorbance were observed at 429 nm, 423 nm
and 425 nm for the presence of Zn-TAPP , Ni-TAPP and TAPP metal porphyrin complexes
respectively, that confirms the formation of rGO-TiO> /Zn-TAPP and rGO-TiO> /Ni-TAPP

and rGO-Ti0O, /TAPP hybrid nanocomposites [93], [94].
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4 Electrochemical Measurements for CO2 reduction:

The electrochemical properties of all the synthesized nanocomposite materialsforCO> reduction
were evaluated by using cyclic voltammetry (CV) technique. For conducting the
electrochemical measurements, an one-compartment electrochemical cell setup with three
electrodes was used (Figure 23).

The cell consists of a glassy carbon electrode as working electrode, Figure 23, Pt wire as a
counter (auxiliary)electrode and a silver wire coated with AgCl used as a quasi-reference (QRE)
electrode. The Ag/AgCl reference electrode was prepared by following a published procedure
and externally calibrated by using ferrocenium/ferrocene redox couple (Fc*/Fc) with a potential
of 0.72 V against a normal hydrogen electrode as a reference value [95] .

The working electrode was polished after every CV with 6 um,3 um, 1 um and % pm diamond
paste in ethanol and then rinsed, sonicated in ethanol to remove particulates, and rinsed with
acetone before being dried under a nitrogen stream. The Pt wire was cleaned by burning and
the reference electrode was rinsed and cleaned with DI water and ethanol before every
measurement.

A potentiostat with Auto lab Nova 2.1.4 software was used for running all the cyclic
voltammetry measurements.

The CVs measurements of all the composites were recorded in two different electrolyte solution
to observe the electrochemical behavior of the synthesized catalysts in two different solvents.
The solvent of one solution was dried acetonitrile which is an aprotic organic solvent with a
dissolved 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF¢) electrolyte. Another set
of solution that was used for the CVs measurements of the prepared catalyst is potassium
chloride (KCL) electrolyte dissolved in DI water.

The start and end potential were applied on the working electrode for all measurements were
both -0.01 V while the upper vertex potential and lower vertex potential were 0.000 V and -2.5
V respectively, at as scan rate recorded at 100mV/sec. Current densities were measured using

the working electrode's geometric area (3.0 mm?).
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Figure 23: Three electrode cell containing electrochemical cell purging with gas.

Firstly, the prepared electrolyte solution was purged with N gas for 10 minutes to remove all
the dissolved gases. Then the electrochemical cell was filled up with 5 ml of the prepared
electrolyte solution for each measurement. To make a comparison of N atmosphere with CO»,
the solution was at first purged with N> gas for 30 minutes continuously at an ambient
temperature and pressure (50 scc/m). After completing purging, current was measured against
applied potential in N> saturated solution as the background. After that the electrolyte solution
was purged with CO> gas for 30 minutes and the experiment was repeated with all the

nanocomposites coated on GC electrode.

4.1 Cyclic Voltammetry measurements Of the Catalysts in Organic medium:

The CVs of TiO; in the Figure 24 demonstrated almost no current response under N> purged
condition (black line) and zero catalytic activity for CO; reduction in CO» saturated state (red
line). As mentioned previously, to improve the electro-conductivity of TiO2 on CO: electro-
reduction, rGO was combined to TiO,. The CV of rGO-TiO, for N> purged (blue curve)
solution has projected no catalytic activity. After purging the electrolytic solution of rGO-TiO»
with CO; for 30 minutes, a high reduction current peak approximately -450 pA appeared at
around -1.9V. The reduction started at a lower potential -1V which indicates the unique

properties and large surface area of rGO has improved Titanium dioxide’s electron conductivity
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and the hybrid nanocomposite rGO-TiO2 has a good positive electrocatalytic effect on CO»

electro reduction.
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Figure 24: CV of TiO: ( black and red curve) and rGO-TiO: coated electrode (blue and green
curve) dipped into dried ACN containing 0.1M TBAPFs purging under N> and CO; saturated

conditions, recorded at 100 mV/s scan rate from 0.00 to -2.5 V potential range.

In Figure 25, the cyclic voltammograms of the clean glassy carbon electrode, black curve (N2
purged ) and the red curve (CO: purged) showed no noticeable current response. In contrast,
the CV (blue curve) of TiO2.RGO/TAPP shows the current vs potential under N> saturated
condition and it showed a lower current response (-118 pA) with a reduction peak at around -
1.2 V. After purging CO> for 30 minutes into the electrolyte solution, a high cathodic current
peak enhancement at around -1.8 V (green curve) was observed. The reduction started at a low
reduction point at -1V .This reduction peak is indicating the successful electrochemical
reduction of CO; on TiO2 .RGO /TAPP hybrid nanocomposite coated GC working electrode

through a noticeable current increment from -30 pA - 467 pA .
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Figure 25: CVs of a clean GC electrode and a GC electrode coated with TiO>. RGO/TAPP
in the presence of 0.1M TBAPF¢ in dried ACN solution. Solution was purged 30 minutes
before every measurement under N> (black and blue lines) and CO; saturated conditions (red

and green lines) respectively at an ambient temperature and pressure (50 scc/m), recorded at

100 mV/s scan rate from 0.00 to -2.5 V..

In Figure 26 it seen that in comparison to the clean GC electrode, TiO2-RG /Ni-TAPP coated
working electrode in the presence of N> and CO> showed positive electrolytic activities.
Whereas the bare GC electrode barely showed any current response in the same potential range
in the presence of both N> and CO; atmosphere. The N purged solution with TiO2 -RGO /Ni-
TAPP GC electrode showed reduction peaks with a lower current activities. However, a strong
catalytic current enhancement approximately -343 pA of TiO2 -RGO/Ni-TAPP at -1.8V was
detected. In comparison to N> (blue curve) saturated condition the CO» reduction (green curve)
has started at earlier potential point at around -0.99V which signifies, TiO, -RGO /Ni-TAPP
hybrid catalyst has good catalytic effect for CO; electroreduction.
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Figure 26: CVs of a clean GC working electrode (black and red lines) and a GC electrode
coated with TiO2-RGO/Ni-TAPP (blue and green curves) in 0.IM TBAPFs dried ACN
solution at the presence N> and CO; gases for a 0.00 to -2.5 V potential range usinga 100mV/s

scan rate.

By comparing the CVs of a bare GC electrode with the TiO2-RGO/Zn-TAPP coated electrode
shown in Figure 27 we can analyzed that the bare GC electrode has no current response but the
presence of TiO2-RGO/Zn-TAPP nanocomposite catalyst on the working electrode surface has
clearly a better CO; electrocatalytic reduction performance. The current growth under Na
saturated condition for TiO2-RGO/Zn-TAPP catalyst (blue line) is much lower than CO; purged
atmosphere. The CO» reduction has started at a lower applied potential (-0.92 V ) with a high

reduction current increment from -19 pA to -360 pA at-1.8V.
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Figure 27: CVs of 0.1M TBAPFg solution in dried acetonitrile of a bare glassy carbon working
electrode (black and red curves) and a GC electrode surface coated on TiO2-RGO/Zn-TAPP
(blue and green curves) nanocomposites for 0.00 to -2.5 V potential range at 100mV/s scan
rate under N2 and CO: purged conditions for 30 minutes before each electrolysis measurements

at an ambient temperature and pressure (50 scc/m).

By comparing the CVs iigure 28, of the rGO-TiO; /TAPP nanocomposite with other two
metalloporphyrin based catalysts, it can be concluded that rGO-TiO2 /TAPP has better catalytic
activity then the rGO-TiO; /Ni-TAPP and 1GO-TiO2 /Zn-TAPP composites. rGO-TiO2
/TAPP coated catalyst starts reducing CO; at a less negativepotential at around -1 V whereas
the other two composites starting point for CO> reduction was at -1.1V. rGO-TiO, /TAPP
composite coated electrode gives a higher cathodic current signal compare to the other two
hydro catalysts in the presence of CO», approximately (-468 pA) at a lower reduction potential
which proves that rGO-TiO, /TAPP catalyst has enhanced the electrical conductivity for CO»

electroreduction compare to other two metal based composites.
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Figure 28: CVs of rGO-TiO2 /TAPP (black curve), rGO-TiO; /Ni-TAPP (red curve) (rGO-
TiO2 /Zn-TAPP (blue curve) in a 0.1M TBAPFs organic solution containing dried ACN under
the CO» saturated conditions (30 minutes purging) recorded at 100 mV/s scan rate with 0.00 to

-2.5 V potential range at an ambient temperature and pressure (50 scc/m).

4.2 Cyclic Voltammetry measurements in aqueous medium:

In Figure 29, TiO2 coated electrode shows undetermined oxidation activity in the potential
range of -.2V to -1.6 V in N> (black curve) atmosphere and from 0 V to -1.2 V at CO; (red
curve) in water solutions which could be attributed to the protonation process. A two-fold
current decrease was observed under CO> saturated condition which suggests that compare to
N2 purged condition TiO> coated electrode display lower cathodic current activity for CO;
electroreduction. To improve the catalytic activity for COz reduction rGO was added with TiO».
From the CVs of rGO-TiO; Figure 30 it was observed that under CO> purged condition rGO-
Ti0; coated electrode provided a better cathodic activity. The reduction started at a much less
negative potential at around -.8V showing a high cathodic current response in compare to TiO:
coated electrode at CO, ambience.We also observed that there was no obvious activity
difference between blue (N2) and green (CO2) curve of rGO-TiO. So, it can be said that

rGO-Ti0; composite combination has improved theCO> electroreduction activity.
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Figure 29: CVs of TiO: (black and red lines) and rGO-TiO> (blue and green curves) coated
GC electrode in .01M H>O (DI) solution containing KCL as at the presence N> and CO> gases

for 0.00 to -2.5 V using a 100mV/s scan rate at ambient temperature and pressure (50scc/m).

In the Figure 30, it is clearly noticeable that the bare GC electrode in N> atmosphere (black
curve) showed a low cathodic current signal (-388uA), whereas the red curve (CO:
atmosphere) showed very low cathodic current response with an overpotential at around -1.9
V. There was no obvious activity difference noticed between blue (N> purged) and green curve
(COy purged ) for rGO-TiO, /TAPP based composite material. But the reduction of CO» for
rGO-Ti0O; /TAPP catalyst coated electrode has started at a much less negative potential at -1V
with a big cathodic current enhancement from which we can stated that rGO-TiO, /TAPP

catalyst has improved the catalytic activity for CO: electro reduction.



48

Q4
-100 -
-200 4
-300 4
< 400
3 J
= 500
£ ]
E 600
O 7504 —— GC bare electrode N,
-800 —— GC bare electrode CO,
900 ——rGO-TIO,/TAPP N,
1000 rGO-TiO, /TAPP CO,
1100 4
-1200 T T T T T Y T v T y T
25 -2.0 4% 1.0 05 0.0

Applied Potential (V)

Figure 30: CVs of a bare GC electrode and a GC electrode coated with rGO-TiO2 /TAPP
in the presence of 0.01M H>O (DI) solution containing KCL as electrolyte after 30 minutes
purging before each measurement under N> (black and blue lines) and CO» saturated conditions

(red and green lines), respectively at an ambient temperature and pressure (50 scc/m ) , recorded

at 100 mV/s scan rate within 0.00 to -2.5 V..

The TiO2-RGO /Ni-TAPP catalyst coated electrode has presented Figure 31 an almost eight
times bigger cathodic current response almost -1270pA in CO: purged condition (green curve)
for CO; reduction which has started at a lower reduction point at around -0.81 V compare to
the bare GC electrode at CO; atmosphere (red curve).This proves that TiO,-RGO /Ni-TAPP
hybrid catalyst has drastically improved the catalytic activity for electrochemical reduction of

COa.
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Figure 31: CVs of a clean GC working electrode (black and red lines) and a GC electrode
coated with TiO-RGO/Ni-TAPP (blue and green curves) in 0.1 M aqueous KCL solution
purged 30 minutes continuously with N2> and CO> gases respectively at an ambient temperature

and pressure (50 scc/m ), for a 0.00 to -2.5 V Potential range using a 100mV/s scan rate.

The comparison of CO electro-reduction performance between a bare GC electrode and rGO-
TiO2 /Zn-TAPP composite was witnessed clearly in Figure 32 under CO> saturated state GC
electrode has a very low current response started at more negative reduction potentials at
around -1.9V, although rGO-TiOz /Zn-TAPP coated electrode has demonstrated an increased
cathodic current peak (CO> atmosphere) with a very less starting point at around -0.65V for
COz reduction. rGO-TiO2 /Zn-TAPP composite has proved that it has a positive catalytic

function for CO; electroreduction.
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Figure 32: CVs of 0.1M KCL H2O (DI) solution of a bare glassy carbon working electrode
(black and red curves) and a GC electrode surface coated on rGO-TiO, /Zn-TAPP (blue and
green curves) nanocomposites for 0.00 to -2.5V potential range at 100mV/s scan rate under N>
and CO; purged conditions for 30 minutes before each electrolysis measurements at an ambient

temperature and pressure(50 scc/m).

It can be seen from the CVs of the three hybrid catalysts that in comparison to rGO-TiO;
/TAPP and rGO-TiO2 /Zn-TAPP, rGO-TiO2 /Ni-TAPP Figure 33 has better cathodic current
response. Before running the CVs each electrolytic solution with the catalyst coated electrode
was purged with CO; for 30 minutes. The reduction started at less negative reductionpotential
in tGO-TiO; /Ni-TAPP at -0.82V with a higher current response approximately -1267 pA
compare to the other two catalysts. We can conclude that in aqueous media rGO-TiO; /Ni-

TAPP certainly has better performance for CO> electroreduction.
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Figure 33 : CVs of rGO-TiO2 /TAPP (black curve), rGO-TiO; /Ni-TAPP (red curve) and (rGO-
TiO2 /Zn-TAPP (blue curve) in a 0.1M KCL aqueous solution under the CO; saturated
conditions (30 minutes purging) recorded at 100 mV/s scan rate with 0.00 to -2.5 V at an

ambient temperature and pressure (50 scc/m).
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5 CONCLUSION:

We successfully prepared three hybrid nanocomposites by combining rGO and TiO» with one
porphyrin (TAPP) and two metalloporphyrin (Ni-TAPP & Zn-TAPP) complexes as catalysts
for efficient CO> electroreduction along with a low CO» reduction potential and high current
response which were main aim of this studies. All the samples were characterized by UV-
visible, FTIR, Raman, XPS, TGA and XRD techniques to confirm the successful formation of
the nanocomposites. The peaks of FTIR and XRD spectrum confirms the incorporation of the
desired nanocomposite catalysts. In case of Raman spectra, the lower concentration of the
porphyrin compounds loaded on rGO-TiO2 couldn’t provide noticeable Raman peak for
detecting its presence and confirm aporphyrin complex formation. The thermal TGA studies
showed good thermal stability of the synthesized catalysts. XPS analysis detected the
existence of metals and other composite elements of the nanohybrid electrocatalysts
confirming the successful synthesis of the composite materials. Generally,synergistic effect of
rGO and metal porphyrins efficiently improve the electron conductivity by increase the
electron hole pair separation and catalytic activity of catalyst. According to our CV results,
we found that co sensitizing of rGO with TiO> and TAPP,ZnTAPP and Ni TAPP has greatly
enhanced their CO; electroreduction activity in both water and organic medium compare to
rGO-TiO; . Comparatively, high current response with low CO; reduction potential was
observed in case of organic medium (Acetonitrile). rGO-TiO2/Ni-TAPP drop-casted electrode
showed a high cathodic current peak (-1300 pA) with a lower CO» reduction potential at
around -.65 V in ACN solution. But in water solution rGO-Ti102/Ni-TAPP CO; reduction
applied potential was -0.92 V with a reduction current increased to -360 pA. This CO>
reduction process were irreversible. On the basis of the CV results, it can be concluded that
the synthesized hybrid nanocomposite have reduced the overpotential barrier needed for CO>
reduction. In short, the produced nanocomposite catalysts have improved the CO> reduction
performance as expected. Further study in this area could be an interesting topic to be

researched.
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