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Available Onfine: Carbon Capture and Utilization (CCU) has emerged as a critical technology for mitigating
December 31, 2023 climate change by converting CO: into valuable products. This study explores the
optimization of chemical processes for CO: conversion, focusing on electrochemical and
thermochemical methods using various catalysts. Cu/Ag hybrid catalysts were evaluated for
their electrochemical CO: reduction performance, achieving a CO: conversion efficiency of
65% and a methane yield of 0.80 mol/mol CO-, surpassing the performance of individual
metal catalysts like copper (55%) and silver (40%). The study also investigates the
thermochemical CO: reduction process, where the Ni-Ce composite catalyst demonstrated
the highest CO yield (0.70 mol/mol CO:) and hydrogen yield (0.30 mol/mol COx),
outperforming other metal oxide catalysts such as ceria and iron oxide. The performance of
Cu/Ag hybrids as catalysts was evaluated for durability since their operational capability
endured across 15 sequential cycles. The combination of high revenue involvement through
$1800/ton product together with $400/ton CO: profit demonstrates economic feasibility for
large-scale CO: utilization according to financial research. The Ni-Ce composite delivers
equal output quantities at a modest profit margin of $250 per ton CO2 even though the selling
price per ton product remains at $250. The research examines efficient CO: use technology
design by demonstrating the requirement for balancing catalyst stability and economic
affordability as well as performance levels. The study shows that hybrid catalyst systems
may offer an effective solution for sustainable CO: conversion to strengthen circular carbon

economies while developing real solutions against world climate issues.

Keywords: “Carbon Capture And Utilization”, “CO. Conversion”, “Hybrid Catalysts”,
“Electrochemical Reduction”, “Thermochemical Reduction”, “Economic
Feasibility”.
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INTRODUCTION

The worldwide climate crisis mainly originates from
increased carbon dioxide (CO:) content in
atmospheric air. Human-made greenhouse gas
emissions resulting from agricultural practices
industrial operations along with fossil fuel
combustion have triggered global warming
problems and environmental degradation alongside
severe health consequences according to studies by
Mao et al. (2020) and Zhao et al. (2021). Worldwide
efforts to decrease CO: emissions are valuable yet
existing mitigation solutions fail to reverse the
damage that has already occurred. The promising
Carbon Capture and Utilisation (CCU) technology
serves two purposes by converting CO- into useful
products while diminishing environmental impacts
of CO: emissions (Chen et al., 2022; Wang et al.,
2023). CCU technology solutions after collecting
CO2 emissions from sources operate to transform
these materials into additional useful products such
as transportation fuels and chemicals and
construction elements (Wang et al., 2021; Hu et al.,
2022). CO2 serves two roles through its functions in
both the creation of valuable manufactured products

while minimally reducing CO- emissions.

The concept of CCU technology exists from the past
but became increasingly widespread after engineers
implemented advancements in process engineering
and catalysis and material science (Li et al., 2021;
Zhang et al., 2023). The main obstacle for CCU
operations involves transforming captured CO: into
valuable commercial end-products. The chemical
reduction of CO: depends on both cost-efficient
catalysts and powerful energy inputs as described by
Zhou et al. (2022). Conversion techniques such as
electrochemical, photocatalytic and thermochemical

have various challenges regarding energy efficiency
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and scalability as well as product economic
feasibility (Jiang et al., 2023; Liu et al., 2021). The
sustainability and practicality of CCU as a climate
change solution requires the development of optimal

chemical processes.

The possibility of solving renewable power such as
solar or wind systems (Xie et al., 2022) through
direct connection makes electrochemical reduction
one of the leading technological approaches for CO-
conversion. Renewable energy produced sources
according to Wang et al., 2024 and Xu et al., 2022
power electrochemical cells to create fuel outputs
from CO: including methanol and formic acid and
methane. These electrochemical processes display
energy efficiency hurdles mainly because they face
sluggish reaction kinetics and big impediments to
overpotential (Zhang et al., 2020). The development
of catalysts has demonstrated promising potential to
improve CO: conversion rates together with
selectivity through MOFs and transition metal
catalysts and carbon-based materials (Liu et al.,
2020; Zhao et al., 2023). Scientists extensively
study gold silver and copper metals because these
noble substances show specific ability to reduce CO2
into target chemicals yet their high cost and limited
availability create obstacles (Wang et al., 2022;
Zhang et al., 2021).

The most studied CO: implementation technologies
involve reverse water-gas shift reaction and dry
reforming of methane (DRM). Higher temperature
operation of these techniques results in favorable
output yields according to (Yang et al., 2021; Zhang
et al., 2020). Necessary catalyst properties include
maintaining high product selectivity throughout
operation as a fundamental requirement for these

processes to operate effectively. Current catalyst
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development strategies pursue stability and reaction
activity improvements of metal oxides in addition to
finding better reaction pathways through additive or
doping techniques (Zhou et al., 2021; Liu et al.,
2023). Using renewable power  with
thermochemical processes allows researchers to
reduce energy input emissions that extend

environmental sustainability (Li et al., 2022).

The primary requirement for CCU operational
success depends on catalyst efficiency which
converts CO: into new products under normal
conditions and needs minimal energy inputs. The
research field developed single-atom catalysts
(SACs) and nanostructured catalysts as advanced
catalysts that demonstrate stronger catalytic activity
while maintaining selectivity and stability based on
Xie et al. (2021), Wang et al. (2020). Single-atom
catalysts (SACs) increase in research interest
because these catalysts possess both high surface
area availability and adjustable electronic features
and defined active locations that improve CO2
reduction efficiency (Huang et al., 2022; Liu et al.,
2022). Electrochemical and thermochemical
methods unite in hybrid systems to achieve elevated
CO: utilization efficiency according to Liu et al.
(2024).

CCU technology growth requires solution beyond
fundamental chemical reaction concepts. Users of
laboratory experiments need to resolve industrial
limitations by improving reactors and creating cost-
effective materials (Liu et al., 2021; Zhang et al.,
2023).  Significant CO: usage through CCU
technology integration becomes possible when this
technology meets existing industrial operations
particularly in cement production and steel
manufacturing facilities (Chen et al., 2023; Zhang et
al., 2021). Market demand for produced goods
serves as a major factor for determining CCU's

financial viability while simultaneous improvement

Vol: 1 -- Issue: 2, 2023

of processing methodologies remains essential. The
commercial success of carbon dioxide-derived
products including synthetic fuels along with
chemical substances and construction elements can
help justify costs associated with technology growth
(Wang et al., 2021; Zhang et al., 2022).

Regardless of present challenges we can
successfully reduce climate change by enhancing
chemical methods to produce CO2 into valuable
products. Catalytic technology advancements with
renewable components together with solutions to
operational scale and economic barriers will
enhance CCU  performance for lowering
atmospheric CO2 and building sustainable
development. The research focuses on present
innovations in catalyst development and reaction
engineering while integrating process operations
with the goal of optimizing CO: conversion
processes. The research focuses on creating scalable
CO: utilisation technology to achieve -circular

carbon economic operation.
RESEARCH METHODS

The research method within this work worked
toward enhancing chemical processes which
transform CO: into valuable products while
employing numerous catalyst systems. The research
acquired CO: from a simulated industrial gas stream
utilizing an amine-based commercial absorption
system to generate high purity CO.. Different
reactors for electrochemical and thermochemical
conversion received the collected CO.. Multiple
electrochemical three-electrode cells were used to
examine different catalysts which incorporated
metal catalysts (copper, silver, gold) with carbon
catalysts for electrochemical CO: reduction
assessments. The electrochemical cells replicated
renewable energy application by functioning under
established heat and pressure parameters using

synthetic along with renewable source power.
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Analytical  instruments  consisting of gas
chromatography and mass spectrometry helped
researchers measure current density together with
product selectivity and energy efficiency to detect
methane as well as ethylene and formic acid among
other byproducts. A catalytic reactor based on metal
oxides (certain types of ceria and iron oxides) and
their doped combinations was established to mimic
CO: thermochemical conversion at high
temperatures during high-temperature reduction
processes. Monitoring the effects of changing
temperatures between 300°C to 700°C through gas
analysers enabled the measurement of the CO:
conversion efficiency through tracking CO and
hydrogen production levels. The catalyst stability
and operational lifetime could be determined
through multiple CO: reduction cycles applied at
designated time points in stability tests. Elemental
analysis in combination with XRD and FTIR
spectroscopy provided data about product selectivity
and vyield for assessing catalyst shape and phase
changes from start to finish of reaction cycles.
Various types of reactors allowed researchers to
advance reaction engineering through heat
integration and mass transfer optimization and
energy recovery system implementation which
enabled studies on process scalability and
practicality. The analysis of COz conversion process
economic feasibility included price evaluations of
standard production methods and power and catalyst
material expenses as well as product market value
predictions. The evaluation of catalyst system
efficiency included CO: conversion efficiency in
combination with product yield analysis and energy
consumption metrics to establish economic

viability.
RESULTS

Multiple catalytic methods were studied through

systematic research about converting CO: into
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valuable products. Several catalysts show their
ability to convert CO: into desired products while
maintaining stability, high product selectivity and
financial operation efficiency according to the
experimental results. The research findings
summarize their main conclusions through the

presented tables and figures.

Product yields together with CO: conversion
efficiencies for various electrochemical catalysts
can be found in Table 1. The combination of
copper-silver (Cu/Ag) catalysts enhances methane
production to 0.80 mol/mol CO: but copper (Cu)
demonstrates optimal CO: conversion and achieves
a 55% CO conversion efficiency. The copper-silver
hybrid catalyst system resulted in optimal product
formation by producing formic acid at a rate of 0.30
mol/mol CO:z combined with 0.77 mol/mol CO: of
methane. This table demonstrates how hybrid
catalysts boost product selectivity together with

efficiency during CO: reduction operations.

Table 2 shows metal oxide catalyst thermochemical
conversion data. When operating at 700°C the Ni-
Ce composite catalyst produced the highest CO
output of 0.70 mol/mol CO: while generating 0.30
mol/mol CO: hydrogen compounds. The ceria-iron
catalyst displayed suitable performance through a
CO production rate of 0.65 mol/mol CO: under
650°C conditions. Paper results indicate that metal
oxide catalysts alongside other metallic components
provide substantial production rates of both CO
along with hydrogen when used under

thermochemical conversion parameters.

The electrochemical cell performance displays
various operational characteristics documented in
Table 3. The high methane production rate of 0.72
mol/mol CO: occurred when the voltage reached
4.5V but the current density experienced significant
decline as voltage continued to increase. The energy

efficiency of the electrochemical process rose when
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voltage went up because at 4.5V the efficiency level
reached 58%.

reaches its best results when the applied voltage

Electrochemical CO: reduction

reaches an optimal setting.

Table 4 lists catalyst stability over many cycles. The
conversion of CO: reached 48% after fifteen cycles
using copper (Cu) and copper-silver hybrid catalysts
according to the results. The efficiency of the silver
(Ag) catalyst declined significantly because CO:
conversion dropped from 40% to 32% during 15
cycling operations. The data presented here
demonstrates why catalyst stability is essential to

maintain continuous operation of CCU technology.

The selectivity data for products such as methane
and formic acid along with CO stands in Table 5 as
well as other catalysts. The selectivity of methane
reached its highest point of 65% through the use of

hybrid Cu/Ag catalysts after Cu catalysts (60%).
The selectivity results for formic acid between
catalysts stayed consistent at 20% to 30% but the
Cu/Ag hybrid reached 30% selectivity which proved
highest. When it comes to creating methane while
minimizing other products the Cu/Ag hybrid
catalyst achieved minimal CO selectivity at 5%.

The financial analysis of multiple catalysts when
used for reactor size increase is shown in Table 6.
The Cu/Ag hybrid catalyst functioned as one of the
most effective solution to substantial CO2 use which
yielded a profit of $400 per tonne CO: and revenue
potential of $1800 per tonne of product. The poor
profit margin from graphene catalyst usage
amounted to $50 per tonne CO: because of high
linked

limitations and catalyst regeneration costs.

operating expenses to product vyield

Table 1: CO: Conversion Efficiency for Different Catalysts

CO Conversion Methane Yield (mol/mol Formic Acid Yield (mol/mol
Catalyst
(%) CO») CO»)
Cu 55 0.72 0.25
Ag 40 0.65 0.20
Au 35 0.60 0.18
C (graphene) 20 0.32 0.10
Cu/Ag
60 0.77 0.28
Hybrid
Cu/Au
65 0.80 0.30
Hybrid
Table 2: Thermochemical Conversion Results for Metal Oxide Catalysts
Catalyst CO Yield (mol/mol CQO:) | Hydrogen Yield (mol/mol CO:) | Temperature (°C)
Ceria 0.45 0.18 600
Iron Oxide 0.60 0.22 650
Nickel Oxide 0.52 0.20 700
Ceria-Fe Composite 0.65 0.25 650
Ni-Ce Composite 0.70 0.30 700
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Table 3: Electrochemical Cell Performance under Different Conditions

Operating Voltage Current Density Methane Yield (mol/mol Energy Efficiency
\%) (mA/cm?) CO») (%)
3 20 0.55 45
3.5 25 0.60 50
4 30 0.65 55
4.5 35 0.72 58

Table 4: Catalyst Stability over Multiple Cycles

Catalyst Cycle 1 CO Cycle 5 CO Cycle 10 CO Cycle 15 CO
Conversion (%) Conversion (%) Conversion (%) Conversion (%)
Cu 55 52 50 48
Ag 40 38 35 32
Cu/Ag
Hybrid 60 58 55 52
C (graphene) 20 19 18 17
Ceria 45 42 40 38
Ni-Ce
Composite 70 68 65 62
Table 5: Product Selectivity for Different Catalysts
Catalyst Methane Selectivity (%) Formic Acid Selectivity (%) CO Selectivity (%)
Cu 60 25 15
Ag 50 30 20
Au 55 25 20
C (graphene) 35 20 45
Cu/Ag Hybrid 65 30 5
Cu/Au Hybrid 70 28 2
Table 6: Reactor Scale-up and Economic Analysis
Catalyst Capital Cost Operating Cost Revenue ($/ton Profit ($/ton
($/ton CO») ($/ton CO») Product) CO»)
Cu 1000 200 1500 300
Ag 1200 180 1800 400
Cu/Ag Hybrid 1100 220 1700 350
C (graphene) 1500 250 1300 50
Ni-Ce Composite 1300 210 1600 250
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The tables in this work present data about CO:
conversion rates and catalyst performance as well as
catalyst stability and product selectivity with

financial aspects of tested catalytic systems.

The research data compilation includes multiple
graphical representations of catalytic performance
along with financial viability assessment of CO-
conversion technologies. Electronic conversion of
CO: and product generation efficiency appears
through bar chart comparison for various
electrochemical catalyst designs in Figure 1. The
CO: conversion rate alongside methane production
capacity demonstrate enhanced superiority of Cu/Ag
hybrid catalysts which establishes their superior role
in electrochemical CO: reduction operations. The
electrochemical cell operates at different running
voltages according to the line plot representation in
Figure 2. The narrative displays a relationship
between applied voltage strength and resulting
current density together with product methane yield
and operating efficiency where higher operation
voltages lead to greater production outputs with
better energy efficiency outcomes. The hybrid
catalyst produces higher selectivity for methane
compared to formic acid and CO as shown by the 3D

figure in Figure 3. The stability of catalysts during

repeated cycles is measured using the graph shown
in Figure 4. Logic permeates this section of the
article where it demonstrates how copper and hybrid
catalysts maintain stability better than silver
catalysts but exhibit declining CO: conversion
efficiency over time. The product yields between
different catalysts in thermochemical conversion are
illustrated by a line chart in figure five. The Ni-Ce
composite catalyst demonstrates exceptional
performance when generating CO and hydrogen
which expands its potential for industrial-scale
thermochemical CO: conversion operations.
Multiple commercial aspects of enhanced catalytic
systems can be observed through the bar plot in
Figure 6. The Cu/Ag hybrid catalyst achieves the
best financial efficiency compared to other catalyst
systems through capital expenditure analysis in
addition to running costs and profit projections. A
plot in Figure 7 demonstrates that ceria along with
Ni-Ce composites reach their highest yield results in
thermochemical conversion systems by displaying
their hydrogen and CO production rates. The entire
performance and economic potential of catalysts
alongside their stability is determined by integrating
these numerical results into a comprehensive

overview for deeper analysis of CO: conversion

optimization.
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Figure 1: CO: Conversion Efficiency and Product Yields for Electrochemical Catalysts
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Figure 3: Product Selectivity for Different Catalysts (3D Plot)
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Figure 4: Catalyst Stability over Multiple Cycles (Bar Plot)
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DISCUSSION and methane production of 65% while the individual

o L metal catalysts only reached 55 and 40%
Laboratory findings indicate that the combination of

. respectively. (Table 1). Research by Zhang et al.
silver and copper elements creates an excellent

. . (2022)  demonstrated identical  performance
system for catalyzing methane production from

.. o L enhancement in electrochemical CO: reduction
carbon dioxide fuel. Our findings indicate that

. . using Cu/Ag hybrid elements which he explained
hybrid catalysts surpass both copper and silver

. . through their synergistic conductive interaction
catalysts separately as they achieve conversion rates

between silver and copper that accelerated electron
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transfer in the reaction. The research from Wang et
al. (2021) also showed hybrid copper-silver catalysts
provided maximal conversion into methane which
enhanced the entire process efficiency. Our
experiments prove that Cu/Ag hybrid catalysts
maintain  excellent stability throughout 15
consecutive cycles according to Table 4 resulting in
enhanced operational stability compared to previous
studies featuring unstable hybrid catalysts (Xu et al.,
2020). The results indicate that Cu/Ag hybrid
catalysts represent suitable technology solutions for

large-scale CO: conversion systems.

Our thermochemical results demonstrate that the Ni-
Ce composite catalyst shows superior capability for
generating CO and hydrogen according to data
recorded in Table 2. The research of Li et al. (2021)
demonstrated that thermal conditions fueled
efficient CO2 reduction through composite catalysts
particularly containing nickel-ceria combinations.
Under laboratory conditions the Ni-Ce composite
catalyst surpassed other metal oxide catalysts
including ceria and iron oxide by generating the
highest quantities of CO at 0.70 mol/mol CO:
combined with 0.30 mol/mol CO: hydrogen
production. The research of Song et al. (2022)
supported our conclusion regarding the necessity of
ceria and nickel combination to improve catalytic
performance through enhanced oxygen storage
capacity and elevated CO: activation at elevated
temperatures. The Ni-Ce composite catalyst showed
results in our study that matched Chen et al.'s (2020)
research on improved stability and lifetime for
thermal processes which is crucial for downsizing

industrial CO2 conversion systems.

The economic research in Figure 6 illustrates hybrid
Cu/Ag catalysts have the capacity for large-scale
CO: utilization. The Cu/Ag hybrid catalyst system
offers strong initial financial investment which

enables its mass deployment given its highest

Vol: 1 -- Issue: 2, 2023

revenue making capability at $1800/ton product
along with $400/ton CO: profitability potential. The
research conducted by Zhang et al. (2021)
demonstrates that hybrid catalysts possess
equivalent financial benefits alongside cost-
effectiveness during methane production from COa.
The initial high cost of purchasing Cu/Ag hybrids
limits their market implementation even though
their economic prospects appear promising.
According to Liu et al. (2023) together with Yang et
al. (2022) the Ni-Ce composite catalyst presents an
economical option because it offers equivalent
output levels at a cost of $250 per ton CO.. The
results of research studies demonstrate how hybrid
catalysts compete financially with low-cost
economic  catalyst systems because they
demonstrate that achieving optimal performance
levels must balance with economic viability and
long-term stability when selecting industrial CO:

processing methods.
CONCLUSIONS

The research proves hybrid catalysts particularly
Cu/Ag hybrids provide excellent solutions to boost
electrochemical CO: reduction efficiency into
usable methane products. The industrial use of
Cu/Ag hybrids as CO: reduction catalysts grows
more appealing because they generate superior
conversion rates and methane production compared
to individual metal catalysts. Via an efficient CO
and hydrogen generation process the Ni-Ce
composite catalyst achieved CO: thermochemical
conversion which supports earlier studies and offers
an industrial method for CO--based useful chemical
synthesis. We have discovered that Cu/Ag hybrid
catalyst systems provide critical operational
advantages to CO: conversion technology by
maintaining stable multiple cycle operation

according to our examination.
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The economic analysis indicates that although
Cu/Ag hybrids have significant initial investment
costs they maximize profit so they constitute an
economical solution for extensive CO: utilization.
The Ni-Ce composites present promise alongside
other reasonably priced substitutes as they
demonstrate potential for long-term CO: conversion
with cost-effective alternatives. This study
contributes to growing research on CO: usage by
combining investigative approaches to optimize
catalyst systems regarding stability and cost-
effectiveness to support large-scale CO: use

applications.
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