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Abstract:

Creative solutions are required to overcome global warming due to the rising CO, emissions from the
utilization of fossil fuels. Through the conversion of CO; into useful chemicals and alternative fuels, CO,
capture and utilization (CCU) technologies present a possible avenue for action. This article critically
investigates current developments in electrocatalytic CO, reduction and emphasizes the use of C-C coupling
processes to produce higher hydrocarbons. The research investigates the difficulties related to catalyst stability,
product selectivity, and energy efficiency while examining benchmark studies on CO, electroreduction into
C; and C; products. Noteworthy advancements in the electrochemical Fischer-Tropsch (FT) method and
molecular catalysts for the synthesis of longer-chain hydrocarbons are discussed in detail. The review also
covers recent advances in catalyst design, including the creation of proton exchange membrane systems
with long-term stability and the highest CO, conversion efficiencies under reaction conditions relevant to
the industry. Optimizing catalyst design and surface modifications to improve performance and overcome
competitive side reactions, such as the hydrogen evolution reaction (HER), are potential future research paths.
These developments could help the world’s attempts to achieve carbon neutrality by opening the door for
scalable and sustainable CO, conversion methods.

Keywords: CO; reduction; Electrochemical Fischer-Tropsch reaction; Higher hydrocarbons; Molecular catalyst; Reaction mechanism

1. Introduction

Fossil fuel consumption and human activities, including
land use and deforestation, have increased CO, emissions
to approximately 37 Gt per year in 2022 [1]. Several de-
carbonization initiatives are being investigated to meet this
challenging environmental goal [2]. One way to convert
CO, emissions into useful carbon-based compounds and
fuels is through carbon capture and utilization (CCU) [3, 4].
In CCU plans, CO; emissions are collected from large
carbon-emitting sources (such as the production of steel
and cement) [5] or directly from the environment through
the use of direct air capture (DAC) technology [6]. The
carbon-based compounds that are created from this CO;
can be easily integrated into current supply chains and in-
dustrial processes. A viable path to closing the carbon cycle
is through CCU [7] as illustrated in figure 1. The produc-
tion of fuels and chemicals depends heavily on fossil fuels,
amounting to approximately 2.5 gigatons of CO, emissions
annually (chemical synthesis, red process) [2]. One alter-
nate method for producing these compounds sustainably is

CO; electroreduction reaction (CO,RR), which uses water,
renewable energy, and CO, extracted from flue gas or the
atmosphere at ambient temperatures. Increasing CO,RR
to handle gigatons of CO, emissions presents significant
resource requirements, as well as performance and lifespan
issues with CO,RR systems [1]. To establish a seamless
transition between CO; capture technologies and catalyst
development, it is essential to highlight the interdependence
of these processes. While efficient CO, capture methods
enable the capturing of carbon dioxide from industrial emis-
sions, their true impact lies in the ability to convert captured
CO,, into different useful products. This conversion relies
on the discovery of highly selective and stable electrocata-
lysts that can efficiently drive CO; reduction reactions under
practical conditions. However, conventional CO, capture
methods often produce CO, in a form that requires further
purification and compression, adding to energy costs. Ad-
vanced catalytic systems must therefore be designed not
only to enhance product selectivity but also to integrate
effectively with CO, capture processes, minimizing addi-
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Figure 1. CO; RR alternative to conventional fuels and chemicals synthesis [1] Copyright Nature 2024.

tional energy inputs. By bridging these aspects, the transi-
tion from CO; capture to electrochemical conversion can
be optimized to create a more sustainable and economically
viable carbon utilization framework.

Along with the immediate replacement of fossil fuels with
alternative renewable energy resources, there is also an
urgent need to convert the emitted CO; into commercial
chemicals (as presented in figure 2) to reduce the overall
carbon footprint in the environment [9—11]. CO, conversion
into different chemicals has many challenges [12] such as
CO, capturing and storage, hydrogen production and stor-
age, chemical reaction setup, design of a suitable catalyst,
and engineering parameters to optimize the reaction condi-
tions [13, 14]. As far as hydrogen availability is concerned,
the electrochemical CO; reduction process doesn’t need
additional hydrogen, unlike thermochemical CO, hydro-
genation processes [15-24]. Furthermore, the electrochem-
ical processes are more versatile and sustainable because
their renewable and less polluting, causing nature [25-27].
Here in this article few benchmark studies related to CO,
capturing technologies, CO; electrochemical reduction into
C; compounds at high faradic efficiency and current density
with long-term time activity, CO, reduction into C,+ prod-
ucts with the explanation of C-C coupling mechanism over

the molecular catalyst and electrochemical Fischer Tropsch
CO, reduction into high hydrocarbons have been critically
analyzed and presented in a simple way to make them easy
to understand for the broader category of researcher and
related persons. Previously, a review explored CO,RR as
an integrating carbon capture with electrochemical transfor-
mation to enhance efficiency, reduce energy consumption,
and enable sustainable carbon recycling [45, 46]. Another
article highlights advancements in electrocatalytic CO;, and
CO reduction, focusing on catalyst development, reactor
engineering, mechanistic insights, and commercial viability
to accelerate the deployment of CO; electrolysis for sus-
tainable chemical manufacturing [47]. R. Sharifian’s review
examines recent advances in electrochemical CO; capture
via pH-swing processes, analyzing energy efficiency, system
parameters, and the potential for integrating CO, conver-
sion into a sustainable electrified carbon economy [48]. A
summary of the different processes for CO, capturing and
conversion has been given in Table 1.

A recent study published in Nature [49] demonstrates that
an electrochemical charged carbon electrode can effectively
capture CO; from the environment, and regenerate at lower
temperatures of 100 °C as compared to the conventional
method of alkalized solution-based CO, capturing, which
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Figure 2. Process flow diagram for renewable energy-based CO, reduction and subsequent transformation into alternative commercial chemicals [8]

Copyright Nature 2024.

requires higher temperatures for regeneration [50]. To guar-
antee that captured CO; is securely deposited in geolog-
ical rock formations, storage capacity must be high, and
continuous monitoring must be conducted. Coupling CO,
capturing with conversion may be the sustainable approach
to achieving net carbon neutrality in the next half-century.
Electrochemical CO, reduction received much attention
because of its environmental friendliness [51]. It can be
operated with electricity produced from solar and wind, in
addition to no additional hydrogen requirement [52].

Significant progress has been made in catalyst development
and reactor design, but challenges remain in enhancing prod-

uct selectivity, improving system stability, and scaling up
for industrial applications. This review provides a compre-
hensive overview of current progress in CO,RR, focusing
on catalyst innovations, mechanistic insights, and emerging
electrochemical strategies for higher hydrocarbon synthesis.
Additionally, I discussed the integration of CO, capture
with electrochemical conversion, emphasizing strategies to
improve energy efficiency and process feasibility. By ad-
dressing key challenges and potential solutions, this review
aims to provide a roadmap for advancing CO,RR technolo-
gies toward practical and sustainable applications.

Table 1. Comparison of CO, capture, CO; reduction, and combined CO, capture and conversion technologies.

Aspect Electrochemical CO, Advances in CO, Electrochemical Conversion
P Capture Technologies Electroreduction of Captured CO,
Electrochemical CO Catalyst development, .
. . 2 Y . P . Integration of CO, capture and
Main Focus capture via pH-swing reactor design, and mechanistic . .
. . electrochemical conversion
processes insights for CO; electroreduction
pH-swing I.nethods o Selec.tive electro;atalysts, Electrochemically reactive
Key Approach (electrolysis, electrodialysis, reaction mechanisms, and CO, capiure
redox, capacitive deionization) commercial prospects 2 cap
. Enhancing selectivity, scalability, . . .
Cost, energy efficiency, . L0 Reducing energy-intensive steps
Challenges Addressed £y 1eney and commercial viability of ueing ey 1ve step

Technological Advances

Commercial Potential

Future Directions

and material availability

Improved efficiency of
pH-swing methods and
integration with renewable energy

Potential for a circular carbon
economy with renewable

electricity

Reducing costs, improving
electrode/membrane materials,

and enhancing conversion efficiency

CO; electrolysis

Nanoporous Ag, Cu-based
bimetallic catalysts, in situ
spectroscopy, techno-economic
analysis

Highlights barriers to
commercialization and
proposes solutions
Overcoming pollutant effects,
improving process modeling,
and accelerating industrial adoption

in CO; capture and conversion

Capture media integration,
catalyst selection, and reactor
optimization.

Offers a more efficient alternative
to traditional CO; capture
and conversion

Optimizing integrated systems
for large-scale deployment
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Challenges in CO,RR

CO32RR faces several challenges that hinder its widespread
implementation for sustainable chemical production. One of
the primary obstacles is the low selectivity and efficiency of
catalysts, as CO, reduction is often challenged by the hydro-
gen evolution reaction (HER), leading to reduced faradaic
efficiency [53]. Additionally, most catalysts suffer from sta-
bility issues, undergoing deactivation due to surface restruc-
turing, metal leaching, or carbonate formation. Another sig-
nificant challenge is mass transport limitations, especially in
aqueous systems where CO; solubility is low, restricting the
reaction rate. A brief summary of the performance of dif-
ferent catalysts under different reaction conditions has been
given in Table 2. Moreover, CO,RR requires precise con-
trol over reaction pathways to achieve selective production
of valuable multi-carbon products, which is influenced by
catalyst composition, surface morphology, and electrolyte
conditions. Lastly, the scalability and economic feasibility
of CO>RR remain concerns, as current electrolyzer designs
require high overpotentials and costly materials, limiting
industrial deployment. To overcome these challenges, there
is a dire need for catalyst engineering, reactor design, elec-
trolyte optimization, and integration with renewable energy
sources to make CO,RR a viable solution for carbon-neutral
chemical synthesis.

Most catalysts exhibit excellent performance in basic solu-
tions, where precipitation from carbonate production deacti-
vates the catalyst. As a benchmark, Fang et al. [9] recently
published their work in Nature, which demonstrated a high
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single-pass efficiency of 91% for CO; conversion, with
a current density (CD) of 600 mA, HCOOH faradic effi-
ciency of 93%, and high stability for more than 5200 h in
acidic conditions, making it suitable for commercialization.
However, the synthesis of higher hydrocarbons is still a
challenging task for researchers. Recently few studies have
been published that showed the synthesis of C3 products but
with a very selectivity of around 12% of propanol [54], for
commercial-scale applications catalyst stability and prod-
uct selectivity are highly important, and because of that
some novel approaches such as the application of molecular
catalysts, low-temperature CO, electroreduction, electro-
chemical Fischer Tropsch CO; reduction are important to
consider for its commercialization.

Highly durable catalyst for CO, reduction

The use of acid electrolytes to reduce the carbonate for-
mation was the main motivation of the study reported by
Wensheng Fang and his co-workers [9], where a CO; re-
duction reaction coupled with an H* oxidation reaction to
produce formic acid (HCOOH) and carbonate formation
could be avoided. The major achievement is developing
a system with a membrane that can exchange protons and
that can convert CO; into HCOOH over a catalyst prepared
from the battery waste, usually consisting of lead acid. This
system demonstrates the highest single pass CO, conver-
sion efficiency of 91% at a CD of 600 mA cm~2 and an
approximate cell voltage of 2.2 V, and shows the stability
for more than 5200 h, which produced formic acid with a

Table 2. Electrochemical performance of recent Cu-based catalysts for C,+ products, highlighting their respective Faradaic efficiency (FE), current
density (CD), and applied potential across various electrolyte concentrations and reactor configurations.

Catalyst Electrolyte Potential b Partial CD FE C,+ Reactor References
(VsRHE) (mA/cm?)  (mA/cm?) type
Cu-Pd bimetallic 1 M KCI -1.15 200 225 75.6 Flow cell  [28]
Cu/Cu,0 1 M KOH -1.06 25 - 58 H cell [29]
Cu,O@CuBTC 0.1 M KHCO3 -1.05 - 256 64.2 flow cell  [30]
Cu0O-ZrO, -1.50 - 200 82.3 flow cell  [31]
CuyO-Cu NCs 1 M KOH -1.00 500 - 77.4 flow cell  [32]
Cu@Cu,0 -1.08 15 - 79 H cell [33]
CuxAly-OD 1 M KOH -1.68 693 565 81.6 flow cell ~ [34]
Cu@Salen-PIL 1 M KOH -0.80 - 263 80.9 flow cell ~ [35]
2.7% CuOx -R 3 M KOH -0.90 289 245 84.7 flow cell ~ [36]
Cul00Zny 9 0.1 M CsI -1.28 40 - 75 H cell [37]
CuZn 1 M KOH -1.17 140 - 80 H cell [35]
Cu cavities 1 M KOH -0.59 186 605 75.6 flow cell [38]
CugZnl 2M KOH -1.15 400 - 88.5 flow cell ~ [39]
Cu,0@C/N 0.1 M KHCO3; -0.90 - 245 75.9 flow cell  [40]
B-CuO 0.5M KHCO3; -1.00 30 - 55.7 flow cell ~ [36]
Cu;0/Cu 1M KOH -1.10 1003 - 80.4 flow cell [41]
Cu;0-xSe/Cu/NC 1 M KOH -1.40 30.44 - 71.6 H cell [42]
Cu@C 0.1 M Csl -1.20 - 323 80.5 flow cell ~ [43]
CuNPs 1 M KHCO; -3.80 - 356 71.1 flow cell  [44]
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faradic efficiency over 93%.

Reaction mechanism for HCOOH production

By combining experimental observation and Density Func-
tional Theory (DFT) calculation (as presented in figure 3),
the CO,RR starts with the chemical absorption of CO, on
the interface of Pb-PbCO3. The CO; bond angle and Pb
electronic state were considered to investigate the extent of
the chemical activation and electroreduction process. The
interface between Pb and PbCOj3 showed the lowest Gibbs
free energy for the CO,RR to HCOOH. This is due to the
strong adsorption of CO, and the formation of a carbonate,
indicating a high activity level for the theoretical CO, reduc-
tion reaction as presented in figure 3 (b). CO; adsorption
was the priority on the Pb-PbCO3; compared with H* adsorp-
tion because of the favorable CO, adsorption energy (—0.62
eV). The competitive HER reaction (which can occur at 0.50
eV) was suppressed because of the lower hydrogenation en-
ergy of CO, to HCOOH, about 0.31 and 0.48 eV on the
Pb-PbCOs interface. The lower energy shift of CO,RR is re-
sponsible for the higher activity of HCOOH formation and
suppression of HER. Even at a lower potential of around 1.0
V, CO, adsorption is still more favorable as compared to H*
adsorption on the interface of Pb-PbCOs3, as illustrated in
figure 3 (c). The electrochemical CO,RR stages exhibited a
reduced energy change compared to HER, indicating that
CO3RR is the predominant reaction compared to HER. This
allows CO,RR to function in acidic electrolytes without
carbonate formation.

This work gives new insight into CO,RR under industrial-
relevant conditions without the use of alkaline conditions,
which cause rapid deactivation of the catalyst by carbon-
ate formation. This work would provide a baseline for the
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design of a new catalytic system with the best activity and
long-term stability over several months. The key concept
for new research in this area would be the catalyst design
and surface modification to overcome the HER reaction,
which is a main competitive reaction in CO, reduction, hin-
dering the commercialization of the process. The current
direction is the design of effective catalysts with the same
activity and durability for the synthesis of other important
chemicals such as CHy, CH30H, C,H5OH, and C3H;OH,
as already reported by other researchers [54], but selectivity
and catalytic activity are not so high. During electrochemi-
cal reduction of CO,, C-C coupling is a major challenge to
produce commercial chemicals such as C,=C4 olefines and
C,+ alcohols or hydrocarbons.

Molecular catalysts for higher hydrocarbon synthesis

Metallic catalysts have been widely used for the CO; reduc-
tion reaction, including single-atom catalysts, nanoparticles,
dual-atom catalysts, and bimetallic catalysts. Recently some
studies have reported that the use of molecular catalysts can
assist the C-C coupling during CO,RR by providing two
active sites for the adsorption of CO, and performing reduc-
tions and C-C coupling reaction [54], unlike the metallic
catalysts which usually have comparatively higher distance
between two active sites [20, 55], creating hinderance be-
tween C-C coupling reactions [56-58]. The second reason
could be the comparative suppression of HER reaction over
the molecular catalyst [57, 59—61] as compared to metallic
catalysts, which are more active towards a competitive reac-
tion such as HER during CO,RR [56].

In a study published by Sakamoto et al., the catalytic perfor-
mance of Cu-based molecular catalysts in CO, electroreduc-
tion was extensively examined across varied potentials and
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Figure 3. (a) Diagram illustrating the phase transition of the r-Pb catalyst. (b) Free energy profile for CO, reduction on active Pb sites, where
PbCO3(010)-VCOs signifies a carbonate vacancy in PbCO3(010). (c) Variation in free energy during reactions under different applied potentials. (d)
Conceptual representation of the catalytic mechanism driven by solid-state transformation. White, grey, red, and orange spheres correspond to H, C, O,
and Pb atoms, respectively. (e) Free energy profile showing the reduction of PbCO3 and CO, during the phase transition. The asterisk (*) marks the PbO
configuration, which acts as the active site for CO; reduction, while U denotes the applied potential used in DFT simulations. Reprinted with permission

from [9] Copyright Nature 2024.
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catalyst compositions. Faradaic efficiency (FE) was mea-
sured throughout a potential range of —2.2 Vto —1.4 V vs.
Ag/AgCl for a variety of CO; reduction products, such as
methane (CHy), ethylene (CyHy), ethanol (C,HsOH), car-
bon monoxide (CO), and formic acid (HCOOH), as shown
in figure 4 (a). The efficiency for C;H4 and C,HsOH im-
proves while the FE for CH,4 drops with reduced negative
potentials. A significant shift in the product distribution
towards more carbon-containing products is observed as the
potential becomes less negative. Furthermore, the creation
of hydrogen (H;) is found at all potentials, and its efficiency
decreases at less negative potentials, demonstrating that pro-
ton reduction and CO; reduction are competitive processes
[54].

Figure 4 (b) illustrates how the performance of several Cu-
based catalysts is compared. It shows that the CuBr-4PP cat-
alyst outperforms CuBr-BisM and CuBr-12B, which demon-
strate much lower efficiencies for C3 product formation, in
terms of FE for 1-propanol (C3H;OH) synthesis. CuBr-4PP
also performs exceptionally well in the synthesis of C, prod-
ucts, especially ethanol (C,H5OH), as shown in figure 4 (c),
suggesting that it has improved multi-carbon product syn-
thesis capabilities. On the other hand, the other catalysts
show very low efficiency for these products, highlighting
CuBr-4PP’s special catalytic qualities. A more thorough
examination of the C; product efficiencies in figure 4 (d)
demonstrates that CuBr-4PP is versatile in catalyzing a
variety of reaction pathways, as evidenced by the wide spec-
trum of C; products (CO, CHy, HCOOH, and H>) that it
enables the formation of. On the other hand, CuBr-12B
and CuBr-BisM exhibit more selective behavior, with CuBr-
12B showing a preference for *CH3 generation in particular
[54].

Figure 4 (e) illustrates the hypothesized reaction process,
which sheds light on the catalytic pathways of CuBr-4PP.
According to the schematic, CO; is first adsorbed and then
goes through a series of reduction and protonation processes
that create intermediates (C;, C,, and C3) before producing
the final products. The strategy demonstrates that the CuBr-

120
@) W CHOH MCHOH MCH, MCH,
n CO HCOOH M H,

100

E: 60

; a0
20

o

Polsnual (V versus. Ag/’AgCl)

Faradaic efficiency (%)

(b) C, products C, products (d)

C, products + H,
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4PP stabilizes important intermediates, making it easier
and more efficient to produce higher carbon products like
C,HsOH and C3H7;0OH. CuBr-4PP could be a better option
for further development in sustainable fuel and chemical
production because of its exceptional catalytic performance
in CO, electroreduction, especially in boosting the creation
of multi-carbon products, as demonstrated by this thorough
analysis.

A schematic diagram of the apparatus used to obtain
Surface-Enhanced Raman Scattering (SERS) signals may
be shown in figure 5 (a). An incoming 532 nm laser beam is
used in the setup to target a layer of plasmonic and molecu-
lar nanoparticles on carbon paper. For basic understanding
of the chemical intermediates during CO; reduction, this
arrangement is essential.

The SERS spectra of the CuBr-4PP catalyst in CO, are
displayed in figure 5 (b) at two different applied potentials
(—1.2 Vand —1.8 V) as well as without any potential ap-
plied. Diverse peaks in the spectra are indicative of various
Cu-CO compounds. Notably, the [Cu-CO-Cu]*, [Cu-CHO-
Cu] ™, and [Cu-CHOCO-Cu]° intermediates correspond to
the peaks at 2100 cm™', 1970 cm™!, and 1850 cm !, respec-
tively. This emergence and shifting in response to peaks
with respect to the applied potential show the trends for
forming and changing intermediates during the catalytic
process.

SERS spectra at various potentials (—0.8 V, —1.2V, —1.6
V, and —2.0 V) are shown in figure 5 (c), with an empha-
sis on the lower wavenumber region. The peaks located
approximately at 1550 cm™! are attributed to different in-
termediates of CO; reduction, including [Cu-CHOCO-Cu]?
and [Cu-CHOCHOCHO-Cu]’. The progressive reduction
process and the transformation of intermediates into end
products are suggested by the gradual decrease in peak in-
tensity with rising negative potential.

Lastly, a thorough mechanistic pathway for CO, reduction
on the dinuclear Cu(I) catalyst is shown in figure 5 (d),
which also highlights the CO stretching frequencies (vCO)
and related energy barriers (AG). The [Cu-Br, CO-Cul® in-

©

C,H;OH
[ WCH, 100

M C,H,0H

Faradaic efficiency (%)
Faradaic efficiency (%)
Faradaic efficiency (%)

0
CuBr-BisM CuBr-128  CuBr-4PP

CuBr-BisM CuBr-128  CuBr-4PP

o
CuBr-BisM CuBr-128 CuBr-4PP

HCH,

W co
HCOOH

mH,

C, intermediate

Figure 4. (a), After one hour of CO; reduction, the faradaic efficiency of different reduction products was evaluated using CuBr-4PP electrodes in a 0.5
M KHCOg3 electrolyte. When employing CuBr-BisM, CuBr-12B, and CuBr-4PP electrodes under identical conditions, various reduction products were

detected at

—2.2V vs Ag/AgCl, including C3 compounds (b), C; compounds (c), and a combination of C; products and H, (d). The error bars represent

the standard error from three independent measurements. (d) An image illustrating the formation of C3H;OH through CO, reduction using a molecular

catalyst [54] Copyright Nature 2024.
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Figure 5. (a) Schematic of the molecular operando SERS measurement system. (b, ¢) Operando SERS spectra of CuBr-4PP under CO,, recorded
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termediate (vCO) = 2126 cm™! is formed at the start of
the catalytic cycle. It then goes through many proton and
electron transfers, which finally result in the creation of the
[Cu-CHOCO-Cu]® and [Cu-CHOCHOCHO-Cu]” interme-
diates. Following their conversion to the final product, these
species produce CoHsOH along with other byproducts.

Electrochemical FT-CO; reduction reaction

The development of substitute catalysts that can produce a
product with multi-carbon, has not shown much progress. It
is noteworthy that many catalysts exhibiting measurable
activity share nickel as a common element. For exam-
ple, Ni-Ga alloys have achieved Faradaic efficiencies below
2% for ethylene and ethane, while nickel phosphides have
demonstrated selectivity for CO; reduction, producing a C3
and a C4 oxy-hydrocarbon-methylglyoxal and 2,3-furandiol,
respectively-at extremely low current densities and mini-
mal overpotentials of just 10 mV. [62]. Previous studies on
metallic nickel with a 60 atm CO; feed have reported the for-
mation of hydrocarbons containing up to four carbon atoms,
though with relatively low yields ( 1%). Interestingly, these
Ni-based systems appear to promote C-C coupling, despite
earlier findings by Hori et al., which indicated that metallic
nickel is highly susceptible to CO contamination during
CO» reduction. This contamination could account for its
strong tendency toward the parasitic hydrogen evolution

Ashfaq Butt

reaction [24, 63, 64].

Recent studies have revealed that inorganic nickel oxy-
genates (INOs), such as nickel phosphate, exhibit unex-
pectedly high activity for CO, reduction. These catalysts
can achieve total Faradaic efficiencies of up to 30% for
carbon-based products. Notably, they demonstrate remark-
able selectivity (FE =~ 16%) for hydrocarbon formation,
with C3+ hydrocarbons being particularly prominent [65—
67]. As shown in figure 6, Faradaic efficiencies of 6.5%
have been achieved for C3-Cg hydrocarbon products, with
partial current densities of j = 0.91 mA/cm?. This perfor-
mance surpasses that of the most advanced copper-based
catalysts, which exhibit a Faradaic efficiency of 2.9% and
j = 0.22 mA/cm? for C3 and C4 hydrocarbons, as well as
any other reported materials [19, 22].

It has been determined that Ni®+ catalytic sites linked to Ni-
O bonds exist and are stable during the CO,RR by combin-
ing theoretical and experimental methods, such as operando
spectroscopy [62]. Ni%+ sites bind CO modestly, preventing
poisoning, in contrast to Ni’. The reduction of various C;
molecules, including formaldehyde, formic acid, and CO,
has led to the identification of reactive intermediates be-
lieved to play a key role in a Fischer-Tropsch-like insertion
mechanism for initiating and extending hydrocarbon chains
[62]. It has been found that the polarization of Ni sites is
essential for tuning the adsorption strength of key reaction
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Figure 6. (a and b) CO; electroreduction to hydrocarbons on Ni catalysts. (c) Experimental screening of key intermediates in the CO,RR on PD-Ni [62]

Copyright Nature 2022.
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intermediates, allowing for continuous CO, reduction with-
out catalyst deactivation [62]. The identification of a family
of earth-abundant catalysts capable of producing long-chain
hydrocarbons through a mechanism distinct from copper-
based catalysts could significantly advance global efforts
to establish a net-zero carbon cycle for the production of
synthetic fuels [23, 56, 62, 68-71].

The search for substitute catalysts that can raise CO,RR ef-
ficiency and selectivity toward long-chain hydrocarbons has
garnered more attention recently. Because of its exceptional
capacity to adsorb and activate CO, and CO intermedi-
ates under specific circumstances, nickel (Ni) has become
a viable contender. Ni catalysts’ catalytic capabilities are
further improved by the addition of surface polarization,
especially when it comes to promoting the C-C coupling
events required for the synthesis of long-chain hydrocar-
bons. The capacity of polarized Ni catalysts to create long-
chain hydrocarbons with great selectivity and efficiency is
the main topic of a study that examines their function in
CO, electroreduction [62]. The results shed light on the
mechanisms governing C-C interaction on Ni surfaces and
demonstrate the potential of polarized Ni catalysts as a com-
petitive substitute for conventional Cu-based systems in the
generation of sustainable hydrocarbons.

Improved C-C coupling efficiency and enhanced CO adsorp-
tion significantly impact the catalytic performance of po-
larized nickel (Ni) surfaces in CO, electroreduction, which
is crucial for the synthesis of long-chain hydrocarbons.
The effect of Ni polarization on the adsorption and inser-
tion processes during CO; reduction is illustrated in fig-
ure 7 (a-c). When Ni is polarized, the electric field at the
surface strengthens the interaction between Ni atoms and
CO molecules, leading to a higher surface coverage of CO.
This enhanced CO adsorption is critical, as it facilitates
the incorporation of CO into reactive intermediates, the
first step in C-C bond formation. The increased reactivity
of these intermediates on the polarized Ni surface further
promotes carbon chain formation, which is essential for
synthesizing long-chain hydrocarbons.

A comparative analysis of these two catalysts is presented
in figure 7 (d&e), which delves deeper into the initial C-C
coupling processes during CO, reduction on polarized Ni
and Cu surfaces. The strong CO adsorption on the polar-
ized Ni surface leads to a higher local concentration of CO
molecules, increasing the likelihood of C-C bond formation.
This C-C coupling is more efficient on polarized Ni, as the
surface polarization stabilizes the resulting C, intermediates
and strengthens their adsorption, thus improving the overall
thermodynamics of the process. In contrast, the Cu surface
weakens CO adsorption, resulting in lower CO coverage and
a reduced chance of efficient C-C coupling. As a result, the
synthesis of long-chain hydrocarbons on Cu is less effective
than on Ni. Overall, these findings highlight the critical role
of surface polarization on Ni catalysts in enhancing the effi-
ciency of CO; electroreduction, particularly for promoting
long-chain hydrocarbon synthesis. Polarized Ni surfaces
outperform Cu due to their stronger CO adsorption and im-
proved C-C interaction, providing valuable insights for the
development of more efficient catalysts for sustainable fuel
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production [62].

The polarization of Ni-based catalysts significantly influ-
ences product selectivity in CO; reduction by modulating
the adsorption strength of key intermediates. Increased
polarization enhances CO adsorption on the Ni surface,
facilitating C-C coupling and promoting the formation of
multi-carbon hydrocarbons. This effect reduces the com-
petition with the hydrogen evolution reaction (HER) and
stabilizes reaction intermediates, leading to higher selectiv-
ity for long-chain products. Additionally, polarization can
alter the electronic structure of Ni, improving its catalytic
efficiency for CO; conversion and minimizing catalyst de-
activation. Let me know if you need further refinements or
a more detailed explanation in your document.

Mechanism of CO; reduction

The first step of the mechanism is CO, gas adsorption on the
surface of the metal (silver (111) in the case of figure 8 (a)),
followed by the addition of a proton, resulting in formate
formation [72]. In the next step, CO is formed from formate,
which is desorbed in the later step. CO gas is then adsorbed
on a metal surface (Cu (100) presented in figure 8 (b)), fol-
lowed by the addition of a proton and formation of metal
carbide. Later, the addition of one proton in each step fi-
nally results in the formation of methane gas. However,
CO gas adsorption on the copper surface can follow an-
other mechanism, resulting in the formation of ethylene gas.
CO gas adsorption can result in dimerization, followed by
the addition of two protons, followed by the removal of
the hydroxyl group. The next steps include the addition
of a proton, followed by the removal of another oxygen.
Then, protons are again added step by step, resulting in
the formation of ethylene gas. However, it is important
to mention here that application of different amounts of
potentials can alter the reaction free energy for different
mechanistic steps. The rate-determining steps (RDS) for
the formation of different products are highlighted in a grey
color. The presence of cations can play an important role
in the reaction mechanism. The presence of potassium ions
changes the coordination number and bader charge as pre-
sented in figure 8 (d). Cations stabilize the intermediates as
well as facilitate the electron transfer from metal electrodes
to reaction intermediates. Through the partial density of
states analyses (PDOS), figure 8 (f) shows that the interac-
tion of cations with the reaction intermediates results in a
downward shift of the lowest unoccupied molecular orbital
(LUMO), thus facilitating electrochemical conversion of
COa,.

Quantitative comparison of catalyst performance in
COzRR

The performance of CO; reduction catalysts varies signifi-
cantly depending on their composition, structure, and reac-
tion conditions. Copper-based catalysts are widely studied
for their ability to produce multi-carbon (C,+) products,
with recent studies reporting Faradaic efficiencies (FE) of
~ 60 —70% for ethylene (C,H4) and ethanol (C;HsOH)
at current densities exceeding 300 mA/cm?. However, se-
lectivity remains a challenge due to competing hydrogen
evolution reaction (HER). In contrast, nickel-based cata-
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Figure 7. (a to c¢) Effect of Ni polarization on the adsorption and insertion steps during CO; reduction. (d) Initial C-C coupling steps in CO, reduction on

polarized nickel and copper surfaces [62] Copyright Nature 2022.

lysts, particularly polarized Ni catalysts, have demonstrated
enhanced C-C coupling capabilities, achieving FE values of
~ 16% for C3+ hydrocarbons and partial current densities
of ~ 0.91 mA/cm?, surpassing many Cu-based alternatives.
Single-atom catalysts (SACs), such as Ni-N-C and Fe-N-
C systems, exhibit superior turnover frequencies (TOF)
of 0.2 —0.5 s~! and high selectivity toward CO (> 90%),
making them ideal for CO production rather than hydrocar-
bon formation. Meanwhile, molecular catalysts, leveraging
bimetallic and ligand-tuned active sites, have enabled im-
proved CO, binding and reduction kinetics, achieving over

90% selectivity for formic acid (HCOOH) at overpotentials
as low as 0.5 V.

Despite these advancements, challenges remain in achiev-
ing higher stability and long-term durability. For example,
Cu-based catalysts suffer from deactivation due to surface
reconstruction, whereas Ni-based catalysts demonstrate en-
hanced stability under high current densities. A comparison
of performance for different catalysts has been given in Ta-
ble 3. Future research should focus on optimizing reaction
kinetics, active site engineering, and electrolyte effects to
further improve catalyst efficiency and commercial viability.

2252-0236[https://doi.org/10.57647/j.ijc.2025.1502.13]


https://doi.org/10.57647/j.ijc.2025.1502.13

Ashfaq Butt 1JC15 (2025) -152513 11/14
(a) (b)
1.5 1 *COOHM* 1] *COH  *C *cH  TCH,  *CH,
= 1.0 . o] L . i CH,(8)
2 CO(g) =2 18
9 051 co,(g) 0.5 Vgue| "1 ] 0.5 ev —_— 0.5 Vg
o — _2 4 —
0.0 — 1.0V,
-0.5 A — | 31 1.0 Vg
. * *HCCH,
©1 *0CCo--mr OCCOH-M” CCOH_  syccon  *ccH M ——2
CO(g) . CyHy(g)
0- “2c0__» HOCCOH-- e
— E— -0.5 SHE
S -1+ 0.4 eV R —
)
3 5 S
_3 - —
. -1.0 Vg,
@, . © Direct cgc-)rdllnahon ) Q
. ‘ Stabilization - P “.
054 C0; : : ‘ 2/, >
0.0 e o ‘ ' > my
T-057e
= o) (g §§ o el
5 0.
ool vt OB e =B
0 1 2 3 A 1mg

DFT-CES iteration # Ag(111)

Cu(100) UMO downshift for enhanced E

Figure 8. (a-c) Reaction free energy (AG) diagrams illustrating CO; reduction to CO on Ag (111) (a), CO conversion to CH4 on Cu (100) (b), and CO
transformation to C,Hy on Cu (100) (c). The applied potentials are —0.5 and —1 VSHE. The asterisk (*) represents adsorbed states, with energetically
favorable pathways highlighted among various possibilities. Cation-coordinated intermediates are denoted by the addition of M+. The rate-determining
step (RDS) is marked by a grey-shaded region. (d) Variation in the coordination number (CN) of K* with *CO, and *OCCO, along with the corresponding

changes in Bader charge (Bader q) for these intermediates, as determined through DFT-CES iterations at

—0.5 VSHE. (e) Cation interactions with
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schematic representation of CO, energy level modifications, derived from projected density of states (PDOS) analysis [72] Copyright Nature.

Limitations of molecular catalysts compared to metal-
based catalysts

While molecular catalysts offer advantages such as tun-
able active sites, enhanced C-C coupling, and the ability
to operate under mild conditions, they also have inherent
limitations compared to conventional metal-based catalysts.
One of the major challenges is their limited stability un-
der electrochemical conditions, as many molecular cata-
lysts undergo degradation, ligand dissociation, or struc-
tural reorganization over extended operation. Additionally,
their turnover frequencies (TOF), typically in the range of

0.01 —0.5 s~ !, are often lower than those of metal-based
catalysts, which can exceed 1 s~! in optimized systems.
Another drawback is their relatively low current densities,
which can restrict large-scale implementation. In contrast,
metal-based catalysts, such as Cu and Ni-based systems, ex-
hibit higher Faradaic efficiencies (> 60% for C, products)
and greater tolerance to industrial operating conditions. Fur-
thermore, molecular catalysts often require precise ligand
design and synthesis, increasing their cost and complexity
in comparison to scalable metallic electrodes. Overcoming
these limitations requires advancements in ligand stabil-

Table 3. Summary table comparing different catalyst types in CO, reduction, focusing on activity, stability, and selectivity.

Faradaic Efficiency Turnover Frequency Current - -
Catalyst Type Stability Selectivity
(FE) (TOF) Density
Moderate (Surfa
Copper-based  ~ 60— 70% (Cs products) ~ 0.1—1s~! >300 mA/cm? oderate (Surface Ethylene (C,Hy), Ethanol (C,HsOH)
reconstruction)
High (Stable und
Nickel-based ~ ~16% (Cs+ hydrocarbons)  0.05-0.5 5! ~0.91 mA/cm? igh (Stable under C3-Cg hydrocarbons
high current)
Single-Atom ) 2 High (Strong metal- .
>90% (CO) 0.2—0.5s 10—50 mA/cm CO production
(SACs) support interactions)
Molecular 1 5 . . R
Catal >90% (HCOOH) 0.01-0.5s Low (~10 mA/cm?) Low (Ligand degradation) Formic acid (HCOOH)
atalysts
Bimetallic 1 5 Moderate (Alloy
~50—80% (Cy+ products)  0.3—1.2s 100—250 mA/cm Ethanol, Propanol
Catalysts stability issues)

2252-0236[https://doi.org/10.57647/j.ijc.2025.1502.13]


https://doi.org/10.57647/j.ijc.2025.1502.13

12/14 1JC15 (2025) -152513

ity, catalyst immobilization, and hybrid molecular-metal
systems, which could combine the selectivity of molecular
catalysts with the durability of metal-based catalysts for
improved CO; conversion performance.

2. Conclusion, prospects, and future
recommendations

One of the most important technologies in the global en-
deavor to reduce carbon emissions and reach carbon neutral-
ity is the electrochemical CO, reduction reaction (CO,RR).
The discovery of molecular catalysts and electrochemical
Fischer-Tropsch (FT) processes, in particular, has led to im-
provements in selectivity and efficiency in the conversion of
CO; into valuable hydrocarbons. This article focuses on the
advancements made in CO, electroreduction to produce C,
C,, and higher hydrocarbons, highlighting the possibility
that these processes could eventually supplant conventional
methods that rely on fossil fuels. The commercial feasibil-
ity of CO;RR technologies depends on the development of
strong, long-lasting catalysts that can continue to operate
at high-performance levels in industrial settings. Notwith-
standing, notable hindrances such as catalyst stability, en-
ergy efficiency, and product selectivity continue to exist. To
fully utilize CO, electroreduction’s potential for closing the
carbon cycle and promoting sustainability, these problems
must be resolved.

Future Recommendations:

1. Catalyst Design and Stability: The discovery of more
stable catalysts that perform well in both acidic and alka-
line conditions should be the main goal of future research.
Investigating new materials could boost C-C coupling and
improve selectivity for higher hydrocarbons. One example
of such a material is a molecular catalyst with two active
sites.

2. Scalability and Industrial Integration: Resolving the scal-
ability issue with CO; electroreduction methods is crucial
to achieving success outside of the laboratory. The creation
of integrated systems that integrate the processes of CO;
capture, storage, and conversion with the use of renewable
energy sources is essential to guaranteeing the commercial
viability of these technologies.

3. Process Optimization: To increase efficiency and selec-
tivity, ongoing efforts should be made to adjust the reaction
parameters, including temperature, pressure, and electrolyte
composition. Examining how external elements like surface
polarization and the application of electric fields function
could improve CO,RR system performance even more.

4. Minimizing Side Reactions: The competitive hydrogen
evolution process (HER) is a major obstacle in CO; elec-
troreduction. Subsequent research ought to delve into meth-
ods of inhibiting HER, including altering the surface or
creating specific catalysts that give precedence to the reduc-
tion of CO» instead of the creation of hydrogen.

5. Long-Term Performance and Durability: Commercial
deployment of CO» electroreduction catalysts depends on
their long-term stability. Understanding catalyst degrada-
tion mechanisms and creating strategies to extend catalysts’
active lives should be the main goals of the research.

6. Collaborative Research and Policy Support: Regulators,

Ashfaq Butt

industry, and academics must work together to expedite the
development and implementation of CO,RR technologies.
Investments in research and development as well as policy
frameworks that encourage carbon capture and utilization
will be essential for the advancement of this profession.
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