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Abstract 

This thesis presents efficient approaches for producing high value compounds 

using CO2 as a building block. The methodology employed is based on 

electrochemical techniques, which enable eco-friendly chemistry solutions to be 

used, as well as maintaining the aim of offering a potential long-term strategy for 

reducing CO2 emissions in the atmosphere, while obtaining useful compounds, 

such as carboxylated aromatic acids. The electrochemical approach is relaying 

on three different strategies to valorize CO2; firstly, the direct reduction of CO2 on 

the electrode surface in presence of an imidazolium-based ionic liquid, obtaining 

a carboxylated ionic liquid. The second one is based on the electrochemical 

activation through different C-X cleavages in the presence of CO2 saturated 

solutions, producing electrocarboxylation processes. Third one is based on a 

catalytic process through a homogeneous catalysis, where CO2 is indirectly 

reduced in the solution. On the other hand, the ionic liquids are introduced as a 

greener alternative to the traditional organic aprotic solvents employed in 

electrochemical experiments, due to their improved characteristics and the 

removal of the supporting electrolyte. Moreover, is presented a sustainable one-

pot synthesis of an ionic liquid, using an ion exchange strategy. 
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Resumen 

Esta tesis presenta diferentes enfoques eficientes para la producción de 

componentes de alto valor añadido utilizando el CO2 como base fundamental. La 

metodología empleada se basa en técnicas electroquímicas, las cuales permiten 

la utilización de soluciones químicas ecológicas, a la vez que se mantiene el 

objetivo de ofrecer una potencial estrategia a largo plazo para la reducción de 

las emisiones de CO2 a la atmosfera, mientras se obtienen compuestos útiles, 

como por ejemplo ácidos aromáticos carboxílicos. El enfoque electroquímico se 

basa en tres estrategias diferentes para valorizar el CO2; la primera de ellas se 

basa en la reducción directa del CO2 en la superficie del electrodo en presencia 

de un líquido iónico tipo imidazol, obteniendo un líquido iónico carboxilado. La 

segunda estrategia se basa en la activación electroquímica a través de roturas 

de enlaces C-X, en presencia de disoluciones saturadas de CO2, dando lugar a 

procesos de electrocarboxilación. La tercera estrategia consiste en un proceso 

catalítico basado en una catálisis homogénea, en la cual el CO2 es reducido de 

manera indirecta en la disolución. Por otro lado, son los líquidos iónicos 

introducidos como una alternativa más ecológica a los disolventes orgánicos 

apróticos tradicionales utilizados en los experimentos electroquímicos, debido a 

sus mejoradas características y la eliminación de electrolito soporte. Finalmente, 

se presenta una síntesis, de un solo paso, sostenible de un líquido iónico, 

utilizando una estrategia de intercambio iónico. 
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Chapter 1. Introduction 

 Global warming and Greenhouse gases 

Global warming is a current issue of concern in the world nowadays. The main 

source of global climate change is the increasing concentrations of greenhouse 

gases (GHGs) in the atmosphere, as they develop the worldwide-known 

greenhouse effect. [1] This effect is based on the formation of a layer of different 

gases over the Earth, which contributes to an entrapment of energy radiation of 

the Sun (Figure 1), which, instead return to the space, contributes to increase the 

temperature on the Earth’s surface. [2] 

 

Figure 1. Greenhouse effect. 

Despite the fact that greenhouse effect is essential for life, since it prevents an 

icebound state of the Earth. [3] An acceleration of it, due to anthropogenic 

activities mostly, originates the global warming. 

The most important greenhouse gases are carbon dioxide, methane, and water 

vapor, but to a lesser extent, surface-level ozone, nitrous oxides and fluorinated 

gases also trap infrared radiation. The concentrations of these greenhouse gases 

have varied substantially during Earth’s history, and these variations have driven 

substantial climate changes at a wide range of timescales. 

On taking a close look at the different GHGs, carbon dioxide, CO2, is the most 

important contributor to global warming. Natural sources of atmospheric CO2 

include out-gassing from volcanoes, the combustion and natural decay of organic 
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matter, and respiration by aerobic (oxygen-using) organisms. These sources are 

balanced, on average, by a set of physical, chemical, or biological processes that 

tend to remove CO2 from the atmosphere. An example of natural sources 

includes terrestrial vegetation, which takes up CO2 during photosynthesis. A long-

term balance between these natural processes lead to the background level of 

CO2 in the atmosphere. [4] 

In contrast, human activities increase atmospheric CO2 concentration levels, 

primarily through the burning of fossil fuels, and through burning of forests and 

the clearing of land. Anthropogenic emissions currently account for the annual 

release of about seven billion tons of carbon into the atmosphere. And this 

amplified carbon load from human activities far exceeds the offsetting capacity of 

natural processes. Consequently, CO2 is accumulated in the atmosphere at an 

average rate of 1.4 ppm per year between 1959 and 2006 and roughly 2.0 ppm 

per year between 2006 and 2020. Overall, this rate of accumulation has been 

linear, and it could be described with the Keeling curve (Figure 2). This is a graph 

that shows a daily record of global atmospheric carbon dioxide concentration in 

Mauna Loa (Hawaii). This curve is maintained by the Scripps Institution of 

Oceanography at University of California, in San Diego, and supervised by 

Charles David Keeling, who was the first person to perform daily measurements 

of atmospheric CO2 concentration at the South Pole and Hawaii since 1958 

henceforth. [5] 

 

Figure 2. Keeling curve. Atmospheric CO2 at Mauna Loa Observatory a. 

 
a https://scrippsco2.ucsd.edu/graphics_gallery/mauna_loa_record/mauna_loa_record.html 
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By the early 21st century, CO2 levels reached 384 ppm, which is approximately 

37 percent above the natural background level of roughly 280 ppm, which existed 

at the beginning of the Industrial Revolution. Atmospheric CO2 levels continued 

to increase, and by 2020 they had reached 415.36 ppm of CO2 in air, latest read 

on 5th January 2021 b. According to ice core measurements, such levels are 

believed to be the highest in at least 800,000 years and, according to other lines 

of evidence, may be the highest in at least 5,000,000 years. [6–8] 

This tendency makes the need to reduce the emissions of CO2 urgent, by 

searching alternative sources of energy and reducing the use of fossil fuels, as 

well as trying to reduce the CO2 levels in the atmosphere by directly capturing 

and valorize this molecule. 

1.1.1. Consequences of climate change 

The effects of global warming include far-reaching and long-lasting changes to 

the natural environment, to ecosystems, and to human societies. It also includes 

the economic and social changes which stem from living in a warmer world. [9] 

For these reasons, anthropogenic climate change is one of the threats to 

sustainability of the Earth as we know it. [10] 

Many physical impacts of global warming are already visible, including extreme 

weather events, glacier retreat, changes in the timing of seasonal events, sea 

level rise, and declines in Arctic sea ice. [11,12] 

The future impact of global warming depends on the extent to which nations 

implement prevention efforts and reduce greenhouse gas emissions. Near-term 

climate change policies significantly affect long-term climate change impacts. 

Stringent mitigation policies might be able to limit global warming (in 2100) to 

around 2 ºC or below, relative to pre-industrial levels. Without mitigation, 

increased energy demand and extensive use of fossil fuels might lead to global 

warming of around 4 ºC. Higher magnitudes of global warming would be more 

difficult to adapt to and would increase the risk of negative impacts. [13] 

 
b https://sioweb.ucsd.edu/programs/keelingcurve/ 
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 Strategies to address CO2 problem 

In order to solve the CO2 problem, explained in the previous sections, two 

strategies can be considered: on one hand, preventing the CO2 emission and, on 

the other hand, remove or use the emitted CO2. Both strategies may seem quite 

logical and self-evident, but the need for complex technological developments 

and the increasing demand of energy, among other factors, make the use of 

carbon-free sources difficult, as well as the efficient removal of emitted CO2. [14] 

In this sense, some approaches for both strategies to tackle the CO2 problem are 

discussed. Firstly, the use of carbon-free energy sources is detailed, as well as 

alternatives considered to avoid the emission of CO2 in energy production and 

industrial processes. Secondly, new systems that allow the removal of emitted 

CO2 are mentioned and discussed; Carbon Capture and Storage (CCS) and 

Carbon Capture and Utilization (CCU) strategies, leading to the use of ionic 

liquids for these applications. 

1.2.1. Carbon-free energy sources 

Unlike the combustion of coal, natural gas, and distillate fuel (which produces 

carbon dioxide), wind, solar, and hydropower energy systems emit no GHGs 

because their fuel or energy source is carbon-free. Thus, classical renewable 

energy sources, and biomass, prevent substantial CO2 emission, by contributing 

more than 16% of the world energy demand. Moreover, their potential for 

expansion is considerable, because growing more biomass could play an 

immediate role in adsorbing excess CO2 at relatively low cost. [6,15] 

As a detailed example, the use of biomass energy provides a multitude of 

environmental benefits. [16,17] It reduces acid rain, prevents soil erosion and water 

pollution, minimizes pressure on landfills, provides wildlife habitat, and helps 

maintain forest health through better management. Besides, also would reduce 

greenhouse gas emissions, as fossil fuels emit vast quantities of carbon dioxide 

into the atmosphere upon combustion, carbon that would otherwise remain 

trapped underground. Although biomass also freed carbon dioxide as it burns, 

the carbon dioxide released during combustion is absorbed during the plant’s life, 

and could eventually be released as the organic matter decays, to be absorbed 
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by other plants that are in the growth stages, creating a closed-carbon cycle 

(Figure 3). 

 

Figure 3. Biomass energy circle c. 

Therefore, when fossil fuels are used to generate electric power, carbon dioxide 

that has been locked away and otherwise would not have been emitted is added 

to the atmosphere. To the contrary, the use of biomass as an energy source 

reduces the amount of "fossil" carbon dioxide that is emitted to the atmosphere 

by displacing fossil fuels. 

However, the main barriers for the use of non-emitting sources of energies 

usually rely on the high cost of the system, low energy density, or non-competitive 

conversion efficiencies. For these reasons, the use of carbon capture and 

storages systems (CCS) is crucial, for example, in applications in which fossil 

fuels have no serious competitor. Carbon capture techniques are taken into 

account in order to obtain truly emission-free systems and can be helpful in the 

transition towards a carbon-free economy. In the following section, different 

carbon capture and storage strategies are detailed, as well as ways to transform 

the captured CO2 into valuable products (CCU strategies). 

1.2.2. Removing or using emitted CO2 

In the last decade, new concepts have been developed as a suitable approach 

for facing the challenges of the current global scenario, with biomimetic and 

circular economy models having been formulated. All the approaches involve a 

 
c https://www.canadianbiomassmagazine.ca/any-renewable-energy-solution-requires-extracting-
the-full-value-of-biomass-6499/ 
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first capture step for an efficient removal of CO2 from common point sources prior 

to the release of gases into the atmosphere. 

1.2.2.1. CCS strategies 

“CCS technology” could be thought of as a chain of technologies created to 

separate CO2 from industrial sources, transport it to a storage location and isolate 

it for the long-term from the atmosphere. CCS technology can reduce CO2 

emissions from large industrial sources and coal-fired power stations by 

approximately 85% depending on the kind of CCS chain-capture, transport and 

storage. [18] 

The most expensive element of CCS technology is the initial CO2 capture. There 

are three types of well-developed CO2 capture systems: post-combustion, pre-

combustion and oxy-fuel (Figure 4). [19–21] 

 

Figure 4. CO2 capture systems. 

Post-combustion capture uses a chemical solvent to remove CO2 from the 

exhaust gas of a traditional power plants (gas or coal-fired power plant), or 

industrial facilities (such as cement kilns, iron and steel production), or in some 

refinery settings. The solvent, typically an amine solution, binds with the CO2. The 

solvent-CO2 combination is separated from the rest of the exhaust gas and 
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heated. The heat drives off relatively pure CO2 which is ready for compression 

and sequestration. The solvent is cooled and reused. 

Pre-combustion capture requires an initial gasification of a fuel source, but it 

yields a purer stream of CO2 for capture at the end of the process. Gasification 

starts by turning coal, refinery wastes, or other materials into syngas (a mixture 

of H2 + CO + CO2). The CO2 capture step from gasification begins with a water 

shift reaction, where water and carbon monoxide react with carbon dioxide and 

hydrogen. The shift reaction creates more H2 and CO2 in the syngas, after which 

the CO2 is removed using commercial processes. 

Both post- and pre-combustion for CO2 capture technologies use separation 

processes, based on solvents, membranes, cryogenic technologies, or other 

chemical or physical processes that are already being applied in industry. For 

instance, in the petrochemical industry to increase the yield in the lighter fractions 

in oil distillation, or in the food industry to produce CO2 for fizzy drinks. 

The other CCS strategy is called, oxy-combustion capture or oxy-fuel. It is a 

process where coal is burned in oxygen instead of air, resulting exhaust 

containing only CO2 and water vapor. Because it yields an almost 100% CO2 

stream that is readily transportable, the process has strong potential, but it is 

extremely energy intensive. 

Once CO2 is captured, it would be transported, mostly by pipeline. Its cost is an 

order of magnitude less than capture, and pipeline technology is established and 

mature. Thus, the key issues in this part of the CCS technology chain are more 

about the siting and routes of pipelines, the purity of CO2 transported, and the 

potential for future pipeline tie-ins, than the intrinsic technologies associated with 

compression and pipeline integrity. 

After transportation, CCS technology follows with the storage. There are several 

CO2 injection and storage technology options, of which the most mature are 

geological storage (Figure 5) (either in depleted oil and gas reservoirs or in deep 

saline formations), and enhanced oil/gas recovery (EOR/EGR). The costs of 

geological storage are roughly equivalent to the costs of transportation, and there 

are relatively constant costs across a wide range of storage capacities. 
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Figure 5. CO2 geological storage d. 

Comparing capture technologies, nowadays, post-combustion carbon capture 

systems are the easiest to adapt, as they can be directly used in current power 

plants or other sources of CO2. Moreover, these technologies can be extremely 

helpful for reducing the emissions in other sectors that are difficult to decarbonize. 

On the other hand, pre-combustion capture systems are not as easy to adapt. 

These technologies need to be built in new installations because large 

equipment, such as a gasifier, is needed. However, pre-combustion capture 

methods can be really interesting in the transition towards hydrogen consuming 

systems. Oxy-fuel combustion also allows a greater thermal efficiency of power 

plants. Nonetheless, oxy-fuel based technologies are more cost-demanding, thus 

fundamental parts of the power plants, such as turbines, should be readapted. 

In the next sections some examples of CO2 capture strategies are detailed. The 

most important example of post-combustion CCS approaches is based on 

chemical absorption and desorption using an aqueous amine solution. They are 

also one of the most promising options for separating CO2 from fossil-fuel-derived 

flue gas, due to its simple operation, high absorption efficiency, cost-

effectiveness, and maturity. In the same way, the use of MOFs, ionic liquids, and 

biological methods appear as promising strategies for the capture and storage of 

CO2. [22,23] 

 

 
d https://energywatch-inc.com/carbon-capture-utilization-storage-pipe-dream-potential-solution/ 
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Absorption of CO2: Aqueous amines 

In this process, mixing of gaseous CO2 molecules takes place in an absorbent 

liquid solvent which is later regenerated. Chemical absorption by aqueous amine-

based solvents appears the most promising short-term solution for CO2 capture 

from flue gas, because of their ability to capture CO2 at low pressure with 

adequate absorption/desorption kinetics. [24] For instance, in industry, CO2 

removal from flue gases is practiced on a large scale using an aqueous solution 

of amines, such as monoethanolamine (MEA) and diethanolamine (DEA), which 

are more than 90% efficient. To liberate the CO2 at a higher concentration, these 

amine solutions are then regenerated by steam stripping. This kind of process is 

called amine scrubbing. [19] 

Primary and secondary amines react with CO2 as a nucleophile and form 

ammonium carbamates under anhydrous conditions (Scheme 1, Route 1). In the 

presence of water, primary and secondary amines can act both as nucleophiles 

and bases to form a mixture of carbamate and bicarbonate/carbonate (Scheme 

1, Route 2). To obtain one equivalent of carbamate, two equivalents of amine are 

necessary, resulting in a CO2 to amine ratio of 1:2. When 

bicarbonates/carbonates are formed, a beneficial 1:1 ratio between amine and 

CO2 is realized. In contrast to the primary and secondary amines, a tertiary amine 

can act only as a base due to the lack of –NH proton (unable to form a carbamate) 

and form bicarbonate/carbonate in water (Scheme 1, Route 3). [25] 

 

Scheme 1. CO2 capture by primary, secondary and tertiary amines. 
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Figure 6 illustrates the CO2 capture process using amine scrubbing; [26] the flue 

gas flows in a counter current direction to the aqueous amine solvent in the 

absorber, where CO2 is removed via chemical reactions into the liquid stream at 

∼40 ºC. This liquid stream then goes to a stripper using water vapor and 

operating at 100−120 ºC; here, the solvent is regenerated as CO2 is released into 

the gas stream. Then, pure CO2 can be produced when water is condensed out 

of the gas stream, followed by CO2 compression and storage. [22,27] 

 

Figure 6. CO2 capture from flue gas by aqueous amine system. 

Unfortunately, widespread implementation of these CO2 capture systems has 

been limited, because of the high cost associated with the high parasitic energy 

consumption during regeneration, as well as solvent degradation, and 

corrosion. [28] In order to solve the main drawbacks of the use of amines in the 

carbon capture, alternatives to CO2 capture are also considered. These 

alternatives comprise, among other solutions, novel materials which are able to 

efficiently attach the CO2, avoiding the regeneration steps and solvent 

degradations that characterize the chemical carbon absorption. 

Absorption of CO2 in Ionic liquids  

The search for alternatives to amines as absorbers has increased enormously in 

recent years. One of the most fertile research fields on this process has been the 

ionic liquids (ILs), [26,29] which will be described in depth in the next sections. 
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ILs are the combination of an organic cation with an inorganic or organic anion. 

Many combinations of readily available cations and anions lead to ionic liquids, 

resulting in a wide number of possible candidates. 

Designing “task-specific” ionic liquids (TSILs) for many kinds of applications is 

therefore, in principle, a potentially successful enterprise. 

In the field of carbon dioxide capture, Bates et al. were the first to propose task-

specific ionic liquid for CO2 capture. [30] Ionic liquids have extremely low volatility, 

so their use could avoid the negative environmental impacts in the atmosphere 

of the amine processes, and many of them can also solubilize large amounts of 

carbon dioxide. After that, Ramdin et al. [29] provided a very extensive review of 

the advantages and problems of the use of ionic liquids for the purpose of 

capturing carbon dioxide. The integration of ionic liquids with other materials is a 

recent strategy that expands the applicability of these solvents. Apart from their 

high carbon dioxide solubility, they are electrical conductors (because they 

consist of ions), which might make them the ideal absorber/solvent for the 

integration of capture with electrochemical transformation of carbon dioxide. [31] 

Adsorption methods for CO2 capture: Metal organic frameworks (MOFs) 

In general, the aim of solid sorbent research is to reduce the cost of CO2 capture 

by designing durable sorbents with efficient materials handling schemes, and 

increased CO2 carrying capacity. The CO2 carrying capacity is a key sorbent 

parameter that depends on the total microscopic surface area of the material. 

Researchers are thus attempting to identify and design sorbents with very high 

surface area, pore size, and pore volume, such as mesoporous silica for CO2 

capture. [32–34] 

Metal organic frameworks (MOFs) are a class of porous material that represent 

one of the promising adsorbents and have gained significant attention during 

recent years for gas separation applications. MOFs are composed of metal ions 

or clusters (nodes) bridged by organic ligands (connecters) to form various 

structures and networks. MOFs are well recognized for their extraordinary surface 

areas, ultra-high porosity, and the most important, flexibility to tune the porous 

structure, as well as the surface functionality due to presence of organic ligands 

that can easily chemical modified. Many MOFs have the capability of capturing 
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carbon dioxide, but it varies between, approximately, 4 to 26 mmol·g-1 in some 

cases. [35–37] 

Yaghi’s group first reported MOFs for CO2 capture at room temperature. [38] 

Thereafter they have developed new types of MOFs for CO2 capture. [39–41] And 

Zhou’s group (among other authors) also reviewed the progress of MOFs for CO2 

capture from experimental to molecular simulation. [42] MOFs could be classified 

into four different categories, considering the mechanism of carbon adsorption; 

rigid, flexible, functionalized MOFs, and MOFs with electrostatic interactions that 

improve the CO2 capture. 

Rigid MOFs are able to adsorb CO2 due to the molecular sieving effect enhancing 

the specific electrostatic interactions between the framework and the molecule of 

CO2. On the one hand, sieving effect is obtained by selecting the ligands and 

modifying the MOFs synthesis process in such a way that the pore diameter 

obtained is like the size of CO2. The CO2 could then be separated from a gas 

mixture, not allowing other molecules to be retained in the MOFs due to the 

selective pore size (Figure 7). [43] On the other hand, selective adsorption of CO2 

in rigid MOFs can be achieved by exploiting specific interactions between the 

target molecule and the framework using, for example, amine containing 

groups. [44] 

 

Figure 7. Metal organic framework as adsorbent for pre-combustion of CO2. Reprinted (adapted) 

with permission from [43] and the author. Copyright (2011) American Chemical Society. 

In flexible MOFs, unlike rigid MOFs, the pore size changes whether the target 

molecule enters in the crystalline structure or not. Zhou et al. reported a 

photoactive flexible MOF that was unable to absorb CO2 (Figure 8). Using 

azobenzene-functionalized terephthalic acid as a linker, PCN-123 with MOF-505 

like rigid framework and photoactive side chains was obtained. Through the 

control of the trans and cis configuration of the azobenzene motif upon 
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photochemical or thermal treatment, the pore structure could be regulated, which 

affected the CO2 uptake of the resulting material significantly. [45–48] 

 

Figure 8. CO2 adsorption in PCN-123 via photoresponsivity behavior of the linker. Reprinted 

(adapted) with permission from [48] and the author. Copyright (2012) American Chemical Society. 

Electrostatic interactions are another interesting property when considering 

selective capture of CO2. As CO2 presents with a quadrupolar moment, this 

molecule can be separated from non-polar molecules, such as methane (CH4), 

due to electrostatic interactions. Open metal site MOFs take advantage of these 

types of interactions to selectively adsorb CO2 from mixtures with different non-

polar gases. In open metal site frameworks, metal nodes have free coordination 

sites, which can establish coordination bonds with the CO2. One of the most used 

MOFs of this kind is [Cu3(BTC)2], which consist of Cu2(COO-)4 centers linked with 

1,3,5-benzenetricarboxylate (BTC3-). In this MOF, the Cu2+ centers coordinate 

with the CO2. Moreover, when using this MOF in wet environments, the capability 

of adsorbing CO2 is increased due to the interaction between the CO2 and the 

electric field created by water molecules, coordinated with the metal centers. [49] 

 

Figure 9. Structural schematic diagram of GDE with Cu3(BTC)2 as CO2 capture agent. Reprinted 

(adapted) with permission from [49] and the author. Copyright (2018) American Chemical Society. 
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Finally, as detailed before, the MOFs can be tuned to enhance their capacity to 

retain CO2 molecules. The last group of MOFs mentioned is the surface 

functionalized frameworks. By adding a functional group with great affinity for 

CO2, like alkanolamines or other amines, as seen when reviewing the amine 

scrubbing methods, the selectivity of a MOF for the capture of CO2 can be really 

enhanced. [50–53] 

Despite the great characteristics of MOFs, several drawbacks should be 

considered. Most of the MOFs have low thermal stabilities, especially when there 

are compared with other porous materials, like zeolites. [54] The use of complex 

ligands can increase the cost of the final product. Furthermore, as stated 

previously, fabrication processes are difficult to adapt into a large-scale 

production. 

Biological CO2 fixation: Microalgae green refinery 

Of all the different CO2 capture approaches, the biological CO2 capture method 

is a potentially attractive alternative. Carbon dioxide can be converted by 

photosynthesis into organic matter by using sunlight as a source of energy. This 

alternative, while valuable, still requires further research and development to be 

implemented. Generally, terrestrial plants can take CO2 and produce organic 

matter through photosynthesis. More specifically, algae can convert CO2 into 

organic compounds more efficiently than other terrestrial plants. 

Biological CO2 fixation using microalgae could be combined with other processes, 

like wastewater treatment. This would be advantageous to offer environmentally 

sustainability. When microalgae are cultured in wastewater rich of nutrients, this 

provides a source of food for microalgae to grow. The resulting biomass can be 

used as a feedstock for biofuel production. Therefore, the combination of CO2 

capture, wastewater treatment and biofuel production, offer an attractive strategy 

for CO2 capture methods. [55,56] 

1.2.2.2. CCU strategies 

All these CO2 capture and storage strategies only partially solve the problem of 

removing emitted CO2 from the atmosphere, so approaches to recover valuable 

products from its conversion through circular economy vision are highly desirable. 
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In this sense, some conversion routes are designed for the re-use of fuels, 

especially when inexpensive renewable energy processes are available. 

As a more attractive alternative, carbon capture and utilization (CCU) 

technologies have received a great deal of attention for turning captured CO2, as 

a renewable carbon feedstock, into valuable products, instead of permanently 

sequestering it. In fact, CCU treats captured CO2 as a renewable resource to 

complement or alternate with the conventional petrochemical feedstocks. [57] 

Moreover, the long-term effects of sequestration are not a concern for this 

approach. Despite the significant advantages offered by CCU in comparison to 

CCS, converting CO2 and utilizing it in chemical reactions is very challenging, 

mainly because of the thermodynamically stable nature of CO2 itself. [58] 

The utilization of CO2 can be considered as a viable option for providing a 

renewable energy source to produce various valuable products. The process 

needs to be economically viable, safe, and ecofriendly. The primary utilization 

route can be classified as enhanced oil/gas recovery (EOR/EGR), mineralization, 

desalination, and chemical conversion. Figure 10 shows various examples of 

ways in which CO2 can be utilized. [59] 

 

Figure 10. Examples of primary CCU strategies. 

Enhanced oil/gas recovery (EOR/EGR) 

Enhanced oil/gas recovery refers to a procedure in which a substance is injected 

into a reservoir to re-pressurize rock formation and to release any oil/gas that 

may have been trapped in the formation. During the CO2 EOR process, the 
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injected CO2 mixes with the oil and releases it from its otherwise hard-to-recover 

rock formation. This stream is then pumped to the surface, and the CO2 emerging 

with the oil is separated and resupplied into the cycle to repeat the process. 

CO2 flooding is one of the most common and efficient methods used in EOR, as 

it mixes with the oil, expands it, and makes it lighter and easier to recover. [60] 

Most CO2 EOR systems use naturally occurring CO2, but lately, research has 

focused on using CO2 captured from potentially hazardous gas streams, such as 

flue gas and other industrial gas effluents. In general, the efficiency of CO2 EOR 

depends largely upon the temperature and pressure of the reservoir involved. 

There are numerous challenges faced by CO2 EOR methods. For instance, owing 

to the heterogeneity of the rock formation between the wells, fluid properties and 

capillary pressure reduce the effectiveness of CO2 flooding. 

Overall, CO2 EOR/EGR is a promising approach in enhanced oil/gas recovery, 

with applications in most type of reservoirs, but it currently contributes to only 3% 

of CO2 utilization. 

Mineralization 

Non-geologic storage or mineral carbonation of CO2 consists in the production of 

stable mineral carbonates by treating CO2 with metal oxides, such as calcium and 

magnesium oxides that are naturally abundant in the form of mineral 

silicates. [61,62] 

The carbonation of magnesium and calcium silicates through spontaneous 

reaction with atmospheric CO2 under ambient conditions is a naturally occurring 

process (known as natural weathering) that is thermodynamically favored, but not 

kinetically, because it is very slow. An artificial improvement in the carbonation 

kinetics can be achieved by injecting fluids with a higher concentration of CO2, 

and by increasing the temperature. Despite significant efforts devoted to 

accelerating this reaction, the slow kinetics are still the main drawback in scaling 

up the mineralization process. Additionally, this process is energy intensive, as it 

requires the extraction, processing, and transportation of the rocks, as well as 

high pressures (10.0 - 15.0 MPa) and temperatures (150 - 600.8 ºC) to achieve 

a carbonation efficiency higher than 80%. Furthermore, the duration of the 
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carbonation reaction is very long (6 - 24 h), and the rocks should be mined 

(<37 mm). Large plant sizes and the need for additives to extract reactive species 

and separate (or dispose of) reaction products are other components with high 

cost penalties. 

In this sense, the mineralization process may be viewed as a sequestration 

method, because it aims at permanently fixing CO2, but unlike CCS, which suffers 

from leakage (geological storage of CO2), the carbonates are stable and safe. 

Also, the exothermic nature of the mineralization reaction along with the 

geothermal gradient contribute to a reduction in energy consumption. Moreover, 

as pure CO2 is not required for this process, flue gas can be used directly without 

removing impurities such as SOx and NOx. 

Desalination 

This is another promising utilization approach; it captures CO2 that can be used 

to remove total dissolved solids (TDS) and to transform brine into water. The 

resulting potable water can be utilized in places for which there is a deficiency. 

Whereas most desalination plants do not employ CO2 to perform desalination 

owing to economic constraints, new technologies are being developed for the 

cheap and efficient utilization of CO2 in this process. [63] 

If sea water, mixed with ammonia (to weaken the salt molecules), is exposed to 

CO2, already-weak bonds start to form, which leads to removal of the ions from 

the water phase. The products formed, Na2CO3 and NH4Cl, are heavy and, thus, 

can easily settle to the bottom of the tank. 

The hydrate-forming method is another technique that is used for desalination, 

and it involves the formation of CO2-hydrated (or CO2-clathrate) by using CO2 to 

separate the salts from water. In this approach, CO2 can be either the gas or 

liquid form. The CO2-hydrates are either dumped into the ocean or transported 

elsewhere. 

The ammonia-carbon dioxide forwards osmosis process is yet another 

desalination technique that employs CO2. In this process, the driving force is 

osmotic pressure instead of hydraulic pressure in reverse osmosis, and by using 

a “draw” solution, the brine and fresh water are separated. 
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One problem commonly faced by desalination processes is the brine waste that 

is generated in very large quantities during the process. Additionally, high salt 

concentrations, solvent chemical residues, and metal corrosion have the capacity 

to destabilize the local ecosystem. Moreover, desalination is unlikely to penetrate 

the market without any significant cost advantages. Depending on the source of 

brine, the cost could vary significantly. The estimated desalination costs are also 

currently higher than agricultural or municipal water costs, which thus, makes 

CO2 based-desalination technology less attractive to address the water market. 

CO2 as feedstock for production of fuels and chemicals 

Fuels production 

CO2 conversion into fuels is considered the best route in CO2 utilization. Methane, 

methanol, syngas, and alkanes are some of the compounds that can be produced 

by utilizing capture CO2 as a feedstock. The fuel produced can be used in various 

sectors, including fuel cells, power plants, and transportation. 

Given that CO2 is a thermodynamically stable molecule, its utilization requires the 

application of a large amount of heat, and a catalyst inventory to obtain high fuel 

yields. In the context of fuels production from captured CO2, hydrogenation and 

the dry reforming of methane (DRM) are the two most-important pathways. 

CO2 hydrogenation is a very promising route for CO2 utilization, mainly because 

it offers the possibility of recycling CO2, storing H2, producing fuel, and solving 

the issue of electric energy storage (Figure 11a). In the hydrogenation of CO2 into 

methane, methanol, carbon monoxide, and formic acid, the source of hydrogen 

from fossil fuel appears to be problematic, as this can itself lead to an increase in 

CO2 emissions to the atmosphere. However, renewable energy (e.g., solar, wind, 

biomass) can be alternatives to fossil sources to mitigate additional CO2 

emissions during hydrogenation (Figure 11b). [64–66] 
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Figure 11. (a) CO2 hydrogenation products (b) Renewable energy sources for CO2 hydrogenation 

(methanation). 

The catalytic process of dry reforming of methane, DRM, is also considered one 

of the most-important pathways for production of methanol and a variety of other 

liquid fuels by the Fischer–Tropsch synthesis (FTS) process. [67] 

𝑛 𝐶𝑂2 + 3𝑛 𝐻2  → (𝐶𝑛𝐻2𝑛) + 2𝑛 𝐻2𝑂 (FTS) 

Furthermore, DRM has recently attracted significant research interest in terms of 

using CO2 for syngas production, because the H2/CO2 molar ratio of the 

generated syngas is less than 1, due to the accompanying reverse water-gas 

shift reaction. Different metal-based catalysts, such as Ni, Ni–Co, Ru, Ir, and Rh 

supported on silica, alumina, and lanthanum oxide have been extensively 

evaluated in the DRM reaction. 

Despite significant advances in the development of catalysts with high activity 

and optimum stability for DRM, finding a suitable catalyst for this reaction still 

remain a big hurdle, especially at high operation temperatures, as deactivation 

by coke formation is inevitable at high temperatures (>700 ºC). 

It is apparent from the above discussion that the main hurdle in utilizing captured 

CO2 as a feedstock for the production of synthetic fuels lies in the design and 

development of novel catalysts that not only exhibit high catalytic activity under 

different reaction conditions, but that are also resistant to coke formation and 

show long-term chemical and structural stability. 

Chemicals production 

In addition to synthetic fuels, CO2 can be used as a feedstock to produce a large 

array of fine chemicals. The most important applications are urea, inorganic 
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carbonates, polyurethane, acrylic acid and acrylates, polycarbonates and 

alkylene carbonates. [68,69] 

Urea, as a major fertilizer, has the largest market for CO2 utilization. It is formed 

based on the two-steps reaction, where ammonium carbamate is produced from 

the heterogeneous reaction of ammonia and carbon dioxide (reaction (1)), and 

after the formation of this intermediate in the liquid state, urea is formed by 

dehydration of ammonium carbamate by reaction (2): 

2𝑁𝐻3 + 𝐶𝑂2 ↔  𝑁𝐻2 − 𝐶𝑂𝑂𝑁𝐻4 (1) 

𝑁𝐻2 − 𝐶𝑂𝑂𝑁𝐻4 ↔  𝑁𝐻2𝐶𝑂𝑁𝐻2 + 𝐻2𝑂 (2) 

Urea is non-toxic and has the lowest transportation cost per unit of the nitrogen 

nutrition. Furthermore, urea is a raw material for the production of many important 

chemical compounds such as polymer synthesis, pharmaceuticals, fine 

chemicals, and inorganic chemicals, like melamine and urea resins. [70] 

On the other hand, organic carbonates such as acyclic (linear) carbonates [e.g., 

dimethyl carbonate (DMC)], [71], cyclic carbonates [e.g., propylene carbonate 

(PC)] and polycarbonates [e.g., poly(propylene carbonate)], [72] ethylene glycol, 

carbamates [73] and ibuprofen [74,75] that have many applications in 

pharmaceuticals, agrochemicals, polymers, lubricants, coating, and catalytic 

reactions are another class of chemicals that can be produced from captured 

CO2. 

The challenges of this process arise from operating at high temperatures and 

pressures, and the need for high catalyst inventory. Moreover, the separation of 

the catalyst from the products is also another challenge. For instance, in the 

production of polycarbonates from the reaction of CO2 with epoxides, 

commercially available Al-based catalysts are widely used, but they are not 

environmentally friendly. [76] In this regard, the oxidative carboxylation route is an 

alternative with great potential for the synthesis of high added products (such as 

urea and urethanes) from CO2. [77] Polyurethane is another chemical produced 

by the reaction of CO2 with cyclic amines, such as aziridines and azetidines, or 

the N-analogues of epoxides. [78] 
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CO2 chemical valorization new approaches 

New approaches that transform CO2 into fine chemicals or value-added products 

are also being investigated in detail. The remunerability of the product is much 

higher and can economically support the development of the technologies 

involved. However, the volume of the potential market of these fine chemicals 

can hardly match the volume of CO2 emissions, needing the development of a 

network of parallel CCU technologies. 

In this sense, biological methods, have been developed either for directly 

producing reduced products (i.e., carbonic anhydrase, hydrogenation of CO2 to 

formate, reduction of CO2 to methane, CO2 conversion into methanol by enzyme 

cascade), or to store CO2 in biomass (e.g., algae). [56,79–81] The advantages 

offered by this approach include higher growth rate, shorter growth cycle, no 

competition on land with other plants, and the production of different valuable by-

products. However, captured CO2 should be purified prior to feeding into a photo-

bioreactor to remove pollutants such as SOx, NOx, and heavy metals that are 

toxic to the growth of microalgae. 

Following this path, photocatalytic reduction approaches also allow the synthesis 

of a wide spectrum of CO2 reduction products, such as HCOOH, HCHO, CH3OH, 

or CH4, and can be effectively used by using visible responsive materials. [82–86] 

Adsorption, CO2 activation, and further reduction to produce value-added 

products are crucial steps for photocatalytic processes. For instance, Sharma et 

al. reported a combined theoretical and experimental study describing the 

selective reduction of CO2 into methane through a robust visible light 

photocatalyst based on single-phase ternary sulfide (CTS). [87] Furthermore, Zhou 

et al. proposed the use of aqueous suspensions of cubic ZnS nanocrystals for 

the photocatalytic reduction of CO2 into formate. [88] 

On the other hand, direct carboxylation of carbon nucleophile using CO2 as an 

electrophile is a straightforward route to prepare carboxylic acids. The main 

drawback associated with this process is related to the use of toxics reagents and 

the production of a large amounts of waste. For instance, the conventional route 

for synthesizing 6-aminonicotinic acid from the corresponding nitriles involves low 

yields, hazardous chemicals (such as cyanide and ammonia gas), and high 
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temperatures. [89] Nevertheless, Gennaro et al. reported an improvement in this 

synthesis with the introduction of an electrochemical approach. [90] 

It is worth highlighting that in the last few years, it has been also reported that the 

development of electrochemical technologies to capture and transform CO2 into 

high-added value products is a suitable and green way for activating CO2 

compared to other Carbon Capture, Utilization and Storage (CCUS) strategies. 

 Electrochemical valorization of CO2 

1.3.1.  Electrochemical reduction of CO2 

Electrochemical reduction or activation of CO2 is a well-known technique, which 

has a number of valuable products, such as oxalic acid, CO, formic acid, 

methane, methanol, ethane, ethylene, ethanol, as well as other hydrocarbons 

and oxygenates that can be produced by this technique. 

The electroreduction of CO2 was first studied in twentieth century. Some 

examples includes the electrochemical reduction of carbon dioxide in aqueous 

media on platinum, [91] with mercury electrodes. [92] Moreover, Hori et al. studied 

the electrochemical reduction of CO2 with copper crystals, and were the first who 

shows the formation of carbon dioxide bonds in its reduction. [93] On the other 

hand, in aprotic media, Haynes and Sawyer studied the electrochemical 

reduction of CO2 in dimethyl sulfoxide with gold and mercury electrodes. [94] The 

technological challenges of this process have prevented until now, but in the last 

decades, very significant breakthroughs have been made, and the technology is 

approaching demonstration phase. 

The electrochemical reduction of CO2 usually requires high overpotential (η>1), 

due to the high potential required to carry out the single electron reduction of CO2 

into CO2
-· anion radical, which depend on electrolytic media and electrode. With 

gold electrodes, the value of electrochemical carbon dioxide reduction occurs at 

-1.9 V (vs standard hydrogen electrode, SHE), determined in 0% of water content 

electrolyte media. [94] Thus, highly active and selective electrocatalysts are 

necessary to reduce the activation energy of the reaction and to enable an 

energetically efficient process. 
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In this sense, a wide variety of new materials have been prepared and tested as 

heterogeneous catalysts for the reduction of CO2 dissolved in a liquid electrolyte: 

metal-based electrodes, nanomaterials, bimetallic catalysts, and metal oxides. 

On the other hand, homogenous catalysts have been widely studied in order to 

catalyze the electrochemical reduction of CO2. [95–97] Representative examples 

could be ruthenium complexes like [Ru(bpy)2(CO)2]2+ or 

[RuII(tpy)(phenCO2)](PF6). [98,99] 

The other drawback in the progress of carbon dioxide electroreduction is the low 

solubility of carbon dioxide in aqueous electrolytes, where it has a solubility of 

c.a. 33 mM at normal room temperature and pressure. [100] To overcome this low 

solubility in aqueous electrolytes, two types of strategies have been developed; 

(i) the utilization of gas diffusion electrodes (GDEs), as already used in fuel-cell 

technology, and (ii) the use of non-aqueous electrolytes. 

GDEs are porous electrodes with a catalyst layer in contact with the electrolyte. 

Due to high CO2 mass transport and reduced diffusion lengths within the catalyst 

layer, GDEs can achieve current densities higher than those traditional 

electrodes. [101] Recent developments in GDE technology increased carbon 

dioxide reduction efficiencies. Ma et al. incorporated multi-walled carbon 

nanotubes (MWCNT) in the Ag catalyst layer of gas diffusion electrodes and 

reported a current density up to 350 mA·cm-2, with 95% faradaic efficiencies 

towards the formation of CO. [102] 

The second above mentioned strategy would be the use of non-aqueous solvents 

as electrolytes. Organic solvents usually dissolve gases, such as CO2, much 

better than water. In this sense, Savéant’s group described that direct 

electrochemical reduction depend on both the chemical nature of the electrode 

and the reaction medium. In low acidity solvents, such as DMF with supporting 

electrolyte, and mercury as cathode, the reduction takes place at potentials 

around the standard potential of CO2/CO2
-·couple, indicating that the interactions 

between the electrode and the reactant, intermediates and products are weak. At 

such, with inert (or outer sphere) electrodes the reduction products are oxalate 

and CO when the solvent is dry, but the presence of water promotes the obtaining 

of formate. [103] Thus, the product distribution depends considerably upon the 

nature of the electrode material and the reaction media, as well as the 
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chemisorption of intermediates and/or products. Furthermore, they showed that, 

in DMF at inert electrodes, the mechanism suggested is depicted in Scheme 2. 

 

Scheme 2. Electroreduction of CO2. 

The same researchers described the possibility of electro-reducing carbon 

dioxide, but with a homogeneous catalyst based on organic molecules (A), 

removing metal complexes. They studied the electrochemically generated anion 

radicals of aromatic nitriles and esters, which have the remarkable property of 

reducing CO2 to its anion radical specie, CO2
-·, which lead to oxalate, with 

negligible formation of carboxylated products in aprotic media (Scheme 3). [96] 

 

Scheme 3. Electroreduction of CO2 by organic molecule as homogeneous catalyst. 

Also, they show that it is possible to use the catalytic enhancement of the cyclic 

voltammetry peaks of these catalysts to determine the rate constant of the 

electron transfer from these aromatic anion radicals to CO2 as a function of the 

catalyst standard potential (Figure 12). In this sense, Cyrille and Savéant were 

able to determine other catalytic parameters through cyclic voltammetry to design 

of improved catalysts. [104,105] 
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Figure 12. Cyclic voltammetry of an example of methylbenzoate in presence (solid line) and 

absence (dotted line) of CO2 in aprotic electrolytic media. Reprinted (adapted) with permission 

from [96] and the author. Copyright (1996) American Chemical Society. 

On the other hand, other approaches related to the obtaining high value-added 

molecules using CO2 as C1 skeleton using electrochemistry are available. 

Electrochemical carboxylation is one of the most useful methods for CO2 fixation 

to organic molecules, because it is a mild and easy-to-handle process. 

Carbanions can easily be generated by electrochemical reduction in aprotic 

media of organic halides, aromatic ketones, and activated olefins, and then 

carbon dioxide can work as an electrophile in the reaction of anion species to 

give carboxylic acids with one carbon elongation. [106] 

1.3.2. Electrochemical carboxylation of CO2 

The general mechanism of electrochemical carboxylation involves the reduction 

of substrates, and/or CO2, leading to the formation of the corresponding radical 

anion, and the reaction between radical anion and the other substrates offers the 

carboxylate anions. 
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1.3.2.1. Electrocarboxylation of alkenes 

There are different kinds of substrates that feature carbon-carbon double bonds, 

for employing in the synthesis of the corresponding carboxylic acid through an 

electrocarboxylation process (Scheme 4). 

 

Scheme 4. Various examples of olefins for the electrocarboxylation process. 

One example was performed by the Senboku group, which has successfully 

implemented the electrochemical carboxylation of several flavones at the C2-

position of flavones to offer flavanone-2-carboxylic acids with moderate to good 

yields. [107] The set-up consisted of one-compartment cell equipped with Pt 

cathode and Mg anode in DMF (Scheme 4, Eq. 4). 

1.3.2.2. Electrocarboxylation of alkynes 

Following the achievements obtained in the electrocarboxylation of styrene 

derivatives, [108] the Jiang group performed a study on the electrochemical 

decarboxylation of phenylacetylene with CO2 (Scheme 5). [109] An unsaturated 

aryl-maleic anhydride is produced as the main product under anhydrous 
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conditions, while the saturated 2-arylsuccinid acid could be obtained as a major 

product in the presence of H2O. 

 

Scheme 5. Electrocarboxylation of phenylacetylene with CO2. 

1.3.2.3. Electrocarboxylation of halides 

Electrocarboxylation of organic halides is one of the most studied and mature 

strategy to synthesize carboxylated products. 

Gennaro et al. showed that the use of silver in the electrochemical reduction of 

some halides (such as arylethyl chlorides), [110] improved the process because of 

the electrocatalytic properties of silver. [111,112] And it is very useful in the 

electrocarboxylation of the substrates. 

Moreover, they reported that the direct CO2 reduction at Ag and Cu working 

electrodes occurs at more negative potentials than the reduction potentials of a 

series of bromobenzenes (ArBr), allowing the selective reduction of ArBr in CO2-

saturated DMF. They also showed that Ag has a better electrocatalytic behavior 

for the cleavage of C-Br bond. [113,114] On the other hand, Au cathodes showed 

good catalytic properties for the reduction of CO2, undermining the possibility of 

exploiting its electrocatalytic properties for the activation of ArBr by carboxylation. 

It was also shown that hydrodebromination yielding ArH is always in competition 

with the desirable carboxylation reaction (Scheme 6). The selectivity of the 

process depends on both the electrode material and molecular structure of the 

substrate. 
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Scheme 6. N-methyl-N(phenylacetoxy)methylformamide synthesis through electrocarboxylation 

in DMF. 

On the other hand, the use of a sacrificial anode is important for the efficient 

electrochemical carboxylation of benzyl halides when the electrolysis is carried 

out in a one-compartment cell. However, the use of this kind of anode sometimes 

leads to problems, such as passivation of the cathode. For this reason, Senboku 

et al. reported an efficient electrochemical three-component coupling reaction of 

benzyl halides, CO2, and DMF to produce 

N- methyl- N(phenylacetoxy)methylformamides in good yields in a one 

compartment cell equipped with a Pt plate cathode and a Pt wire anode without 

any sacrificial anode (Scheme 7). [115] 

 

Scheme 7. N-methyl-N(phenylacetoxy)methylformamide synthesis through electrocarboxylation 

in DMF. 

Overall, there are a lot of examples of electrochemical carboxylation of substrates 

to obtain carboxylated species, valorizing CO2 at the same time, in aprotic 

electrolytic media. However, its high volatility and toxicity [116] and the low electric 

conduction of aprotic solvents represents an obstacle for their use as a solvent in 

many electrochemical reactions. 

1.3.3. CO2 and Ionic liquids 

In order to avoid the use of volatile and toxic solvents, and simplify separation, 

electrocarboxylation in CO2-saturated room-temperature ionic liquids have been 

developed. Ionic liquids (ILs), such as electrically conducting “organic” solvents, 
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which have moderate conductivities and high CO2 absorption capacity, represent 

a good compromise for this kind of processes. 

1.3.3.1. Ionic Liquids 

The ionic liquids (ILs) are generally defined as liquid electrolytes that are 

composed entirely of ions. A melting point criterion has occasionally been 

proposed to distinguish between molten salts and ILs (m.p.<100 ºC). However, 

both molten salts and ILs are better described as liquid compounds that display 

ion-covalent crystalline structures. They represent a class of liquid materials with 

unique properties originating from the complex interplay of coulombic, hydrogen 

bonding, and van-der-Waals interactions of their ions. 

The first ionic liquid was manufactured in first half of 20th century (in 1948) at Rice 

university, Houston in Texas, and contained the AlCl4- species. But, greater 

interest for ionic liquids came at the end of the 1970’s due to the use of not 

pyrophoric alkylpyridinium and dialkylimidazolium salts, which remain today, with 

some of them as room temperature ionic liquids (RTILs). [117] 

There are three generations of ionic liquids, of which tetrachloroaluminate ionic 

liquids were first generation. Replacement of this moisture-sensitive anion by 

tetrafluoroborate ion and other anions in 1992, led to air- and water- stable ILs, 

which represent the second generation and have since found increasing 

applications as reaction media for various kinds of organic reactions. Davis et al. 

introduced the concept of task-specific ionic liquids, TSILs (third generation), 

which are defined as an IL in which the anion, cation, or both, covalently 

incorporate a functional group (designed to endow them with particular 

properties, either chemical or physical, or in reactivity) as a part of the ion 

structure (Figure 13). [118,119] 
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Figure 13. ILs generations. 

The modular nature of ILs means that structural modifications can either be made 

to the anion, the cationic core, or substituents on the anion or cation. Hence, a 

wide diversity in IL structure is possible, and by altering either the cationic or 

anionic component of an IL, the physical properties of the IL can readily be fine-

tuned (Figure 14). This can be adapted to the requirements of a process, 

including the melting point, viscosity, density, solubility, and hydrophobicity of the 

IL. Moreover, reaction products may be separated more easily from an IL than 

from conventional solvents. These benefits make ILs an attractive choice of 

solvent in many important chemical processes, [31,120] with examples reported in 

the areas of catalysis, [121] biocatalysis, synthetic chemistry, [122] and 

electrochemistry. [123] 

 

Figure 14. Most common cation and ions in ILs. 
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Room-temperature ionic liquids (RTILs) have received a lot of attention as 

potential “green” and “designable” solvents. The liquid state of these substances 

is created by their structure; RTILs need to have a big non-symmetrical cation 

and an anion which has a delocalized charge. In addition, almost all reactions 

can occur in ionic liquids the same way as in common solvents, but chemical 

interactions occur slightly different in ionic liquids than in molecular solvents. 

Therefore, thanks to this difference, ionic liquids have better properties than 

aprotic solvents: 

1. They have a very large liquid range (e.g. BMIM TFSI: −89 to 450 °C as 

compared to EtOH: −114 to 78 °C). 

2. They are good solvents for a wide range of inorganic, organic and 

polymeric materials. 

3. They exhibit Brønsted, Lewis and Franklin acidity. 

4. They do not have effective vapor pressure. 

5. Their water sensitivity does not restrict their industrial applications. 

6. They are thermally stable up to 200 ºC. 

7. They are relatively cheap and easy to prepare. 

Besides, RTILs have intrinsic ionic conductivity at room temperature and a wide 

electrochemical window, exhibiting good electrochemical stability in the range of 

4.0 – 5.7 V. [118] 

1.3.3.2. Industrial applications of Ionic Liquids 

Many industrial processes can be improved with the use of ionic liquids. There 

are examples of this ranging from chemical processing to consumer-packaged 

goods. [124] 

Chemical processing: acid scavenging 

BASIL process is probably the most widely known example of industrial 

implementations of ionic liquids-based processes. It was patented by BASF 

industry and is based on biphasic acid-scavenging using ionic liquids in the 

production of alkylphenylphosphines, which are precursors in the production of 

photo-initiators for UV curing of double bond resins, like used in coatings and 

printing inks. [125] 
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The BASIL process is commercially important because it improves the afore 

mentioned processes. In the latter one, acid scavenging was achieved using 

alkylamines, such as triethylamine, obtaining, as byproduct, a thick, dense, 

insoluble trialkylammonium halide salt, which is difficult to remove. By using 

1- methylimidazole ionic liquid precursor, instead of triethylamine, the acid 

reaction produces, as by-product, 1-methylimidazolium chloride, a protic ionic 

liquid that is easy to isolate, and could be recycled by deprotonation, regenerating 

the 1- methylimidazole reactant (Scheme 8). 

 

Scheme 8. BASIL-BASF process. 

Polymer processing: cellulose and biomass 

Cellulose is an abundant bio-renewable resource. For this reason, people have 

developed methods for separating it from biomasses and using it for a lot of 

purposes. Because of cellulose has negligible solubility in water, several solvents 

systems have been developed for processing cellulose. 

Highlighting the use of ionic liquids in cellulose processing, in 1934, Graenacher 

claimed in a patent that, with the use of molten quaternary ammonium salts, it is 

possible to prepare cellulose solutions. Fast forward to 2002 when Swarloski et 

al. found that ionic liquids based on combinations of imidazolium cations and 

halide anions could directly dissolve cellulose with only mild heating or 

microwaving. [126] Since then, many researchers have found a multitude of ionic 

liquids combinations and conditions that can dissolve cellulose. [127] 

Metal processing: electroplating of aluminum 

Ionic liquids are attractive for this purpose because the aqueous electrolyte 

solutions that are typically used in metal plating cannot be used for aluminum, 
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due to the electrochemical window of the solutions being too narrow. Despite the 

fact that water is adequate for metals like copper, silver, gold, chromium, and 

nickel, other metals like aluminum and titanium require something with a broader 

range. 

Functional fluids: gas capture and storage 

Even though several gases including hydrogen have very low solubility in ionic 

liquids compared to molecular solvents, other gases like carbon dioxide exhibit 

greater solubility in ionic liquids. Blanchard et al. were the first to show that 

imidazolium-based ionic liquids exhibited high solubilization capacity for carbon 

dioxide; [128] furthermore, carbon dioxide product could be recovered with no 

contamination of the insoluble ionic liquid. 

Ionic liquids are appealing solvents (compared to alkanolamines) for carbon 

dioxide capture in flue-gas from coal fired power plants because of their 

environmentally friendly profiles, particularly low volatility, and potential to be 

recycled/recovered, as was explained in previous sections. However, even 

though solubility of CO2 in ionic liquids is relatively high, absorption capacity at 

low post-combustion partial pressures is lower than 5 mol%, even with the most 

ideal ionic liquid. Therefore, researchers have modified ionic liquids to be reactive 

with respect to carbon dioxide and increase the molar absorption capacity of 

these materials. 

Ionic liquids also offer opportunities for safe storage of other hazardous and 

reactive gases, including boron (III) fluoride, phosphine, and arsine. 

Potential applications: Batteries 

Ionic liquids also offer promise as electrolytes in other electrochemical devices, 

like next generation lithium ion batteries. Lithium ion batteries are ubiquitous, and 

power all our mobile devices from laptops to cell phones to electric cars. 

However, it is generally agreed that improvements are continually needed to meet 

the ever-growing demand of increased cycling rate and battery lifetime. Ionic 

liquids are attractive primarily because of their large electrochemical windows, 

thus being suitable for energy dense materials and expansion beyond just lithium 

ion batteries to include metal-air batteries. Furthermore, their low vapor pressures 
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and non-flammable nature makes them inherently safer and stable materials for 

this application. Despite the promise, commercial implantation of ionic liquids in 

modern battery technology has yet to be realized. [129] 

1.3.3.3. Electrochemistry in Ionic Liquids 

Historically, electrochemists have focused mainly on studying the 

electrochemical properties of conductive solid materials (for instance, battery 

electrodes, metallic deposition and dissolution), and compounds dissolved in 

molecular solvents such as acetonitrile (ACN), N,N’-dimethylformamide (DMF) 

and water. 

In recent years, ionic liquids have received substantial attention in sustainable 

chemistry applications because they possess desirable properties. For 

electrochemical applications, ionic liquids have the additional advantages of 

intrinsically high conductivity and electrochemical stability, which refers to the 

voltage range that can be applied across a material before the substance 

undergoes oxidation or reduction (wide electrochemical window). Furthermore, 

the electrochemical kinetics, and mass transfer mechanisms associated with 

charged species, are often unique in ionic liquids, in part due to the high ionic 

strength of this kind of medium, compared to conventional molecular solvent 

(electrolyte) media. Nevertheless, despite having a range of attractive properties, 

ionic liquids also have some significant drawbacks when compared to 

conventional molecular solvents, such as high viscosity, high production costs, 

and difficulties in purification. [130] 

Electrochemical measurements in ILs 

Since ILs are defined as liquids solely composed of ions without any solvent, 

contamination of water and other neutral molecules must be avoided in order to 

study the phenomenal characteristics of ILs. One of the major impurities is water, 

which easily absorbs into ILs from the atmosphere. In the case of the amide-type 

ILs, it is possible to eliminate water from them by heating under vacuum. The 

dried ILs should be handled under dry atmosphere in a glovebox, for example. 

The reagents to be added to ILs should be also dried before use, unless they are 
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shipped under inert and dry atmosphere. Electrochemical measurements should 

also be conducted in a dry atmosphere. 

Common electrochemical techniques can also be used in ILs. Cyclic voltammetry 

is one of the most popular methods, which will give much useful information on 

electrode reactions with simple operation. [131,132] It is possible to estimate such 

electrochemical parameters as half-wave potential, diffusion coefficient, and rate 

constant, with the equations found in textbooks. However, the ohmic drop due to 

low conductivity of ILs often affects peak potentials and linearity of potential 

sweep rates. Thus, cyclic voltammetry is not recommended to estimate these 

electrochemical parameters, unless the effects of the ohmic drop are eliminated 

properly by such techniques as ultra-microelectrode and IR compensators. 

Chronopotentiometry is also influenced by the ohmic drop. In contrast, the effects 

of the ohmic drop are expected to be insignificant in chronoamperometry when 

enough potential changes are applied. 

1.3.3.4. Organic Electrochemistry in Ionic Liquids 

ILs are used principally as “inert” reaction media for classical organic chemical 

reactions. [133] However, it is becoming apparent that their rich physico-chemical 

properties (e.g., Lewis and/or Brønsted acidity/basicity, hydrogen-bonding ability, 

π–π interactions, etc.) influence chemical reactivity. Considering that organic 

electrochemical reactions can be complex, and are frequently dependent on 

experimental conditions (electrode material, solvent, electrolyte, etc.), 

understanding how many known and electrochemical reactions in molecular 

solvent systems work, and how they work (is it the same behavior or not) in an IL 

environment may not be straightforward. For example, although follow-up 

chemistry may, or may not, be the same in ILs, relative to traditional solvents, 

there are two common effects of ILs (a) mass transport rates (reported as 

diffusion coefficients) are smaller by a factor of between 10 and 100 in all IL 

media, due to the viscous nature of the media; and (b) the heterogeneous 

electron-transfer rate constants can be smaller by as much as two orders of 

magnitude for processes controlled by outer-sphere dynamics. [134] Ionic liquids 

offer great potential in this respect by providing a highly stable electrolyte medium 

of adjustable solvency properties over a wide range, and from which volatile 
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products can be readily removed by distillation. One of the particularly attractive 

features of electrosynthetic processes is that they are highly compatible with flow 

chemistry approaches to large-scale synthesis. 

1.3.3.5. Ionic Liquids in the electrochemical valorization of CO2 

Zhao et al. was the first research to use an ionic liquid as electrolyte for the 

electrochemical reduction of high-pressure CO2, obtaining syngas as the 

resultant electrolysis product. [135] 

There are different reviews of electrochemical transformation of carbon dioxide 

in ionic liquids within the framework of capture and sequestration. [31,136] Progress 

has been achieved through the choice of different electrocatalysts, where the 

trend has been to move from less abundant substances, such as noble metals, 

to more commonly available metals and materials. One very important advance 

was the discovery by Rosen et al. [137], who described that some ionic liquids can 

significantly lower the overpotential of CO2 reduction. They hypothesized that one 

of the ionic liquid ions may stabilize the CO2 anion that is formed in the first step 

of the electrochemical reaction, through formation of a complex, thus decreasing 

the activation barrier and the overpotential. Following this path, the Compton 

group discovered that the ionic liquid 1-butyl-3-ethylimidazolium acetate, showed 

an abnormally high solubility of carbon dioxide due to the formation of molecular 

complexes. [138] They observed that CO2 electrochemical reduction was not 

sustainable, because CO2 is almost irreversibly absorbed. These results show 

that, in order to facilitate the electrochemical reduction process, carbon dioxide 

capture should be a physical absorption (as seen for CO2 mixing in most ionic 

liquids), rather than chemical absorption, which optimizes the extent of capture 

at the expense of down-stream transformation and separation. 

Similarly, ionic liquids have been used as electrolytic media for electrochemical 

reactions because they can be act as a solvent as well as supporting electrolyte. 

For example, Isse et al. showed that benzyl chloride could be carboxylated with 

an electrochemical reduction in CO2-saturated acetonitrile. Improving this 

electrocarboxylation, Lu et al. showed that it was possible to achieve the 

electrocarboxylation of benzyl chloride by using RTIL, BMIM BF4, as solvent-
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electrolyte media, [139] which could be recycled and reused four times. In addition, 

Senboku et al. demonstrated that electrochemical carboxylation of organohalides 

was successfully achieved with reasonable yields in ionic liquids. [140] 

It is important to highlight that the high cost of ionic liquids has been considered 

a disadvantage for this type of application. However, the enormous potential for 

structural customization due to the huge number of possible combinations 

between different cations and anions, together with a wide liquid range, high 

thermal stability, extremely low volatility, may allow the design of green, low cost, 

low viscosity solvents with high CO2 absorption capacity that could pave the way 

for an effective integration of CO2 capture with CO2 conversion. 

Therefore, the present methodology could be applied to the synthesis of various 

carboxylic acids and their derivatives, which are useful chemicals in medical and 

agrochemical sciences, and thus, could also contribute to a reduction of CO2 as 

a greenhouse gas. 
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Chapter 2. Objectives 

This doctoral thesis looks at the development of new and sustainable 

electrochemical processes; therefore, the general objective of this PhD thesis is 

built around three main concepts: electro-induced reactions, the capture and 

valorization of CO2, and the use of ionic liquids as green solvents. 

In order to carry out the main objective, the following specific objectives were 

established: 

• To disclose the electrochemical reduction mechanism of organic 

molecules as well as CO2 under inert and CO2 atmosphere in organic 

aprotic solvents and ionic liquids. 

• To analyze the effect of the working electrode and the solvent in order to 

design and propose electrochemical reduction routes to valorize CO2. 

• To understand the composition and properties of ionic liquids and their 

influence in the electrochemical valorization of CO2 by conventional 

electrochemical techniques and using in-situ spectroelectrochemistry 

techniques. 

• To valorize CO2 after electrochemical activation in aprotic solvents and 

ionic liquids through: 

o Homogenous catalysis with small organic molecules. 

o Electrocarboxylation processes. 

• To propose new environmentally friendly approaches for synthetizing ionic 

liquids in order to improve the actual commercial or synthetic routes 

proposed. 
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Chapter 3. Results and discussion 

This section is centered on the experimental results obtained during this PhD 

thesis related to the development and application of different ways to valorize 

CO2 with electrochemistry and aprotic organic solvents and/or ionic liquids 

electrolytes, opening the door to use this very versatile and sustainable 

methodology with the aim of obtaining high-added value products through CO2 

electrochemical reduction. 

The results have been published in different scientific journals as six original 

research papers, which are able to look up in Chapter 5. 

1) Reche, I.; Mena, S.; Gallardo, I.; Guirado, G. Electrocarboxylation of 

Halobenzonitriles: An Environmentally Friendly Synthesis of Phthalate 

Derivatives. Electrochimica Acta, 2019, 320, 134576–134585 ........ p.117 

2) Mena, S.; Guirado, G. One-Pot Sustainable Synthesis of 

Tetrabutylammonium Bis(Trifluoromethanesulfonyl)Imide Ionic Liquid. 

Journal of Molecular Liquids, 2020, 312, 113393–113398. ............. p.127 

3) Mena, S.; Gallardo, I.; Guirado, G. Electrocatalytic Processes for the 

Valorization of CO2 : Synthesis of Cyanobenzoic Acid Using Eco-Friendly 

Strategies. Catalysts, 2019, 9 (5), 413–424. .................................... p.133 

4) Mena, S.; Guirado, G. Electrochemical Tuning of CO2 Reactivity in Ionic 

Liquids Using Different Cathodes : From Oxalate to Carboxylation 

Products. Journal of Carbon Research, 2020, 6, 34–54. ................. p.145 

5) Mena, S.; Sanchez, J.; Guirado, G. Electrocarboxylation of 1-Cholor-(4-

Isobutylphenyl)Ethane with a Silver Cathode in Ionic Liquids : An 

Environmentally Benign and Efficient Way to Synthesize Ibuprofen. RSC 

Advances 2019, 9 (1), 15115–15123. .............................................. p.166 

6) Mena, S.; Santiago, S.; Gallardo, I.; Guirado, G. Sustainable and Efficient 

Electrosynthesis of Naproxen Using Carbon Dioxide and Ionic Liquids. 

Chemosphere 2020, 245, 125557–125566. .................................... p.175 

A summary of the experimental results is present below; firstly, there are two 

studies for electrochemical carboxylation processes using a C-X cleavage 

reaction in aprotic media in order to optimize the electrochemical strategy. A 

greener way is than presented in order to synthesize an ionic liquid, as well as 

the electrochemical behavior of CO2 in an ionic liquid solution, characterized in 

situ by spectroelectrochemistry approaches. Finally, there are different ways to 
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valorize CO2 in ionic liquids; by using a homogeneous catalysis, and through 

nucleophilic-electrophilic reactions. 

 Electrochemical carboxylation through carbon-halogen 

cleavage  

There are many ways to activate and cleave C-X bonds, mainly based on 

transition-metal-mediated. However, this chemistry requires a high loading of 

toxic and air-sensitive transition metals and extremely high temperatures and is 

only feasible with more reactive methyl and ethyl esters. In this sense, 

electrochemistry has been widely used in the activation and cleavage of C-X 

bonds. Electron-transfer reactions may not only lead to chemically stable species, 

but also to bond cleavage or bond formation. A discussion is also presented on 

general reactivity models that have been built for this kind of reaction in different 

extensive reports on the mechanisms of carbon-halogen bond cleavage. The 

general mechanism consists of the electrochemical activation of organic 

molecules by producing a radical anion after the electron transfer, which then 

cleaves to produce a radical and an anion in two steps (stepwise process), or in 

a one-step (concerted process) pathway (Scheme 9). [1] 

 

Scheme 9. Dissociative electron transfer pathways electrochemically triggered. 

In the same way, the electrochemical-promoted approaches for achieving 

carboxylated organic valuable products through CO2 can mainly be tackled by 

strategies; in the first approach, the electrochemical generation of carbon dioxide 

radical anion, CO2
·-, requires a fairly negative potential (Scheme 10, Route 1), 

making this option costly in terms of energy consumed, as has been discussed 

in previous chapters. On the other hand, in the second approach (Scheme 10, 

Route 2), the electrochemical reduction takes place in the organic molecule (for 

instance, an organic halide, RX), which is a more easily reducible compound than 
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CO2. In this case, after being reduced, RX·- cleaves into the halide anion (X-) and 

the organic radical (R·) (step 1, Route 2). The electro-generated radical can be 

further reduced forming corresponding organic anion (R-) (step 2, Route 2). If this 

organic anion is stable enough in the electrolyte media, it would nucleophilically 

attack the CO2 dissolved in the solution, and therefore, the CO2 would be added 

to the organic molecule skeleton, leading to a carboxylate derivative (RCO2
-) 

(step 3, Route 2). 

 

Scheme 10. Electrocarboxylation approaches. 

As regards this second approach, an electrochemical study has been conducted 

to establish the optimal experimental conditions for the electrochemical capture 

of CO2 with a series of four 4-halobenzonitriles (F, Br, Cl, and I derivatives). Their 

electrochemical behavior was determined with two different working electrodes; 

silver and glassy carbon cathode materials. The aprotic electrolyte media 

selected for the electrochemical study was DMF, using 0.1 M of 

tetrabutylammonium tetraborate (TBABF4) as supporting electrolyte. 

Figure 15 shows the cyclic voltammetry response under inert atmosphere of 

4- fluorobenzonitrile, 4-chlorobenzonitrile, 4-bromobenzonitrile, and 

4- iodobenzonitrile with a carbon working electrode and a silver working 

electrode. 
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Figure 15. Cyclic voltammetry of 5-10 mM of 4-halobenzonitriles in DMF/0.1 M TBABF4, under 

inert atmosphere. Scan rate: 0.5 V·s-1. At working electrodes (a) Ag (b) GC. 

The cyclic voltammetry response of the four halogen compounds showed a 

bielectronic, irreversible, slow first electron transfer, which has a reduction 

potential following the order, I > Br > Cl > F, which indicates that the halogen ion 

pair can be incorporated into the conjugation of the systems affecting the 

reduction potential values. Moreover, glassy carbon and silver working electrodes 

show the same voltammetry response, but silver cathode material has 

electrocatalytic features which reduce the first electron transfer potential between 

30 and 380 mV, depending on halogen atom, improving the energy efficiency 

(Table 1). 

Table 1. Electrochemical parameters associated to first electrochemical reduction of 

4- halobenzonitrile solutions (X: F, Cl, Br, I) under N2 atmosphere. 

4-halobenzonitriles 
Epc (V) Electrocatalytic effect 

(mV): Epc (Ag) – Epc (GC) Ag GC 

F -2.35 -2.38 30 

Cl -1.95 -2.04 90 

Br -1.75 -1.94 190 

I -1.46 -1.84 380 

Taking a close look at CVs, 4-fluorobenzonitrile only shows one electron transfer 

process at Epc = -2.45 V (vs SCE), whereas the other derivatives show a second 

one, which would be related to benzonitrile reduction. [2] 

To determine the nature of the product obtained after the first electron transfer, 

controlled-potential electrolysis were performed at ~0.1 V more negative 

potential, obtaining 4-(4-cyanophenyl)benzonitrile as main product when the 

reagent was 4-fluorobenzonitrile, while benzonitrile was obtained with the other 

three 4-halobenzonitriles. 

a) b) 
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With these data, an Electron transfer–Chemical reaction–Electron transfer (ECE) 

and an Electron transfer–Chemical reaction (EC) mechanisms could be proposed 

for the 4-halobenzonitriles (Scheme 11). After first reduction the radical anion of 

the 4-halobenzonitrile is obtained. It is followed by a C-X bond cleavage which 

led to a benzonitrile radical and the corresponding halide. Finally, this radical is 

then reduced into a benzonitrile anion with 4-chloro, 4-bromo, and 

4- iodobenzonitrile (Scheme 11, Eq. 1-3). On the other hand, with 

4- fluorobenzonitrile, the benzonitrile radical would dimerize to obtain 

4- (4- cyanophenyl)benzonitrile following an EC mechanism instead of an ECE 

one (Scheme 11, Eq. 1-2 and 4). 

 

Scheme 11. Proposed mechanism for 4-halobenzonitriles (F, Cl, Br, I). 

Both cathode materials have the same tendency with 4-halobenzonitriles. Only 

4- fluorobenzonitrile shows a different distribution of products with the use of 

silver, probably because there were adsorption processes of reduction 

intermediates on the electrode surface, obtaining benzonitrile apart from 

4- (4- cyanophenyl)benzonitrile. 

On knowing 4-halobenzonitrile behavior under inert atmosphere, it is possible to 

use its electrochemical C-halogen cleavage to perform an electrocarboxylation 

process. This would be obtained by an electrophile-nucleophile reaction between 

the benzonitrile anion and CO2, with the use of 4-chloro, 4-bromo, and 

4- iodobenzonitriles, whereas in the case of 4-fluorobenzonitrile, the reaction 

would be triggered through its radical anion and CO2. 
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With the aim of valorizing CO2 with the electrochemical approach, the same 

electrochemical study as N2 atmosphere was performed, but under saturated 

CO2 atmosphere, showing different electrochemical behavior. Furthermore, there 

were significant differences with the use of carbon or silver cathode materials. 

The silver electrode shows two different electron transfers as a cyclic voltammetry 

response of 4-halocompounds (X: Cl, Br, I) when the amount of CO2 in the 

solution is big enough to overlay the electron transfer related to benzonitrile 

reduction (Figure 16a). When the amount is around 0.05 M of CO2, cyclic 

voltammetry shows three different electron transfers; a first electron transfer that 

is the same as that shown under N2 atmosphere. It is followed by a new reduction 

peak around Epc = -2.2 V (vs SCE), which is related to CO2 reduction on the silver 

working electrode surface. And the third one is the same as in an inert 

atmosphere, which shows the reduction of benzonitrile (Figure 16b). In the case 

of 4-fluorobenzonitrile, this third electron transfer did not appear. 
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Figure 16. Cyclic voltammetry in DMF/0.1 M TBABF4 with silver working electrode. Scan rate: 

0.5 V·s-1. (a) 5-10 mM of 4-halobenzonitriles under 0.3-0.4 M [CO2] (b) 4-iodobenzonitrile under 

0.05 M [CO2]. 

On the other hand, with the use of a glassy carbon working electrode (Figure 17), 

4-chloro, 4-bromo, and 4-iodobenzonitrile showed two reduction peaks at the 

same reduction potential that were previously determined under inert 

atmosphere. Hence, the first wave is related to the reduction of 

4- halobenzonitrile, whereas the second one is related to benzonitrile reduction. 

Noting that under saturated CO2 atmosphere, the benzonitrile reduction peak 

loses its reversibility and dramatically increases its peak current value, which 

indicates that benzonitrile was acting as an organic mediator (catalyst) for a 

homogeneous catalysis in the reduction of CO2. 4-fluorobenzonitrile only had an 

a) b) 
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increase in the cathode peak current value due to the reactant and products 

(benzonitrile and 4- (4- cyanophenyl)benzonitrile), which act as catalyst, 

appearing at the same potential values. 
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Figure 17. Cyclic voltammetry of 5-10 mM of 4-halobenzonitriles in DMF/0.1 M TBABF4, under 

saturated CO2 atmosphere with carbon working electrode. Scan rate: 0.5 V·s-1. 

Therefore, by tuning the potential and working electrode it is possible to produce 

a wide range of high value-added products of CO2 reduction through different 

electrochemical processes; since the nucleophilic attack between the 

4- halobenzonitrile reduction derivative and CO2, to a catalysis for reduction of 

CO2 into a radical anion triggered by the product of the reduction of 

4- halobenzonitrile (organic mediator). But, to avoid having mixture of products 

and obtain higher selectivity of the process, controlled-potential electrolysis only 

was performed after first reduction wave, hence products of nucleophilic attack 

would only be obtained. 

Characterizing the product obtained after the electrocarboxylation processes, a 

general trend is observed in all cases, independently of the nature of the 

electrode or charge. When 4-chloro, 4-bromo and 4-iodohalobenzonitriles 

solutions were electrolyzed, a mixture of mono- (4-cyanobenzoate methyl ester) 

and di-carboxylated (dimethyl terephthalate) products were obtained after the 

chemical treatment of the sample. In contrast, with 4-fluorobenzonitrile, only 

dimethyl terephthalate is formed. Moreover, when exhaustive electrolysis is 

performed, the percentage of di-carboxylated product increases. 

On comparing both cathode electrodes, the Ag electrode is recognized as a 

powerful catalytic electrode in organic solvent, with its catalytic property being 

ascribed to the absorption between metal surface and halogenated substrate, as 

well as its reduction intermediates and products. Hence, owing to these 
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adsorption processes that favor the stability of reduction intermediates after the 

total charge passed, at the same consumption of charge, the yield of 

carboxylation is about 2-3 times higher with Ag than with C in global terms. 

In addition, it is worth noting that, after passing the same number of Farads (n·F), 

the total yield of electrocarboxylation products is as follows; I > Br > Cl > F. This 

fact could be explained by considering the bond dissociation energies (BDEs) of 

the Ar-X bonds. 

On observing the data, it is plausible to propose the following mechanism for the 

insertion of CO2 in 4-halobenzonitriles (X: Cl, Br and I). In a first step, 

4- halobenzonitrile is reduced to its corresponding radical anion, which rapidly 

cleaves to give the benzonitrile radical and the corresponding halide. In a third 

step, the radical is reduced at the electrode surface leading to the benzonitrile 

anion. In a further step, this anion can react with CO2, producing 

4- cyanobenzoate anion, which is alkylated by an alkylating agent (R-Y) to yield 

the corresponding ester (Scheme 12. Eq 1-4). 

The formation of the carboxylated di-substituted products is related to the 

reactivity of the nitrile group in the presence of CO2 when more charge is passed 

(Scheme 12. Eq. 5-8). 
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Scheme 12. Proposed mechanism for 4-halobenzonitriles (Cl, Br, I) electrocarboxylation process. 

In the case of 4-fluorobenzonitrile, only electrocarboxylated products were 

obtained when silver was employed as working electrode but enabling a yield of 

40% to be obtained. A plausible electrocarboxylation mechanism could be 

described as follows; 4-fluorobenzonitrile anion radical reacts with CO2 instead 

of a dimerization process, leading to a benzonitrile carboxylated derivative 

(Scheme 13). This derivative is not stable at high negative potentials, and further 

reduction are taking place following the same mechanism as the other three 4-

halobenzonitriles (Scheme 12. Eq. 5-8). 

 

Scheme 13. Proposed mechanism for 4-fluorobenzonitriles electrocarboxylation process. 

Focusing in the products obtained in the electrolysis processes, the use of 

4- halobenzonitrile in CO2-saturated DMF solutions, employing carbon and silver 

electrodes, lead to the formation of mono- and di-substituted carboxylated 

products. Obtaining the greater efficiency of the carboxylation process (87% yield 

of dimethyl terephthalate) with the use of 4-bromobenzonitrile and silver cathodic 

material applying c.a. -1.8 V (vs SCE), after the passage of 4.5 F. Besides, 
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demonstrating that the use of “small” alkylating agents enables higher yields, 

because it was increased a 45% yield in an 87-90% yield of dimethyl 

terephthalate, only reducing the size of the alkylating agent.  

This study allowed the development of the article published in the 320 volume of 

the Electrochimica Acta journal entitled “Electrocarboxylation of 

halobenzonitriles: An environmentally friendly synthesis of phthalate 

derivatives”. [3] 

 Electrochemical carboxylation through carbon-sulphur 

cleavage  

Once it is possible to use the electrochemistry to cleave the carbon-halogen bond 

and use it as strategy for electro-induced carboxylation reactions, it is proposed 

to expand this methodology for other C-X bonds. 

In this sense, C-O and C-S bond cleavages in ether and thioether have been 

notably studied, owing to their interest in different biological phenomena. For 

instance, for the DNA stand break of the C3’-O3’ bond, [4] or for photo-cleavage 

of benzyl-sulfide bond in a ribonucleoside is interesting for its successful photo-

affinity labelling of a membrane transport protein. [5,6] Also, it has a high 

importance in the fuel and coal industry for decades. Focusing on the C-S bond 

cleavage reaction, it has been recently published by Singh et al. [7] that it is 

possible to generate benzylthiolate anion moieties (PhCH2S-) through an 

electrochemical reduction process of benzyldisulfide (PhCH2-S-S-CH2Ph) of a 

high-negative potential, and these benzylthiolate anions are able to reversibly 

capture CO2 (Scheme 14).  

 

Scheme 14. Electrochemical cycle that enables capture and release of carbon dioxide with the 
use of benzylthiolate as capture agent. 
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Therefore, it seems to be possible to valorize CO2 with an electrochemically 

activated compound through C-S cleavage. In this section, CO2 is valorized at 

low potential values using 4-nitrobenzyl phenyl thioether, 1, an arylthioether 

compound with a nitro-group substituent. Thus, the electrochemical reduction 

mechanism of 1 under inert atmosphere will be previously established using 

electrochemical techniques (cyclic voltammetry and controlled potential 

electrolysis). After that, the electrochemical reactivity of 1 under CO2 will be 

evaluated. 

 

3.2.1.  Electrochemical study of 4-nitrobenzyl phenyl thioether 

under inert atmosphere  

Compound 1 has been electrochemically studied by cyclic voltammetry under 

inert atmosphere. The typical CV of 5 mM solution of compound 1 in DMF/0.1 M 

TBABF4 is depicted in Figure 18. A cathode scan shows three different electron 

transfers; A first monoelectronic fast reversible electron transfer, with 

Epc,1 = - 1.11 V (vs SCE), followed by a second irreversible electron transfer, 

Epc,2 = -1.9 V (vs SCE), and a third multi-electron cathodic wave at 

Epc,3 = - 2.43 V (vs SCE), which is related to the reduction of the nitro-group in 

the molecule to a nitroso compound.  
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Figure 18. Cyclic voltammetry of 5.01 mM of 1 in DMF/0.1 M TBABF4 on glassy carbon disk, 

under inert atmosphere. Scan rate: 0.5 V·s-1. First electron transfer (blue line), second electron 

transfer (green line), third electron transfer (black line). 

As the generation of nitroso compounds will be not discussed, the current study 

will be focused only on the two first electron transfers. 

Electrochemical study of 1 under inert atmosphere at first electron transfer 

The first wave corresponds to the reversible reduction of 1, so the compound 

takes a first electron reversibly, which is localized on the nitro group according to 

the value of the standard potential (-1.16 V vs SCE) to form an anion radical, 1·-, 

(Figure 19). No oxidation products were detected after the reduction scan.  
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Figure 19. Cyclic voltammetry of 5.01 mM of 1 in DMF/0.1 M TBABF4 on glassy carbon disk, 
under inert atmosphere. Scan rate: 0.5 V·s-1.  
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Electrochemical study of 1 under inert atmosphere at second electron transfer 

The electrochemical behavior related to second electron transfer, Figure 20, 

shows a pseudoreversible monoelectronic wave, because slow scan rates gives 

an irreversible peak (Figure 20a), but when scan rate was increased it turns 

reversible (Figure 20b). Moreover, when the scan rate is slow, oxidation peaks 

are produced in an anodic scan after reduction.  

-2,4 -1,8 -1,2 -0,6 0,0 0,6 1,2

I p
c
 /

 c
·v

1
/2

Potential (V vs SCE)
 

Figure 20. Cyclic voltammetry of 5.01 mM of 1 in DMF/0.1 M TBABF4 under inert atmosphere.  
(a) glassy carbon disk, Scan rate: 0.5 V·s-1 (b) glassy carbon disk ultra-micro-electrode (Φ= 
9.7 μm). Scan rate: 700 V·s-1. 

In order to obtain the value of the second transfer electrochemical parameters of 

compound 1, CVs at different scan rates were recorded in the same conditions. 

The reversibility of the second reduction wave is achieved at high scan rates 

(700 V·s-1), hence it is possible to determine the standard potential value of this 

second reduction process (E0= -1.63 V vs SCE). Note that the oxidation peaks 

related to the second electron transfer coupled reaction disappeared (Figure 

20b). Thus, it is possible to propose that after the second electron transfer is 

produced a chemical reaction. The electrochemical parameters obtained for the 

second electron transfer were E0
2 = -1.63 V, ks

ap = 9·10- 4 cm·s-1, α = 0.34, and 

k = 90 s-1, were determined experimentally, as well as confirmed by simulation of 

the experimental curves using DIGISIM® software. 

With the aim to know the nature of the products obtained after the second electron 

transfer, a control potential electrolysis at Eap = -2 V (vs SCE) was performed. 

After 2 F of charge and chemical treatment only, 16% of the reagent remained, 

and the products obtained are summarized in Table 2. 
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Table 2. Results of electrochemical reduction of 1 under inert atmosphere. 

Entries 

Electrolysis 

parameters 

% Yield 

Reagent Product 

Eap 

(V) 

Charge 

(Q = 

nzF) 

1 Thiophenol 
4-

nitrotoluene 

Ph-

S-S-

Ph 

p-NO2-

Ph-CHO 
D1+D2 

1 -2.0 1F 57 1 23 17 2 - 

2 -2.0 2F 16 6 34 36 3 5 

Taking a close look at Table 2, the products obtained confirmed that the C-S 

cleavage is produced efficiency after passing the charge corresponding to two 

electrons. Obtaining, on the one hand 4-nitrotoluene, and on the other hand, 

diphenyl disulphide, Ph-S-S-Ph, as main products. Moreover, aldehyde and 

dimer derivatives (4,4’-dintrobibenzyl and 4,4’- dinitrostilbene, D1 and D2) were 

detected at low yields. 

Highlighting in the products obtained after the electrolysis, it is possible to relate 

the oxidation peaks obtained, at slow scan rates, after second electron transfer 

with the oxidation of nitrobenzyl anion [8] (Epa,1 = -0.33 V (vs SCE)), and the other 

with the thiophenolate oxidation [9] (Epa,2 = -0.09 V (vs SCE)). The second one 

was determined by comparison with CV obtained by commercial analog, sodium 

thiophenolate, NaSPh, (Figure 21a). 
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Figure 21. Cyclic voltammetry in DMF/0.1 M TBABF4 on glassy carbon disk, under inert 

atmosphere. Scan rate: 0.5 V·s-1. Solution of 5.01 mM (a) NaSPh (b) Ph-S-S-Ph. 

Besides, sodium thiophenolate electrochemical characterization shown two 

oxidation peaks (Epa,1 = -0.09 V vs SCE and Epa,2 = +0.55 V vs SCE) and a 

reduction wave at Epc = -1.60 V (vs SCE). The first oxidation wave would 

correspond to the oxidation of sodium thiophenolate to its radical form, which 

could evolve following two different reaction pathways; It can either abstract a 

a) b) 
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hydrogen atom leading to benzenethiol, which would be oxidized at 

Epa = +0.55 V (vs SCE), or would evolve to dimerize into diphenyl disulphide, 

Ph- S-S-Ph, which has the reduction wave at Epc = -1.60 V (vs SCE), Figure 21b. 

This second pathway seems to be favored in the electrolysis of 1 because is 

obtained much more diphenyl disulphide (36% yield) than thiophenol (16% yield) 

with the passage of 2 F. 

As regards the CV and electrolysis experiments, it is possible to propose a 

mechanism for the electrochemical reduction of 1, following an EEC mechanism 

(Scheme 15), where compound 1 is reduced to obtain its radical anion, 1·-, with 

an Electronic transfer (E), which is followed by another one (E), obtaining the 

dianion 12-, that is broken through a chemical reaction (C) where there is a C-S 

bond cleavage. Giving as products 4-nitrobenzyl and thiophenolate derivatives. 

 

Scheme 15. Proposal EEC mechanism for the electrochemical reduction of 1. 
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Thermodynamics and kinetics of C-S bond cleavage 

The experimental data (standard potentials E0
1 and E0

2, heterogeneous electron 

transfer rate constants, ks, and first order constant, k) are treated following the 

theoretical model of dissociative electron transfer developed by Savéant. [10] 

 

Scheme 16. Thermodynamic cycle for dianion cleavage. 

According to the thermodynamic cycle presented in Scheme 16, the standard free 

energy of the cleavage reaction is: 

𝛥𝑟𝐺0 = 𝐷𝑁𝑂2𝑃ℎ𝐶𝐻2𝑆𝑃ℎ + 𝐹(𝐸1
0 + 𝐸2

0 − 𝐸(𝑆𝑃ℎ·)/(𝑆𝑃ℎ)− 
0 − 𝐸𝑁𝑂2𝑃ℎ𝐶𝐻2

• 𝑁𝑂2𝑃ℎ𝐶𝐻2
−⁄

0 ) − 𝑇𝛥𝑟𝑆0 (3) 

The D and E0 values are the bond dissociation energies and the standard 

potentials of the subscript species, respectively. ΔrS0 is approximately 1 meV·K- 1 

(96.5 J·K-1·mol-1). The effect of the solvent reorganization is considered 

negligible. The activation free energy ΔrG≠ is obtained from the first order 

constant, where the pre-exponential factor A are taken to be equal to 5·1012 s-1: 

𝑘 = 𝐴 𝑒𝑥𝑝 (
−𝛥𝑟𝐺≠

𝑅𝑇
) (4) 

The activation free energy, ΔrG≠, is related quadratically to the standard free 

energy of the cleavage reaction: 

𝛥𝑟𝐺≠ =
4𝛥𝑟𝐺0≠

4
(1 +

𝛥𝑟𝐺0

4𝛥𝑟𝐺0≠)

2

 (5) 

So, the standard activation free energy, ΔrG0≠, is: 
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𝛥𝑟𝐺0≠ =

𝛥𝑟𝐺≠ −
𝛥𝑟𝐺0

2
+ √(𝛥𝑟𝐺≠ −

𝛥𝑟𝐺0

2
)

2

−
(𝛥𝑟𝐺0)2

4

2
 

(6) 

The results are summarized in Table 3, where compound 1 has related negative 

standard free energy (ΔrG0). Therefore, the reaction is thermodynamically 

favorable. 

Table 3. Thermodynamic parameters for compound 1. 

DNO2PhCH2SPh  
- F 

E0
1 

- F 

E0
2 

- F 

E0
SPh·/SPh- 

- F 

E0
NO2PhCH2·/ 

NO2PhCH2- 

𝑇𝛥𝑟𝑆0 −𝛥𝑟𝐺0 
k 

(s-1) 
𝛥𝑟𝐺≠ 𝛥𝑟𝐺0≠ 

218 112 158 9.65 33.8 27.8 55.7 90 59.3 84.9 

At this point, it is possible to envisage the electrochemical control of CO2 reactivity 

by tuning the electrochemical reduction process of 1 in function of the applied 

potential. As the first electron transfer yields a stable anion radical, it is possible 

to use this reactant as a homogenous catalyst for CO2 reduction. Whereas, the 

second electron transfer yields carbon and sulphur anions, which can potentially 

react with CO2 to yield carboxylate products (Scheme 17). 

 

Scheme 17. Reactivity of 1 and CO2 depending on potential.  

 

3.2.2.  Electrochemical study of 4-thionitrobenzyl phenyl 

thioether under CO2 saturated atmosphere 

The electrochemical behavior of 4-thionitrobenzyl phenyl thioether under CO2 

atmosphere was completely different than under inert atmosphere, and it could 

be divided into two reduction electron transfer processes. 
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3.2.2.1. First reduction electron transfer process 

Figure 22 shows the cyclic voltammetry response of 1 under CO2 saturated 

atmosphere. The first wave, which was reversible under inert atmosphere, loses 

its reversibility, and its peak current values increase significantly when the 

solution is saturated with CO2 (Figure 22a). These electrochemical features are 

characteristic of an electrocatalytic process where compound 1 acts as a redox 

mediator (organic catalysts) in a homogeneous catalysis leading to CO2 

reduction. In addition, the new peak at Epa = +0.26 V (vs SCE) is related to the 

oxidation of oxalate in aprotic media, which is in agreement with that of 

tetrabutylammonium oxalate, TBA2Ox, pattern (Figure 22b), and in the 

literature. [11–13] 
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Figure 22. Cyclic voltammetry in DMF/0.1 M TBABF4 on glassy carbon disk. Scan rate: 0.5 V·s- 1. 

Solution of 5.01 mM (a) Compound 1 (b) TBA2Ox. 

In order to determine the nature of products obtained after catalytic process, a 

control potential electrolysis was performed at Eap = -1.2 V (vs SCE). The CO2 

reduction products were characterized in situ by Fourier transform infrared – 

attenuated total reflectance (FTIR–ATR) spectroscopy (Figure 23a) after the 

passage of 1 F. The IR data show new peaks at frequencies ʋ = 1580 cm-1, 

ʋ = 1380 cm-1, and ʋ = 1350 cm-1, which would correspond with the formation of 

formate, HCOO-. [14–16] The reduction process was monitored by cyclic 

voltammetry (Figure 23b). The cyclic voltammogram recorded at the end of the 

electrolysis showed two new peaks at anodic scan and cathodic scan related to 

the oxalate oxidation (Epa = +0.20 V vs SCE), and a formate radical reduction 

formed upon oxalate oxidation (Epc = -0.89 V vs SCE), respectively. It is important 

to note that 73% of compound 1, which as a redox organic mediator, is recovered 

a) b) 
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at the end of the process. Therefore, compound 1 is reduced with an electron 

transfer giving a radical anion species that, through a homogeneous catalysis, 

would reduce CO2 into a radical anion, which evolves into a formate anion, 

recovering the catalyst (Scheme 18). 

1800 1600 1400 1200 1000 800 600
0,2

0,4

0,6

0,8

1,0

1337 

T
ra

n
s
m

it
a
n
c
e
 (

u
.a

.)

Wavelengh (cm
-1
)

 HCOO
-

 Electrolysis compound 1 (1F)

1594 

1380 

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

I p
c
 /
 c

·v
1
/2

Potential (V vs SCE)

 Initial

 1F

 

Figure 23. Characterization of compound 1 electrolysis (a) IR (ATR) of formate pattern and 

electrolysis product of 1 (b) Cyclic voltammogram of 1 (5.1 mM) in DMF/0.1 M TBABF4 at 15 ºC 

under inert atmosphere. Glassy carbon disk. Scan rate: 0.5 V·s-1. 

 

Scheme 18. Proposed mechanism for compound 1 reduction after first electron transfer, under 

CO2 saturated atmosphere. 

3.2.2.2. Second reduction electron transfer process 

After the second reduction wave of 1, a completely different behavior is seen 

under CO2 atmosphere (Figure 24). Cathodic scan shows that as the amount of 

CO2 is rising in the solution, the peak related to first electron transfer is losing its 

reversibility and increasing its intensity, acting as an organic mediator in a 

catalysis process. At the same time, the peak related to second electron transfer 

disappear.  

a) b) 
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On the other hand, anodic peaks related to C-S cleavage products changed; the 

peak of nitrobenzyl anion oxidation, Epa,1 = - 0.33 V (vs SCE) disappears as CO2 

concentration rises in the solution. Moreover, the oxidation peak related to 

thiophenolate moves into more positive potentials and it may be overlapped with 

the oxalate oxidation peak Epa,3 = +0.04 V (vs SCE). 

 

Figure 24. Cyclic voltammogram of 1 (5.1 mM) in DMF/0.1 M TBABF4 at 15 ºC, under different 

CO2 concentrations. Glassy carbon disk. Scan rate: 0.5 V·s-1. 

Figure 25 shows a CV of sodium thiophenolate under nitrogen and CO2 

atmosphere, where the peak potential value related to its reduction increases,  as 

was previously described by Singh et al. for similar thiophenolate derivatives. [7] 

This fact can be explained by the formation of the corresponding carboxylate 

derivative ((phenylsulfanyl)formate, (Scheme 19). 

 

Scheme 19. (Phenylsulfanyl)formate oxidation proposed mechanism. 

 

Figure 25. Cyclic voltammogram of thiophenolate, NaPhS, (5.1 mM) in DMF/0.1 M TBABF4 at 

15 ºC. Glassy carbon disk. Scan rate: 0.5 V·s-1. 
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With the aim of determining the nature of the products formed upon reduction 

obtained by 1, after a second electron transfer, and a controlled potential 

electrolysis under CO2 atmosphere were performed. Note, at this point that it is 

expected to obtain products coming from homogeneous catalysis, which is 

produced after first electron transfer, as well as products arising from the 

electrocarboxylation through C-S cleavage that occurs after the second electron 

transfer. The results are summarized in Table 4. The nature of the products 

obtained was determined by nuclear magnetic resonance (1H-NMR) and gas 

chromatography coupled with mass spectrometry (GC-MS). 

Table 4. Results of electrochemical carboxylation of compound 1. 

Entries 

Electrochemical 

Parameters 
Yield (%) 

Eap 

(V vs 

SCE) 

Charge 

(Q=znF) 
1 2 3 4 

Carboxylation 

product 

Catalysis 

product 

Formate 

5  

1 -1.9 3F 41 7 47 5 - 20.8 mM 

2 -2.3 3F 48.7 51.3 - - 10 22 mM 

 

At this point, it is possible to propose three different processes occurring at the 

same time. First, a homogeneous catalysis (anion radical level), which gives rise 

to formate anion, and the recovery of the reagent in 40-50% yield, as it was 

explained in Scheme 18. 

When a controlled potential electrolysis is performed at -2.3 V (vs SCE) (Table 4, 

entry 2); a C-S cleavage reaction is taking place, leading to the corresponding 

carboxylated products, such as 5, due to a nucleophile-electrophile reaction 

between CO2 and  the formed aromatic and sulfur anion moieties. Note that the 

nitro group of the reagent is reduced to its amine analog, 3. It seems that this 

reduction reaction occurs before the C-S bond cleavage, since compound 4 and 

5 have an amine group instead of a nitro group in the molecule. According to 

literature results, it may be due to an acidification of the electrolyte solvent by the 
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CO2 bubbling. [17,18] To analyze this effect, a controlled potential electrolysis of 1 

in the conditions depicted in Table 4, entry 1, after adding one equivalent of acid 

(HClO4) instead CO2 was performed. In this latter case compound 3 with 20% 

yield after 2 F, seems to verify the previous hypothesis. 

On the other hand, it was obtained compound 4, which agrees with an N-

formylation [19] of the amine analogue (compound 3) with formic acid. And the 

dimer, diphenyl disulfide would be obtained as a result of the oxidation of 

(phenylsulfanyl)methanoate, losing CO2 and dimerizing instead. Note, as was 

previously pointed out, that the (phenylsulfanyl)methanoate anion is not stable 

enough under these experimental conditions (Scheme 20). 

 

Scheme 20. Proposal mechanism for the electrochemical reduction of 1 under CO2 at -2.3 V 

(vs SCE). 

The above-mentioned studies of carbon-sulfur cleavages, performed in CO2 

saturated-DMF solutions, will be gathered in research paper in a scientific journal.  

Although it is possible to valorize this gas with electrochemical approaches as it 

was explained in the above sections, with the aim of introducing greener 

strategies for the valorization of this gas is needed to synthesize ionic liquids in 

an easily way. 
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 Sustainable synthesis of the ionic liquid TBA TFSI 

An easy and friendly environmental approach to synthesize an ionic liquid is 

presented, published in the volume 312 of the Journal of Molecular Liquids as an 

article entitled “One-pot sustainable synthesis of tetrabutylammonium 

bis(trifluoromethanesulfonyl)imide ionic liquid”. [20]  

One-pot synthesis was presented for tetrabutylammonium 

bis(trifluoromethanesulfonyl)imide, TBA TFSI, by mixing an organic 

bis(trifluoromethanesulfonyl)imide ionic liquid and tetrabutylammonium 

tetrafluoroborate salt (TBABF4), based on a simple ion exchange process. 

Scheme 21 describes the entire ion exchange process, and how all the solvents 

employed in the synthesis could be recycled. 

 

Scheme 21. Ion exchange process between TBABF4 and TFSI ionic liquid. 

An equimolar amount of above-mentioned salt and ionic liquid are dissolved in 

DMF by stirring the mixture at room temperature. DMF solution was poured into 

a separator funnel, which contained the same amount of water/diethyl ether. As 

neither the ionic liquid nor TBABF4 are soluble in water an ion exchange process 

takes place. Hence, in the organic phase the desirable TBA TFSI is obtained, 

after washing and drying the phase with water and anhydrous sodium sulphate. 

Moreover, as a by-product of the ion exchange, another ionic liquid is obtained, 

which remains in the aqueous phase. It consists in the cationic part of ionic liquid 

(C+) and the BF4
- anion. It is purified by washings with dichloromethane and 

recovered by removing the water with heat. 

H2O + ether (1:1) + ether 

reagents + CH2Cl2 

Δ 

 H2O + reagents 

Distillation 

CH2Cl2 

 H2O 
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Table 5 summarizes the yields obtained in different ion exchange processes, 

showing that EMIM TFSI, as ionic liquid, presented the best results. In terms of 

cost-effectiveness analysis, the present strategy of an ion exchange approach is 

a low-cost alternative, since the products obtained at the end of the synthesis 

(ILs) have increased their value by c.a. 40% in comparison with starting materials. 

Moreover, about 80% of the solvent and reagent used in the synthesis could be 

recycled and reused. 

This methodology could be extended to different 

bis(trifluoromethanesulfonyl)imide based ionic liquids. However, the ionic liquid 

exchange process is dependent on the length of the alkyl chain present in the 

tetraalkylammonium salt. For instance, no ion exchange reaction took place when 

tetraethylammonium tetrafluoroborate (TEABF4) salt was used as reagent. 

Table 5. Ionic liquid yields obtained after the ion exchange process. 

Reactive + TBABF4 Products + TBA TFSI TBA TFSI Yield (%) C+ BF4
- Yield (%) 

 
 

89.0 66.7 

  

73.4 31.2 

  

67.3 35.4 

  

71.2 41.4 

A detailed characterization of the different products obtained was performed by 

nuclear magnetic resonance (NMR) and infrared spectroscopy (IR) is collected in 

the article, where is shown that these techniques are very useful as 

characterization techniques for these kinds of reactions, because they show 

significant differences in the spectral responses between products obtained and 

starting materials. 
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 Electrochemical valorization of CO2 in ionic liquids 

It has been widely showed how CO2 has very good solubility in ionic liquids. For 

this reason, different studies have been conducted to determine the different 

ways that CO2 could be valorized in this electrolyte media. 

On the one hand is related to the direct reduction of CO2 in an ionic liquid, which 

is characterized with spectroscopy and electrochemical techniques. On the other 

hand, there are presented different electrocarboxylations of organic reagents with 

an electrochemical activation in presence of CO2. 

3.4.1. CO2 reduction mechanism in EMIM OTf  

Taking into account that the Electrochemistry and Green Chemistry Group of 

UAB has studied the valorization of CO2 with ionic liquids and electrochemistry, 

using CO2 mainly as an electrophile. The electrocarboxylation of EMIM OTf was 

performed during a short stay abroad at Iowa University, in Scott Shaw’s Group 

who valorize the CO2 with ionic liquids and electrochemistry together with 

spectroscopy techniques. Up to know these results are not published.  

The main idea in this case was the obtaining of carbon dioxide reduction products 

through its direct reduction on the surface of silver material in the ionic liquid 

EMIM OTf (Scheme 22), and its characterization in situ by 

spectroelectrochemistry. 

 

Scheme 22. Electrochemical reduction of CO2 proposed in EMIM OTf. 

Thus, EMIM OTf was electrochemically characterized with 

spectroelectrochemistry based on cyclic voltammetry coupled with PMIRRAS 

and IRRAS, under N2, CO, and CO2 atmospheres. Noting that it was 

characterized under CO atmosphere in order to have a pattern of this gas in order 

to confirm whether it is one of the products obtained. 
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3.4.1.1. EMIM OTf characterization under N2 atmosphere 

Figure 26 shows the cyclic voltammetry response for EMIM OTf, which is reduced 

at Epc = -2.0 V (vs Pt), due to its imidazolium ring. 

 

Figure 26. Cyclic voltammetry of EMIM OTf with silver working electrode, CE Pt and Quasi RE 

Pt. Scan rate 0.5 V·s-1. Under N2 atmosphere. 

IRRAS and PMIRRAS spectra (Figure 27) show the functional groups which have 

the ionic liquid in the cationic and anionic part of its structure. The IRRAS 

spectroscopy also shows ionic liquid functional groups and the environmental 

interactions (water and carbon dioxide vapor inside the cell). On the other hand, 

PMIRRAS only shows the electrode surface. 
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Figure 27. Spectroscopy of EMIM OTf under inert atmosphere on a silver surface (a) PMIRRAS 

spectra (b) IRRAS spectra. 
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PMIRRAS shows an improvement in the spectra since there are removed the 

environmental interactions, so it is possible to see region of 1600-1300 cm-1, 

where there are peaks arising from C=C stretching, C-H bending, and C-N ring 

stretching vibrations in the cation structure of EMIM OTf. [21,22] The spectroscopic 

data related to the functional groups of EMIM OTf are summarized in Table 6. 

Table 6.EMIM OTf spectroscopy characterization. 

Assignments IRRAS (cm-1) PMIRRAS (cm-1) 

SO3 asym str 1263, 1270 1263, 1270 

CF3 sym str 1226 1226 

CF3 asym str 1165 1165 

SO3 sym str 1032 1032 

CH3 asym str 3163 3163 

CH3 sym str 3120 3120 

C=C str / C-N str / C-H b - 1300-1600 

To determine how the ionic liquid is reorganized when applying negative 

potentials, four different potentials were applied across the electrochemical 

window of the ionic liquid. The imidazolium ring (1600–1300 cm-1) modes 

increase with more negative potentials (Figure 28). It is concluded from these 

data, that the cationic part of EMIM OTf would move nearer to the electrode 

surface as the potential becomes more negative. 
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Figure 28. PMIRRAS of amperometric determinations of EMIM OTf at different applied potentials, 

after subtraction of blanks, under inert atmosphere. (a) all wavelength (b) zoom at determined 

wavelength (1100-1900 cm-1). 

a) b) 
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3.4.1.2. EMIM OTf characterization under CO and CO2 

atmospheres 

Figure 29 shows the cyclic voltammetry response and IRRAS spectroscopy of 

the ionic liquid in the three different atmospheres; when the solution was 

saturated with CO or CO2, IRRAS spectra changed and new peaks appear at 

frequencies related to CO (2143 cm-1) or CO2 (2235 cm-1), indicating that CO or 

CO2 is present in the solution. However, PMIRRAS spectra is the same as inert 

atmosphere (Figure 27a), because this method is ‘surface sensitive’ and only 

shows what is happening at the electrochemical surface. Therefore, just bubbling 

the gas into the solution of ionic liquid was not enough to show the presence of 

CO or CO2 at the working electrode surface. 
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Figure 29. Characterization of EMIM OTf ionic liquid under N2 (blue line), CO (black line) CO2 

(red line) saturated atmospheres by (a) Cyclic voltammetry. WE Ag. Scan rate: 0.5 V·s-1 (b) 

IRRAS spectroscopy. 

Cyclic voltammetry shows a huge peak related to the reduction of CO2 on the 

silver surface. But under CO and N2 atmospheres CV response is not shown, 

because there was no reduction in the electrochemical potential window of 

EMIM OTf. To determine what is happening in the ionic liquid and on surface of 

the working electrode when CO2 is reduced, different determinations of 

PMIRRAS were performed, coupled to amperometric determinations at 

Epc = - 1.5 V, -1.8 V and -2.0 V (vs Pt) in a carbon dioxide saturated atmosphere. 

Figure 30 shows PMIRRAS spectra of the different applied potentials after 1 h. 

No change in the structure of the ionic liquid is initially observed, but when the 

negative potential is applied, the peaks related to cationic part of ionic liquid 

a) b) 
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increase in intensity, which means that imidazolium ring is oriented towards the 

silver surface. 
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Figure 30. PMIRRAS of amperometric determinations of EMIM OTf at different applied potentials, 

after 1 h. After subtractions of blank, under CO2 atmosphere. (a) all wavelength (b) zoom at 

determined wavelength (1300-1700 cm-1). 

New peaks (1577 cm-1, 1508 cm-1 and 1477 cm-1) also appeared and increased 

in intensity with potential applied. These new peaks could be related to a 

carboxylated species on the structure of the ionic liquid, because when the ionic 

liquid was characterized under inert atmosphere, these new peaks did not 

appear. 

If we focus on the 1577 cm-1 peak, intensity value increases as potential 

increases (Figure 31), because a larger amount of carbon dioxide is reduced. 
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Figure 31. Absorbance ratio versus potential applied at 1577 cm-1 peak. 

To check that the new peaks are related to CO2 reduction products, additional 

experiments were conducted, wherein an applied potential of -2.0 V (vs Pt) was 

held on the system for 2 h, followed by a brief nitrogen purge to remove carbon 

dioxide (Figure 32). 

a) b) 
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Figure 32. PMIRRAS of amperometric determination at -2.0 V (vs Pt) of EMIM OTf, after 

subtractions of blank, at determined wavelength (1300-1700 cm-1). 2 h under CO2 atmosphere 

and last 10 min under N2 atmosphere. 

This experiment showed that the peaks rise with CO2, and when CO2 amount is 

reduced in the solution these peaks also decreased. This could be checked by 

looking at the current vs time response in the amperometry experiment (Figure 

33). 
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Figure 33. Current (A) versus time (s) response of amperometry experiment at -2.0 V (vs Pt). 
Blue dots represent the time where amperometry determinations were done.  

With all these data, it is possible to see that CO2 is reduced in EMIM OTf, but 

instead of obtaining CO as a product, a carboxylated ionic liquid was produced. 

It is believed that the CO2 radical anion is generated, which attaches to the ionic 

liquid structure (Scheme 23), because the frequencies at which the new peaks 

appear are in the same region of EMIM ring functional groups, which is in 

agreement with the literature. [23-28] Moreover, it is known that imidazolium ring is 

oriented into the surface, and it is easy for the carbon dioxide reduced species to 

be attached by it. 
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Scheme 23. Proposed carboxylation process for synthesis of EMIM OTf carboxylated ionic liquid. 

3.4.2. Organic molecules in the electrochemical valorization of 

CO2 in ionic liquids 

A way to reduce directly CO2 in an imidazolium-based ionic liquid has been 

shown, with a carboxylated analog being obtained and characterized in situ by 

spectroelectrochemistry, as a way of CO2 electrochemical valorization in ionic 

liquids. Later on, another way will be shown on how to valorize this gas in ionic 

liquids through the electrochemical activation of an organic molecule which 

activates CO2, through a nucleophilic-electrophilic reaction as well as a 

homogenous catalysis process. 

In this sense, taking into account that 4-iodobenzonitrile has the minor bond 

dissociation energy (BDEs) of the Ar-X bonds, in the article publish in the volume 

9 of journal Catalysts entitled “Electrocatalytic processes for the valorization 

of CO2: Synthesis of cyanobenzoic acid using eco-friendly strategies”, [29] 

details are presented on the electrochemical behavior of 4-iodobenzonitrile with 

silver (Ag) and carbon (GC) cathode electrodes in different 

bis(trifluoromethanesulfonyl)imide ionic liquids.  

Figure 34 shows the cyclic voltammetry response for 4-iodobenzonitrile in 

DMF/0.1 M TBABF4 and ionic liquids solutions with glassy carbon and silver 

working electrodes. It is shown that 4-iodobenzonitrile shows the same behavior 

in ionic liquid solutions than in aprotic media. Moreover, silver cathodic material 
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shows electrocatalytic properties, decreasing first electron transfer potential 

about 0.4 V with the use of Ag instead of GC. 
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Figure 34. Cyclic voltammetry of 5-10 mM of 4-iodobenzonitrile in DMF/0.1 M TBABF4 (black line) 

and the ionic liquid EMIM TFSI (blue line), PP13 TFSI (red line) under inert atmosphere with (a) 

silver and (b) carbon working electrode. Scan rate: 0.5 V·s-1. 

The electrocatalytic effect when DMF is replaced by ionic liquids is shown in 

Table 7. When 1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide, 

EMIM TFSI, and 1-methyl-1-propylpiperidinium 

bis(trifluoromethanesulfonyl)imide, PP13 TFSI, were used as electrolytes, the 

reduction potential value of 4-iodobenzonitrile was reduced by approximately 

0.5 V (17.5 kcal·mol-1) with a silver cathode. Hence, ILs can also act as co-

catalysts when silver is used as a working electrode, because the solvation 

process of the benzonitrile anion appeared to be more effective when a high 

concentration of cations (ILs) is used instead of tetrabutylammonium salts at low 

concentration (0.1M TBABF4 in DMF). Besides, it seemed that the presence of 

piperidinium cations in the IL composition led to stronger coulombic interactions, 

which led to better solvation of the benzonitrile anion. 

Table 7. Electrochemical parameters associated with first electrochemical reduction of 

4- iodohalobenzonitrile solution under N2 atmosphere. 

Solvent 

Epc (V vs SCE) Electrocatalytic effect 

(kcal·mol-1): Epc (Ag) – Epc 

(GC) 
Ag GC 

DMF/0.1M TBABF4 -1.37 -1.85 10.4 

EMIM TFSI -1.29 -1.84 12.7 

PP13 TFSI -1.07 -1.83 17.5 

With the aim of checking that the electrochemical reduction mechanism is the 

same as in DMF/0.1 M TBABF4 under inert atmosphere, a control potential 

electrolysis with ~ 0.1 V more negative than Epc was performed under inert 

atmosphere, using either carbon graphite or silver electrodes. In all cases 

a) b) 
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benzonitrile was the only product (yield 90-95%) obtained after the passage of 

2 F. Therefore, an ECE mechanism could describe 4-iodobenzonitrile’s reduction 

in ionic liquids, as occurs in aprotic electrolyte media. In a first Electrochemical 

step (E), the radical anion of 4-iodobenzonitrile is generated. A Chemical reaction 

(C) coupled with this first electrochemical transfer led to a benzonitrile radical and 

iodide through C-I bond cleavage. Finally, the radical is reduced to an anion at 

the electrode surface by another Electrochemical step (E), which is protonated 

by reacting with the solvent to obtain benzonitrile. 

The obtaining of the benzonitrile anion is the key step to carboxylate 

4- iodobenzonitrile through nucleophilic attack with CO2 (Scheme 24). 

 

Scheme 24. Proposed mechanism for 4-halobenzonitriles (Cl, Br, I) under inert and CO2 

atmosphere. 

Taking into account that when CO2 is reduced in presence of an imidazolium ionic 

liquid, a complex based on a carboxylated ionic liquid is formed, as was shown 

in section 3.4.1, the electrochemical study of 4-iodobenzonitrile under CO2 

saturated atmosphere was performed in a piperidinium based ionic liquid, 

PP13 TFSI. Obtaining the same results that were shown in organic aprotic 

solvent were obtained (Figure 35). 
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Figure 35. Cyclic voltammetry of 10 mM of 4-iodobenzonitrile in PP13 TFSI ionic liquid with 
different amounts of CO2. Scan rate: 0.5 V·s-1 (a) WE GC (b) WE Ag. 

4-iodobenzonitrile and benzonitrile reductions waves were obtained in both 

electrodes in the same potentials as under inert atmosphere. But, with carbon 

cathodic material, benzonitrile acts an organic mediator in a catalysis process, 

losing its reversibility and increasing its intensity value (Figure 35a). Whereas, 

with a silver cathodic material, a new peak appears at -2.0 V (vs SCE) instead of 

-2.3 V (vs SCE) as DMF, which is related to CO2 reduction on the electrode 

surface (Figure 35b). Moreover, since the electrochemical reduction of CO2 

occurs prior to the benzonitrile reduction, no electrocatalytic processes were 

observed related to the role of benzonitrile as a redox mediator. 

On the other hand, when EMIM TFSI was used as ionic liquid, the 

electrochemical reduction of benzonitrile was not detected in any electrode due 

to the fact that the reduction of imidazolium cation appears at a less negative 

potential under inert or CO2 saturated atmosphere (-2.2 V vs SCE) and the 

potential window is not broad enough to arrive at a potential where benzonitrile 

is reduced. [30] 

To determine whether the same carboxylated products are obtained with ionic 

liquids like DMF/0.1 M TBABF4, electrocarboxylation processes were performed 

using carbon graphite rod and a silver foil after ~0.1 V of first reduction wave 

under a CO2 saturated atmosphere. 

The results obtained showed that, when PP13 TFSI was used, around 10% of 

electrocarboxylated products were obtained with carbon cathode materials. In 

addition, at high applied reduction potential values, benzoic acid was obtained, 

which is in agreement with the reduction of 4-iodobenzonitrile in 

DMF/0.1 M TBABF4, described in Scheme 12, Eq. 5-6 (explained in 3.1). It shows 

a) b) 
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that when the passage of charge increases, 4-cyanobenzoic acid loses a cyanide 

group. Thus, the reagent has the same behavior in ionic liquid and aprotic media. 

Moreover, an electrochemical characterization was performed, as well as a 

control potential electrolysis of 4-cyanobenzoic acid in the same electrochemical 

conditions, and it was observed that it is reduced at Epc = -1.6 V (vs SCE).  

Hence, when control potential electrolysis with carbon electrodes was performed, 

4-cyanobenzoic acid is reduced at the same time as the reagent, leading to 

benzoic acid (Eap < Epc, 4-cyanobenzoic acid). On the other hand, using silver cathodes 

enables working under milder conditions, and, as a consequence, not only were 

the electrocarboxylation yields almost three times higher, but also the selectivity 

increases, obtaining only 4- cyanobenzoic acid as a carboxylated product. This 

is because the applied potential is greater than the reduction potential of 

4- cyanobenzoic acid (Eap > Epc, 4-cyanobenzoic acid). 

 

Scheme 25. Electrocarboxylation products obtained in the electrochemical reduction of 

4- iodobenzonitrile under CO2 atmosphere in PP13 TFSI depending on working electrode. 

These results can also be reproduced with another two different ionic liquids, 

such as 1-butyl-1-methylpyrrolinium bis(trifluoromethanesulfonyl)imide, 

BMPyr TFSI, and N-trimethyl-N-butylammonium methylimidazolium 

bis(trifluoromethanesulphonyl)imide, N1114 TFSI. 

Taking into account the results obtained in the electrocarboxylation process of 

4- iodobenzonitrile in ionic liquids, the electrocarboxylation process of 

4- chlorobenzonitrile and 4-bromobenzonitrile were shown as an example of 

nucleophilic-electrophilic reaction between them and CO2 in ionic liquids 

solutions, in the experimental research published in volume 6 of the Journal of 
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Carbon Research entitled as “Electrochemical tuning of CO2 reactivity in 

ionic liquids using different cathodes: from oxalate to carboxylation 

products”. [31] 

In this case, it presented the electrochemical study of 4-chloro and 

4- bromobenzonitrile under CO2 in DMF/0.1 M TBABF4 and ionic liquids with 

carbon, silver and copper working electrodes. 

Cyclic voltammetry response of 4-chlorobenzonitrile with three cathodic materials 

in two different ionic liquids (EMIM TFSI and PP13 TFSI) are represented in 

Figure 36, where EMIM TFSI shows a smaller potential window than PP13 TFSI, 

and only the first electron transfer is shown. Dotted lines represent the 

electrochemical behavior under saturated CO2 atmosphere, while straight lines 

are under inert atmosphere. Taking a close look of the CVs, the carbon working 

electrode did not show any change in both atmospheres, only with PP13 TFSI, 

which shows a benzonitrile reduction, it is able to appreciate that the second peak 

loses its reversibility and increases its current value slightly, representing a 

catalytic process, as was expected. 

On the other hand, silver and copper have the same trend, showing a new peak 

related to CO2 reduction on the electrode surface, which increases with the CO2 

amount, and overlays the peak related to 4-chlorobenzonitrile reduction. Due to 

being in ionic liquids, both reduction potentials have very similar values. A 

benzonitrile reduction peak is also shown, which was not associated with any 

catalytic feature, but only in PP13 TFSI because EMIM TFSI did not have enough 

potential window. 
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Figure 36. Cyclic voltammetry of 10 mM of 4-chlorobenzonitrile with carbon (black line) silver (red 

line) and copper (blue line) working electrodes. Scan rate: 0.5 V·s-1. Under inert (straight line) and 

saturated CO2 (dotted line) atmospheres in ionic liquids (a) EMIM TFSI (b) PP13 TFSI. 

a) b) 
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With the aim of only obtaining nucleophilic-electrophile reactions, both 

4- halobenzonitriles were electrocarboxylated with only a carbon cathode, 

obtaining 4-cyanobenzoic acid and benzoic acid, as happened in the same 

electrocarboxylation reactions of 4-iodobenzonitrile. Therefore, an ECE 

mechanism, as in aprotic solvents, could be proposed, and it may be possible to 

use them as reagents for electrocarboxylation reactions. 

In the same publication, the electrochemical behavior of different 

4- nitrocompounds (X: CH3, F, Cl, I derivatives) were presented in order to show 

how small organic compounds could be used for valorizing CO2, acting as organic 

mediators in homogeneous catalysis. Employing electrochemistry and ionic 

liquids, in this case, to obtain oxalate as a high added value product. 

In this sense, 4-nitrotoluene, 4-fluoronitrobenzene, 4-chloronitrobenzene and 

4- iodonitrobenzene were characterized by terms of cyclic voltammetry under 

inert atmosphere in DMF/0.1 M TBABF4 and EMIM TFSI (Figure 37). 
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Figure 37. Cyclic voltammetry of 10 mM 4-nitrotoluene and 4-iodonitrobenzene with Ag (black 

line), Cu (red line) and C (blue line), under nitrogen atmosphere. Scan rate: 0.5 V·s-1. Solution of 

10 mL DMF/0.1 M TBABF4 (left) and solution of 3 mL EMIM TFSI (right). 

It was obtained that the cyclic voltammetry response of 4-nitrotoluene (which has 

the same behavior as 4-fluoro and 4-chloronitrobenzene) was a first reversible 
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monoelectronic fast electron transfer in both electrolytic media. Only 

4- iodonitrobenzene shows a different response in which is shows a first 

pseudo- reversible monoelectronic electron transfer, which has a k parameter of 

2·104 s-1, whereas the other 4-nitrocompounds have k values of about 2 s-1. It is 

also followed by another reversible monoelectronic peak. 

The pseudo-reversibility of the 4-iodonitrobenzene first wave leads to believe that 

there is a chemical reaction coupled to electrochemical reaction. Hence, to 

determine the nature of the product obtained after first electron transfer, a 

controlled potential electrolysis of 4-iodonitrobenzene under inert atmosphere 

was performed, with 4-nitrobenzene being the only product obtained in both 

electrolytic media and with three working electrodes. 

Considering the cyclic voltammetry and control potential electrolysis experiments 

performed, it could be proposed that 4-nitrocompounds follow the mechanism 

depicted in Scheme 26. Where 4-nitrotoluene, 4-fluoronitrobenzene, and 

4- chloronitrobenzene follow an electrochemical reduction (Scheme 26, Eq. 1). 

On the other hand, 4-iodonitrobenzene would follow an EC mechanism where an 

electrochemical reduction (E) is first produced, followed by C-I cleavage, leading 

to a nitrobenzene radical and iodide, which could obtain hydrogen atom though 

an abstraction reaction with the solvent (Scheme 26, Eq 1-3)). 

 

Scheme 26. Proposed mechanism for 4-nitrocompounds (CH3, F, Cl, I) under inert atmosphere. 

Once the electrochemical behavior of 4-nitrocompounds is determined, the same 

study under CO2 saturated atmosphere were performed. In all cases, the 

reversibility is lost and increases its current value, which indicates that it is 

producing a homogeneous catalysis, where the 4-nitrocompounds would act as 

a redox mediator leading to CO2 reduction (Scheme 27). 
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Scheme 27. Proposed mechanism for 4-nitrocompounds (CH3, F, Cl, I) under CO2 atmosphere. 

Moreover, with the electrochemical parameters obtained through CV 

determinations, it is possible to see that changing methyl group by halides, the 

standard potential is lowered between 0.08-0.2 V depending on the electrode and 

halide, having the best results with 4-chloronitrobenzene. In addition, due to low 

viscosity and coefficient diffusion of CO2 in EMIM TFSI, turnover frequency (TOF) 

values and faraday efficiencies determined for both electrolytic media, were 

better in DMF than in ionic liquid. But in both cases, with the use of small organic 

molecules such as 4-nitrocompounds, it is possible to obtain similar TOF values 

(in order of s-1) as with the use of organometallic or more sophisticated 

compounds, and in a greener way. 

To sum up, in this section, three different strategies to valorized CO2 have been 

shown (Scheme 28). The first one, the direct electrochemical reduction of CO2 

into an ionic liquid solution. After that, three examples of nucleophilic-electrophilic 

reaction have been described, where, through carbon-halogen electrochemical 

cleavage in a saturated CO2-ionic liquid solution, an electrocarboxylation process 

is produced that leads to the formation of 4-cyanobenzoic acid. Finally, a catalytic 

approach in ionic liquids is shown, where through an organic mediator (avoiding 

the use of metals), it is possible to reduce CO2 to obtain oxalate species with a 

homogeneous catalysis. 
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Scheme 28. Strategies to valorized CO2 in ionic liquids. 

Taking into account how well the electrochemical approach works in ionic liquids 

in order to valorize CO2, in the following section an attractive electrochemical 

carboxylation process was developed in which; (1) there is the replacement of 

conventional electrochemical solvents by ionic liquids, and (2) it is using silver 

cathode for decreasing the reduction potential values required for C-X bond, 

removing toxic mediators. For synthetizing two kinds of non-steroidal anti-

inflammatory drugs (NSAIDs). 

 Electrochemical valorization of CO2 to synthesized 

NSAIDs drugs 

The electrochemical approach has been previously used to synthesize these 

kinds of non-steroidal anti-inflammatory drugs, obtaining moderate to good 

yields [32,33]. However, these electrochemical approaches have the drawbacks of 

using organic solvents, which are well-known to be hazardous and flammable, as 

well as the use of large quantities of supporting electrolyte, and the use of toxic 

organic mediators or high reduction potentials. In this sense, the addition of ionic 

liquids into the synthetic route could improve these approaches, lowering the 

reduction potentials and improving the atom economy of the process. 
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For this reason, focusing on the last steps of the current commercial synthesis of 

ibuprofen and naproxen, it was decided to introduce our electrochemical 

approach. This started with an analog with a C-Cl bond, which will be broken to 

attach CO2 through an electrochemical carboxylation reaction (Scheme 29). 

 

Scheme 29. Electrochemical carboxylation reaction. 

An anion species would be obtained in the electrochemical reduction, which 

increases its nucleophilic behavior, and would attack the CO2 attaching it in its 

structure (carboxylation process). After a chemical treatment, 

2- (4- (2- methylpropyl)phenyl)propanoic acid, ibuprofen, or 

6- methoxy- α- methyl- 2-naphthaleneacetic acid, naproxen, would be obtained, 

recycling the ionic liquid employed in the synthesis. 

3.5.1.  Electrochemical carboxylation approach for synthesis 

of 2-(4-(2-methylpropyl)phenyl)propanoic acid in ionic 

liquids  

In the case of ibuprofen, the C-Cl reagent was 1-chloro-(4-isobutylphenyl)ethane, 

which was electrochemically studied with cyclic voltammetry and control potential 

electrolysis under inert atmosphere in order to determine what could be its 

proposed mechanism and, then, under CO2, to perform the electrocarboxylation 

reaction. These studies were performed in DMF and ionic liquids, and employing 

carbon and silver working electrodes. 

Figure 38 shows the cyclic voltammetry response for 

1- chloro- (4- isobutylphenyl)ethane with a carbon working electrode in different 

electrolytic media (Figure 38a), and a solution of the reagent in the ionic liquid 

PP13 TFSI in both N2 and CO2 atmospheres (Figure 38b). 
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Figure 38. Cyclic voltammetry of 10 mM 1-chloro-4-(isobutylphenyl)ethane with GC. Scan rate: 

0.5 V·s-1. (a) DMF/0.1 M TBABF4 (black line), DMF-PP13 TFSI (50:50) (blue line), PP13 TFSI 

(green line) and EMIM TFSI (red line) (b) in PP13 TFSI with N2 and CO2 saturated atmospheres. 

In cathodic scan, a two-electron irreversible slow reduction wave appears 

between -1.9 V and -2.4 V (vs SCE) depending on the solvent, which means that 

there is a chemical reaction coupled to electrochemical reduction. The analysis 

of the peak current values and their dependence on the concentration and scan 

rate, indicates that the chemical reaction is a first-order reaction. 

Comparing the Epc values obtained by the electrochemical reduction of 

1- chloro- (4-isobutylphenyl)ethane, as happened with 4-halocompounds, ILs are 

positively shifted, which means that the cations of the ionic liquids act as a 

catalyst, lowering the reduction potential to more than 0.3 V (7 kcal·mol-1). 

After the electrochemical study performed with CV, a controlled potential 

electrolysis under inert atmosphere was performed to determine the nature of the 

product obtained after electron transfer. 1-ethyl-4-isobutylbenzene was obtained 

as unique quantitative product in all electrolyte medias. Overall, the 

electrochemical reduction mechanism for 1-chloro-(4-isobutylphenyl)ethane has 

a two electron ECE mechanism in which a C-Cl cleavage reaction is produced 

(Scheme 30, Eq. 1-4). With these data, CO2 was bubbled into the solution and 

the voltammetry response, depicted in Figure 38b, was obtained, where it shows 

no changes in the electrochemical behavior of the C-Cl reagent. In this case, 

there is no catalytic process. 

The electrocarboxylation reaction was performed with a carbon electrode, using 

a controlled potential electrolysis of ~0.1 V after the electron transfer reduction 

potential, and ibuprofen was obtained in moderate to good yields. With the use 

a) b) 
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of a mixture of DMF and PP13 TFSI, the reaction became greener, and increased 

the yield up to 75%. It is important to highlight that with the use of dried 

PP13 TFSI, the obtaining of by-product 1-ethyl-4-isobutylbenzene is avoided. 

Hence, following and ECE electrochemical mechanism, 

1- chloro- (4- isobutylphenyl)ethane could be converted in ibuprofen through a 

nucleophile-electrophile reaction between it and CO2 (Scheme 30, Eq. 1-3 and 5) 

employing electrochemical techniques and ionic liquid as a solvent. 

 

 

Scheme 30. Proposed mechanism for 1-chloro-(4-isobutylphenyl)ethane reduction with carbon 

cathode material under inert and CO2 saturated atmosphere. 

As it is well known that silver cathodes reduce the reduction potential of C-Cl 

cleavage reactions, it was decided to use them at the same time as ionic liquids 

in order to improve the electrocarboxylation process. 

Hence, the same electrochemical studies of the C-Cl reagent were performed 

with silver working electrodes in the same ionic liquids and showed the same 

electrochemical behavior, except that the Epc had considerably positively shifted. 

The reduction potential could be lowered to about 0.49 V (11 kcal·mol-1) with the 

use of silver electrode and PP13 TFSI ionic liquid, respectively, on a carbon 

electrode (Figure 39a). When the solution is bubbled with CO2, a new reduction 

peak is detected, which rises as the concentration of CO2 increases, showing that 
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this peak is related to CO2 reduction on the silver surface (Figure 39b), although 

the 1-chloro-(4-isobutylphenyl)ethane reduction peak remains constant. 
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Figure 39. Cyclic voltammetry of 10 mM 1-chloro-4-(isobutylphenyl)ethane in PP13 TFSI. Scan 

rate: 0.5 V·s-1. (a) Comparison of reduction potentials between silver (black line) and carbon (blue 

line) working electrodes (b) N2 and CO2 saturated atmospheres with silver electrode. 

Therefore, the electrocarboxylation is performed through a control potential 

electrolysis after 1-chloro-(4-isobutylphenyl)ethane reduction wave (~0.1 V after 

Epc = -1.7 V vs SCE in PP13 TFSI), and ibuprofen was obtained with moderate 

to good yields. This was taken as the most efficient way with the use of dried 

PP13 TFSI ionic liquid (82% ibuprofen yield) and a silver working electrode. 

All these data led to the publishing of the article entitled “Electrocarboxylation 

of 1- chloro-(4-isobutylphenyl)ethane with a silver cathode in ionic liquids: 

an environmentally benign and efficient way to synthesize Ibuprofen” in 

volume 9 of RSC Advances journal. [34] 

3.5.2.  Electrochemical carboxylation approach for synthesis 

of 2-(6-methoxy-2-naphtyl)propanoic acid in ionic 

liquids 

Following this path, an in-depth study was performed on current manufacturing 

strategies for obtaining 2-(6-methoxy-2-naphtyl)propanoic acid, Naproxen, to 

provide a sustainable strategy using electrochemical methods, ILs and CO2 

feedstock. 

The manufacture of Naproxen started when it was first commercialized by Syntex 

in 1976 [35]. But in order to remove some the handicaps of the initial process, it 

was improved by the same company in 1993, increasing the yield obtained from 

a) b) 
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less 50% to 90%. New approaches have also been explored and discussed in 

the last few years. One of these developed by Nate Shaw and Steve Schlitzer, 

who introduced the use of safer solvents and auxiliaries (such as catalysts). With 

that new approach, atom economy increases from 39.4% to 77.7% (taking into 

account recoverability of the resolving agent). 

In this sense, an electrocarboxylation approach was presented, where it was 

proposed to the change of the reagent employed by Shaw and Schlitzer, which 

has an C-OH bond instead a C-Cl one, as the good behavior that this kind of 

C- halide bond has in electrochemistry has been studied. Then, with the use of 

an electrochemical carboxylation process, CO2 would be incorporated into the 

structure of the reactant. It also presents an atom economy analysis of the 

proposed approach, which showed 36% (65% considering the recoverability of 

the resolving agent). The results obtained were very similar to those obtained in 

Shaw and Schlitzer’s approach (Scheme 31). 

 

Scheme 31. Both Shaw/Schlitzer adapted synthesis and our proposed synthesis for naproxen. 

Focusing on the electrochemical procedure, 

2- (1- chloroethyl)- 6- methoxynaphtalene was characterized under an inert and 

CO2 saturated atmosphere to determine whether the relative anion is stable 

enough to perform the attachment of CO2 (Scheme 32). These characterizations 

were performed in different electrolytic media (DMF/0.1 M TBABF4, BMIM TFSI, 

BMIM BF4, N1114 TFSI, and BMPyr TFSI ionic liquids), using glassy carbon (GC) 

and silver (Ag) cathodic materials. 
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Scheme 32. Electrochemical carboxylation proposed of 2-(1-chloroethyl)-6-methoxynaphtalene 

based on nucleophilic-electrophilic reaction. 

Under inert atmosphere, 2-(1-chloroethyl)-6-methoxynaphtalene shows a two-

electron slow irreversible reduction peak as a cyclic voltammetry response, 

followed by a one-electron reversible one in both working electrodes (Figure 40). 
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Figure 40. Cyclic voltammetry of 10 mM 2-(1-chloroethyl)-6-methoxynaphtalene in DMF/0.1 M 

TBABF4. Scan rate: 0.5 V·s-1. Comparison of reduction potentials between silver (black line) and 

carbon (blue line) working electrodes. 

The analysis of peak current and potential values depending on concentration 

and scan rate, revealed that the chemical reaction coupled to the electrochemical 

reduction is a first-order reaction. Therefore, a second reversible one-electron 

transfer can be assigned to the reduction of 2-ethyl-6-methoxynaphthalene, 

which was demonstrated with the product obtained after controlling potential 

electrolysis at Eap = -2.2 V (~0.1V after first electrochemical reduction) after 2 F. 

The combined use of these electrochemical techniques means that an ECE 

mechanism for the electrochemical reduction of 

2- (1- chloroethyl)- 6- methoxynaphtalene can be proposed (Scheme 33). 
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Scheme 33. ECE proposed mechanism for the reduction of 2-(1-chloroethyl)-6-

methoxynaphtalene. 

Is important to highlight that when the CV characterization in BMIM TFSI and 

BMIM BF4 (imidazolium ionic liquids) was performed, a second electron transfer 

was not shown as the ionic liquids do not have a sufficiently broad 

electrochemical window to achieve their reduction potential. 

On the other hand, taking into account the Epc values of first electron transfer in 

all electrolytic media, with the use of ionic liquids, reduction potentials are 

positively shifted. Showing that it could be lowered to more than 0.24 V 

(5.5 kcal·mol-1) and 0.33 V (7.6 kcal·mol-1) with the use of carbon and silver 

electrodes, respectively, as regards the potentials in DMF/0.1 M TBABF4. 

Moreover, due to the electrocatalytic behavior that shows a silver electrode in 

C- halogen cleavage reactions, a 0.07 V (4.8 kcal·mol-1) lowering of reduction 

potential could be observed when silver is used as cathode. 
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By bubbling CO2 into the solution there was a change in cyclic voltammetry 

response in both electrodes (Figure 41), with the same trend being observed in 

all electrolyte media tested. 
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Figure 41. Cyclic voltammetry of 10 mM 2-(1-chloroethyl)-6-methoxynaphtalene in BMPyr TFSI, 

under N2 (black line) and CO2 (red line) saturated atmospheres. Scan rate: 0.5 V·s-1. (a) Glassy 

carbon working electrode, GC (b) Silver carbon working electrode, Ag. 

By using a carbon working electrode, there is a two-electron reduction wave like 

the one observed under inert atmosphere, but the second reduction wave 

becomes irreversible and increases its intensity current value. This behavior 

describes a catalytic process, where 2-ethyl-6-methoxynaphthalene would act as 

catalyst to reduce CO2 through a homogeneous catalytic process producing CO2 

radical anion (Scheme 34, Eq.1-3). 

On the other hand, when silver is employed as a working electrode, in a reduction 

scan, a new reduction peak is detected between c.a. -1.8 V and -2.40 V (vs SCE) 

depending on the solvent that was assigned to the reduction of CO2 on the 

surface of the working electrode. This peak, which increases with the 

concentration of CO2, overlays the 2-(1-chloroethyl)-6-methoxynaphtalene 

reduction wave when the solution is saturated with CO2. Hence, in some ionic 

liquid solutions, the reduction of CO2 occurs before the reduction of the reagent 

(Scheme 34, Eq.1 and 4). 

a) b) 
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Scheme 34. Proposed mechanism for electrochemical behavior of 

2- (1- chloroethyl)- 6- methoxynaphtalene under CO2 with C and Ag electrodes. 

At this point, several electrocarboxylation processes were attempted under CO2 

saturated atmosphere, applying a controlled potential ~0.1 V after the first 

electrochemical reduction potential of 2-(1-chloroethyl)-6-methoxynaphtalene in 

all electrolyte media using a carbon graphite bar and silver foil as working 

electrodes. 

In all cases naproxen was obtained in a reasonable yield. The best results were 

obtained when silver was employed as cathodic material and BMIM BF4 as ionic 

liquid. This could be because there are two simultaneous carboxylation 

processes with the use of silver and this ionic liquid through the nucleophilic-

electrophilic reaction. In one of them, the nucleophile species would be the anion 

obtained from the two-electron reduction of 

2- (1- chloroethyl)- 6- methoxynaphtalene, which would attack CO2. The other 

nucleophile species would be the radical anion of carbon dioxide obtained 

through its direct reduction on the silver foil surface, which would attack the 

2- (1- chloroethyl)-6-methoxynaphtalene reagent (Scheme 35). 
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Scheme 35. Nucleophilic substitution mechanism operates concurrently. 

Hence, the electrochemical triggered dual reactivity enhances the yield of 

naproxen, showing an environmental approach for this kind of synthesis. The 

results were collected in the volume 245 of Chemosphere scientific journal as the 

article entitled “Sustainable and efficient electrosynthesis of naproxen using 

carbon dioxide and ionic liquids”. [36] 

In summary, the experimental results of this Doctoral Thesis show a novel set of 

more sustainable strategies to valorize CO2 based on synergetic processes, 

which include the used of electrochemistry and/or green solvents. The ionic 

liquids give greener features to the process, owing to (1) removing supporting 

electrolyte and avoiding volatile organic solvents, and (2) the improved energy 

efficiencies, due to their capacity to lower the reduction potentials, since their 

particular electrocatalytic behavior, as well as acting as co-catalysts when they 

are involved with silver cathodic materials.  
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Chapter 4. Conclusions 

Below is presented the main conclusions extracted from the experimental results: 

❖ An electrochemical study and control-potential electrolysis of 4-halobenzonitriles 

in CO2-saturated aprotic solutions employing carbon and silver cathodic materials 

have been performed, obtaining mono-, and di-carboxylated substituted products 

from moderate to almost quantitative yields. The use of Ag electrodes enables to 

perform electrolysis at less negative potential values, because of electrocatalytic 

features of silver electrode in the C-halogen electrochemical cleavage.  

❖ 4-nitrobenzyl phenyl thioether could be used as reagent for CO2 valorization. At 

low negative potential, first reduction wave level, it is possible to reduce CO2 by 

catalytic process where 4-nitrobenzyl phenyl thioether would be an organic 

mediator, obtaining formate applying only -1.2 V (vs SCE). On the other hand, 

taking advantage of C-S cleavage, could be obtained high-value added products 

through nucleophile-electrophile reaction between anions (thiophenolate and 

4- ethylanyline) obtained after C-S cleavage and CO2 applying -2.3 V (vs SCE); 

on the one hand, obtaining 4-aminobenzylacetic acid. On the other hand, the 

capture and released of CO2 by thiophenolate anion.   

❖ A new route for synthetizing tetrabutylammonium 

bis(trifluoromethanesulfonyl)imide ionic liquid (TBA TFSI) has been performed, 

following a sustainable one-pot methodology based on an ionic exchange 

process. In terms of cost-effectiveness analysis, the proposed approach is a low-

cost alternative because the product obtained and the by-product are ionic 

liquids, which increased their value c.a. 40% in comparison with the starting 

materials. Besides, around 80% of the solvent and reagent could be recycled and 

reused at the end of the process.  

❖ The use of electrochemistry and spectroscopy techniques are sustainable and 

useful toolkits to valorize carbon dioxide, and to know the mechanism which is 

happening. EMIM OTf ionic liquid could be characterized with 

spectroelectrochemistry approaches and it showed that when is applied negative 

potentials, its structure is reorganized on the surface of the working electrode, 

where imidazolium part of the ionic liquid is oriented to the electrode surface. On 

the other hand, when CO2 is reduced on the surface of silver electrode, the radical 

anion obtained is attached to the imidazolium part of the ionic liquid and it is 

formed a carboxylate analogue of EMIM OTf.  
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❖ The obtention of 4-cyanobenzoic acid with an electrochemical activation of 

4- iodobenzonitrile with an electrochemical approach in CO2-saturated ionic 

liquids media is a new “environmentally-friendly” strategy for producing highly 

valuable compounds using CO2 as a building block in ILs. The use of silver 

instead of carbon cathodes enables 4-cyanobenzoic acid to be obtained from 

electrochemical reduction under milder conditions with moderate yields and 

conversion rates.  

❖ A tuned CO2 valorization could be obtained depending on the functional group, 

nitro or cyano, of a series of aromatic halides in CO2-saturated ionic liquids. An 

electrocatalytic process using a homogeneous catalysis is seen when nitro 

derivatives are used, removing metal complexes as a catalyst. The use of cyano 

derivatives allows to tune the reactivity in function of the reduction potential value 

applied from electrocarboxylated products (nucleophile-electrophile reaction) to 

oxalate.  

❖ A description of a sustainable and highly efficient chemical route for synthetizing 

useful compounds using CO2 as a C1 symptom through electrocarboxylation 

reactions has been presented. This strategy deals with the used of 

electrochemical techniques and ILs, which allow introduce some of the Green 

Chemistry principles for the synthesis of NSAIDs. Cyclic voltammetry study and 

controlled potential electrolysis of 1- chloro- (4-isobutylphenyl)ethane and 

2- (1- chloroethyl)-6-methoxynaphthalene in CO2-saturated ionic liquids solutions 

obtains Ibuprofen and Naproxen in around 90% yields and excellent atom 

economy compared with commercial ones. This methodology offers a “green” 

way for the synthesis of different carboxylic acids that could potentially displace 

the petrochemical process in a future.
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Appendix. Theoretical fundamentals of 

Electrochemistry 

Considering the reaction at the electrode O +  ne− ⇄ R, the current or electrode 

reaction rate is governed by the following processes (Figure 42). 

1. Mass transfer. 

2. Electronic transfer on the electrode surface. 

3. Chemical reactions before or after the electron transfer, which could be 

homogeneous (bulk solution) or heterogeneous (electrode). 

4. Other surface reactions: adsorption, desorption or crystallization. 

 

Figure 42. Electrochemical processes. 

The I-E-t, curves provide information about the kinetics of the electrochemical 

reaction. The scan rate of an electrochemical reaction is defined as: 

𝑣 =  𝑘𝑓 · 𝐶𝑂𝑥 − 𝑘𝑏 · 𝐶𝑅𝑒𝑑 =
𝐼

𝑧𝐹𝑆
 (8) 

𝐼 = 𝐹𝑆 · [𝑘𝑓 · 𝐶𝑂𝑥 − 𝑘𝑏 · 𝐶𝑅𝑒𝑑] (9) 

Under conditions where there are not mass transport, chemical reactions or 

processes of adsorption and desorption on the electrode surface, it is possible to 

apply the Butler-Volmer equation: 
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𝐼 = ±𝐹𝐴𝑘𝑠
𝑎𝑝

𝑒𝑥𝑝 [±
𝛼𝐹

𝑅𝑇
(𝐸 − 𝐸0)] · {(𝐶𝑂𝑥)0 − (𝐶𝑅𝑒𝑑)0 · exp [±

𝐹

𝑅𝑇
(𝐸 − 𝐸0)]} (10) 

Where Cox and Cred are the oxidizing and reducing species concentrations, 

respectively, on the electrode surface. S is the electrode surface area. E is the 

potential applied to the electrode, E0 is the standard potential, α is the electronic 

transfer coefficient (0 < α < 1), ks
ap is the apparent electronic transfer rate 

constant, and Φ is the external plane of Helmontz. 

𝑘𝑠
𝑎𝑝

= 𝑘𝑠 exp (
−𝛼𝐹𝜙

𝑅𝑇
) 

(11) 

𝑘𝑠 = 𝑘𝑓(𝐸 = 𝐸0) = 𝑘𝑏(𝐸 = 𝐸0) (12) 

Due to during the electron transfer the amount of oxidizing (Ox) and reducing 

(Red) species change on the electrode surface, the mas transfer is a determining 

factor. In this situation, the Butler-Volmer equation shown as equation (10) is no 

longer valid. 

To introduce the mass transport, is important to define the kind of transport that 

take place (diffusion, migration or convection), and therefore, which 

electrochemical method must be used. 

The mass transport (J) follows the next equation: 

𝐽 =
𝑐𝑗𝐷𝑗

𝑅𝑇
·

𝛿𝜇𝑗

𝛿𝑥
+ 𝑐𝑗𝑣𝑥 (13) 

Where cj is the concentration of j specie in the solution, vx is the solution speed, 

Dj is the diffusion coefficient of specie j, and μi is the electrochemical potential. 

The equation (2) includes different mass transports which can be take place; the 

first term includes diffusive and migration transport, and it is added with the term 

related to the convection of the electroactive substance (EAS). 

Depending on how the mass is transported to the electrode surface, 

electrochemical methods can be divided into two groups: 
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o Stationary electrochemical methods. 

The transport of the mass related to EAS from bulk solution to the 

electrode surface takes place by diffusion and forced convection 

(agitation). 

o Non-stationary or transient electrochemical methods. 

The transport of the mass related to EAS to the electrode surface takes place 

only by diffusion. These methods are subdivided as: 

a. Potentiostatic methods, which a controlled potential is applied, and 

the intensity is obtained as a function of time. 

b. Galvanostatic methods, which a current is applied as a function of 

time and the potential as a function of time is obtained as a 

response. 

Under normal working conditions for transient electrochemical methods, the 

electroactive substance (EAS) is transferred from the bosom of the solution to the 

electrode surface by diffusion only. Thus, the differential equations with respect 

to time in the homogeneous kinetics are replaced by partial differential equations 

with respect to time and space that separate the electroactive species from the 

electrode surface (Fick's Laws). 

Linear Voltammetry and Cyclic Voltammetry 

The linear voltammetry (LV) is a transient electrochemical method. The applied 

signal in this technique is a potential ramp which varies linearly with time, and 

with respect to a reference electrode. The signal is applied to the system by 

means of a signal generator where the potential is applied to the working 

electrode.  

Cyclic voltammetry (CV), is based on the application of a triangular sweep of 

potential; a potential ramp in the direct sense and another in the opposite 

direction (Figure 43a). The sweep starts at an initial value of potential (Ei) to a 

cutoff value (Ec), and then reverses the sweep to reach the initial potential again. 

In this disturbance, the slope of the potential variation is known as “potential 

sweep rate” (v). 

𝐸 = 𝐸𝑖 ± 𝑣𝑡 (14) 
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The characteristic time of the technique, θ (s) is inversely proportional related to 

the potential sweep rate, θ = RT/Fv. 

As a response, a Current-Potential (I-E) curves is registered. For a reversible 

system, the I-E response is obtained as shown in Figure 43b. 

 

Figure 43. Signal E=f(t) applied in CV (left). Response I-E for a reversible electrochemical 

reaction (right). 

From the I-E curves, the characteristic parameters of electronic transfer can be 

determined: the peak potential at which a substance is oxidized or reduced (Ep), 

as well as the peak intensity (Ip) and the average wavelength (ΔEp). The scan 

rate (v) is a determining parameter of this technique and can vary from 0.05 to 

1000 V/s, in case of using microelectrodes (mm), but the use of ultra-

microelectrodes (μm) and high-speed potentiostats, allows the application of 

much higher scanning rates, in the order of 106 V/s. 

Current-Potential curves (I-E) 

The I-E-t curves also gives electron transfer kinetic information. 

Electron transfer (E) 

The kinetic equations which take into account diffusion and electronic transfer are 

the following: 

(
𝛿𝑐𝑂𝑥

𝛿𝑡
) = 𝐷𝑂𝑥 (

𝛿2𝑐𝑂𝑥

𝛿𝑥2
) (15) 

(
𝛿𝑐𝑅𝑒𝑑

𝛿𝑡
) = 𝐷𝑅𝑒𝑑 (

𝛿2𝑐𝑅𝑒𝑑

𝛿𝑥2
) (16) 
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Assuming the use of a flat electrode, to solve the system of differential equations 

are needed boundary conditions: 

1. The diffusion takes place in a single direction, linear diffusion, since the 

working electrode is flat. 

2. DOx = DRed. 

3. At time t = 0 → x ≥ 0  

In a time: t ≥ 0 y x = ∞ → cOx = cOx y cRed = 0 

4. When x = 0 and t > 0 (parameters indicating the surface of the electrode), 

the Nerst/Volmer equation is fulfilled and there is no accumulation of 

matter. 

(
𝛿𝑐𝑂𝑥

𝛿𝑥
) + (

𝛿𝑐𝑅𝑒𝑑

𝛿𝑥
) = 0 (Nerst/Volmer) 

𝑐𝑂𝑥 = 𝑐𝑅𝑒𝑑 · 𝑒
(

(𝐸−𝐸0)𝐹
𝑅𝑇 )

 
(17) 

Where E is the applied potential, E = Ei + vt and the current is defined by: 

𝐼 = 𝐹𝑆𝐷 ·  (
𝛿𝑐𝑂𝑥

𝛿𝑥
) (18) 

For a rapid electronic transfer step (E), solving the system of differential equations 

associated with the theoretical study of the variation of the concentrations of the 

Ox and Red species, and with the Nerst equation, the following theoretical 

expressions are obtained for the values of the characteristic voltamperometric 

parameters. 

𝑰𝒑 = 0.446 · 𝐹 · 𝐴 · 𝑐0 · 𝐷1/2 · (
𝐹𝑣

𝑅𝑇
)

1/2

 (19) 

𝑬𝒑 = 𝐸0 − 1.11 · (
𝑅𝑇

𝐹
) (20) 

∆𝑬𝒑 =  𝐸𝑝 − 𝐸𝑝1
2

= 2.20 · (
𝑅𝑇

𝐹
) (21) 

𝑬𝒑𝟏
𝟐

= 𝐸
(𝐼=

𝐼1
2

)
 (22) 
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From the expressions obtained for a fast electronic transfer process, it can be 

concluded that the values of Ip/c·v-1/2, Ep and ΔEp do not depend on the potential 

sweep rate (𝛿𝐸𝑝/𝛿𝑙𝑜𝑔𝑣) = 0, and the quotient of intensities Ipa/Ipc = 1. 

In the case where only the electron transfer process (E) is observed, the value of 

E0 (standard potential) is determined from the half-sum of the anodic and cathode 

peak potentials. 

𝐸0 =
1

2
(𝐸𝑝,𝑐 + 𝐸𝑝,𝑎) (23) 

It is possible to distinguish two different of electron transfer processes: 

 

Figure 44. Electron transfer processes. Faster electron transfer (left) and slow electron transfer 

(right). 

Obtaining a fully reversible voltamperometric wave (Figure 44, left) indicates that 

there are no chemical reactions associated with the electron transfer step and 

that a stable species has been generated on the electrode surface. 

A slow electronic transfer process (Figure 44, right) is characterized by presenting 

apart from the thermodynamic parameter E0 and two kinetic parameters, ks
ap 

(apparent electronic transfer rate constant) and α (electronic transfer coefficient). 

With identical kinetic equations to those used for fast electron transfer, but 

considering Volmer, the quantitative analysis of the characteristic parameters 

give rise to the following expressions: 

𝑰𝒑 = 0.496 · 𝐹 · 𝐴 · 𝑐0 · 𝐷1/2 · 𝛼1/2 · 𝑣1/2 (
𝐹 · 𝑣

𝑅𝑇
)

1/2

 (24) 

𝑬𝒑 = 𝐸0 − 0.78 · (
𝑅𝑇

𝛼𝐹
) − (

𝑅𝑇

2𝐹
) · 𝑙𝑛 (

𝛼𝐷𝐹

𝑅𝑇
) + (

𝑅𝑇

𝛼𝐹
) · ln 𝑘𝑠

𝑎𝑝
−  (

𝑅𝑇

2𝛼𝐹
) ·  ln 𝑣 (25) 

∆𝑬𝒑 =  𝐸𝑝 − 𝐸𝑝1
2

= 1.875 · (
𝑅𝑇

𝐹𝛼
) (26) 
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Unlike the case of fast electron transfer, in the case of a slow electron transfer, 

there is a dependence of Ep on the speed of potential variation, (𝛿𝐸𝑝/𝛿 log 𝑣) =

−
29

𝛼
 at 298 K. 

Chemical reaction associated to Electron transfer (ECx) 

The two cases described above referred to processes where stable intermediates 

are formed (reversible I-E curves). In cases where the intermediates evolve in the 

electrolytic reaction medium (chemical reactions associated with the electronic 

transfer stage), irreversible cyclic voltammograms are obtained. Depending on 

the applied potential sweep rate and the characteristic time of the technique. 

EC1 Mechanism 

It consists of a first step of fast electron transfer (E) followed by a first order 

associated chemical reaction step (C1). 

 

The concentrations of the species involved in the charge transfer chemical 

reaction are: 

(
𝛿𝑐𝑂𝑥

𝛿𝑡
) = 𝐷𝑂𝑥 (

𝛿2𝑐𝑂𝑥

𝛿𝑥2 ) (27) 

(
𝛿𝑐𝑅𝑒𝑑

𝛿𝑡
) = 𝐷𝑅𝑒𝑑 (

𝛿2𝑐𝑅𝑒𝑑

𝛿𝑥2 ) − 𝑘 · 𝑐𝑅𝑒𝑑 (28) 

The initial and boundary conditions are the same as those described for a fast 

electron transfer (Nerst equation). But, in the case of an EC1 mechanism, a new 

term appears called λ, which contains the kinetic information of the chemical 

reaction associated to the electron transfer, it is a measure of the competition 

between the chemical reaction and the diffusion. 

𝜆 = (
𝑅𝑇

𝐹
) (

𝑘

𝑣
) (29) 

- If λ → 0 (k → 0 or v → ∞), there is control by diffusion only. In this case the 

cyclic voltammogram does not describe the effect of the chemical reaction 

since it is slower than diffusion. In this particular case, the resolution of the 
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system gives rise to the following equations for the parameters that 

describe the wave obtained, which coincide with those obtained for a fast 

electron transfer. 

𝑰𝒑 = 0.446 · 𝐹 · 𝐴 · 𝑐0 · 𝐷1/2 · (
𝐹𝑣

𝑅𝑇
)

1/2

 (30) 

𝑬𝒑 = 𝐸0 − 1.11 · (
𝑅𝑇

𝐹
) (31) 

∆𝑬𝒑 =  𝐸𝑝 − 𝐸𝑝1
2

= 2.20 · (
𝑅𝑇

𝐹
) (32) 

(
𝛿𝐸𝑝

𝛿𝑙𝑜𝑔𝑣
) = 0 (33) 

- If λ → ∞ (k → ∞ or v → 0), there is control by chemical reaction. In this 

case, the expressions for the parameters which describe the wave 

obtained are: 

𝐼𝑝 = 0.496 · 𝐹 · 𝑆 · 𝑐0 · 𝐷1/2 · 𝛼1/2 · 𝑣1/2 (
𝐹

𝑅𝑇
)

1/2

 (34) 

𝐸𝑝 = 𝐸0 − 0.78 · (
𝑅𝑇

𝐹
) − (

𝑅𝑇

2𝐹
) · 𝑙𝑛 (

𝑘𝑐

𝑣
·

𝑅𝑇

𝐹
) (35) 

∆𝐸𝑝 =  𝐸𝑝 − 𝐸𝑝1
2

= 1.875 · (
𝑅𝑇

𝐹𝛼
) (36) 

(
𝛿𝐸𝑝

𝛿𝑙𝑜𝑔𝑣
) = −29.6 (𝑚𝑉) (37) 

The main parameters that allow to distinguish between an EC1 mechanism and 

a slow electronic transfer stage (irreversible wave) are the width of the wave 

obtained, ΔEp, and the variation of the peak potential with the scanning rate 

(𝛿𝐸𝑝/𝛿𝑙𝑜𝑔𝑣). In all cases there is a dependence of Ep with log v, but in the case 

of a slow ET stage, ΔEp is approximately 94 mV while in an EC1 mechanism, the 

value of ΔEp is lower, 47 mV. 

Therefore, by increasing the speed of potential variation it will be possible to go 

from an irreversible wave (at low sweep rates) to a reversible one (sufficiently 
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high sweep rates) and at that point, the value of the rate constant of the chemical 

reaction associated with the electronic transfer stage can be determined. 

EC2 Mechanism 

It consists of a first step of fast electron transfer (E) followed by a second order 

associated chemical reaction step (C2). 

 

The concentrations of the species involved in the charge transfer chemical 

reaction are: 

(
𝛿𝑐𝑂𝑥

𝛿𝑡
) = 𝐷𝑂𝑥 (

𝛿2𝑐𝑂𝑥

𝛿𝑥2 ) (38) 

(
𝛿𝑐𝑅𝑒𝑑

𝛿𝑡
) = 𝐷𝑅𝑒𝑑 (

𝛿2𝑐𝑅𝑒𝑑

𝛿𝑥2 ) − 2𝑘 · 𝑐𝑅𝑒𝑑 (39) 

The term λ contains the kinetic information of the chemical reaction associated to 

the electron transfer, it is a measure of the competition between the chemical 

reaction and the diffusion. 

𝜆 = (
𝑅𝑇

𝐹
) (

𝑘

𝑣
) (40) 

- If λ → 0 (k → 0 or v → ∞), there is control by diffusion only. In this case the 

cyclic voltammogram does not describe the effect of the chemical reaction 

since it is slower than diffusion. In this particular case, the resolution of the 

system gives rise to the following equations for the parameters that 

describe the wave obtained, which coincide with those obtained for a fast 

electron transfer. 

- If λ → ∞ (k → ∞ or v → 0), there is control by chemical reaction. The 

expressions for the parameters which describe the wave obtained are: 

𝐼𝑝 = 0.496 · 𝐹 · 𝑆 · 𝑐0 · 𝐷1/2 · 𝛼1/2 · 𝑣1/2 (
𝐹

𝑅𝑇
)

1/2

 (41) 

𝐸𝑝 = 𝐸0 − 0.78 · (
𝑅𝑇

𝐹
) − (

𝑅𝑇

2𝐹
) · 𝑙𝑛 (

𝑘𝑐

𝑣
·

𝑅𝑇

𝐹
) (42) 
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∆𝐸𝑝 =  𝐸𝑝 − 𝐸𝑝1
2

= 1.875 · (
𝑅𝑇

𝐹𝛼
) (43) 

ECE Mechanism 

It can be said that in an ECE mechanism a first electrochemical step of electron 

transfer (E) is produced, followed by a chemical reaction (C), and subsequently, 

an electrochemical reaction occurs because the product formed is electroactive. 

 

In the specific case that the product obtained is more easily reducible than the 

initial reagent (|E0
2| < |E0

1|). At low sweep rated an irreversible two-electron wave 

will be obtained, which as the speed increases should become a reversible 

mono- electron wave. Since the electron transfer rate becomes superior to the 

speed of the associated chemical reaction. 

To sum up, once the variations of Ip, Ep, ΔEp are known experimentally, with the 

concentration of the species under study and the potential sweep rate (v), it is 

possible to determine the mechanism of electrochemical reaction. 

In the following table there are summarized (𝛿𝐸𝑝/𝛿𝑙𝑜𝑔 𝑣) and (𝛿𝐸𝑝/𝛿𝑙𝑜𝑔 𝑐) for 

the exposed mechanism: 

Table 8. Potential variation versus sweep rate and concentration for different mechanisms. 

Mechanism  𝜹𝑬𝒑/𝜹𝒍𝒐𝒈 𝒗 𝜹𝑬𝒑/𝜹𝒍𝒐𝒈 𝒄 

Fast E 0 0 

Slow E ± 29.6 / α 0 

EC1 ± 29.6 0 

EC2 ± 19.6 ± 19.6 

ECE ± 29.6 0 

 

 

Bibliography 

(1) J. Bard, A.; A. Faulkner, L. Electrochemical Methods: Fundamentals and 

Applications, Ed. 2.; Wiley, Ed.; Texas, 2001.  

 


	Títol de la tesi: Detection, activation capture and valorization of CO
 in green solvents through processes electrochemically triggered
	Nom autor/a: Silvia Mena Fernández


