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Abstract 
Electrochemical reduction of carbon dioxide is one of the plausible approaches towards renewable 

energy carriers. When coupled with electricity, which can be provided by sustainable technologies, 

it becomes a method of high importance with potential value for future energy challenges. How-

ever, the electrochemical version of the CO2 reduction reaction (CO2RR) proceeds through highly 

energetic intermediates, therefore efficient catalytic and co-catalytic systems are needed. 

Recently, considerable attention was dedicated to application of ionic liquids (ILs) as promising pro-

moters for the CO2RR. While most efforts in this domain have been concentrated on spectroscopic 

and electrochemical investigation of existing IL-based systems and on the development of more 

active electrodes, there are only a limited number of studies discussing the structure/activity rela-

tionships of ILs in the CO2RR. Our aim was to fill this gap and to find new classes of ILs that are able 

to promote CO2RR. Another aim of our project was to delineate the basic trends in the structures of 

the active co-catalysts and provide descriptors for the promoting activity. 

In this work three new classes of ILs are evaluated for the CO2RR. Within each IL series the structures 

of the cationic core were varied, the dependencies of the stabilities and activities of the ILs on the 

structure are discussed. Additionally, a fundamentallyy new type of ionic systems based on deep 

eutectic solvents were applied to the CO2RR and found to be highly active, cheap and non-toxic 

alternatives for the conventional ILs. Based on the obtained results, the charge and its accessibility 

are suggested to be the main descriptors for the activity of the catalysts in non-aqueous environ-

ments.  

Keywords 

carbon dioxide reduction; electrochemistry; ionic liquids; deep eutectic solvents; non-aqueous elec-

trolytes 
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The high reduction overpotential, i.e. the difference between the thermodynamic onset potential 

and the observed one, is one of the key factors hampering the CO2RR. The need to apply extra volt-

age for the transformation not only makes the reduction less energetically attractive, but also re-

sults in lower current densities (which define the amount of the product being produced) and lower 

selectivity for the target process due to increased rates of side reactions. The origins of high over-

potentials are believed to be derived from the high energies of the intermediates generated during 

the catalytic process (Figure 1.1).16 Side reactions, especially the hydrogen evolution reaction, HER, 

lower the Faradaic and energy efficiencies of the transformation.17 Adjustment of the composition 

of the electrolyte represents a powerful and simple way to influence the outcome of the reduction, 

as in most configurations of the cell an electrolyte is present and, depending upon its composition, 

it can drastically influence the overpotential, current densities and even the selectivity of the pro-

cess, as will be demonstrated below. Electrolyte additives with defined structures and, conse-

quently, tailored properties, are accessible via organic chemistry and provide a powerful approach 

to enhance the catalytic properties of the entire system. 

 

Figure 1.1. Promotion of CO2RR. 
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The nature of the activity of the pyridinium catalysts continued to be debatable, with some reports 

questioning the co-catalytic role of pyridinium ions in the CO2RR. For instance, on platinum56 or 

gold57 electrodes, the pyridinium ion was shown to act as a facilitating HER acid, i.e. like conjugated 

acids of aniline and benzylamine,58 as no products for the CO2RR were detected. Further research 

focused the electrochemistry of pyridinium on glassy carbon (RVC), Pt, Ag, Au and Cu electrodes in 

aqueous electrolytes.59,60 It was shown that the observed changes in the CV curves during electrol-

ysis in the presence of CO2 are not due to the CO2RR, but result from alternative pathways for the 

HER. Moreover, in the presence of pyridinium ions, deposits on the electrode were observed to 

form in both the presence and in the absence of CO2, which might influence the electrolysis as well 

and hamper the interpretation of the results.60 Protonated pyridine was also ruled out as a possible 

catalyst for the CO2RR on a Pt electrode, with pyridinium ions being smoothly reduced to piperidine 

in both presence and absence of CO2, without any sign of the CO2RR.61 The only CO2 reduction prod-

uct that was hypothesized to be formed on a Pt electrode was CO, which is an efficient poison of 

the catalytic surface inhibiting the reduction reaction.62 Using a similar system in situ IR spectros-

copy allowed formate to be detected in <3% yield, which is slightly facilitated in the presence of 

pyridinium salts.63 

The range of experimental conditions employed for the CO2RR hamper comparisons and it cannot 

be excluded that pyridinium-based compounds catalyze the CO2RR under certain conditions. More-

over, methodological drawbacks include the misuse of electrochemical methods, lack of internal 

standards for the determination of products, and impurities in the electrolytes. Cyclic voltammetry 

experiments must be followed by electrolysis at different potentials in order to reveal the actual 

reduction products. The application of internal standards for product determination is especially 

relevant when small concentrations of products are formed, as impurities and signals from catalyst 

decomposition products may prevent quantification of the CO2RR products.64 

Despite the uncertainty of the catalytic role of pyridinium ions in the CO2RR, inorganic hydrides such 

as boranes65 and borohydrides66 can reduce CO2 to formate (the latter even in absence of a catalyst). 

Organic benzimidazole-based hydrides have also been successfully employed in the CO2RR (Scheme 

1.3).67 Formate was the main reduction product, and the organic hydride could be regenerated elec-

trochemically from the resulting benzimidazolium salt. 
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Scheme 1.3. Reduction of CO2 by organic hydrides derived from benzimidazolium salts. 

An attempt to define general descriptors for N-heterocycles that are active in the CO2RR was made, 

which is based on calculated molecular Pourbaix diagrams and correlating the CO2RR activity of the 

N-heterocycle with the position of the triple point, where the conditions are optimal for both elec-

tron and/or proton transfer.68 Pourbaix diagrams might be useful when two-electron reductions 

involving organic mediators are considered, e.g. for the prediction of the properties of organic hy-

drides. However, this approach considers only solution-phase thermodynamics and does not take 

into account the role of the cathode, which can be key for the transformation. 

1.4 Ionic Liquids 

Ionic liquids (ILs) have received considerable attention in electrochemical applications69,70 due to 

their large potential windows,71 good ionic conductivities,72 low volatilities73 and their ability to dis-

solve high concentrations of CO2.74 In this pioneering study Im ILs were shown to lower the reduc-

tion overpotential from > 700 mV to 170 mV when combined with a silver cathode.17 Moreover, the 

parasitic HER was suppressed, which resulted in a FECO close to 100%. It is important to underline 

that the electrode is not innocent in this process as no reaction is detected when a glassy carbon 

electrode is employed.75 IL additives can also switch the selectivity of the CO2RR. For example, on a 

lead electrode oxalate is the main reduction product whereas in the presence of an IL the dominant 

product is carbon monoxide.76 

Numerous studies have been devoted to the elucidation of the mechanism for the promotion of 

CO2RR by ILs. In the original paper, the promoting effect was attributed to the formation of an IL-

CO2 adduct, although the structure of the adduct was not described.17 In a computational study the 

most plausible pathway was found to consist of the initial one electron generation of a radical from 

the Im cation and formation of an adduct with CO2, followed by electron transfer and subsequent 
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decomposition of the adduct to water and CO, with the regeneration of the original Im cation 

(Scheme 1.4).77 Formation of the IL-CO2 adduct correlates with the known chemistry of Im salts, 

which easily form N-heterocyclic carbenes (NHCs) via deprotonation of the acidic 2-proton under 

basic conditions78,79 (note that the cathode can serve as a powerful base)80 or by electrochemical 

reduction.81,82 The resulting NHC reacts rapidly with available electrophiles,79 e.g. CO2.83,84 In syn-

thetic chemistry this phenomena was employed, for example, to activate CO2 and chemically reduce 

it with silanes to produce methanol.85 

 

Scheme 1.4. Mechanistic pathway for the IL-mediated CO2RR proposed by Wang et al.77 

The calculated mechanism was supported by experimental data concerning the CO2RR overpoten-

tial in the presence of water employing Im salts as co-catalysts.86 Their behavior differed from other 

investigated ionic co-catalysts, and was attributed to the suppression of side reactions due to the 

regeneration of the imidazolium (Im) structure during the reduction from the reaction of the NHC 

with water. Furthermore, CO2-Im adducts (e.g. 13, Scheme 1.4) were identified in low concentra-

tions in the post-electrolysis mixtures.76,86,87 Carboxylates adducts are stable under ambient condi-

tions and can be synthesized and isolated.88 An attempt to introduce this adduct into the electrolysis 

cycle was not successful, i.e. the adduct was not further reduced to the CO2 reduction products and 

the starting IL,87 which indicates the formation of the carboxylate is a parasitic reaction. Moreover, 

2-substituted Im co-catalysts, lacking an acidic proton at the C2 and cannot form carboxylates, are 

more active for the CO2RR than non-substituted Im ILs and are also more stable.87,87,86,89 If radical 

formation followed by the coupling with CO2 at the 2-position is the key step for the reduction, then 

2-substituted Im rings should not act as co-catalysts as they cannot form carbenes at the C2. Im salts 

can form non-classical (abnormal) carbenes at the C4 and C5 positions and, replacing the protons at 

the C4 and C5 positions of the Im ring with methyl groups dramatically reduces activity, suggesting 
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The anion has a considerable impact on the reduction process if it directly forms intermediates with 

CO2, such as when ILs with base-derived anions are used.101,102 Here, the activity of the IL is depend-

ent on the formation of transition state intermediates between CO2 and the base-derived anion, 

e.g. 1,2,4-triazolide, which can react with CO2  stoichiometrically and reversibly,103 and leads to the 

formation of formate at low overpotentials. Another example of an IL with anion-derived activity 

was demonstrated with Im salts with the BF3Cl- anion.104 In the presence of CO2 a new peak appears 

on the CV scan, which disappears when the electrolyte is purged with N2. This work is intriguing as 

it represents a new CO2 activation process involving Lewis pairs, which was inspired by the lability 

of B-halide bonds.105 Unfortunately, the products for this reduction were not determined, although 

conventional ILs were inactive under the conditions (possibly due to the use of a Pt electrode which 

does not favor CO production).106,107 

The inconsistencies regarding the role of the IL ions on the CO2RR are partly due to the problems 

associated with correcting for uncompensated Ohmic resistance (IR drop). For more conductive 

aqueous electrolytes this problem can be relevant in some reactions;108 for organic electrolytes, 

which usually possess higher resistances, not including a IR drop correction significantly distorts the 

results. To illustrate this problem, corrected and not corrected CV curves were compared for differ-

ent compositions of Im-based ILs. In the uncorrected curves significant differences are observed 

between the different ILs, whereas following correction, the differences were found to be negligible 

(Figure 1.4).91 
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Figure 1.4. Comparison of cyclic voltammetry data for various ionic co-catalytic systems without and with IR-

correction. Adapted from ref. 91. 

The mechanism by which Im ILs enhance the CO2RR was probed by in operando sum frequency 

generation spectroscopy.109 When a potential is applied, the IL participates in the formation of an 

electric double layer, which is further supported by calculations110 and other electrochemical exper-

iments.107 Under certain potentials, irrespective of the presence of CO2 in solution, a structural tran-

sition in the IL occurs. Notably, this potential accurately corresponds to the voltage where the CO2RR 

also occurs. The origin of the catalytic effect is believed to be derived from the increased abundance 

and high degree of alignment of the IL cations leading to a sharp growth of the local electrical field 

in the proximity of the electrode.109 Stabilization of the key reduction intermediates by the local 

cation-induced electric field is supported by DFT calculations (Figure 1.5).111 The positive effect of 

water additives may then be explained by reducing the negative potential for the IL transition.112 
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Figure 1.5. Effect of field stabilization on the CO2RR. Left: Ag(111) and Pt(111) without field stabilization. 

Right: Ag(111) with field stabilization. Adapted from ref. 111. 

The scope of active ILs able to co-catalyze the CO2RR is not limited to Im ILs (Figure 1.6). Pyrazolium-

based ILs are stable co-catalysts that result in quantitative Faradaic efficiencies for CO at high cur-

rent densities.113 Fully substituted pyrazolium cations display good performance in the CO2RR, which 

opposes pyrazolium CO2 adduct formation and supports modification of the electric double layer as 

the most possible origin of the co-catalytic activity. An study probing different cations in the CO2RR 

revealed Im and pyrrolidinium ILs as the most active compounds from the range tested (Figure 

1.6).86 

 

Figure 1.6. Ionic promoters probed for the CO2RR. A: The most active co-catalysts cations. B: Other organic 

salt cations. C: Anions used in the study. 

N-alkylpyridinium ILs do not act as co-catalysts for the CO2RR when used with the most widespread 

electrode materials.32,60 However, some N-arylpyridinium salts do behave as co-catalysts with Cu 

electrodes.114 It was found that the arylpyridinium salts serve as precatalysts and form deposits on 
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presented), and addition of urea (the second component of the DES) did not result in any improve-

ment compared to pure choline chloride. However, the effect of the choline derivatives might not 

be pronounced in aqueous solutions where the impact of the OH group is diminished. Choline chlo-

ride tends to be poorly soluble in acetonitrile, frequently used for electrochemistry, which hampers 

its application.123 The solubility of choline chloride can be increased in organic solvents by employing 

the DES principle, i.e. harnessing strong interactions between the chloride and ethylene glycol (as 

hydrogen bond donor).123 The resulting systems showed high selectivities for CO (FECO up to 100%) 

and lowered onset potentials. 

While organic promoters of the CO2RR are largely limited to the classes described above, there are, 

however, several systems which have not been mentioned thus far, but are of relevance. For in-

stance, attempts to reduce CO2 in monoethanolamine were made,124 since monoethanolamine is 

an industrial solvent used to capture CO2.125 Reduction was highly dependent on the employed elec-

trode (smooth metal electrodes based on silver - FECO = 33.4%, FEHCOO- = 2.0% at -0.8 V and indium 

- FECO = 17.0%, FEHCOO- = 45.4% at -0.8 V were evaluated. The activity was significantly improved 

when porous metal electrodes were used or surfactants (e.g. CTAB) added. In an investigation of 

silver-base complexes in the CO2RR, it was found that the base alone, i.e. 3,5-diamino-1,2,4-triazole 

(DAT), decreased the reduction overpotential and increased the current density and Faradaic effi-

ciency for CO formation when used with Ag/C electrodes.126 The co-catalytic effect of DAT was at-

tributed to weakening of the CO-bond at the silver electrode and to the suppression of HER.127 

1.6 Summary 

Active organic systems for the CO2RR can be divided into three main groups, i.e. redox shuttles 

forming radicals, organic hydrides and ionic compounds. Electron shuttles appear to be the catalysts 

of choice for the synthesis of oxalate and in general require high overpotentials, which can be ad-

justed by tuning of the shuttle structure. The application of organic hydrides results in the formation 

of formate, and the applicability of the catalyst is defined by the hydricity of the hydride and ease 

of its regeneration on the electrode. Ionic systems tune the activity of the actual reduction catalyst, 

i.e. the electrode, and can be used for a synthesis of various products (CO, formate and methane 

are the most widespread outcomes). The activity of this system depends on the properties of the 

double layer formed in the reduction process, and the activity of the catalyst can be improved by 

introduction of the functional groups (e.g. OH).  



Chapter 1. Literature Review 

28 

As the origin of the catalytic and co-catalytic activities of organic systems become unraveled, ra-

tional design of the promoters becomes possible and can be achieved using the same principles 

applied to the rational design of traditional organic catalysis. Indeed, transferring concepts from 

organic chemistry to electrochemistry could be fruitful. 

Importantly, the evaluation of different organic promoters should take into account that the for-

mation of reactive intermediates can result in various side reactions, which hamper analysis of the 

system. The data from cyclic voltammetry experiments and electrolysis should be corrected for the 

uncompensated resistance and followed by careful analysis of the reduction products with the ap-

plication of internal standards in order to avoid errors. To provide unambiguous conclusions on the 

applicability of organic promoters for industrial CO2RR, their performance must also be assessed at 

high current densities (> 200 mA/cm2).128 Based on the versatility of organic promoters and the ease 

of tuning the microenvironment of the electrode using them, significant improvements in activity 

can be envisaged, which may lead to industrial applications. 
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To probe the ability of the Tz ILs to act as co-catalysts in the CO2RR the corresponding compound 

(0.02 M) was dissolved in a 0.1 M solution of tetrabutylammonium hexafluorophosphate (TBAP) in 

acetonitrile. Polished polycrystalline silver and glassy carbon electrodes were used as the cathodes. 

The choice of the electrodes is based on the fact that ILs do not normally have catalytic activities on 

their own, but improve the performance of the actual catalyst, i.e. the electrodes. Silver is a well-

established catalyst for the CO2RR, having large FECO at reasonable potentials.8 Meanwhile, glassy 

carbon electrodes do not exhibit catalytic properties and are used as an inert electrode, which al-

lows the stability of the system to be probed in the presence of CO2. 

First, the electrochemical behavior of the systems in the presence and absence of CO2 was evaluated 

by cyclic voltammetry (CV) experiments. Experiments under N2 atmosphere were performed to de-

termine the potential windows of the Tz ILs (Figure 2.3). Tz ILs without aromatic substituents 

showed better stability. Benzyl substituents have the most destabilizing effect, which is probably 

due to the low stability of the benzyl group under strongly reducing conditions, e.g. benzylamines 

can be easily cleaved under the conditions of the Birch reduction, forming toluene and free amines.9 

The introduction of the phenyl group in the Tz ring also results in the destabilization of the co-cata-

lyst, which may be a consequence of the formation of a larger electron-deficient conjugated system. 

For the 1,3-alkyl substituted Tz, dibutyl Tz is more stable than dimethyl Tz, presumably due to the 

larger sterics and stronger electron donating effect of the butyl group compared to the methyl one. 

Under N2, CVs obtained using a Ag working electrode correspond to those obtained with a glassy 

carbon electrode (Figure 2.3, solid green vs dashed blue lines), suggesting that specific interactions 

between the electrodes and the Tz cation are not essential and allowing the CVs for the Ag and C 

electrodes, recorded under CO2, to be compared. 
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Figure 2.3. CV data on the stability of the Tz ILs. 

The shapes of the decomposition curves are different for the 1,3,4- and 1,3-substituted Tz cations. 

For the 1,3,4-Tz ILs no peaks appear on the backward oxidation scan, which implies fully irreversible 

reduction of the species. The reduction curves for the 1,3-alkyl ILs have an extremum for the oxida-

tive part of the curve along with the one appearing during the reduction, which might imply a certain 
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degree of reversibility for the degradation process. The CVs are not symmetric, with minima (extre-

mum attributed to the reduction wave) higher in amplitude than the maxima (extremum attributed 

to the oxidation wave). Such shape can be a sign of a partial decomposition of the formed reduction 

product. For the deeper understanding of the reduction of the Tz cations, CV curves at different scan 

rates were recorded (Figure 2.4 left). 

 

Figure 2.4. Left: CV curves for [DMTz]TFSI recorded at different scan rates. Right: Relation of the peak cur-

rent densities to the square root of the scan rate. Experimental conditions: 0.02 M IL in 0.1 M TBAP in 

MeCN, glassy carbon polished working electrode. 

The CV curve becomes more symmetrical at higher scan rates, further supporting decomposition of 

the reduced species as the reason for the asymmetry of the CV. The peak-to-peak separation for all 

curves is ca. 77 mV, which is larger than that of a fully reversible process (57 mV).10 In general, the 

difference may result from quasi-reversibility of the reduction or from non-ideality of the system 

(large resistances between the working and the reference electrodes, which are normal when em-

ploying organic electrolytes). In order to clarify which of these reasons is in operation, the CV exper-

iment was performed for ferrocene (Fc). The reduction of Fc is a one-electron and fully reversible 

process, which allows it to be used as a standard for the electrochemical measurements. In our case 

peak-to-peak separation for the Fc couple was 76 mV, indicating the reduction of Tz to be a reversi-

ble one-electron process. The relation of the current density to the square root of the scan rate is 

linear for both the reduction and oxidation waves, which shows fast electron transfer and, there-

fore, diffusion control of the reduction reaction (Figure 2.4 right). 
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Following the measurements under a N2 atmosphere, the reaction mixtures were flushed with CO2 

and the CV experiments were performed again. In the accordance with the data on the Im ILs, 1,3,4-

substituted Tz ILs showed no significant co-catalytic activity, which is concluded from a lack of dif-

ference of the onset potentials and only minor differences in the current densities in the presence 

and absence of CO2 (Figure 2.5). However, in the case of 1,3-alkylated Tz ILs, [DMTz]Tf2N, 

[BMTz]Tf2N and [DBTz]Tf2N, when CO2 is present in the system the onset potentials of the reduction 

waves shift in a positive direction and are followed by the disappearance of the oxidation peaks. 

These changes indicate a new Faradaic process in the system due to the presence of CO2. The CV 

curves have a peak, nearly corresponding to the reduction peak of the co-catalyst under N2. This 

observation may imply that the reduction wave consists of two simultaneous processes, i.e. reduc-

tion of CO2 and decomposition of the co-catalysts, with the latter limiting the reduction. As no cat-

alytic current is observed when the glassy carbon electrode is used instead of the Ag electrode, and 

hence the role of the Ag electrode appears to be essential for catalysis and it seems unlikely that 

the Tz IL serves as a redox shuttle as shown in Scheme 1.1 in the section 1.2. 

However, even when the glassy carbon electrode is employed, the shape of the CV curve is different 

in the presence and absence of CO2. When carbon dioxide is in the mixture, the reduction current 

increases, the oxidation peaks disappear and the process loses all signs of reversibility. A possible 

explanation for these changes is that CO2 reacts rapidly with the reduced form of triazolium cation. 

However, a shift in the onset potential does not occur. 
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Figure 2.5. CV curves for the Tz ILs under N2 and CO2 atmospheres. Experimental conditions: 0.02 M IL in 

0.1 M TBAP in MeCN, Ag polished polycrystalline working electrode. 
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Since CV experiments are unable to assess performance of the co-catalytic systems as the nature of 

the products and their contribution to the overall reduction process remains unknown, potenti-

ostatic electrolysis combined with online GC analysis was performed. For this purpose, the [MBTz]-

based IL was selected as the model compound, having the largest difference between decomposi-

tion and CO2RR potentials. Electrolysis was performed at three different potentials (Figure 2.6). 

 

Figure 2.6. Left: Results of potential controlled electrolysis for [MBTz]TFSI - electrolysis traces and FECO. 

Right: CVs of [MBTz]TFSI displayed with the electrolysis potentials. 

The FECO was found to be low at low overpotentials (15-20%) and increase with the higher applied 

voltage (reaching ca. 40%). Traces of H2 were detected, although no other CO2-based products were 

detected. Low Faradaic yields can be explained by competing partial decomposition of the co-cata-

lyst. 

 

2.3 Summary 

In conclusion, we have synthesized a new type of ILs for the CO2RR and assessed their performance. 

While 1,3,4-substituted Tz ILs do not behave as co-catalyts and are irreversibly decomposed at po-

tentials close to the required for CO2RR, their 1,3-alkylated analogues can serve as promoters. The 

FEs for the only CO2-based product (CO) were found to be low (below 40%) due to decomposition 

of the co-catalyst. However, the Tz ILs have promising onset potentials for the CO2RR, which are 
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close to the theoretical ones for non-aqueous systems. Nonetheless, these results contribute to the 

understanding of structure/activity relationships for CO2RR catalysts. 
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2.5 Supporting Information 

 

Figure S2.1. NMR 1H for BuN3 in Et2O (400 mHz, CDCl3). 

 

Figure S2.2. 1H NMR spectrum for BnN3 (400 mHz, CDCl3). 
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Figure S2.3. 13C NMR spectrum for BnN3 (101 mHz, CDCl3). 

 

Figure S2.4. 1H NMR spectrum for 1-butyl-4-phenyltriazole (400 mHz, CDCl3). 
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Figure S2.5. 13C NMR spectrum for 1-butyl-4-phenyltriazole (101 mHz, CDCl3). 

 

Figure S2.6. 1H NMR spectrum for 1-benzyl-4-phenyltriazole (400 mHz, CDCl3). 
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Figure S2.7. 13C NMR spectrum for 1-benzyl-4-phenyltriazole (101 mHz, CDCl3). 

 

Figure S2.8. 1H NMR spectrum for 1-benzyl-4-butyltriazole (400 mHz, CDCl3). 
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Figure S2.9. 1H NMR spectrum for 1-methyl-triazole (400 mHz, CDCl3). 

 

Figure S2.10. 1H NMR spectrum for the mixture of 1-butyls and 2-butyl-triazoles (400 mHz, CDCl3). 



Chapter 2. Triazolium Ionic Liquids 

66 

 

Figure S2.11. 1H NMR spectrum for 1-butyl-3-methyl-4-phenyltriazolium iodide (400 mHz, CDCl3). 

 

Figure S2.12. 1H NMR spectrum for 1-benzyl-3-methyl-4-phenyltriazolium iodide (400 mHz, CDCl3). 
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Figure S2.13. 1H NMR spectrum for 1-benzyl-3-methyl-4-butyltriazolium iodide (400 mHz, CDCl3). 

 

Figure S2.14. 1H NMR spectrum for 1,3-dimethyltriazolium iodide (400 mHz, DMSO-d6). 
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Figure S2.15. 1H NMR spectrum for 1,3-dibutyltriazolium iodide (400 mHz, DMSO-d6). 

 

Figure S2.16. 13C NMR spectrum for 1,3-dibutyltriazolium iodide (101 mHz, DMSO-d6). 
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Figure S2.17. 1H NMR spectrum for 1-butyl-3-methyl-4-phenyltriazolium TFSI (400 mHz, DMSO-d6). 

 

Figure S2.18. 13C NMR spectrum for 1-butyl-3-methyl-4-phenyltriazolium TFSI (101 mHz, DMSO-d6). 
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Figure S2.19. 1H NMR spectrum for 1-benzyl-3-methyl-4-phenyltriazolium TFSI (400 mHz, DMSO-d6). 

 

Figure S2.20. 13C NMR spectrum for 1-benzyl-3-methyl-4-phenyltriazolium TFSI (101 mHz, DMSO-d6). 
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Figure S2.21. 1H NMR spectrum for 1,3-dimethyltriazolium TFSI (400 mHz, DMSO-d6). 

 

Figure S2.22. 13C NMR spectrum for 1,3-dimethyltriazolium iodide (101 mHz, DMSO-d6). 
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Figure S2.23. 1H NMR spectrum for 1-butyl-3-methyltriazolium TFSI (400 mHz, DMSO-d6). 

 

Figure S2.24. 13C NMR spectrum for 1-butyl-3-methyltriazolium TFSI (101 mHz, DMSO-d6). 
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Figure S2.25. 1H NMR spectrum for 1,3-dibutyltriazolium TFSI (400 mHz, DMSO-d6). 

 

Figure S2.26. 13C NMR spectrum for 1,3-dibutyltriazolium TFSI (101 mHz, DMSO-d6). 
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3.5 Supporting Information 

3.5.1 CV data 

 

Figure S3.1. Comparison of cyclic voltammograms for Pz12 and Pz123 (Ag electrode, CO2). 

 

 

Figure S3.2. Comparison of cyclic voltammograms for Pz12 and Pz124 (Ag electrode, CO2). 
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Figure S3.3. Comparison of cyclic voltammograms for Pz12 and Pz1234 (Ag electrode, CO2). 

 

 

Figure S3.4. Comparison of cyclic voltammograms for Pz12 and Pz1235 (Ag electrode, CO2). 



Chapter 3. Pyrazolium Ionic Liquids 

91 

 

Figure S3.5. Comparison of cyclic voltammograms for Pz12 and Pz12345 (Ag electrode, CO2). 

 

 

Figure S3.6. Comparison of CV data for methylated and butylated Pz ILs Pz12 and Pz12B. 
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Figure S3.7. Comparison of CV data for Pz12 with different anions: Tf2N- and TfO- (Ag electrode, CO2). 

 

 

Figure S3.8. Comparison of cyclic voltammetry data recorded on Ag and C electrodes. 

 



Chapter 3. Pyrazolium Ionic Liquids 

93 

 

Figure S3.9. CV data plotted together for Pz1235B and [BMIm][BF4]. Examples of transients (-2.21 V vs Fc) 

are compared in the insert. 
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3.5.2 NMR spectra 

 

 

Figure S3.10. 1H NMR spectrum of 3-methylpyrazole (DMSO-d6). 

 

Figure S3.11. 13C NMR spectrum of 3-methylpyrazole (DMSO-d6). 
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Figure S3.12. 1H NMR spectrum of 3,4,5-trimethylpyrazole (DMSO-d6). 

 

Figure S3.13. 13C NMR spectrum of 3,4,5-trimethylpyrazole (DMSO-d6). 



Chapter 3. Pyrazolium Ionic Liquids 

96 

 

Figure S3.14. 1H NMR spectrum of 1-butylpyrazole (DMSO-d6). 

 

Figure S3.15. 13C NMR spectrum of 1-butylpyrazole (DMSO-d6). 
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Figure S3.16. 1H NMR spectrum of 1-butyl-3,5-dimethylpyrazole (DMSO-d6). 

 

Figure S3.17. 13C NMR spectrum of 1-butyl-3,5-dimethylpyrazole (DMSO-d6). 
































































































































