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Radiolytic Approach for Efficient, Selective and Catalyst-free CO2 conversion at room temperature

The present study proposes a new approach for direct CO2 conversion using primary radicals from water irradiation. In order to ensure reduction of CO2 into CO2 -• by all the hydrated electrons, we use formate ions to scavenge simultaneously the parent oxidizing radicals H • and OH • producing the same transient CO2 -• radicals. Conditions are optimized to obtain the highest conversion yield of CO2. The goal is achieved under mild conditions of room temperature, neutral pH and 1 atm of CO2 pressure. All the available radicals are exploited for selectively converting CO2 into oxalate that is accompanied by H2 evolution. The mechanism presented accounts for the results and also sheds light on the data in the literature. The radiolytic approach is a mild and scalable route of direct CO2 capture at the source in industry and the products, oxalate salt and H2, can be easily separated.

Introduction

The excessive anthropometric carbon dioxide (CO2) emission, that is responsible for climate changes, has led to worldwide efforts for a drastic diminution of its atmosphere level. Beyond the progressive abandonment of fossil fuels and the storage and sequestration of CO2 surplus, the alternative strategy has been actively developed for efficient and cost-effective CO2 conversion into other eco-friendly and value-added chemicals. [START_REF] Snoeckx | [END_REF][2][3] Due to CO2 chemical stability, the existing methods of its conversion into less oxidized chemical species typically require a source of energy (i.e., heat, light, or electricity) to drive one-or multiply electron transfer reactions. For example, the reduction of CO2 by coal to form CO occurs at very high temperature (> 700 °C) due to a large positive reaction enthalpy (ΔH°298 K = 172 kJ mol -1 ). [4] The use for CO2 reduction electron-rich chemicals, e.g. CH4 and even H2, also consumes significant amounts of energy, even in the presence of a catalyst. [ 5 -7 ] The photocatalytic and electrocatalysis reduction of CO2 using renewable energy resources likely accomplish the carbon neutral energy cycle while synthesizing fuels. However, their slow kinetics together with side reactions lead to a low efficiency and diverse products. [8,9] The newly -developed catalysis covering various matter-scales exhibits superior performance for CO2 conversion, [10][11][12] but their ultimate practical viability is greatly hindered by several limiting factors such as high cost, lack of long-term stability, and upscale synthesis methodologies. [13] All these methods generally use multi-step processes based on complex chemistry, and essentially call for more direct and selective pathways.

The hydrated electron (eaq -) is the most powerful reducing species with a standard reduction potential of -2.9 VNHE that is larger than the reduction potential of CO2 /CO2 •-(-2.14 VNHE in water). [14] Therefore, eaq -can reduce aqueous CO2 at room temperature without any catalyst.

By taking advantage of the eaq -chemistry, the approaches of electrochemistry, [15] and more recently photoelectrochemistry [ 16 -18 ] have been developed to reduce CO2, but with a low Faradaic efficiency.

Herein, we exploit high-energy ionizing radiation as a promising method for aqueous CO2 reduction. [19] As the reducing radicals are directly formed in water at room temperature, this method is effective without requiring the use of any catalyst. However, up to now, the appropriated chemical conditions were not explored to enable maximizing CO2 conversion yield. Indeed, the fast back-oxidation by the symbiotic OH • radicals has to be eliminated which remains a challenge for the CO2 conversion efficiency. This work aims to reduce the aqueous CO2 into CO2 • , the key precursor of radiolytic products, by utilizing all primary radiation-induced water radicals. Among the few possible candidates to create the fully reducing conditions in irradiated aqueous CO2 solutions, formate ions were chosen as OH • and H • scavengers instead of methanol [20] or other organic chemicals, [21] because in this case, the reaction product is the same CO2 •-radical as in the reduction of CO2 by eaq -.

The oxidation reactions of formate by OH • and H • into CO2 •-and its second-order decay have already been extensively studied. [ 22 -28 ] However, this process is hindered by H + -catalysis leading to CO2 •-disproportionation back to formate and CO2. [ 29 ] Therefore, the present radiolytic experiments of CO2 reduction in presence of formate, under catalyst-free aqueous environment, were first performed at 1 atmosphere at various pH and then extended to higher CO2 pressure up to 30 atmospheres. Based on the stoichiometric radical yields values in water, we establish the reaction mechanism under various conditions in order to optimize the CO2 conversion.

Experimental methods

Materials

The gases CO2 (99.999%) and Ar (99.999%) were purchased from Air Liquide Industrial Gases Company or Nanjing Shangyuan Industrial gas plant. Sodium formate NaCOOH and formic acid HCOOH were purchased from Merck. Potassium oxalate NaC2O4 was obtained from Fluka, NaOH from Sigma Aldrich Chemistry and H2SO4 (98%) from Nanjing Chemical Reagent Co., Ltd). Aqueous solutions were prepared in deionized water (Millipore, resistivity 18.2 MΩ cm).

13 mL of the samples were saturated at 20 °C with CO2 through the septum. The hydration of CO2 into H2CO3 is weak: K ([H2CO3]/[CO2]) = 10 -2 . The pH was controlled by adequate addition of NaOH or HCO2H before the saturation by CO2.

-Irradiation and analysis

-radiolysis was carried out at room temperature under CO2 atmosphere using a panoramic 60 Co source. The dose rate, measured by the Fricke dosimeter, was 8 kGy h -1 (1 Gy = 1 J kg -1 ), and the doses were increased up to 60 kGy.

In the case of the experiments performed under pressure, a stainless-steel vessel was used at the Nanjing University. We found very small amount of CH4 at high pressure and one of the reasons of this production could be the reaction at the surface of stainless steel. However, as the CH4 amount is very low we neglect it. Moreover, the mechanism and the yield were deduced from the experiments obtained at one atmosphere in glass vessels where we did not find CH4.

Irradiation was carried out with a 60Co source. The dose rate in the vessel was determined to be 0.49 kGy h -1 .

Oxalate ions are quantified thanks to their optical absorption spectra. Measurements were performed using a Hewlett-Packard spectrophotometer). The absorbance is measured at 250 nm (ε = 28 mol -1 L cm -1 ) where the absorbance of formate anion is negligible (Figure SI-1). The sodium oxalate was also analyzed by high performance liquid chromatography (HPLC) (Figure SI-2), (Eclassical 3100 HPLC Dalian Elite Analytical Instruments) on a chromatographic column Shodex Sugar SH1011 (8.0 × 300 mm × 5.0 μm) and the eluent was an aqueous solution of H2SO4 (0.025 mol/L) at a flow rate of 1 mL/min and 50 °C with a UV absorption detection.

The gases produced (H2 and CO) were measured by a gas chromatography set-up (GC9790 Ⅱ co. Fuli instruments) equipped with a thermal conductivity detector (TCD) for H2 and a flame ionization detector (FID) for CO (Figures SI-3). To examine whether the CO arose from the ionization/excitation in the solution or in the headspace gaseous CO2(g), control radiolytic experiments of CO2(g) alone were performed (Figure SI-4). The contribution of the emitted CO from the gaseous decomposition is low (for example at 1 CO2 atm it is less than 2% of the total amount including the solution) (Figure SI-4), which is consistent with earlier radiolytic studies of gas-phase reactions that are often characterized by low product yields. The CO measurements were then systematically corrected from the CO formation arising from irradiated CO2(g) under the same conditions.

Results and Discussion

pH effects on radiolytic product yields at 1 atm CO2

The amounts of oxalate, CO and H2 are measured versus irradiation dose and pH in aqueous solutions under 1 atm of CO2 (or 3.8  10 -2 mol L -1 of CO2). First, preliminary experiments performed without formate on the radiolysis of CO2-saturated solutions showed that the oxalate yield is negligible, and the major product is H2. The radiolytic yield of H2, G(H2) ~ 0.4 ×10 -7 mol J -1 , is measured from the slope of the species amounts versus the absorbed dose (Figure SI-3).

In the presence of sodium formate (5  10 -2 mol L -1 ) as the OH • and H • radicals scavenger, the H2 radiolytic yield, G(H2) decreases from 2.75  10 -7 mol J -1 at pH 1 to 1.04 10 -7 mol J -1 at pH 7. The G(CO) value at 1 atm CO2 is very low at pH 7 and its maximum reaches 0.17 10 -7 mol J -1 at pH 2 and 3 (Figure 1 right).

The oxalate concentration increases at all pH linearly with the dose (Figure 1 left). The G(C2O4 2-) value increases from 0.05 ×10 -7 mol J -1 at pH 3 to 3.5 × 10 -7 mol J -1 at pH 7 following an opposite trend compared to H2 (Figure 1 

(G(eaq -) + G(H) • + G(OH • )) = 3.6 10 -7 mol J -1 (see text)
Around pH 7, according to the mechanism described below, the CO2 consumption yield (G(-CO2)) corresponds to about the formate consumption yield (G(OH • )+G(H • )), or to the formation

yield of oxalate (1/2(G(OH • ) + G(H • ) + (G(eaq -)).
Therefore, the CO2 concentration after 60 kGy irradiation is estimated to be 1.3 × 10 -2 mol L -1 . That represents 66% of the initial concentration that have been converted. By comparison, the decrease of the formate concentration is only 17%. In addition, the yields of H2 and oxalate remain constant in this CO2 concentration range. We also showed that G(C2O4 2-) is independent on [HCO2 -] from 5 × 10 -2 to 10 -1 mol L -1 . Therefore, these observations at very high doses indicate that the radiolytic approach is effective for sustaining CO2 conversion in large amounts and that formate plays a significant role in the mechanism promoting the practicable and feasibility of this strategy.

CO2 pressure effects on the radiolytic yields

The increase of the CO2 pressure induces an increase of the CO2 aqueous concentration, and thus an acidification of the solution. The final pH obtained after having imposed different values of CO2 pressure can be calculated according to the various acid-base equilibria of the system for two initial pH (Figure SI-5). [ 30 ] Noteworthily, both HCO3 -and CO3 2-are present in solutions. However, the rate constants of the eaq -scavenging by these species (k < 10 6 M -1 s -1 ) are 3 orders of magnitude lower than that of reaction with CO2. Therefore, HCO3 -and CO3 2- are omitted in the reaction mechanism.

In the absence of formate, in CO2-saturated solutions, the substantial increase of the CO2 concentration by the pressurization leads to the rise of G(CO) from 0 to 0.18 ×10 -7 mol J -1 (30 atm, pH 5.3), but to a decrease of G(H2) from 0.4 to 0.1 × 10 -7 mol J -1 , respectively (Figure SI-3). The oxalate yield G(C2O4 2-) is negligible. In the presence of formate, for final pH ranging from 3.9 to 3.2 for a CO2 pressure varying from 1 to 30 atm, we observe a decrease of the H2 yield and a marked increase of the CO yield without any oxalate formation (Figure 2 

left).

For final pH around 7, the effect of CO2 pressure on the yields of H2 and CO presents similar trend as at pH 3. As shown above (Figure 1 Right), G(C2O4 2-) measured at 1 atm of CO2 is the highest and equal to 3.5 × 10 -7 mol J -1 . However, when the CO2 pressure increases, G(C2O4 2 ) decreases down to a plateau value of 1.2 × 10 -7 mol J -1 at 30 atm (pH 5.5) (Figure 2 Right).

Obviously, in spite of a marked increase of the CO2 concentration, the increasing acidity caused by pressurization leads to a decrease of the oxalate yield.

It is worthy to note that CO2 pressure effects on decreasing G(C2O4 2-) and increasing G(CO) (Figure 2), are comparable to the pH effect observed at 1 atm pressure (Figure 1). However, the H2 formation yield does decrease to lower values at higher CO2 pressure (Figure 2) which is in contrast to the G(H2) increase when pH decreases at 1 CO2 atm (Figure 1). 

Figure 2. Radiolytic formation yields of H2 and CO versus CO2 pressure from 1 to 30 atm (Left) in formic acid solution (pH 3). In these conditions, G(C2O4 2-) is negligible at any pressure. (Right) in solution containing initially 0.5 mol L -1 NaOH (final pH ranges from 7 to 5.5)

Mechanism Neutral medium, 1 atm CO2

The generation of various species from water radiolysis at pH 7 is expressed as:

H2O

eaq 

(in brackets are the yields in 10 -7 mol J -1 unit). [31,[START_REF] Buxton | An overview of the radiation chemistry of liquids[END_REF] These yields correspond to a scavenging factor of 10 7 s -1 (or 100 ns after the radical production and their mutual reactions in spurs). Note that the direct effect of radiation on CO2 is negligible because of the low electron fraction (< 0.1) compared to water even at 30 atm pressure.

The reduction of CO2 occurs through the reaction with eaq -(reaction 2 in Table 1). This reaction has been found to be almost controlled by diffusion (k2 = 8.2  10 9 M -1 s -1 ), [20,21,[START_REF] Gordon | [END_REF] and the activation energy of k2 between 5 and 200 °C was measured to be 15.9 kJ mol -1 . [20] The value of the rate constant k2 warrants that all the solvated electrons reduce efficiently CO2. The second-order reaction of dimerization of radicals CO2 •-(reaction 3 in Table 1) into oxalate is in competition with the H + -catalysed disproportionation (reaction 4 in Table 1) which leads to the formation of the initial reactants. [22][23][24][START_REF] Keene | Pulse Radiolysis[END_REF][START_REF] Fojtik | [END_REF][27][28][29] In the absence of formate as an OH • scavenger, the oxalate yield G(C2O4 2-) = 0.02 × 10 -7 mol J -1 , is much less than G(e - aq)/2. This very low yield and inefficiency of the process are most likely ascribed to significant loss of CO2 •-caused by a secondary reaction with OH • radicals (reaction 5 in Table 1) faster than their dimerization (reaction (3)). However, the G(H2) value is close to the primary H2 yield G(H2) = 0.42 × 10 -7 mol J -1 .

Table 1. Reactions and corresponding rate constants involved in the mechanism of C2O4 2-, H2 and CO formation

Reactions

Rate constants (L mol -1 s -1 ) at 20 °C

- -• aq 2 2 e + CO CO  (2) 8.2  10 9 [20] -• -• 2- 2 2 2 4 CO + CO C O  (3) 1.4  10 9 [29] -• -• + -• - 2 2 2 2 2 2 CO + CO + H C-CO H CO O + HCO   (4) 1.4  10 9 [29] • -• - 2 2 OH + CO OH + CO  (5) • - -• 2 2 2 OH + HCO H O + CO  (6) 4.1  10 9 [22] • - -• 2 2 2 H + HCO H + CO  (7) 2.1  10 8 [31] - + • aq e + H H  (8) 2.3  10 10 [31] - 2 H + CO CO + OH   (9)   -• -• 2 2 2 2 CO + CO O C-CO (10) 
    -• -• - 2 2 2 + 2 2 2 + O C-CO + O C-CO HCO + H 3 CO  (11)     -• -• 4 2- 2 2 2 2 2 2 O C-CO + O C-CO C O + 2 CO  (12) - -• 2 qf 2 CO + e CO  (13)     -• -• 2 2 2 2 + 2 - 3 +H O C-CO + O C-CO CO + HCO + 2 CO  (14)
In the presence of formate, at neutral pH, the H2 yield corresponds to the sum of the primary yield G(H2) = 0.42 × 10 -7 mol J -1 in reaction (1) and of the scavenging yield of H • radicals by formate (G(H • ) = 0.62 × 10 -7 mol J -1 ) in reaction (7). The experimental value G(H2) = 1.04 ×10 -7 mol J -1 (Figure 1 right) is in fair agreement with this sum G(H2) + G(H • ) (Figure 3 and Table 2). That means that in addition to primary radiolytic H2, all the H • radicals are exploited to produce H2. 

G((C2O4 2-)) = ½ (G(eaq -) + G(H • ) + G(OH • ) = 3.5 ×10 -7 mol J -1 and G(H2) = (G(H • ) + G(H2))
= 1.04 ×10 -7 mol J -1 . At pH < 7, G(C2O4 2-) decreases because the H + -catalyzed disproportionation of CO2 •-is involved and becomes significant. At high CO2 pressure (in red), CO2 scavenges early the electrons before their hydration and the radicals CO2 •-react with H • radicals in spurs yielding CO. Simultaneously, the pH decrease favors the disproportionation, so that the oxalate yield becomes negligible. The arrow on the left indicates the time after the radiation-induced ionisation and excitation of the aqueous solution.

Table 2. Summary of product yields and predominant mechanisms in the radiolysis of CO2

solutions with sodium formate 5  10 -2 mol L -1 . dispr and dim are the disproportionation and the dimerization of the precursor radical CO2 -• , respectively. Primary yields of species arising from water radiolysis are in italic. 1.04

Irradiated

= G(H2) + G(H • )neutral 0.08 3.5 = ½ (G(eaq -)+ G(H) + G(OH • ))
Only dim

Part of CO2 •-produced in CO2-saturated sodium formate solutions is due to the e aq - scavenging by CO2 (reaction 2) and the other part is due to the scavenging of OH • and H • by formate (reactions 6 and 7). According to k6 and k7 values, and to the formate concentration, the scavenging half-time for reaction ( 6) is 4 ns and G4ns(OH • )  3.3 × 10 -7 mol J -1 . [34,35] Therefore, from reactions (2, 3, 5, 6 and 7), the maximum value of oxalate yield is G(C2O4

2-)calc = ½ (G(eaq -)+ G(H • ) + G(OH • )) = 3.6 × 10 -7 mol J -1 (dotted line in Figure 1 Right), with
G4ns(eaq -) = G4ns(OH • ))  3.3 × 10 -7 mol J -1 and G(H • )  0.62 × 10 -7 mol J -1 . The experimental yield obtained at pH 7: G(C2O4 2-) = 3.5 × 10 -7 mol J -1 is in excellent agreement with this maximum value. It is remarkable that under these mild conditions, the e - aq scavenging, which yields the conversion of CO2 at 1 atm into oxalate, is complete and that the disproportionation path (4) is inactive. Indeed, in formate and CO2 solutions, efficient reductive conditions of the aqueous solutions are fulfilled because, as an OH • and H • scavenger, formate inhibits the recombination reaction (5). [36,37] The scheme of the mechanism is summarized in Figure 3. The eaq -scavenging for selectively converting CO2 into oxalate is completely exploited. Moreover, the H • radical scavenging by formate yielding H2, a useful fuel, is also complete. The efficiency of the absorbed radiation energy is thus 70% for the oxalate formation (32% for the reducing conversion of CO2 and 38% for the formate oxidation), [ 38 ] plus 14.5% for the hydrogen formation.

Acidic medium

The yield of H2 increases in acid medium at CO2 atmospheric pressure (Figure 1) because eaq -are replaced by H • radicals via reaction (8) and more H • radicals are scavenged by formate (reaction (7)). Thus at pH 1 under 1 atm CO2, the yield would be G(H2)calc = G(H • )acidic + G(H2) = (3.42 + 0.42) × 10 -7 mol J -1 . However, the experimental value is lower: (G(H2)exp = 2.8 ×10 -7 mol J -1 ), showing that a small part of H • radicals are thus lost in another reaction, such as the CO2 •-radical reduction into CO (reaction ( 9)). This reaction may occur within the ionisation spurs before the homogenous dispersion of the radicals and explains the CO formation, although the experimental result is only G(CO) = 0.17 × 10 -7 mol J -1 .

At 1 atm of CO2, the oxalate yield G(C2O4 2-) decreases with the pH decrease (Figure 1). However, the simultaneous formation yield of the oxalate precursor CO2 •-(either formed by reactions 2 or 6 and 7) is pH-independent. In a previous mechanistic study [29] of CO2 •-arising from CO oxidation by OH • (without CO2), it was shown that at low pH the oxalate yield G(C2O4 2-) was strongly inhibited, and in contrast G(CO2) increased, owing to the disproportionation of CO2 •-into CO2 and formate (reaction 4). However, the rate constant of the second-order decay of CO2 •-(2k = 1.3  10 9 M -1 s -1 ) is also pH-independent. They concluded that the disproportionation (4) was catalysed by protons and favored by the acid form HCO2 • of the radical CO2 •-(pKa (HCO2 • /CO2 -• )  2.3). The protons would govern the disproportionation because of the presence of an intermediate head-to-tail adduct linking the carbon atom of one molecule to an oxygen atom of the other one. [29] Other values of CO2 •- pKa were proposed in the literature. [START_REF] Fojtik | [END_REF]27,39] However, the value recently determined by time resolved Raman spectroscopy measurements was pKa = 3.4. [40] We observe a more drastic influence of H + on the G(C2O4 2-) decrease than in ref. [29] ( Figure 1). The main difference here to that study is the saturation of the solution by CO2. The mechanism of the photoelectrochemical CO2 reduction proposed by Tryk et al. [16] involves the reaction of the radical CO2 •-with CO2 forming, at least partially, the transient dimer radical anion O2C-CO2 -• (reaction 10). Various structures and stabilities of this dimer radical anion have been ab initio calculated. [41] Here we assume also that the dimer radical anion O2C-CO2 -• is formed under CO2 atmosphere (reaction (10)). The fate of the dimer radical anion is not well known. [42] However, we propose that the dissociative disproportionation of O2C-CO2 -• radical (reaction 11) would be favored vs the dimerization (reaction 12). As it was recently suggested, the disproportionation of O2C-CO2 -• radical may also lead to CO formation (reaction 14). [43] Considering that the oxalate yield at a given pH is less in CO2-saturated than in Ar-saturated formate solutions of ref 29, the carbon-carbon bonding in the dimer radical O2C-CO2 -• structure possibly inhibits a new addition and reorganization into the oxalate in contrast to reaction (4).

Because the inflexion point of the oxalate yield increase is shifted to higher pH value than in conditions without CO2, the pKa (O2C-CO2H • /O2C-CO2 -• ) value is tentatively estimated at about 5.5 (Figure 1). As a result, the influence of protons in the H + -catalysed disproportionation is stronger for O2C-CO2 -• (reaction 11) than for CO2 -• (reaction 4). used and the efficiency is thus optimized. Furthermore, the radiation-induced reduction method is an achievable, promising and scalable route for industrial CO2 conversion. This method is promoted by the current availability of cost-effective industrial electron accelerators and 60 Co -γ sources. Though the aim of our work was not to give details on the economic aspect of this process and its possible valorization, it is known that the price of oxalate is higher than that of sacrificial formate. In addition, the valuable H2 is produced during this process. Several parameters intervene in the calculation of the total cost of the CO2 conversion. Eventually, our first estimation suggests that this simple process has a competitive energy cost compared to other chemical processes.

Conclusion

We demonstrated that the versatility of radiolytic pathways can be harnessed to direct the conversion of aqueous CO2, 1 atm / HCO2Na solutions at pH 7 at room temperature in order to produce value-added chemicals (oxalate, H2) with optimized yields. All the radiolytic radicals are scavenged so that the radiation energy is significantly exploited for converting CO2 into oxalate and H2. The method does not require the presence of any catalyst. The knowledge of radiolytic yield values of water radicals was exploited in order to unravel the reaction mechanisms of all the processes at stake in the systems. The mechanism sheds light also on other previous results. Moreover, we suggest that the ionizing radiation delivered by irradiation facilities may be directly and easily coupled with an industrial source of CO2. Therefore, the radiation-induced reducing radicals constitute a promising solution for the CO2 conversion.

Figure 1 .

 1 Figure 1. (Left) Representative measurements for the concentrations of oxalate (top), CO (middle) H2 (bottom), produced versus the irradiation dose at various pH. (Right) Yields ofH2, CO and oxalate in aqueous solution containing formate (5  10 -2 mol L -1 ) in the presence of CO2 at 1 atm (the concentration of CO2 in water is then 3.8  10 -2 mol L -1 ). Dotted line: Maximum oxalate yield, which is equal to ½ (G(eaq -) + G(H) • + G(OH • )) = 3.6 10 -7 mol J-1 

Figure 3 .

 3 Figure 3. Scheme of the radiolysis of CO2-saturated solutions of sodium formate. At pH 7 and 1 atm (in black), the CO2 •-dimerization and the CO2 conversion into oxalate are optimized:

13 << 7 =

 137 G(H2) + G(H • )acidic0.
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Effects of high CO2 pressure

The pressure increase induces also a marked concentration increase of CO2 that scavenges rapidly in the radiation spurs the quasi-free electrons (eqf -) prior the hydration process (reaction (13)) as it was recently observed (Figure 3, red part). [30] In these conditions, the source of primary H • radicals (reacting with formate and producing H2, reaction 7) and of molecular hydrogen (reaction 1) progressively vanishes with the pressure increase. At pH = 3.9 to 3.2 for 1 to 30 atm respectively, we observe a decrease of the formation yield G(H2) to zero, and an increase of G(CO) (Figure 2). In contrast, the CO yield increases with the pressure because of the formation of CO via the reaction (9) between CO2 -• and the H • radicals issued from the dissociation of excited H2O* (Figure 3, red part). The OH • radicals are still scavenged by formate and yield CO2 -• , but their H + -catalysed disproportionation totally inhibits the formation of oxalate (Figure 3). Thus, the formation yield of oxalate is negligible under acidic conditions at any pressure.

In formate solutions initially added with 0.5 mol L -1 NaOH at increasing CO2 pressure (final pH = 7 to 5.4 for 1 to 30 atm, respectively), the oxalate yield decreases from G(C2O4 2-) = 3.5×10 -7 mol J -1 at 1 atm to a plateau at 1.3 ×10 -7 mol J -1 at pressures > 10 atm (Figure 2). However, even if the part of CO2 -• radicals, arising from the fast (reactions 2) and ultrafast (reaction 13) CO2 reduction, increases versus the part arising from formate oxidation by OH • scavenging (reaction 6), the total yield G(CO2 -• ) does not change. Above 10 atm (pH 5.4), CO2 -• radicals undergo only partly the dimerization into oxalate (reactions 3 and 12) because of the competition with the H + -catalysed disproportionation (reaction ( 11)) (Figure 3 and Table 2)). In fact, the value of the yield G(C2O4 2-) = 1.3 × 10 -7 mol J -1 at pressures > 10 atm (Figure 2) is close to the value at the same pH 5 at 1 atm (Figure 1). The effect of pH is thus more decisive than that of CO2 concentration in the conversion into oxalate.

The mechanism proposed in the present study (Figure 3 and Table 2) could be also of interest for previous results. The eaq -chemistry contributing to scalable CO2 reduction has recently attracted increasing attention for example in photoelectrocatalytic [17] or plasma [15] processes where the analogy with the initial reduction of CO2 by eaq -in radiolysis was underlined.

However, the main feature in these studies is that the symbiotic oxidizing species which are unavoidably formed together with eaq -, are responsible of back-reactions and low overall efficiencies of the reduction. In contrast, in the present radiolytic approach the oxidizing species are scavenged by formate, which is chosen to contribute moreover to a selective production of oxalate and H2. The mechanism in Figure 3 and Table 2 explains how the radiation radicals are