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Abstract

The reduction of carbon dioxide is one of the hottest topics due to the concern of global warming. Carbon dioxide reduction
is also an essential step for life's origins as photoautotrophs arose soon after Earth formation. Both the topics are of high
general interest, and possibly, there could be a fruitful cross-fertilization of the two fields. Herein, we selected and collected
papers related to photoreduction of carbon dioxide using compounds easily available on the Earth and considered of prebi-
otic relevance. This work might be useful also to scientists interested in carbon dioxide photoreduction and/or to have an

overview of the techniques available.
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1 Introduction

Carbon dioxide photoreduction is one of the most impor-
tant research fields nowadays, especially due the actual
global concern on increasing greenhouse effect. In fact,
very recently [1], scientists claimed to have successfully
converted carbon dioxide to starch with a higher efficiency
with respect to starch photosynthesis in maize.

In recent years, photochemical molecular devices were
developed to fix CO, by photochemical reaction [2-7].
In most of the reduction reactions which occur in multi-
electron mode, as an electron reservoir at the photocatalytic
surface (i.e., noble metals) greatly enhances the yields of
conversion.

In this review, we will take into account photoreduction
studies that use simple compounds easily available, plausible
even in a prebiotic environment. The listed methods could be
useful not only to scientists working on prebiotic chemistry,

< Dhanalakshmi Vadivel
dhanalakshmi.vadivel @unipv.it

Department of Chemistry, Section of General Chemistry,
University of Pavia, 27100 Viale Taramelli 12, Pavia, Italy

2 INFN, Sezione di Pavia, Via Agostino Bassi, 6 - 27100 Pavia,
Italy

Department of Chemistry, Section of Analytical Chemistry,
University of Pavia, 27100 Viale Taramelli 12, Pavia, Italy

but also for the development of carbon dioxide photoreduc-
tion using simple or readily available compounds.

Plausible prebiotic photocatalysts might be minerals natu-
rally occurring in the primordial Earth, together with com-
pounds found in interstellar space (and other celestial bod-
ies) or chemicals synthesized on the Earth in specific places
(geothermal vents and volcanic eruptions) or due to the
action of energy (lighting and solar light) on simple organic
compounds. Also, more complex organic compounds such
as porphyrins or other metal complexes (with easily avail-
able metals) produced in straightforward synthesis from
simple organic compounds will be considered in this work.

Carbon dioxide reduction can lead to different C1 com-
pounds and intermediates, depending on the number of
electrons used in the reduction. Obviously, the transfer of
a single electron at a time is easy from the practical point
of view, but the single electron reduction of carbon dioxide
leads to the unstable radical anion intermediate and requires
very high potentials. Even so, the free energy value for the
reduction corresponds to a photon in the visible-light spec-
trum, showing that photochemistry can play a significant
role. Figure 1 shows the free energies for the reduction of
carbon dioxide to the most common C1 compounds; values
are calculated starting from the electrochemical reduction
potentials at pH="7 [8, 9].

As it is illustrated in Fig. 1, all the reactions are unfa-
vorable from the free energy point of view. The reduction
value, however, depends on the pH, presence/absence of
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Fig.1 Calculated AG of reaction obtained from the electrochemical
reduction potentials of CO, to C1 compounds in water at pH=7 vs.
NHE

water and other parameters. Less unfavorable are the reduc-
tion of carbon dioxide with hydrogen [10] as shown in the
reactions below, where the last two reactions (conversion of
CO, to methanol and methane) are even thermodynamically
favorable

Hy) + COz(g) - CO(g) + H,04,AG =20 kJ/mol
Hy) + €Oy, — HCOOH;)AG = 33 kJ/mol
2Hy) + €Oy — HCHO(, + H,0()AG = 44 kJ/mol

3H, + COy,) — CH30H, + H,0,AG
= —9.2 kJ/mol

4Hyq) + COy) = CHy + 2H,0,)AG
= —114 kJ/mol (Sabatier reaction).

A similar reaction is exploited by actual chemoauto-
trophic acetogenic bacteria [11] that could use carbon diox-
ide and hydrogen to sustain their metabolism and to produce
biomass with a reaction that can be summarized as follows:

2CO, + 4H, + nADP + nP;, —
CH;COOH + nATP + (2 +n)H,0.

Hydrogen on Earth is not implausible at low levels. In
fact, hydrogen can be generated by geochemical processes

[12, 13], together with reduced hydrocarbons such as meth-
ane, that can be produced thanks to the reaction [14]
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Fig.2 Electrochemical reduction potentials at pH=7 vs. NHE for
some common semiconductors (blue rectangles are the conduction
bands while the pink rectangles are the valence bands). In green, the
potential of p-terphenyl (excited state). Dashed gray lines represent
the carbon dioxide reduction potentials to the C1 compounds shown
on the right. The two black dash-dotted lines represent the potential
limits for reactions in water

8FeO + CaCO, + 2H,0 — 4Fe,0, + CH, + CaO.

Other chemoautotrophs could use reduced nitrogen
(NH,*, NO,"), sulfur (S,0;*", H,S), metals (Fe** Mn**)
or other reducing agents (CO, CH,, CH;OH) to attain the
carbon dioxide reduction [15]. Also native metals like Fe, Ni
and Co can promote the thermal reduction of CO, to acetate
and pyruvate [16, 17]. Iron (II), in the presence of other
simple organic compounds, is able to convert, under a mild
hydrothermal environment, pyruvate and glyoxylate into 9
of the 11 intermediates of the Krebs cycle [18]. In another
work, the Krebs cycle was run non-enzymatically with the
help of FeS and sulfate radicals [19].

However, due to the Earth composition and structure, the
free energy production of chemoautotrophs could take into
account only a small fraction of the conversion of CO, into
organic matter [20]. Due to the intrinsic nature of photo-
chemistry, sunlight is the designated source to have a durable
ecosystem as it occurs nowadays.

Inorganic semiconductors could have a conductive band
able to reduce carbon dioxide (Fig. 2) and some of them are
also compatible with a prebiotic environment. Obviously,
the presence of a sufficiently high redox potential is not a
guarantee of high yields of conversion. In fact, many side
reactions could lead to a decrease of their activity, such as
chemical instability or fast recombination of photogenerated
electron—hole pairs. Some organic molecules could also be
active with photoinduced electron transfer, like in the case
of p-terphenyl (Fig. 2) that is chosen as comparison [21, 22].
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In the current review, articles are divided into sections
and discussed toward their possible prebiotic significance.

2 Metal-free organic compounds

Amines are the easiest way to think about an interaction
between the acidic carbon dioxide and an organic base. It is
also known that ethanolamines and derivatives [23] possess
a high affinity for carbon dioxide.

However, the adsorption/desorption does not change the
chemical form of carbon dioxide. Different is the case if eth-
anolamine is linked to titania through solvothermal process
[24], where photoconversion yields of CO, to CO increases
more than 50-fold with respect to neat TiO,.

Due to the scarce reactivity of CO, and the unique prop-
erty of photons, photochemical reactions could give rise
to high energy intermediates, going uphill with respect to
thermal reactions. This was exploited [25] to produce an
azetidine cycle from solar light irradiation of an alpha ami-
noketone (see Scheme 1).

The azetidine intermediate reacts with carbon dioxide
giving a cyclic carbonate. Even if this reaction is not imme-
diately prebiotic, it could give some hints on the possible
importance of unstable intermediates that might be formed
from the irradiation of simple compounds.

Enamides can also be photoactivated by transforming
them in anion intermediates through successive photoin-
duced electron transfer using 1,2,3,5-tetrakis(carbazol-9-yl)-
4,6-dicyano-benzene (4CzIPN) as photocatalyst, i-Pr,NEt as
reductant, and Cs,CO; as base [26]. The anion then reacts
with carbon dioxide to give the corresponding carboxylic
acid (Scheme 2).

Aromatic hydrocarbons are detected in meteorites, com-
ets and interstellar space, and could be considered as pig-
ments for light absorption and prebiotic photosynthesis [27].

Several carbon dioxide reactions with (photo) activated
C(sp3)-H hydrogen are described in the literature [28]. As
an interesting example, benzylic hydrogen might undergo
an intermolecular hydrogen photoabstraction from an aro-
matic ketone. This gives rise to a diradical [29] which sub-
sequently rearranges to the o-quinodimethane intermediate
that undergoes a 4 + 2 addition with CO, (Scheme 3).

Carbon dioxide radical anion can be generated under
photoinduced single electron transfer with p-terphenyl. With
the latter photocatalyst, the reduction of CO, to formic acid
(with traces of CO) was attained using triethylamine as a
sacrificial donor [30] with a turnover number of 4. Starting
from that idea, the unstable radical anion of carbon diox-
ide could be trapped to give adducts. An interesting case
is the closure of the catalytic cycle with the reformation of
p-terphenyl by the reaction of its radical cation with a ter-
tiary amine. The latter is used, after the loss of a proton, to
trap the incoming carbon dioxide radical anion and exploited
for the preparation of alpha amino acids (Scheme 4) [31].
The reaction can be carried efficiently with a photochemical
flow reactor.

3 Ferrocyanide

Ferrocyanide might be considered prebiotic and compatible
with hydrogen cyanide chemistry related to nucleobase syn-
thesis. Irradiation of ferrocyanide gives rise to a hydrated
electron and the oxidation of the iron. This could lead sub-
sequently to the formation of an insoluble precipitate of
Prussian blue [32]. CO, reduction in the aqueous medium
by using ferrocyanide/TiO, gives rise to formic acid and
formaldehyde as photoproducts in nitrogen atmosphere. The
yield of formation of products is increased with increas-
ing the concentration of ferrocyanide over TiO,. Neverthe-
less, an n excessive concentration of ferrocyanide reverses
its effect due to the formation of a multilayered ferrocya-
nide over TiO, which poison the catalyst. The first product
formed was formic acid and during the irradiation is con-
verted into formaldehyde (ITustration 1).

The higher loading of ferrocyanide gave a higher yield of
formaldehyde and formic acid as photo products in a shorter
time. The lower loading of ferrocyanide gave instead the
maximum yield of formic acid with longer exposure time.
Also, the particle size affects the reaction yield: a higher
amounts of photoproducts was obtained with smaller par-
ticles [33].
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the reduction of CO, into useful
products for evolution of life

K4[Fe(CN)e]

Tio,

4 Porphyrins and other nitrogen containing
metal complexes

Porphyrins are widely represented in actual organisms
and are considered prebiotically plausible photosensitizers
[34-38].

Their synthesis is straightforward, and it is compatible
with prebiotic environments [39]. Vesicles could be used as
microreactors to drive a chemical evolution. Moreover, their
synthesis could require formaldehyde [40], that is achievable
through the reduction of carbon dioxide.

In this aspect, Fe is the metal center compared to the other
elements in his family group elements also for its availability
on the planet.

Photogenerated iron(0) tetraaryl porphyrin [41] can per-
form the photocatalytic reduction reaction under irradiation
at A>280 nm.

sunlight ?

ED = Electron Dono

The photoreduction of CO, is enhanced by the addition
of a sacrificial electron donor (Et;N). The electron donor is
also useful for the reduction of iron (III) to iron(0), that is
the active species. The reaction has a good catalytic activity
and selectivity toward the formation of CO. Hydrogen is also
observed as a subproduct due to the interaction of E;NH*
with iron (IT) porphyrin [42]. At longer irradiation time, the
porphyrin ring could undergo inactivation due to hydrogena-
tion. Porphyrins are well studied and their modifications to
improve the efficiency is a hot topic [43].

An interesting modification is the addition of a molecu-
lar "arm" lying over the metal center, giving the so-called
hangman porphyrins. These classes of porphyrins possess an
enhanced electrocatalytic conversion of CO, [44].

Copper(Il) imidazolate frameworks are interesting pho-
tocatalysts prepared easily by reaction of imidazole with a
copper (II) salt in the presence of a base and subsequently
submitted to a mild heating. Different treatments give rise to
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frameworks having different band gaps. [45]. These photo-
catalysts can reduce carbon dioxide to methanol by irradia-
tion with visible light [46]. The highest yield of methanol
formation was 1712.7 umol/g obtained by irradiating the
solution with a filtered (>400 nm) 500 W Xe lamp. Authors
discuss this result comparing the structure of the catalyst
with the boron carbide (C;N,) polymer (Illustration 2).

5 Oxide semiconductors

A diversity of semiconductors such as TiO,, ZnO, CdS and
In,0;, have been widely used as photocatalysts for the con-
version of CO, in past decades [47].

The redox reaction mechanism looks straightforward at
a first glance:

+2e” +2e +2e +2e

Oy ——» HCOOH ——— C(H;0 —— CH;0H ——— CH;
+2H" +2H" +2H" +2H™
H,0 -H,0

However, since a semiconductor can give only one elec-
tron for each photon absorbed, we must consider the for-
mation of unstable intermediates having an odd number of
electrons.

Shkrob [12] suggested the formation of two carbon inter-
mediates like glyoxal and glycolaldehyde, which could be
detected as byproducts. Surprisingly or not, these two com-
pounds are of prebiotic interest (and biological interest).

Among all the semiconductors, TiO, has been extensively
used widely due to its higher stability, reduced toxicity, and
low costs [48—50]. When compared to pristine TiO,, func-
tionalized TiO, with ethanolamine groups is more effective
in the chemisorption of CO, molecules. Ethanolamine moie-
ties on the TiO, surface have the double role of increasing
the local concentration of carbon dioxide molecules chem-
isorbed as carbamate and lowering the reduction potential
[24]. With this catalyst, carbon dioxide is converted into
methane and carbon monoxide.

Other than TiO,, some more photocatalysts play a walk-
on part in the reduction of CO,.

As an example, CeO,, an n-type semiconductor having
a wide band gap, could be useful to fabricate heterojunc-
tion semiconducting materials. A heterojunction with Co;0,
enhances the efficacy of visible-light absorption by shrink-
ing the band gap in which that p—n junction can smartly
work in the reduction of CO, in a nicer way because of
the conduction band potential is more positive. The com-
bined photocatalyst possesses a reduced band-gap value of
2.07 eV. Co;0,/Ce0, acts as a photoreducing catalyst in the
reduction of CO, to methanol and ethanol with improved
photocatalytic activity [51].

Also, Cu,0 can create a heterojunction with CeO, giving
higher stability, non-toxicity, and wide band gap [52].
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Cu,0 could be efficiently coupled also with hematite pro-
ducing a photocatalyst active in the visible-light spectrum
for the reduction of CO, to CO in the gas phase [53].

6 Sulfides

Elemental sulfur and metal sulfides are of great interest as
potential prebiotic photocatalysts for the reductive conver-
sion of CO, to potentially prebiotic important intermediate,
such as formate and formaldehyde, due to their abundance
in the Primordial Earth and their photocatalytic activities
(IMlustration 3).

The metal linked to the sulfide—usually a heavy metal—
can coordinate carbonate or bicarbonate, but usually not free
CO,, driving its reduction, so that the reaction takes part
better in a neutral or only weakly acidic environment [54].

Carbonates and bicarbonates interact specifically with
some crystallographic structures of the particles of the cat-
alyst, so that the physical form of the catalyst itself has a
great influence on the reduction efficiency. Bulk materials
are in most cases inactive for photocatalytic conversions,
but nanostructured material may lead to significant improve-
ment of photocatalytic performance, due to the fine tuning
of the band gap and to kinetic factors such as suppression of
electron/hole pair recombination and a larger catalytically
active surface area [55]. Colloidal materials, that are nano-
structures and could be found in primordial waters [56], are
particularly efficient at this regard [57].

Semiconductor minerals such as heavy metal sulfides may
be exceptionally active C(+1V) to C(+1I) photocatalysts,
even at reduced temperatures. Their photoreducing abil-
ity is due to the conduction band electrons formed during
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lllustration 2 Mechanism
of metal complexes having sunlig ht
nitrogen containing ligands with
porphyrin photoreaction in the
reduction of CO, into useful
products for evolution of life

CO +20H

*NEt,

ultraviolet (UV) irradiation. When a photon with an energy  voltage are thermodynamically capable of reducing carbon
exceeding the band gap is absorbed, an electron from the  dioxide [58].

valence band is excited into the conduction band, while a Different metal catalysts result in differences in the activ-
hole remains in the valence band. Semiconductors having ity and selectivity of the CO, because of the differences in
a conduction band that is poised at a sufficiently negative  the adsorption strength of the intermediates.
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sunlight modern and ancient volcanic hydrothermal systems on the
co, CH,0  HCOy surface of Earth, it is a quite abundant element. As a typical
Py 0,C OH nonmetallic semiconducting element, S° can photo-reduce
HO” Sco, ) CO,into formic acid under ultraviolet (UV) light below

HO co,

cB C-1to C -4 organic

compounds

\ metal sulfide

nanoparticle

VB

Illustration 3 Mechanism of sulfides’ photoreaction in the reduction
of CO, into useful products for evolution of life

Basing to the selectivity for final products, according to
literature [59], the metal catalysts can be classified into four
categories:

(1) Cd, Hg, Sn, In, Bi, Pb, Pd, etc., which easily produce
HCOO intermediate, and lead to formate as the main
product.

(2) Au, Ag, Zn, etc., that due to the weak CO adsorption
capacity, produce CO as main product.

(3) Ni, Fe, Si, V, Pt, etc., mainly able to produce H, due to
the low hydrogen evolution potential.

(4) Cu that, under different conditions, can produce up to
16 different carbon-containing compounds.

Moreover, mixed metal catalysts having multiple binding
sites for intermediate species will have a great influence on
the performance of the catalyst.

Sulfur atoms greatly contribute to the reduction reac-
tion, due to the intrinsic characteristic of this element. For
example, S has small electronegativity, strongly coordinates
with the metal elements, and has the capacity to bond with
itself to form a chain-shaped polysulfide ion, namely Snz_.
Due to the various bonding modes of S atoms, the struc-
ture of sulfides tends to be diversified and complicated,
which means that S is a versatile candidate as a modifier for
electrocatalyst fields. The S atom can effectively suppress
the hydrogen evolution reaction (HER), which occurs as a
competitive reaction and significantly influences the absorp-
tion and desorption strength of CO, reduction intermediates
[59]. Moreover, sulfur accelerates CO, reduction by a unique
mechanism, as it can also enhance the activation of water,
forming hydrogen species that can readily react with CO, to
produce formate [60].

Elemental sulfur (S°) has been investigated as a potential
photocatalyst for CO, reduction, also considering that in
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280 nm. The semiconducting S is indicated to have a direct
band gap of 4.4 eV. The UV-excited S° produces photoelec-
trons with a highly negative potential of —2.34 V (versus
NHE, pH 7), which could reduce CO, after accepting elec-
trons from electron donors such as reducing sulfur species.
Simultaneously, UV light breaks sulfur bonds, allowing the
adsorption of charged carbonates onto S° and assisting their
photoreduction. Assuming that terrestrial hot springs cov-
ered 1% of primitive Earth’s surface, S could have produced
up to 10° kg/year HCOOH within 10-cm-thick photic zones,
underlying its remarkable contributions to the accumulation
of prebiotic biomolecules [61].

Of the common sulfide-based semiconductors, ZnS and
MnS have the important property that their conduction bands
are placed at highly reducing positions, respectively, of -1.04
and -1.19 V versus the NHE (normal hydrogen electrode).

The large overpotential for carbon fixation by ZnS and
MnS leads to high photoreaction rates. The difference in
band gap between ZnS (3.6 eV, 344 nm) and MnS (3.0 eV,
413 nm) suggests that MnS may use the solar spectrum more
efficiently.

At this regard, photoreduction of C(+1V) as bicarbonate
was used as a probe to investigate the photoelectrochemi-
cal properties of alabandite (MnS) colloidal particles, that
is found in epithermal sulfide vein deposits and in anoxic
laminated sediments. Photoreduction occurs and formate is
the initial photoproduct. A quantum efficiency of 4.2% is
obtained (pH 7.5). The quantum efficiency is temperature-
independent from 298 to 328 K. In addition to formate,
longer chain carbon products such as acetate and propion-
ate are also produced, although to a lesser extent. Longer
chain organic molecules that contain oxygenated functional
groups were also identified, although these data can be dis-
puted. These results suggest that some prebiotic syntheses
could have occurred via photoelectrochemical reactions on
semiconducting minerals [58].

Mixed molybdenum sulfides catalysts were also realized.
In particular, n-type Bi,S; nanorods were wrapped with two-
dimensional (2D) p-type MoS, sheets, which have good light
absorption properties.

The designed p—n junction Bi,S;/MoS, composite exhib-
ited enhanced light absorption over the entire wavelength
range, and higher carbon dioxide adsorption capacity and
photocurrent density compared to the single catalysts. Con-
sequently, the activity of the 1:1 Bi,S;/MoS, composite
catalyst for the photocatalytic reduction of carbon diox-
ide was more than 20 times higher than that of the single
catalysts under visible-light irradiation at <400 nm, with
partial selectivity for CO conversion. This is attributed to
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the p—n heterojunction: the high light absorption of n-Bi,S;
accelerated electron excitation, and the electron affinity of
the 2D sheet p-MoS,, which quickly absorbed excited elec-
trons, resulted in effective charge separation. This ultimately
improved the catalytic performance by continuously supply-
ing catalytically active sites to the heterojunction interfaces
[62].

Regarding ZnS, freshly prepared colloidal suspensions
effectively catalyze the photoreduction of CO, in water at
pH 7 with NaH,PO, in the coexistence of Na,S under UV
irradiation. With competitive H, evolution, formate and
a very small quantity of CO were formed with the appar-
ent quantum yield ¢ =0.24 at 313 nm, where H,PO,~ was
quantitatively photooxidized to HPO32_. The efficiency
strongly depends on the pH of the system, the preparation
methods of ZnS photocatalysts, and synergistic effects of
electron donors. Quantized ZnS crystallites with low density
of surface defects are indispensable for the effective CO,
reduction. The synergistic effect in the use of both SH™ and
H,PO,™ ions is essential for the reaction to take place [57,
63].

Aqueous solutions of CO, containing tetramethylammo-
nium chloride photolysed with visible light in the presence
of colloidal ZnS yielded tartaric acid, glyoxylic acid, oxalic
acid, formic acid, and formaldehyde [64], showing that the
presence of an amine-modified catalyst can lead to a wide
range of different prebiotically interesting compounds.

Zinc sulfide was also modified by Ru, Cd, or as a micro-
crystallite, or supported on SiO,, always observing formate
formation [65]. The use of the modifier stabilizes the cata-
lyst, improves its light absorption efficiency, and modulates
the band gap.

Highly selective photoelectrochemical CO, reduction
to formate (> 80% selectivity) in water was successfully
achieved by combining Cu,ZnSnS, (CZTS) with a metal-
complex electrocatalyst. CZTS, a sulfide semiconductor that
possesses a narrow band gap and consists of earth-abundant
elements, is demonstrated to be a candidate photoabsorber
for a CO, reduction hybrid photocatalyst [66]. This shows
that the electron donor can be either a compound present
in solution, or an electrode surface, showing that the most
critical element is not the oxidizable substrate but more com-
monly the catalyst itself, as different oxidizable substrates
can be used without loss of efficiency.

Speaking of sulfides different from that Mn or Zn based,
the photocatalytic reduction of carbon dioxide on CdS parti-
cles with and without surface modification by several kinds
of thiol compounds was investigated in various solvents.
Formate and carbon monoxide were obtained as the major
reduction products, and the ratio of the former to the latter
was largely influenced by the solvents when naked cadmium
sulfide was used as the photocatalyst, and by increasing the
dielectric constant of the solvent, the ratio increased. Even

if CdS particles were modified by thiol compounds, the
effect of the solvent was not eventually altered, but the ratio
of formate to carbon monoxide became greater by increas-
ing the surface modification of CdS. The observed effect of
the surface modification of CdS is interpreted in terms of
involvement of Cd sites adjacent to surface vacancies of CdS
photocatalysts in adsorption of anion radicals of CO, [67].

As a photocatalyst active for the CO, conversion, CdS can
also do its work when used as an electrocatalyst [57, 63, 68].
We report therein the literature’s results obtained by the use
of some potentially prebiotic metal sulfides as electrocatalyst
for the CO, reduction, as they can be potentially active as
photocatalysts [69, 70], although careful experimental con-
ditions tuning must be performed and discordant results can
be obtained when shifting from electrocatalysis to photoca-
talysis and vice versa [71]. A study by Kitadai et al. using
various single-metal sulfides (Ag,S, CdS, CoS, CuS, FeS,
MnS, MoS,, NiS, PbS, WS,, and ZnS) demonstrated that
CdS and Ag,S function as excellent CO production catalysts
[72]. Among the results reported in the literature, these con-
cerning iron sulfides, however, are of particular interest due
to their abundance in the primordial environment.

The mineral greigite, found in the chimney cavities of
hydrothermal vent, presents similar surface structures to the
active sites found in many modern-day enzymes. Electrocat-
alytic reduction of CO, to CO and CH, on greigite (Fe;S,)
under simulated alkaline hydrothermal vent conditions was
described. As CO, reduction will not proceed without over-
coming the high energetic barrier associated with the first
electron uptake step (— 1.9 V vs. the standard hydrogen elec-
trode, SHE at pH 7) and also competes with the thermody-
namically and kinetically more favorable reduction of pro-
tons to H,, the Faraday efficiency for CO production is low
(<0.02% in total at — 1.3 V vs. SHE) at pH 5.5. However,
by doping FeS with Ni to form FeNi,S, (violarite), the CO,
electroreduction selectivity is enhanced by ~ 85-fold concur-
rently with a lowered onset potential (— 0.5 V vs. SHE, pH
5.5) into a series of C1-C3 compounds, including formic
acid, acetic acid, methanol, and pyruvic acid. [72]

Another study showed that particles of greigite can
reduce CO, under ambient conditions into chemicals such
as methanol, formic, acetic, and pyruvic acid, supporting the
Origin of Life theory on alkaline hydrothermal vents [54].

By careful adjustment of the process conditions, another
mixed Fe/Ni sulfide, pentlandite (Fe, sNi, sSg), in addition to
HER, also support the CO, electroreduction, reaching a peak
faradaic efficiency of 87% and 13% for the formation of CO
and methane. The choice of solvent, the presence of water/
protons, and CO, solubility are identified as key properties
to adjust the balance between HER and CO, reduction in
favor of the latter. [54]

Also, copper sulfide, as a low-toxicity and emerging
material, has broad prospects in the field of CO, reduction
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Scheme 5 Carbonaceous molecules formed through the photochemi-
cal interaction between sulfite and CO, under UV irradiation

due to its unique structural and electrochemical properties.
Depending on the catalyst stoichiometric composition, its
shape and morphology, and the experimental conditions, dif-
ferent products can be obtained, such as methane, formate,
or CO. Concurrent hydrogen evolution can be partially sup-
pressed by choosing the working conditions, thus maximiz-
ing CO, reduction [59].

More exotic devices, such as sulfur-doped indium sur-
faces are able to convert CO, in formate [60] and a new class
of material, that of Ge—S-In chalcogenide glass, can produce
formate starting from CO, [73].

All these results showed that the photoreduction of CO, in
a primordial environment rich of colloidal sulfur and metal
sulfides is far from being a remote hypothesis, although its

real contribution to the formation of prebiotic molecules is
a matter of debate [74].

7 Sulfites

Carbon dioxide can be reduced through sulfite photochem-
istry. Investigations of Hadean (~4600-4000 Ma) zircons
[75] revealed that Earth at that time had an oxidizing
mantle, with an important release of sulfur dioxide in the
atmosphere. This resulted in the production of sulfite and
bisulfite upon contact with fluvial or oceanic water bod-
ies. In an oxygen lacking atmosphere, compatible with the
prebiotic Hadean one, sulfite could be stored through pre-
cipitation and formation of minerals such as hannebachite,
(CaS0,)0.1/2 H,0 [76]. These data suggest therefore a
prebiotic geochemical and atmospheric scenario that in the
pre-biological era supplied the environment with sulfite
and bisulfite based chemical species. Sulfite ion SO,*~ can
undergo photo-detachment of an electron [77], which is
released in the solution in the solvated form (Scheme 5)
[78]. The oxidation of sulfite involves the formation of
SO; ™ 1 (Scheme 5), according to the UV light-driven
reaction SO,*~ — SO;*™ + €aq (Ilustartion 4). Neta and
co-workers [79] demonstrated that for the redox couple
S0;%7/ SO, the reduction potential vs NHE are 0.73 V at
pH>11,0.75 VatpH 7,0.92 V at pH 4, and 1.05 V at pH
2. Sulfite ion has thus the potential to act like a reductant
by exploiting its photochemical characteristics. Similarly,
CO, can also undergo reduction through the addition of a
solvated electron to give CO,~ 2, according to the reac-
tion CO, +e,q~— CO, ™. Janik and Tripathi investigated
the nature of radical anion CO, ™ using pulse radiolysis

Illustration 4 Mechanism of
sulfite photoreaction in the

reduction of CO, into useful
products for evolution of life
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time-resolved Raman spectroscopy [80]. Starting from
DFT calculation and the experimentally obtained data, it
was found that 2 belongs to the C,, point group, with a OCO
bond angle of about 130° and the unpaired electron located
on the central carbon atom. This radical anion exists as the
[(CO,)(H,0),]™ hydrated cluster, with a calculated hydra-
tion energy of about 1.5 eV. Moreover, Roughton and Booth
[81] demonstrated that oxyanions such as sulfite can catalyze
the dissociation process H,CO; — CO, +H,0, increasing the
CO, abundance in water. These theoretical and experimen-
tal data demonstrate that sulfite has the potential to reduce
carbon dioxide in aqueous solution [82].

Recently, Sutherland, Sasselov, and co-workers [83]
have investigated this approach to the carbon dioxide pho-
tochemical reduction. Starting from a solution of NaHSO,
and NaHCO;, they were able to produce a complex mix-
ture of organic chemical compounds. Most of them cor-
responded or were similar to the carboxylic acids observed
in extant metabolic cycles found in nature (Scheme 5).

These products can be formed through a complex network
of reactions. In the simplest possible step, carbon dioxide
is converted into CO,~, which then undergoes a hydrogen
atom transfer (HAT) in the presence of SO32_, UV photons,
and water to give formate 3. However, further reduction of
formate is slow and reversible, so that radical anions 2 can
combine to give oxalate 5. Oxalate 5 is reduced much faster
than formate [83], and this process promotes the formation
of products containing up to six carbon atoms. The proposed
pathway by which complex carboxylic acids can be produced
involves solvated aqueous electrons, sulfite anion radical,
and other species derived from CO,~ 2 (Scheme 6).

The key steps are the reduction of oxalate 5 and the for-
mation of glyoxylate 17, from which tartronate 9 is derived,
providing eventually malonate 8. Carbon dioxide sulfite-
mediated reduction shows a characteristic product distri-
bution time lapse: reduction of CO, furnishes an initial

high concentration of formate, but when the formation and
subsequent reduction of oxalate takes over, glycolate 6 and
tartronate 9 are the major products. Further UV irradiation
provides for the build-up of malonate 8 which is eventually
the most abundant product: this carboxysulfitic chemistry
yields thus malonate 8 in a converging manner, although
in the reaction network, several equilibria are still present.
This carbon dioxide fixation pathway leads to the formation
of C,—C, products even if the sulfite supply in the reaction
mixture is reduced, thus supporting a realistic geochemical
prebiotic environment in which eventual deposits of sulfite
salts would not have been uniformly distributed on the soil
and both fluvial and oceanic water bodies.

Furthermore, carbon dioxide reduction products were
obtained using an UV light source similar to the wavelengths
solar spectrum present on Hadean Earth [84], making again
the sulfite a plausible prebiotic reducing agent toward CO,.
Apart from this, sulfite does not act as a mere stoichiometric
reductant, because it leads to the formation of molecules
such as oxalate 5, mesoxalate 10, and glyoxylate 17 that
undergo Norrish type—I reactions providing the system of
radical anions 2. In this way, further molecules can be pro-
duced starting from the first ones.

Particularly interesting is the photochemistry elucidated
from Sutherland and co-workers that is based on the glyco-
late previously obtained from CO, through sulfite oxidation
[83]. Irradiation of glycolate with both 254 nm UV light and
Hadean Sun—Ilike UV source resulted in the formation of
malate 12, succinate 13, and citrate 14 (Scheme 7).

In these chemical steps, glycolate acts as a C, unit through
the key tartrate intermediate 11, which upon reduction and
combination with radical 21, provides citrate 14 after two
sulfite-mediated reductions. Reductive loss of hydroxide ion
through SET-mediated oxidation of sulfite yields carboxy-
methyl radical 20 by which both malate 12 and succinate 13
are obtained.
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Further investigations conducted on this chemistry by
Sutherland and co-workers have shown that the glycolate-
based aforementioned pathway is not affected by the pres-
ence of nitrogen compounds [83]: this expands the set
of prebiotic compounds chemically compatible and non-
interfering with these transformations. Since succinate,
malate, and citrate together with oxalate are key interme-
diates in the Krebs cycle, sulfite-mediated photochemical
CO, reduction could have provided primordial synthetic
mechanisms starting from which extant metabolic cycles
developed. Tartrate 11 eventually may also be a source of
glycolaldehyde. Its possible dehydration to give oxaloac-
etate and oxidation to dihydroxy fumarate, that sponta-
neously loses two molecules of carbon dioxide, could
provide glycolaldehyde [83, 85]. The possible conversion
of tartrate to formaldehyde could represent an interesting
connection between carboxylic acids and carbohydrates
prebiotic chemistry. Furthermore, bisulfite, which is pre-
sent (despite in little amounts) in aqueous solutions of
sulfite, reacts with formaldehyde to give hydroxymeth-
anesulfonate (HMS), which precipitates and forms crys-
tals when is concentrated in aqueous solutions [84]. This

@ Springer

mechanism is thought to have played an important role in
formaldehyde and other small carbohydrates sequestration
and concentration, supporting the primordial carbohydrate
chemistry [76]. Ritson et al. [84] demonstrated that alde-
hyde adducts of bisulfite can lead to the formation of rele-
vant prebiotic heterocycles, and that sulfonates could have
been fundamental for protection of these molecules in the
Hadean eon. In summary, it becomes apparent that sulfite
through the combination of carboxysulfitic and bisulfite
adducts chemistry could have really been a major player
in the carbon dioxide reductive fixation and subsequent
synthesis of carboxylic acid and carbohydrates from a
prebiotic point of view.

8 Conclusions and outlook

Carbon dioxide is the endpoint of combustion of carbon-
containing compounds and an unwanted product causing
the greenhouse effect. However, carbon dioxide is also a
big deal for photoautotrophs to kick off and maintain life
on the Earth. If complex life forms exist on Earth, it is due
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to the solar light harvesting of these organisms. Therefore,
an important and essential step in the origins of life is the
photoreduction of carbon dioxide. This coincides with the
actual efforts in the carbon dioxide reduction processes.
Prebiotic conditions are synonymous to simple compounds
readily available on Earth. Possibly, this is equivalent to
choosing the simplest methodologies found in the litera-
ture for the CO, photoreduction. Hopefully this collection
of works might be of inspiration for both areas. With a
look to the future and parallelly to what happened in biol-
ogy, scientists could achieve an artificial chemical evolu-
tion toward the goal to obtain clues for life’s origin and/or
to obtain more performant photocatalysts.
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