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11 Abstract: Prebiotic organic synthesis reactions catalyzed by Earth-abundant metal sulfides are key
12 processes for understanding the evolution of biochemistry from inorganic molecules, yet the
13 catalytic functions of sulfides have remained poorly explored in the context of the origins of life.
14 Past studies on prebiotic chemistry have mostly focused on a few types of metal sulfide catalysts,
15 such as FeS or NiS, which form limited types of products with inferior activity and selectivity. To
16 explore the potential of metal sulfides on catalyzing prebiotic chemical reactions, here, the chemical
17 diversity (variations in chemical composition and phase structure) of 304 natural metal sulfide
18 minerals in a mineralogy database was surveyed and approaches to rationally predict the catalytic
19 functions of metal sulfides are discussed based on advanced theories and analytical tools of
20 electrocatalysis such as proton-coupled electron transfer, structural comparisons between enzymes
21 and minerals, and in-situ spectroscopy. To this end, we introduce a model of geo-electrochemistry
22 driven prebiotic synthesis for chemical evolution, as it helps us to predict kinetics and selectivity of
23 targeted prebiotic chemistry under “chemically messy conditions”. We expect that combining the
24 data-mining of mineral databases with experimental methods and theories developed in the field of
25 electrocatalysis will facilitate the prediction and verification of catalytic performance under a wide
26 range of pH and Eh conditions, and aid in the rational screening of mineral catalysts involved in the

27 origins of life.
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30

31 1. Introduction

32 The origins of life on Earth and Earth-like planets are generally envisioned as having started from
33 abiotic syntheses of basic building blocks requisite for metabolism and replication [1-5]. Metal
34 sulfides have been proposed as key players in these prebiotic processes in several scenarios, such as
35  the “iron-sulfur world” by Wachtershéuser [6,7], the “iron-sulfur membrane model” by Russell and
36  Hall [5,8,9] and more recently by Lane and Martin [10], and the “geoelectrochemistry driven origin
37  of life” by Nakamura, Yamamoto [11-16], and Barge [17-19]. Metal sulfides are ubiquitous in
38  reducing environments, including sulfidic ores [20,21], deep-sea hydrothermal vent deposits [8,22-
39  24], sulfide-rich euxinic sediment environments (e.g., black sea) [25-27], and in black shale [28-30].
40  In deep-sea hydrothermal vent environments, where massive sulfide deposits are produced, many
41  transition metals are dissolved and concentrated in hydrothermal fluids mainly as chloride
42 complexes [20,21]. The generally low solubility of metal sulfides possibly limited the bio-availability
43 of metal ions in the early ocean and has led to the assumption that the availability of metal ions in
44 the ocean may have constrained metabolic pathways in early life [31-33].
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45 Deep-sea hydrothermal systems associated with the serpentinization of ultramafic rocks are
46 among the most plausible geological settings for life to have originated [8,10,11,13,15,16,34,35]. The
47  temperature, pH, and chemical composition differences between hydrothermal fluid and seawater
48  generate a steep redox gradient across the sulfide-rich vent rocks, thereby serving as the driving force
49  for prebiotic chemistry [5,8,9]. In addition, the generation of a chemical potential gradient across
50  electrically conductive metal sulfide minerals provides a continuous and uni-directional supply of
51  high-energy electrons from the inside of the vent to the outside of the rock wall, as has been proposed
52 based on the electrochemical analysis of hydrothermal vent minerals [15,17,19] and the
53 electrochemical potential mapping of deep-sea hydrothermal fields [11,15,16]. In this environment,
54 the high-energy electrons continuously supplied by the natural geoelectrochemical reactor trigger
55 CO: reduction to form CO and CHas and nitrate and nitrite reduction to form NO, N:20, and NHs, as
56  demonstrated in recent laboratory investigations [12-14,36]. Under the continuous flow of electrical
57 current from a hot, reductive hydrothermal fluid to cold seawater, the ocean-vent interface is ideal
58  for prebiotic chemistry, as a number of key organic molecules, including a-keto acids, amino acids,
59  and oligonucleotides, involved in life’s origins are unstable at high temperatures [5,8]. In addition,
60  the unique nano- and micro-scale structures of metal sulfide minerals in hydrothermal vent
61  environments may have promoted the concentration and organization of the synthesized molecules,
62  preventing them from diffusing into seawater [37,38].

63 The thermo- and electro-catalytic properties of metal sulfides are critical for understanding how
64  the pH, temperature, and Eh disequilibria between hydrothermal fluids and seawater trigger
65  prebiotic organic synthesis. In mineralogy, metal sulfides have been studied mainly with respect to
66  crystallography, thermodynamic and high pressure phase transition, air stability, electric and
67  magnetic properties, trace element incorporation, and mineral conversion [39,40]. Their thermo-
68  catalytic activities towards hydrogenation, hydrodesulfurization and hydrodenitrogenation
69  reactions have also been studied under gas-phase, high temperature conditions in petrochemistry
70 since the 1920s [41,42]. However, the thermal and electrochemical catalysis of metal sulfides remain
71 poorly explored in the context of the origin of life, particularly under simulated hydrothermal vent
72 conditions.

73 To synthesize macromolecules (phospholipids, oligo-nucleotides, and peptides) and their
74 respective building blocks (fatty acids, glycerol, ribose, nucleobases, nucleotides, and amino acids)
75 from simple molecules (COz N2, NO5/NOz, and H>) to form a complex prebiotic chemical network,
76 efficient mineral catalysts must be identified, which requires extensive screening efforts. Although
77  several studies have used sulfides as catalysts for abiotic carbon and nitrogen fixation, and peptide
78  bond formation [12-14,36,43-48], limited types of organic products were typically formed and had
79  activities and selectivity that were generally lower than those found in contemporary biological
80  systems. These problems suggest that new types of earth-abundant mineral catalysts that function
81  efficiently under geologically relevant conditions are needed for prebiotic synthesis.

82 Numerous minerals are identified in natural environments yearly, contributing to a huge library
83  of mineral catalysts, and the number of unknown minerals awaiting discovery is predicted to be even
84  larger [49,50]. As will be presented in this review, natural metal sulfides in mineralogy databases
85  show marked variation in chemical composition, crystal structure and metal/sulfur valence states,
86  and therefore have the potential for a wide variety of catalytic functions. However, prebiotic
87  experiments conducted to date have rarely taken into account these diversities, and have typically
88  only used a limited number of single-metal sulfides, such as FeS and NiS, with a few exceptions
89  [12,13,51], most likely due to the lack of the general principle to predict the catalytic function of
90  natural mineral samples. Notably, in the field of heterogeneous catalysis, earth-abundant transition
91  metal sulfides have attracted keen attention as cost-effective catalysts for energy conversion
92  applications [52]. In particular, the hydrogen evolution reaction, hydrogen oxidation, CO: reduction
93 reaction, nitrate/nitrite reduction, and N2 reduction catalyzed by metals, metal oxides, and metal
94  sulfides have been analyzed catalytically to identify the structural and electronic features of
95  intermediates involved in the targeted reactions and determine the reaction pathways. Moreover, the
96  application of the advanced theory of proton-coupled electron transfer allows prediction of how the
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97  activity and selectivity of prebiotic catalysts are potentially influenced by solution pH and Eh [53-

98  55].

99 In the present review, we highlight the significance of the chemical diversity and complexity of
100  natural metal sulfides for facilitating prebiotic chemical evolution and propose rational approaches
101  for screening mineral catalysts from mineralogy databases. First, prebiotic synthesis experiments
102 conducted to date using sulfides as catalysts will be summarized and the chemical diversity of metal
103 sulfides in the mineralogy database will be surveyed with emphasis on Cu, Co, Fe, Mn, Mo, Ni, V,
104  and W as the metal components, as these elements contain multiple accessible oxidation states and
105  are involved in biological redox reactions with sulfur as pervasive ligands. Transition metal sulfides
106  have been proposed to have evolutionary significance as protoenzyme catalysts of enzyme-mimetic
107 reactions [4,14,56,57]. Further, the structure—function relationship of metal sulfides is discussed based
108  on material and catalysis engineering research findings. In addition, studies on metal sulfides with
109  well-defined crystal phases, chemical composition, and defect structures are reviewed. Finally,
110 theoretical and experimental approaches for probing structure-function relationships and predicting
111 heterogeneous catalytic properties are introduced. By presenting this integrated information, we
112 hope to promote the screening and performance prediction of sulfide catalysts in prebiotic processes
113 that preceded the origin of life.

114 2. Catalysis on metal sulfides relevant to prebiotic chemistry

115 2.1. Thermal Catalysis on Metal Sulfides

116 Experiments on sulfide-promoted prebiotic reactions reported to date can be divided into two
117  categories: non-catalytic (stoichiometric) and catalytic. A representative example of a non-catalytic
118  process is associated with Wiachtershiuser’s proposal of an “iron-sulfur world”, where FeS oxidation
119  from mackinawite to pyrite (FeS + H:S — FeS: + 2H+ + 2e-) provides reducing energy for organic
120 syntheses. Huber and Wichtershduser demonstrated that the reductive amination of a-keto acids to
121  the corresponding a-amino acids (e.g., pyruvate + NHs + 2H* + 2e- — alanine + H20) occurs on
122 freshly precipitated FeS, which was simultaneously oxidized to Fe3+ [48]. Interestingly, the reaction
123 showed a strong metal specificity, as replacing FeS with Ag:S, CoS, Cr2Ss, CuS, MgS, MnS, NiS, or
124 ZnS did not result in amino acid formation. Heinen and Lauwers showed that CO2 was reduced to
125  alkane thiols and CS: in a serum bottle containing FeS, H>S, water, and pure CO- gas or a mixture of
126  N:2and CO: gases [58], with the formation of pyrite and Hz as byproducts.

127 In addition to carbon fixation, ammonia serves as a reduced active nitrogen-bearing molecule
128  that is involved in the synthesis of amino acids, nucleotides, and other important N-containing
129  macromolecules. Therefore, prebiotic ammonia synthesis has been investigated by reducing either
130 nitrate/nitrite anions or di-nitrogen. FeS can reduce nitrate and nitrite to ammonia in an acidic
131 solution (pH 4) with the simultaneous oxidation of FeS to FexOs [44]. The reaction was inhibited
132 effectively in the presence of either Cl, SO« or H2POyx, likely owing to the low binding affinity of
133 nitrate on the catalyst surface. Brandes et al. [59] reported that pyrite and pyrrhotite reduce nitrate
134 and nitrite to ammonia at a high yield (21%~89%) at temperatures between 300 and 700 °C and
135  pressures of 0.1-0.4 GPa. These researchers also observed that Fe/H2O/N2 or Fe;Os/HCOOH/N2
136  systems reduce dinitrogen to ammonia at optimal temperatures of 700 and 500 °C, respectively, and
137  apressure of 0.1 GPa, albeit with a lower yield than that obtained from nitrate/nitrite reduction [59].
138  Based on these results, an oceanic or hydrothermal source for reduced nitrogen on early Earth was
139 proposed. Dorr et al. [60] demonstrated the fixation of N2 to ammonia on freshly precipitated FeS
140  using H:S as a reductant under milder conditions (atmospheric nitrogen pressure and temperatures
141 of 70-80 °C) with a yield of 0.1%. The Fe-S cluster-like surface moieties, which resemble the active
142 center of FeMoS nitrogenase, were proposed to play a key role for activating No.

143 For catalytic conversions of carbon and nitrogen-bearing molecules, Huber and Wachtershauser
144 reported that FeS, NiS, and (Fe,Ni)S provide favorable surface sites for activated thioester (CHs-CO-
145  SCHs) formation from CO and CHsSH [45] and for amino acid polymerization via CO and H2S
146  condensation to COS [47]. The former reaction resembles that found in the reductive acetyl-coenzyme
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147 A pathway, in which Ni and Fe centers are responsible for binding CHsSH and CO, respectively.
148  Cody et al. [61] examined the condensation of alkylthiol (RSH; R = nonyl group) and CO under high
149 temperature (250 °C) and pressure (200 MPa) conditions in the presence of FeS and detected a small
150  amount of pyruvate formation. FeS was inferred to activate pyruvate synthesis by forming a
151 carbonylated iron sulfur complex (Fe2(RS)2(CO)s). Further, Cody et al. [51] assayed several nickel,
152 cobalt, iron, copper, and zinc containing sulfides for hydrocarboxylation under the same high
153  temperature and pressure conditions and found that carboxylic acid was synthesized via carbonyl
154  insertion at metal-sulfide-bound alkyl groups. With the exception of CuS, all of the metal sulfides
155  promoted hydrocarboxylation. Because many transition metal complexes, including tertiary
156  phosphate complexes of Co?, Fe?:, Mo, and Ni?, CHsMn(CO)s [62-64], are capable of mediating
157  carbonyl insertion, similar chemical reactions can potentially proceed on various types of metal
158 sulfides. In presence of FeS, Novikov et al.[65] demonstrated the reduction of ketones to alcohols and
159  aldol condensation with pyruvate, H>, H2S as the starting materials at more moderate temperatures
160  (25-110 °C). These reactions were considered to be important because of their participation in extant
161  metabolic pathways. Notably, addition of NH:Cl induced the reductive amination to generate alanine.

162 2.2. Electrocatalysis on metal sulfides

163 Recently, a model of geo-electrochemistry driven organic synthesis was proposed based on the
164  detection of electrical current flow in natural deep-sea hydrothermal fields [11,16] and demonstration
165  of the relevant organic syntheses in a laboratory setting [12-14,17,19,36]. The temperature, pH, and
166  chemical composition differences between hydrothermal fluid and seawater generate a steep redox
167  gradient across sulfide-rich vent rocks (Figure 1). This unique geoelectrochemical environment
168  results in continuous and unidirectional electron flow from the internal hydrothermal fluid to the
169  external chimney rock wall by coupling the oxidation of Hz or H2S in the hydrothermal fluid with the
170 reduction of species, such as H20O, COz, and nitrate/nitrite, in seawater. The wide range of redox
171  potentials and pHs in this environment control the kinetics and selectivity of target reactions even
172 under chemically messy conditions, circumventing their lack of stereoselectivity seen in modern
173 enzymatic systems [12-14]. As the reaction energetics and kinetics are dependent on multiple
174  parameters (Eh, pH, and T), the distribution of products can be tuned based on the wide variation of
175  possible geochemical environmental parameters, which have the potential to be rationally predicted
176  based on the theory of proton-coupled electron-transfer [53-55]. In addition, if the electrochemical
177  fuel cell model (two-container model for prebiotic reactions; Figure 1) is applied to prebiotic reactions,
178  even strong endothermic reactions can be initiated, as the pH (ApH) and temperature gradients (AT)
179 across the electrically conductive, yet thermally insulative vent wall [66] can be used to generate high-
180  energy electrons at cold, ocean-vent interfaces [11-15,67].

181
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183 Figure 1. Model of geoelectrochemical prebiotic synthesis for chemical evolution. In deep-sea
184 hydrothermal vents, electrons generated from the oxidation of H2 and H2S molecules in the
185 hydrothermal fluids flow towards the seawater-rock interface through the porous, conductive metal
186 sulfide chimney mineral wall. The reduction of molecules, such as COz, NOs, NOz, in the seawater is
187 catalyzed by metal sulfides to generate various types of organic building blocks, which further
188 undergo condensation or polymerization to generate bio-essential molecules and polymers.
189 Based on the electrochemical fuel cell model, Yamaguchi et al. [13] demonstrated the

190  electrocatalytic reduction of CO:2 to CO and CH: on greigite (FesS:) under simulated alkaline
191  hydrothermal vent conditions. As CO:z reduction will not proceed without overcoming the high
192 energetic barrier associated with the first electron uptake step (1.9 V vs. SHE at pH 7) and also
193 competes with the thermodynamically and kinetically more favorable reduction of protons to form
194  Ha the Faraday efficiency for CO production (CO2 + 2H+ +2e- — CO + H20) is low (< 0.02% in total
195  at-1.3 V vs. SHE) at pH 5.5. However, by doping FeS with Ni to form FeNi:S: (violarite), the CO2
196  electroreduction selectivity is enhanced by ~ 85-fold concurrently with a lowered onset potential (-
197 0.5V vs.SHE, pH 5.5). CO: reduction activity is further enhanced by modifying Ni-doped FeS catalyst
198  with amine compounds [13]. Yamaguchi et al. have also found that the onset potential for CO2
199  reduction on Ni-doped FeS catalyst is ~ 180 mV more negative than the redox couple of H+/Hz at pH
200 5.5, suggesting that a naturally occurring proton motive force (PMF), which is equivalent to a 3~4 pH
201  gradient, is sufficient to initiate CO2 reduction to form CO when the hydrothermal fluid pH is higher
202  than 9. Note that violarite resembles the NiFesSs active center of carbon monoxide dehydrogenase,
203 and the amine species further enhance the CO: reduction activity, similar to the peptide amine group
204  surrounding the enzymatic active center (ligand-assisted catalysis). Amine-induced enhancement
205  was associated with the ability of violarite to donate electrons to the anti-bonding = * orbital of CO,
206  which is essential for the efficient electrochemical activation of CO2[67].

207 A study by Kitadai et al. [12] using various single-metal sulfides (Ag:S, CdS, CoS, CuS, FeS, MnS,
208  MoS,, NiS, PbS, WSz, and ZnS) demonstrated that CdS and Ag:S function as excellent CO production
209  catalysts (CO2 + 2H* +2e- — CO + H20). The Faraday efficiency was as high as 40% on CdS at <-1.0
210 V (vs. SHE) at pH 5.5-6. The selective production of CO from CO: by CdS and Ag:S is remarkable,
211  because even though CO is frequently used as a carbon source for organic synthesis through
212 thermocatalysis, CO is considered to have been present in only trace amounts in the Hadean
213 atmosphere [68]. However, CO: fixation into C>~Cs compounds, such as acetate and pyruvate, has


http://dx.doi.org/10.20944/preprints201809.0188.v1
http://dx.doi.org/10.3390/life8040046

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 September 2018 d0i:10.20944/preprints201809.0188.v1

6 of 29

214  rarely been demonstrated by metal sulfide materials under electrochemical conditions. One exception
215  was reported by Roldan et al. [36], who demonstrated CO: reduction on highly faceted greigite
216 nanoparticles into a series of Ci-Cs compounds, including formic acid, acetic acid, methanol, and
217  pyruvic acid. In contrast to the reports by Yamaguchi and Kitadai [12,13], Roldan et al. [36] cycled
218  the electrode potential continuously during electrochemical CO- reduction between 0.2 and -0.8 V vs.
219  SHE (pH 6.5) at a slow rate (1 mV s1), which may have promoted the formation of C-C bonds.

220 In the geo-electricity driven prebiotic catalysis model, trace metal elements, such as Mo and W,
221  could have played a significant role in prebiotic chemistry, as the continuous supply of electrons to
222 themetal sites maintain the catalytic cycle. For example, Li et al. [14] demonstrated that molybdenum
223 sulfide (Mo0S:) and Mo-doped greigite serve as electrocatalysts for reducing nitrate and nitrite into
224  ammonia, It was found that in the presence of anions, such as phosphate, sulfate, iron sulfide impairs
225 nitrate reduction, similar to the inhibition observed on FeS by Summers et al. [44]. In contrast,
226  molybdenum sulfide can catalyze both nitrate and nitrite reduction over a wide pH range (pH 3~11)
227  in the presence of phosphate and sulfate anions. In a neutral medium using molybdenum sulfide as
228  the catalyst, ammonia was generated through nitrate reduction at an onset potential of 0 V vs. RHE
229  (reversible hydrogen electrode). At more positive potential regions (0.6~0 V vs. RHE), not only
230  ammonia, but also strong oxidants such as nitric oxide (NO) and nitrous oxide (N20) are generated
231  from nitrite and show a potential-dependent distribution. This result suggests that the proton motive
232 force is not required for ammonia synthesis. Notably, greigite doped with 5 atom % Mo efficiently
233 activates nitrite reduction, suggesting that even at trace amounts, Mo can function as a catalytic site.
234 As a short summary, previous prebiotic chemical syntheses conducted using metal sulfides as
235  the catalysts showed that in addition to iron sulfide, other transition metal sulfides can potentially
236  function as C and N fixation catalysts with even higher activity than iron sulfides. The catalytic
237  performance of CO: reduction varies largely depending on the doping elements, crystal size, and
238 surface structure of greigite, as well as the pH and Eh conditions [12,13,36]. Therefore, due to the
239 chemical diversity of metal sulfides, in addition to the influence of pH and Eh on catalytic activity,
240  suitable catalysts with optimized activity can be potentially identified by screening reaction
241  conditions and mineralogy databases. Effective stoichiometric C and N fixation reactions require an
242 abundant source of electrons, a condition that suggests that Fe2*-containing species were the main
243 reductants in the early ocean. Nevertheless, if geoelectrical currents serve to supply energy as a
244  trigger of prebiotic catalysis, even trace amounts of metal elements can continuously catalyze the
245  reaction [14].

246 The above rationale and experimental evidence suggests that prebiotic metal sulfide catalysts
247  should be screened not only based on the abundance of the metal, but also the electrocatalytic activity.
248  In comparison to iron sulfides, the electrochemical and electrocatalytic properties of transition metal
249  sulfides and their mixtures remain poorly understood, with a limited number of studies conducted
250  todate[12,13,51]. Proposed reaction mechanisms of these compounds are based on their resemblance
251  with similar enzymatic processes, such as those mediated by carbon monoxide dehydrogenase [13],
252 acetyl-CoA synthase [51,61], and nitrogenase [60], although no sufficient spectroscopic evidence
253 and/or valence state information has been provided. The underlying reaction mechanisms should
254  therefore be investigated in more detail for guiding catalyst screening based on functional, rather
255  than structural, relevance to well-characterized enzymes.

256 3. Chemical diversity of metal sulfides in mineralogy libraries

257 As the coordination and electronic structure of mineral surfaces largely determines catalytic
258  activity, here we evaluate the chemical diversity of naturally occurring metal sulfide minerals to aid
259  in the screening and identification of suitable prebiotic sulfide catalysts. A special emphasis was
260 placed on the sulfides containing Co, Cu, Fe, Mn, Mo, Ni, V and/or W, as they are well-known redox-
261  active elements and present in the active centers of enzymes catalyzing carbon and nitrogen
262 conversions, such as those mediated by carbon monoxide dehydrogenase (Fe, Ni, Cu and Mo), a
263 cobalt cobalamin cofactor for methyl transfer in acetyl-CoA synthase (Co), nitrogenase (Mo, V and
264  Fe), nitrate reductase (Mo), nitrite reductase (Fe, Cu, and Mo), formate dehydrogenase (Mo and W),
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265 aldehyde oxidoreductase (Mo and W), and nitrous oxide reductase (Cu). In these enzymatic processes,
266  these transition metals switch oxidation states for charge accumulation, coordinate to a variety of
267  substrates and intermediates, and also catalyze enzymatic redox reactions involving simple inorganic
268 molecules, such as Hz, AsOz, S+, as substrates, which function as coupling reactions for energy
269  conversion and conservation. Sulfur is a pervasive ligand in the first coordination sphere of the
270  enzymatic cofactors, although cobalt cobalamin is an exception, as tetrapyrrole serves as the ligand.
271  The ubiquitous role of metals and sulfur in metabolic processes has led to the hypothesis that metal
272 sulfides worked as “proto-enzymes” for prebiotic organic syntheses, and sustained the continuous
273  chemical evolution toward functioning in complex biochemical systems [4,14,56,57].

274 Among the 5,327 mineral species discovered to date (as officially listed by the International
275 Mineralogical Association (IMA); http://rruff.info/ima/, as of May 18th, 2018), 304 metal sulfides
276 contain Co, Cu, Fe, Mn, Mo, Ni, V and/or W with 135,434 species-locality pairs. We evaluated the
277  diversity and distribution of these metal sulfides based on the following criteria:

278

279 1) Locality frequency. This parameter reflects the availability of minerals in natural environments.
280  Although detection limits and metal-specific biases reflecting the metal’s economic value may exist,
281  an estimate of the probability of natural occurrence is useful for evaluating the feasibility of mineral-
282  promoted prebiotic reactions.

283 2) Multiple metal composition. Naturally observed metal sulfides are commonly coupled to more
284  than one transition metal and occasionally exhibit ternary compositions. Because cation substitutions
285  and the presence of dual metal surface sites influence catalytic activities of minerals, as described in
286  Sections 2.2, 4 and 5, metal-specific behaviors and tendency to form multiple compositions are
287  important factors for screening potential mineral catalysts.

288  3) Crystal structure and valence state of dominating elements. These two properties, particularly the
289 valence state, control the electronic characteristics of the mineral. Valence state information is
290  available for 89% of the localities of metal sulfides in the database (http://rruff.info/ima/).

291 3. 1. Distribution of transition metal sulfides

292 The locality count indicates the frequency that a certain mineral will be found within a wide
293  range of geological localities. Although this parameter partially reflects the natural occurrence
294  probability within the ability of human detection, it is useful for evaluating the relative importance
295  of the minerals as geochemical catalysts. Among the 304 metal sulfides considered, Fe-containing
296  sulfides dominate the library (Figure 2). Pyrite (Fe>*S-) is the most frequently found species, followed
297 by chalcopyrite (CuFe**S>2), pyrrhotite (Fe?sFe3»S2s), arsenopyrite (Fe?*(AsS)?), molybdenite
298  (Mo%S>2), chalcocite (Cu*2S*), marcasite (Fe*S—), bornite (Cu*sFe3S*4), and tetrahedrite
299  (Cut10Cu2+Sb34S>13). The locality counts of these minerals exceed 5,000 and together, these minerals
300  comprise ~80% of the sulfide minerals discovered to date. According to deep-time analysis, the nine
301  most frequently observed minerals may have been present since the middle Archean eon (~ 3,500 Ma)
302  or perhaps even earlier, although directly dated sulfides are rare.

303 Among transition metal sulfide species in the library, ~ 39% (119 species) contain iron, and are
304  found in ~ 74% of localities (Figure S1), suggesting that iron was a pervasively occurring element
305 during sulfide mineral formation. Co, Mn, Mo, W and V are mostly seen in Fe-free sulfides (>93%
306  relative to the respective sulfides’ locality counts), whereas Cu and Ni show a high tendency to
307  coexist with Fe. Cu-Fe- and Ni-Fe-containing sulfides are seen in 59% and 45% of localities of Cu- and
308  Ni-sulfides, respectively, and exhibit structural variations accounting for 32% and 42% of the total
309  number of Cu- and Ni-sulfide species, respectively. Nevertheless, Fe-free Cu and Ni single-sulfides
310  exhibit high locality counts (24,085 and 2,848, respectively), among which chalcocite (Cu~S?) and
311  millerite (Ni2*S*) are particularly prevalent (5,520 and 1,007 localities, respectively). Thus, although
312 Cu and Ni tend to easily incorporate into Fe-bearing sulfides, their Fe-free sulfide forms are also
313 ubiquitous. Please refer to Figures S1-S8 for more information regarding the spatial distribution and
314  compositional diversity of metal sulfides.
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316 Figure 2. Metal sulfide distribution in natural environments. The 20 most frequently observed species
317 are ranked in order of locality counts. The chemical composition of each species is shown.
318  3.2. Single-metal sulfides
319 Single-metal sulfide minerals have been mainly investigated as key prebiotic catalysts

320  [12,14,36,44-48). By studying this family of minerals, their intrinsic metal-specific properties can be
321  derived and compared, as was shown by Kitadai et al. [12] through the intensive screening of
322 catalysts for CO: fixation. Single-metal sulfides of Fe, Cu, and Ni show marked variations in crystal
323 structure, chemical composition and metal/sulfur valence states. Among 45 Fe single-metal sulfides
324  (Figure 3), two pairs of polymorphs are present with the chemical compositions of FeS: (pyrite and
325  marcasite) and FeS (troilite and keilite). Pyrite and marcasite have indirect band gaps of 0.7 and 0.4
326 eV, respectively [69]. Orthorhombic marcasite exhibits an anisotropic property that results in a
327  unique sulfur surface site (sulfur trimers) on a specific surface orientation [70]. In contrast to pyrite
328  on which $* is firstly oxidized, the sulfur trimer species on marcasite are most easily oxidized.

329 Fe single-metal sulfides in 91% of localities have valence state information. Sulfides having Fe?
330  alone dominate the mineral family (84.86%), followed by those containing both Fe2- and Fe3+ (15.12%),
331  and by three sulfides that only contain Fe3 (0.02%). Sulfides composed of a mixture of Fe?- and Fe®,
332 such as pyrrhotite (FesFe32Ss) and greigite (Fe2'Fe3S2), typically exhibit magnetic properties [71-
333 73]

334 Cu-, Co-, and Ni-single sulfides also display diverse chemical and physical properties (Figures
335  S9-11). As many as 119 species were identified in Cu single-metal sulfides, of which 27 species have
336  valence state information (73% relative to the locality counts of Cu single-metal sulfides). In addition,
337 18 species contain only Cu* (59%), four (tetrahedrite, tennantite, famatinite, and kuramite) are formed
338  from Cur and Cu? (40%), and the remaining 5 species possess only Cu?* (<0.6%). The percentages in
339  parentheses represent the respective mineral distributions relative to the locality counts of Cu single-
340  metal sulfides with valence state information.

341 Co single-metal sulfides form 10 different structures, including five Co3*-sulfides with two
342 sulfosalt polymorphs, Co*(AsS)* (cobaltite and alloclasite) and Co3+(SbS)>- (willyamite, costibite, and
343 paracostibite). Linnaeite (Co?*Co32Ss) is the only species having a mixed valence state. The
344  environmental distributions of Co3*-, Co* plus Co?*-, and Co?*-sulfides are 78.93%, 18.47%, and 2.59%,
345  respectively, relative to the total locality counts of Co single-metal sulfides.

346 For Ni single-metal sulfides, the valence state of Ni is always +2, with the exception of
347  polydymite, which has both Ni2- and Ni3* (Ni2*Ni3252).
348 In Mn, Mo, and W single-metal sulfides, the valence states of metals are conserved, with only

349  Mn?, Mo*, and W# being observed.
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350 For V single-metal sulfides, three species are known (patronite (VSs), colimaite (KsVSs), and
351 yushkinite (Mg, Al)(OH):2VSz)), in which the valence state of vanadium is +4 or +5. The occurrence of
352  these species in natural environments is rare, and V-bearing sulfides are typically found as Cu-V
353  binary forms (95% in terms of locality).
354 Generally, metals with low valence states predominate the library of metal sulfides, with the
355  exception of Co, allowing these minerals to act as an electron source or a catalytic center for charge
356  accumulation during redox conversion. In addition, sulfur with a -1 valence state, which typically
357  exists as a disulfur ($2)* ligand, can act as an electron-accepting site, and thus has the potential to be
358  involved in redox catalysis. The participation of not only metal sites, but also sulfur ligands, during
359  redox catalysis has been extensively reported and will be discussed in Section 4.3.
360
361 (2) (®)
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374 Figure 3. (a) Distribution and chemical diversity (chemical composition, Fe/S valence states, and
375 crystal symmetry) of Fe single-metal sulfides. (b) Relative abundances and locality distribution of
376 Fe?*-, Fe¥*-, and Fe? plus Fe**-sulfides. Note that the valence state of arsenopyrite (Fe**(AsS)*-) in the
377 RRUFF mineral database is examined as (Fe**(AsS)*) in this review based on electric spectroscopic
378 observations [74,75].
379 3. 3. Binary- and ternary-metal sulfides
380 As described in Section 2.2, the doping of a secondary metal in iron sulfide can enhance the
381  activity and selectivity of CO: reduction [13]. Sulfides with binary metal composition can thus
382  potentially serve as superior catalysts to their single-metal counterparts. In addition, as binary metal
383  sites are present in several extant enzymatic systems, such as Ni-S-Fe hydrogenase, Ni-S-Fe carbon
384  monoxide dehydrogenase (CODH), Mo-S-Cu CODH, Fe-S-Mo nitrogenase, and Fe-S-V nitrogenase,
385 it has been suggested that binary metal centers can synergistically function as Lewis acid and base
386  sites for facilitating catalysis. For example, Fe and Nibind COz in a bidentate mode via O and C atoms,
387  respectively [76].
388 Cu-bearing binary sulfides exhibit 193 structures among 58,932 localities and include 52 species
389  of Cu-Fe binary sulfides (59% in terms of locality) (Table S1). Calcopyrite (Cul*Fe3*S>2) and bornite
390  (Cul*sFe*S24) are the most prevalent forms in this category. Sulfides with Fe and Cu as substitutional
391 cations are also known, but are rare in terms of distribution (<1% of localities).
392 Ni-bearing binary sulfides with 38 structures have been identified among 5,185 localities. Of
393  these species, 10 are Ni-Fe binary sulfides (45% in terms of locality) (Table S1), of which 7 contain Ni
394  and Fe as substitutional cations with an Ni/Fe ratio of 0-35 atomic % being reported [77]. These seven
395  sulfides cover 75% of localities of Ni-Fe binary sulfides with pentlandite (Ni,Fe)sSs being the most
396  prevalent form. The remaining 28 species possess Fe and Ni with fixed stoichiometries (e.g., violarite
397  (FeNi:Ss)), in which Fe and Ni occupy independent crystal lattice sites. The capability of Ni-Fe binary
398  sulfides to have both fixed and varied Ni/Fe ratios in their structures is a unique characteristic
399  different from that of Cu-Fe binary sulfides, in which Cu and Fe tend to form specific structures with

400

fixed stoichiometries.
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401 A number of ternary metal sulfides with combinations of Fe—~Cu-Ni (seven species), Fe-Cu-Mo
402  (two species; Tarkianite ((Cu,Fe)(Re,M0)iSs) and Maikainite (CuroFe2:sMo#Ge#3S216)), and Fe-Cu-W
403 (one species; Ovamboite, CutoFe2sW+Ge*35216) have been characterized (Table S2). The occurrence
404  of ternary systems is uncommon (77 localities or 0.05% of the total locality counts of metal sulfides)
405  and it is notable that binary Fe-Mo and Fe-W sulfides are not found in nature, indicating that Cu is
406  important for the incorporation of Mo and W into FeS structures.

407 3. 4. X-ray amorphous metal sulfides

408 As a clear XRD pattern is required to identify crystal structures, X-ray amorphous species are
409  rarely included in mineralogy databases (Table S3 lists the eight amorphous species recorded in the
410  RRUFF database). Jordisite (Mo0S2), the second most prevalent Mo single-metal sulfide, is the only
411  amorphous metal sulfide recorded. Using high-resolution transmittance electron microscopy (TEM),
412 jordisite exhibits low crystallinity, but still shows a layered structure with interlayer spacing of = 6 A
413  resembling that in hexagonal molybdenite (M0S2) [30]. Mo sulfide is also seen in anaerobic sulfidic
414 sediments and basins [26,28,78-80], and its speciation is controlled by the Oz and HS- concentrations
415 in these environments [26,27]. Mo sulfide associated with Cretaceous deep sea sediments and with
416  other black shales is characterized by the molecular structure of the Mo center coordinated with
417  sulfur and oxygen, as resolved by extended X-ray absorption fine structure spectroscopy [28].

418 Despite of the low number of amorphous species in the database, metal sulfide species with low
419  crystallinity are not rare. Aqueous clusters of FeS, ZnS and CuS constitute a major fraction of the
420 dissolved metal load in anoxic oceanic, sedimentary, freshwater and deep ocean vent environments,
421  and may be possible building blocks during mineral formation [81]. Luther et al. [81] reported that
422 Fe-S, Zn-S, Ag-S clusters with sizes < 3 nm form in the presence of low concentrations (UM order) of
423  metallic ions and sulfides and show remarkable kinetic stability. For example, the half-life of as-
424  formed Ag-S clusters with respect to O» oxidation is 360 days. In addition, these nanoclusters show a
425  wider band gap in comparison to their bulk counterparts owing to the quantum confinement effect.
426  Cu-Sclusters also show wide variation in metal/sulfur stoichiometry (neutral CusSs and anionic CusSs
427  clusters). Nanoclusters with varied metal/sulfur stoichiometry are either neutral or negatively
428  charged and are soluble in aqueous solutions. With the advance of atomic resolution structural
429  characterization techniques, such as X-ray absorption spectroscopy and transmittance electron
430  microscopy, low-crystallinity metal sulfide species are expected to be more frequently discovered in
431  geochemical environments. As such amorphous materials adopt a metastable state and have
432  numerous “dangling bonds”, the unique band structure and surface properties of X-ray amorphous
433 metal sulfides are expected to have unique catalytic properties in comparison to that of their bulk
434  counterparts.

435 4. Impact of metal sulfide chemical diversity on catalysis

436 The previous section summarized the marked chemical diversities of natural transition metal
437  sulfides, as exhibited by the large variations in chemical composition, crystal structure and valence
438  states of the component metal and sulfur species. The chemical diversity of metal sulfide minerals
439  partially reflects the “messy” feature of geological environments. In the context of prebiotic chemistry,
440  such diversity among the available catalysts could have generated messy chemistry with an
441  enormous number of possible reactions, leading to the formation of complex prebiotic organic
442  synthesis networks and, ultimately, autocatalytic reaction networks [82,83]. This raises the question
443 of what types of sulfides, or their combinations, could have been involved in prebiotic processes
444  toward the origin of life?

445 To extract valuable information from mineral databases for the screening of prebiotic catalysts,
446  a critical guiding principle is that of “structure-function relationship”, including the key reaction
447  intermediate(s) and physicochemical factor(s) dictating catalytic activity. As was introduced in
448  Sections 1 and 2.2, electrocatalytic processes can occur in hydrothermal vent environments for
449  driving prebiotic synthesis. More importantly, the experimental methods and theories developed in
450  the electrocatalysis field can be generally applied for all redox and a portion of non-redox catalytic
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451  processes. For instance, redox processes occurring in enzymes have been extensively studied using
452  electrochemical methods [84-86], thereby allowing detailed elucidation of the electron and proton
453  transfer mechanisms. To provide a better understanding of structure-function relationships toward
454  rational catalyst screening, here, we review the electrocatalytic properties of sulfides with well-
455  defined structures that have been extensively studied in engineering fields.

456  4.1. CO: reduction

457 CO:z electroreduction has been examined on various types of catalysts, including metals, alloys,
458  metal-organic complexes, homogeneous molecular catalysts, and metal sulfides, in both aqueous
459  solutions and organic solvents [87-90]. The products of these reactions are typically simple C1
460 compounds, such as CO and formate, in water or C2 compounds, such as oxalate, in aprotic solvents
461  [87,88], although Cu was reported to efficiently catalyze CO: reduction to hydrocarbons, including
462  methane and ethylene, in water [91,92].

463 Metal sulfides generally exhibit lower catalytic activity for CO: reduction than their metal
464  counterparts [12,13,92], but the presence of favorable active sites on metal sulfides is computationally
465  predicted to facilitate the reduction reaction by stabilizing the key reaction intermediates [93]. The
466  edge sites of MoS:and Ni-doped MoS: preferentially bind COOH* and CHO* to the bridging S atoms
467  and CO* to the metal sites. The binding of intermediates on different sites is expected to decrease the
468  overpotential originating from the intrinsic thermodynamic adsorption energy scaling relations
469  between different intermediates [94,95]. In fact, selective CO2 electroreduction to CO has been
470  reported on MoS: in water containing 4 mol% of an ionic liquid (1-ethyl-3-methylimidazolium
471  tetrafulorobrate; EMIM-BFs) [96]. CO production occurred at an onset potential as low as 0.054 V (vs.
472  RHE) and the Faraday efficiency increased from <10% to close to 100% by increasing the overpotential
473 from 0.2 to 0.76 V. Notably, no appreciable amount of CO was observed in the absence of ionic liquid.
474  Density functional theory (DFT) calculations suggested that the d-orbital electrons of Mo dominating
475  near the Fermi energy level are freely transferred to reactants adsorbed on edge Mo sites. EMIM ions
476  were inferred to stabilize CO:z via hydrogen bonding to form an [EMIM-CO:]+ complex and inhibit
477  the conversion of CO: to HCOs and COs2. The complexation also lowered the energy barrier for
478  electron transfer from Mo$: to the physisorbed CO2 on MoS..

479 With the exception of artificial catalytic systems, the mechanistic implications of CO: reduction
480  canbe obtained from analyzing the catalytic process in biological enzymatic systems. The reversible
481  transformation of CO2to CO is catalyzed by a highly asymmetric [NiFesS4] cluster in anaerobic carbon
482  monoxide dehydrogenase (CODH), which operates at potentials close to the thermodynamic
483  potential of the CO»/CO couple (-0.52 V vs. SHE, pH 7) and contains bifunctional metal sites. In Ni-
484  Fe-containing CODH, high-resolution crystallographic structure determination [76] revealed that
485  CO: undergoes two-electron reduction after binding to Ni and Fe sites with a p2, 112 mode, and the
486  intermediate with bent-bound CO»?* is stabilized by substantial = backbonding. The bifunctionality
487  of Niand Fe to serve as nucleophilic and electrophilic sites, respectively, plays a key role in activating
488  CO: and promoting electron transfer from the metal to COz. A short length of Ni-C bonds suggests
489  that the Ni center has high nucleophilicity, which likely originates from the integration of Ni into the
490  Fe/S scaffold. Based on these enzymatic properties and mechanisms, sulfide minerals bearing Ni and
491  Fe, which have an Ni site of square planar symmetry and a single unsaturated site, could potentially
492  actas CO: reduction catalysts.

493 4.2. Ammonia synthesis from nitrate/nitrite or nitrogen reduction

494 Electrochemical ammonia synthesis by nitrate/nitrite reduction was recently studied on
495  synthesized molybdenum and iron sulfides [14,97]. Nitrate and nitrite reduction reactions catalyzed
496 by molybdenum sulfide have evolutionary relevance with respect to enzymatic catalysis, because all
497  nitrate reductase enzymes and one family of nitrite reductases rely on molybdenum-pterin (Mo-S2)
498  active centers, in which Mo is coordinated by sulfur atoms of a pterin group [98]. He et al. [97] found
499  that product selectivity of nitrite reduction on molybdenum sulfide is pH dependent with respect to
500  the formation of NO, N2O and NHs. To elucidate the molecular mechanism underlying this
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501  selectivity, operando EPR and Raman spectroscopies performed during nitrite reduction revealed
502  that an oxo-ligated Mo(V) species serves as the key intermediates during the selectivity-controlling
503  step [97]. Oxo-ligated Mo(V) species transition from an isotropic to distorted geometry in response
504  topH change, suggesting that these species decouple electron transfer (ET) from proton transfer (PT).
505  This unique property results in a volcano-type pH-dependent selectivity of N2O formation, and the
506  optimal pH for this reaction is close to the pKa of MoV-oxo species, at which a kinetic balance is
507  anticipated to exist between ET and PT.

508 Nitrogen reduction is another candidate pathway to generate ammonia (N2 + 6e- + 8H* —
509  2NHvw), and several electrocatalytic systems using Fe20s/CNT [99], Fe/CNT [100], and Ru/C [101],
510  among others, as catalysts have been reported to function in aqueous solution at room temperature
511  and ambient pressure. Typically, low Faradaic efficiency (< 1%) was exhibited and Hz was generated
512 asthe main byproduct. The reaction rate was enhanced by increasing the temperature or optimizing
513 the potential. Higher Faradaic efficiencies (4.02%~10.1%) were recently reported by engineering the
514 catalysts [102,103]. For example, through amorphourization of an Au nanocatalyst, structural
515  distortion was observed, which was proposed to increase the concentration of active sites in the
516  catalyst with higher binding affinities towards Nz. To our knowledge, no metal sulfide has been
517  reported to perform electrocatalytic N2 reduction. As FeMoS cofactor of nitrogenase catalyzes N2
518  reduction under ambient temperature and pressure, several Mo containing molecular [104,105] and
519  heterogeneous (MoS:, MoOs, MoN) [106-108] catalysts have been synthesized for N2 reduction. For
520  example, Yandulov et al. [104] reported that a Mo triamidoamine complex catalyzes N2 reduction
521  using decamethyl chromocene and pyridinium salts as electron and proton sources, respectively, at
522 ambient temperature and 1 bar Nz2in an aprotic organic medium. Based on the chemical properties of
523 the isolated intermediates, the reaction is proposed to proceed via a distal associative mechanism,
524  wherein the catalytic intermediates are sequentially protonated and reduced. A single molybdenum
525 center is proposed to function as the active site and cycle from Mo(Ill) to Mo(VI) states. Note that the
526  displacement of ammonia by dinitrogen is the rate determining step on this molecule catalyst, which
527 differs from heterogeneous Au [102] and MoS: [107] catalysts, where the reductive protonation of
528  bound N:* is considered to be the rate limiting step based on DFT calculations to weaken the N=N
529  triple bond.

530  4.3. Hydrogen evolution and oxidation reactions

531 The H: evolution reaction (HER; 2H* +2e- — H2 or 2H0O +2e- — H2+ 20H-) has been the most
532  intensively studied electrochemical reaction catalyzed by metal sulfides. As mentioned above, H>
533 evolution tends to compete with the reduction of N2, CO2 and NOs- in regions of large overpotential.
534  For this reason, understanding the HER mechanism is expected to aid in the rational design and
535  selection of catalysts and conditions that are selective for N2, CO2 and NOs reduction through
536 suppression of HER. HER has been examined on various sulfides, including Fe [109], Co [110], Mo
537 [111-116], and W [117,118] single-metal sulfides, Ni/Fe [119] and Co/Fe [120] binary-metal sulfides,
538  Co-based binary-metal sulfides (with Cu, Ni, Zn) [121], and pyrite-type minerals [122]. Mo sulfide
539  possesses a laminated lattice structure that is highly amenable to electric and structural modifications,
540  and its catalytic property has therefore been investigated in different crystal phases, including
541 hexagonal MoS: (2H-MoS5:), chemically exfoliated metallic MoSz (1T MoSz), amorphous MoSx, Mo-S
542  clusters (Mo3Ss-), and Mo-Cu binary-metal sulfide (Cu2Mo0Ss) [111-116]), and with various degrees of
543 non-stoichiometric defects [113,115], doping [123,124], and hybridization [125-127]. From the results
544 of spectroscopic analyses, including in situ and ex situ X-ray absorption [128], XPS [129], EPR [130]
545  and Raman spectroscopy [111,130], hexagonal MoSz nanoparticles appear to have catalytic activities
546  on edge sites, rather than on basal planes [112,113,130-133]. This possibility has been supported by
547 several experimental studies that have used [Mo-Sz]-bearing compounds, such as [MosSis]> and
548  [(PYsMe?)MoS?], which mimic edge sites [116,133-135].

549 Experimental evidence also suggests that terminal di-sulfur (S-S)« species are critical for the HER
550  on amorphous MoSx [111,128,129]. (S-S)« species provide thermodynamically favorable adsorption
551  sites for hydrogen (A:Ge ~0) by forming unsaturated S sites through the reductive cleavage of the S-
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552 Sbond [129,132]. The formation of a molybdenum hydride moiety (Mo-H) also triggers the HER on
553  amorphous MoSx [130] and on MosSs~ [136]. Recently, operando Raman spectroscopy revealed a
554  dynamic structural change of a Mo tri-nuclear cluster characterized by Mo-Mo bond weakening and
555  the concurrent emergence of a terminal S-S ligand, indicating that both multinuclear Mo-Mo bonds
556  and terminal S-S ligands play synergistic roles in the HER [137]. A similar mechanism involving
557  exposed disulfur ligands as active sites was proposed to explain the efficient HER that proceeds on
558  amorphous CoSx[110]. Inboth WS: and Mo$;, the 2H phase material converts into a metallic 1T phase
559  when chemically exfoliated to monolayer thickness. The metallic 1T phase exhibits superior HER
560 activity because of favorable electron transfer rate as well as the thermoneutral adsorption of H [117].
561 Based on these mechanistic studies, sulfides with 52 moieties, such as pyrite (FeSz), marcasite (FeSz),
562  covellite (CuCu22(S2)2S2), vaesite (NiS2), and cattierite (CoSz), are promising catalysts for Hz
563  evolution owing to the redox activity and suitable adsorption energy of the of S-S species towards
564  Haas.

565 The reverse reaction of the HER, namely the hydrogen oxidation reaction (HOR), is an important
566  half reaction that is predicted to occur at the inner chimney wall-hydrothermal fluid interface of such
567  geoelectrochemical reactors (Figure 1). The HOR supplies most of the reducing electrons for driving
568  reduction reactions at the seawater-mineral interface and is catalyzed efficiently by Pt-group metals,
569 such as Pt, Pd, Ir [138,139] in acidic medium. Moderate HOR catalytic activities have also been shown
570  using Ni-based catalysts, such as Ni [140,141], Ni binary alloys (NiMo, NiTi) [142], and ternary
571  metallic CoNiMo catalyst [143] in alkaline medium, and by Ni complex molecules [144] in organic
572  medium. Based on DFT calculations, the H adsorption energy on the surface dictates the HOR activity.
573 Pt shows thermoneutral adsorption, whereas Ni displays relatively higher adsorption energy
574  (stronger binding). By alloying Ni with other metals, the H binding energy was tuned based on
575 changes to the d-orbitals of Ni, which facilitates the HOR [142,143]. To date, no metal sulfide has been
576  reported to catalyze the HOR, although numerous types of metal sulfides efficiently catalyze the HER,
577  as mentioned above. This contrasts greatly with Fe-S-Ni hydrogenase, which reversibly and
578  efficiently catalyzes both the HER and HOR [86], and is also predicted to thermoneutrally adsorb H
579  based on DFT calculations [132]. Based on Koper’s prediction [54], the presence of only one
580  intermediate (generated through an electrochemical step) in a 2e-/2H* reaction will allow the catalyst
581  toeffectively perform both the forward and backward reactions, given that thermoneutral adsorption
582  of the intermediate occurs on the catalyst surface. One possible explanation for the inertness of metal
583  sulfide towards the HOR is that another non-electrochemical step, such as the surface binding of H,
584  non-redox dissociation of H-H bond, or deactivation of the catalyst surface, is rate limiting. Because
585  of the importance of the hydrogen oxidation reaction in geoelectrochemical organic synthesis, HOR
586  catalyzed by metal sulfides warrants further investigation.

587 The electrocatalytic studies reviewed above demonstrate that metal sulfides have the potential
588  to function as versatile catalysts for redox reactions that are relevant to prebiotic synthesis. Several
589  key factors of metal sulfide catalysts can be summarized here. First, in-situ spectroscopic analyses
590  have provided insights into the reaction mechanisms of these catalysts and suggest that not only
591 single metal sites, but also heterogeneous surface moieties, such as those with metal-metal, metal-
592  sulfur, metal-hydride, and sulfur-sulfur bonds, play important and occasionally synergistic roles in
593  promoting specific reactions. This is a remarkable feature of metal sulfide catalysts that differs from
594  that observed in metal complex-mediated reaction systems, in which the redox chemistry is mainly
595  dominated by the valence change on single metal centers. Moreover, a surface dominated by metal
596  sites is likely preferable for CO: and nitrate electroreduction on metal sulfides, as (di-)sulfur-
597  dominated surface sites will be active for Hz evolution. Furthermore, the doping of a secondary metal
598  was theoretically predicted to tune the binding energies of the reaction intermediates, such as CHO,
599  COOH?* and H*, thereby enhancing the CO: reduction selectivity by suppressing competing H>
600  evolution [93]. Therefore, the binary and ternary metal sulfides in the mineralogy database, which
601  includes 193 Cu-bearing binary sulfides species, 38 Ni-bearing sulfide species, and 10 types of ternary
602  metal sulfides, are anticipated to show unique activities in comparison with their single metal sulfide
603  counterparts. The microscopic mechanism of decoupled electron and proton transfer represents a
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604  new mechanistic aspect to mutli-electron, multi-proton reactions [53-55] and provides a rational
605  approach to tuning catalytic reactivity and selectivity over wide pH and Eh ranges.
606 5. Rational screening of metal sulfide catalysts
607 The examples shown in Section 4 highlight the physicochemical factors influencing the catalytic
608  activity of specific types of metal sulfide catalysts. To establish a complex chemical network
609  composed of macromolecules and their building blocks, significant efforts are required to screen and
610  identify efficient mineral catalysts for activating simple molecules (COz, N2, NOs/NOz, H, etc.).
611  Although a few prebiotic catalysis studies have attempted to screen metal sulfide catalysts [12,13,51],
612  approaches for rational screening have not yet been described. In this section, we briefly review a
613  theoretical approach for predicting the catalytic activity of electrocatalysts.
614 Electrocatalysis occurs via the adsorption of substrates on active surface site(s), followed by the
615  sequential conversion of the substrates into bound intermediates, and finally, the desorption of
616  products from the catalytic surface. Efficient catalysts are expected to have adsorption energy
617  towards the reactants and bound intermediates that are neither too high nor too low, because too
618  weak binding will not drive effective conversion, whereas too strong binding will lead to the
619  poisoning of active sites (so-called Sabatier principle). Based on this principle, DFT calculations on
620  heterogeneous surfaces developed by Nerskov [94,123,145] highlight the importance of “adsorption
621  energy” as a general descriptor of catalytic activity. This method has been used as a theoretical basis
622  for identifying and designing superior catalysts, and rationalizing structure-function relationships
623  that are experimentally observed [145].
624 DFT has been applied to rationalize the experimentally observed tendency of CO:
625  electroreduction reactivity on various metal catalysts. Figure 4a-c illustrates typical reaction
626  pathways towards various products, particularly CHs, CO, HCOO-, CHs0OH, and CHsCH:OH, as was
627  summarized by Kortlever et al. [89]. Peterson and Nerskov [94] calculated the COz-to-CHs reduction
628  pathway on a series of fcc transition metal (211) surfaces and showed that is Cu located at the top of
629  the activity plot and is hence the best catalyst (Figure 4d). On Cu (211), the energetic barrier between
630  CO—~COOH* conversion and that of the CO*—~CHO* step was well balanced. The CO*—~CHO*
631  process is typically the potential-determining step and leads to a high overpotential (on the order of
632 1 V). The CO: reduction pathways towards the products CO, C:Hs, and CHsCH-OH were also
633 calculated on Cu (100) and Cu (211) [146,147]. Generally, negatively charged intermediates, such as
634  the adsorbed COze- anion intermediate and adsorbed (CO)>- anionic dimer, are critical for C1 and C2
635  compound formation.
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637 Figure 4. (a-c) Possible reaction pathways for the electrocatalytic reduction of CO: to products on
638 transition metals and molecular catalysts (adapted from ref. [89]): (a) reaction pathways from CO:2 to
639 CO, CHa (blue arrows), CHsOH (black arrows), and HCOO- (orange arrows); (b) reaction pathways
640 from CO:z to ethylene (gray arrows) and ethanol (green arrows); (c) reaction pathway of CO: insertion
641 into a metal-H bond yielding formate (purple arrows). Species in black are adsorbates, whereas those
642 in red are reactants or products in solution. Potentials are reported versus RHE, RDS indicates the
643 rate-determining step, and (H* + e) indicates steps in which either concerted or separated
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644 proton-electron transfer takes place. (d) Limiting potentials (UL) for elementary proton-transfer steps
645 in the reduction of CO: to CHa (adapted from ref. [94]). Each line represents the calculated potential
646 at which the indicated elementary reaction step is neutral with respect to free energy and as a function
647 of the carbon monoxide affinity (Es[CO]) of the electrocatalyst. The theoretical overpotential is defined
648 as the potential difference between the most-negative limiting potential line and the equilibrium
649 potential for the reduction of CO2 to CHs (+0.17 V versus RHE), as highlighted in gray.
650 Certain alloys facilitate redox reactions with greater efficiencies than the single-metal

651  counterparts, as has been demonstrated for CO oxidation on Pt-alloy, methanation on Fe-Ni alloy,
652  and ethylene oxidation on Ag-alloy [145]. Particularly, CO: electroreduction on Cu-Ag alloy shows a
653  higher selectivity for hydrocarbon and oxygenate (ethylene, ethanol, and propanol) formation in
654  comparison with that on Cu [148]. He et al. [149] screened several binary- and ternary-metal alloys
655 (IndM1-5 M =Fe, Co, Ni, Cu, Zn) for COz reduction to generate CO and found that InxCui-x alloys with
656  x=0.2-0.5 exhibited the highest activity for CO production (90% selectivity). CO evolution on InxM1-
657 x occurred with the trend Fe < Co < Zn < Ni < Cu, whereas that for Hz evolution followed the trend
658  Zn <Cu<Ni<Co < Fe. The activity trend for CO formation was consistent with the sequence of CO
659  adsorption energy on the catalyst surfaces calculated by DFT, thus verifying the validity of “CO
660  adsorption energy” as the key descriptor of catalytic activity. In these alloys, the secondary metal
661  changes the average energy of the d-electrons (ed—¢r; the d-band center with respect to the Fermi level)
662  inthe primary metal, resulting in either weaker or enhanced adsorption of key intermediates, thereby
663  potentially facilitating the desired reaction [145]. In addition to CO: reduction, DFT calculations
664  based on d-band theory have also been applied for predicting catalytic activity for hydrogen
665  oxidation [138,150,151] and Nz reduction [152-155].

666 For reactions involving multiple intermediates, such as CO2 reduction to CH4 or alcohols, and
667 N2 reduction to ammonia, the adsorption energy scaling relationship of chemisorbates commonly
668  leads to intrinsic overpotentials [94,156]. It is possible to lower the onset potential of these reactions
669  through the selective binding of intermediates on different sites or with different binding modes by
670  decoupling the scaling relationship of the binding energies of intermediates [94]. By applying DFT
671  calculations to a mineral with a known crystal structure and chemical composition, the electronic
672  structure of the bulk catalyst and surface sites, including band gap and Fermi levels, can be derived
673  for determining the adsorption energy of key intermediates, which can be used for predicting the
674  activity and identifying superior catalysts (Figure 5). The Materials Project database [157]
675  (https://materialsproject.org/) has been developed for this purpose and is supported by the U.S.
676  Department of Energy (DOE). This database contains the crystal structures of 83,989 inorganic
677  compounds (as of July 31%, 2018). Using high-throughput computing, the band structures of 52,179
678  compounds have been calculated and can be used for calculating adsorption energy.

679
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681 Figure 5. Framework of the methodology proposed for the rational screening of mineral catalysts
682 using DFT calculations. a) Select a series of minerals and extract the structure and chemical
683 composition information from the RRUFF mineralogy database (the mineral shown here is
684 molybdenite, MoS, and was obtained from the mindata website:
685 https://www.mindat.org/search.php?name=Molybdenite; the crystal structure was created using
686 BIOVIA Draw software); b) Calculate the electronic structure of the bulk catalyst and surface, and
687 obtain information of the band gap, Fermi level, conductivity, and other electronic properties. The
688 band structure shown here was obtained from the Materials Project database for molybdenite:
689 https://materialsproject.org/; c) Calculate the free energy landscape for the specific reaction (here, the
690 reaction pathway scheme assumes that only one intermediate is involved); d) Determine the activity
691 descriptor (binding energy of the key intermediate). Using this approach, the relative activity profile
692 for a series of minerals can be obtained. The predicted activity profile can be verified using
693 experimental methods to validate the optimized computational model and obtain more precise
694 structure-activity relationships.
695 Another strategy for exploring catalysts is by referring to biological enzymatic processes. Owing

696  toadvances in protein crystallography, high-resolution enzyme structures are becoming increasingly
697  available (e.g., 132,902 protein structures are deposited in the Protein Bank Database as of August 9t
698  2018). The Protein Bank Database provides structural information for numerous metal-sulfur
699 enzymes, from which the metal-sulfur distance, sulfur-metal-sulfur angles, and coordination
700  symmetry around the metal center can then be determined. The LUMO and HOMO energy levels of
701  enzyme active centers can be calculated using quantum chemical methods based on simplified
702  enzyme structural models [158,159]. These parameters can be compared with the corresponding
703 crystal structures and band energies of inorganic minerals [69,160,161]. Such comparisons between
704 the electronic structure of minerals and enzymes would aid the screening and identification of
705  suitable mineral catalysts for specific target reactions.

706 Structure-function relationships can be reliably predicted by combining molecular-level
707  information with quantum chemical calculations. As reviewed in Section 4, heterogeneous sulfide
708  catalysts typically have surface states that are distinct from those of their bulk counterparts and can
709  only be predicted from spectroscopic measurements. In-situ spectroscopic monitoring of the
710  structural evolution of catalysts provides molecular information of key reaction intermediates. The
711  well-defined molecular structure of active species can further be applied in DFT calculations to derive
712 the “descriptor” (adsorption energy of key intermediate) of the activity. This is particularly important
713 in cases where the catalyst structure changes during charge accumulation and/or new intermediate
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714 adsorbates are formed. Amorphous materials without easily definable crystal structures are another
715  example of when spectroscopic information is necessary for elucidating reaction mechanisms
716 [111,128,129].

717 Despite these advances in catalytic screening, several challenges remain to be solved in order to
718  effectively apply these approaches. Specifically, for DFT calculations, determining the descriptor in
719  multi-step reactions is more difficult compared to single-step reactions, as the descriptor changes
720  depending on the reaction conditions, such as the atmosphere and solvent composition, pressure, pH,
721  and temperature. The amount of surface coverage by adsorbates and adsorbate-adsorbate
722 interactions also add to the complexity of such computations. In addition, during the reaction process,
723 the original surface structure may be modified. Spectroscopic investigation of the intermediate
724 processes is needed to trace these potential structural changes and provide an accurate molecular
725  basis for DFT calculations.

726 6. Perspectives

727 Mineral-mediated catalysis is at the center of chemical evolution involved in the emergence of
728  life. Interdisciplinary knowledge from the fields of catalysis engineering and mineralogy is needed
729  to rationally explore catalytic processes that occur in plausible geochemical settings. The vast
730  chemical diversity of metal sulfide minerals is associated with marked variations in catalytic
731  properties, which are influenced by metal composition, crystal structure, valence state, and defect
732 structure. However, this diversity provides a possible solution to the current problem in prebiotic
733 chemistry that usually an inferior activity, poor selectivity of catalytic process and low chemical
734 diversity among the generated products were shown. As most studies have examined limited types
735  of catalysts, considerable efforts are needed to examine the properties of various types of metal
736  sulfides and their combinations, and determine concrete structure-function relationships that can be
737  used to guide searches of mineralogy databases for target catalysts. Modern computational chemistry
738  and operando spectroscopy approaches are critical for catalysis engineering by establishing the key
739  “descriptor” of activity. Further advances in the understanding of electron and proton transfer and
740  d-band theory, which is generally considered to be the most suitable approach for predicting
741  electrocatalytic performance, will aid in the screening of mineral catalysts for prebiotic synthesis
742 reactions towards understanding the origins of life.

743

744

745

746

747

748 Supplementary Materials: The following material is available online at www.mdpi.com/xxx/s1, Figure SI:
749 Species-locality distribution of Fe-containing sulfides (top 20). Figure S2: Species-locality distribution of Ni-
750 containing sulfides (top 12). Figure S3: Species-locality distribution of Cu-containing sulfides (top 10). Figure S4:
751  Species-locality distribution of Co-containing sulfides. Figure S5: Species-locality distribution of Mo-containing
752 sulfides. Figure S6: Species-locality distribution of Mn-containing sulfides. Figure S7: Species-locality
753 distribution of W-containing sulfides. Figure S8: Species-locality distribution of V-containing sulfides. Figure S9:
754 (a) Locality-mineral distribution of Cu mono-metal sulfide species and chemical diversity with regards to
755  chemical composition, Cu/S valence states and crystal symmetry; (b) plots of the distribution of species type and
756 locality counts for species containing Cu(I), Cu(Il) and Cu(III) valence states. Figure 510: (a) Locality-mineral
757  distribution of Ni mono-metal sulfide species and chemical diversity with regards to chemical composition, Ni/S
758 valence states and crystal symmetry; (b) plots of the distribution of species type and locality counts for species
759 containing Ni(II), Ni(IlT) and Ni(ILIII) valence states. Figure S11: (a) Locality-mineral distribution of Co mono-
760 metal sulfide species and chemical diversity with regards to chemical composition, Co/S valence states and
761 crystal symmetry; (b) plots of the distribution of species type and locality counts for species containing Co(II),
762 Co(III) and Co(ILIII) valence states. Table S1: Chemical properties of Fe-Cu and Fe-Ni binary sulfide minerals.
763 Table S2: Sulfide minerals with ternary compositions. Table S3: X-ray amorphous mineral species in the RRUFF
764  database.
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