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Runningtitle: The Fuel Cell Model of Abiogeness
Abstract:

In this paper we discuss how prebiotic geo-electrochemicedragscan be modeled as a
fuel celland how laboratory simulations of the origin of life general can benefit from this
systems-led approach. As a specific example, we deeadamponents of what we have termed
the “prebiotic fuel cell” (PFC) operating at a putative Hadean hydrothermal vent, and we present
preliminary results utilizing electrochemical analysis techrécued proton exchange membrane
(PEM) fuel cell components to test the properties of this @her geo-electrochemical systems
The modular nature of fuel cells makes them ideal foatorg geo-electrochemical reactors to
simulate hydrothermal systems on wet rocky planets aamccterize the energetic properties of
the seafloor / hydrothermal interfac€hat electrochemical techniques should be applied to
simulating the origin of life follows from the recogoit of the fuel cell-like properties of prebiotic
chemical systems and the earliest metabolisms. Conduébiigtype of laboratory simulation of
the emergence of bioenergetics will not only be informativine context of the origin of life on
Earth, but may help us understand whether it is possibléiféoto have emerged in similar
environments on other worlds.
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1. Introduction:

Identifying the specific processes responsible for the emeeganife on Earth and then
convincingly simulating these same processes in the labpm@t®ramongst the most intriguing
challenges for contemporary biogeochemists. A large pathefdifficulty is that plausible
scenarios for the origin of life must not only accofom the fundamental properties of life tgda
but also for the geochemical conditions on the eaalytEthrough which life arose; conditions of
which we may have only patchy knowledge and which raise themgineering problems during
attempts at simulation.

A primary process common to all extant life is the @sion of a pH gradient into energy-
storing phosphate anhydride bonds via chemiosmosis acresmigpermeable membrane. In
prokaryotes, as well as in mitochondrig tpower plant” of eukaryotes, electric potentials across
the membrane that induce a pH gradient between the membtarier and exterior (i.e. the
proton motive force) drive the fundamental energy geisgramechanism for life (Mitchell 1961;
Jagendorf and Uribe, 1966; Harold, 1986). As in life today, thenpatenergy contained within
these electron and proton gradieistransduced into useful chemical energy and stored in meta-
stable energy currency molecules such as adenosine spiphie (ATP) or inorganic
pyrophosphate (RP It has been argued that the very first microorganisms adrophic: that
is, they gained and assembled their building constituentstihe simple molecules available to
them on the early Earth (e.92,HCQz, CHs, NH3, HPQ? and HS/ H,S) (Fuchs 1989, 2011; Berg
et al., 2010; Say and Fuchs, 2010). The electron transfernzatgolved in the generation of the
proton motive force- many of which host inorganic metal sulfide-containing actergers- have
been suggested to be amongst the most ancient catalgitar(@& Dayhoff, 1966; Baymann et al.
2003; Schoepp-Cothenet et al., 2013; Volbeda and Fontecilla-Ca64&; Vignais and Billoud,
2007; Lill and Siegbahn, 2009; McGlynn et al., 2009; Nitschke e2@1.3).

Microbes are, therefore, essentially performing thessememical redox processes as those
in ion-exchange membrane fuel cells (Mitchell, 1977; Ba&i5), and, like fuel cells, biology
uses proton and ion gradients to generate energy. Irrdaognition of this similarity within the
fuel cell community has seen microbes, their redoxxacéinzymes, and even mitochondria
themselves, being successfully used as components ofodlestfor biofuel cells due to their
excellent catalytic ability to transfer electrons andnpote environmentally significant redox
reactions (Arnold and Rechnitz, 1980; Heller, 1992; Chang &xQflf; Arechederra and Minteer,
2008; Tran and Barber, 2012; Huang et al., 20C®rtain geochemical environments also
constitute fuel-cell-like systems, for example, at hydeotial vents where electrical and pH
potentials are generated at the interface between reducedthgrdnal fluid and oxidizing
seawater (Yamamoto et al. 2013; Russell and Hall 1997, 2006; Bacbklman 1985; Martin
and Russell 2007). In the hydrothermal vent example, theeainteochemical potentials can be
maintained and mediated across physical boundaries, e.gricalic conductive biofilms,
sediments or an inorganic chimney precipitate (Nakamuah, @010a, b; Yamamoto et al., 2013
El-Naggar et al. 2010; Ludwig et al. 2006). A second geological exawhfuiel-cell-like behavior
believed to be of significance within early Earth environménGalvanic corrosion of iron-nickel
alloys (associated with meteoritic in-fall) from coettavith seawater, which can in principle
establish pH / Egradients (Bryant et al. 2013)

Since life universally depends on pH 4 Bradients to drive metabolism, geological
environments that already generate similar electrochémieagy gradients are of interest for
origin of life studies. One such example is hydrotherreits, which can be produced by



magmatic activity (e.g. black smokers) or water-rock cheynfstg. serpentinite-hosted alkaline
vents). Alkaline hydrothermal vents produced by serpentinizatio@ grocess of olivine /
pyroxene oxidation via seawater interaction in a sesfesxothermic reactions) are of special
interest to the origin of life, since they can genesatery alkaline hydrothermal effluent and thus
an ambient pH gradient as well as electrical potentithefluid interface (Russell et al. 2010;
Russell and Hall 2006; Lane and Martin 2012; Baross and Hoffr@85; Martin et al. 2008)
Serpentinization is likely to have progressed on the &aith (Russell et al. 1989; Sleep et al.
2011; Arndt and Nisbet 2013), and may have also been aciewledre in the Solar System, e.g.
on early Mars or Europa, or on other icy moons witveger-rock interface (Ehimann et al. 2010;
Wray and Ehlmann 2011; Vance et al. 2007; Michalski et al. 2018)ssibly providing an
environment for emergent prebiotic chemistry on other worlds

The operations of extant life are analogous to thosefaél cell, and some version of the
fundamental components that make the biological fuelfgetition (ATP-synthase; ion-selective
membranes maintaining pH / electrical gradients; the eledtansport chain) were also likely
present in LUCA, the last universal common ancestor (Gegat al., 1989; Martin and Russell,
2007; Mulkidjanian et al. 2007; Schoepp-Cothenet et al., 20ERpse we consider that LUCA
— the last unified biochemical system arising from geocbyni also had these basic fuel cell
properties (Russell and Hall 1997; Nitschke and Russell 200Blueing et al., 2012, Lane and
Martin, 2012), we suggest that some key steps at the origiet@bolism may then be simulated
experimentally within the context of the electrochemgradient architecture of a fuel cell. As
life is an example of a far-from-equilibrium biological systemhich presumably emerged from
a far-from-equilibrium geological and geochemical system, imselgical that a far-from-
equilibrium chemical system such as a fuel cell may provideffactive link between the two.

We set out to examine whether the fuel-cell-like properties of certain geochemical
environments, such as seafloor interfaces and hydrothermal vent systems, could be simulated in
out-of-equilibrium electrochemical experiments and ultimately modeled in the laboratory as a fuel
cell. In a geological / geochemical fuel cell scenario, some limerother inorganic component
would be required to act as electrocatalyst as well as ion transfer ‘membrane’ separating
contrasting chemical reservoirs. Depending on the sicettas component could be conductive
minerals, gels, or other porous material. For our prelingie&perimentsve chose to focus on (i)
Iron sulfides and (ii) Fe-Ni phases within iron meteorites. Both of these are viewed as being
potential electron transfer catalysts considered relevant for proto-metabolic reactions and are
considered to have been readily available and accessible on the early Earth (Williams 1961, 1965
Eck and Dayhoff, 1966Russell et al., 1994; Nitschke and Russell 2011; Bryant et al. 2009,
Metal sulfides in particular constitute an important part of the environmental fuel cell in modern
hydrothermal vent systems as they facilitate transfer of electrons and catalyze redox reactions
(Nakamura et al. 2010b). The nature of mineral precipitation in a gradientls® asignificant, as
the chemical disequilibrium can result in complex prigaip structures such as hydrothermal
“chemical garden” chimneys (Ludwig et al. 2006; Haymon et al. 1983; Russell et al. 1989, 1994)
that may exhibit electrochemical and ion-transfer capegsilfAyalon 1984; van Oss 1984). Thus
we synthesized iron sulfide electrocatalyst materialirigrfacing contrasting acidic, Fe
containing solution and alkaline, sulfide-containing solutioross a permeable barrier to form a
self-assembling precipitate membrane in a gradient. Thisvedl for in situ experiments where
the simulated geological precipitate actually separatedontrasting solutions and could mediate
gradients, as might occur in a natural ddwequilibrium system such as chimney growth at a
hydrothermal vent. We also conducted electrochemicalrempets using geological analog



materials (both synthetic and field samples) asystgland constructed a PEM fuel cell apparatus
to simulate an electrochemically active geochemicatfexte. The fuel cell represents a holistic
chemical system which is well understood, amenable to commahtiwodeling, and open to
sophisticated analytical diagnostics. It is a systepaach that has not yet been exploited
experimentally within the sphere of abiogenesis yet ofigostentially powerful theoretical and
experimental model through which to explore such emergent pley®mical systems. These
experimental techniques could be applied to a variety ofrggnical systems or analog materials,
and could even be used to simulate energetic processeaflmior interfaces on other planets as
well, to determine whether prebiotic chemistry would be possiblether wet, rocky worlds.

2. Examples of Fuel Cell-like Systemsin Biology and Geology

In order to envision experimental ways to test prebiotic chgmisvithin an
electrochemical framework, it is useful to define and tramsthe functional parts of the natural
fuel cells of geology and biology, as well as a proposed giebiuel cell (PFC) that may have
powered inorganic and organic redox reactions on the eanttly.Ea

Fuel cells are primarily composed of an anode (the sudbedich oxidation occurs), a
cathode (the surface at which reduction occurs), and acoiducting electrolyte that physically
separates reservoirs containing the fuel and oxidant (Suraeipaid 1994; Haile 2003a,b). The
physical set up of the fuel cell in which two chemicallyidid reservoirs are separated is essential,
for it is this chemical / redox disequilibrivmchemical gradients maintained over some distance
— from which electricity is ultimately produced. The ess#ncomponents include: The
electrolyte, which physically separates the fuels and oxidants and allmekage gradient to be
maintained; thelectrodes, which facilitate oxidation / reduction and contain catalyaterials
and thefuel (electron donor) andxidant (electron acceptor), which transfer electrons to and from
the electrodes.

Mitochondria, the free energy factories of animals;elte very efficient electrochemically
and they and their associated enzymes have been sucyassédllas electrodes in manmade fuel
cells (e.g. Arechederra and Minteer, 2008). As in a PiEVdell, the flow of protons and electrons
are spatially separated in mitochondria and life hasvedgbrecise chemical means of harnessing
the energy present in these potential gradients. The liilayer membrane is the capacitor
separating contrasting chemical environments, and theadestof mitochondria are the ends of
a series of electrochemically connected enzyme complesthin the inner membrane, together
known as the electron transport chain. The iron-nickeldatontaining centers of the enzymes
act as anodes and cathodes (Berg and Holm, 1982; Baymanr2@03i Vignais and Billoud
2007); meanwhile, the membranesapable as they are of selective ion transpamtaintain
chemical disequilibrium (Lane and Martin 2012). Derived fianmteobacteria, the mitochondria
bear certain similarities to chemiosmotic LUCA (Yang et H985; Martin and Muller, 1998; de
Paula et al. 2013).UCA’s biological battery would have had some similar functional parts, such
as the Complex | (referred as the ‘steam engine of the cell” by Efremov and Sazanov (2011))
that, through redox disequilibria, drives protons to the @iplThese protons, now forming a
pH gradient due to the disequilibrium between membrane exteri interior, drive ATP synthase
— the rotary biomolecular moterto make ATP (Yoshida et al. 200BRranscomb and Russell,
2013.

A geological fuel cell phenomenon can also emergehéwit biological mediation) at
seafloor interfaces, for example, in hydrothermal sgmbduced either by magmatic activity or



by water-rock chemistryHigh-temperature hydrothermal alteration on oceanic dprgaidges
can produce a hot (>350°C) acidic hydrothermal fluid driven lgmatic intrusion that fuels
black smokers, named after the black particles that ferthe rapid temperature / pH change
induces precipitation of metal sulfides at the fluid ifstee. In the absence of magmatic heating,
reducing hydrothermal fluids can also be produced by senmmtion, a process in which
seawater permeates through fractures in the Fe/Mg-sibcat@n crust and produces an alkaline,
Ho- and CH-enriched, moderately hot (~100-200°C) hydrothermal fluid ¢Bliet al., 1989;
Kelley et al., 2001, 200Bradley and Summons 2010; Klein et al., 2013; Charlou et al. 201D)
even in low temperature exhalations (Neal and Stanger, 1988n€yp et al. 1987; Etiope and
Sherwood-Lollar, 2013; Etiope et al. 2013). Both black smokera#taline vents can produce
chimney precipitates where hydrothermal fluids feed back moocean, and these naturally
occurring mineral precipitates are significant in thatytheovide a semi-permeable and semi-
conducting barrier between the two contrasting fluids. fédox-active fluid interface of a
hydrothermal vent, with fuel / oxidant reservoirs separétg an inorganic mineral precipitate,
constitutes a naturally occurring fuel cell that doesdegiend on biological processes to function.
The inside and outside surfaces of the hydrothermal chinmgly be consideredsanode and
cathode, respectively, and, depending on composition / envirdahwnditions, the chimney
itself may be able to catalyze the oxidation of hydrottadifuels and conduct resulting electrons
to seawater oxidants. The fuel-cell-like properties of hydrathérvents have been directly
demonstrated in field studies of black smoker vents, boituibgharnessing the electrical current
produced by the vent to power a small device on the seaftf@ongmoto et al., 2013), as well as
in the laboratory where it has been demonstrated thelt Bmoker chimney material is electrically
conductive and capable of catalyzing redox reactions (Nakashalg 2010p

It is also perhaps pertinent to the PFC model that, as purdsragih metal alloys are
frequently found to be highly efficient electrocatalysthén et al 2011), such materials were
probably geologically present within the Hadean period through rdducing power of
serpentinizing vents (e.g. awaruitezg; Ulrich 1890; Frost 1985; Klein and Bach 2009) and as
Fe-Ni meteoritic deposits during the late heavy bombardrfmthwald, 1977; Cockell, 2006).
The corrosion of metals and metal alloys by an elgtesuch as seawater can give rise to a
localized fuel-cell-like system: anodic oxidation of F&&" with concomitant cathodic reduction
of, for example, S@ to elemental S or’S H* to H, or NO; to NOy™ (Bryant et al 2013) - each of
which could, in principle, establish localized pHn/dtadients.

3. Creating A Fuel Cell Modéd of A Prebiotic Hydrogeological System

One could consider the energétissence’ of extant anaerobic life to be quite similar to a

fuel cell, in that ion gradients and electron potentiatgéntained across a membrane produce
energy so long as fuels and oxidants are supplied. The esatdirwater or hydrothermal / ocean
interfaces in modern marine systems alaa constitute naturally occurring fuel cells, deriving
from the electrochemical cell of the Earth and itaaphere and mediated by microbes acting as
redox catalysts. This has led to the proposal that ®lactron potentials were also the driving
forces for life’s origin, and that these gradients were initially provided by the naturally occurring
pH / E potentials in alkaline hydrothermal vents (Russell and Hall, 188%sell et al., 2010).
This alkaline hydrothermal origioflife model can be generalized to any wet rocky world with a
chemically similar water-rock interface (Russell et al. 2Q@4review), and so, we chose to



develop our electrochemical / fuel cell model using alkaline sver# one example of a
hydrogeological origiref-life scenario that could benefit from this concept (@amiuel cell
models could also be applied to simulating electrocheryiaative water-rock interfaces on early
Mars, early Venus, or the icy moons of Jupiter andir8a

Earth’s oceans four billion years ago are thought to have beencaandi mildly acidic
(pH ~ 5-6 due to dissolved atmosphericZCRO and ephemeral SPrich in Fé*, and also could
have contained Ri, Mn?*, phosphates, nitrate, nitrite and some ferric and mangdoese
(Macleod et al. 1994; Russell and Hall 1997; Hagan et al., 200Tim\iral. 2007; Ducluzeau et
al., 2009; Mloszewska et al., 2012; Nitschke et al., 2013).hj/deothermal fluid produced by
serpentinization would likely have been similar to modern-dajrdtfiermal fluids: alkaline,
containing some silicate, trace Mo and W, and dissolveand CH along with formate and a
range of hydrocarbons (Proskurowski et al. 2008; Mielke @04; Lang et al. 2010, 2012; Konn
et al. 2009; Charlou et al. 2010). It is also thought that andigdtothermal springs in
serpentinizing systems would have contained millimolar siffidm dissolution of crustal sulfide
minerals (as determined from laboratory reactor experim&nislating serpentinization in a
Hadean system; Mielke et al. 2010, 2011). Vents driven by sérjzatibn produce relatively
low-temperature fluids compared to the scalding environmesiaok smokers, but between them,
hydrothermal vent systems on the early Earth could lcawtributed many of the fuels and
materials that are thought to be relevant for an autogenic/apibatremergence of life. The
interfacing of alkaline hydrothermal fluids and seawateheretrly Earth might have produced a
variety of inorganic precipitates within the ambient geochami electrochemical gradients,
among them, silica gel, ferrous/ferric oxyhydroxides, and tiiansmetal sulfides (Russell and
Hall, 1997). Hydrothermal precipitates formed by serpentimmpatin the early Earth might
therefore have had compositions (and electrochemical pieg)en some ways similar to modern
black smoker chimneys, for example, conductive iron sulfideerals that could catalyze redox
reactions. Thus, electrochemical studies of modern Wdauikers (e.g. Yamamoto et al. 2013;
Nakamura et al. 2010b) may also be relevant for understatttingnergetics of hydrothermal
vent fuel cells on the early Earth.

A putative Hadean hydrothermal vent with a chimney structwaldvhave operated
somewhat like a flow-through fuel cell. The contrastesgrvoirs of reduced,2Hi CHs-containing
hydrothermal fluid and the relatively oxidized (containingnoni concentrations of Heand
dissolved NO), C@rich ocean would have been separated by a precipitatexel composition,
containing material such as carbonates, silicates, ancaimd other transition metal sulfides and
mixed valencdayered iron ‘double’ oxyhydroxides (Russell et al. 2014 in reviewigure 1).
Transition metal sulfides are but one possible compomieatprebiotic hydrothermal chimney,
but as one of the more electrochemically active nasefikely to be present, it is useful to
characterize iron sulfide chimney growth and electrocheynis the laboratory, which various
studies have pursued (Russell et al., 1989; Mielke et al. 2010, 28k Bt al. 2014; McGlynn
et al. 2012) Many properties of iron sulfide precipitates relevant téamafrom-equilibrium
geological system have been experimentally determineceXémnple, when initially precipitated
between contrasting solutions, self-assembling iron suffidmbranes are capable of generating
an electrical potential of ~0.6 to 0.7 V, and of maintainihng pH gradient between the
hydrothermal and ocean solutions (Filtness et al., 200&dR@nd Hall, 2006; Barge et al. 2014
The precipitates produced in caf-equilibrium experiments have a complex structure atrticeo
scale; membranes vary in thickness from ~5 to ~1@0 exhibit and comprise a mix of iron
sulfides, iron oxyhydroxides / silicates, and can also iraratp dissolved ions such as other



transition metals and phosphates (Mielke et al. 2011; McGéyral. 2012 Barge et al. 2012;
Barge et al. 2014; Barge and Kanik unpublished data).

In a hydrothermal system with a chimney structure, thegtate could facilitate diffusion
of ions and electron conduction (Nakamura et al 2010b); thesuld function as a selectively
permeable electrolyte membrane between hydrothermal foeilsemwater oxidants. In a fuel cell
concept of prebiotic alkaline hydrothermal vents, the anodeathode would be the interior and
exterior chimney mineral surfaces, respectively. The extand interior of a chimney could have
different mineral compositions, since chemical gardea-liktructures tend to exhibit
compositional variations across the membrane refigdtie chemical gradients in which they
precipitate (Russell and Hall 2006; Pagano et al. 2006; CgHtnat al. 2011; Barge et al. 2012).
Though a hydrothermal chimney would likely also contain compsnsuch as silica gel or
carbonate, the ability of the “electrodes” to drive redox reactions would probably be dependent on
the presence of electrocatalytic minerals such asl swdfales and oxyhydroxides (cf. Arrhenius
2003; Antony et al. 2008). Minerals such as mackinawite (&e&yreigite (F&4) are electrically
conductive and can also behave as capacitors, and aghttio be able to function as catalysts
for organic reactions (Rickard et al. 2001; Huber and Wésihdeser 1997 These iron sulfide
minerals are also structurally similar to theszeand FeS groups in metalloenzymes which
catalyze redox reactions in biology, a similarity thwts led to the suggestion that these
metalloenzyme centers originally derived from inorganic hygnohal minerals (Russell and Hall
1997, 2006; Rothery et al. 2008; Nitschke et al. 20l8a putative prebiotic hydrothermal fuel
cell, transport of electrons from fuel to oxidant coudrbediated by a series of smaller redox
steps, as in biological systems. Within this scenanm fuels and oxidants would be indefinitely
replenished as long as serpentinization remained activehwhimodern alkaline hydrothermal
systems is envisaged to last for over a hundred thousarsl(keawig et al., 2011). The chimney
membranes themselves could be continuously renewed asdireh®ymal fluids produced by
serpentinization continue to rise and interface with tltean, feeding through and possibly
disaggregating older membranes.

4. Experimental Studies: Exploiting Electrochemical Techniquesand Fuel CellsasPlanetary
Geology Test-Beds

The large body of fuel cell work using enzymes, mitochondola microbes as
electrocatalysts is testament to the importance afgehand concentration gradients in biology.
Since both hydrogeological environments (e.g. vents) ariddgidal cells (at least, in tirefree
energy generation mechanisms) can be conceptualized lasefise it makes sense to pursue
hydrothermal origimef-life experiments in a setup that preservesefietndamental aspects pH
and electrochemical gradients across a membrane. Toetidis we have conducted some
preliminary experiments using electrochemical techniques tolaienhydrogeological systems
with electrochemical gradients using geological matesa electrode catalysts. We illustrate how
these methods can be utilized to simulate geochemieakfrergy interfaces and test hypotheses
regarding the transition to bioenergetics. It is ouentibn to broaden these initial studies that
simulate seafloor / hydrothermal interfadesexplore the simulation of other hydrogeological
environments, such as Galvanic corrosion of iron metsopritewater / rock interfaces on other
planets, within the framework of a fuel cell reactor. ¥wisage the results presented here to be
preliminary indications of possible value in the model weppse.



4.1. Electrochemical Studies of Simulated Hydrothermal Precipitates

Though an ancient hydrothermal chimney would have had a hetegecomposition,
some of the most electrochemically relevant minaredaght to be formed in this system are iron
and iron/nickel sulfides. To investigate the electrochahpcoperties of metal sulfide minerals
that could be formed at alkaline vents on the earlythiEawe have precipitated inorganic
membranes in outf-equilibrium solution interface experimentsigure 2; Filtness et al. 2003;
Barge et al. 2014). We interfaced contrasting solutionsseptiag the dissolved Fein the acidic
primordial ocean (added as dissolved Reft.0) and dissolved sulfide in the alkaline
hydrothermal fluid released from crustal sulfide mine@ldded as dissolved B&). When
interfaced, these solutions foedhself-assembling mineral precipitates in the same mannbeas t
injection chemical garden experiments that have previousin hesed to simulate Hadean
hydrothermal chimney precipitates (Mielke et al. 2011; Bargé 2012, 2014). However we have
found that a glass fuel cell setup yields a more strubtistable membrane precipitate that can
be used in subsequent electrochemical experiments (Baabe2813; 2014)\We have previously
formed iron sulfide membranes (and chimneys) using vaFetisand sulfide concentrations, and
have found that although membranes can be formed using gedlipgrealistic mM
concentrations over 3 to 4 days, more robust membranasiver shorter timescales using higher
(=50 mM) concentrations and these still preserve th@beattuilibrium nature of the precipitates.
Therefore, we have used higher reactant concentratioiis study to form precipitates on shorter
timescales reasonable for laboratory experimentatidicagenerate more precipitate material for
use as an electrocatalyst. We recognize that in aahaystem, similar precipitates might leav
taken a much longer time to form from the diluté*Fand sulfide-containing fluids.

Formation of membranes simulating hydrothermal chimney walls: A synthetiugpor
membrane template was clamped between two fluid resematsvo-chamber glass membrane
fuel cell apparatus (Adams & Chittenden glassware, with-tegtperature clamp stable up to
150°C). Most experiments were performed using dialysis tubindgndFi3500 MCW) as the
precipitation template, but conductive carbon cloth gigt, hydrophilic, no microporous layer)
as a template material was also tesfée: iron and sulfide solutions were added to the half-cells
respectively, and the cell was kept anoxic throughout withtaoh®b purging and allowed to
react for 24 hours at room temperature. High-resolution imyagnd chemical analysis were
carried out on the iron sulfide membranes using an enveatahscanning electron microscope
(ESEM) with an attached energy-dispersive X-ray tube (EDKg electrical potential generated
across the inorganic membrane as it precipitated wasdext@ver the course of experiments
using an Agilent LXI Data Acquisition / Data Logger Switch Umith electrodes placed in each
cell. pH measurements were recorded with an Excel XL20 pHhdumivity meter (Fisher
Scientific) with temperature calibration. The memigmrformed were used in subsequent
electrochemical experiments, described below.

Membrane potential tests: We conducted membrane potential tests linamhion sulfide
membrane was allowed to precipitate for 24 hours, and tieeivxdn and sulfide solutions were
removed. The membrane and both half-cells were cayefnfied with ddHO, then NaCl or KCI
salt solutions of varying concentration were added to bd#ssif the precipitated membrane.
(Salt concentrations were 10x greater on the “formerly alkaline” side than on the “formerly acidic”
side, and concentrations between 10 mM and 1 M were festedth NaCl and KCI.) Electrodes
were placed several millimeters from either side of teenbrane surface to record the membrane
potential. In previous experiments this technique has BBewn to generate concentration-




dependent membrane potentials across inorganic precipitatebmr@anes in many different
chemical systems, including some sulfides (e.g. of Hg, Bp, Sn) though Fe-sulfide
measurements are not reported (Ayalon 1984; Beg et al. 1977, 1978B&§7&nd Matin 2002;
Malik et al. 1980; Malik and Siddiqi 1963; Kushwaha et al. 20@ddi§i and Alvi 1989; Sakashito
and Sato 1977).

Membrane galvanostatic tests: We conducted galvanostatic testEmeiectrical current
was applied across an iron sulfide membrane after ifdraged (Honig and Hengst 1970). The
half-cells were filled with FeGlcontaining acidic solution and Bi-containing alkaline solution
and a dialysis membrane was clamped between the twoogseiwo electrodes were placed in
each cell: one in the bulk solution to apply current, ar@wery close to the membrane to measure
membrane potential. After the membrane had precipitate@4onours, a current of/- 0.75
mA/cn? was applied across the membrane and the resulting menpwtergial (relative to the
rest potential) was measured. The measurement was pdsded after both cells had been emptied
and refilled with 0.1 M NaCl solution.

Voltammetry studies: To test the ability of iron sulfide chéy precipitates to facilitate
electron transfer from hydrothermal reductants to seawaidants in a prebiotic hydrothermal
system, we applied simulated hydrothermal iron sulfideaioiny precipitate membrane material
as a catalyst on a glassy carbon electrode (GCE)icGydtammetry half-cell experiments were
conducted in which the GCE+catalyst was characterizeadHadean ocean simulant containing
oxidants of interest to the origin of life in serpentiniz systems. In this experiment, a Fe/S
precipitate membrane was formed in the fuel cell appashimsn inFigure 2, and after 24 hours
the membrane was removed, rinsed with gldHand dried under N The dried precipitate was
removed from the dialysis membrane template, attacheds©E& with conductive carbon tape,
and potential from +/-1 V was applied (relative to Ag/AgCl, usinBt counter electrode) in a
solution representing bicarbonate as an electron acdapte Hadean ocean (20 mM NaH&EO
0.6 M NaCl, titrated to pH ~5). A control was performed in whiere was no FeS catalyst apglie
to the working electrode, but instead ground FeS particles (pigera stirred into the simulated
ocean while potential was applied (as well as controls where thias no FeS in the system)
Experiments were also performed in which carbon clothusad as the membrane separator in
the two-cell precipitation apparatus described abovéhaoFe/S membranes were precipitated
directly onto the carbon cloth and pieces of the fee\&red cloth (5 mm x 50 mm) could be used
directly as working electrodes in voltammetry studiesntfls were also performed using plain
carbon cloth (with no Fe/S) as working electrode.

4.2. Fuel Cell Reactors Simulating Prebiotic Geo-Electrochemical Systems

Fuel Cell Design Rationale: An origioi-life fuel cell experiment testing a
hydrogeological system on the early Earth, or any wekyrplanet, might involve a combination
of techniques: synthesizing simulated mineral catalyststhoBequilibrium systems (as in Barge
et al. 2012, 2013, 2014; Mielke et al. 2010, 2011); electrochemichéstof simulated precipitate
materials to characterize their utility as electrolgata; and using these simulated prebiotic
catalysts to create catalytic electrodes for usefirehcell. There are various types of fuel cell
experiments that could be informative in this regard. linglathe design of microbial fuel cells
(MFCs), where the catalytic electrodes are submergevdbitiquid reservoirs and separated by an
ion-exchange membrane, would allow for testing of diffefleird chemistries and dissolved ionic
as well as gaseous electron donors and acceptors. MFCeiygeriments would also lend




themselves well to testing other relevant biological ponents as catalysts, such as individual
enzymes or organisms. A geo-electrochemical systend @sb be simulated using a PEM fuel
cell (PEMFC), which could use gaseous reductants / oxidamieruhigler pressure or
temperature, with the simulated geological catalysts dddzkin the gas diffusion layers (GDLS)
within the membrane electrode assembly (MEA). Either wiédng modular engineering
arrangement of fuel cell components makes for a convepi@metary geology test-bed system in
which components, such as the ion-exchange membranespeés and catalysts (or electrolyte
assembly unit), and the anode / cathode reactant feegsbeansubstituted by materials more
closely connected to geological environments. For examateer than a commercial GDL
catalyst layer, one could substitute simulated hydroggezb precipitates similar to those
described above. This type of experiment is not limited to laiing hydrothermal vent
environments; other geological electrochemical procedgaterest could be explored in a similar
experimental set-ygor example, as mentioned in Section 1 above, théretdeemical corrosion
of meteorites on the early Earth (Bryant et al. 2068Id samples of catalytic minerals derived
from reduced Fe/Ni in meteorites, previously proposed to agsisearly phosphorus chemistry
(Pasek and Lauretta 2005; Pasek et al. 2013), could be treatedsantle way as hydrothermal
precipitates in the GDL electrocatalyst layers (videaipfr

We conducted some preliminary proaffconcept tests using a PEM fuel cell to simulate
the catalytic action of geological mineral catalystsaifar-from-equilibrium system. A sample
experimental arrangement for a PEM fuel cell simulatinga-electrochemical system is shown
in Figure 3. In our preliminary tests, a commercial proton-exchangenbmane and two GDLs
containing electro-catalysts were sandwiched between tmpasite graphite bipolar plates, and
the fuel cell was fed with humidified hydrogen (to represent dgein produced by
serpentinization) and air at the anode and cathode sesg®ctively. We examined the potential
for efficient carbon-black-deposited platinum electraddse replaced by geological materials, in
this case using Fe-Ni alloys present within iron meteo(itethin which taenite and kamacite are
the dominant phases). Whilst these materials may stt dikance appear incompatible with
terrestrial minerals, there is support for them to havéribommed a significant component of the
early earth lithosphere (Pasek and Lauretta 2008) anadtbaejosely related to the hydrothermal
Fe-Ni mineral, awaruite (Klein and Bach 2009). But most impdlyathese meteorite samples
represent a proaff-concept for fabricating geologically analogous GDLs or sdeles for a
planetary geology fuel cell reactor, using field samplaber than synthetic catalysts. Such a
procedure could be applied to other field samples of inteeegt, samples of hydrothermal
precipitates, serpentinite, metal sulfides, or other ralaghat might be important in a prebiotic
system.

Preparation of Geological Fuel Cell Catalysts: The Fégblilogical electrocatalystwas
prepared using shavings from the course octahedrite, groupUABeluca meteorite which has
a mean composition of 91[%sgand 8.19%Ni] (Figure 4). This geological sample was ball-milled
to an average particle diametercaf 5 microns before being dispersed in ethanol, sonicatad i
ultrasound bath for 10 minutes, mixed with Nafion polymer biraael then spray-coated onto a
GDL. For both electrodes, the amount of the catalgquired was calculated based on a 1.0
mg/cnt catalyst loading within an 11.581¢ active area. Both the cathode and anode electrodes
were positioned on the faces of the catalyst-coatecoNafiembrane and hot-pressed (using a
hydraulic press) to form a unit of MEA. The required amouthetatalyst was first ultrasonically
mixed with a few drops of deionized water for a few secondsder to break the catalyst powder
into small pieces, and prevent the catalyst from beingtd@ded when blending it with the
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dispersion agent, ethanol. A calculated amount of 50 wh#nel based on 15 mL ethanol per 50
mg catalyst was added to the wet catalyst and the resultktgrenivas ultrasonically blended for
about 3 minutes. The resulting blend was then mixed witht&BNafion solution (Sigma Aldrich,
UK) based on a loading of 0.1 mg NafionfcifThe Nafion solution is added in order to create an
ionic phase through which the protons are transported fnemanode to cathode.) This final
mixture was ultrasonically blended for 15 minutes to form what is normally known as an ‘electrode
ink’. The electrode ink was then manually sprayed onto the suofathe GDL mounted on a
PTFE plate heated to 80°C in order to evaporate the alcotmiiponents, until the desired
catalyst loading, 1.0 mg/cnwas reached.

Preparation of Membrane Electrode Assembly: A mix of 5 wt% Nadioiotion, the
amount of which was calculated based on 0.5 mg Nafion/anul acetone (about 3-5 mL) was
sprayed onto the surface of the catalysed GDL in ordertanee the contact between the catalyst
layer and the Nafion membrane in the MEA being fabraat&e Nafion membranes, N115, were
pre-treated before being used in the fabrication oMBAs. Namely, they were boiled at 80°C in
2 wt% hydrogen peroxide solution for 1 hour, rinsed sevaradiwith deionised water, then
boiled in 1 M sulphuric acid at 80°C for 1 hour, and again dirs®veral times with deionised
water. Both the cathode and anode electrodes were pogitioribe faces of the Nafion membrane
and hot-pressed (using a hydraulic press) at 130°C and 50%kigicBiminutes to form a unit of
MEA.

Assembly and Operation of the PEM fuel cell: A single PEM fuel cedl assembled by
sandwiching the MEA between two composite graphite bipolaep@ac2, UK) with an 11-turn
and single-pass serpentine flow channel (2 mm x 2 mm,anmith of width 0.8 mm). The PEM
fuel cell, after being placed between two copper end platssgovanected to an in-house fuel cell
test station at room temperature and fed with hydrogdmeatriode side and air at the cathode side
(Figure 5). The flow rates of both hydrogen and air were kept caphstquivalent to a
stoichiometry of 2 calculated based on a 500 mA/canrent density. Dry hydrogen and air were
fully humidified by flowing them through bubbler-type humidifeThe fuel cell was operated at
room temperature. The pressures of the inlet and oudesgeere 1 and 0 barg, respectively. The
electrochemical tests were performed using Gamry RefeB&use

5. Results
5.1. Electrochemical Characterization of Simulated Hydrothermal Precipitates:

When the contrasting acidic/iron (ocean simulant) alk@line/sulfide (hydrothermal
simulant) solutions were added to the two-chamber celly thierfaced across the porous
separating barrier, and immediately began to produce asselfrébling iron-sulfide-containing
precipitate film in/on the template. The charactarsstf this inorganic membrane precipitate
varied depending on compositions of the two solutions, anthemature of the membrane
template material, but commonly a complex landscapuicron-scale crystal structures formed
(Figure 6A) — not unlike the crystal morphologies observed in theiotenembranes of chemical
gardens formed in injection experiments (Barge et al. 20a&wright et al. 2011, 2002). When
dialysis tubing was used as the template, the membrane ifaeciprmed within the pores and
also on the surface of the dialysis tubiMembranes precipitated on dialysis tubing proved to be
ideal for electrochemical characterization within tr@inal precipitation apparatus, since the
dialysis template is only permeable to ions and solutiodinghwas completely prevented, and

11



thus precipitates only formed on the template separttiggywo solution reservoirs, not in either
solution. Dialysis templates also yielded membranasvtiere structurally stable enough to enable
gentle rinsing and emptying / refilling of solutions, and whamneed from the cell, the precipitate
was a flaky solid film that could be easily dried and remdxeah the dialysis tubing for later use
as a catalyst. Carbon cloth was much more porousthgadialysis tubing and when used as a
precipitation template it did not prevent solution mixirsgedfectively. Thus in the precipitation
fuel cell apparatus where carbon cloth was used as theasapdhe two solutions often mixed
near the interface (forming Fe/S precipitates in tHe solutions as well as on the carbon cloth)
and it was not possible to do electrochemical experinveititehe membrane still in situ. We also
found that it was necessary to pre-treat the carboh tigtwetting it with ddHO, rinsing to
remove extraneous carbon material that was not cewctawthin the woven fibers, and applying
FeCb and NaS solutions directly to the cloth to form a “starter” precipitate in the pores before
placing it between the two solution reservoirs. In any,casmg carbon cloth caused the FeS
precipitate to form in / on the carbon cloth fibeFsgire 6B) and since carbon cloth itself is
conductive, a piece of the cloth containing FeS pretpitould be directly used as a working
electrode.

We observed that even in a system containing only irdrsaliide, these self-assembling
inorganic membranes were able to mediate chemical / pH gradigrseveral days (as observed
by monitoring the pH of the acidic cell). The membranes gkenerated a diffusion potential of
~300-600 mV as they formed depending on experimental condftiniashas also been observed
in a similar experiment by Filtness et al. 2003). This pakd#clined over several days as ions
continued to diffuse through the membrane, eventually reaeguadjbrium. When the iron and
sulfide solutions were removed after a membrane had e and the solution reservoirs were
re-filled with concentrated salt solutions of varying cartcation, the iron sulfide-containing
membranes still generatadnembrane potential of a few tens to a hundred millivolts. Stamg
with previous studies, this membrane potential was dependietiite concentrations of salts on
either side of the membrarend is likely due to the adsorption of charged cati@rmohs on the
charged inorganic membrane surfaces. In galvanostaticvidstre current was applied across a
precipitated iron sulfide membrane, the I/V character@irves of these Fe/S membranes showed
that the electrical resistance across the membranagetiaat an inflection pointF{gure 7),
indicating that the Fe-S precipitate membranes formetiéee outf-equilibrium systems are
somewhat bipolar that is, partially cation- and anion-selective. Thiansimportant property of
biological and also electrodialysis membranes (Sakagtatal®83; Bauer et al. 1988; Strathmann
et al. 1993; Honig and Hengst 1970; Aritomi et al. 1996).

The ability of simulated prebiotic iron sulfide chimney ppéeites to facilitate electron
transfer to a simulated Hadean ocean, with geologicalistie applied potentials between +/- 1
Volt, is shown inFigure 8. The simulated hydrothermal FeS membrane catalyst (growiatysis
template, then attached to a GCE) on the electrodésted ~0.4-0.8 milliamps of both anodic
and cathodic currenNo significant current (> tens of pA) was observed \utt the GCE, GCE
with carbon tape, or in the ocean simulant containie§ Pparticles. Similar results (though at
higher current ranging to +/- 10 mA) were observed wherocarkoth containing Fe/S precipitate
was directly used as an electrode. As in the dialysisduibiperiments, the carbon cloth without
Fel/S did not facilitate significant current at these pdaentThe higher current range of Fe/S
membranes on carbon cloth, compared to Fe/S membrangaiatieen from dialysis tubing, is
likely due to the fact it the active surface area is greater on the carbdim wiorking electrodes.
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5.2. PEM Fuel Cell Function using Geological Electrocatalyst Materials Derived Ifimm
Meteorites

Electrochemical analyses of the PEM fuel cell in ope@nal mode reveald a stable open
circuit voltage difference across the electrodes pgagimse to 0.7 VKigure 9 upper). In the
presence of Toluca electrocatalyst impregnated GDLsgcuhesnt-voltage polarization curves
(Figure 9 lower) show distinct behavior confirming that the fuel cefuisctional, and the current
flow increases with decreasing voltage as expected, apypngaa load ofca. 13 mA. In the
absence of the geological catalyst components, we auasaon/such polarization behavior.

6. Discussion:

The iron sulfide membranes formed at the interfacecmftrasting solutions in our
experiments represent specific mineral components that baute been contained within larger,
carbonate- and silica-containing hydrothermal chimney ptetgsi on the early Earth. Iron sulfide
precipitates in a hydrothermal chimney, formed in pH / iordigras via diffusion and self-
assembly, could contribute to the electrocatalytic praggerof the chimney if they were
sufficiently conductive. Mackinawite (FeS) is usually finst metastable product that forms from
the precipitation of aqueous Feand HS, and over time it can transform to greigite {&8,
pyrrhotite, or pyrite (Csakberényi-Malasics et al. 2012eSiat al. 2011, Kwon et al. 2011).
Mackinawite is a layered mineral composed of Fe-S tethahstabilized by van der Waals forces,
and since the Fe-Fe distance is only 2.60 A (similar to esdaha-iron: 2.48 A), it is highly
electrically conductive and even has been shown to esip&rconducting characteristics (Kwon
et al. 2011). It has been demonstrated that black smoker ghinaterial- also mostly composed
of metal sulfides- is capable of converting the geochemical redox potentiaidas hydrothermal
fluid and seawater to electrical current and catalyzingxedactions (Nakamura et al. 2010b).
Even though a hydrothermal chimney at an alkaline venh@mearly Earth may not have such a
high fraction of metal sulfides as a modern black smakénney, still it is possible that in a
prebiotic system subject to electrical potential gradierisden hydrothermal fuels (e.g2,HCHs)
and seawater oxidants (e.g. £®IOs, NOy, Fé"), deposits of conductive Fe/S precipitates
aided by their large active surface area as seéigure 6 — might have been able to facilitate
electron conduction and catalyze redox reactions on iferah surfaces.

Our preliminary experiments reveal that, due to their rmamfequilibrium nature,
inorganic precipitate membranes analogous to hydrothermal chivwaiés have many unusual
properties (van Oss 1984) that may be biologically and/or preddigtrelevant. The growth of a
hydrothermal chimney precipitate separating contrastindisogicould generate and maintain an
electrical potential for long periods of time, yet sfdtilitate selective ion transfer through the
membrane. The precipitates formed would likely exhibit a caitipoal gradient from exterior to
interior (as is seen in real hydrothermal chimneys, as agethemical garden lab experiments
(Haymon 1983Barge et al. 2012; Cartwright et al. 2002;)) and the charged ahgwefaces could
adsorb and concentrate ions from either ocean or hyehrotll solution. Metal sulfide-containing
chimneys formed within a temperature / pH gradient could patisnhost a range of mineral
phases with various electrochemical properties. Ikelithat these inorganic membranes could
also incorporate silicates, phosphates, Ni, and Mo gptecipitate (Barge et al. 2014; Barge
and Kanik, unpublished data). More experimental work is neededllto dharacterize the
properties of geological mineral precipitates in far-freguilibrium systems, in order to
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understand the reactions that may be possible in hydrothehmahey environments

In some ways, the inorganic Fe/S precipitates formedaniboa cloth in our interface
experiments are similar to the ion-exchange membranegasndiffusion layers in commercial as
well as experimental fuel cells (Kim et al. 2009; PauloBanhres 2011). Our preliminary success
of using commercially available fuel cell electrode/GDL matdcarbon cloth) aatemplate to
precipitate simulated hydrogeological mineral catalygtsasnising, as these fabricated electrodes
can be directly used in PEM fuel cell assemblies talyz¢ redox reactions in a pressurized out-
of-equilibrium geology test-bed reactor. Our preliminary PEM ded tests show that geological
minerals applied to the GDLs as catalysts have the potemtedilitate current flow and possibly
catalyze redox reactions in putative geological fuelsc&ur methods proved successful for
creating PEM fuel cell MEAs using geological materials (Toloezteorite taenite & kamaeit
material) as electrode catalysts, and should work forfi@tty sample or synthetic material of
similar composition.

Combined, these electrochemical techniques and fuel cetbredesigns may allow for
testing of specific reactions that are proposed to beaiei¢o the emergence of metabolism. For
example, some metal sulfide minerals that form unddrdifiermal conditions are structurally
similar to the inorganic active centers of certain funeliat@l redox enzymes (Rothery et al. 2008;
Baradaran et al., 2011; Russell and Hall 1997; Nitschke et al),204Bso synthetic hydrothermal
precipitates formed in the laboratory could be tested as “proto-metalloenzymes” in electrochemical
and fuel cell studies. Experimentally testing the effeuft trace chemical components the
electron transfer capabilities of a hydrothermal chimnaydcalso be instructivelTo give one
example of this, Nitschke and Russell (2013) have proposddndrifying methanotrophic
acetogenic pathway for the origin of metabolism, in whiah ¢hergy barriers (from GHo
methanol, and Coto CO) could be solved by electron bifurcation by hydrothéysproduced
Mo precipitating in trace amounts within a chimney wall (Halal., 2011; Nitschke and Russell
2009, 2011)- an interesting proposition, since, in biology, energgribrs are also surmounted
through redox-bifurcating enzymes such as quinones, flavidsnaolybdenum and tungsten
pterins (Staniek et al., 2002; Darrouzet and Daldal, 2002; Herrntaaip 2008; Li et al. 2008;
Nitschke and Russell, 2009, 2011, 2013; Kaster et al., 2011; SchuchmérMider, 2012;
Buckel and Thauer, 2012; Poehlein et al., 20IB& end result of a fuel cell experiment simulating
a geo-electrochemical system would be to reveal regactions in either half-cell as a function
of the composition of electrodes and membrane. In a laiibn of a prebiotic alkaline
hydrothermal vent, for example, electrical current ddod produced by oxidation of hydrothermal
H to electrons and protons, thus driving the reduction odric€€0O, to formate and possibly
further to formaldehyde; meanwhile hydrothermal sC¢buld be oxidized to methanol and
formaldehyde perhaps using nitrate or nitrite as an eleatroeptor (Nitschke and Russell, 2013;
Russell et al., 2013; Ducluzeau et al. 2009). Organic redox oodastich as quinones, flavins,
NADP, FAD, GMP and AMP which participate in electron trangfemodern bioenergetics and
were likely also present in LUCA (Buckel and Thauer 2012; Sch@zppenet et al., 2013) could
also be incorporated into fuel cell electrodes forinf@f-life simulations.

Regardless of the specific parameters, approaching arigife experiments within a fuel
cell / electrochemical framework could allow experimentierdake advantage of the many
rigorous analytical methods and diagnostics that aréinedy employed in fuel cell tests.
Moreover, there are various computational models thatbeaused to model fuel cell systems,
none of which (to the best of our knowledge) have beenogmgiwith an abiogenesis perspective
in mind. There are a great many reactions of importantreetorigin of life aside from the proto-
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metabolic redox reactions discussed above, such as $yNhesis or formation of peptides or
other complex organics, or polymerization of phosphatesaate energy currency. Any of these
could be incorporated into a fuel-cell-like experiment andiccdenefit from electrochemical
techniques. For example, it has been recently showiréfiacan cause some biological RNAs to
become redox active (Athavale et al. 2012; Hsaio et al. 2@if),thus in an early Earth
hydrothermal system it is possible that these redoxead®NAs might participate in the
electrocatalytic function of a hydrothermal chimney sgstilong with the inorganic components
(cf. McGlynn et al. 2012). Another example could be stoglyhe generation of condensed and/or
activated phosphates, which are necessary at the oridife @b function as energy currency
molecules similar to ATP (Baltscheffsky 199& has been proposed that green rust, a redox-
active iron oxy-hydroxide mineral that efficiently absogi®sphate (Barthelemy et al. 2012,
Antony et al. 2008), might be capable of forming pyrophospbaiels via regulation of proton
flow through mineral layers (Arrhenius 2003; Russell et 2013); alternately, pyrophosphate
could be formed via substrate phosphorylation within a hydnoidléy precipitated membrane
(Barge et al. 2014; Martin and Russell 2007). Incorporatingoooents like these into electrodes
in a fuel cell experiment might yield new prebiotically Hdole ways to synthesize necessary
high-energy molecules.

7. Conclusions:

There are many proven engineering design techniques andi@alahethods for building
membrane fuel cells and characterizing the electrocla¢mproperties of different organic and
inorganic catalysts. These techniques and methods cannaffeh insight into the workings of
bioenergetics and metabolism if applied to biological & lggical early Earth catalys
Considering that 1) microbes and mitochondria may be deagehighly evolved biological fuel
cells, and 2) that the earliest life on Earth was likedlgmiosmotic, chemosynthetic and utilized
energy sources such as those commonly found in modeiimalkgdrothermal vents, we believe
that the prebiotic-fuel cell modeling approach has potential.avgue that the electrochemical
methods which have been so successful in the fields df de# development and
bioelectrochemistry should be applied to simulating thgiroof life because of the conspicuous
fuel cell-like properties of metabolic and geo-electrodbamsystems Our preliminary
experiments presented here were successful in forming putkgcteoecatalytic minerals in out-
of-equilibrium chemical systems, mimicking the formationnadtal sulfide precipitates at the
interface between ocean and hydrothermal fluids onaHg Earth. These inorganic membranes
simulating prebiotic submarine hydrothermal precipitatessaown to be structurally complex,
are capable of generating and maintaining membrane poteatidlspH gradientsand are
electrically conductive. We also successfully formedusated hydrothermal chimney precipitates
on commercial fuel cell electrode / GDL material, a tegphe which can be utilized to create
electrode components for various types of fuel cell ewparts. Finally, we have developed a
PEMFC for simulating geo-electrochemical processeas hanve demonstrated that the PEMFC is
operational when field samples of geological materiakewesed as the electrode catalysts. The
methods utilized in this work are easily generalized to otherhgeoical interfaces of interest,
such as water-rock reactions on early Mars or thenmgns. Moving toward this type of laboratory
simulation of the emergence of bioenergetics will not dodyinformative in the context of the
origin of life on Earth, but may help us understand whethemossible for life to have emerged
in similar environments on other planets.
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Figure Captions:
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Figure 1. Alkaline hydrothermal vent on the early Earth modeled as a membrane fuel cell.

The reservoirs of seawater (relatively oxidizing, aidand hydrothermal fluid (reducing,
alkaline) are physically separated across a hydrothermal chipmeewpitate, which functions as
part electrolyte and part capacitor. The chimney precipitaigdd have contained (among other
things) iron sulfide minerals, due to the solubility ofFe the early anoxic oceans and the influx
of soluble bisulfide (HS-) from the hydrothermal fluid. Tdieode and cathode are the inside and
outside surfaces of the chimney, which would have variable csitigporeflecting the chemical
gradients in which they precipitated. The chimney walls wbalde been somewhat conductive
to electrons, which would pass from fuels in the hydrotherasarvoir to oxidants in the ocean
reservoir, catalyzed by electrochemically active milsarathe chimney wall.
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Figure 2: (A) Precipitation of Fe/S membrane between two intemfasolutions in a glass fuel
cell apparatus. The reservoirs represent the Hadean andaalkaline hydrothermal fluid, and
they are separated by a synthetic porous separator thas ain contact but not solution mixing.
(B) Fe/S membrane precipitated on dialysis membraneifjitete area ~ 4.9 cth

t coll
SRR Gas diffusion layer Graphite Plate qu@

N\ ;
Sub-gasket
\ 7
& o 4 &
) Graphite Gasket O

o Plate &

Figure 3: Outline of PEM fuel cell sub-system construction.
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Figure 4. (A) SEM image (secondary electron) of shavings fréwn type IAB-sLL Toluca

meteorite with mean composition of 91 and 8.1%Ni] (B) Energy dispersive mapping
spectrum (EDS) on the same course-grained meteorite saiitiplelemental color identification
showing a small degree of surface oxidation of the mid¢esitavings.
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Figure 5. (A) PEM fuel cell test-rig at University of Leeds. (B)ose-up of complete MEA fuel
cell assembly with the anodic surface in the foregrowmhected to dihydrogen inlet and outlet
supply. The cathodic reverse side is supplied with aihimvitvhich dioxygen acts as ultimate

electron acceptor.
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Figure 6: ESEM images of iron sulfide membrane precipitates iardnt membrane templates:
(A) dialysis tubing and (B) carbon cloth (the cylinders eaebon fibers). ESEM images were
obtained using a voltage of 20 kV and a working distance of 10 mm.
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Figure 7: Current/voltage characteristics of an iron sulfide pitate membrane. The membrane
was formed at the interface between simulated Hadean andaaikaline hydrothermal solutions,
then these solutions were removed and replaced with NA®A. Voltages are measured relative

to a rest potential.
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Figure8: Cyclic voltammograms of GCEs inNurged Hadean ocean simulant (20 mM NaHCO
+ 0.6 M NaCl, pH 5), with and without simulated Fe/S hydrotla¢nmembrane as an electro-

catalyst. Inset A: anoxic voltammetry cell. Inset B/S-enembrane precipitate dried and applied
to GCE.
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Figure 9. Open circuit voltage (upper) and polarization (I/V) curvethefToluca MEA fuel cell
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(lower). The negative sign in the 1/V graph indicates that current is being taken from the
functional fuel cell.
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