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Abstract

Photoelectrochemical reactions on mineral surfaces may have contributed to the synthesis of prebiotic molecules on early Earth. Laboratory
experiments were conducted to develop this idea. Colloidal particles of ZnS were selected as a prototypical semiconducting mineral material. We
investigated (1) the capability of the ZnS colloid to reduce aqueous CO, under ultraviolet irradiation to yield formate in the presence of a sulfur
hole scavenger and (2) to oxidize formate to yield CO, in the absence of a hole scavenger. In the presence of the hole scavenger, the initial quantum
efficiency is 10% for formate production from CO,; at pH 6.3. The reaction rate is sensitive to the pH of the solution, increasing with acidity for the
pH range of 5-9. The initial formate production rate is proportional to the concentration of aqueous inorganic carbon from 13 to 65 mM, suggesting
an absence of surface saturation. Photoproducts other than formate also form, including acetate and propionate, a finding which demonstrates the
formation of carbon—carbon coupling products. In the absence of hole scavenger but in the presence of the ZnS colloid, formate is photooxidized
with a quantum efficiency of 1.1%. The likely presence of semiconducting colloidal particles in the oceans of the prebiotic Earth suggests that

photochemical reactions on their surfaces could have played a significant role in the synthesis of organic molecules.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

An unanswered question about the origins of life is the
source of the organic molecules that constituted the foundational
building blocks of self assembly and replication. Colloidal pho-
tochemistry, which has received limited attention in regard to
this question, can open novel reaction pathways and speed reac-
tion rates because of the chemistry of excited-state species. The
operative principle is that an electron in the valence band is
promoted to the conduction band when a semiconducting min-
eral absorbs a photon of energy greater than the bandgap [1].
The conduction-band electrons and the valence-band holes can
drive reduction and oxidation reactions, respectively, thereby
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interconverting carbon through its oxidation states and hence
synthesizing new organic molecules (Table 1 and Fig. 1).

Zinc sulfide, a semiconductor which occurs in nature as the
minerals sphalerite and wurtzite, was chosen by us as a model
photocatalyst for study because of its occurrence in Hadean
marine environments and because the conduction-band elec-
trons have a sufficiently negative reduction potential (—1.04 V
versus NHE) to reduce CO; to CO,°*~ radical (Table 2). Small
organic molecules such as formate result [2—4]. The CO,*~ rad-
ical also undergoes chain addition to form C; and longer chain
carbon—carbon compounds [5].

The valence-band holes of ZnS are sufficiently energetic
(+2.56 V versus NHE) to oxidize a range of inorganic and
organic molecules. As a result, under unfavorable reaction con-
ditions, the reactions of ZnS can have a null reduction—oxidation
cycle. Under favorable reaction conditions, however, useful net
transformations can occur, such as reduction reactions that build
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Fig. 1. Two modes of photodriven reduction and oxidation reactions on colloidal semiconductor particles. (left) Mode 1, photooxidation of formate to generate
dissolved inorganic carbon. The electron scavenger is also formate. The overall reaction is formate disproportionation to dissolved inorganic carbon and carbon—carbon
coupling products. (right) Mode 2, photoreduction of dissolved inorganic carbon to generate formate (HCOOH) and carbon—carbon coupling products (C;H,0O;).

The hole scavenger is an aqueous sulfur solution.

Table 1

Common chemical carbon species and their oxidation states

Oxidation state Species

+IV H,CO5", HCO3~, CO32~ (sumis C5™)

+I1 HCOOH (formic acid), HCOO™ (formate), and CO
0 CgH 206 (glucose) and HCHO (formaldehyde)
—1II CH3OH (methanol)

A\ CHy (methane)

up organic molecules while a sacrificial electron donor is oxi-
dized. By harvesting the sun’s energy, photocatalysis by semi-
conducting minerals can provide free energy for these reactions
when necessary and, in addition, can cause rapid reactions rates
because of high overpotentials. The bandgap of ZnS is 3.6eV
(344 nm).

Under the conditions of the prebiotic Earth some 4 Ga ago,
ZnS was stable with respect to ZnCO3 in regard to the intercon-
version reaction:

ZnS + H>,O + CO; —» ZnCO3 + H3S (1)
Table 2
Reduction potentials for some half reactions of carbon and sulfur species
Reduction half-reaction E(lJ 1 V)
(NHE)
Dzns +€~ = eEB(ZnS,> —1.04
2C0O1(g) + 2e~ = (COO™ ), [oxalate] —0.63
COy(g) + HT 4+2¢~ = HCOO™ [formate] —0.31
S04% +2¢” 4+2H" = S03%~ +H,0 —0.10
CO,(g) + 4H" +4e~ = HCHO(aq) + H,0O —-0.071
S(s, ortho) 4+ 2e~ +2H' = H,S(aq) —0.053
2H" 4+2¢~ = H, +0.00
CO,(g) + 8H +8e™ = CHy(g) [methane] 4+ 2H,0 +0.017
2C0(g) + 7H' 4 8¢~ = CH3COO™ [acetate] + 2H,0 +0.075
25042~ + 8¢~ + 10H' = S,03% 4+ 5H,0 +0.29
SO04%~ +8¢™ + 10HT = H,S(aq) + 4H,0 +0.30
SO042~ +6e~ +8HT = S(s, ortho) + 4H,0 +0.36
h%ansﬂ +e” = Bzns +2.56

The table shows that photoexcited ZnS can reduce any of the species on the
left-hand side of the equations and oxidize any of the species on the right-hand
side of the equations. (Values are taken from Table 7.1 of FM.M. Morel and J.G.
Hering, Principles and Applications of Aquatic Chemistry, Wiley: New York,
1993, using the relation E? ) = 0.05916 pe”. Reduction potentials are written
for all species in their standard states and must be adjusted for calculations under
actual reaction conditions.)

so long as Py,s : Pco, > 1.3 x 10~'2. Current best estimates
suggest 1079 < Pu,s : Pco, < 1073 on the prebiotic Earth [6].
ZnS also has a low water solubility. Therefore, widespread
occurrence of hydrothermal vents on the early Earth [7] may
have led to colloidal ZnS and other semiconducting miner-
als of sufficient concentrations to lead to globally significant
photochemical reactions in the euphotic layer of the prebiotic
ocean.

In this paper, we report on the photoelectrochemistry of ZnS
colloids. The photochemical processes are depicted in Fig. 1,
and the reduction potentials of the half reactions of some carbon
and sulfur species are given in Table 2. We use formic acid
mineralization (mode 1) and CO, fixation (mode 2) as gen-
eral probes of photoreactivity, leaving the question of specific
chemical syntheses for future work. The reaction conditions in
the current study (i.e., pH, ultraviolet wavelengths, photocata-
lyst, hole scavenger, and anoxic environment) were chosen to
simulate the conditions on the prebiotic Earth. Earlier studies
demonstrating photoelectrochemical conversion of CO, over
ZnS were not performed under conditions relevant to early Earth
[2,5,8-10].

The pH of the prebiotic ocean was probably between 5.5 and 8
[11,12], which is the same range as in our pH-dependent studies.
There was very little oxygen in the prebiotic atmosphere. Sulfur
was thus present largely as S~ (i.e., sulfide H,S and HS ™) rather
than as S*V! (i.e., sulfate SO427) [13]. A reduced sulfur solution,
serving as a hole scavenger, was therefore used in our studies.
The dissolved inorganic carbon content of the prebiotic ocean
may have been 65 mM or higher for a CO, partial pressure of
1 atm in the atmosphere of early Earth. Therefore, we conducted
concentration-dependent studies up to 65 mM.

2. Experimental
2.1. Preparation of ZnS colloidal suspensions

2.1.1. ZnS synthesis—method 1

ZnS colloidal suspensions were synthesized by two meth-
ods. In the first method, ZnS particles were prepared at 15 °C
by mixing 250 mL of 50 mM ZnSO4 (EM Science, Germany,
99.5% assay) with 250 mL of nominally 50 mM Na;S (EMD
Chemicals, 98% assay). The ZnSO4 and Na,S solutions were
prepared by dissolving the solids in Ar-purged ultrapure water
(18 M2 cm). NayS is difficult to obtain in high purity because of
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its susceptibility to oxidation, and the solution prepared nomi-
nally as 50 mM Na,S actually had a smaller concentration of
NayS and contained significant quantities of other dissolved
sulfur oxyanions such as thiosulfate and sulfite. The concen-
tration of S, calculated as S7" = [HaS(aq)] + [HS ™1+ [S*>71,
was assayed by a sulfide-sensitive electrode after preparation of
the nominal solution.

Immediately after mixing together the ZnSO4 and Na; S solu-
tions, a white colloidal suspension of ZnS formed at a loading
of 2.3gL~!. The synthesis was carried out in an argon envi-
ronment to avoid sample oxidation. The ZnS colloid suspension
was used directly for the photochemical experiments, without
rinsing or other preparation.

2.1.2. ZnS synthesis—method 2

In the second method, a ZnS colloidal suspension was
synthesized by first mixing 500mL of 0.2M ZnCl; (Fisher
Chemicals—99.7% assay) with 525 mL of nominally 0.2M
Na;S (Fisher Chemicals—99.4% assay). The ZnS suspension
was subsequently aged under anoxic conditions in a preheated
water bath at 70+2°C for 142h with gentle shaking [14].
The aging process was concluded by quenching for 30 min at
22 £2°C. The supernatant of the ZnS colloidal suspension was
decanted in an anoxic atmosphere. The resulting ZnS slurry was
transferred into 50-mL centrifuge tubes and rinsed to remove
NaCl. Except for the aging and the centrifuging of the ZnS, all
other handling was conducted in an anoxic glovebox equipped
with a palladium O,-scrubbing catalyst and a digital H»/O; ana-
lyzer (Coylabs). During aging, the sample was sealed in a Pyrex
reaction vessel with a small anoxic headspace.

A protocol was developed for rinsing the slurry while avoid-
ing the oxidation of ZnS. The ZnS slurry was centrifuged for
Smin at 5000 rpm, after which the supernatant was removed
and 45 mL of 1 mM sodium sulfide rinse solution was added.
The sulfide rinse solution also served as a scavenger of oxygen
and thus prevented the surface oxidation of the ZnS precipitate.
After the addition of the rinse solution, the ZnS slurry was resus-
pended by placing the centrifuge tubes in a vortexer for 20 s and a
sonicator bath for 60 s. The centrifuge—decant-resuspend cycle
was repeated four times. At the end of the rinsing process, the
ZnS slurry was stored in a 250-mL Pyrex bottle wrapped in foil
until needed for the photochemistry experiments.

The loading (grams of ZnS per liter slurry) of the ZnS slurry
was determined using gravimetry. A 5-mL sample of each ZnS
slurry was weighed to calculate the slurry density (g-slurry per
L-slurry). The loading was then calculated using a water density
of 1000 g-liquid per L-water and a solid density of 4100 g-ZnS
per L-ZnS [15]. The loading varied among slurries from 39 to
57 g-ZnS per L-slurry. The slurry was diluted to 2.3 gL~! for
the photochemistry experiments.

Sample characterization is described in Appendix A.

2.2. Photochemistry experiments
2.2.1. Reactant mixture

Five hundred milliliters of a ZnS colloidal suspension, pre-
pared by either method 1 or 2 at a loading of 2.3 g L.~!, was thor-

oughly mixed at pH 12 with 20 mL of 200 mM Na,S (assayed)
and placed into a photochemical reactor [16]. The Na, S solution
(8 mM after mixing) contained both aqueous H»S and HS™ as
well as other sulfur oxyanions, originating either as impurities in
solid Na;,S or from rapid oxidation of HS™ by residual O;(aq).
This solution served principally as a valence-band hole scav-
enger. It also ensured that anoxic conditions were maintained
throughout the course of the experiment. The headspace of the
reactor was filled with argon.

Inorganic carbon was introduced into the reaction mixture
prior to irradiation by one of two alternative protocols, nor-
mally by bubbling CO; or in some cases by adding NaHCOs.
(1) Bubbling was done with Ultra High Purity CO; (99.99%,
IGO Gases, MA) at a flow rate of 385 mLmin~! for 150s,
which reduced the pH of the reaction mixture from 12.0
to 6.3. Measurements with a sulfide-selective electrode (sen-
sitive to S}H), with ion chromatography, and a with total-
inorganic-carbon analyzer showed that the initial reaction con-
ditions were 2mM HS™, 1 mM S,032~, 0.1 mM SO3%~, and
33mM CF"Y, where CF'Y =[H,CO;3"]+ [HCO3 ]+ [CO3%7]
and [H,CO3"]= [CO2(aq)] + [H2CO3]. Therefore, significant
H;S offgassing occurred during CO; bubbling (i.e., 8 mM S;H
decreased to 2 mM S}H). For experiments using ZnS prepared
from ZnSOy4 (i.e., method 1), 25 mM SO42~ was also present.
(2) NaHCO3 (EMD Chemicals, 99.7% assay) was added to the
reactor while purging with argon, and the pH was subsequently
adjusted to 6.3 or to another desired value with HySO4 (EMD
Chemicals, 98.0% assay). A third protocol was employed for
formate-addition experiments, in which 1.4 mM sodium formate
(Acros Organics, 99%) was added and no inorganic carbon was
added.

Equilibrium calculations for a closed system (i.e., during
irradiation) showed that the headspace contained negligible
amounts of HyS(g) and CO;(g) compared to S}H and C?IV,
even for the lowest pH studied of 5.3 [17]. In these calculations,
the pK, values employed were 7.0 for HS, 13.9 for HS™, 6.35
for H,CO3 ", and 10.33 for HCO3 ™. The Henry’s law constants
were 9.8 atm M~ ! H,S and 28.8 atm M~! for H,CO5".

2.2.2. Irradiation

The photochemical apparatus and the detailed experimental
protocols were described earlier [16]. The ZnS colloidal sus-
pensions were irradiated inside a sealed 500 mL photochemical
reaction vessel at 288 K. The light intensity from the 450 W
medium-pressure UV Hg arc lamp was 2.2 x 107> Ms™! (i.e.,
Einsteins s ') as measured by using potassium iron(III) oxalate
actinometry. The light spectrum included photons having wave-
lengths from 200 to 400 nm. After exposure to UV irradiation for
a selected time period, 1.0 mL of the colloidal suspension was
withdrawn from the reaction vessel through a septum and then
forced through a 0.2-pm syringe filter to remove particles. For
sulfide analyses, the pH was immediately adjusted (see below).
The withdrawn solutions were analyzed by ion chromatogra-
phy (formate, acetate, propionate, thiosulfate, sulfite, and sul-
fate concentrations), sulfide-selective electrode (S}H), atomic
absorption spectroscopy (aqueous Zn>*), and total organic
carbon.
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2.3. Chemical product analysis

Ion chromatography (Dionex DX120 with AS11-HC col-
umn, conductivity detector, self-regeneration suppression) was
used to quantify anionic photochemical products, specifically
formate, acetate, and propionate. For formate analysis, an elu-
ent of 20 mM NaOH solution and a flow rate of 0.85 mL min~!
were employed. Thiosulfate, sulfite, and sulfate also eluted with
this method. Aliquots were analyzed immediately after they
were withdrawn from the photochemical apparatus. Acetate and
propionate were also analyzed for some samples by employ-
ing an eluent of sodium borate (SmM) at a flow rate of
1.50 mL min~!. The species in solution were identified by com-
parison to the chromatograms of pure chemicals. The concen-
trations were obtained by calibration with a series of standard
solutions.

The total organic carbon (TOC) content of some aliquots
was determined by Huffman Laboratory, Colorado, up to two
weeks after collection from the photochemical apparatus. Stan-
dard Method 5310C was used for the analysis [18]. The aliquots
were acidified to pH 1 at Huffman Laboratory and were purged
to release CO; to the gas phase. The amount of CO, released
(i.e., total inorganic carbon (TIC)) was quantified by infrared
detection. After the removal of inorganic carbon, the aliquot was
oxidized by a hot persulfate solution, converting the organic car-
bon to CO,. The sample was again purged, and the amount of
CO; released yielded the total organic carbon. The detection
limit was 0.2 mg-carbon L™

Total S(—II) concentration S}H was measured using a sulfide-
selective electrode (Orion 96-16 Tonplus™ Silver/Sulfide elec-
trode). For these measurements, 2.0 mL aliquots withdrawn
from the photochemical apparatus were immediately mixed with
2.0mL of 2.0M NaOH to obtain a pH of 14, thereby minimiz-
ing offgassing of H,S, although some minimal loss certainly
occurred. The electrode was calibrated with alkaline Na, S solu-
tion standards.

The aqueous Zn>* concentrations of withdrawn samples were
measured by atomic absorption spectroscopy (AAnalyst 300
atomic absorption spectrometer equipped with an HGA 850
graphite furnace attachment; Perkin-Elmer, Shelton, CT). Ana-
lytical standards read during analysis were within 10% of the

Table 3
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Fig. 2. Time profile of formate and S;H concentrations during irradiation in
the presence and absence of ZnS (mode 1 experiment). The initial solution is
spiked in both cases with 1.4 mM sodium formate. No inorganic CO, is added
to the solution. Initial conditions: 2.3 gL’1 7ZnS (method 1), 2 mM sulfur hole
scavenger, pH 6.3, 15 °C, and ultraviolet irradiation (200-400 nm).

known concentrations. Under our analytical conditions, the limit
of detection for this technique was 2 nM.

3. Results and discussion

3.1. Formate loss: photooxidation reactions with ZnS

colloid

Formate is photodecomposed by ZnS once S}H is depleted
(Fig. 2), a process depicted by mode 1 in Fig. 1. Specifically,
Fig. 2 shows that in the presence of ZnS particles the concentra-
tion of formate decreases rapidly for increasing irradiation time
in a solution initially spiked with formate after an induction
period of 45min that depletes S}H. Control experiments
described by Table 3 demonstrate the occurrence of a heteroge-
neous photoelectrochemical reaction (namely, mode 1 of Fig. 1).
The loss rate from homogeneous photolysis in the absence of
ZnS colloid is at least twice as slow (control B). The homoge-
neous photolysis reactions are HCOOH + hv — CO + H,O and
HCOOH + hv — CO; + H [19]. No decrease of formate occurs
in the dark when the irradiation is terminated after 45 min

Control experiments to demonstrate the occurrence of a heterogeneous photoelectrochemical reaction (namely, mode 1 of Fig. 1) for the loss of formate in the
presence of ultraviolet irradiation and colloidal ZnS particles and the absence of sulfur hole scavenger

Description Variables Observation

UV (A <410nm) Catalyst (ZnS(s)) Absence of sulfur Formate Formate loss
hole scavenger

Photochemical reaction 1 Yes Yes Yes Yes Yes (100%)

Control A No Yes Yes Yes No

Control B Yes No Yes Yes Slowed (50%)

Control C Yes Yes No Yes No?

Control D Yes Yes Yes No No®

Control E Yes No No Yes Slow (5%)

Reaction conditions are described in the caption of Fig. 2. Percentages in parentheses indicate the relative initial rates.

% No formate loss until HS™ is exhausted after 40 min.
b Formate is not present within analytical uncertainty during irradiation.
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(results not shown). The results therefore show that the heteroge-
neous loss of formate requires the presence both of ZnS colloid
and light and is, therefore, photoelectrochemically driven.

Significant formate loss, beyond what can be explained by
homogeneous photolysis screened by HS™ absorption (control
E), begins only after S}H is depleted from 10™* to 10~® M after
60 min of irradiation (Fig. 2). The implication is that significant
formate homogeneous photolysis and heterogeneous photooxi-
dation begin only once S}H scavengers are depleted. S;H is not
fully converted to S*VI at 60 min, however, because a yellow
solid (sulfur) is visible in the colloid and the sulfate concentra-
tion continues to increase almost linearly after 60 min (data not
shown).

The heterogeneous loss of formate is driven by photooxida-
tion to CO;. The results of the TOC analysis have a yield of
no more than 0.22mM of the initial of 1.3 mM formate. In a
comparison experiment having no added sulfur hole scavenger
(S71 < 10719 M), 1.9 mM of formate is lost and 0.4 mM of TOC
as carbon is formed (data not shown). We speculate that the bal-
ance of the electron scavenging in mode 1 is due to H* reduction
to form Hp, although we did not analyze the products for the
presence of Hy. According to Table 1, as an upper limit that
omits the contribution of homogeneous photolysis, 1.5 mM for-
mate (C*I") to C*1V implies 0.4 mM TOC has an average carbon
oxidation state of —5.5, a chemically unrealistic value. An alter-
native electron acceptor is therefore needed. If instead a 50%
loss is attributed to homogeneous photolysis (control B), then
(0.5)(1.9) yield of 0.4 mM TOC implies a carbon oxidation state
of —0.75.

The datain Fig. 2 show arapid decrease of S ;H in the presence
of ZnS. Control experiments described in Table 4 demonstrate
the occurrence of a heterogeneous photoelectrochemical reac-
tion for the loss of S}H. Comparison of the data in the presence
and absence of ZnS shows that photoelectrochemical decompo-
sition of S;H is much more rapid than homogeneous photolysis.
The direct photolysis of HyS by ultraviolet irradiation is dis-
cussed by [20,21].

The loss of S;H shown in Fig. 2 leads to the partial disso-
lution of the ZnS. Once the sulfide is exhausted, up to 1074 M
Zn’*(aq) is released at pH 6.3 (data not shown). The saturation
ratio given by O/Ky;, is nominally 8 after 160 min of irradiation,
where Q = [Zn?*][S?*~] and Kip is the solubility product of ZnS.
This saturation ratio is qualitatively equivalent to unity when

Table 4

Control experiments to demonstrate the occurrence of a heterogeneous photoelectrochemical reaction for the loss of S
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Fig. 3. Time profile of formate, acetate, priopionate, pH, S_“, sulfate, and thio-
sulfate, concentrations during irradiation (mode 2 experiment). Lines are drawn
to aid the eye and do not represent a model fit. Initial conditions: 33 mM C}'W
(CO; bubbling), 2.3 g L~! ZnS (method 1), 2 mM sulfur hole scavenger, pH 6.3,
15 °C, and ultraviolet irradiation (200—400 nm).

uncertainties in the acid dissociation constant of HS™ and in the
solubility product of ZnS(s) are taken into account.

3.2. Formate generation: photoreduction reactions with
ZnS colloid

Formate is photoproduced from inorganic carbon C'}'IV by
ZnS when S}H is present above 107> M, as shown in Fig. 3
from O to 40 min. This process is depicted by mode 2 in Fig. 1.
After 40 min, S}H is depleted, the reaction reverts to mode 1
(cf. Figs. 1 and 2), and the formate concentration decreases.
The important role of S}H is confirmed in a separate experi-
ment in which the solution is spiked at 45 min with 4 mM of
the sulfur hole scavenger solution. In this case, the formate con-
centration again increases (data not shown) until 60 min, after
which time S7" is again depleted and the formate concentra-

T i the presence of ultraviolet irradiation,

Description Variables Observation

UV (A<410nm) Catalyst (ZnS(s)) S;“ Formate S;" loss
Photochemical reaction 2 Yes Yes Yes Yes Yes (100%)
Control F No Yes Yes Yes No
Control G Yes No Yes Yes Very slow (<1%)
Control H Yes Yes No Yes No?
Control I Yes Yes Yes No Yes (100%)
Control J Yes No Yes No Slow (<10%)

Reaction conditions are described in the caption of Fig. 3. Percentages in parentheses indicate the relative initial rates.

a S;His not present within analytical uncertainty during irradiation.
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Table 5
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Control experiments to demonstrate the occurrence of a heterogeneous photoelectrochemical reaction (namely, mode 2 of Fig. 1) for the generation of formate in the
presence of ultraviolet irradiation, colloidal ZnS particles, a sulfur hole scavenger, and a C}'W electron scavenger

Description Variables Observation
UV (A<410nm) Catalyst (ZnS(s)) Sulfur hole scavenger C}'W electron acceptor Formate production
Photochemical reaction 3 Yes Yes Yes Yes Yes
Control K No Yes Yes Yes No
Control L Yes No Yes Yes No
Control M Yes Yes No Yes No
Control N Yes Yes Yes No No
Control O* Yes Zn2+(aq) No Yes No
Control PP No Yes Yes Yes No

Reaction conditions are described in the caption of Fig. 3.

2 107°M ZnS04(aq) was used instead of colloidal ZnS(s). The sulfur hole scavenger also was not added so as to avoid the formation of ZnS(s) via precipitation

of Zn**(aq).
b Experiment was done in the dark at 45°C.

tion again goes down (i.e., the system reverts from mode 2
to mode 1).

Control experiments confirm that formate production is asso-
ciated with the photoelectrochemistry of ZnS colloids (Table 5).
No formate is detected in the absence of UV irradiation (control
K), indicating that dark thermal chemistry is not the mechanism
for the reaction. Formate is also not found when no colloidal ZnS
particles are present (control L). The presence of both an elec-
tron donor (control M) and an electron acceptor (control N) is
necessary for formate production. Homogenous photoreduction
of formate by aqueous Zn** is ruled out because no formate pro-
duction is observed when 10~ ZnSQy solution is used instead
of ZnS colloidal particles (control O). This test is motivated by
measurements during the course of the reaction that show up
to 107 M Zn?*(aq) is released to aqueous solution at the same
time as formate production takes place. Control P, done under
the same conditions as control A except at 45 °C, shows that no
formate is produced by thermal reaction. This control is neces-
sary because the temperature of the top 1 cm of solution rises
to 45°C, i.e., the incomplete water jacket around the reactor
delivers no cooling to this region while the rest of the solution
remains at 15 °C.

The photochemical production of formate depends strongly
on the pH of the solution (Fig. 4a). Lower pH favors formate
production, at least over the range of 5.3 <pH <9.3. The initial
formate production rate (calculated for the first 15 min of reac-
tion) decreases by 65% for an increase of one pH unit over the
range 6.3 <pH<8.3. At pH 9.3, the production of formate is
below the detection limit after 160 min irradiation, thus setting
an upper limit of 5 x 10~ M min~"! at this pH for the initial for-
mate production rate. The pH does not change during irradiation
(e.g., see time series in Fig. 3).

The dependence of the initial formate production rate on pH
approximately tracks the speciation of C}LW as HyCO3" and
S}H as H,S in a closed system (Fig. 4b), suggesting that surface
concentration of one of these species could occur in the rate law
of the limiting step. The isoelectric pH for the colloidal ZnS
particles in nominally 1 mM NayS is 3.75 £ 0.25 (see Fig. A4 of
appendix). The ZnS particles are therefore negatively charged
in the pH-dependent studies over the range of 5.3 <pH<9.3,

and negatively charged species such as HCO3~ or HS™ face
an electrostatic barrier to surface adsorption. These relation-
ships suggest possible reactive surface species of >ZnS::CO;
and >ZnS::H,S. H,CO3" speciates as COz(aq) in a 600:1 ratio
with HoCOs3. Neutral sulfur oxyanions such as H»S>03 and
H,SOs3 are insignificant for 5.3 <pH <9.3. The abrupt switch
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Fig. 4. (a) Time profile of formate concentration during irradiation for several
pH values. Initial conditions: same as Fig. 3 except that Ct is set by NaHCO3
addition. (b) Left-hand axis shows speciation of C;IV as H,COs™, HCO3~, and
CO32~ and S;H as HpS and HS™. Right-hand axis shows initial production rate
of formate (log axis).
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from mode 2 to mode 1 after 40 min of irradiation also tracks
closely with the abrupt drop in S}H from 10™* to 107% M rather
than the smooth loss of thiosulfate from 450 to 350 uM (Fig. 3).
We therefore suggest that a sulfide species, rather than a sulfur
oxyanion, is the predominant hole scavenger. As a test, varying
the initial thiosulfate concentration from 0.50 to 1.4 mM through
spiking experiments does not alter the formate production kinet-
ics (data not shown). Even so, in the absence of spectroscopic
evidence our assignments of >ZnS::CO; and >ZnS::H>S as the
reactive species are tentative. Another possibility that we cannot
rule out is that outer-sphere electron transfer takes place and no
surface-adsorbed species forms.

The experimental results show that both bubbling CO, and
adding NaHCO3 lead to formate production via ZnS-mediated
photochemistry (shown in Fig. 3 for CO, bubbling; no data
shown for NaHCO3). In contrast, Kanemoto et al. [2] report
that no products form when CO, bubbling is replaced by bicar-
bonate addition. The difference between our results and those of
Kanemoto et al. may arise from the difference in pH values in the
two sets of experiments: the addition of NaHCO3 increases pH
compared to CO; bubbling, which Kanemoto et al. do not appear
to take into account. We find that there is no difference between
using CO» or bicarbonate as the inorganic carbon source so long
as other conditions are held constant. This result is consistent
with the equilibration of aqueous HCO3~ and dissolved CO,
with one another in under 10 s at pH 6.3 [22], which can be com-
pared to the 1 h timescale of the photochemical experiments. The
agreement in results also suggests any possible impurities in the
CO»(g) or NaHCO3(s) do not significantly affect our observa-
tions.

The initial production rate of formate is proportional to the
concentration of the dissolved inorganic carbon, at least over the
investigated range O<CJTrlv <65mM (Fig. 5). In these experi-
ments, the amount of added NaHCOs3 is varied while pH is held
at 6.3 by addition of sulfuric acid. Keeping in mind the find-
ing that the putative reactive surface species is >ZnS::CO; and

Initial Formate Production Rate (uM/min)

0 T T T
0 20 40 60

Total Inorganic CarbonC ;" (mM)

Fig. 5. Dependence of the initial production rate of formate on the initial value
of CJTFIV. Initial conditions: same as Fig. 3 except that Ct is set by NaHCO3
addition.

assuming that the reaction rate is first-order in [>ZnS::CO;],
we conclude that the linear relationship observed between
the reaction rate and [CO»(aq)] implies a linear relationship
between [>ZnS::CO;] and [CO;(aq)]. In this case, the adsorp-
tion isotherm is in a subsaturated regime (e.g., the linear region
of a Langmuir adsorption isotherm) even up to 65 mM CJT’W,
which corresponds to 35 mM CO»(aq) at pH 6.3. Both an elec-
tron scavenger such as >ZnS::CO; and a hole scavenger such as
>7nS::H;S are necessary for the reaction, and the absence of sat-
uration at high C}'W suggests that H»S and CO; do not compete
for the same surface sites (i.e., competitive versus noncompet-
itive Langmuir-Hinshelwood mechanism). Another possibility
is that one or both of the species remain dissolved instead of sur-
face adsorbed and undergo outer-sphere electron transfer (i.e.,
Eley—Rideal mechanism).

Quantum efficiency is the rate of product formation divided
by the light intensity extinguished. Our experimental results
show that the quantum efficiency of initial formate production
is 10%, which demonstrates that colloidal ZnS is an efficient
photocatalyst [1]. Quantum efficiency is a lower limit of the
quantum yield because light is extinguished both by absorption
from the photocatalyst and by light scattering from the particle
suspension. This quantum efficiency is greater than the value of
4% reported previously for MnS [16].

3.3. Different sample preparation methods (method 1
versus method 2)

To explore how the results depend on the nature of the ZnS
particles, we conducted photochemical experiments with ZnS
suspensions that had not and had been aged, namely methods 1
and 2. Similar time profiles of formate production were observed
for the two suspensions (Fig. 6). Therefore, the aging process,
which affects crystallite size, the number and types of defects,
and the reconstruction of the surface, does not appear to affect
the ultimate photoelectrochemical reactivity, at least for the two
suspensions studied. Unlike thermal catalysis, photocatalytic
reactions are not directly proportional to specific surface area
because the rate-limiting step is photon absorption [1].
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Fig. 6. Time profile of formate concentration during irradiation for ZnS suspen-
sions prepared by methods 1 and 2. Initial conditions: same as Fig. 3.
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3.4. Carbon—carbon coupling reactions with ZnS colloid

The conduction-band electrons of ZnS lead to the formation
of carbon—carbon products. The initial carbon—carbon products
arise from the coupling reactions of formate and therefore lead to
C, compounds, such as acetate. Later in the irradiation, the possi-
ble permutations of coupling reactions are much more numerous,
such as C; with C; or C, with C, and so on. The data in Fig. 3
show the presence of acetate and propionate in both mode-1
and mode-2 regimes. At 160 min when formate is no longer
present, the concentration of total organic carbon is 2.0mg L™,
Acetate and propionate account for 0.7 mg L™!. The remaining
1.3mgL~! is hypothesized by us to include molecules having
carbon—carbon chains longer than Cs.

A possibility is that significant quantities of organic material
adsorb to the surface of the ZnS particles. If so, this mate-
rial would not pass through the syringe filter, and the reported
TOC yield of 2.0mg L~! would be understated. To test for this
possibility, we analyze filtered and dried ZnS particles after
photochemistry by the TOC solids method. No organic car-
bon is detected. The detection limit of the method, which is
0.5mg C in 1g sample, implies an upper limit of 1 mgL~!
undetected adsorbed carbon based upon a colloid loading of
2.3 gL~!. Therefore, we cannot rule out that our apparent yield
of 2.0mgL~! TOC could be understated by up to 50%.

An additional possibility is that adsorbed carbon could
affect the surface chemistry, thus causing a change in reactiv-
ity as carbon—carbon products form. The absence of detected
solid TOC, in conjunction with the above stated detection
limit, implies upper limits of 2.6 x 107> to 9.0 x 10~ of frac-
tional monolayer coverage by adsorbed carbon—carbon products
assuming a limiting condition of monodisperse colloidal parti-
cle sizes from 10 to 600 nm. This calculation is based upon the
cross-sectional area of HCHO (1.9 A2 molec™! ), the density of
ZnS (4.0 x 103kgm™3), and particle diameters ranging from
10 nm (Fig. A2a) to 600 nm (Fig. A3a for pH of 6.3). (Supermi-
cron particles apparent in the TEM images of Fig. A2b and in
the DLS measurements of Fig. A3b make only a small contri-
bution to the overall surface area of the colloidal suspension.)
The highest estimated fractional monolayer coverage of 0.09
still suggests a limited role for adsorbed carbon—carbon prod-
ucts in altering reactivity, although attachment to active sites on
the surface cannot be entirely ruled out.

4. Conclusions and implications for prebiotic synthesis

The results of this paper show that inorganic carbon is pho-
toreduced to form organic molecules such as formate, acetate,
and propionate in the presence of irradiated ZnS colloids (mode
2, Fig. 1). In the absence of hole scavengers, photooxidation
of organic molecules also occurs (mode 1, Fig. 1). Photochemi-
cally induced redox chemistry of this type could have assembled
building blocks in the prebiotic synthesis of even more organized
molecules (e.g., membrane structures) on the early Earth. Fac-
tors influencing the prevalence of this chemistry in the Hadean
were the occurrence of the photocatalyst, its quantum efficiency,
and the reaction conditions.

There is currently no scientific consensus regarding the mech-
anisms that could have produced prebiotic molecules over a
wide range of conditions on early Earth. Proposals are that
organic molecules may have originated via spark discharge
(lightning) [23,24], hydrothermal vents [7,25,26], or cometary
delivery [27-31]. It remains important to consider alternative
mechanisms, such as photoelectrochemistry on mineral colloids.
Synergistic combinations of these several mechanisms may also
have been active.
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Appendix A. Sample characterization

Slurry samples were dried, powdered, and mounted on glass
slides for characterizing the ZnS atomic structure by X-ray
diffraction. Powder patterns were collected using a Scintag
PADx Diffractometer equipped with graphite-monochromatized
Cu Ka; radiation (A=1.5405 10\). The scanning rate was
1.0° min~! between 26 value of 10° and 80°.

The XRD diffraction patterns (Fig. A1) were consistent with
the formation of cubic ZnS (sphalerite) powders. Namely, the
lattice constants of 5.38 40.005 and 5.39 +0.006 A for ZnS
prepared by methods 1 and 2, respectively, compare well with
the value of 5.406 A for sphalerite ZnS in the JCPDS Powder
Diffraction File No. 5-566.

Concurrent particle sizing and surface charge measurements
were performed using dynamic light scattering (DLS) [32].
The instrument was a Brookhaven Instruments Corporation
90Plus/BI-MAS Particle Size Analyzer equipped with Phase
Analysis Light Scattering technology for the determination of
surface charge [33]. Particle sizing by DLS is a noninvasive tech-
nique whereby the diffusion of particles in solution is measured
through light scattering. As a result, the samples were exam-
ined under aqueous conditions. Possible changes in the surface,
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Fig. Al. X-ray diffraction patterns of the synthesized ZnS particles.
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which can result from oxidation during filtering and drying for
other sizing methods such as electron microscopy, were thus
avoided.

Particle size and surface charge were determined by analy-
sis of scattered light. The intensity correlation function of each
sample was measured over five runs at a scattering angle of 90°
from the incident laser beam (695 nm). Particle sizes from 5
to 3000 nm were determined from the autocorrelation function
based upon the CONTIN [34] and Non-Negative Least Squares
[35] analysis procedures. The electrophoretic mobilities were
determined by measuring the frequency shift of the scattered
light as the particles moved in an applied electric field. The scat-
tered light was frequency shifted by the Doppler effect and, given
that the direction of the electric field was known, both the sign
(positive or negative) and the magnitude of the electrophoretic
mobility and hence surface charge were determined.

These sizing and surface charge methods were applied to
colloidal ZnS particles present in the supernatant of the third
centrifuge—decant-resuspend cycle described in Section 2.1.2.
Specifically, 1 mL of the supernatant was diluted in 70 mL of
1 mM sulfide rinse solution, resulting in a pH of 12.3 £ 0.2. pH-
dependent measurements were carried out by the addition of HCI1
(0.02M) to the diluted colloidal solution prior to DLS analysis.
Sample temperature was controlled at 298 K by the instrument.
Anoxic conditions were maintained during the manipulations.

Transmission electron microscopy (TEM) was also employed
as an alternative sizing approach. ZnS particles in suspension
were transferred under anoxic conditions to 300-mesh 3-mm

carbon-coated copper grids having a Formvar backing. The
particle-laden grids were dried under a stream of N> and then
capped under anoxic conditions in glass vials for transport to the
electron microscope. During transfer from the vials to a beryl-
lium TEM sample holder, the grids were exposed to atmospheric
oxygen for less than one minute, after which they were under
high vacuum in the microscope. Imaging was performed using
a Philips CM12 scanning TEM with a high brightness (LaBg)
electron gun.

The three complementary techniques (XRD, TEM, and DLS)
were employed to characterize the size distribution of the pow-
ders. The broadness of the XRD diffraction peaks (Fig. Al)
for the freshly precipitated material (method 1) indicated a lack
of long-range ordering and implied crystallite sizes smaller than
1 pm. In comparison, the sharper diffraction peaks for aged ZnS
(method 2) indicated a growth in crystallite size. The base of
the diffraction peaks for the aged material, however, remained
broad, which suggested a residuum of small crystallites was
still present even after aging. A multimodal particle size distri-
bution was thus implicated. The TEM images corroborated the
presence of nanoscale, poorly crystalline ZnS in the fresh precip-
itate (Fig. A2a) and a mixture of nanoscale ZnS and micron-size
hexagonal ZnS particles in the aged material (Fig. A2b).

Unlike the dry powders analyzed in the XRD and TEM meth-
ods, the DLS measurements were performed for aqueous suspen-
sions and thus the size distributions should have been unaltered
from those of the photochemical experiments. The DLS mea-
surements indicated that the particle size distributions had two

Fig. A2. Transmission electron micrographs of the synthesized ZnS particles. (a) ZnS prepared by method 1. (b) ZnS prepared by method 2. Inset: nanoscale ZnS

particles are present in the suspensions prepared by method 2.
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Fig. A3. pH-dependent mode diameters of the particle size distribution of the
synthesized ZnS colloids. The particle size distributions have two modes, which
are shown in (a) and (b). The mode diameters are determined by inversion of
the DLS measurements of the ZnS colloids.

modes (Fig. A3a and b). Namely, above pH of 8, ZnS prepared
by method 1 has modal diameters of 50 and 400 nm, which
increased to 200 and 1000 nm, respectively, for aged material
prepared by method 2. The modal diameters were determined
by inversion of the DLS measurements of the ZnS colloids using
intensity-weighted, multimodal models [32,34,35].

Whereas the TEM measurements showed individual crys-
tallites, light scattering was sensitive to the extent of particle
flocculation. Consistency with the TEM measurements required
that the 400-nm mode diameter measured for method 1 arise
from the flocculation of nanoscale particles. In contrast, the pop-
ulation centered around 1000 nm for method 2 may have been
dispersed single crystals while still being consistent with the
TEM images (Fig. A2b). For both methods, the modal diam-
eters increased for decreasing pH, indicating that flocculation
increased, which commonly occurs as net surface charge on
the particles diminishes. Therefore, for the conditions of the
photochemical experiments (i.e., pH of 6.3), flocs composed of
primary crystallites of tens to hundreds of nm best described the
particle size distribution of method 1. In comparison, for method
2, the particle suspension contained a combination of flocs of
nanoparticles and of micron-sized hexagonal crystals.
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Fig. A4. Zeta potential as a function of pH for the synthesized ZnS colloidal
particles.

The zeta potential measurements (Fig. A4) showed that the
isoelectric point (pHjep) for the colloidal ZnS particles was
between 3 and 4 in nominally 1 mM Na;S for particles pre-
pared by both methods 1 and 2 [36]. The ZnS particles were
therefore negatively charged for pH >4, which was consistent
with the results of [36].
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