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EARLY SOLAR SYSTEM

The ancient heritage of water ice in

the solar system

L. Ilsedore Cleeves,"* Edwin A. Bergin,' Conel M. O’D. Alexander,” Fujun Du,’
Dawn Graninger,? Karin I. Oberg,? Tim J. Harries*

Identifying the source of Earth’s water is central to understanding the origins of
life-fostering environments and to assessing the prevalence of such environments in
space. Water throughout the solar system exhibits deuterium-to-hydrogen enrichments,

a fossil relic of low-temperature, ion-derived chemistry within either (i) the parent
molecular cloud or (ii) the solar nebula protoplanetary disk. Using a comprehensive
treatment of disk ionization, we find that ion-driven deuterium pathways are inefficient,
which curtails the disk’s deuterated water formation and its viability as the sole source for
the solar system’s water. This finding implies that, if the solar system’s formation was
typical, abundant interstellar ices are available to all nascent planetary systems.

ater is ubiquitous across the solar sys-
tem, in cometary ices, terrestrial oceans,
the icy moons of the giant planets, and
the shadowed basins of Mercury (I, 2).
Water has left its mark in hydrated min-
erals in meteorites, in lunar basalts (3), and in
martian melt inclusions (4). The presence of
liquid water facilitated the emergence of life
on Earth; thus, understanding the origin(s) of
water throughout the solar system is a key goal
of astrobiology. Comets and asteroids (traced by
meteorites) remain the most primitive objects,
providing a natural “time capsule” of the condi-
tions present during the epoch of planet forma-
tion. Their compositions reflect those of the gas,
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dust, and—most important—ices encircling the
Sun at its birth, i.e., the solar nebula protoplan-
etary disk. There remain open questions, however,
as to when and where these ices formed, whether
they (i) originated in the dense interstellar medium
(ISM) in the cold molecular cloud core before the
Sun’s formation or (ii) are products of reprocessing
within the solar nebula (5-7). Scenario (i) would
imply that abundant interstellar ices, including
water and presolar organic material, are incorpo-
rated into all planet-forming disks. By contrast,
local formation within the solar nebula in scena-
rio (ii) would potentially result in large water abun-
dance variations from stellar system to system,
dependent on the properties of the star and disk.

In this work, we aim to constrain the for-
mation environment of the solar system’s water,
using deuterium fractionation as our chemical
tracer. Water is enriched in deuterium relative to
hydrogen (D/H) compared with the initial bulk
solar composition across a wide range of solar
system bodies, including comets, (8, 9), terres-
trial and ancient martian water (4), and hydrated
minerals in meteorites (0). The amount of deu-

terium relative to hydrogen of a molecule de-
pends on its formation environment; thus, the
D/H fraction in water, [D/H]y , can be used to
differentiate between the proposed source en-
vironments. Interstellar ices, as revealed by sub-
limation in close proximity to forming young
stars, also exhibit high degrees of deuterium
enrichment, ~2 to 30 times that of terrestrial
water (1I-14). It is not known to what extent
these extremely deuterated interstellar ices are
incorporated into planetesimals or if, instead,
the interstellar chemical record is erased by
reprocessing during the formation of the disk
(15, 16). Owing to water’s high binding energy to
grain surfaces, theoretical models predict that
water is delivered from the dense molecular cloud
to the disk primarily as ice, with some fraction
sublimated at the accretion shock in the inner
tens of astronomical units (AU) (75). If a substan-
tial fraction of the interstellar water is thermally
reprocessed, the interstellar deuterated record
could then be erased. In this instance, the disk is left
as primary source for (re-)creating the deuterium-
enriched water present throughout our solar system.

The key ingredients necessary to form water
with high D/H are cold temperatures, oxygen,
and a molecular hydrogen (H,) ionization source.
The two primary chemical pathways for making
deuterated water are (i) gas-phase ion-neutral
reactions, primarily through H,D" and (ii) grain-
surface formation (ices) from ionization-generated
hydrogen and deuterium atoms from H,. Both
reaction pathways depend critically on the forma-
tion of H,D". In particular, the gas-phase channel
(i) involves the reaction of H,D" ions with atomic
oxygen or OH through a sequence of steps to
form H,DO", which recombines to form a water
molecule. The grain-surface channel (ii) is pow-
ered by H,D" recombination with electrons or
grains, which liberates hydrogen and deuterium
atoms that react with oxygen atoms on cold dust
grains. H,D* becomes enriched relative to H3+
because the deuterated isotopologue is ener-
getically favored at low temperatures. There is
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an energy barrier AE; to return to H3+, ie.,
H,"+ HD=H,D"+ H, + AE;, where AE; =
124 K, although the precise value depends on the
nuclear spin of the reactants and products (17). The
relatively modest value of AE; restricts deuterium
enrichments in H," to the coldest gas, T < 50K.
Thus, deuterium-enriched water formation re-
quires the right mix of environmental condi-
tions: cold gas, gas-phase oxygen, and ionization.

The conditions in the dense interstellar me-
dium, i.e., the cloud core, readily satisfy these
requirements, where temperatures are typically
T = 10 K and ionization is provided via galactic

cosmic rays (GCRs). In this regard, the condi-
tions in the core and in the outermost regions of
the solar nebula are often thought of as analo-
gous (I8). This is because the outskirts of pro-
toplanetary disks typically contain the coldest
(T < 30K), lowest-density gas and are often as-
sumed to be fully permeated by GCRs. However,
the efficacy of GCRs as ionizing sources in pro-
toplanetary disks has been called into question
because of the deflection of GCRs by the stellar
winds produced by young stars (19). Even in the
mild, modern-day solar wind, the GCR ionization
rate, {gcr, by a factor of ~100, is below that of the
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Fig. 1. Atomic D/H ratios in solar system (purple) and interstellar (yellow) sources separated into
bulk H; and water. Points indicate single measurements, bars without points are ranges over multiple
measurements, and arrows correspond to limits. D/H in the bulk gas (i.e., solar) is indicated as a
horizontal blue bar. References are provided in table S4 (17).
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Fig. 2. Schematic of energetic disk ionization sources (top row) and the calculated total H, ioni-
zation rate (bottom row). (A) A “standard” disk ionization model driven by x-rays and GCRs; (B)
jonization conditions under the influence of a Sun-like wind at solar maximum, now dominated by x-rays in
the surface and SLRs in the midplane; (C) calculated H, ionization rates for the scenario depicted in (A);
and (D) calculated H; ionization rates from the scenario depicted in (B) and that used within this report.
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unshielded ISM. Limits on protoplanetary disks’
molecular ion emission indicate low GCR ioniza-
tion rates, {gcr < 3 x 107757 (20). In the absence
of GCRs, disk midplane ionization is instead pro-
vided by scattered x-ray photons from the central
star and the decay of short-lived radionuclides
(SLRs), where the latter’s influence decreases
with time (21). In addition, the core-disk analogy
breaks down with regard to gas density. At the
outermost radius of the protosolar gaseous disk,
Rout ~ 50 to 80 AU (17), the typical disk density is
n ~ 10 cm™. This value is approximately five
orders of magnitude higher than typical values
within the interstellar molecular core (22). The
steady-state ion abundance is proportional to
\/C/n, where { is the ionization rate and 7 is the
volumetric gas (hydrogen) density. For a con-
stant ionization rate, a density increase of 10°
coincides with a factor of ~300 drop in the ion
abundance. Thus, wind or magnetically driven
deflection of ionizing GCRs, coupled with high
gas densities, will strongly inhibit the disk from
generating deuterium enrichments through the
standard cold chemical reactions (i) and (ii),
described above.

To test the disk hypothesis, we explore whether
ionization-driven chemistry within the disk alone
is capable of producing the deuterium-enriched
water that was present in the early solar system.
‘We have constructed a comprehensive model of
disk ionization, including detailed radiative trans-
fer, reduced GCR ionization, and SLR decay. To
simulate the “reset” scenario, i.e., all interstellar
deuterium enhancement is initially lost, we start
with unenriched water with bulk solar D/H com-
position, [D/HJy, = 2.0 £ 0.35 x 107 (23), and
quantify the maximum amount of deuterated
water produced by chemical processes in a static
protoplanetary disk over 1 million years of evolution.
The goal is to determine whether or not the con-
ditions present in the solar nebula were capable
of producing at minimum the measured isotopically
enriched water in meteorites, ocean water [Vienna
Standard Mean Ocean Water (VSMOW)], and com-
ets (see Fig. 1). We do not attempt to address the
eventual fate of this water by additional pro-
cessing, i.e., by radial or vertical mixing, which
tends to reduce the bulk D/H ratio in water (24, 25).

Instead, our emphasis is on the physical mecha-
nism necessary for D/H enrichment: ionization.
We illustrate the suite of ionization processes
considered in the traditional picture of disk
ionization (Fig. 2A) alongside a schematic for
our new model (Fig. 2B). More specifically, we
include “solar-maximum” levels of GCR wind
modulation for the incident GCR rate, a factor
of ~300 below that of the ISM, Monte Carlo prop-
agation of x-ray photoabsorption and scattering,
and ionization by SLR decay products, including
losses in the low-density (Zgs <10 g cm2)
regions of the disk (17). The total H, ionization
rate is shown in Fig. 2, C and D. It can be seen
that, whereas the warm surface layers (Zgas <
1 g cm™2) are strongly ionized by stellar x-rays,
{xr = 107 571, the midplane is comparatively
devoid of ionization because of the modulation
of incident GCRs (Fig. 2D).
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To compute molecular abundances, we compile
a simplified deuterium-reaction network designed
to robustly predict the D/H in water resulting from
gas-phase and grain-surface chemistry (17). We
include both ion-neutral and the hot-phase
neutral-neutral water chemistry (26), as well as
self-shielding by HD and D,, in addition to the
standard chemical network (17). We include an
updated treatment of the inherently surface-
dependent CO freeze-out process, motivated by
new laboratory data on CO ice-binding energies
(17). CO freeze-out is important for the present
study, as CO regulates the amount of oxygen
present in gas above T > 17 K and available for
new water formation. We place the majority of
volatile carbon in CO and the rest of the oxygen
not in CO in water ice (15) [see supplementary
materials for additional runs (17)]. We examine
the final D/H of water ice after 1 million years of
chemical evolution, i.e., the approximate lifetime
of the gas-rich disk and, correspondingly, the
duration over which the disk is able to build up
deuterated water (see Fig. 3). The ions are most
abundant in the upper, x-ray-dominated surface
layers, whose temperatures are too warm for
substantial deuterium enrichment in [D/ H]Haf.
The bulk ice mass is closest to the cold midplane,
where only a meager amount (per unit volume) of
H3+ and H,D" remain in the gas, a consequence
of low ionization rates and high densities.

In addition to spatial abundances, we provide
ratios of the vertically integrated column den-
sities of both ions and ices (Fig. 3, bottom). The
choice of VSMOW as a benchmark is somewhat
arbitrary, considering that comets exceed D/H in
VSMOW by factors of one to three times and
meteorites have typically lower values, a factor
~2 less (Fig. 1). The column-derived [D/ H}H3+
approaches—but does not reach—VSMOW after
1 million years at the outer edge of the disk.
Moreover, most of the molecules that contribute
to the column density ratio of [D/H]y . arise in
an intermediate layer of cold (T, ~ 30 to 40 K)
gas, where x-ray photons are still present. How-
ever, it is readily apparent that this enrichment
does mot translate into [D/H]y . The most
deuterium-enriched water, [D/H]y o = 3 x 107,
is colocated with the enriched layer of [D/H] o
however, the water is considerably less enriched
than the ions. Over the lifetime of the disk, the
gas-phase and grain-surface chemical pathways
do not produce deuterated water ices in substantial
quantities. Water production is low because of a
combination of (i) a lack of sufficient ionization to
maintain large amounts of H,D" in the gas and (ii)
alack of atomic oxygen in the gas, locked up in ices.
We do find a superdeuterated layer of water at
the disk surface ((D/H]y o = 5 x 107?). This layer
is a direct consequence of selective self-shielding of
HD relative to H,, which leads to an overabundance
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Fig. 3. Chemical abundances and column densities for the drivers of the deuterium enrichment,
the ions; and the corresponding products, the ices. (Top) Volume densities (cm™3) of all labeled iso-
topologues for H3* (left) and water (right) in filled purple contours. Solid contour lines indicate local D/H
and are as labeled. The color scale applies to both the left and right halves of the plot. (Insets) Enlarged
inner disk with the same axis units. (Bottom) Plots of the vertically integrated D/H ratio of column
densities versus radius. The bulk gas (protosolar) value is labeled by the red dashed line, and Earth's ocean

value (VSMOW) is labeled with the black dotted line.
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of atomic D relative to H. Selective self-shielding is
also the cause of the fall of [D/H];;- below the
initial bulk gas value inside of R < 40 AU. This layer
does not, however, contribute substantially to the
vertically integrated [D/H]y, , (Fig. 3, bottom).

In summary, using a detailed physical ioniza-
tion model, updated treatment of oxygen-bearing
(CO) ice chemistry, and a simplified deuterium
chemical network, we find that chemical processes
in disks are not efficient at producing noteworthy
levels of highly deuterated water. Our model
predicts that disk chemistry can only produce a
volume-integrated [D/H]y o < 2.1 x 107, which
is only slightly enriched from the bulk solar value
(2 x 107). In terms of column density, we find
that, even in the most radially distant (coldest)
regions, water only attains [D/Hly o < 2.5 x 107°.
This finding implies that ion chemistry within the
disk cannot create the deuterium-enriched water
present during the epoch of planet formation.
When we begin our models with interstellar
[D/H]y,o ~ 1072, however, it is hard to “erase”
D/H ratios with low-temperature disk chemistry
alone. A number of studies have invoked tur-
bulent mixing of gas in the radial and/or ver-
tical directions, which can reduce inner-disk
deuterium enrichments in water (24, 25, 27).
Moreover, a common feature of such models is
that they begin with high levels of deuterated
water, as high as [D/H]y_, ~ 107>. In general, mix-
ing in the vertical direction transports highly
deuterium-enriched ices from the shielded mid-
plane into the x-ray- and ultraviolet-irradiated
warm surface layers (28, 29), where they can be
reprocessed to lower D/H. Ices transported ra-
dially inward, either entrained by gas accretion
or subjected to radial migration, evaporate in the
warm and dense inner disk and isotopically re-
equilibrate with H, or ion-neutral chemistry in
hot (T' > 100 K) gas. With our updated disk ion-
ization model, we can now exclude chemical pro-
cesses within the disk as an enrichment source
term and conclude that the solar nebula accreted
and retained some amount of pristine interstellar
ices. One potential explanation is that during the
formation of the disk, there was an early high-
temperature episode followed by continued infall
from deuterium-enriched interstellar ices (16). If
we ignore the negligible contribution to deuter-
ated water formation from the disk, we can esti-
mate the fraction of water in a particular solar
system body, X, that is presolar, fisy = (D/Hx - D/
He)/(D/Hism - D/Hge), where D/Hy refers to
[D/H]y,o in X and D/Ho = 2 x 10°. Water in the
ISM ranges from a limit of [D/H]y; , < 2 x 107 in
interstellar ice (1) to [D/H]y, o = (3 to 5) x 107
for low-mass protostars, i.e., analogs to the Sun’s
formation environment (74). If the former, higher
value reflects the ices accreted by the solar nebular
disk, then, at the very least, terrestrial oceans and
comets should contain >7% and >14% interstellar
water, respectively. If the low-mass protostellar
values are representative, the numbers become 30
to 50% for terrestrial oceans and 60 to 100% for
comets. Thus, a considerable fraction of the solar
system’s water predates the Sun. These findings
imply that some amount of interstellar ice survived
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the formation of the solar system and was incor-
porated into planetesimal bodies. Consequently, if 10. C. M. O'D. Alexander et al., Science 337, 721723 (2012)

. . . U M. . Alexanaer et al., Science , = .
the formation of the solar nebula was typical, our | 1" (" et achron Astrophys. 399, 1009-1020 (2003).
work implies that interstellar ices from the parent | 1o A coutens et al, Astron. Astrophys. 539, A132 (2012).
molecular cloud core—including the most funda- | 13. M. V. Persson, J. K. Jargensen, E. F. van Dishoeck,
mental lifefostering ingredient, water—are widely Astron. Astrophys. 541, A39 (2012).

. 14. M. V. Persson, J. K. Jargensen, E. F. van Dishoeck, D. Harsono,
available to all young planetary systems. Astron. Astrophys. 563, A74 (2014).

15. R. Visser, E. F. van Dishoeck, S. D. Doty, C. P. Dullemond,
Astron. Astrophys. 495, 881-897 (2009).

9. P. Eberhardt, M. Reber, D. Krankowsky, R. R. Hodges,
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WATER SPLITTING

Water photolysis at 12.3% efficiency
via perovskite photovoltaics and
Earth-abundant catalysts

Jingshan Luo,"? Jeong-Hyeok Im,"® Matthew T. Mayer,' Marcel Schreier,'
Mohammad Khaja Nazeeruddin,' Nam-Gyu Park,® S. David Tilley,'
Hong Jin Fan,> Michael Gritzel™*

Although sunlight-driven water splitting is a promising route to sustainable hydrogen fuel
production, widespread implementation is hampered by the expense of the necessary
photovoltaic and photoelectrochemical apparatus. Here, we describe a highly efficient and
low-cost water-splitting cell combining a state-of-the-art solution-processed perovskite tandem
solar cell and a bifunctional Earth-abundant catalyst. The catalyst electrode, a NiFe layered
double hydroxide, exhibits high activity toward both the oxygen and hydrogen evolution
reactions in alkaline electrolyte. The combination of the two yields a water-splitting
photocurrent density of around 10 milliamperes per square centimeter, corresponding to a
solar-to-hydrogen efficiency of 12.3%. Currently, the perovskite instability limits the cell lifetime.

ompared with other energy resources, so-
lar energy is sustainable and far more abun-
dant than our projected energy needs as a
species; thus, it is considered as the most

lar cell based on a perovskite formulation has
recently emerged (3-10). The rapid rise of the
solar-to-electric power conversion efficiency (cur-

rently 17.9% certified) in less than 5 years makes
it highly promising for large-scale commerciali-
zation (II). Long-term stability, however, is cur-
rently a challenge with these solar cells.

The conversion of solar energy directly into
fuels is a promising solution to the challenge of
intermittency in renewable energy sources, ad-
dressing the issues of effective storage and trans-
port. In nature, plants harvest solar energy and
convert it into chemical fuel via photosynthesis.
Inspired by nature, artificial photosynthesis has
been proposed as a viable way to store the solar
energy as fuel (12, 13). Hydrogen, which is the
simplest form of energy carrier, can be generated
renewably with solar energy through photoelectro-
chemical water splitting or by photovoltaic (PV)-
driven electrolysis. Intensive research has been
conducted in the past several decades to develop
efficient photoelectrodes, catalysts, and device ar-
chitectures for solar hydrogen generation (14-20).
However, it still remains a great challenge to de-
velop solar water-splitting systems that are both
low-cost and efficient enough to generate fuel at
a price that is competitive with fossil fuels (21).

Splitting water requires an applied voltage of at
least 1.23 V to provide the thermodynamic driving

promising energy source for the future. Be- A B _
cause of the diffuse nature of solar energy, large = light 100 % =
arrays of solar cells will have to be implemented. “-‘E 20 —_— g
Currently, electricity produced by silicon (Si) so- S 80+ r20 g
lar cells is too costly to achieve grid parity. In E 154 s - =3
contrast, the dye-sensitized solar cell (DSSC) (7, 2) :; 0 g 601 r1s g-
uses cheap materials and facile solution processes. @ e 0 10 2
A related type of low-cost solution-processed so- 3 5 =" I §
1 N N dc) dark 204 L5 :
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Fig. 1. Performance of perovskite solar cell. (A) Current density—potential curve (J-V) of the perovskite
solar cell under dark and simulated AM 1.5G 100 mW cm™ illumination. (B) IPCE spectrum of the
perovskite solar cell and the integrated photocurrent with the AM 1.5G solar spectrum.
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