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Abstract

Selective ion transport through nanochannels plays a crucial role in osmotic energy conversion
in cellular systems. We show that this cell-essential process occurs in a submarine hydrothermal
vent (HV) precipitate derived from a serpentine-hosted geological environment. Plate-like
layered nanocrystals are aligned on the nano to millimeter scale, forming confined
nanochannels in the HV precipitate. The nanochannels with surface charges function as a
cation- and anion-selective ion transport membrane, allowing the precipitates to convert ionic
gradients of Na*, K", H*, and CI  into electrical energy. Our findings suggest that osmotic
energy conversion can occur spontaneously and widely through geological processes, offering
valuable insights into the establishment of electrochemically coupled ion transport in early life

as well as the creation of self-organized structures in engineering fields.
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Main Text

Gradients such as temperature, pressure, redox and concentration are ubiquitous in nature.
Converting these gradients into usable energy would make them accessible as continuous
energy sources. In nature, cells interconvert electrochemical, ion, and chemical gradients using
respiratory protein complexes embedded in a membrane'?. Ionic gradients are recently also

being harnessed as energy sources in material science using 2D materials and nanostructures®"

9

Submarine HVs are fascinating geological systems surrounded by steep, long-lasting gradients
and have long been hypothesized to function as naturally derived energy converters, leading to
the formation of the first cells!®?!. HVs form when the hot, ion-rich vent fluid solution are
injected into the cold, oxidizing seawater leading to precipitation, and can form from a diverse
range of geologic activity?> — for example along mid-ocean ridges®*-** (on-axis) and away from
spreading centers®>?¢ (off-axis). Off-axis HVs mainly form by the hydrolysis of olivine
((Mg,Fe)2Si04), which generates alkaline fluids with diverse ions'®?7?%, Subsequent mixing
with ocean water generates porous, interconnected precipitates rich in oxides and carbonates
which forms microscale inorganic walls which function as a diffusion barrier, maintaining steep
chemical gradients in the two solutions?. Here we provide the first detailed structural insight
into HV precipitates formed by the hydrolysis of olivine. The HV wall contains nanopores,
aligned structures and variable surface charges, leading to osmotic energy conversion through
diverse ionic gradients present in the submarine environment. Osmotic energy conversion in
HVs, similar to those found in cellular mechanisms, may suggest an evolutionary relevance

between HVs and cells.
Structure of HVs with nanopores

The HV precipitates examined here (Fig. 1a) were collected from the Shinkai Seep Field (SSF),
which is located in the southern Mariana Trench, Pacific Ocean at a depth of 5743 m
(11°39.38'N, 143°2.73'E)*°. The geochemistry in the SSF is primarily related to
serpentinization, a process that forms serpentine from olivine. During the initial stages of HV
formation in the SSF, a brucite-rich white chimney forms and the mineral composition of the
HV precipitates change from predominantly brucite to carbonate-rich as the discharge fluid
activity reduced®®. Cross-polarized optical microscopy (POM; Fig. 1b, ¢) revealed a complex

internal structure comprised of porous columnar structures that served as channels for
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discharging the vent fluid. The fluid channels were separated by 200 ~ 400-pum thick inorganic
walls that were mainly composed of brucite, a layered hydroxide crystal, (Fig. 1¢c, SI Fig. 1, 2)
and exhibited a periodic lamellar structure with a wall thickness of ~ 10 um (Fig. 1c (red
arrows), d, e). The sublayers of this structure consisted of consolidated plate-like brucite
nanocrystals with a diameter of ~ 100 nm that were perpendicularly aligned to the surface of
channel (Fig. 1f, g, h). In an enlarged high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) image (Fig. 1i), individual crystals contained porous
nanostructures (2 ~ 3 nm) that appeared as local density variations. Nitrogen adsorption-
desorption isotherm analysis identified slit-like nanopores in the inorganic walls with a various
pore size ranging from 2 to 100 nm that originated from the multiple hierarchical stacking of

plate-like structures (SI Fig. 3).

Alignment of brucite across the macro scale

The alignment of the brucite nanocrystals within the HV precipitates was further analyzed
using synchrotron radiation X-ray diffraction (wide-angle X-ray scattering (WAXS)) scanning.
Multiple areas of the horizontal slice of HV samples were scanned using a 5-um X-ray beam
and a scattering intensity map was constructed from the total intensity of the diffractograms
(Fig. 2a). Similar to that seen in the POM and SEM images, a band-like structure was observed,
due to the periodic density changes of the brucite crystals within the HV wall (Fig. 2a, SI Fig.
4a, b). Pronounced anisotropy of brucite 001 diffraction was detected, indicating that (001)
plane of brucite orients preferentially along the [001] crystallographic direction (Fig. 2b, ¢, SI
Fig. 4c, d). The directionality of preferential orientation of brucite (001) planes was varied
depending on the locations (Fig. 2b, ¢) and a schematic of the layered (001) plane of brucite

with corresponding c-axis was shown below each WAXS pattern (Fig. 2¢, bottom).

We next extracted the diffraction intensities of the anisotropic rings and azimuthal angles of
the highest intensity in the WAXS data and created a two-dimensional vector field map, with
the vector directions indicating the preferred orientation direction of the (001) plane along the
[001] direction or c-axis, and the vector colors and lengths representing the relative amount of
plane alignment (Fig. 2d, e). For example, the ring patterns of 3 and 4 (Fig. 2 c) are represented
by a red vector in the top right and a green vector in the bottom right, respectively. Notably,
over the entire scanned area, the vector plot shows a continuous change in the direction of
preferred orientation, suggesting that the brucite layers are arranged in a concentric manner

radiating outwards from the fluid channel (Fig 2e, f). The alignment of brucite nanocrystals
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along the channel continues throughout the entire sample even when the wall structure bends,
diverges, or converges (Fig. 2e, SI Fig. 5a, b). The crystal alignment was also observed in the
vertical HV slices (SI Fig. 6, Supplementary Notes). WAXS mapping using a larger, 100-pm
X-ray beam size further confirmed that the continuous alignment of the nanocrystals in the
walls extended to millimeter-scale (2.5 x 6.0 mm; SI Fig. 5c, d). Long-range alignment of the
brucite nanocrystals was corroborated by POM analysis conducted with a retardation plate
(first order, 530 nm; SI Fig. 5e). The yellow and blue interference colors alternating along the
angular direction of the inorganic wall represent the radial configuration of crystals surrounding

the channel and are consistent with the schematic illustration presented in Fig. 2f.

The periodic banding pattern and crystal arrangements found in the HV samples are features
that frequently appear in a system, in which chemical (reaction) and physical (diffusion)
processes are combined®*32. Reactions involving transport phenomena such as diffusion or
flow intrinsically provide spatially varying concentrations which may lead to the formation of
complex self-organized patterns®*-3°. Especially in systems with an internal feedback, such as
precipitation accompanied by a pH change, ionic concentrations can show spatial and temporal
oscillation, resulting in periodic patterns in the structure*®*’. The formation of HVs generated
by the injection of alkaline fluids is a flow-driven formation system, and there are also periodic
fluctuations in the flow around the HVs*. The repetitive banded texture in the HV samples
(Figs. 1, 2) and the periodic formation of areas rich in OH bonds within brucite crystals (SI Fig.
7) suggest a reaction-diffusion mechanism in HV formation. The crystal arrangement observed
in the HV samples may be attributable to diffusiophoresis, a phenomenon in which charged
particles move along a concentration gradient of ions, such as NaCl, KCI, protons, and
hydroxides®**!. During HV formation, a concentration gradient is established between charged
brucite precipitates in the vent fluid and seawater****. The resulting diffusiophoretic field
would provide a directional driving force to the charged precipitates and may promote the

concentric arrangement of particles around the channels (Supplementary Notes).
Ion adsorption and surface charge of HV minerals

In addition to flow-driven hierarchical structures in HV mineral, the pores show variable
surface charges depending on adsorbed ions. Brucite crystals rich in carbonate ions were
detected at several locations in the inorganic HV wall (Fig. 3b, red spectrum; Fig. 3c, blue
Raman map). Additionally, crystals with different refractive indices were also observed on the

surface at these locations (Fig. 3d) and were identified by Raman and X-ray diffraction
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mapping as Mg-carbonate crystals (Fig. 3a-c, Supplementary Notes). The existence of both
brucite with carbonate ions and Mg-carbonate crystals indicates that the interconnected HV
channels are exposed to various inorganic ions that are present in the hydrothermal fluid and

seawater. As brucite is able to adsorb a wide variety of inorganic ions*>4

, the surface charge
of HV precipitates can significantly change depending on the composition of the surrounding
fluids (Fig. 3e, f). Indeed, Raman analysis of natural HV samples confirmed that brucite, which
is the main constituent mineral of HVs, adsorbs K*, Ca?*, CO3>, NOs, and SO4+* (Fig. 3e).
Furthermore, the zeta potential of the HV samples varied greatly depending on the type of
adsorbed ion, from - 30 mV (CO3*) to + 25 mV (Ca?"), indicating that the electrostatic

properties of the HV surface are markedly influenced by the interaction with inorganic ions

present in the environment (Fig. 3f).
Osmotic energy conversion in HVs

Nanopores, structural alignment, and variable surface charges found in HVs are hallmarks of
materials associated with osmotic energy conversion®®. Materials with high surface charge
density and confined nanopores have been designed and used for industrial power generation
systems from salinity gradients between seawater and river water’~>. Motivated by the findings

above, we tested the osmotic energy conversion in the HV.

The HV samples were exposed to various concentrations of KCI and the current response was
plotted (Fig. 4a). At high KCI concentrations ranging from 1 M to 1 mM, the conductance of
HVs is proportional with the salt concentration, indicating that electrolyte properties dictate
ionic conductivity. However, the conductance remained constant even when the KCI
concentration was decreased below 1 mM KCI, which is a significant deviation from the bulk
characteristic of ion transport seen at higher concentrations. This plateau in the conductance is
indicative of surface charge-governed ion transport*’ and suggests that this process dominates

ion transport in HV nanopores.

The HV samples were next exposed to geologically plausible chemical gradient conditions by
placing them at the interface of two KCI solutions (0.1 mM and 0.1 M). A two-chamber
electrochemical cell equipped with an Ag/AgCl electrode (SI Fig. 8a, b) was used to record the
current-voltage (I-V) response of the HV samples that had been adsorbed with either CO3* or
Ca*" (Fig. 4b, N = 15, SI Fig. 8c-¢). When carbonate ions were adsorbed to the HV nanopore

walls, a negative surface charge was generated (Supplementary Notes). Further, when the HV
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nanopores were exposed to KCI, electrical double layers (EDLs) were created within the
nanopores depending on the KCI concentration (Debye screening length = 0.96 and 30.42 nm
for 0.1 M and 0.1 mM KCI, respectively). In the HV mineral wall, the dominant pore size is 60
nm (SI Fig. 3b), indicating that a 30 nm EDL formed by 0.1 mM KCl is completely overlapped
inside the HV nanopore. The overlap of EDL within the narrow nanopores effectively results
in a screen barrier permeable only to ions with a specific charge. This allows selective ion
transport, a mechanism known as surface charge-governed ion transport. Furthermore, the
continuous arrangement of crystalline, together with the slit-like pores (Figs. 1, 2, SI Fig. 3),
suggests that the HV inorganic walls can act as large membranes that can provide ion transport
channels. The selectively transported ions can then be exploited for redox reactions at the

electrode, resulting in electrochemical power generation.

In the presence of a KCI gradient, the open circuit voltage (Voc) of the CO3* ion adsorbed
sample was determined to be 229 mV (SI Fig. 8c, blue circle). Subtracting the redox potential
of the Ag/AgCl electrode (Viedox, 163 mV; Method, SI Table) yielded a pure osmotic potential
(Vos, diffusion potential) of 66 mV for the HV sample shown in Fig. 4b (blue circle). In contrast,
a negative Vos value of - 46 mV was observed when Ca®" ions were adsorbed (Fig. 4b, red
circle). This change in the Vos indicates that the surface charge resulting from CO3* and Ca*"
adsorption plays a key role for the selective transport of cations and anions in HV nanopores.
Namely, the change of Vos indicates that the dominant charge carrier is shifted from K™ to CI
upon switching the adsorbed ions from CO3* to Ca®*. The Vos and diffusion current (/o)
increased proportionally with the ionic concentration difference (SI Fig. 9a, b), confirming that
the detected electrical energy originates from the chemical potential gradient. Furthermore, due
to the cation- and anion-selective nature of HV walls, connecting positively and negatively
charged HV sample pairs in series increased diffusion potentials, demonstrating that this
configuration allows the HV precipitates to harness the chemical potential gradient more
effectively (SI Fig. 9¢c). When the direction of the HV sample was rotated 90° from the natural
HV configuration, /os was lower than that of the HV's natural direction, suggesting that the
arrangement of brucite in HV precipitates facilitates selective ion transport (Supplementary

Notes).

Selective ion transport within HV precipitates was further examined by the direct measurement
of Na™ and CI ions over time (Fig. 4c, d, SI Fig. 9d). Cation- (COs*-adsorbed) and anion-

selective (Ca’*-adsorbed HV) HV samples were fixed between two reservoirs filled with either
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low (0.1 mM) or high (0.1 M) salt concentrations and the concentration changes of the Na" and
CI ions were monitored with respect to time (Fig. 4¢). In the case of Na* ion transport through
COs?-adsorbed HV nanopores, the concentration of Na* ions in the low concentration reservoir
gradually increased over time. In contrast, there was minimal change in the Na ion
concentration across the Ca’"-adsorbed HV sample (Fig. 4d). Instead, the CI" increased steadily

on this side of the reactor, indicating that HV precipitates are capable of selective ion transfer.

One of the most characteristic features of serpentinite-hosted HV systems is the presence of a
large pH gradient between the seawater (pH ~ 7) and vented fluids (pH ~ 9-11). To examine
conversion of a pH gradient to electrochemical energy, the cation-selective (CO3>-adsorbed)
HYV sample was placed between reservoirs containing pH 10 and 4 solutions and the electrical
response was measured (Fig. 4e, gray circle). Under these conditions, 55 mV of Vs and -2 nA
of Ios were generated. The cation-selective HV sample was also subjected to a deuterium
gradient (pD) and the /-V response was monitored (Fig. 4e, red circle). The /os decreased by 2.3
fold compared to pH gradient case, while the potential was similar, indicating that proton
movement was the source of the generated current. In contrast, when the anion-selective HV
sample was subjected to the same test, a reduced H/D kinetic isotope effect was observed,

suggesting that hydroxide is involved in the power generation (SI Fig. 10).
Discussion

The findings from the present study provide experimental evidence for geochemistry-driven
organization of the inorganic structure and energy conversion function of serpentine-hosted
HV systems. HV research over the last 40 years has profoundly advanced our views of life and
Earth'é, and deep-sea HV harbors ecosystems distinct from terrestrial life where microbes are
closely interconnected with the HV environment*®. Due to the enriched redox environment and
the similarity of these chemical gradients with those found across cell membranes, HVs have
been proposed as the evolutionary starting point for the basic building blocks of primordial
life'®2!, Our study shows that membrane-based energy conversion similar to those observed in
modern cells can occur across HV precipitates even in simple geological environments. The
discovery of ongoing hydrothermal activities on other icy satellites*’ extends the implications

of HV research to life beyond Earth.
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Fig. 1 Structure of hydrothermal vent (HV) precipitates. a, Photograph of HV precipitates
collected from the Shinkai Seep Field. b,e, Cross-polarized optical microscope images of
vertical (b) and horizontal slices of HV (cross-section, ¢). In the horizontal slice image, vent
fluid channels and periodic line patterns in the HV wall are indicated as yellow asterisks and
red arrows, respectively. d-g, SEM images of a naturally cleaved HV fragment. d,e, Inorganic
walls with different cleavage directions. The walls show stratified structures, with the layers
following the shape of the wall. f, Magnification of the wall (boxed area in e) revealing a
sublayer structure with consolidated features. g, Sublayer structures in different locations of
walls. Sublayers 2 to 5-um thick (yellow square brackets) constituted the wall and exhibited a
uniaxial texture. The uniaxial features result from the array of multiple nanoparticles shown in
the inset. h, TEM image of the crystals constituting the sublayers. i, HAADF-STEM image of
the crystal with nanopores visible inside.
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High e

Fig. 2 Synchrotron X-ray diffraction analysis of hydrothermal vent (HV) samples. a, An
optical image of a HV slice (above) and its corresponding 3D map of scattering intensity
(below). In the 3D intensity map, the scattering intensity at individual scanning points was
integrated and converted into single values. b-e, WAXS analysis on the HV wall sample. b,
Optical image of the scanning area. ¢, Selected brucite 001 diffraction patterns at multiple
points (red squares in b). Black double-headed arrows show the preferred orientation direction
of the brucite (001) plane. Schematic images showing the preferred orientation of the brucite
layers are shown below the diffraction patterns. The crystal structure of brucite consists of an
edge-shared MgQOg layer in the (001) plane and a layered hydroxide stack along the c-axis. d,
Vector plots showing the direction and intensity of the preferred orientation of the (001) plane.
The diffraction patterns at two different locations (line scans) were analyzed and plotted. The
black lines in b show the location of the line scan. The color and length of the vectors represent
the value of the highest scattering intensity of the asymmetric ring. The direction of the vector
indicates the orientation of the strongest intensity axis of the asymmetric ring and shows the
preferred orientation direction. e, 2D map of the vector plot overlayed on the optical image
shown in b. f, Schematic of the brucite (001) plane arrangement around the channel based on
the WAXS scanning analysis. The corresponding c-axis of brucite is also shown.
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Fig. 3 Ion adsorption in hydrothermal vent (HV) precipitates. a-c, Raman measurement of
the HV wall near a fluid channel. a, Overlay of the Raman map with the corresponding SEM
image. The Raman map is a superimposed image of three specific peaks. The Raman map
shows that the brucite and Mg-carbonate crystals are discretely located in the wall, while
carbonate ions were present in all regions, indicating the adsorption of carbonate ions by the
brucite. b, Raman spectra of surface crystals (blue) and HV wall (red) at the positions shown
in a and ¢. ¢, Map of three specific Raman peaks, red: 442.6 cm™ (brucite lattice vibration, A1g,
width 47.5 cm™), blue: 1109.7 cm™ (carbonate, width 73.4 cm™), and green: 3420.7 cm™
(interlayered water, width 98.8 cm™). The corresponding peaks are shown in the spectra in b.
d, A HV slice showing the different crystals inside the HV wall. (i-iii) Consecutive
enlargements of the slice. Brucite and calcite crystals are localized at specific areas in the
millimeter scale range. From the microscale observation of the HV slice, crystals with different
refractive indices covering the surface of several channels were identified (red arrows). e,f,
Raman spectra (e) and zeta potential (f) of HV samples after adsorption of various ions. For
the analysis, a powdered HV sample was mixed with various ions that are commonly found in
sea water: Ca%", CO3*, K¥, NO*, and SO4>. The peaks from the HV sample are indicated in
gray and the other Raman peaks attributable to the adsorbed ions are highlighted using the same
color of each spectrum. The peaks around 280 and 444 cm™ did not shift in all the spectra,
whereas the peaks around 1100 cm™ varied with the type of ion, indicating that ions were
exchanged inside the HV wall. The adsorbed ions significantly changed the surface charge of
the HV particles. Mean £ s.d. (n = 3).
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Fig. 4 Ionic transport by hydrothermal vent (HV) precipitates. a, Electrical conductance of
HYV sample as a function of KCI concentrations with pH 10. b, Osmotic energy conversion
under a KCI gradient. Current-voltage curves were measured under a 1000-fold salinity
gradient (0.1 mM / 0.1 M KCl) for CO3*-adsorbed (blue dots) and Ca**-adsorbed (red dots)
HYV samples. The redox potential of the electrode was subtracted from measured potential and
the diffusion potential (Vos) and current (/os) are shown in the figure. The opposite polarity is
generated from the different charge selectivity of HV samples. ¢, Schematic illustration of the
experimental setup for the ion selectivity measurements. The anion- and cation-selective HV
samples were placed between reservoirs, and the HVs were exposed to alternating NaCl
concentrations (0.1 mM /0.1 M /0.1 mM). d, Concentration changes of Na* and CI" ions over
time at locations 1 and 2 were measured and plotted. e, Osmotic power generation in the
presence of pH (pH 10/ pH 4) and pD (pD 10/ pD 4) gradients. The cation-selective (CO3> -
adsorbed) HV sample was used for the analysis.
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