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GRAPHICAL ABSTRACT
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PUBLIC SUMMARY

m The hydrogen retained in lunar minerals is a substantial material for producing water on the Moon.

More than 50 kg of water can be produced from 1 ton of lunar regolith after melting at temperatures above 1,200 K.

limenite contains the most hydrogen among the five primary lunar minerals.

Concurrent formation of iron (Fe) crystals and H,O bubbles is observed for the first time in in situ heating experiments.

Electron irradiation can enhance the endogenous redox reaction between H and lunar regolith.
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Finding water resources is a crucial objective of lunar missions. However,
both hydroxyl (OH) and natural water (H,0) have been reported to be scarce
on the Moon. We propose a potential method for obtaining water on the
Moon through H,0 formation via endogenous reactions in lunar regolith
(LR), specifically through the reaction FeO/Fe,03 + H — Fe + H,0. This pro-
cess is demonstrated using LR samples brought back by the Chang’E-5
mission. FeO and Fe,03 are lunar minerals containing Fe oxides. Hydrogen
(H) retained in lunar minerals from the solar wind can be used to produce
water. The results of this study reveal that 51-76 mg of H,0 can be gener-
ated from 1 g of LR after melting at temperatures above 1,200 K. This
amount is ~10,000 times the naturally occurring OH and H,0 on the
Moon. Among the five primary minerals in LR returned by the Chang'E-5
mission, FeTiO3 ilmenite contains the highest amount of H, owing to its
unique lattice structure with sub-nanometer tunnels. For the first time, in
situ heating experiments using a transmission electron microscope reveal
the concurrent formation of Fe crystals and H,0 bubbles. Electron irradia-
tion promotes the endogenous redox reaction, which is helpful for under-
standing the distribution of OH on the Moon. Our findings suggest that
the hydrogen retained in LR is a significant resource for obtaining H,0 on
the Moon, which is helpful for establishing a scientific research station
on the Moon.

INTRODUCTION

Water (H,0) on the lunar surface is of significant interest owing to its crucial
role in human survival. Infrared reflectance spectra from missions such as Cas-
sini, Deep Impact, and Chandrayaan-1'~* have revealed the widespread presence
of H,0, predominantly as hydroxyl (OH). These near-infrared spectra have facili-
tated detailed analyses of the lunar water's latitude®® and diurnal depen-
dencies,>® as well as the compositional characteristics of the water. Evaluations
of lunar regolith (LR) samples have confirmed the presence of H,0 within agglu-
tinitic glass,” volcanic glass,® and plagioclase.® However, these sources of H,0
are limited to concentrations ranging from 10 to 1,000 ppm, thus highlighting
the need to identify more abundant lunar H,0 reservoirs.

The presence of solar-wind-implanted hydrogen (H) on the Moon has led to the
hypothesis that redox reactions between H and oxide minerals might produce
H,0. The Chang'E-5 (CE-5) mission, in contrast to its predecessors, Apollo and
Luna, targeted a high-latitude landing site in the northeastern Oceanus Procella-
rum basin (43.06°N, 51.92°W),'® which is known for its elevated H concentra-
tion.>>'" However, recent analyses'””'® suggest that the CE-5 LR samples are
exceptionally dry, with an H,0 content of only 283 ppm.'® This low H,0 content
observed in the CE-5 samples is attributable to their relatively younger age
compared with samples from the Apollo and Luna missions.'” Consequently,
there has been less reaction between H and lunar oxides.'®'® Additionally, the
characteristics of LR particles affect the retention of H from solar proton implan-
tation.”?%"2° The regolith returned by the CE-5 mission presents a unigue oppor-
tunity to further investigate lunar H and H,0 resources.?”?® Studying the potential

production of H,0 from redox reactions between implanted H and oxides, as well
as identifying minerals with higher H content, is of considerable value.

In this study, we investigated the H content in various lunar minerals and the
production of H,O from CE-5 LR at high temperatures through a range of
advanced material characterization techniques. The reactions were character-
ized through several methods, including transmission electron microscopy
(TEM), Lorentz TEM, scanning electron microscopy (SEM), energy-dispersive
X-ray spectroscopy (EDS), electron energy loss spectroscopy (EELS), X-ray
photoelectron  spectroscopy (XPS), thermal gravimetric analysis (TGA),
vibrating-sample magnetometry, and flash differential scanning calorimetry
(DSC). Advanced spherical aberration-corrected TEM, coupled with high EELS,
was used to elucidate the evolution of microstructures in lunar particles and
the H content. The microstructure, chemical composition, and endogenous reac-
tions of primary lunar minerals, including FeTiOs ilmenite, olivine, pyroxene,
plagioclase, and glass, were examined in detail. This work provides pioneering in-
sights into water production on the Moon through the reaction between H and
lunar minerals.

RESULTS AND DISCUSSION

The CE-5 LR is heated above its melting temperature, and its physical proper-
ties are studied. Figure 1A shows the XPS of the valence states of iron (Fe) during
the heating process. Figure 1B illustrates the concentration of Fe in different
valence states—Fe(®, Fe?*, and Fe®*—across a temperature range from room
temperature to 1,373 K. Notably, up to 873 K, the Fe® content remains largely
unchanged, while some Fe®" ions are reduced to Fe?* at around 773 K. At
1,323 K, where the LR melts, ~68.1% of the Fe is reduced to Fe®, while the con-
tents of Fe?* and Fe®* decrease to 23.2% and 8.7%, respectively. The increase in
Fe©@is attributed to reduction by H, a reaction facilitated by enhanced diffusion in
the molten state of the LR.

The amount of Fe® is estimated based on magnetic properties. Following the
formation of Fe(®, the magnetic moment (Ms) considerably increases from 0.9 to
34.22 emu g~. For pure Fe, the My is ~217 emu g~'.%° Therefore, the content of
Fe© in molten LR is ~157 mg g~ . According to the reactions shown in Equa-
tions 1T and 2, 1 g of molten LR can generate 51-76 mg of H,0 with 5.62—
8.43 mg of H involved in the reaction.

FeO + 2H — Fe® + H,0 (Equation 1)

Fe,05 + 6H — 2Fel® +3H,0 (Equation 2)
Once the LR melts, the gaseous H,0 can evaporate. At 1,523 K, the weight de-
creases by ~6.7 wt.% (Figure 1D), which is consistent with the H,0 content esti-
mated from the magnetization data.
After the CE-5 LR is cooled to room temperature, the molten lunar LR trans-
forms into a composite of Fe dendrites embedded in a glassy matrix
(Figures TE=TI). The SEM image in Figure 1E provides a detailed view of the
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Figure 1. Formation of Fe crystals and water via the heating of lunar regolith (A) XPS spectra of Fe 2p for LR annealed from room temperature to 1,373 K (melting point). (B) Evolution
of Fe®, Fe?*, and Fe®* concentrations derived from (A) as a function of temperature. The orange dashed line indicates that electron irradiation promotes Fe reduction at a lower
temperature of ~473 K. (C) Magnetization (Ms) of LR samples annealed at various temperatures (in K). (D) Weight change of LR during heating. (E) SEM image of molten LR showing
Fe dendrites embedded in a glassy matrix. (F) EDS mappings of elements for the area highlighted by the purple dashed square in (E). (G) SEM image and corresponding EBSD
micrographs of molten LR. In the EBSD image, the colorful regions represent Fe crystals in different orientations, while the dark gray areas denote the glassy matrix. (H) Defocused
TEM image of a Fe crystal embedded in the glassy matrix. () High-resolution TEM image of the Fe-glass interface.

surface of the LR after the melt has been quenched. Elemental mappings shown
in Figure 1F confirm the presence of Fe dendrites, while other elements are
distributed homogeneously throughout the matrix. The lattice orientation of
the Fe dendrites is examined through electron backscatter diffraction (EBSD; Fig-
ure 1G). The EBSD color differentiation highlights the distinct orientations of Fe
crystals, with darker areas representing the glassy nature of the matrix. The Lor-
entz TEM image displays clear magnetic domain walls (Figure TH), which con-
firms the ferromagnetism of the Fe dendrites. The high-resolution TEM
(HRTEM) image (Figure 11) reveals the periodic atomic structure of the Fe crys-

tals and the disordered atomic structure of the glassy matrix. These observations
are further supported by the selected-area electron diffraction patterns shown in
the insets of Figure 1.

The H content in various lunar minerals is studied. According to previous
works,>%?! the CE-5 LR consists of ~44.5 wt.% pyroxene, 30.4 wt.% plagioclase,
15.5 wt.% glasses, 6.0 wt.% ilmenite, and 3.6 wt.% olivine. As shown in Figure 2A,
the peak at 12.5 eV corresponds to the H signal.>? The integrated area for the
EELS peak of H, shown in Figure 2B, represents the concentration of H in various
lunar minerals. Among these minerals, FeTiOz iimenite has the highest H
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Figure 2. Hydrogen content in lunar minerals (A) EELS peak for hydrogen in different lunar minerals shows that ilmenite (IL) contains the highest hydrogen content. (B) Concentration
of hydrogen in different lunar minerals, obtained through the integration of the EELS peak area. The inset shows the weighted hydrogen content in lunar regolith, considering the
percentage of each mineral in the overall regolith. (C and D) Ideal atomic packing structure for FeTiOz IL in projections of [001] and [411] orientations. (E and F) High-resolution TEM
images for lunar IL in [001] and [411] orientations; insets are selected-area electron diffraction patterns. (G and H) Simulated atomic packing structure for lunar FeTiO3 with four

injected solar H, which shows similar lattice content to real lunar FeTiOa.

concentration, approximately four times that of plagioclase and over 10 times
that of glassy particles. The H concentrations of pyroxene and olivine are negli-
gible compared with those of the other minerals. Considering the abundance
of these minerals in LR, a weighted H content is illustrated in the inset of Fig-
ure 2B. Despite constituting only 6.0% of the LR, iimenite retains ~38.3% of
the total H content, while plagioclase, which makes up 30.4 wt.% of the regolith,
accounts for 47.6% of the total H content.

The atomic packing structure of FeTiO3 iimenite is examined through HRTEM.
The standard lattice structures for FeTiOz in the [001] and [411] orientations are
shown in Figures 2C and 2D, respectively. The HRTEM images for these orienta-
tions are presented in Figures 2E and 2F. The lattice spacing for lunar ilmenite is
slightly larger than the standard lattice spacing. For example, in the [001] orien-
tation, the lattice spacing increases by 3.0%, from 0.302 to 0.311 nm. In the [411]
orientation, it increases by 4.7%, from 0.276 to 0.289 nm. This expansion is attrib-
utable to the injection of H.%* = To verify this hypothesis, the atomic packing
structure of FeTiO3; doped with H is calculated using density functional theory
(Figures 2G and 2H). When four H atoms are introduced into one FeTiO3 unit
cell, the lattice constants for the [001] and [411] orientations are ~0.312 and
~0.290 nm, respectively, consistent with the TEM results. Notably, most of the
H atoms are adsorbed in the sub-nanometer tunnels in the [411] orientation
(Figures 2F and 2H). The magnetism and TGA results indicate that the total H
content in LR is ~0.56 wt.%. EELS data show that 38.3% of this H is captured
by ilmenite. Considering that ilmenite constitutes 6.0 wt.% of the LR, the H con-
tentin the LR can be calculated as 256 #4.%x398.3% = 3 57 wt.%. The molar mass of
FeTiOz is ~151.7 g/mol, which suggests that there are about 151.7 x 3.57% =
5.4 H atoms per FeTiO3 molecule. This result is consistent with the simulation
findings.

Our subsequent investigations focus on the endogenous reaction between im-
planted H and ilmenite particles at elevated temperatures. Figure 3 displays TEM
images of the nanostructures of an ilmenite particle heated to 1,173 K.
Numerous nanocrystals (dark particles in Figures 3A and 3B) are uniformly
distributed throughout the sample. Notably, all these nanocrystals are associated
with a bubble (bright contrast in Figures 3A and 3B) nearby. STEM images
(Figures 3C and 3D) further confirm this concurrent nanocrystal-bubble struc-
ture, with bright nanocrystals accompanied by dark bubbles. The zoomed-in
nanocrystal-bubble structure is further detailed in Figures 3E—=3H. EDS mapping
(Figure 31) confirms that these nanocrystals are composed of iron (Fe). Lorentz

TEM images (Figure S8) reveal a vortex magnetic domain structure, which is
characteristic of magnetic nanocrystals.*® Point-scanning EELS spectra
(Figures 3J and 3K) taken at the bubbles show a peak around 8.5 eV, which in-
dicates the presence of H,0,°>*" while the peak for H at 12.5 eV disappears.

The concurrent formation of Fe nanocrystals and H,O bubbles in ilmenite pro-
vides evidence that H, implanted by the solar wind, is ahig.higrniﬂcant resource for
producing H,0. For example, the reaction FeO +2H— Fe+H,0 illustrates
this process. Notably, this reaction is not observed in terrestrial FeTiOz (Fig-
ure S10) because it lacks implanted H. However, after H is implanted into terres-
trial FeTiOs, the redox reaction occurs (Figure S11). The concurrent formation of
Fe nanocrystals and H,0 bubbles is not observed in other LR minerals when
heated up to 973 K (Figures S12—S15). Although H retained in plagioclase ac-
counts for nearly 50% of the total H in lunar minerals, the formation of H,0 bub-
bles is challenging owing to the low H concentration. Nevertheless, at high tem-
peratures, H,0 may aggregate and form bubbles that are subsequently released.

The effect of electron irradiation on H,0 extraction is studied in situ using a
Spectra 300 transmission electron microscope with a current density of 1.5-2
nA and an acceleration voltage of 300 kV (Figures 4A—4F). At 473 K, bubbles
begin to nucleate and expand (Figures 4C—4E, dashed circles). By 773 K,
numerous bubbles and dark Fe nanocrystals occur throughout the sample (Fig-
ure 4F). A broader perspective (Figure 4G) shows that bubbles form exclusively
within the region irradiated by the electron beam, with the boundary outlined by a
white dashed line. This effect is attributable to the enhanced atomic diffusivity
under electron irradiation. A peak corresponding to H,O at 8.5 eV is detected
in the EELS spectrum within the irradiated zone as shown in the site T spectrum
in Figure 41 and the spectra in Figure 4K. Notably, the formation temperature of
H,O with electron irradiation (473 K) is considerably lower than that in the
absence of irradiation (~873 K; Figures S16 and S17). Thus, electron irradiation
effectively promotes H,0 production (Figure 1B, orange curve).

According to the above analysis, we propose a strategy for on-site H,0 extrac-
tion on the Moon (Figure 5). LR can be heated by concentrating sunlight using
concave mirrors. Once the regolith melts, the H retained in the regolith will react
with Fe oxides, producing large amounts of H,0 and Fe. The H,0 vapor is then
collected under a cover and pumped into a water tank. This H,O can meet the
needs of humans, animals, and plants. Additionally, the H,0 can be electrochem-
ically decomposed into O, and H,. The O, will support life, while the H, can pro-
vide energy.
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Figure 3. Precipitation of Fe nanocrystal-H,0 bubble pairs in lunar IL (A) TEM image of the IL sample annealed at 973 K. (B) Zoomed-in image of the red dashed square in (A). (C and
D) Scanning TEM images corresponding to (A) and (B), respectively. (E—H) Zoomed-in TEM and STEM images of Fe nanocrystal-H,0 bubble pairs in cyan dashed squares within the
cyan dashed squares in (B) and (D). Yellow dashed curves outline the borders of the H,0 bubbles. (I) EDS mapping of Fe in the blue dashed square in (C). (J and K) STEM image and

EELS spectra at different positions in the annealed IL sample in (J).

A previous study showed that helium atoms mainly formed bubbles and were
distributed within the surface amorphous layer of iimenite particles.*® In contrast,
our observations suggest a more uniform distribution of H ions within iimenite
particles, which extends from the amorphous surface layer to the internal crys-
talline phases. This solid solution-like dispersion is attributed to the small size
and reactive nature of H. Elevated temperatures enable substantial H to react
with ilmenite, thus reducing Fe?* to Fe® and producing H,0. This leads to the
concurrent formation of Fe nanocrystals and H,0 bubbles. Previous studies™ 2
have suggested transporting H, from Earth to the Moon to produce H,0 through
reactions with ilmenite. This work, however, demonstrates for the first time that H
retained in LR, particularly in FeTiOz ilmenite, can generate significant amounts of

water through endogenous reactions, especially when the regolith is melted at
high temperatures or subjected to electron irradiation.

Fe® formation cannot be attributed to the disproportionation of Fe* into Fe®
and Fe*, as no detectable presence of Fe or Fe** is observed in annealed
terrestrial ilmenite (Figures S19 and S20). The DSC traces (Figure S19) show
neither endothermic nor exothermic reactions. Additionally, the atomic configu-
ration of terrestrial ilmenite remains unchanged after heating to 1473 K
(Figure S20).

Before reaching its molten state, the precipitated Fe nanocrystals are less than
15 nm in diameter and exhibit superparamagnetic behavior. Upon melting, these
Fe nanocrystals coalesce to form larger particles or dendrites, which exhibit
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Figure 4. Electron irradiation promoting the reaction of H with IL (A—F) /n situ HRTEM images of the IL sample at different temperatures ranging from 293 to 773 K, obtained under
strong electron irradiation. Yellow dashed circles in (C)—(E) highlight the forming bubbles. Arrows in (F) indicate the Fe nanocrystals. (G) Zoomed-out TEM image after heating, with the
electron irradiation-damaged area marked by a white dashed curve. (H and ) EELS spectra from regions close to and outside the irradiated area, with corresponding points indicated
on the TEM image. (J and K) EELS spectra within the irradiated area, with corresponding points shown on the TEM image. Peaks at 8.5 and 12.5 eV correspond to H,0 and Hy,

respectively.

strong ferromagnetic characteristics, as evidenced by the pronounced magneti-
zation shown in Figure 1C. In contrast, parallel control experiments on terrestrial
iimenite do not reveal any significant change in magnetization (Figure S19). This
observation further rules out the possibility of disproportionation reactions of
Fe”" in FeTiOg into Fe® and Fe®*.

The abundant formation of encapsulated H,0 bubbles indicates a significant
resistance to the release of H,0 gas. This makes it challenging to directly extract
H,0 from LR on site. Heating the LR above its melting point of ~1,373 K can facil-
itate the merging of H,0 bubbles within the molten matrix, thereby aiding in the
release of H,0 gas. Previous studies have confirmed that the H-rich LR should be
atleast T m thick.*>*® The total weight of these regolith deposits is ~5.7 x 10"
tons, which can potentially produce around 3 x 10'® kg of water.

Our in situ TEM analyses, combined with intense electron irradiation, reveal an
accelerated release of entrapped H in LR upon electron exposure. This finding
enhances our understanding of the distribution patterns of lunar H,0 and H, indi-
cating that H,O0/OH levels in low-altitude regolith are lower than those in high-alti-
tude regolith.>® This discrepancy is attributable to the more intense solar wind
irradiation at lower altitudes, where there are higher concentrations of electrons.
Additionally, temperatures at lower altitudes are higher than those at higher alti-
tudes. The combination of high temperatures and strong electron (solar wind)
irradiation thus accelerates the release of H,0/H at lower altitudes on the Moon.

In summary, we observe that a substantial amount of H,0 can be produced via
melting CE-5 LR. Our estimates indicate that 1 g of LR could yield ~51-76 mg of
H,0, along with 157 mg of Fe®. FeTiO5 ilmenite contains the highest H content
among the lunar minerals studied. Further investigation of the physical properties
of FeTiOz ilmenite is needed to determine effective methods for separating it
from other lunar minerals, which will be valuable for on-site operations on the
Moon. Furthermore, our studies highlight the catalytic role of electron irradiation

in promoting H release and facilitating H,O synthesis at lower temperatures.
Although LR is relatively dry under ordinary conditions, it could become a signif-
icant H,0 reservoir once heated to its melting point. These findings are not only
of great interest to geochemistry but also offer valuable insights for future plan-
etary research.

MATERIALS AND METHODS
Sample preparation

The CE-5 lunar samples (CE5C0400) used in this study were collected from the lunar
surface and provided by the China National Space Administration. These samples were
sealed in a container filled with high-purity argon and then transferred to a glove box with
a continuous flow of high-purity argon (Mikrouna) at the Ningbo Institute of Materials
Technology & Engineering, Chinese Academy of Sciences. The lunar particles, ranging
in size from a few microns to tens of microns, were then placed onto sticky carbon
tape. The selected particles were characterized through morphological observation
and elemental mapping using a field emission scanning electron microscope (Verios
G4 UC, Thermo Scientific) equipped with an EDS detector (X-Man series, Oxford). The
measurement parameters were an acceleration voltage of 15.0 kV and a probe current
of 3.2 nA. TEM specimens were prepared via the focused ion beam technique (Helios G4
CX, Thermo Scientific). Regions of interest on the selected particles were coated with a
thick Pt film (~1 um) deposited by an ion beam to protect the particle surfaces from
damage during ion milling. For specimen heating, the specimens were mounted on a
specially designed chip sensor (Thermo Scientific).

Structure and element characterization

The crystal structures of these particles were characterized using a spherical aberra-
tion-corrected scanning transmission electron microscope (Spectra 300, equipped with
a fifth-order aberration corrector, Thermo Scientific). Measurements were conducted at
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Figure 5. Strategy for on-site H,0 production on the Moon Focused sunlight is used to melt lunar regolith, facilitating the reaction between solar wind-implanted H and Fe oxides to
produce water. This water can be used to support life and can also be electrochemically decomposed into oxygen and hydrogen.

an acceleration voltage of 300 kV, and STEM images were acquired in high-angle
annular dark field mode. To detect H, EELS was performed using a Gatan 1066 system
with a collection semi-angle of 50 rad. The energy resolution, determined by the full
width at half maximum of the zero-loss peak, was ~0.3 eV. The elemental content ob-
tained from EDS enabled the classification of lunar particles (Table ST; Figure ST).
EDS mapping was conducted using an EDS detector (Thermo Scientific) equipped
with four probes. To investigate the effect of electron irradiation, additional TEM was
performed using a Talos F200X (Thermo Scientific) operating at an acceleration voltage
of 200 kV. Molten LR samples were polished via the broad ion beam technique®® (TIC 3X
series, Leica) at 7 kV for 10 h to prepare them for EBSD. In the EBSD experiments (Sym-
metry series, Oxford), an accelerating voltage of 20 kV, a working distance of 13 mm, and
a step size of 50 nm were used to obtain orientation maps. The valence states of iron in
LR were analyzed via XPS (XPS 6160, Bruker).

Simulation of atomic packing structure of lunar ilmenite

The Vienna ab initio simulation package was used to investigate the effects of doping
FeTiOz with H atoms at various ratios, with particular emphasis on the resulting lattice dis-
tortions. H atoms were strategically positioned in the largest available interstitial spaces to
maintain structural stability. The conjugate gradient algorithm was employed to relax the
system. The iterative process for electronic steps was considered complete once the varia-
tion in the total energy of the system between successive electronic steps fell below 107°
eV. Conversely, the iteration for ionic steps was terminated after 200 steps. The structural
optimization process took into account the antiferromagnetic characteristics of the system.
For all computational processes, electron interactions were described using the Perdew-
Burke-Ernzerhof functional, a refinement of the generalized gradient approximation for ex-
change-correlation potential. Owing to the sufficiently large size of the supercell, only the
gamma point was considered in the Brillouin zone.

Magnetic property measurement

The magnetic domain structure of the heated LR sample was observed using a Lorentz
transmission electron microscope with a customized JEM-2100F."” The magnetic proper-
ties of LR annealed at different temperatures were measured using a magnetic property
measurement system (Quantum Design, measurement precision: <1 x 1078 emu at H =
0T, <8 x 108 emuatH="7T).

Thermal property measurement

Thermal analysis of terrestrial iimenite was conducted using a differential scanning calo-
rimeter (404F1, Netzsch). The weight loss of LR during the heating process was measured
with a simultaneous thermal analyzer (TG-DSC, STA 449F3, Netzsch).
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