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ABSTRACT: Maximizing the utilization of in situ extraterrestrial
resources, including solar-powered water electrolysis using lunar soil
as a catalyst, is a promising strategy for achieving a sustainable fuel
and oxygen supply for lunar exploration. However, these lunar soil-
based silicate minerals suffer from unsatisfactory intrinsic activity for
water splitting due to poor electrical conductivity and the lack of
catalytic sites. Here we report the use of a simple Joule-heating
method to sinter the minerals into a disordered matrix at ∼2000 °C.
The as-prepared amorphous minerals can significantly reduce the
overpotential and exhibit good stability (>150 h) due to enhanced
charge transport kinetics and intrinsic activity. We further
demonstrate the solar-driven water electrolysis stack using sintered
lunar soil simulants as catalysts, showing the practicality of such a system. This work provides insights into in situ resource
utilization of lunar soils by engineering crystalline structures and electronic configurations by using an ultrafast Joule-heating
method.

Space colonization has been a perennial human dream,1,2

and the Moon is intended to be a stepping stone in the
exploration march.3 In order to fulfill this fanciful dream,

one of the most important prerequisites is the establishment of a
life support system on the Moon.4 However, current
extraterrestrial survival is largely dependent on Earth-based
resources, including fuel and oxygen for human energy and
breathing needs, which takes up the limited payload of spacecraft
and increases the launch costs.5 In situ resource utilization
(ISRU) is the use of local natural resources (e.g., solar radiation,
water ice, and planetary regolith) at extraterrestrial sites to
produce products and services for space exploration.4,6,7 Given
the abundance of regolith and the possible existence of water ice
on the Moon,5,8,9 solar-powered water electrolysis using lunar
soil as an electrocatalyst has attracted intense interest as an
important part of ISRU.3,4,10

However, the accessibility of efficient catalysts is a major
obstacle to extraterrestrial water electrolysis. Compared to the
well-developed electrocatalysts on Earth,11 lunar soil or its
components (mainly silicate minerals) usually suffer from high
overpotential for water decomposition due to the poor electrical
conductivity and lack of catalytic active sites.3,12,13 Recently, the
ultrafast Joule heating shock has emerged as a promising method
due to its unique ability to modulate the crystal and electronic
structures to enhance the charge transfer kinetics and intrinsic
activity of catalysts, such as single-atom catalysts,14 cermets,15

high-entropy alloys,16 and metallic glass nanoparticles.17 In this
method, samples loaded on a conductive substrate are subjected
to current pulses in a vacuum or inert atmosphere, undergoing
hypervelocity heating by the electrical energy (Q = I2Rt) and
rapid cooling to room temperature.18 In particular, the simple
device and transient heating characteristics make this method
suitable for automated operation in extreme space environments
(e.g., microgravity, temperatures ranging from −171 to 140 °C,
and high vacuum on the Moon).19

In this regard, it is conceivable to screen the active
components in lunar soils and treat the minerals using the
Joule heating method for efficient water decomposition. Here,
we evaluated the hydrogen evolution reaction (HER) perform-
ance of lunar soil simulants and known mineral components
(including plagioclase, augite, olivine, and ilmenite), in which
augite showed relatively better HER activity with an over-
potential of 641.5 mV in 0.5 M H2SO4 at a current density of 10
mA cm−2. Furthermore, we used the Joule heating method to
sinter augite into an amorphous matrix at 2000 °C in seconds,
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which exhibited drastically improved HER performance (389.0
mV at 10 mA cm−2 for HER overpotential) and good stability
due to better charge transport kinetics and intrinsic activity. To
avoid tedious mineral separations, lunar soil simulants were also
directly sintered to provide efficient and stable catalysts that
maintain a low overpotential for 150 h. In addition, we
assembled an electrolyzer stack for splitting pure water using
the sintered Chang’E-5 lunar soil simulant (referred to as CE-5)
as the catalyst and used a photovoltaic cell to harvest solar
energy and power the electrolysis module. The system achieved
sustained production of hydrogen (∼7.54 mL/min) and oxygen
(∼3.77 mL/min), demonstrating the high practicality of ISRU
in outer space.

■ HER PERFORMANCE OF THE SILICATE MINERALS
Lunar regolith, usually containing rock chips, mineral fragments,
glass, and breccias, was created through space weathering and

meteorite impacts.5,20 To date, humans have launched hundreds
of lunar exploration spacecraft, and completed 11 lunar sample
return missions (i.e., 6 Apollo missions, 3 Luna-series space
probes, and 2 Chang’E landers),10 obtaining a total weight of
385.67 kg of lunar samples.21,22 Considering the rather precious
nature of lunar soil, we used lunar regolith simulants (SC-071D
and SC-080) as substitutes in this work (Figures 1a,b and S1),
whose composition and particle size distribution matched those
of typical Apollo samples.23 Specifically, SC-071D (akin to the
regolith on the lunar plain) is a mixture of augite (32.8 wt %),
plagioclase (19.8 wt %), olivine (11.1 wt %), and ilmenite (4.3
wt %), while SC-080 is mainly composed of plagioclase (74.4 wt
%), simulating the lunar plateau soils. In addition, according to
the known composition,3 we also obtained the simulant of CE-5
lunar soil, which is mare basalt mined from the Northern
Oceanus Procellarum basin on the Moon.24

Figure 1. (a) Photograph of SC-071D, SC-080, and CE-5 lunar soil simulants. (b) XRD patterns of the lunar soil simulants. (c−d) LSV curves of
lunar soil simulants (c) and the containing mineral components (d). All the potentials were reported without iR compensation. (e−g) XRD
patterns (e), HRTEM image (f), and EDS elemental mapping profiles (g) of augite.
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We first evaluated the electrochemical hydrogen evolution
reaction (HER) performance of the lunar regolith simulants
using a three-electrode system in 0.5 M H2SO4. The standard
potential of the reference electrode was calibrated under the
same conditions before the electrochemical test (Figure S2), and
a graphite rod was used as the anode to avoid any potential
contamination.25 For comparison, we also tested the HER
performance of the bare glass carbon. As illustrated in Figure 1c,
lunar soil simulants could promote HER compared to glass
carbon, while the SC-071D simulant had a lower overpotential
(712.5 mV@10 mA cm−2) for HER. To screen the active
component, we investigated the electrocatalytic performance of
different mineral compositions of the simulants separately
(Figures S3−S7). Augite, one of the most common rock-
forming minerals throughout Earth, the Moon, and Mars,26

demonstrated the superior catalytic activity (641.5 mV@10 mA
cm−2) among these minerals (Figure 1d). Notably, the augite
sample in this work had good crystallinity (Figure 1e), and the
high-resolution transmission electron microscopy (HRTEM)
image displayed distinct lattice fringes with an interplanar space
of 0.294 nm, consistent with the (310) plane of augite (Figure
1f). The energy-dispersive X-ray spectroscopy (EDS) mapping
images indicated a uniform distribution of element composi-
tions, including Ca, Mg, Fe, Ti, Al, Si, and O (Figure 1g).
Although augite can promote HER, the overpotentials of the

silicate minerals remain too high for practical applications,
leading to substantial energy consumption. Thus, the continual
reduction of overpotential is vital for ISRU of lunar soil as an
electrocatalyst for water splitting. Considering the composition
and structure of the lunar soil-based minerals, the low HER
activity could be attributed to the poor charge transfer kinetics
and lack of catalytic sites.13 In this regard, it is highly desired to
develop a methodology for optimizing minerals by endowing
more active sites and better electrical conductivity. In addition,
the methodology should be simple and feasible for operating the
system in a lunar environment.

■ MINERALS SINTERING VIA THE JOULE HEATING
METHOD

The Joule heating method can utilize millisecond current pulses
to achieve rapid heating and quenching (Figure 2a).27 The
simplicity of the device and its transient heating characteristics
make it suitable for high-throughput synthesis of functional
materials in extraterrestrial sites.18 Therefore, we chose augite as
the representative lunar soil-based mineral and employed an
ultrafast flash Joule heating method to sinter it (denoted as
augite-JX, where X represents the sintering temperature). In a
typical procedure, augite was placed onto a tungsten boat and
sintered for 2 s at 2000 °C, followed by rapid cooling (Figures
2b,c, and S8). To investigate the detailed sintering process and
the evolution of the microstructure, we tuned the processing
temperatures (1000, 1500, and 2000 °C) following the same
procedure. After flash Joule heating shock, the augite powder
was transformed into a pellet, and its size was significantly
reduced (Figure 2c), indicating that the bulk augite was melted
and crushed during the process. Interestingly, the crystallinity of
augite decreased dramatically with an increase in sintering
temperature (Figure 2d). When the temperature was up to 2000
°C, the X-ray diffraction (XRD) pattern did not show any peaks
from crystalline compositions, except for the broad diffraction
peaks from the amorphous matrix. The disordered structure was
further confirmed by HRTEM and the corresponding fast
Fourier transformation (FFT) pattern (Figure 2e), where the

lattice fringes disappeared after a high-temperature shock. The
elemental mapping images exhibited a homogeneous distribu-
tion of Ca, Mg, Fe, Ti, Al, Si, and O in the augite-J2000 catalyst
(Figure 2f), akin to that of augite before sintering (Figure 1g).
These results jointly indicated that augite-J2000 turned into an
amorphous and uniform matrix. Indeed, the glass transition due
to the rapid heating and quenching process is very common in
solid-state physics and metallurgy.28,29 During the Joule-heating
process, the silicate minerals melted and quenched so rapidly
that the internal atoms were frozen near the position where they
were in the liquid state before they could crystallize and nucleate,
thus forming the amorphous glass phase. Notably, these
elements with valence less than 4 in augite (such as Ca, Mg,
Al, etc.) helped to break up the Si−O tetrahedron network
structure,30 resulting in numerous lattice defects, e.g., 3-fold- and
5-fold-coordinated atoms. According to previous reports, the
long-range disordered structure could be beneficial for catalytic
application due to more dangling bonds and abundant defects
on its surface than its crystallized counterparts.31 We further
used X-ray photoemission spectroscopy (XPS) to investigate the
electronic structures of augite and augite-J2000. In the high-
resolution XPS spectrum of augite, the Ti 2p peak was split into
two peaks of Ti 2p3/2 and 2p1/2 (Figure S9a), and the Ti 2p3/2
peak at 459.10 eV was assigned to Ti4+ in Ti−O. After the
ultrafast Joule heating shock, the Ti 2p3/2 spectrum of augite-
J2000 showed a negative shift of binding energy by ∼0.52 eV
relative to that of augite (Figure 3a), indicating the changed
chemical environment of Ti. We further performed peak fitting
and deconvolution. Notably, the Ti 2p spectrum of augite-J2000
displayed a characteristic Ti−O−Fe2+ peak at 458.48 eV.32 A
similar shift toward lower binding energy was also observed in
the high-resolution Fe 2p XPS spectra, suggesting the decreasing
valence state of Fe in augite-J2000 (Figures 3b and S9b). The Fe

Figure 2. (a) The schematic illustration of sintering lunar soil-based
minerals with the ultrafast Joule heating method. (b) The
temperature, applied current, and voltage during the process. (c)
The optical images of the Joule heating system. (d) XRD patterns of
augite and augite-JX. (e) HRTEM image of an augite-J2000. The
inset of (e) shows the fast Fourier transform pattern. (f) EDS
elemental mapping images of augite-J2000 for Ca, Mg, Fe, Ti, Al, Si,
and O.

ACS Materials Letters www.acsmaterialsletters.org Letter

https://doi.org/10.1021/acsmaterialslett.4c02448
ACS Materials Lett. 2025, 7, 553−559

555

https://pubs.acs.org/doi/suppl/10.1021/acsmaterialslett.4c02448/suppl_file/tz4c02448_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialslett.4c02448/suppl_file/tz4c02448_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialslett.4c02448/suppl_file/tz4c02448_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialslett.4c02448/suppl_file/tz4c02448_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialslett.4c02448/suppl_file/tz4c02448_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.4c02448?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.4c02448?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.4c02448?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.4c02448?fig=fig2&ref=pdf
www.acsmaterialsletters.org?ref=pdf
https://doi.org/10.1021/acsmaterialslett.4c02448?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


2p3/2 peak at 711.30 eVwas assigned to Fe3+ (Figure 3b),33 and a
new peak corresponding to Fe2+ was found at 709.53 eV,33

verifying the formation of Ti−O−Fe2+. The reduction of the
valence state and the appearance of new chemical bonds could
result from ultrahigh-temperature decomposition and bonding
during the flash sintering process, which may also promote its
electrochemical properties.

■ ELECTROCHEMICAL PERFORMANCE OF THE
SINTERED MINERALS

The electrochemical HER performances of augite sintered at
different temperatures (i.e., 1000, 1500, and 2000 °C) were also
evaluated in 0.5 M H2SO4 (Figure 3c). Significantly, the Joule
heating sintered minerals (augite-JX) exhibited boosted HER
activity with the increasing temperatures, and the augite-J2000
displayed the lowest overpotential of 389.0 mV at 10 mA cm−2.
The corresponding Tafel slope could be calculated from the
linear sweep voltammetry (LSV) curve (Figure 3d), which
reflected the reaction kinetics.34 Augite-J2000 showed the least
Tafel slope (106.8 mV dec−1) among these samples (Figure 3e),
suggesting that the HER proceeded through the Volmer-
Heyrovsky mechanism with the electrochemical desorption
process as the rate-limiting step.11 In comparison, the higher

Tafel slope of augite (205.4 mV dec−1) indicated inferior HER
intrinsic catalytic activity. Furthermore, electrochemical im-
pedance spectroscopy (EIS) analysis was also used to study the
reaction kinetics (Figure 3f). The Nyquist plot demonstrated
that augite-J2000 had the smallest semicircle radius, revealing
that the sintered sample had lower charge transfer resistances
and faster hydrogen evolution kinetics. The N2 adsorption and
desorption isotherms showed that augite and augite-J2000 had
similar special surface areas (Figure S10). We also estimated the
electrochemically active surface area (ECSA) of augite and
augite-J2000 by measuring the capacitive current in the
nonfaradaic potential region associated with the scan-rate
dependence of the cyclic voltammetry.35 According to the
double-layer capacitance (18.18 mF cm−2 and 21.75 mF cm−2

for augite and augite-J2000, respectively, Figure S11), augite-
J2000 (543.75 cm2) had a larger ECSA than that of augite
(454.50 cm2). The geometric current density was further
normalized by the measured ECSA to exclude the influence of
the surface area on HER performance (Figure S12).
Impressively, augite-J2000 showed a significantly higher
normalized current density than the counterpart of augite,
reflecting the enhanced intrinsic HER activity after the Joule
heating process.

Figure 3. (a−b) High-resolution XPS spectra of Ti 2p (a) and Fe 2p (b) for augite-J2000. (c−d) LSV polarization curves (c) and the
corresponding Tafel plots (d) of augite and augite-JX in 0.5MH2SO4. (e) Comparison of overpotentials at a current density of 10 mA cm−2 and
Tafel slopes for augite and augite-JX. (f) The Nyquist plots of augite and augite-JX. The equivalent circuit diagram was depicted in the inset of
(f). R1: the solution resistance; CPE: the constant phase element; R2: the charge-transfer resistance.

25 (g) LSV polarization curves of the lunar
soil simulants after the Joule heating shock under 2000 °C. (h) Stability measurement of CE-5 lunar soil simulant-J2000 at a current density of
10 mA cm−2. All the potentials were reported without iR compensation.
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In addition, augite-J2000 demonstrated negligible HER
activity attenuation during a constant-current electrolysis test
at 10 mA cm−2 for 95 h (Figure S13). After the stability test, the
morphology and amorphous structure were retained (Figure
S14 and S15), and the elemental mapping still showed a uniform
distribution of Ca, Mg, Fe, Ti, Al, Si, and O without element
aggregation in the post-HER sample (Figure S16). Hence, the
above performance evaluation and spectroscopic results verified
that the ultrafast Joule heatingmethod could optimize lunar soil-
based minerals and promote their intrinsic activity and charge

transport capability by regulating the crystal and electronic
structures. It is worth noting that the simplicity of the device and
its tolerance to extraterrestrial environments would make the
method a promising alternative for ISRU of abundant planetary
regolith.
As a proof of concept, we sintered lunar soil simulants directly

through a Joule heating shock to avoid tedious mineral
separation. These simulants after the high-temperature (2000
°C) process also turned into a disordered matrix according to
the corresponding XRD patterns (Figure S17). In addition, no

Figure 4. (a) Schematic illustration of water electrolysis in an electrolyzer stack, powered by a photovoltaic cell. ①: end plate. ②: current
collector. ③: flow field. ④: cathode. ⑤: sealing gasket. ⑥: proton-exchange membrane. ⑦: anode. (b) The photograph of solar-driven water
electrolysis in an electrolyzer stack with CE-5 lunar soil simulant-J2000 as the catalyst. (c) Photovoltaic and electrocatalytic J-V behaviors. The
J-V curve of the solar cell (blue line) was measured under solar irradiation with a light intensity of 68 mW cm−2. The orange dot is the
intersection of the J-V curve of the solar cell and the LSV curve (cyan line) of the electrolyzer stack, representing the operating point. (d) Stable
hydrogen and oxygen production demonstration of the electrochemical system powered by a photovoltaic cell.
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distinct morphology difference was observed in these samples
before and after sintering (Figure S1 and S18). Interestingly,
these sintered soils showed similar HER performance (419.0,
454.0, and 460.0 mV at 10 mA cm−2 for SC-071D-J2000, SC-
080D-J2000, and CE-5 lunar soil simulant-J2000, respectively)
(Figure 3g). The CE-5 lunar soil simulant-J2000 catalyst also
achieved good retention of the applied potential during a 150 h
constant current stability test (Figure 3h). The universality of
this method means that it can act as a potentially powerful tool
for ISRU of lunar soil at random landing sites on the Moon. To
further demonstrate the high practicality of such a system at
extraterrestrial sites, we assembled an electrolyzer stack and used
a photovoltaic cell to perform solar-driven water electrolysis
(Figures 4a,b, and S19). In the electrochemical module, we used
CE-5 lunar soil simulant-J2000 as the catalyst, and pure water
was directly adopted for electrolysis. On a sunny day (23
November 2024, 68 mW cm−2) in Hefei (31°49′14″N,
117°13′38″Ε), the photovoltaic cell obtained an open-circuit
voltage of 23.40 V and a short-circuit current of 1.10 A. When
integrating the solar cell with the electrolyzer stack, the system
achieved stable hydrogen (∼7.54 mL/min) and oxygen (∼3.77
mL/min) production at a voltage of ∼5.18 V and a current of
∼1.08 A (Figure 4c,d). Obviously, the sustained supply of fuel
and oxygen in such a system enables the maximum utilization of
extraterrestrial resources, including rich solar irradiation and
regolith, demonstrating the attractive perspective of ISRU.
In summary, lunar soil acting as the electrocatalyst of water

decomposition is a promising strategy for a sustainable fuel and
oxygen supply on the Moon. In this work, we identified the
active components (i.e., augite) for HER and provided an
effective strategy to tune the crystalline structures and electronic
configurations of the minerals with the ultrafast Joule heating
method. Benefiting from enhanced intrinsic activity and charge
transport kinetics, the obtained amorphous minerals exhibited a
drastically improved HER performance, achieving an over-
potential of 389.0 mV at a current density of 10 mA cm−2 and
impressive stability (>150 h). An electrolyzer stack powered by a
photovoltaic cell was also assembled for stable hydrogen and
oxygen production using sintered CE-5 lunar soil simulants as
catalysts. This work demonstrates the feasibility of the Joule
heating method to optimize the catalytic properties of lunar soil
and provides insight into the ISRU of planetary regolith.
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