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Abstract
In light of signi�cant effort conducted to manned deep space exploration, it is of high technological
importance and scienti�c interest to develop the lunar life supporting system for long-term exploration
and exploitation. And lunar in situ resource utilization offers great opportunity to provide the material
basis of life supporting for lunar habitation and traveling. Based on the analysis of the structure and
composition, the Chang’E-5 lunar soil sample was used for lunar-surface solar energy conversion, i.e. the
extraterrestrial photosynthesis catalysts. By evaluating the performance of the Chang’E-5 lunar sample as
photovoltaic-driven electrocatalyst, photocatalyst and photothermal catalysts, the full water splitting and
CO2 conversion are able to be achieved with solar energy, water and lunar soil, with a wide range of
product distribution, including O2, H2, CO, CH4 and CH3OH. Thus, we propose a potentially available
extraterrestrial photosynthesis pathway on the moon, which could help us to achieve a ‘zero-energy
consumption’ environment and life support system on the moon.

Main Text
Long-term survival on the moon shall be the �rst milestone towards the long march of manned deep
space exploration1. Maximizing the utilization of in situ lunar resources, including extreme environmental
temperature (-173-127ºC)2,3 and strong solar irradiation4, could help us build an extraterrestrial base on
the moon for life-supporting and spacecraft launch/manufacture proposes.5 Compared with other
proposed extraterrestrial survival technologies6-8, extraterrestrial photosynthesis (EP)9 is expected to
utilize the moon’s environmental conditions for fuel and survival supply production. Such technology is
able to operate with a wide temperature range, low energy consumption, and high energy conversion
e�ciency. And EP is mainly based on utilizing the human respired CO2 and water from the moon10 to
produce oxygen and hydrocarbons. Achieving this objective could dramatically improve the feasibility
and durability of human survival on the moon.

As one of the most abundant resources on the moon, lunar soil functioning as the EP catalysts is also
highly desired as an important part of in-situ resource utilization (ISRU)11,12. Chang’E mission 5 (CE-5)
sample provides us a great opportunity to study the lunar soil from the EP catalytic perspective. Therefore
in this report, we �rst learnt the composition and structure of CE-5 lunar soil through detailed
morphological observation and phase analyses. It thus helps us identify the possible catalytically active
substances of the lunar soil. We then analyze the EP performance of CE-5 lunar soil from the
photovoltaic-electrolytic, photocatalytic and photo-thermal catalytic aspects, and further proposed a
feasible lunar EP strategy based on these EP performances. Our research thus allows us to lay a material
foundation for realizing a “zero energy consumption” lunar life-support system.

The morphological characterization was carried out (TEM in Fig. 1a-c). Typically, the glassy phase, single
crystal sheets, and porous materials were observed. The machine learning-based analysis is applied to
analyze the CE-5 sample X-ray diffraction (XRD) data (Fig. 1d) and enables the possibility to predict the
potential catalytically active components for EP. Surprisingly, the powder XRD (PXRD) pattern of the CE-5
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sample (Fig. 1b, 3-85º) was distinct from the Apollo data (No. 12041, 5-55º)13 (Fig. 1e). Comparably, the
CE-5 sample was obtained as the youngest mare basalt samples, laden with Fe and Mg-based
components, such as orthopyroxene, augite, pyroxene, while short of Si and Al-based components,
including silica, plagioclase, and pigeonite (Extended Data Fig. 1, Extended Data Table 1, 2). Other
characterization technologies were also applied to detect the elemental structures, including XPS, SEM,
and TEM (Fig. 1f, Extended Data Fig. 2-6, Extended Data Table 3), supportive to iron- and magnesium-rich
basalt. Therefore, a preliminary deduction could be made based on the investigation of PXRD patterns,
whereas rutile (TiO2)14, ilmenite (FeTiO3)15, troilite (FeS)16,17 could be treated as the photocatalytic (PC)

materials, hapkeite (FeSi alloy)18 as the photovoltaic-driven water electrolytic (PV-EC) materials, and
orthopyroxene ((Mg, Fe)SiO3), augite ((Ca, Na)(Mg, Fe, Al, Ti)(Si, Al)2O6), ilmenite, chromite (FeCr2O4),

rutile and olivine ((Mg, Fe)2SiO4)19,20 as the potential active components for CO2 photothermal catalysis
(PTC) for the proposed EP pathway. XRD, TEM and Brunauer-Emmett-Teller (BET, Extended Data Fig. 7)
analyses also showed that the CE-5 sample is rich of porous zeolite-like structure, which might increase
the reactive surface area for EP processes.

A series of solar-based catalytic technologies were applied with CE-5 lunar soil. The three-electrode
con�guration PV-EC technology was �rstly investigated. The CE-5 lunar soil was used as both the anodic
electrocatalyst (e-catalyst) for oxygen evolution reaction (OER), and the cathodic e-catalyst for hydrogen
evolution reaction (HER). The overpotential @ 10 mA·cm-2 were 460 mV for OER, and 570 mV for HER,
respectively (Figure S1, S2). While the two-electrode con�guration electrolytic system was connected to a
5-series Si solar cells (area of 6.5 cm2 per cell, 15% e�ciency, Fig. 2a, S2b), the solar-to-hydrogen (STH)
e�ciency of 1% could be achieved with 1/15 PV electricity @ 2.90 V. Obvious H2 and O2 bubbles could be
observed on the surface of electrodes (Fig. S2a, movie S1), which shows the possibility for the utilization
of CE-5 lunar soil in the PV-EC technology. The relatively poor stability (Fig. S2c), could be caused by
electrochemical corrosion of carbon substrate and lunar soil at the anode side. Further investigation is
needed to improve PV-EC e�ciency and stability. The PC full water splitting was also studied for
comparison and resulted in unstable catalytic performance (Fig. S3) that was probably caused by the
poor dispersity and light-driven self-corrosion.

The CE-5 lunar soil was also used as the photocatalyst to evaluate CO2 reduction in aqueous condition

with UV-vis irradiation. The sample exhibited CO rate of 6.07 ± 1.83 μmol· g-1· h-1, and the CH4 yield of

0.20 ± 0.12 μmol· g-1· h-1 without the presence of H2, with a ~96.8% CO selectivity. The lunar sample was
also studied as the photothermal catalyst towards CO2 hydrogenation at the temperature close to moon
environment (150ºC). Surprisingly, the products mainly consist of methanol and methane which can be
considered as the foundation of organic synthesis and the fuel additive, respectively. The methanol and
methane rate are ~22.2 and ~14.1 μmol· g-1· h-1 with a methanol selectivity of ~62%. Excellent stability
can also be observed within 10 cycles. Since it is barely to detect the methanol from the PT batch system,
to con�rm the reliability of methanol, the product is collected and con�rmed by the proton nuclear
magnetic resonance spectroscopy (H-NMR, Fig. S4). Isotopically labeled 13CH3OH was also tested via



Page 5/13

high resolution mass spectroscopy (HRMS) to con�rm that the methanol is originated from CO2, but not
adventitious carbon contamination (Fig. S5).

Based on the aforementioned catalytic performances of distinct solar-based technologies, a combined
solar energy conversion pathway, namely extraterritorial photosynthesis, is proposed (Fig. 3). Although
the current catalytic performance from the CE-5 lunar sample cannot satis�ed the requirement of
extraterrestrial survival, signi�cant improvement could be achieved via structure optimization,
morphological modi�cation and composition engineering of the lunar sample. This work provides a
potential strategy to build an in-situ resource utilization system that can accommodate to the extreme
lunar temperature environment (Fig. S6), and only requires solar energy, water and lunar soil on the moon.
Based on this system, we can realize a ‘zero energy consumption’ environment and life support system,
and truly support lunar exploration, research and travelling.
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Methods
Material characterizations

The morphology of samples were investigated using a Zeiss ultra-plus thermal �eld-emission scanning
electron microscopy (FESEM, Carl Zeiss SMT AG, Germany) and transmission electron microscopy (TEM,
Tecnai G2 F20). The crystal structure of the �lms was obtained by X-ray diffraction (Ultima III, Rigaku
Corp.). The surface composition of the samples was characterized by using X-ray photoelectron
spectroscopy (XPS, ESCALAB 250) with the non-monochromatic Al Kα X-ray as the X-ray source. The BET
surface was measured through Brunauer-Emmett-Teller (BET) method (TriStar-3000, Micromeritics, USA).

 

XRD Machine Learning

Data preparation

The XRD spectra are known to exhibit different behaviors according to the sample size, orientation, and
morphology21. The Scherrer equation22 relates the size of sub-micrometer crystallites in a solid to the
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broadening of a peak in a diffraction pattern. The preferred orientation by stacking one facet eliminates
the XRD signals of facets from other families. The morphologies can lead to different max interplanar
distance and cause some larger-distance facet signal to disappear.

Raw data were downloaded from the American Mineralogist Crystal Structure Database23. As the
database contains too many kinds of minerals, and the real XRD data of their mixture is not enough, the
data was �rst augmented to construct a database. First, no more than twenty minerals were selected as
the components and their proportions assigned randomly. As the element analysis has limited the
element composition to no more than O, Si, Al, Fe, Ca, Mg, P, S, Cr, structures containing elements beyond
these were ignored. Second, a random morphology with size and orientation was assigned for each of
them. According to the Scherrer equation and the size, some peaks were broadened and some vanished,
which led to the XRD for each component. Finally, the XRD signal were summed with weights equal to the
proportions.

Algorithms (experimental section)

The existence of the minerals was trained and calculated using a 1D convolutional neural network (CNN)
as a binary classi�cation model24,25. We here provided a CNN based algorithm to examine the XRD
spectra for the sample compositions and proportions. Consecutive convolution layers with number of
channels 8, 8, 16, 16, 32, 32, 64, 64 with kernel size 5 and stride 1 were connected with a max pooling
layer every two convolutional layers. LeakyReLUs26 were added after the convolutions layers for
nonlinearity. Such a binary classi�cation model was present for each of the mineral possible.

After obtaining the most probable components, the total XRD signal was �tted using the components’
XRD signals via a least square �tting. During the �tting, the facet families were used separately as
independent basis since the XRD is anisotropic, i.e. peaks of (001) and (002) are dependent. However
either of them is independent from (111). The intensity ratio of the peak families could vary due to the 3D
shape of the crystallite. The XRD basis were no longer rigid ones from the bulk materials, but a soft basis
by �exible 3D crystallites. For example, one peak could be larger than the others due to orderly stacking of
the facet, or that the crystallite was larger along its lattice vector. This explains the abnormally high peaks
in the high-theta range, where some speci�c peaks of the components are prominent.

The size of the grain crystallite domain could be approximate by Scherrer equation

where D is the mean size of the ordered crystalline domains which may be smaller or equal to the grain
size and particle size, K the dimensionless shape factor close to 1, ν the X-ray wavelength, B the full width
of the peak at half maximum (FWHM), and θ the Bragg angle. It requires the overview upon the whole
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facet family for the complete information. Also, the size solved from the same facet family is expected to
be the same.

 

Photovoltaic-electrocatalytic measurement

Preparation of the OER and HER electrode

The CE-5 lunar soil ink was prepared by dissolving 10 mg CE-5 lunar soil into 400 μL ethanol and 50 μL
Na�on (5 wt%) and sonicated for 20min. Then, 100 μL ink was dropped onto 1 cm × 1 cm Carbon paper
and dried in the air. Next, the CE-5 lunar soil coated CP and cellulose membrane were tightly connected to
electrode clips.

 

Electrochemical measurements

The electrochemical characterization was carried out with a CHI 760e electrochemical workstation. The
photothermal promoted water splitting performance was measured in 1M KOH solution. The working
electrode was raised above the liquid level and the cellulose membrane attached to the back side of
working electrode supplied electrolyte for it. Besides, the reference electrode, counter electrode and
electrolytic tank were all wrapped by aluminum foil, so the light irradiation and temperature rise had no
in�uence on the calibration of the measured potential. All the measured potential values were calibrated
following the equation of:

Where ERHE and EHg/HgO is reversible hydrogen electrode potential and Hg/HgO electrode potential,
respectively. PH is the pH value of electrolyte. The indoor temperature and humidity was ~25 ºC and 50%
respectively if not mentioned otherwise.

 

Photocatalytic measurement

Measurement of photocatalytic activity:

For the photocatalytic reduction of CO2, 23  mg of CE-5 lunar soil was uniformly dispersed on the glass

reactor with an area of 4.2  cm2. A 300 W Xenon arc lamp was used as the light source of the
photocatalytic reaction. The volume of the reaction system was about 460  ml. Before the irradiation, the
system was vacuum-treated several times, and then the high purity of CO2 gas was pumped into the
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reaction setup for reaching ambient pressure. 0.4  mL of deionized water was injected into the reaction
system as a reducer. The CE-5 lunar soil were allowed to equilibrate in the CO2/H2O atmosphere for
several hours to ensure that the adsorption of gas molecules was complete. During the irradiation, about
1 mL of gas was continually taken from the reaction cell at given time intervals for subsequent CO, CH4,
and H2 concentration analysis by using a gas chromatograph (GC-2014C, Shimadzu Corp., Japan).

Photocatalytic full water splitting experiments were performed in a gas-tight system �tted with a side
window of optical �at quartz glass. 20 mg of CE-5 lunar soil was used as catalysts dissolved into 50 ml
of pure water. Then the suspension was stirred in a sealed glass vessel during which lunar soil was not
good dispersive, and purged with Ar for 30 min prior to photocatalytic experiments to remove dissolved
oxygen. A 300 W Xenon arc lamp was used as the light source of the photocatalytic reaction. During the
photocatalytic reaction, the reactor was placed in a thermoregulated rack at room temperature with
magnetic stirring to ensure a constant temperature and uniform irradiation. The amount of evolved H2

and O2 gas was measured simultaneously using an online gas chromatography system (GC-8A,
Shimadzu Corp., Japan) with a thermal conductivity detector (TCD) and Ar as the carrier gas. 

 

Photothermal catalytic measurement

The photothermal measurement is conducted under 0.4 MPa mixture gas with an H2:CO2 ratio of 4:1.
The catalyst (~3-5 mg) was drop casted onto a silica �ber holder, dried out overnight, and tested in a
photothermal batch reactor (WGHX-50, Xi'an Taikang Biological Technology Co., Ltd.) with external heat
of 150 ºC. The 300W Xe lamp (PLS-SXE300BF, Beijing Perfectlight Technology Co., Ltd.) provides
irradiation with a light intensity of roughly 17 suns. Each test cycle needed 1 hour and the products were
tested by Gas chromatography (Panna A91Plus, Changzhou Panna Instrument Co., Ltd.). The product
was also purged into D2O for liquid proton NMR (Bruker Avance NEO 500, Bruker Corporation) as well.

Isotopically labeled tracing experiments were performed with 13CO2 (99.9 at%, Energy Chemical). Isotope
distributions in the product gases were measured using HRMS (Waters Xevo G2-XS QT, Waters
Corporation).

Figures
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Figure 1

Material Characterization of CE-5 samples with comparison to Apollo-12 sample (No. 12041)13.
Transmission electron microscopy (TEM) images CE-5 lunar soil sample with a) glassy phase, b) single-
crystalline sheet, and c) porous structure. Inset of a-c): electron diffraction patterns . d) X-ray diffraction
(XRD) patterns of the CE-5 lunar soil sample and the Apollo data. e) Material composition based on the
CE-5 sample and the Apollo data analyzed by XRD machine learning. And f) Element components of the
CE-5 sample analyzed by XRD, X-ray photoelectron spectra (XPS), scanning electron microscopy (SEM)
energy dispersive X-Ray spectroscopy (EDX), transmission electron microscopy (TEM) EDX, and inductive
coupled plasma emission spectrometer (ICP), respectively. The percentage of metal elements detected by
ICP was relatviely higher, since nonmetallic elements, such as O, Si, S, P, could not be detected through
ICP.
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Figure 2

Catalytic performance of lunar soil. a) PV-EC process for water splitting. The CE-5 lunar soil was used as
both the hydrogen evolution reaction (HER), and the oxygen evolution reaction (OER) electrocatalysts (e-
catalysts). b) PC process for CO2 reduction. The lunar soil was used as the CO2 reduction photocatalyst.
c) PTC process for CO2 hydrogenation. The lunar soil was used as the PT catalyst.

Figure 3
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Proposed EP strategy. a) Breathing exhaust (containing H2O, CO2, and O2) passes through the
dehydrator to separate H2O and form dry CO2 and O2. The separated H2O is added to drilled and
extracted water for drinking and PV-EC process.10 The CO2 and O2 gas is transferred to the gas vessel.
b) With the solar irradiation, PV-EC is performed for H2 and O2 generation with the lunar soil e-catalyst,
whereas H2 is transferred to the gas vessel, and O2 is used for breathing. c) Since the temperature at
night is as low as -173ºC, CO2 congeals into dry ice with proper pressure maintained by H2. d) At
daytime, the moon temperature rise to around 127ºC, suitable for PTC CO2 hydrogenation with the lunar
soil. Among the resulting PT product, CH4 can be used as the fuel and propellant, and CH3OH can be
used as the building block for essential chemicals. All of the mentioned products could eventually
improve the feasibility and durability of human survival on the moon.
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