MXene-based composite aerogel materials as passive thermal shields at Moon conditions using 3D modelling
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Abstract
Thermal protection systems that integrate management capabilities of thermal radiation are essential to not jeopardize payload operativity and survivability, and to secure shelters and Moon bases when astronauts are operating on the Moon’s surface.  This work envisions the potentiality of lightweight, high-performance insulation material, exploring the role of a composite aerogel material based on MXenes, lunar regolith, and polyimide (PI) as a passive thermal protection system for payloads during lunar exploration. Advanced numerical simulations were conducted to assess the thermal performance of these composites under lunar environmental conditions, modelling temperature fluctuations across both lunar day and night. The results indicate that lunar regolith and MXenes enhance the heat retention properties of the insulation aerogel material, minimizing heat loss during the lunar night, suggesting the importance of having composite materials  to provide solutions for maintaining the integrity and operability of payloads in the harsh lunar environment, extendable to harsh environments on Earth.
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Highlights
· Aerogel composites using lunar regolith as ISRU offer a suitable thermal shielding solution
· MXenes offer superior thermal regulation in the harsh conditions of the Moon
· MXenes with lunar regolith balance heat transfer, retaining heat during the night and preventing overheating during the day

1 Introduction
The moon has the potential to become a catalyst for future space explorations, offering the opportunity to advance in science, technology, and growing our understanding of the universe. Ambitious lunar exploration missions are currently on-going, involving both government institutions and private sectors, suggesting the Moon’s pivotal role for the next space missions. To translate these ambitions in accomplished missions, it is fundamental to provide adequate means, which aims to support the long-term lunar exploration, threatened by the Moon’s hostile environment. In particular, the thermal cycling is extreme due to lunar day/night cycle, characterized by about 14 days of continuous sunlight and 14 days of continuous darkness. Temperature variations, ranging between 120°C (lunar day) and -180°C (lunar night), can be experienced on the Moon’s surface, with even colder temperatures down to -250 °C if we consider some permanent shadowed regions[1].
[bookmark: _Hlk176250788]Thermal protection systems are essential for not jeopardizing payload operativity and survivability and securing shelters and Moon bases when astronauts are operating on the Moon’s surface. Passive solutions are oriented toward the development of lightweight, high-performance thermal insulation materials that require superior thermal management capabilities. Although the use of these solutions cannot be used to actively heating or cooling, they act as a protective layer to insulate heat flow and dampen temperature oscillations and act as a synergistic support for active systems, reducing the overall energy required. In space, especially in severe vacuum environments like on the Moon (p = 10-12 mbar)[2], the heat transfer is dominated by conduction and radiation. For this reason, the thermal properties of solid materials (thermal conductivity, heat capacity, etc.) and their radiative properties (surface emissivity, absorptivity, etc.) should be accurately investigated. For example, a thermal protection system for the moon must provide adequate thermal insulation through low thermal conductivity, trying to minimize dissipation during the lunar night (e.g., low emissivity) and allow heat storage during the lunar day. All these features are not easy to find in a single material type, therefore a composite material concept should be preferred to face the thermal protection challenge on the Moon’s surface (Figure 1). 
As promising approach to design a composite material suitable for Moon environment, aerogel-based materials can constitute a baseline structure thanks to their ultralightweight and outstanding thermal insulation properties, superior to the traditional insulator materials[3]. They show low thermal conductivity attributed to the unique porous structure, consisting of up to 90% of the total volume and a solid network that effectively minimizes heat transfer through conduction, convection, and radiation. Moreover, aerogels have a remarkably low density, often between 0.01 to 0.5 g/cm³[4], making them some of the lightest solid materials available, which is advantageous for weight-sensitive applications. Aerogels are not only exceptional as standalone thermal insulators but also have the unique ability to be turned into composite materials, further enhancing their versatility. Due to their porous structure and tuneable properties, aerogels can be combined with other materials, such as polymers, fibers, ceramics or metals, to create composites with enhanced thermal properties without compromising their lightweight nature or thermal insulation performance. By forming composites, aerogels extend their suitability to a broader range of environments, enhancing their integration into high-performance thermal insulation systems. They have found many potential applications, namely thermal applications (e.g., insulation, fire retardant, etc.), catalysis, electronics, sensors, waste containment, energy storage capacitors, acoustics, and pharmaceuticals[5].
[bookmark: _Hlk176268323]To achieve an aerogel with thermal protection and heat retention capabilities, lunar regolith can be identified as  potential in-situ element to build a composite material with substantial thermal inertia. Several studies have been performed using lunar regolith as In-Situ Resource Utilization (ISRU) thermal mass for heat storage on the Moon's surface[6–8], suggesting its potential to be embedded in an aerogel structure. Several substrates can be employed to generate aerogel composite materials. Recently, organic and polymeric substrates have gained attention due to their intrinsic properties. Polyimide-based (PI) aerogels have emerged as one of the most promising organic aerogels due to their superior properties,  overcoming the inherent fragility of silica aerogels, offering excellent mechanical strength while maintaining high resistance to both extreme high (Tg>250°C) and low temperatures[9]. These enhanced characteristics make PI aerogels a more robust and versatile alternative to traditional inorganic aerogels, while maintaining the ultralight density and low thermal conductivity of an aerogel (0.020 g*cm-3; 0.020 W*(m*K)-1)[10,11]. These aerogels are promising for diverse applications in the fields of aerospace such as thermal insulation, extravehicular activity (EVA) suits, thermal protective systems (TPS), and so on. Moreover, these aerogels can be manufactured using the sol-gel process and dried via supercritical drying, freeze-drying or ambient drying[10–12]. These processes could in principle allow aerogels to be produced in situ by exploiting the environmental conditions of the lunar surface, taking advantage of the low temperature for freezing and the vacuum for drying (freeze-dried aerogels), avoiding the negative impact on transportation costs and concern for material integrity during ascent/landing. [13][14][15][16][16][17]  

The idea of producing aerogels on the Moon, while ambitious, is increasingly plausible in light of the advancements of ISRU technologies[13]. Current efforts—such as NASA’s PRIME-1[14] and other initiatives within the Artemis and PROSPECT programs[15]—aims to develop technical solutions for extracting water on the Moon, reducing the supply of valuable consumables from Earth. These projects represent a significant step forward, but substantial work remains before such technologies can support complex manufacturing processes. Once water extraction becomes reliable, a feasible path opens for producing aerogels directly on the lunar surface. Fine-grained lunar regolith, readily available across the Moon’s surface, could be transported by ad-hoc conveyance systems[16] to a processing unit where it is mixed with water and a small quantity of Earth-supplied polymer (less than 5 wt.%)[17]. The mixture could then be freeze-dried, taking advantage of the Moon’s natural cold traps to minimize energy use. This would make aerogel production energy-efficient—provided ISRU technologies continue to mature and are successfully deployed in upcoming missions.
Finally, another element is needed to enhance the radiative properties of composite aerogel material, providing the capacity to absorb heat from sunlight and controlling heat dissipation by radiation. As an emerging solution, MXenes, a class of 2D materials, have gained attention due to their radiation properties. Two-dimensional transition metal carbides and nitrides have shown diverse light-matter interactions in a broad frequency range, owing to their highly anisotropic electronic and optical properties[1318]. MXenes have the general chemical formula Mn+1XnTx and can be described as comprising n+1 layers (n=1–4) of one or more group 3–6 early transition metals (M), interleaved by n layers of carbon and/or nitrogen atoms (X), with Tx denoting surface terminations (for example, –F, –O, –OH) on the outermost exposed M layers[1419]. Ti3C2TX MXenes are mostly studied for their stability and availability. Their behaviour with electromagnetic radiation has shown high solar absorptance up to 90% and a low IR emissivity down to 10%, yielding a high spectral selectivity for intrinsic solar absorbing materials[1318–1621]. It has also been shown that the emissivity of MXenes can be tuned by combining different transition metals, which suggests the possibility of employing them for different thermal control systems[1621]. Thanks to these properties these materials are widely studied in applications such selective heating/cooling, IR camouflage, thermal circuits, and others[1720]. Unlike traditional multilayer insulation (MLI) materials, which only mitigate heat loss in vacuum environments by reflecting radiant heat, MXene offers the ability to control both heat gain and loss, making it a more adaptable option for specific applications (e.g., low solar irradiation areas).
MXenes can be integrated as a surface layer on the PI/regolith aerogel, serving as a thermal regulation component by modulating heat exchange by radiation. Due to their excellent dispersibility in water [22], MXenes are well-suited for ISRU-compatible processing and can be incorporated into the manufacturing workflow with minimal Earth-supplied quantities—similar to the polymer component. MXenes can be integrated as surface layer of the PI/regolith aerogel, functioning as regulation system of the composite material for heat exchange by radiation.
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Figure 1. Essential characteristics of composite material suitable as a thermal protection system on the Moon. A composite material characterized by lunar regolith embedded in a continuous porous network of polyimide with a surface layer of MXene can cover all these characteristics.

This work develops a modelling approach to investigate the potential of aerogel-based material characterized by MXenes, lunar regolith, and polyimide (PI), given as a passive thermal protection solution for safeguarding payloads on the Moon, ensuring their structural integrity and functionality throughout the extreme temperature fluctuations of lunar day and night. The combination of aerogels with lunar regolith represents one of the advantages of thermal insulation (aerogel property) and heat storage (regolith property), enhanced by MXene as thermal radiation regulator. By simulating the behaviour and performance of these materials under lunar environmental conditions, an analysis of their thermal shielding capabilities is provided.   
2 Modelling of aerogel-based composite material
[bookmark: _Hlk176270407]This section details the assumptions, data, and equations used to build the model in order to assess thermal insulation and protection of the system concept. The model has been implemented in COMSOL.
2.1 Modelling solar position on Moon surface
The paragraph outlines the approach we used to estimate solar position across different selenographic latitudes. Our calculations were focused on obtaining preliminary global data, and thus, did not consider shadowing effects from terrain features or diffuse radiation, but only direct solar radiation. We based our analysis on an average TSI (Total Solar Irradiance) value of 1367.6 W/m2[1823]. Our computations were conducted for the northern hemisphere, spanning latitudes from 0° to 80° at 20° intervals. We did not investigate higher latitudes due to the significant impact of local terrain topography on illumination at low Sun altitudes. The data we obtained are symmetrical about the equator. 
[bookmark: _Hlk175649426][bookmark: _Hlk175649303]The solar zenith (θ) and azimuth (φ) are the key angles to estimate the solar position on celestial body surfaces. These angles can be converted into a direction vector Is = (Isx, Isy, Isz) in Cartesian coordinates assuming that the west, the north, and the up directions correspond to the x, y, and z directions, respectively, in the model (Figure 2)[1924]. The relation between θ, φ, and Is is given by:
 
The direction (in radians) of the Sun vector has been calculated for each latitude, converted as function of time, and shown in figure 3. 
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Figure 2. Apparent daily path of the sun across the sky from sunrise to sunset. The x, y and z axis are pointing in the west, north and zenith (up) direction, respectively.

[image: ]
Figure 3. Direction (in radians) of solar vector as function of time calculated at different Moon latitudes of northern hemisphere. The figure shows the Sun direction for one lunar day expressed in hours.
2.2 Modelling the thermal mass of lunar surface
The lunar regolith on the moon’s surface has been modelled according with two-layer model proposed by Vasavada et al.[2025], that has been introduced to simulate lunar surface temperatures at near-equatorial latitudes with high accuracy. 
The model consists of a 2 cm-thick, highly insulating upper layer and a denser, more conductive lower layer. The upper layer extends from the surface to a depth of 2 cm and has a bulk density of 1300 kg m-3. The lower layer has a bulk density of 1800 kg m-3 (see Figure 4). The total depth of lunar regolith mass has been set to 90 cm. This choice has been made based on Apollo 15 measurements, which revealed a constant temperature at 90 cm of 252 K[2126]. In the model, the regolith surface has been conveniently placed at 90 cm in the coordinates of the model, while the regolith beneath the surface (at 90cm depth) has been placed at 0 cm (see Figure 4). In table 1, the properties of lunar regolith used for the simulations are reported. The regolith properties have been selected by literature based both on experimental data and models obtained from lunar regolith samples (Apollo missions’ samples) and lunar regolith simulants. In particular, the thermal conductivity properties have been taken from the work of Vasavada et al., while the heat capacity value is obtained from Schreiner et al.[2227], in which a set of models for a wide range of lunar regolith material properties are presented, including composition, density, specific heat and thermal conductivity.
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Figure 4. 2D representation of 2-layer model of lunar regolith mass. The image shows the colour distribution of temperature (K) inside the regolith at the end of the lunar night.
COMSOL built-in tool Heat Transfer with Surface-to-Surface Radiation has been set up as Multiphysics to create the model. The model accounts for heat gain from a radiative source, such as the Sun, setting absorptivity and emissivity for radiative gains and losses. The associated partial differential equation solved for the conductive heat transfer within the regolith is:

where  is the density of the body, Cp its specific heat, T is the body temperature and,  its thermal conductivity. The term  corresponds to heat flux by conduction according to Fourier’s Law.
In a severe vacuum environment like on the Moon, radiation becomes the only mechanism of heat transfer between the surface under consideration and the surroundings. The radiation boundary condition can be expressed as an energy balance on the surface[2328]:

That is for an opaque surface:

where  is the surface emissivity,  is the Stefan-Boltzmann constant,  and  are the temperature of the surface and the surroundings, respectively,  is the surface solar absorptivity and  is the incident solar irradiance. 
	Fluffy lunar regolith
	Native lunar regolith

	Density: 1300 Kg/m3
	Density: 1800 Kg/m3

	Specific heat: 
2.0814*10-6*T3-0.0048*T2+4.0456*T-71.7390 J*Kg /K
	Specific heat: 
2.0814*10-6*T3-0.0048*T2+4.0456*T-71.7390 J*Kg /K

	Thermal conductivity: 
9.22*10-4*(1+1.48*(T/350)3) W/m*K 
	Thermal conductivity: 
9.30*10-3*(1+0.73*(T/350) 3) W/m*K

	Surface emissivity[2429]: 0,97
	Surface emissivity[2429]: 0,97

	Surface absorptivity[2429]: 0,87


	Surface absorptivity[2429]: 0,87


Table 1. Physical and thermal properties of modelled lunar regolith.
The radiation settings used account for the wavelength dependency of emissivity, selecting solar and ambient spectral bands. When solar radiation is part of the model, it is possible to enhance an opaque/grey surface model by considering two spectral bands: one for short wavelengths and one for large wavelengths, i.e. a solar band for wavelengths shorter than 2.5 µm and an ambient band for wavelengths above 2.5 µm[1924]. Figure 5 shows that typically the solar radiation falls under an ambient band with wavelengths shorter than 2.5 µm, while those for radiation to the surroundings are longer.
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Figure 5. Visuals of Solar and ambient radiation settings. The image shows the absorption of solar radiation at shorter wavelengths and emission to surroundings at larger wavelengths.

[bookmark: _Hlk191025495]Simulations have been run to determine the temperature distribution inside the regolith mass, performing both steady state and transient studies (Figure S2 and S3 in the supporting information). These have been performed using a radiation source temperature at 5780 K (Sun) and setting the solar irradiance as function of time. The lunar night has been simulated putting 0 W/m2 as solar irradiance. To define the boundary conditions for the regolith, we assumed no heat flux on the vertical edges of the modelled regolith mass, considering the surrounding regolith as effectively infinite. This implies that horizontal heat diffusion beneath the Moon's surface is negligible compared to the vertical heat exchange. All boundary conditions are depicted in figure 6.
Transient studies have been concluded once the temperature distribution inside the regolith mass was constant over lunar day and night cycles (Figure S2 and S3 in the supporting information).
As example, in figure 7 the temperature distribution of lunar regolith mass at equator latitude is reported. This result has been determined for each latitude and used as initial value for the simulations that followed in modelling aerogel-based composite material. 
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Figure 6. Depiction of boundary conditions of regolith thermal mass.

[image: ]
Figure 7. Temperature distribution inside modelled regolith mass after lunar night. The image shows the results considering Moon equator.

2.3 Modelling thermal protection composite material on Moon surface
A 3D model has been set up to build a box (140x140x140cm) placed on the modelled lunar regolith mass (1000x1000x90cm) to represent the thermal protection system, by placing an aluminium mass (25x25x25cm) (representing a hypothetical payload to be protected) inside (see Figure 8). Different boxes have been built in turn, characterized by different material properties. The choice of using this geometry assumes to manufacture the thermal protection system in situ, exploiting the freeze-casting technique[30] to produce squared panels assembled in a box-like configuration. A thickness of 50 cm was selected as an optimal starting point to evaluate the thermal protective capacity of the composite material. Previous simulations with greater thicknesses exhibited overly conservative behaviour, suggesting that they were over-engineered for the intended application. In contrast, the 50 cm thickness produced borderline results, making it a more balanced choice and used as a critical threshold, offering sufficient limit to evaluate the material performance. 
The PI aerogel material constitutes the continuous porous matrix of the composite material, while lunar regolith is the component embedded in different quantities in the aerogel matrix (disperse phase) (see figure 9). MXene has also been considered as a surface coating of the aerogel material. MXenes with emissivity values of 0.1 and 0.4 have been investigated. The first one is representative of the most effective and known MXenes (Ti3C2X), the second one is representative of many other transition metals MXenes (e.g., V, Nb, Mo, etc.)[1621].  Materials properties are reported in table 2. 
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Figure 8. Composite material configuration with layered (upper left), a representative cut in the middle displaying the payload within the protective box (upper right) and a zoom of the latter (lower).
The quantities of lunar regolith investigated inside the PI matrix are 20, 40 and, 60% (w/w) with respect to the hydrogel substrate. This choice derives from a precedent study on regolith-based aerogels[2531], in which quantities of regolith higher than 60% could jeopardize the characteristic properties of aerogels (e.g., porosity, surface area, and low thermal conductivity, etc.), and not assure a proper filling of the  aerogel matrix. MXene, instead, has been investigated as surface coating of 20µm thickness[1621].
The PI aerogels properties have been chosen by literature, selecting those better suited to the simulated Moon environment. Feng et al.[2632] characterized PI aerogel thermal properties in function of pressure and temperature, giving indications on PI aerogel insulation performance in vacuum and at cryogenic temperatures (e.g., -150 °C). A quasi-linear dependency of the thermal conductivity in function of temperature and pressure can be deducted for the reported data. This assumption aligns with the inherent properties of polyimide (PI), which is characterized by a rigid backbone and an amorphous state[2733], with a glass transition temperature above 250°C[2834]. Given these characteristics, the mean free path of phonons could be considered approximately constant. As the temperature increases, this results in a proportional increase in thermal conductivity[2935]. 
Regarding heat capacity at constant pressure, Song et al.[3036] characterized thermochemical properties of polyimide, reporting measurements of heat capacity in the temperature range from 80 to 380K. The experimental data showed a nearly linear trend of heat capacity with the temperature, and the interpolating function to the reported data has been built to simulate heat capacity of PI aerogel mass. The PI bulk density has been estimated considering 5wt.% polymer concentration in hydrogel solution, widely reported in preparing PI aerogels and PI composite aerogels, both obtained using freeze-drying and super critical drying[3137–3541].  The physical and thermal properties of aerogel/regolith composite materials have been determined by weighing the properties of individual materials according to their selected percentage in the PI aerogel matrix. The assumptions made consider isotropic properties of composite materials. As an example, consideration is given for an aerogel composite material characterized by 20wt.% of regolith in a hydrogel solution of 5wt.% polyimide. The amount of regolith is 4 times the amount of polyimide, so the final composite aerogel will consist of 80wt.% regolith and 20wt.% polyimide. Instead, the volume fractions of PI aerogel and regolith are 0.88 and 0.12, respectively. The mass density of the composite material can be estimated by weighing the mass densities of the individual components by their respective volume fractions while the specific heat capacity by weighing the specific heat capacity of the individual components by their respective mass fractions:

where, B is the bulk density of composite material, ρPI and VPI are the bulk density and volume fraction of PI aerogel matrix and, ρR and VR are the bulk density and volume fraction of lunar regolith; Cp(T) is the specific heat of composite material, CPI(T) and mPI are the specific heat and mass fraction of PI aerogel matrix, and mLR and CLR(T) are the specific heat and mass fraction of lunar regolith. The density of lunar regolith chosen has an average value of 1500 Kg/m3 since this property depends on depth and soil compaction and it can vary from 1200 Kg/m3 to 1800 Kg/m3[2227]. 
Regarding thermal conductivity, that of aerogel/regolith composite materials was determined using the Maxwell-Eucken model[3642], which estimates the effective thermal conductivity of composite materials when a dilute dispersion of spherical particles of conductivity K1 is embedded in a continuous matrix of conductivity K2. Particle interactions are ignored in this model. 
The assumption is made by considering that the particle sizes of the lunar regolith are microscale[43], while those of the PI matrix are nanoscale[44] and, based on other works that has have predicted the thermal conductivity of nanoporous aerogel composite materials incorporating micrometer-scale fillers[45,46], the effective models are a good approximation, using the effective thermal conductivity of the matrix (PI aerogel that accounts the effect of the porous structure) and the effective thermal conductivity of the lunar regolith. Therefore, it is possible to approximate the porous PI matrix as a continuous phase in which the regolith particles are embedded (Figure 9).
The approximation of lunar regolith as spherical particles, simplifying the modelling of thermal conductivity, has been employed to primarily capture the key heat transfer mechanisms involved in its integration within an aerogel matrix and MXene, focusing the study on understanding how their inclusion influences the thermal conductivity, radiative heat transfer, and overall insulation performance of the composite material. This simplification can be further supported by the morphological characterization of some lunar regolith samples, which have been found to exhibit relatively regular shapes with limited elongation[47–50]. Recently, the analysis of Chang’e-5 lunar samples reported an average 3D sphericity of 0.817, indicating a generally compact morphology of the collected particles[51]. However, the Hamilton–Crosser model[52], which incorporates a shape factor to account for non-spherical particle inclusions, might be used as an alternative effective approach for modelling such cases. The differences observed in predicting the effective thermal conductivity when compared to the Maxwell–Eucken model are reported and discussed in detail in Supporting Information S1 and are shown to not alter the overall thermal management performance presented in the section 3[47]. The regolith particles can be considered non-interacting with each other because of the low-volume fractions between regolith and the PI matrix (Table 2).
[bookmark: _Hlk195895332]The expression of the effective thermal conductivity according to the Maxwell-Eucken method is the following:

where, K1 and K2 are the thermal conductivities of the continuous and disperse phase and, V1 and V2 are the volume fractions of the continuous and disperse phase. The temperature dependence of thermal conductivities by Maxwell-Eucken model is shown in Table 2.
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Figure 9. Representation of PI/regolith composite aerogel for thermal conductivity estimation according to the Maxwell-Eucken model. The PI represents the continuous porous matrix with effective thermal conductivity K1, while the lunar regolith is the dilute disperse phase with effective thermal conductivity K2, considering the low volumetric fractions investigated in this work.
It is worth noting that the thermal conductivity value of lunar regolith embedded in the aerogel matrix is at the same order of magnitude as that of anorthosite rock (1.6 W/m*K)[3753], which characterizes the main mineralogy of the lunar highlands chosen as reference for this work[3854].  
The physical and thermal properties of MXenes were obtained from the literature, considering a thin coating (20µm thick) covering the composite surface[3955]. 
	[bookmark: _Hlk190941758]Material
	Bulk density (Kg/m^3)
	Volumetric fraction (LR)
	Mass fraction (LR)
	Thermal conductivity (W/m*K)
	Specific Heat capacity (J/Kg*K)

	PI
	100[3138]
	-
	-
	8*10-05T - 0.0032[26]
	-0.0024T2 + 4.23T + 67.46[3036]

	LR
	1500[2227]
	-
	-
	1.6[3753]
	2.08*10-06T3-0.0048T2+4.04T-71.74[2227] 

	PI/20LR
	260
	0.12
	0.80
	-5*10-09T2 + 0.0001T - 0.0045
	2*10-06T3 - 0.0043T2 + 4.08T - 43.90

	PI/40LR
	390
	0.21
	0.89
	-1*10-08T2 + 0.0001T - 0.0057
	2*10-06T3 - 0.0045T2 + 4.06T - 56.43

	PI/60LR
	500
	0.29
	0.92
	-2*10-08T2 + 0.0002T - 0.0069
	2*10-06T3 - 0.0046T2 + 4.06T - 60.60


Table 2. Physical and thermal properties estimated for the composite materials. The thermal conductivity of PI/LR composite materials has been estimated using the Maxwell-Eucken model, while the heat capacity by weighting the component specific heat capacity by the mass fraction.
Simulations have been run to determine payload temperature and temperature distribution inside the thermal protection system, performing transient studies for one lunar day and night. These have been performed using the built-in external radiation source temperature at 5780 K (Sun) and setting solar irradiance as function of time and latitude. The solar absorptivity and emissivity values of the composite material have been selected according to the literature[1318,1621,4056], assuming diffuse surfaces (no wavelength dependency of radiative properties on direction) due to opaque nature of the investigated materials[4157,4258]. The initial temperature distribution of the lunar regolith is taken as the temperature profile at the end of the lunar night, determined for each latitude. This was obtained through simulations conducted only on the modelled regolith. All boundary conditions are depicted in Figure 10.
It’s worth noting that the initial temperature of payload at the beginning of lunar day has been chosen as 243 K, deemed to be an acceptable target temperature to keep payloads functionality at the end of the lunar night[4359].
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Figure 10. Depiction of boundary conditions of regolith thermal mass and thermal protection composite system
[bookmark: _Hlk178944499]
A mesh sensitivity study was conducted to minimize numerical errors and ensure that simulation results are not affected improperly by mesh size, thereby improving the accuracy and reliability of heat transfer predictions. This process involved systematically refining the mesh by reducing the size of the elements and increasing their number to assess the impact of mesh resolution on simulation results. 
3 Results and discussion
In Figures 11-15, results are reported on simulations performed for one lunar day and night, modelling the composite materials described above. The evaluation of the thermal protection capacity has been done by plotting the temperature profile of the aluminium payload.
In Figure 13, the payload temperature profile has been reported at 20° of latitude for the different material compositions, together with the maximum and minimum payload temperatures at the end of, respectively, the lunar day and night. 
The results show that the composite aerogel materials embedding lunar regolith enhances the thermal performance of the material by increasing its density and, consequently, its thermal inertia. This higher density, provided by the inclusion of lunar regolith, slows the cooling rate of a payload compared to using polyimide aerogel alone. The added mass from the regolith particles increases the overall heat capacity of the composite material, allowing it to absorb and retain more heat, also noticeable by the shift in maximum payload temperature after the end of the lunar day (figure 11). As a result, the heat is released more gradually, providing a more stable thermal environment. The best performance can be observed in aerogel with 40% and 60% lunar regolith which show comparable results.
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Figure 11. Payload temperature profile after one lunar day and night for different composite PI/LR aerogels together with maximum (end of lunar day) and minimum value (end of lunar night) of payload temperature.

Instead, applying a MXene coating with an emissivity of 0.1 to a payload can help reduce severe cooling by minimizing heat loss through radiation. However, while this low emissivity is effective at preventing rapid cooling, it is not an ideal solution for protecting the payload from overheating, as it also limits the material's ability to dissipate excess heat (see Figure 12). 
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Figure 12. Payload temperature profile after one lunar day and night for different composite PI/LR aerogels with MXene coating of 0.1 emissivity together with maximum (end of lunar day) and minimum value (end of lunar night) of payload temperature.

In contrast, using an MXene coating with an emissivity of 0.4 offers a more balanced thermal management approach (Figure 13). This higher emissivity allows the material to release enough heat to prevent overheating during the lunar day while still retaining sufficient thermal energy to avoid extreme cooling during the lunar night. As a result, a coating with an emissivity of 0.4 maintains the payload temperature closer to the target value, providing effective thermal protection across the lunar cycle. Figure 13 also compares the thermal performance of pure lunar regolith layers (MXene-coated) of equal thickness, showing that sintered and compacted regolith (as alternative ISRU product) is less effective than both PI and PI/LR aerogels. This highlights the advantage of the aerogels’ highly porous structure, which achieves thermal conductivities an order of magnitude lower (∼10⁻² W/m*K) compared to sintered regolith (∼10⁻¹ W/m*K)[60], resulting in enhanced thermal management.
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[bookmark: _Hlk195969973]Figure 13. Payload temperature profile after one lunar day and night for different composite PI/LR aerogels and sintered lunar regolith with MXene coating of 0.4 emissivity together with maximum (end of lunar day) and minimum value (end of lunar night) of payload temperature.

At different lunar latitudes, the cooling of a payload varies significantly, with higher latitudes experiencing more severe cooling than lower ones (see Figure 14). This effect is particularly noticeable at latitudes of 60° and 80°, where the prolonged exposure to the lunar night and lower solar incidence angles results in more extreme temperature drops. 
[image: A graph of different colored lines

Description automatically generated with medium confidence]
Figure 14. Payload temperature profile after one lunar day and night for PI/LR aerogels with 60wt.% of lunar regolith as function of latitude together with maximum (end of lunar day) and minimum value (end of lunar night) of payload temperature.

Applying a MXene coating mitigates these cooling effects, having more critical impact only at 80° latitude due to the harsher thermal environment, as shown in Figure 15. Here, the MXene coating effectively reduces heat loss and helps maintain the payload's temperature closer to the desired range, demonstrating its usefulness in managing thermal conditions, especially in regions where cooling is most severe.
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Figure 15. Payload temperature profile after one lunar day and night for PI/LR aerogels with 60wt.% of lunar regolith with MXene coating of 0.4 emissivity as function of latitude together with maximum (end of lunar day) and minimum value (end of lunar night) of payload temperature.

Considering a box-shaped geometry for the payload protection, it is interesting to note that the maximum heat gain does not occur at 0° latitude, as might be expected. This anomaly is likely due to the geometry of the box, where higher latitudes result in more surface area being exposed to the sun's rays, leading to greater solar absorption. In fact, there seems to be an optimum at around 20° latitude, where the balance between exposure and heat gain is most favourable. This finding suggests that the geometry and orientation of the payload play a significant role in thermal management, and optimizing these factors can help achieve the desired thermal conditions. 
The iso-surface results obtained from the thermal simulations at 20° of latitude (Figures 16-18) illustrate the insulating properties of the aerogel composite material. Notably, by the end of the lunar night Figure 18 shows a significant temperature gradient of up to 50°C between the surface and the core of the insulated box, visible by the densely packed iso-surfaces. This indicates a rapid change in temperature across the thermal insulation composite material. This substantial difference highlights the material's ability to effectively limit heat loss during the lunar night. The outward heat flux direction is evident from the shape of the iso-surface, which represents a temperature distribution following a bell-curve pattern. The central peak corresponds to a region of high temperature that gradually decreases outward as the surface cools.
In Figure 17, the iso-surfaces illustrate the direction of heat flux entering the material during the lunar day. Most of the heat flux originates from the south-zenith direction, which is consistent with the Sun's trajectory at a latitude of 20° in the northern hemisphere. 
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Figure 16. Top view of iso-surface results of thermal protection system on regolith surface plotted at 20° of latitude at the end of lunar day (sunset) (illuminated surface exposed to west direction, on the left) and at the end of lunar night (on the right).
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Figure 17. Iso-surface results of the thermal protection system with different material composition modelled at 20° of latitude at the end of lunar day (sunset). The picture shows the temperature distribution after vertically cutting the modelled box. This front view is relative to a face exposed to west (sunset). The right and left edges of each figure point towards south and north direction, respectively. The top and bottom edges point towards zenith and centre of the Moon, respectively (top left picture).

Furthermore, the iso-surfaces in Figure 18 show the benefit of integration of regolith and a MXene coating of 0.4 emissivity in the insulating system playing a crucial role in maintaining thermal equilibrium. These materials help to achieve an optimal balance between heat retention during the lunar day, where solar radiation is intense, and heat dissipation during the prolonged lunar night. The regolith provides natural insulation, while the MXene layer enhances thermal control of composite material, preventing overheating and ensuring gradual cooling. Together, they contribute to a more stable thermal environment, mitigating extreme temperature fluctuations.
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Figure 18. Iso-surface results of the thermal protection system with different material composition modelled at 20° of latitude at the end of lunar night (before sunrise). The picture shows the temperature distribution after vertically cutting the modelled box. This front view is relative to a face exposed to the west. The right and left edges of each figure point towards south and north direction, respectively. The top and bottom edges point towards zenith and centre of the Moon, respectively (top left picture).

These results are further strengthened by examining Figure 19, which presents transient heat fluxes through the outer and inner surfaces for various thermal protection system configurations at 20° of latitude, capturing the dynamic response of the materials and,  providing useful insights for evaluating the thermal performance in actual applications[61]. Specifically, the figure illustrates data for the aerogel containing 60 wt.% lunar regolith with a MXene coating of emissivity 0.4 (graphs A and B), the PI aerogel (graphs C and D), and the aerogel with 60 wt.% lunar regolith without MXene (graphs E and F).
The inclusion of lunar regolith in the composition of the aerogel plays a significant role in regulating heat flux changes within the protection system, particularly compared to pure PI aerogel. This stabilization effect results in a more gradual heat accumulation, extending the net heat gain beyond the end of the lunar night, as evident in Graphs B and F.
In addition, the integration of a MXene layer is found to be a crucial improvement. By significantly reducing heat losses-about half as much as aerogel with only lunar regolith-the MXene contributes to improved thermal efficiency. Furthermore, when considering the total heat flux on the interior surfaces, the MXene layer facilitates a sustained net heat gain, further improving the effectiveness of the thermal protection system against the lunar night.
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Figure 19. Total transient heat fluxes for the thermal protection system with different material composition: PI/LR 60 wt.% + MXene with 0.4 emissivity (graphs A and B); PI aerogel (C and D); PI/LR 60wt.% (graphs E and F).
Figure 20 shows the temperature profile and distribution of the thermal protection system and payload, highlighting the composite material's remarkable insulation capability. In particular, a temperature difference of more than 100°C is observed between the outer surface and the inner regions of the material at the end of the lunar day (graph B). In addition, the graph A reveals the extreme thermal fluctuations experienced by the surface of the material containing 60 wt.% lunar regolith with a MXene coating of emissivity 0.4, which reaches a peak temperature of about 470 K at lunar noon and subsequently drops to about 130 K at the end of lunar night.
Although the thermal stability of the PI matrix usually maintains structural integrity over a wide range of temperatures (4 K < T < 600 K)[50–52], as well as MXenes [53,54], these drastic variations and high temperature gradients may not guarantee the material's durability and mechanical integrity under lunar conditions, posing limitations in terms of long-term performance and reliability over time, important aspect to consider for heat management of composite materials[55,56].[55][56][58][57,58][57]
Graph B compares the temperature distribution among different material compositions at the end of the lunar day, taking as reference the west-facing surface, which is directly exposed to solar radiation at that time. The data further emphasize the critical role of integrating lunar regolith into the aerogel matrix. Although the composite material initially exhibits a steeper temperature gradient within the first ~30 cm from the surface - compared to the polymer insulation (PI) alone - the temperature gradient then smooths out, indicating greater heat retention and mitigation of rapid changes in heat flow. This observation is consistent with trends observed in both the payload temperature profile and heat flux results.
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[bookmark: _Hlk190969069]Figure 20. Temperature of TPS surface and payload over one lunar day and night for a material containing 60 wt.% of lunar regolith with a MXene coating of emissivity 0.4 (graph A). Temperature distribution across the material thickness of different material compositions at the end of the lunar day, taking as reference the west-facing surface (graph B).

The iso-surfaces in Figures 17 and 18 also provide information on the contact surface of the insulating box placed on the lunar regolith, which exhibits distinct thermal behaviour, with the lowest temperature observed at the end of the lunar day and the highest temperature at the end of the lunar night. They show that throughout the lunar day and night cycle, the temperature profile of this contact area remains relatively stable (Figure 21). This suggests that the interaction between the composite material of the box and the lunar regolith forms an effective insulating layer, helping to provide passive thermal support and acting as a thermal buffer, slowing slightly down the heat loss within the system, especially at the latest hours of lunar night. Figure 19 illustrates, as an example, the temperature variation of the payload and the bottom surface of the PI aerogel, modelled at a lunar latitude of 20°. The figure highlights a shift in the temperature trend, particularly evident for this material after the temperature drops below that of the bottom surface.
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Figure 20. Temperature variation of the payload and bottom surface of protection system for PI aerogel, modelled at 20° of latitude. The figure highlights a shift in the temperature trend, particularly evident for this material after the temperature drops below that of the bottom surface.
3.1 Discussion on long-term stability of the thermal protection system
It is evident from the simulation results that the composite material undergoes drastic variations and high temperature gradients, and although the thermal stability of the PI matrix usually maintains structural integrity over a wide range of temperatures (4 K < T < 600 K)[62–64], as well as MXenes [65,66], this may not guarantee the material's durability and mechanical integrity under lunar conditions, posing limitations in terms of long-term performance and reliability over time. However, the durability of MXene-based composite materials has recently been studied in extreme temperature environments. Changhua Yang et al. demonstrated significant stability of ANF/MXene aerogels under extreme temperature conditions, maintaining their EMI shielding performance even after exposure to high (200 °C) and cryogenic (-196 °C) temperatures[67]. Similar results were found by Kang Sun et al. who studied the EMI and Joule heating properties of polyimide/MXene fibre films after immersing the composite films in liquid nitrogen, annealing at 150 °C and repeated bending cycles, noting excellent durability and structure integrity[68].
Also the fatigue performance of PI and various MXene/polymer composite aerogels has been studied, revealing their exceptional mechanical resilience under extreme thermal conditions ranging from –196 °C to 300 °C [69,70]. In particular, both pure PI and PI-based composite aerogels demonstrate remarkable durability, withstanding up to 10.000 compression cycles and maintaining structural integrity and excellent mechanical properties, remaining consistent even under significant temperature gradients, comparable to those encountered by the composite material in the simulated lunar environment (Figure 20). Among these, rGO/PI aerogels stand out for their superior performance in cryogenic environments. Under 50% cyclic compression, some rGO/PI variants exhibited peak performance in liquid nitrogen (–196 °C), achieving a maximum compression strength of 160.1 kPa, an exceptionally low energy loss coefficient of 34.16%, and complete height recovery after 20 cycles. This behaviour is particularly significant, as most polymer materials tend to become brittle and lose elasticity at such low temperatures. The excellent cryogenic fatigue resistance of r-GO/PI aerogels highlights their robustness and adaptability in demanding low-temperature environments. At elevated temperatures, the aerogels still demonstrate strong fatigue resistance, although some mechanical degradation is observed. For instance, at 180 °C, the stress and height retention rates remain high—88.5% and 74%, respectively—after 20 compression cycles [69]. Even at an extreme temperature of 300 °C, PI aerogels maintain 70% of their original compressive strength after enduring 10.000 cycles, with a plastic deformation of only 12.6%[70]. Another study evaluated the compressive fatigue of PI aerogels conducting a compression cycling test of at least 20.000 loading–unloading cycles at a compression strain of 50%, reporting maintained 94% of its initial height, demonstrating only a limited plastic deformation at 6.33% at 50% compression, even after 20.000 cycles, and noting negligible effects on the measured thermal conductivity[71]. These findings underscore the thermal and mechanical stability of PI-based aerogels, making them promising materials to manage repeated stress under harsh lunar thermal conditions. Nevertheless, the reduction in compressive strength, which eventually leads to the collapse of the porous structure, may compromise the overall thermal management after several lunar days and should be evaluated in future numerical and experimental works.
Recent studies on the low-temperature fatigue properties of PDMS/MXenes composites have shown a marked decline in performance at -40 °C compared with room temperature[72]. This deterioration is mainly due to the increased stiffness of PDMS at low temperatures, which hinders its ability to dissipate strain energy. As a result, stresses accumulate at the PDMS/MXenes interface, leading to the breakdown of interfacial bonds and reduction in fatigue strength. To solve this issue, it has been shown to be effective to improve interfacial bonding through the formation of strong hydrogen and covalent bonds at the PDMS/MXenes interface. These stronger interactions promote more efficient stress transfer across the interface, reducing the probability of interfacial debonding and limiting polymer chain mobility and breakage. As a result, the fatigue performance of the material is significantly improved, even under challenging thermal conditions[73]. Similarly, hydrogen bonding at the interfaces between MXenes and other polymers, such as PI[74] and lunar regolith[75], can provide enhanced structural stability and mechanical resilience.

Leveraging the knowledge gained about the mechanical strength of these materials, the thermal model proposed in this paper can be used with confidence to evaluate the protective capabilities of the proposed composite system.
Final considerations concern to the radiation resistance of MXenes in the lunar environment, particularly under direct exposure to high-energy particles such as galactic cosmic rays (GCRs) and solar particle events (SPEs) [76]. While some studies have reported the tolerance of MXenes and their precursors to various forms of energetic radiation, including gamma rays and neutrons [77–79], comprehensive investigations are still required. In particular, assessing the long-term functional stability of MXene-based composites under sustained lunar radiation exposure is critical, as this is considered one of the most significant challenges to the prolonged operational performance of the proposed thermal protection system.
[64][65–67]
4. Conclusions
The thermal performance of regolith-based aerogel composite insulation materials was evaluated using advanced numerical simulations. These simulations provided insights into the material's ability to optimize thermal protection, focusing particularly on the role of lunar regolith and MXenes. Composite materials characterized by simply different lunar regolith amounts showed heat retention capacity, contributing to mitigate payload cooling compared to the sole PI aerogel. Composite material made of 60 wt.% lunar regolith prevented payload cooling by approximately 13°C. Additionally, aerogels containing 40 and 60 wt.% lunar regolith exhibited nearly identical results, with a minimal difference in payload temperature of approximately 1°C. This indicates that an optimal balance between mass and thermal performance can be achieved within this range of regolith content.
By analysing transient heat fluxes across external and internal surfaces, it is noticeable that incorporating lunar regolith into aerogel-based insulators effectively stabilizes heat flux variations, mitigating extreme temperature fluctuations. This stabilization extends net heat gain beyond the lunar night, ensuring prolonged thermal efficiency.
However, MXenes played a crucial crucial role in enhancing the thermal regulation of the composite material. While MXenes with a low emissivity of 0.1 led to payload overheating during the lunar day, those with an emissivity of 0.4 provided an optimal balance, offering robust thermal protection throughout an entire lunar cycle and across various latitudes. The integration of a MXene coating with an emissivity of 0.4 significantly enhances thermal regulation by reducing heat losses compared to aerogel with lunar regolith alone. Composites composed of 60 wt.% lunar regolith and MXenes with an emissivity of 0.4 prevented excessive cooling of the payload by approximately 23°C at the end of the lunar night, compared to composites made solely of PI and MXene coating. This underscores the importance of incorporating MXenes alongside lunar regolith to achieve a fine-tuned balance between heat transfer and dissipation, effectively retaining heat during the cold lunar night while preventing overheating during the day.
These findings highlight the potential of composite materials with 40-60 wt.% lunar regolith in a PI matrix, combined with MXene coatings with an emissivity of 0.4, as a promising solution for thermal management in lunar exploration, ensuring effective payload preservation.
The central role of MXene in maximizing heat gain and heat loss paves the way for the development of new composite materials (regolith-based and non-regolith-based) that can be exploited especially in low-irradiance and shadowed environments, such as the lunar poles, leading the way for sustained exploration and long-term human presence in these harsh environments.
[bookmark: _Hlk191121042]Future works should address several key improvements, such as refining the geometric assumption of regolith particles accounting the actual morphology to improve the accuracy of thermal conductivity estimation, exploring different thermal protection system geometries to optimize heat gain and heat loss at various latitudes, and strengthening these theoretical and numerical results with experimental validation. The thermomechanical and radiation stability of the thermal protection system should also be investigated to get insights of its long-term performance and reliability over time.
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