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A B S T R A C T

Amorphous titanium dioxide (A-TiO2), a key component of lunar ilmenite’s surface layer and a promising ma-
terial for helium bubble encapsulation, plays a vital role in lunar resource utilization. This study focuses on its 
thermal stability, a critical factor for practical applications. A-TiO2 is successfully synthesized via the sol-gel 
method, and its thermodynamic properties are systematically investigated using TG-DSC. It is found that hy-
droxyl groups enhance the thermal stability of A-TiO2 at ambient temperature by forming hydrogen bond net-
works. Specifically, after 15 days of aging, hydroxyl‑rich A-TiO2 exhibit a crystallization enthalpy of 147.8 J/g, 
significantly larger than that of hydroxyl‑free counterparts (110.2 J/g). Isochronal crystallization analysis re-
veals that the instantaneous A-TiO2 after dehydration exhibits much lower crystallization activation energy (Ea =

321.1 kJ/mol) than the relaxed hydroxyl‑free A-TiO2 (Ea = 415.7 kJ/mol). This suggests that hydrogen bond 
network stabilize the amorphous structure of A-TiO2. These findings are also helpful for understanding the long- 
time stability for the lunar amorphous TiO2.

1. Introduction

Titanium dioxide (TiO2), a versatile metal oxide semiconductor [1,
2], plays a pivotal role in numerous applications, ranging from photo-
catalysis [3] and chemical sensing [4] to durable coatings [5,6] and 
advanced ceramics [7]. Its synthesis is well-established through various 
methods, including sol-gel processing [8,9], hydrothermal synthesis 
[10], and physical vapor deposition [11,12]. While crystalline phases 
like anatase, rutile, and brookite have been extensively studied, amor-
phous TiO2(A-TiO2)—with its disordered atomic structure and thermo-
dynamic metastability—has recently emerged as a material of 
significant interest due to its unique properties [13,14]. For instance, 
Rodríguez-Páez et al. demonstrated its efficacy as an antibacterial agent 
[15], while Yuan Liu et al. showcased its exceptional electrochemical 
performance for lithium storage [16]. Additionally, T. Tarjányi et al. 
explored its surface interactions with biopeptides, underscoring its 
biomedical potential [17].

The most intriguing discovery comes from lunar soil analysis, where 
an A-TiO2 layer was identified on ilmenite particles in Chang’e 5 sam-
ples [18]. This layer can encapsulate helium-3 bubbles—a finding with 

profound implications for lunar resource utilization [19–22]. However, 
it is amazing and puzzling that why the A-TiO2 layer are so stable across 
billions of years. This is inconsistent with the metastable characters that 
are prone to crystallize [23,24]. It is found that due to long-term 
exposure to solar wind irradiation, hydroxyl groups tend to accumu-
late in the A-TiO2 layer on the surface of lunar minerals [22,25–27]. A 
systematic investigation into the thermal properties of A-TiO2 is ur-
gently needed. Such research would not only advance our fundamental 
understanding of this material but also provide critical insights for 
developing efficient helium-3 extraction technologies, paving the way 
for sustainable lunar resource utilization [28].

In this study, A-TiO2 was synthesized via the sol-gel method using 
tetrabutyl titanate (TBOT) as the precursor. The synthesized samples 
were characterized using scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM), X-ray diffraction (XRD), 
thermogravimetric-differential scanning calorimetry (TG-DSC), and 
fourier transform infrared diffuse reflectance spectroscopy (FTIR- 
DRIFTS) to analyze their structural, morphological, and thermal prop-
erties. Additionally, we investigated the kinetic behaviors, thermody-
namic parameter evolution, and influencing factors of A-TiO2. These 
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findings provide valuable insights into the material’s properties, 
advancing its potential applications in advanced materials science and 
extraterrestrial resource utilization.

2. Material and method

2.1. Preparation of A-TiO2

Tetrabutyl titanate (TBOT) was employed as the precursor for the 
synthesis of A-TiO2 through the sol-gel method [29–31]. The reaction 

Fig. 1. (a) Preparation process diagram of A-TiO2. (b-d) SEM images of A-TiO2 with varying sizes, showcasing the transition from microscale to nanoscale within the 
same sample. (e-f) TEM images of A-TiO2 with varying sizes. (g) SAED pattern of A-TiO2, confirming its non-crystalline structure. (h) XRD pattern of A-TiO2. (i) XPS 
spectrum of Ti 2p for the A-TiO2 sample.
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mechanism is described by the following equation:
Ti (OC4H9)4+2H2O→TiO2+4C4H9OH
Figure 1(a) is a schematic diagram of the sample preparation process. 

Initially, two solutions were prepared: Solution S1, consisting of 4 mL of 

Ti (OC4H9)4 mixed with 100 mL of ethanol (C₂H₅OH), and Solution S2, 
comprising 100 mL of ethanol (C₂H₅OH) and 100 mL of deionized water 
(H₂O). Solution S2 was subjected to continuous magnetic stirring, while 
Solution S1 was introduced dropwise into Solution S2 at a controlled 

Fig. 2. (a) FTIR-DRIFT spectrum of the amorphous TiO2 samples, covering the range of 400- 4000 cm⁻¹. Hydroxyl-rich sample (red) exhibit a stronger Ti-O bonding 
compared to the hydroxyl-lack sample (black). (b) TG-IR analysis of the sample: the upper panel shows the TG curve upon heating to 900 K, while the lower panel 
displays the infrared absorption spectrum at 3620 cm⁻¹, corresponding to the gases released during the heating process.

Fig. 3. (a) DSC curves and crystallization enthalpy of OH-containing samples aged for different durations: as-prepared sample (black curve), after 10 days (blue 
curve), and after 15 days (pink curve). (b) TG-DSC curves of the sample held at 593 K for 10 min: TG curve (red) and DSC curve (blue). The process involves heating 
the sample to 593 K and holding for 10 min to remove OH groups. (c) DSC curves and crystallization enthalpy of OH-free samples aged for different durations: as- 
prepared sample (black curve), after 10 days (blue curve), and after 15 days (pink curve). (d) Comparison of crystallization enthalpy over time for A-TiO2 with and 
without OH groups: the OH-containing sample (red curve), and the OH-free sample (black curve).
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rate of one drop per second. Upon completion of the dripping process, 
the mixture was allowed to stand at room temperature for one hour, 
during which the TiO2 precursor precipitated from the solution. The 
resulting white precipitate was then suspended in ethanol and subjected 
to centrifugal washing three times to remove impurities. Following 
washing, the precipitate was dried in air at 333 K for 12 h.

The hydroxyl‑free A-TiO2 were prepared by annealing the samples in 
an argon atmosphere at 593 K for 10 min to remove OH groups and then 
cooled to room temperature. Finally, the sample was stored in a glove 
box to prevent contamination and ensure stability for further charac-
terization and analysis.

2.2. Characterizations

The morphology and structure were observed by scanning electron 
microscopy (SEM, Thermo Scientific Verios G4 UC). The amorphous 
structure of the prepared samples was analyzed by transmission electron 
microscopy (TEM) observations on talos F200X (Thermo Scientific) 
operating at an acceleration voltage of 200 kV. The phase structures 
were determined by an X-ray diffraction (XRD) equipment (Bruker D8 
ADVANCE) using Cu Kα radiation. To identify the nature of the bond-
ings, the Fourier Transform Infrared Diffuse Reflectance Spectroscopy 
(FTIR-DRIFT) of the samples were measured with a Nicolet 6700 and 
collected in the frequency range of 400–4000 cm− 1. TG-FTIR-MS anal-
ysis of the samples were performed on an integrated analyzer (Perki-
nElmer) with a ramping rate of 10 K/min under N2 flow. The thermal 
analysis for cross-linking process was carried out on TG-DSC (Netzsch 
STA 449) with a ramping rate of 5, 10, 15, 20 K/min under N2 flow.

3. Results and discussion

Fig. 1(a) schematically illustrates the preparation process of A-TiO2. 
Figs. 1(b-d) present SEM images of the synthesized A-TiO2 at micro-to- 
nano scales, revealing that the A-TiO2 particles consist of primary 
nanoparticles with an average size of ~20 nm, forming a nanoporous 
architecture. TEM images (Figs. 1e-f) demonstrate the amorphous 
structure of the sample, as evidenced by the absence of lattice fringes in 
HRTEM observations. The SAED pattern in Fig. 1(g) displays 

characteristic diffuse rings, further confirming the amorphous structure. 
The XRD profile (Fig. 1h) of the sol-gel-derived A-TiO2 exhibits no 
distinct diffraction peaks, consistent with its non-crystalline nature and 
in agreement with TEM results. XPS analysis (Fig. 1i) reveals two well- 
defined Ti 2p peaks at 458.6 eV (2p₃/₂) and 464.3 eV (2p₁/₂), showing 
enhanced spectral symmetry. The 5.7 eV energy separation between 
these peaks matches the characteristic binding energy of Ti(IV) ions 
[32]. These comprehensive characterizations collectively confirm the 
successful synthesis of A-TiO2 with structural homogeneity.

Fig. 2(a) displays the FTIR-DRIFTS spectrum of sol-gel-derived A- 
TiO2 in the range of 400–4000 cm⁻¹. A distinct peak at 1600 cm⁻¹ is 
attributed to the bending vibration of O–H groups. The absorption band 
between 3200 and 3600 cm⁻¹ corresponds to O–H stretching vibrations. 
The presence of hydrogen bonds causes the absorption band to broaden, 
confirming the hydrophilic nature of A-TiO2 [32–34]. In the 
low-wavenumber region (800–1000 cm⁻¹), characteristic Ti-O vibra-
tional modes are observed, including stretching and bending vibrations 
of Ti-O-Ti and Ti-O-H bonds, which collectively define the structural 
framework of A-TiO2 [32,35]. It is shown that the Ti-O peak shifts to 
lower frequency from 958 to 930 cm-1 after dehydration. This suggests 
that hydroxyl can strength the Ti-O bonding.

Fig. 2(b) presents the TG-IR analysis results. The TG curve shows a 
~25 % mass loss between 300 K and 600 K, primarily due to desorption 
of physically absorbed water and decomposition of OH groups. Hydroxyl 
signals detected in the 300–450 K range correspond to weakly bound 
water (typically physically adsorbed water) with no direct chemical 
bonding to the material. Signals in the 500–650 K range originate from 
structural hydroxyl groups chemically bonded to the material. The TG- 
IR results further validate the hydrated nature of A-TiO2 synthesized 
via the sol-gel method.

Fig. 3(a) displays the DSC curves of hydroxyl‑containing A-TiO2 after 
being stored for 10 days and 15 days. The curves (hydroxyl‑containing 
sample) exhibit an endothermic peak at 600 K, consistent with TG-IR 
results, confirming hydroxyl desorption at this temperature. An 
exothermic peak at 700 K corresponds to crystallization, marking the 
phase transition from amorphous to crystalline TiO2. The 10-day sample 
exhibits a crystallization enthalpy of 168.6 J/g, which is nearly identical 
to the initial sample’s value (171.0 J/g), indicating minimal changes in 

Fig. 4. (a-c) TEM images of the OH-containing sample after 15 days of aging. Red arrows indicate lattice fringes in regions where crystallization has initiated. (d) 
SAED pattern of the OH-containing sample after 15 days of aging. (e-g) TEM images of the OH-free sample after 15 days of aging. Red arrows highlight lattice fringes 
in regions showing initial crystallization. (h) SAED pattern of the OH-free sample after 15 days of aging.
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its amorphous structure over this period. The 15-day sample shows a 
reduced crystallization enthalpy of 147.8 J/g, suggesting that partial 
crystallization has occurred during this extended storage period. This 
observation highlights the gradual structural evolution of hydrox-
yl‑containing A-TiO2 over time. Fig. 3(b) displays the DSC-TG curves of 
A-TiO2 heated to 593 K and held for 10 min. Both DSC and TG curves 
stabilize over time, indicating effective removal of hydroxyl groups 
during this process. Fig. 3(c) illustrates the DSC curves of hydroxyl‑free 
A-TiO2 after storage for 10 days and 15 days. The curves (hydroxyl‑free 
sample) lack endothermic peaks, verifying its hydroxyl‑free nature. The 
crystallization enthalpy (ΔH) value of the as-prepared hydroxyl‑free 
sample is 171.2 J/g, which is comparable to that of the hydrox-
yl‑containing sample. The 10-day sample demonstrates a crystallization 
enthalpy of 130.6 J/g, which is significantly lower than that of the initial 
state, indicating that substantial crystallization has already taken place 
within this timeframe. The 15-day sample further exhibits a reduced 
crystallization enthalpy of 110.2 J/g, confirming the progression of 
crystallization over time. These results highlight the relatively lower 
stability of hydroxyl‑free A-TiO2 compared to its hydroxyl‑containing 
counterpart. Fig. 3(d) compares crystallization enthalpy trends over 
storage time. Hydroxyl groups enhance the structural stability of A-TiO2 
by forming a hydrogen-bonded network [36], which reduces the 
mobility of Ti and O atoms and suppresses room-temperature relaxation 
behavior. Over time, the hydroxyl content gradually decreases. We 
measured the structural hydroxyl content in freshly prepared samples 

and samples aged at room temperature for 10 and 15 days, as shown in 
Fig. S2 (b-d). The results show that the hydroxyl content decreased from 
10.8 % to 8.4 % after 15 days of aging. The reduction in hydroxyl 
content weakens or disrupts the hydrogen-bonded network, leading to 
increased mobility of Ti and O atoms and gradual crystallization at room 
temperature. A-TiO2 without hydroxyl groups, lacking the support of 
hydrogen bond networks, have a higher rate of Ti and O atomic rear-
rangement at room temperature than those with hydroxyl groups. 
Therefore, after 15 days of room-temperature relaxation, hydroxyl‑free 
A-TiO2 undergo significant crystallization, with a notable decrease in 
crystallization enthalpy. Interestingly, recent studies have confirmed 
hydroxyl enrichment in amorphous layers under solar wind H-ion irra-
diation, which may contribute to the exceptional structural stability of 
lunar amorphous TiO2. This provides a basis for the long-term storage of 
helium-3 in the amorphous layer This finding offers valuable insights for 
lunar resource utilization, suggesting that hydroxyl groups may play a 
critical role in stabilizing the amorphous structure of ilmenite surfaces 
on the Moon.

Figs. 4(a-c) present TEM images of hydroxyl‑containing A-TiO2 after 
15 days of ambient storage. The images reveal sporadic lattice fringes, 
but the amorphous structure remains predominant. The SAED pattern 
(Fig. 4d) retains diffuse rings typical of amorphous materials, despite 
minor crystalline regions. In contrast, TEM images of hydroxyl‑free A- 
TiO2 (Figs. 4e-g) reveal dense and uniformly distributed lattice fringes, 
confirming significant crystallization. The SAED pattern (Fig. 4h) 

Fig. 5. (a) DSC curves of OH-containing A-TiO2 at heating rates of 5, 10, 15, and 20 K/min. (b) DSC curves of OH-free A-TiO2 at heating rates of 5, 10, 15, and 20 K/ 
min. (c) Plots of 1/Tp -Ln (β/Tp

2) for both samples: the red curve represents the OH-containing sample, and the black curve corresponds to the OH-free sample. (d) 
Plots of 1/Tp-Ln (β) for both samples: the red curve represents the OH-containing sample, and the black curve corresponds to the OH-free sample.
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exhibits nanocrystalline features, indicating a mixed amorphous- 
crystalline state. The diffraction pattern identifies the nanocrystalline 
phase as anatase TiO2. These TEM results align with crystallization 
enthalpy data, demonstrating that OH groups effectively enhanced the 
thermal stability of A-TiO2.

The non-isothermal crystallization kinetics of the two samples were 
investigated using TG-DSC at different heating rates. According to the 
TG-IR and DSC results, the decomposition temperature of the structural 
hydroxyl groups in the samples ranges from 500 to 650 K, which is lower 
than the crystallization temperature of A-TiO2. Consequently, the non- 

isothermal crystallization test performed on the hydroxyl‑containing 
A-TiO2 was actually conducted on A-TiO2 samples where the hydroxyl 
groups had already been rapidly removed prior to crystallization. Fig. 5
(a) shows the DSC curves of hydroxyl‑containing A-TiO2 at heating rates 
of 5, 10, 15, and 20 K/min, while Fig. 5(b) presents the corresponding 
curves for hydroxyl‑free samples. Both sets of curves exhibit a shift of 
crystallization peak temperature to higher values with increasing heat-
ing rates, highlighting the kinetic nature of the phase transition. To 
quantitatively analyze the crystallization kinetics, the activation energy 
for crystallization was calculated using the Kissinger equation [24,37], 

Fig. 6. (a) DSC curves of OH-containing samples at different heating rates. (b) DSC curves of OH-free samples at different heating rates. (c) Degree of crystallization 
of OH-containing samples, α, as function of temperature at different heating rates. (d) Degree of crystallization of OH-free samples, α, as function of temperature at 
different heating rates. (e) Plots of 1/Tp -Ln (β/Tp

2) for the OH-containing samples. (f) Plots of 1/Tp -Ln (β/Tp
2) for the OH-free samples.
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expressed as: 

ln
β
T2

P
= −

Ea

RTP
+C (1) 

where Tp is the peak crystallization temperature in Kelvin (K), β is the 
heating rate in K/s, Ea is the activation energy in J/mol, R is the uni-
versal gas constant (8.314 J/mol⋅K), and C is a constant. By plotting ln 
(β/Tp

2) against 1/ Tp and applying the least squares method to fit the 
data, a linear relationship was obtained. The slope of the fitted line was 
used to determine the Ea. Figure 5(c) illustrates this linear relationship, 
demonstrating a strong correlation between the variables.

The calculated activation energy for hydroxyl‑containing A-TiO2 
was 321.1 kJ/mol, while that for relaxed hydroxyl‑free A-TiO2 was 
415.7 kJ/mol. These results indicate that removal of hydroxyl groups 
makes A-TiO2 unstable and prone to crystallization. This could be 
attributed to the destabilization of the overall structure of A-TiO2 caused 
by the breakdown of the hydrogen bond network.

To further validate the reliability of the activation energy values, the 
Ozawa equation was also employed [38]. The Ozawa equation is given 
by: 

ln(β) = − 1.0516
Ea

RTP
+ C (2) 

the relationship between ln(β) and 1/ Tp, derived from the Ozawa 
equation, is depicted in Fig. 5(d). By fitting the data and calculating the 
slope, the crystallization activation energy for hydroxyl‑containing A- 
TiO2 was determined to be 316.3 kJ/mol, while the hydroxyl‑free A- 
TiO2 was 406.4 kJ/mol. These values are in close agreement with those 
obtained from the Kissinger method, confirming the consistency data. 
We compared our findings with similar studies reported in the literature. 
In reference [24], two A-TiO2 samples with differing hydroxyl contents 
were synthesized. The crystallization activation energy for the sample 
with higher hydroxyl content was determined to be 276 kJ/mol, while 
that for the sample with lower hydroxyl content was 356 kJ/mol. These 
values are in close agreement with our experimental results. The slight 
discrepancies observed may arise from variations in hydroxyl content 
attributed to differences in preparation methods.

To further validate the accuracy of our results, we conducted a 
detailed investigation into the crystallization kinetics of A-TiO2 using 
the isoconversional method [39]. As shown in Fig. 6, we calculated the 
corresponding temperatures when the crystallization fraction α is 10 % 
to 40 % and determined the crystallization activation energy of the 
sample through the Kissinger equation. The Ea of samples with hydroxyl 
groups in the initial state are 299.7 kJ/mol, 298.4 kJ/mol, 292.8 
kJ/mol, and 297.3 kJ/mol for 10 %, 20 %, 30 % and 40 % crystalliza-
tion, respectively. For the samples without hydroxyl group, the Ea are 
377.5 kJ/mol, 371.3 kJ/mol, 378.9 kJ/mol, and 370.6 kJ/mol for 10 %, 
20 %, 30 % and 40 % crystallization, respectively. Along with the in-
crease of crystallization fraction, the Ea changes <5 %. This is a typical 
characteristic for allotropic phase transformation that does not involve 
long-distance atomic diffusion and phase separation. The results show 
that the Ea values calculated by different methods are close, which also 
indicates that the rapid decomposition of the hydrogen bond network 
formed by hydroxyl groups during the heating process reduces the 
thermal stability of A-TiO2.

Overall, hydroxyl groups restrict the movement of Ti and O atoms 
through the formation of hydrogen bond networks, thereby slowing 
down the room-temperature relaxation behavior of A-TiO2 and 
enhancing its thermal stability. Upon continuous heating to the 
decomposition temperature of hydroxyl groups, the breakdown of the 
hydrogen bond network introduces structural vacancies, which desta-
bilize the structure of A-TiO2. This instability facilitates the rearrange-
ment of Ti and O atoms, leading to a reduction in crystallization 
activation energy. The results highlight the critical influence of hydroxyl 
groups on the crystallization behavior and activation energy, offering 

valuable insights into the design and application of A-TiO2 in fields 
where thermal stability and phase transformation kinetics are of great 
importance.

4. Conclusion

A-TiO2 containing hydroxyl groups, maintaining amorphous struc-
ture even after 15 days. In contrast, the crystallization enthalpy of A- 
TiO2 samples without hydroxyl decreases from 171.2 J/g to 110.2 J/g 
after 15 days. Hydroxyl groups enhance the thermal stability of A-TiO2 
by forming hydrogen bond networks. On heating, the hydrox-
yl‑containing A-TiO2 dehydrate first before crystallization. Such 
instantaneous A-TiO2 after dehydration exhibits much lower crystalli-
zation activation energy (Ea = 321.1 kJ/mol) than the relaxed hydrox-
yl‑free A-TiO2 (Ea = 415.7 kJ/mol). The results demonstrate that 
hydroxyl‑containing A-TiO2 exhibits higher thermal stability. This is a 
key factor why the amorphous surface layer of lunar ilmenite particles is 
stable over millions of years.
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