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Sodium titanate was synthesized via a sol–gel-assisted hydrothermal method to 
study phase evolution and crystallinity under different hydrothermal treatment 
conditions and precursor compositions. Four processing routes were designed: 
continuous hydrothermal treatment (24 h), interrupted hydrothermal cycles (3 × 8 
h), dried-gel hydrothermal treatment, and fresh-gel hydrothermal treatment. X-Ray 
Diffraction (XRD) was used to analyze the resulting crystal phases and crystallite 
sizes. Continuous treatment of fresh gel produced monoclinic Na₂Ti₆O₁₃ with small 
crystallites (12.4 nm), while interrupted processing increased crystallite size to 
15.5 nm. Pre-drying of the sol–gel precursor prior to continuous hydrothermal 
treatment yielded well-defined Na₂Ti₆O₁₃ with enhanced crystallinity and larger 
crystallites (27.6 nm). In contrast, insufficient precursor stabilization redirected 
phase evolution toward monoclinic Na₂TiO₃ despite comparable crystallite size. 
The results demonstrate that the hydrothermal treatment mode primarily governs 
crystallite growth, whereas the precursor state controls phase selectivity. These 
findings provide a clear synthesis–structure relationship for tailoring sodium 
titanate materials. 
 
Keywords: Sodium Titanate, Sol-Gel, Hydrothermal, Crystal Structure 
Characterization, X-Ray Diffraction (XRD). 
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ABSTRAK 
Sodium titanat disintesis menggunakan metode hidrotermal berbantuan sol–gel 
untuk mengkaji evolusi fasa dan kristalinitas pada berbagai kondisi perlakuan 
hidrotermal dan keadaan prekursor. Empat variasi proses diterapkan, yaitu: 
hidrotermal kontinu selama 24 jam, hidrotermal terputus dalam tiga siklus masing-
masing 8 jam, hidrotermal menggunakan prekursor gel yang telah dikeringkan, dan 
hidrotermal menggunakan gel segar. Analisis difraksi sinar-X (XRD) 
menunjukkan bahwa kontinuitas hidrotermal dan kondisi prekursor secara 
signifikan memengaruhi pertumbuhan kristalit dan selektivitas fasa. Perlakuan 
kontinu terhadap gel segar menghasilkan Na₂Ti₆O₁₃ monoklinik dengan ukuran 
kristalit relatif kecil (12,4 nm), sedangkan perlakuan terputus meningkatkan 
ukuran kristalit menjadi 15,5 nm. Pengeringan prekursor sol–gel sebelum proses 
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hidrotermal menghasilkan Na₂Ti₆O₁₃ yang terdefinisi dengan baik, dengan 
kristalinitas lebih tinggi dan ukuran kristalit lebih besar (27,6 nm). Sebaliknya, 
stabilisasi prekursor yang tidak memadai mengarahkan evolusi fasa menuju 
Na₂TiO₃ monoklinik meskipun ukuran kristalitnya sebanding. Hasil ini 
menunjukkan bahwa kontinuitas hidrotermal terutama mengontrol pertumbuhan 
kristalit, sedangkan kondisi prekursor menentukan selektivitas fasa. Temuan ini 
memberikan pemahaman yang jelas mengenai hubungan antara parameter sintesis 
dan struktur kristal dalam rekayasa material sodium titanat. 
 
Kata kunci: Sodium Titanat, Sol-Gel, Hidrotermal, Karakterisasi Struktur Kristal, 
Difraksi Sinar-X (XRD). 

 
1. Introduction 

Fossil fuels remain the dominant global energy source. However, their continued consumption has resulted 
in severe environmental challenges, including greenhouse gas emissions, air pollution, and climate change [1–
3]. The increasing penetration of renewable energy sources such as solar and wind power introduces 
intermittency and grid instability, thereby necessitating reliable energy storage systems (ESS) to balance 
supply and demand [4-5]. Among various ESS technologies, rechargeable electrochemical batteries are 
particularly attractive due to their high energy efficiency, flexibility, and scalability [6]. 

Although lithium-ion batteries (LIBs) dominate the current market, concerns about lithium resource 
availability, uneven geographic distribution, and rising costs have spurred interest in alternative systems for 
large-scale applications [7–8]. Sodium-ion batteries (SIBs) have emerged as promising candidates because 
sodium is abundant, widely distributed, and economically favorable [9–11]. However, the larger ionic radius 
of Na⁺ compared to Li⁺ presents challenges in identifying suitable host structures that enable stable and 
reversible intercalation. 

Sodium titanate compounds, particularly Na₂Ti₆O₁₃ and Na₂Ti₃O₇, have attracted significant attention as 
potential anode materials for sodium-ion batteries owing to their open-tunnel or layered crystal structures, 
structural stability, and relatively low operating voltage [11–12]. Na₂Ti₆O₁₃ possesses a monoclinic tunnel-
type framework that facilitates Na⁺ diffusion while maintaining mechanical integrity during repeated charge–
discharge cycles [12–14]. Various synthesis routes for sodium titanate have been reported, including solid-
state reactions, conventional hydrothermal methods, microwave-assisted hydrothermal synthesis, sol-gel 
methods, and other solution-based processes [15]. These studies demonstrate that synthesis parameters such 
as temperature, alkaline concentration, and calcination conditions strongly influence phase formation and 
crystallinity. 

Among these approaches, sol–gel-assisted hydrothermal synthesis offers advantages, including improved 
precursor homogeneity, enhanced molecular-level chemical mixing, and better control over nucleation and 
crystal growth compared to conventional solid-state reactions. While several studies have explored 
hydrothermal temperature, reaction time, and NaOH concentration in sodium titanate synthesis, comparative 
investigations of precursor condensation state (fresh gel versus dried gel) and hydrothermal treatment mode 
(continuous versus interrupted) remain limited, particularly for the formation of Na₂Ti₆O₁₃. The influence of 
these two parameters on crystallite growth behavior and structural ordering has not been systematically 
clarified [15]. 

The physical state of the precursor can significantly affect nucleation kinetics and cation distribution during 
hydrothermal processing. Drying the gel prior to hydrothermal treatment may enhance polymer network 
condensation and chemical homogeneity, potentially promoting synchronized crystal growth. Conversely, 
interruption of hydrothermal treatment may induce repeated nucleation events and defect formation, thereby 
affecting crystallite size and structural ordering [16,19,24]. Understanding the roles of these synthesis variables 
is therefore essential for tailoring the crystal structure of sodium titanate. 

In this study, sodium titanate was synthesized via a sol–gel assisted hydrothermal method using four 
processing routes designed to isolate the effects of (i) hydrothermal continuity and (ii) precursor state. The 
resulting materials were calcined and structurally characterized using X-ray diffraction (XRD) to evaluate 
phase formation and crystallinity. By systematically comparing these two synthesis variables, this work aims 
to clarify their influence on the development of Na₂Ti₆O₁₃ crystals and to provide fundamental insight into 
synthesis–structure relationships relevant to sodium-ion battery materials. 
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2. Method 
2.1. Materials 

Titanium(IV) isopropoxide (TTIP, 97%, Sigma-Aldrich), sodium hydroxide (NaOH pellets, 98%, Merck), 
citric acid (C₆H₈O₇, 99.5%, Merck), and ethylene glycol (C₂H₆O₂, 99%, Merck) were used as received without 
further purification. Deionized water was used in all solution preparations. 
 
2.2. Sol-Gel Preparation 

The precursor was synthesized via a citrate-assisted sol–gel route. NaOH was first dissolved in deionized 
water to prepare the sodium solution. Citric acid was then added at a Na⁺: citric acid molar ratio of 1:2 under 
magnetic stirring for 30 min at room temperature to form a sodium–citrate complex. Separately, TTIP was 
dissolved in ethylene glycol at a Ti⁴⁺: ethylene glycol molar ratio of 1:5 under continuous stirring to improve 
stability and minimize premature hydrolysis. The TTIP solution was added dropwise into the sodium–citrate 
solution under stirring at 70 °C. The mixture was maintained at 70 °C for 2 h to promote chelation and polymer 
network formation. The temperature was subsequently increased to 80–90 °C until a homogeneous gel was 
obtained. 
 
2.3. Mode of Hydrothermal Treatment Variation 

To evaluate the influence of hydrothermal treatment mode on sodium titanate formation, freshly prepared 
gel precursors were dispersed in 2 M NaOH solution and transferred into a Teflon-lined stainless-steel 
autoclave. Two hydrothermal conditions were applied at 180 °C: 

a. Continuous hydrothermal treatment for 24 h. 
b. Interrupted hydrothermal treatment consisting of three cycles of 8 h each with natural cooling between 

cycles. 
After hydrothermal processing, the products were washed with deionized water until the pH was neutral and 
dried at 100 °C for 12 h. 
 
2.4. Precursor State Variation 

To investigate the influence of the precursor state, two precursor conditions were prepared: dried gel and 
fresh gel. Both precursors were subjected to continuous hydrothermal treatment at 180 °C for 24 h under 
identical conditions to ensure a fair comparison. 
 
2.5. Calcination Process 

The dried hydrothermal products were calcined at 800 °C for 3 h in air using a furnace, with a heating 
rate of 5 °C min⁻¹. The furnace was allowed to cool naturally to room temperature. 
 
2.6. Structural characterization 

The crystal structure of the synthesized powders was analyzed using X-ray diffraction (XRD) on an X’Pert 
PRO MPD diffractometer (PANalytical) equipped with Cu Kα radiation (λ = 1.5406 Å). The instrument was 
operated at 40 kV and 30 mA. Diffraction patterns were recorded over a 2θ range of 10°–80° with a step size 
of 0.02°. 

Phase identification was performed by comparison with standard reference patterns from the ICDD PDF 
database. Peak indexing and data analysis were conducted using HighScore Plus software. 
The crystallite size (D) was estimated using the Scherrer equation (Eq. 1): 

𝐷 =
௄ఒ

ఉୡ୭ୱ ఏ
      (1) 

where 𝐾 is the shape factor (0.9), 𝜆 is the X-ray wavelength (1.5406 Å), 𝛽 is the full width at half maximum 
(FWHM) in radians, and 𝜃 is the Bragg angle. 
 
3. Results and Discussion 
3.1. Effect of Mode of Hydrothermal Treatment 

To elucidate the role of hydrothermal continuity in structural development, the crystalline phases from 
continuous and interrupted hydrothermal treatments were compared using X-ray diffraction. The obtained 
patterns reveal that both synthesis routes successfully yield sodium titanate corresponding to monoclinic 
Na₂Ti₆O₁₃, indicating that hydrothermal processing, continuous or interrupted hydrothermal treatment, is 
sufficient to induce phase transformation of the sol–gel precursor into the titanate framework [16-17]. 
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The X-ray diffraction patterns were recorded in the 2θ range of 10°–80°. For the sample obtained by 
continuous hydrothermal treatment (Figure 1), the diffraction peaks are indexed to monoclinic Na₂Ti₆O₁₃ in 
agreement with PDF No. 00-014-0277. The characteristic reflections at 2θ = 11.8° (200), 24.5° (110), 29.8° 
(310), 30.1° (20–3), 30.5° (31–1), 33.4° (402), 43.3° (40–4), 44.2° (602), and 48.6° (020) confirm the 
formation of the layered/tunnel titanate structure. However, the peaks appear noticeably broadened and are 
superimposed on a relatively elevated low-angle background. Such features typically indicate incomplete 
structural condensation and the presence of partially disordered or amorphous domains originating from the 
direct use of fresh sol–gel precursor without prior stabilization. The absence of a drying stage may lead to 
compositional heterogeneity and asynchronous nucleation during hydrothermal processing, thereby limiting 
coherent crystallite growth [18-19]. 

In addition to the main diffraction peaks, a minor reflection observed around 2θ = 15° may be associated 
with layered sodium titanate phases such as Na₂Ti₃O₇, which are commonly formed as intermediate structures 
during hydrothermal synthesis. This suggests that the phase transformation toward the tunnel-type Na₂Ti₆O₁₃ 
is not fully completed under certain processing conditions. Meanwhile, the feature near 2θ = 35° is likely 
attributed to overlapping reflections or lattice distortions resulting from limited crystallinity and structural 
disorder. Such behavior is typical in nanocrystalline titanate systems synthesized under kinetically constrained 
conditions. Furthermore, weak reflections observed in the 50–65° range correspond to high-index 
crystallographic planes with low intensity and do not indicate the presence of significant impurity phases. 
These observations confirm that the additional reflections are related to structural features rather than to 
impurity phases [18-20]. 

 
Figure 1. XRD patterns of samples obtained by continuous hydrothermal treatment and interrupted 

hydrothermal treatment 
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Quantitative peak profile analysis of the most intense reflection at 2θ = 33.6° yields a full width at half 

maximum (FWHM) of 0.669° (2θ). Based on the Scherrer equation (Eq. 1), the calculated average crystallite 
size is approximately 12.4 nm, confirming that the sample obtained by continuous hydrothermal treatment 
consists of nanocrystalline domains with restricted long-range ordering. The relatively large FWHM supports 
the notion that crystal growth is kinetically constrained under this processing condition. 

In contrast, the sample obtained by interrupted hydrothermal treatment also crystallizes as monoclinic 
Na₂Ti₆O₁₃, consistent with PDF No. 00-037-0951. The diffraction positions closely match the standard 
reflections at 2θ = 11.8°, 24.5°, 30.0°, 30.5°, 33.5°, 35.2°, 41.3°, 43.4°, 44.3°, 47.9°, and 48.7°, corresponding 
to the characteristic planes of the tunnel-type titanate framework. The crystallographic parameters (a = 15.120 
Å, b = 3.738 Å, c = 9.160 Å, β = 99.3°) are consistent with the reported monoclinic structure of Na₂Ti₆O₁₃. 

Although the interrupted hydrothermal treatment sample (Figure 1) exhibits sharper reflections than the 
continuous hydrothermal treatment sample, slight peak broadening is still observed at the reflection around 2θ 
≈ 33° relative to fully continuous processing. The segmented hydrothermal schedule likely induces repeated 
nucleation upon reheating, partially interrupting sustained crystal growth. Nevertheless, the measured FWHM 
at 2θ = 33.3° decreases to 0.535° (2θ), corresponding to an average crystallite size of approximately 15.5 nm. 
This increase in crystallite dimension relative to the continuous hydrothermal treatment sample indicates that 
partial structural reorganization occurs during each cycle, allowing moderate grain growth despite the 
interruption [20]. 

From a mechanistic standpoint, the mode of hydrothermal treatment strongly influences nucleation–growth 
balance. In the sample obtained by continuous hydrothermal treatment, direct treatment of the unstabilized 
precursor promotes rapid nucleation but limited growth, resulting in smaller crystallites and higher structural 
disorder. Conversely, the interrupted hydrothermal strategy in the sample obtained via interrupted 
hydrothermal treatment permits intermittent structural relaxation and ionic species redistribution during 
cooling–reheating cycles, facilitating incremental crystallite coarsening. However, because the process is not 
fully continuous, complete long-range ordering is not achieved [21]. 

Comparatively, the crystallite size trend (12.4 nm for continuous hydrothermal treatment < 15.5 nm for 
interrupted hydrothermal treatment) demonstrates that sustained hydrothermal exposure promotes more 
effective atomic diffusion and octahedral reorganization within the TiO₆ framework. Continuous thermal 
energy input enhances crystal ripening and reduces microstrain, leading to narrower diffraction peaks and 
improved structural coherence. 

Overall, these findings clearly demonstrate that hydrothermal continuity plays a critical role in controlling 
crystallographic ordering, crystallite growth, and nanostructural evolution in Na₂Ti₆O₁₃. While both interrupted 
and non-dried routes successfully produce the monoclinic titanate phase, continuous processing provides a 
more favorable environment for long-range structural development and enhanced crystallinity.  
 
3.2. Effect of Precursor State 

The X-ray diffraction (XRD) pattern of the dried gel sample, synthesized from a dried sol–gel precursor 
followed by continuous hydrothermal treatment at 180 °C for 24 h and subsequent calcination at 800 °C, 
confirms the formation of monoclinic Na₂Ti₆O₁₃ as the dominant crystalline phase. The major diffraction peaks 
exhibit excellent agreement with the standard reference card (PDF No. 00-037-0951), particularly the 
reflections at 2θ = 24.6°, 29.9°, 33.1°, 35.2°, and 48.7°, which are characteristic of the tunnel-type Na₂Ti₆O₁₃ 
framework. In addition, a pronounced reflection observed around 2θ ≈ 43° corresponds to the (404) plane of 
monoclinic Na₂Ti₆O₁₃, while several reflections appearing within the 45–65° range are associated with higher-
index planes of the tunnel-type Na₂Ti₆O₁₃ structure. The relatively high peak intensity and sharp diffraction 
profiles indicate well-developed long-range crystallographic ordering [22]. 

Compared with samples derived from fresh gel or subjected to interrupted hydrothermal cycles, the dried 
gel sample exhibits noticeably narrower diffraction peaks and a reduced background signal. This behavior 
reflects enhanced crystallographic coherence and minimal amorphous contribution. The pre-drying step at 120 
°C likely promotes partial condensation of the citrate–ethylene glycol polymeric network, thereby improving 
precursor homogeneity and more uniform Na⁺/Ti distribution prior to hydrothermal crystallization. Such 
stabilization enables synchronous nucleation and sustained crystal growth during hydrothermal processing, 
which is further consolidated during high-temperature calcination [23]. 

Quantitative peak profile analysis of the dominant reflection at 2θ = 33.1° yields a full width at half 
maximum (FWHM) of approximately 0.301° (2θ). Based on Equation (1), the calculated average crystallite 
size is about 27.6 nm. The relatively narrow peak width and increased crystallite dimension compared to 
continuous hydrothermal treatment and interrupted hydrothermal treatment demonstrate that precursor pre-
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drying significantly enhances crystal growth kinetics and reduces structural disorder. These findings confirm 
that precursor conditioning plays a crucial role in promoting the formation of well-defined Na₂Ti₆O₁₃ tunnel 
structures [24-25]. 

In contrast, the XRD pattern of the fresh gel sample (Figure 2) reveals a distinct phase evolution pathway. 
Search–match analysis indicates that the diffraction peaks are best indexed to monoclinic Na₂TiO₃ (PDF No. 
00-037-0346), rather than Na₂Ti₆O₁₃. The experimental peak positions closely coincide with the strongest 
reflections of Na₂TiO₃, while the characteristic reflections associated with the tunnel-type Na₂Ti₆O₁₃ phase are 
absent or significantly suppressed. In particular, a noticeable reflection around 2θ = 42° is likely associated 
with intermediate titanate-related phases, indicating that the phase transformation is not fully completed in the 
fresh gel sample. Furthermore, additional weak reflections observed in the 50–70° region are associated with 
high-index crystallographic planes with inherently low intensity and do not indicate the presence of impurity 
phases [26-27]. 

 
Figure 2. XRD patterns of the dried gel and fresh gel sample 

 
Despite being subjected to similar hydrothermal and calcination temperatures, the precursor state 

fundamentally alters phase selectivity. In sodium titanate systems, the transformation toward Na₂Ti₆O₁₃ 
requires extensive reorganization of TiO₆ octahedra into a tunnel-type architecture. If precursor condensation 
and ionic redistribution are insufficiently controlled, the system may instead stabilize Na₂TiO₃, which 
possesses a comparatively simpler layered framework and may be kinetically favored under certain Na activity 
and alkalinity conditions [28-29]. 

Peak fitting of the dominant reflection at 2θ = 33.2° in the fresh gel sample yields a FWHM of 0.301° (2θ), 
corresponding to a crystallite size of approximately 27.6 nm. Although the crystallite dimension is comparable 



Journal of Technomaterial Physics Vol.08, No.01 (2026) 050-058 
 

56

to that of the dried gel sample, the crystal phase differs fundamentally, with the fresh gel sample forming 
monoclinic Na₂TiO₃ rather than the tunnel-type Na₂Ti₆O₁₃ structure observed in dried gel sample. This 
observation indicates that crystallite size alone does not determine phase identity; instead, phase evolution is 
governed by precursor chemistry, sodium activity, and the structural rearrangement pathway during 
hydrothermal treatment [26,29] 

Overall, the comparative analysis demonstrates that precursor drying combined with continuous 
hydrothermal processing promotes the formation of the tunnel-type Na₂Ti₆O₁₃ phase with enhanced structural 
ordering. Conversely, insufficient precursor stabilization may redirect crystallization toward monoclinic 
Na₂TiO₃, even when crystallinity remains relatively high. These findings emphasize the strong sensitivity of 
sodium titanate phase evolution to precursor state and hydrothermal kinetics, underscoring the necessity of 
controlled processing conditions to selectively obtain the desired Na₂Ti₆O₁₃ structure.  

From a mechanistic perspective, the formation of Na₂Ti₆O₁₃ from sodium titanate precursors can be 
interpreted as a kinetically controlled structural rearrangement process. Under hydrothermal conditions, Na–
Ti–O species initially nucleate into relatively simple titanate frameworks, such as Na₂TiO₃, which possess 
layered or less complex octahedral connectivity. The transformation toward Na₂Ti₆O₁₃ requires extensive 
reorganization of TiO₆ octahedra into a tunnel-type architecture through condensation and edge-sharing 
rearrangements. This process involves atomic diffusion, redistribution of Na⁺ ions within interstitial channels, 
and partial dissolution–recrystallization under alkaline conditions [30-31]. 

Thermodynamically, Na₂Ti₆O₁₃ is stable at elevated temperatures; however, kinetically, its formation 
demands sufficient structural mobility and sustained energy input to enable octahedral reconfiguration. If 
hydrothermal treatment is continuous and the precursor network is adequately stabilized (as in dried gel), 
synchronized nucleation and prolonged crystal growth allow progressive ordering and eventual stabilization 
of the tunnel framework. Conversely, when precursor condensation is incomplete or sodium activity is locally 
high (as in fresh gel), the system may become kinetically trapped in the simpler Na₂TiO₃ structure. In such 
cases, insufficient octahedral rearrangement prevents the structural transition toward Na₂Ti₆O₁₃ despite 
comparable crystallite sizes. 

Therefore, the evolution from Na₂TiO₃ to Na₂Ti₆O₁₃ can be regarded as a diffusion-controlled, structurally 
reconstructive transformation governed by precursor homogeneity, sodium availability, and hydrothermal 
continuity. The ability to direct phase selectivity thus depends not only on temperature and duration but also 
on the kinetic pathway dictated by precursor chemistry and processing sequence. These observations confirm 
that the additional reflections are intrinsic to sodium titanate structures rather than impurity phases. 
 
4. Conclusion 

This study demonstrates that the hydrothermal treatment mode and precursor state critically determine the 
phase evolution and crystallinity of sodium titanate synthesized via a sol–gel-assisted hydrothermal method at 
180 °C, followed by calcination at 800 °C. Continuous hydrothermal treatment of fresh gel produces 
monoclinic Na₂Ti₆O₁₃ with a relatively small crystallite size of 12.4 nm (FWHM = 0.669°), indicating limited 
crystal growth and moderate structural disorder. Interrupted hydrothermal treatment also yields Na₂Ti₆O₁₃, but 
with a larger crystallite size (15.5 nm, FWHM = 0.535°), suggesting partial structural reorganization during 
repeated heating cycles. Pre-drying the sol–gel precursor prior to continuous hydrothermal treatment (dried 
gel sample) significantly enhances crystallographic ordering, yielding well-defined Na₂Ti₆O₁₃ with a larger 
crystallite size of 27.6 nm (FWHM = 0.301°). In contrast, hydrothermal treatment of the unstabilized precursor 
fresh gel sample) redirects phase formation toward monoclinic Na₂TiO₃ despite exhibiting a comparable 
crystallite size of 27.6 nm. These results confirm that crystallite size alone does not dictate phase identity; 
rather, phase selectivity is governed by precursor homogeneity, sodium activity, and hydrothermal kinetics. 
Overall, hydrothermal continuity primarily governs crystallite growth, while precursor conditioning 
determines phase selectivity. Controlled precursor drying combined with continuous hydrothermal processing 
is, therefore, essential for selectively obtaining highly crystalline Na₂Ti₆O₁₃ with improved structural ordering. 
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