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SYNTHESIS AND CHARACTERIZATION OF LITHIUM-

SUBSTITUTED BIOGLASS-CERAMIC POWDERS  

Mihai FOTU1, Ștefan MANOLACHE2 Adrian-Ionuț NICOARĂ3, Cristina 

BUSUIOC4*  

The growing demand for bone substitutes has led to significant advancements 

in bone tissue engineering. In this study, lithium-substituted bioglass-ceramics were 

synthesized using the sol-gel method, valued for its efficiency and the production of 

materials with high surface area and nanoporosity. The powders calcined at 600 °C 

were characterized through Thermogravimetric Analysis, Fourier Transform Infrared 

Spectroscopy, X-ray Diffraction and Raman spectroscopy, as well as Scanning 

Electron Microscopy and Energy Dispersive Spectroscopy analyses. 

Thermogravimetric analysis revealed increased residual mass and enhanced thermal 

stability due to lithium compounds. X-ray Diffraction revealed a crystalline structure 

dominated by combeite and minor phases of calcium sodium phosphate and silicon 

oxide. Fourier Transform Infrared Spectroscopy and Raman analyses confirmed 

lithium integration into the structural network, inducing compositional and structural 

modifications. These findings suggest that lithium substitution improves the properties 

of the materials, making these ceramics promising for bone regeneration 

applications. 

Keywords: bioglass-ceramics, lithium substitution, sol-gel method, structural 

characterization, bone tissue engineering 

1. Introduction 

Bone diseases and injuries are a major global health concern, affecting 

millions of people annually. Conditions such as osteoporosis, fractures, and 

congenital bone defects require effective solutions for bone regeneration. Current 

treatments include autografts, allografts, and synthetic materials, but each has 

limitations. Traditional biomaterials, such as metals and polymers, often fail to 

promote tissue integration or bioactivity, necessitating the development of 

advanced materials that actively support bone healing. Bioactive glasses or glass-
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ceramics are a category of materials predominantly used in bone tissue engineering 

and dentistry [1], playing a crucial role in fracture repair and other tissue healing 

processes. These materials can bond to bone surface, forming an apatite layer that 

initiates biomineralization [2], thereby accelerating the bone remodeling process. 

Bioactive glass is typically classified into three forms based on its composition: 

silicate (SiO2), phosphate (P2O5), and borate (B2O3), each exhibiting distinct 

properties and applications. Due to their amorphous structure, they can bond with 

both hard and soft tissues, making them suitable for applications such as tendon or 

cartilage repair as well [3-5]. 

In 1969, Larry Hench discovered bioactive glass, a material that bonded 

with tissue and supported its healing [6,7]. Over the next 40 years, extensive 

research transitioned from materials that interact with tissue to those that support 

and even stimulate cellular growth. During this period, bioactive glass became the 

gold standard in bone tissue engineering while continuing to be studied and 

improved, leading to the development and patenting of new formulations [8-10]. In 

vivo tests showed that bioactive glass outperforms synthetic hydroxyapatite in 

promoting bone cell proliferation, making it a top choice for bone remodeling 

scaffolds. It can be used alone, in composites, or with natural bone to stimulate 

growth, and can be applied as a powder or paste for filling fractures, dental canals, 

or strengthening the maxilla for implants [8,11]. Patented as Bioglass® or 45S5 

Bioglass, this silicon-based glass contains 45 % silica and a Ca:P ratio of 5:1. For 

biocompatibility and bioactivity, it requires 43–47 % SiO2, 22.5–26.5 % CaO and 

Na2O, and 5–7 % P2O5, all as mass ratios [9]. 

Larry Hench used the melt-derived method to synthesize bioactive glass by 

mixing and melting silicon, calcium, sodium, and phosphorus oxides at 1100–1300 

°C. The molten glass was poured into platinum molds to prevent contamination and 

underwent thermal treatments [11]. The sol-gel method is favoured for its 

simplicity, low processing temperatures, and precise control of material properties. 

It forms a gel from metal salt solutions via hydrolysis and condensation, followed 

by drying and thermal treatment. This process enhances porosity, surface area, and 

osteointegration while enabling functionalization with ions, growth factors, or 

drugs to improve performance and reduce aggregation [8]. 

Bioactive glass regained prominence with late 20th and early 21st century 

technological advancements. The past two decades marked its golden age, with 

hundreds of studies published annually. As its properties became better understood, 

researchers explored alternative materials, developing new compositions within the 

Si‒Ca‒Na‒P system [8,11,12]. These materials provide antimicrobial protection in 

situ and can be enhanced by metal substitution [13] (e.g., silver, which has 

antimicrobial properties; magnesium, which supports osteogenesis; copper, known 

for angiogenic effects; strontium, which promotes bone formation [2] and reduces 

resorption; or lithium, which enhances bone density and regeneration) or metallic 
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oxide coatings (e.g., zinc oxide, which has antibacterial effects; magnesium oxide, 

enhancing biocompatibility) [14,15]. Bioactive glass also serves as a dental 

remineralization agent, with S53P4 showing higher silica release, reduced 

decalcification, and better dentinal pore occlusion compared to traditional bioactive 

glass when applied to enamel-deficient teeth [16]. Studies showed that bioactive 

glass offers strong mineralization, excellent tissue adhesion, and superior durability 

compared to traditional glass, making it ideal for treating dentinal hypersensitivity, 

preventing caries, and depositing dental coatings [17]. Bioactive glasses are also 

used as controlled release systems for active substances, requiring biocompatibility, 

mechanical strength, and release capability [5]. Porous bioactive glasses meet these 

criteria, delivering growth factors to aid bone remodeling and drugs like anti-

inflammatories or analgesics for post-surgery pain relief [14,18]. 

Although bioactive glasses can be modified with various metallic ions to 

enhance their biological and mechanical properties, lithium (Li+) substitution has 

gained significant attention due to its unique benefits. Lithium salts, like carbonate, 

sulphate, or citrate, are used to treat severe depression, bipolar disorder, and mood 

swings [15,19,20]. Lithium is used in osteogenesis, bone remodeling [19], wound 

healing [19,20], and nerve regeneration, either as lithium chloride or carbonate, in 

composites, or as a substituted element in bioceramics and bioactive glasses. 

Lithium-substituted bioactive glasses exhibit increased density and a tendency to 

crystallize, forming phases such as Li2SiO3 and combeite (Na6Ca3Si6O18) [9,21]. 

In this study, we aim to develop lithium-substituted biovitroceramics and 

investigate the calcined powders obtained at 600 °C. The research is focused on 

assessing the influence of lithium substitution on the structural characteristics of 

bioactive glass, with an emphasis on its crystallization potential. To cover a diverse 

compositional range, lithium was introduced at mass concentrations of 2.5, 5, and 

10%. These concentrations were chosen to replace calcium ions due to their 

comparable atomic size to lithium. The obtained materials were analysed using 

advanced structural and compositional characterization techniques to evaluate its 

potential for enhancing bone regeneration. 

2. Materials and Methods 

2.1 Experimental procedure 

The experimental study started from a base bioglass whose composition 

contains 47.5 % SiO2, 23.75 % CaO, 23.75 % Na2O and 5 % P2O5. To obtain 

samples containing Li, CaO was replaced in proportions of 2.5, 5 and 10 wt%. 

These specific proportions were chosen for their similarity to established patented 

materials and to achieve a calcium-to-phosphorus molar ratio of 4.75, closely 

approximating the ideal value of 5 in conventional bioactive glass. This balance 

plays a key role in facilitating the formation of carbonated hydroxyapatite in bone 

and promoting new tissue regeneration. 
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The synthesis method chosen for preparing the samples was the sol-gel 

process and the necessary steps are presented in Fig. 1. 
 

 
Fig. 1. Steps in the synthesis process of lithium-substituted bioactive glass powder using the sol-

gel method. 

 

Synthesis began with the dissolution of solid precursors—calcium nitrate 

tetrahydrate (Ca(NO3)2·4H2O, 98 % purity), sodium nitrate (NaNO3, 99.8 % 

purity), and lithium sulphate (Li2SO4 99 % purity)—in distilled water and 99.5 % 

ethyl alcohol. The precursors were dosed and stirred for approximately 30 min at 

60 °C on a magnetic plate until homogenized. Under continued magnetic stirring, 

liquid precursors were added dropwise: tetraethyl orthosilicate (TEOS – 

Si(OC2H5)4, 98 % purity) and triethyl phosphate (TEP – (C2H5O)3PO, 99 % purity). 

The solution was stirred for about 1 h at 60 °C until it transitioned into a gel 

phase. The gel was then dried in an oven at 80 °C for 24 h. After complete 

evaporation of water, the product was removed from the oven, cooled, finely ground 

using a mortar and pestle, and calcined at 600 °C for 1 h. For obtaining lithium-

substituted materials, the synthesis process followed the same steps as for simple 

bioglass, with the only modification being the adjusted quantities of calcium 

precursor (Table 1) added to the solutions. 

Table 1.  

Oxide composition of lithium-substituted bioglasses. 

BG Type Composition (wt%) 

SiO2 P2O5 Li2O CaO Na2O 

BG 47.5 5 0 23.75 23.75 

BG-2.5Li 47.5 5 2.5 21.25 23.75 

BG-5Li 47.5 5 5 18.75 23.75 

BG-10Li 47.5 5 10 13.75 23.75 

Note: The coding for the samples reflects the lithium oxide (Li2O) substitution level: "BG" 

represents the baseline composition without lithium, while "BG-2.5Li," "BG-5Li," and 

"BG-10Li" correspond to the incorporation of 2.5, 5, and 10 % Li2O, respectively, replacing 

equivalent amounts of calcium oxide (CaO). 

2.2 Characterisation Methods 

Thermal analyses were performed in air using a Shimadzu DTG-TA-50H 

instrument (Carlsbad, USA) over a temperature range from room temperature to 

900 °C to assess the thermal stability and decomposition behavior of the samples. 
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Chemical bond identification was carried out using Fourier-transform 

infrared spectroscopy (FT-IR) on a Nicolet iS50R spectrometer (Thermo Fisher, 

Waltham, MA, USA) with spectra collected at room temperature between 4000 and 

400 cm⁻¹ at a resolution of 4 cm⁻¹, employing an attenuated total reflection (ATR) 

module.  

Raman spectroscopy was utilized at room temperature to study the local 

structural arrangement of the samples. The measurements were performed using a 

LabRAM HR Evolution spectrometer from Horiba (Japan). Raman spectra were 

obtained using a 514 nm argon-ion laser, focused on micrometer-sized areas of the 

samples, with a beam power of 125 mW, and a measurement error of ±0.5 cm‒1. 

The structural properties were analysed using X-ray diffraction (XRD) at 

room temperature, in air, utilizing a PANalytical Empyrean system (Almelo, The 

Netherlands) equipped with a Cu X-ray tube (λ CuKα1 = 1.541874 Å). Scans were 

conducted across a 2θ range of 10–80 ° with 0.02 ° increments and a dwell time of 

100 s per step. 

Material morphology was examined through scanning electron microscopy 

(SEM) using a Quanta Inspect F50 microscope paired with an energy dispersive 

spectrometer (EDS) (Thermo Fisher, Eindhoven, The Netherlands). Grain size 

distribution was assessed via ImageJ 1.50i software (Wayne Rasband, National 

Institute of Health, Rockville, MD, USA, 2016). 

 3. Results and discussions 

The analysis of the materials began with the characterization of powders 

calcined at 600 °C. This includes thermogravimetric analysis, as shown in Fig. 2 

(a), which highlights the material mass losses. Additionally, Table 2 outlines the 

stages of these mass changes, expressed as a function of temperature and 

corresponding mass percentages.  

From the data presented above, it can be observed that increasing the 

amount of lithium addition leads to a rise in the residual mass and a corresponding 

decrease in mass loss caused by the effect of temperature on the materials 

composition. This suggests an enhancement in the thermal resistance of the 

material, attributed to the formation of lithium-based compounds. The thermal 

analysis also includes the study of the differential scanning calorimetry curve, 

which provides insights into the thermal processes underlying the mass changes, as 

well as their endothermic or exothermic nature. 

Fig. 2 (b) illustrates the thermal behaviour of the samples (BG, BG-2.5Li, 

BG-5Li, and BG-10Li) over a temperature range of 25 to 900°C. The curves show 

both endothermic and exothermic processes. Endothermic events, represented by 

dips below the baseline, occur primarily at lower temperatures, likely associated 

with the removal of adsorbed water or evaporation of volatile components. 
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Fig. 2. Thermogravimetric analyses of the precursor gels (a) and the corresponding differential 

scanning calorimetry graphs (b). 

Table 2.  

Mass loss values during the thermogravimetric analysis. 

BG type Mass changes (%) 

25-500 °C 500-730 °C Residual mass 

BG 11.52 41.25 47.23 

BG-2.5Li 11.52 33.79 54.69 

BG-5Li 10.46 32.56 56.98 

BG-10Li 9.48 26.46 64.06 

 

Exothermic processes, indicated by peaks above the baseline, are more 

pronounced at higher temperatures and correspond to structural transformations or 

crystallization events in the material. Notably, the intensity and position of these 

peaks vary with the lithium content, suggesting that lithium influences the thermal 

stability and phase transformations of the materials. Therefore, since lithium has 

been observed to enhance the thermal resistance of the material, it can be concluded 

that the exothermic processes are associated with phase transitions that contribute 

to structural improvement. 

The X-ray diffraction patterns shown in Fig. 3 (a) reveals a crystalline 

structure with numerous peaks, distinct from the diffractogram of classical bioglass, 

indicating the formation of glass-ceramics. As the lithium concentration increases, 

certain peaks become more pronounced, suggesting a possible increase in the 

crystalline order or crystallinity of specific phases. The BG-5Li and BG-10Li 

samples exhibit the most intense peaks, implying a higher degree of crystallinity in 

these samples compared to BG and BG-2.5Li [12]. 
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Fig. 3. XRD patterns of bioglass samples (BG, BG-2.5Li, BG-5Li and BG-10Li) (a) and their 

XRD-determined phase compositions (b). 

 

The presence of Na6Ca3Si6O18 (ICDD 04-012-8759), a sodium-calcium 

silicate phase, indicates that bioactive silicate structures are preserved, ensuring 

their role in ion exchange and hydroxyapatite formation [22]. Meanwhile, the 

formation of NaLiSiO4 (ICDD 04-016-0897) indicates the successful incorporation 

of lithium ions into the matrix, potentially replacing sodium and reorganizing the 

silicate framework. An increase in the amount of calcium sulphate (ICDD 00-003-

0163) was observed, which could potentially enhance regenerative properties and 

support biological integration in biomedical applications [12]. Additionally, the 

lithium-specific Li2SiO3 (ICDD 00-029-0828) phase is more prominent in the BG-

5Li and BG-10Li samples, highlighting lithium active interaction with the glass 

structure and its potential to alter the material characteristics. 

Fig. 3 (b) presents the phase composition of lithium-substituted bioglasses, 

determined through Rietveld refinement of XRD data. The unsubstituted BG 

sample is dominated by Na6Ca3Si6O18 and CaSiO3 (ICDD 04-009-5600), while 

lithium incorporation leads to the formation of NaLiSiO4 and Li2SiO3, indicating 

structural changes. In BG-10Li, the presence of CaSO4 suggests further phase 

evolution. These results highlight the impact of lithium substitution on the 

crystalline structure, which may influence the material properties. 

The FTIR spectra, presented in Fig. 4, demonstrate the effects of lithium 

substitution on the bioglass structure. 

The Si‒O stretching band around ~1000 cm‒1 intensifies in BG-5Li and BG-

10Li, indicating a more stable and ordered silicate network. The P‒O bending band 

near ~500 cm‒1 reaches its maximum intensity in BG-5Li, but a slight reduction is 

observed in BG-10Li. This suggests that a moderate lithium concentration (5 %) 

enhances phosphate integration into the bioglass network, while higher 

concentrations may reduce this effect. 
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Fig. 4. The FT-IR spectra of bioglass samples (BG, BG-2.5Li, BG-5Li and BG-10Li). 

 

Phosphate is critical for bioactivity and plays a key role in interactions with 

bone tissue. 

Additionally, a distinct band around ~700-800 cm‒1, associated with Li⁺ 

ions, is prominent in BG-5Li and BG-10Li, confirming the successful incorporation 

of lithium ions into the bioglass matrix. The ~1400 cm‒1 band, attributed to CO3
2‒ 

ions, also shows its highest intensity in BG-5Li, followed by a decrease in BG-10Li, 

indicating that moderate lithium levels optimize carbonate group formation. 

According to the Raman analysis (Fig. 5), the band in the 200-400 cm‒1 range is 

attributed to Ca-O bonds [23,24], which are essential for the bioactivity of the 

material. 

 
Fig. 5. Raman spectra of bioglass samples (BG, BG-2.5Li, BG-5Li and BG-10Li). 

 

In the 800-1200 cm‒1 range, characteristic bands of the silicate [25,26] 

network (Si‒O and Si‒O‒Si) are observed, reflecting the fundamental structure of 
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the bioglass. Additionally, a band around 1000 cm‒1, associated with S‒O bonds 

[25,26], may indicate possible impurities or the presence of additional components 

in the composition. 

Lithium substitution introduces visible changes in the spectrum. At a 2.5 % 

concentration (BG-2.5Li), the fundamental bioglass structure remains mostly 

unchanged, with minor variations in the intensity of the Si‒O bands. At 5 % 

concentration (BG-5Li), the Si‒O‒Si band intensifies, while the Ca‒O and P‒O 

bands show slight attenuation, suggesting that lithium begins to influence the 

structural network by increasing its degree of order. At the maximum concentration 

of 10 % (BG-10Li), the Si‒O‒Si signal becomes highly defined, indicating that 

lithium significantly contributes to the ordering of the silicate network.  

Concurrently, a slight reduction in the intensity of the Ca‒O and P‒O bands 

may suggest a redistribution of these elements within the bioglass matrix [15]. 

These observations suggest that lithium substitution affects both the 

chemical structure and physical properties of bioglasses. Increasing lithium 

concentration appears to favour a more ordered silicate network, which could have 

positive implications for the medical applications of these materials, such as 

enhanced bioactivity and improved interaction with bone tissues [21].  

Fig. 6 shows the SEM images of the samples treated at 600 oC at a 

magnification of ×25,000. 

 
Fig. 6. SEM images (magnification ×25,000) of bioglass samples (BG, BG-2.5Li, BG-5Li and 

BG-10Li). 

 

The images reveal significant morphological changes as the lithium content 

increases. The BG sample (unsubstituted) exhibits an aggregated morphology with 

irregular particles (1–5 μm) and a rough surface of the aggregates, features 
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commonly associated with partially crystalline materials. In BG-2.5Li, acicular and 

fibrillar entities begin to emerge, suggesting that lithium substitution promotes 

partial crystallization, with increased local network ordering. For BG-5Li, the 

acicular morphology becomes more pronounced, forming radial or fascicular 

crystal bundles, with lithium facilitating lamellar-acicular domain development. 

Finally, BG-10Li shows dense fibrous aggregates and a strongly acicular 

morphology, likely representing advanced crystallization or the formation of 

lithium-rich phases, such as lithium silicates [27,28]. 

The EDS spectra of samples BG, BG-2.5Li, BG-5Li and BG-10Li are 

shown in Fig. 7. All the spectra indicate the presence of the following characteristic 

elements: oxygen (O), sodium (Na), silicon (Si) and calcium (Ca). For the samples 

substituted with 2.5, 5 and 10 % lithium, the presence of sulphur (S) is observed. 

 
Fig. 7. EDS spectra of bioglass samples (BG, BG-2.5Li, BG-5Li and BG-10Li). 

4. Conclusions 

The analysis of bioglass samples calcined at 600 °C highlights the 

significant influence of lithium substitution on their thermal, structural, and 

morphological properties. Thermogravimetric analysis showed that higher lithium 

content improves thermal resistance, leading to increased residual mass and reduced 

mass loss due to lithium-based compound formation. XRD analysis revealed the 

transition to a glass-ceramic structure, with increased crystallinity and pronounced 

peaks for lithium-substituted samples, indicating enhanced order within the silicate 

network. The stabilization of phases like Na6Ca3Si6O18 and NaLiSiO4, along with 

the presence of Li2SiO3, underscores lithium role in structural modifications. FTIR 

and Raman analyses confirmed lithium integration into the bioglass matrix, shown 

by shifts in vibrational bands. Increased Si‒O‒Si and P‒O band intensity indicates 

a more ordered network, while Li+-specific bands reveal direct structural 

interaction. The SEM analysis demonstrated that increasing lithium content induces 

significant morphological transformations, transitioning from an amorphous, 
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irregular microstructure in bioglass to a highly acicular and fibrous morphology in 

the bioglass substituted with the highest percentage of Li. This evolution suggests 

that lithium substitution enhances crystallization, leading to the formation of 

ordered lamellar-acicular domains and potential lithium-rich phases. 

These findings underscore the potential of lithium-substituted bioglass 

powders for biomedical applications, particularly in bone tissue engineering, where 

enhanced crystallinity and bioactivity are crucial for improved performance. 

Mechanical properties represent a crucial aspect of future research, as they are 

fundamental for both the biological function of bone and the performance of 

scaffolds intended for its regeneration. Although this study focuses on structural 

and morphological characterization, the findings underscore the need for further 

research on the mechanical properties and bioactivity of lithium-substituted 

bioglasses for bone tissue engineering. 
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