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1. [bookmark: _Hlk216191445][bookmark: _Hlk216191490]Glass structure characterization
To analyse structural features, FTIR spectroscopy was performed for three samples: pure SiO2, 96SiO2-4P2O5, and 92SiO2-4ZrO2-4P2O5 glasses. The spectra are shown in Fig. S1. 
[bookmark: _Hlk218503798]In pure silica glass, prominent characteristic peaks were observed at 798 and 960 cm−1, corresponding to the symmetric stretching of Si-O-Si [1] and Si-OH [1] or Si-O⁻ NBOs [2], respectively. The peak at 1060 cm-1 corresponds to the asymmetric Si-O-Si stretching vibration [3, 4].
[bookmark: _Hlk218763389]For silica-phosphate glass (red line), a shift of the main peak, from 1060 cm-1 to 1030 cm-1, which is attributed to a difference in compositions and surrounding bands, is observed. According to the results of Lindner et al., the peak at 1027 cm-1 is the Si-O-Si band [5]. The peak shapes of silica and silica-phosphate glass are similar, but the latter is more intense, possibly due to signal overlap. Building on Lindner et al.’s research, the peak at 970 cm-1 may correspond to the P-O-P bond [5]. There is no resolved peak at 1100 cm-1 corresponding to P-O-Si [5]; however, the altered shape of the primary signal (1030 cm-1) compared to pure silica may indicate the presence of this band.
[bookmark: _Hlk218503990][bookmark: _Hlk218504730][bookmark: _Hlk218507463][bookmark: _Hlk218507364][bookmark: _Hlk218507406]The blue line represents the FTIR data of silica-zirconia-phosphate glass. The shape of the main peak (1086 cm-1) differs from that of pure silica and silica-phosphate glasses, and its position has changed, but it probably still corresponds to asymmetric stretching of Si-O-Si [6]. The signal at 957 cm-1 may be attributed to the Si-O-Zr band according to studies on silica-zirconia systems of Alhooshani et al. and He et al.  [7, 8]. These spectral features indicate Zr incorporation into the glass network; however, the precise coordination environments require further analysis.
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Figure S1 - FTIR spectra of grey - pure SiO2, red - 96SiO2-4P2O5, and blue - 92SiO2-4ZrO2-4P2O5 glasses.


[bookmark: _Hlk218448191][bookmark: _Hlk216191555]X‑ray photoelectron spectroscopy (XPS) was used to probe the surface chemical environments in 96SiO2-4P2O5 and 92SiO2-4P2O5-4ZrO2 glasses. Finely ground powders of both compositions were analyzed, and high‑resolution spectra were acquired for the Si 2p, P 2p and Zr 3d regions. Fig. S2 presents the high-resolution XPS spectra, peak deconvolutions, backgrounds, and fitted envelopes for the following regions: (a) Si 2p and (b) P 2p of 96SiO2-4P2O5 glass, (c) Si 2p, (d) P 2p and (e) Zr 3d of the 92SiO2-4P2O5-4ZrO2 glass, and (f) a comparison of the normalized P 2p spectra of 96SiO2-4P2O5 and 92SiO2-4P2O5-4ZrO2 glasses. For each chemical state, the 2 p 3/2 and 2 p 1/2 components were fitted as a spin-orbit doublet with a fixed area ratio of 2:1, fixed spin-orbit splitting 0.60 ± 0.05 eV for Si 2p and 0.90 ± 0.05 eV for P 2p), and identical full width at half maximum.
In both 96SiO2-4P2O5 (Fig. S2a) and 92SiO2-4P2O5-4ZrO2 (Fig. S2c) Si 2p envelope consisted of contributions from at least two chemically distinct environments. The main doublet, with Si 2p 3/2 at ≈102.7 eV and Si 2p 1/2 ≈103.3 eV was assigned to fully polymerized Si-O-Si (green line for Si 2p 3/2 and purple line for Si 2p 1/2) units characteristic of tetrahedral Si4+ [9–11] in silica‑rich networks. A second doublet at slightly lower binding energy (Si 2 p 3/2 ≈ 102.1 eV and Si 2 p 1/2 ≈ 102.7 eV) is attributed to silicon in non‑bridging environments such as Si-OH [12] (red line for Si 2p 3/2 and blue line for Si 2p 1/2) or Si-O-P, which are commonly formed in sol-gel-derived silicate and silicate-phosphate glasses [13]. The coexistence of these components, together with the overall peak broadening, indicates a mixture of bridging and non-bridging oxygens, consistent with partial condensation and residual hydroxyl groups in the sol-gel glasses. 
Similarly, P 2p spectra for both 96SiO2-4P2O5 (Fig. S2b) and 92SiO2-4P2O5-4ZrO2 (Fig. S2d) were fitted with two chemically distinct doublets. 
For 96SiO2-4P2O5, the dominant contribution, with P 2 p 3/2 ≈135.1 eV and P 2 p1/2 at ≈136.0 eV corresponds to P5+ in phosphate groups [14–16], P-O-P/P-O-Si (green line for P 2p 3/2 and purple line for P 2p 1/2), within a cross‑linked phosphate-silicate network[17]. A second component at slightly lower binding energy, with P 2p 3/2 at 134.3 eV and P 2p 1/2 at 135.2 eV was assigned to P-OH-containing species [18] (red line for P 2p 3/2 and blue line for P 2p 1/2) arising from incomplete condensation and residual -OH groups. The asymmetric line shape and width of the P 2p envelope, therefore, reflect a distribution of phosphate environments ranging from fully condensed P-O-P [19] linkages to partially protonated P-O-H groups [18]. For 92SiO2-4P2O5-4ZrO2, the main phosphate contribution is located at P 2p 3/2 = 135.2 eV and P 2p 1/2 = 136.1 eV, while the lower binding energy component appears at P 2p 3/2 = 134.5 eV and P 2p 1/2 = 135.4 eV. Compared to 96SiO2-4P2O5 glass, the main phosphate peak shows a positive shift of approximately 0.1 eV, indicating a possible modification of the local phosphate environment due to zirconium incorporation.
The Zr 3d spectrum (Fig. S2e, magenta solid line) forms a well-defined doublet of 3d 5/2 at 183.90 eV (Fig. S2e, green dots) and 3d 3/2 at 186.24 eV (Fig. S2e, yellow dots). These binding energies correspond to Zr4+ in zirconium-oxygen species [20–22], indicating that zirconium is in the network as a fully oxidized cation. 
Overall, the XPS analysis demonstrates the presence of Si-O-Si and Si-OH/Si-O-P environments for silicon, P-O-P and P-O-H/P-O-Si units for phosphorus, and fully oxidized Zr-O species for zirconium, all embedded in a mixed silicate-phosphate-zirconia glass network. The coexistence of bridging and non‑bridging oxygens and of hydroxyl‑containing species is consistent with sol-gel synthesis [23].
[bookmark: _Hlk218448067][bookmark: _Hlk218448163]Additionally, the normalized P 2p peaks of 96SiO2-4P2O5 and 92SiO2-4P2O5-4ZrO2 glasses were compared (Fig.S2d, red and blue curves, respectively). The P 2p signal is significantly stronger for the 92SiO2-4P2O5-4ZrO2 glass compared to the 94SiO2-4P2O5-4ZrO2 sample. This funding, in addition to EDS, demonstrates the role of zirconia in maintaining phosphate within the glass structure.
[image: ]
[bookmark: _Hlk218446706]Figure S2. XPS spectra of  96SiO2-4P2O5 glass: a - Si 2p, b - P 2p, and of 92SiO2-4P2O5-4ZrO2 glass: c - Si 2p, d - P 2p, e - Zr 3d; f - comparison of the XPS spectra P 2p peaks of 96SiO2-4P2O5 and 92SiO2-4P2O5-4ZrO2 glasses

2. [bookmark: _Hlk216282567][bookmark: _Hlk216282546]Detection of voids and defects in sintered glass
[bookmark: _Hlk218533022][image: ]
Figure S3 – Porosity of 98SiO2-2P2O5 samples studied with N2 adsorption-desorption measurements using the Brunauer-Emmett-Teller (BET). (a) - Adsorption-desorption isotherm, (b) - pore size distribution using the DFT model.
[image: ]
Figure S4 – Cross-sectional SEM images of the 98SiO2-2P2O5 sample showing (a) the surface and (b) the internal morphology.

3. Photoluminescence measurements of Nd3+-doped samples
[bookmark: _Hlk216690348]In our work, we initially used an excitation wavelength of 680 nm, which corresponds to one of the absorption bands of Nd3+ observed in the absorbance spectra (Fig. 7d). These spectra display several distinct absorption maxima at approximately 511, 523, 581, 680, 745, 800, and 870 nm. Under excitation at 680 nm using a Xe lamp equipped with a monochromator (narrow-band selection of the excitation wavelength), we observed a broad emission band centered around 850 nm (Fig. 7e, f).
To examine if the broad PL band is not an artifact of the excitation conditions, and to strengthen the assignment of this emission to Nd3+, we performed additional PL measurements for a 94SiO2-2P2O5-4ZrO2 glass sample doped with 0.7 mol% of Nd2O3 using a different excitation wavelength, 745 nm, which corresponds to another Nd3+ absorption maximum. As shown in the new Fig. S5, excitation at 745 nm produced an emission band with the same spectral shape and peak position around 850 nm. This consistency across two distinct excitation wavelengths within Nd3+ absorption bands confirms that the observed PL originates from Nd3+ ions and is not an artifact of the chosen excitation wavelength.
[image: ]
Figure S5 - PL intensity for glass casted sample with the composition 94SiO2-2P2O5-4ZrO2 doped with 0.7 mol% of Nd2O3 under excitation at 745 nm using a Xe lamp equipped with a monochromator.

4. Phosphorus loss
In sol-gel synthesis of phosphate glasses, TEOS hydrolyses rapidly to form a silica backbone, while TEP hydrolyses slowly and remains largely unhydrolyzed. TEP molecules get expelled to particle surfaces and interstices during silica gel formation, concentrating there in the xerogel. Thermogravimetric data published by Bueno et al. [24] confirm significant mass loss around 215 °C due to TEP vaporization, followed by P2O5 compositional loss before 700 °C.  Moreover, the findings of Anastasescu et al. [9] revealed the evaporation of phosphorous alkoxides, such as triethyl phosphate, used as phosphorous precursors, during the thermal treatment of sol-gel-derived films at 200-500 °C. To experimentally confirm its evaporation, we heated a 3D-printed, aged 94SiO2-4ZrO2-2P2O5 glass sample at 400 °C, a temperature much lower than that used for sintering in the current research (700 °C). According to the EDS results of this sample, the phosphorus content was 1.5 ± 0.1 at. %, which is significantly lower than the expected 2.5 at.%. This confirms that phosphorus already leaves the glass structure at temperatures below the sintering temperature used in this study.
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