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Highlights 

 Glasses-(ceramics) from Na2O-V2O5-(Al2O3)-P2O5-Nb2O5 system are explored 

as catalysts. 

 Samples with ≥55 mol% V2O5 exhibit the highest activity and selectivity toward 

epoxide, in cyclooctene epoxidation. 

 Tested oxidants, tert-butyl hydroxyperoxide in water and in decane provided 

good catalytic performance. 

 The starting material can be recovered and reused in the 2nd run. 

 The best catalytic performance is followed by high electrical conductivity. 

 

Abstract 

Glass-(ceramic) samples were prepared by melting mixtures of Na2O-V2O5-(Al2O3)-

P2O5-Nb2O5 in various molar ratios, and their catalytic performances were correlated to 

the structural, thermal, and electrical properties. The catalysts were tested in an 
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epoxidation reaction, with tert-butyl hydroxyperoxide in decane and water as oxidants. 

Samples containing the highest vanadium content are highlighted as the best catalysts 

(cyclooctene conversion 70-90 %), highly selective towards the desired epoxide (70-

80%). At the same time, high electrical conductivity is observed with the value of ~10–

5 S cm–1 @30 °C, which is 4-6 orders of magnitude higher in comparison to other studied 

samples. 
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Phosphate-based glassy- and glass-ceramic materials have generated increasing attention 

as promising contenders for solid electrolytes and/or electrode materials due to their favourable 

properties. Glass is a non-equilibrium, non-crystalline condensed state of matter exhibiting a 

glass transition with short-range order, but long-range disorder [1]. Glasses containing alkali 

oxides possess ionic conductivity, linked to the concentration and mobility of alkali ions. The 

mobility, in turn, is influenced by the disordered interaction between diffuse cations and the 

structural units of the glass. Furthermore, studies have demonstrated that glasses incorporating 

transition metal (TM) oxides, such as Fe2O3, V2O5, Nb2O5, WO3, and MoO3, exhibit electronic 

conductivity described by small polaron hopping mechanism, when TM exists in two oxidation 

states [2-4]. Such TM oxides are also known to serve as conditional formers, impacting the 

electrical properties not only through active participation in polaron transport but also by 

modifying the structure of the glass network [5-8]. 

Conversely, thermally induced or spontaneous crystallization of glass systems 

leads to the formation of composite materials, known as glass-ceramics [9-12]. It is well 
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known that nanomaterials usually have different properties than the corresponding bulk 

materials. These materials consist of a glassy matrix in which one or multiple crystalline 

phases are embedded, and, as such offer enhanced properties when compared to their 

glass counterparts [13-18]. 

Despite the extensive knowledge and research on the electrical properties of glass-

ceramics, there is a significant limitation in the exploration of their catalytic 

applications. For example, bulk mixed metal oxides are commonly used in industry for 

various oxidation reactions, where catalytic reactions generally occur at active sites on 

the surface of heterogeneous catalysts [19]. It is well known that the specific activity of 

the active phase in a supported catalyst depends directly on its intrinsic activity and its 

specific surface area [20]. Bulk V−P−O catalysts are employed for the oxidation of n-

butane to maleic anhydride [21]. Further, mixed metal oxide catalysts such as 

Mo−V−Nb−O and M−V−Nb−Te−O have proven efficiency in the oxidative 

dehydrogenation of propane to propylene and oxidation of propane to acrylonitrile, 

respectively [22,23]. Bulk vanadates have attracted attention due to their higher activity, 

selectivity, and greater stability at high temperatures compared to bulk mixed metal 

molybdates [24], specifically in the oxidation of methanol to formaldehyde. Nb−V 

mixed oxide catalysts were also used in the process of oxidative dehydrogenation of 

ethane and propane [25]. Additionally, ternary-system glasses, containing V2O5 were 

employed as catalysts for stearic and linoleic acid oxidation [26,27]. 

Building upon our previous expertise with vanadium, molybdenum or tungsten 

(TMO) molecular catalysts employed in the ep(oxidation) reactions, followed by great 

performances in terms of activity and selectivity [28-32], we decided to investigate the 

potential of glass-(ceramic)-based materials as catalysts in similar oxidation processes. 

Specifically, the utilization of TBHP in decane is anticipated to yield superior 
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conversion and selectivity outcomes in comparison with TBHP in a water media [33]. 

This approach represents an innovative extension of glass-(ceramics) applications, as 

they are primarily used as catalyst supports. A recent study by Stolar et al. [34] 

demonstrated that amorphous ZnCu-MOF-74 exhibited comparable selectivity to 

industrial Cu/ZnO/Al2O3 benchmarks for methanol formation, highlighting the 

advantages of employing amorphous materials as catalysts. Therefore, exploring glass-

(ceramics) as direct catalysts offers a challenging and pioneering approach, expanding 

the scope of research in this field. Moreover, the melt quenching technique, a cost-

effective and rapid method, proves invaluable in crafting these materials. It simplifies 

the preparation of large quantities, crucial for applications like catalysis and large-scale 

industrial use. Notably, its high reproducibility and the ease of fine-tuning material 

properties through simple compositional adjustments further enhance its appeal. 

Based on the above-mentioned, a set of samples was prepared by mixing several 

precursors and melt-quenched to stainless-steel mould @RT thus leading to amorphous 

glasses and glass-ceramics Na2O-V2O5-(Al2O3)-P2O5-Nb2O5 in different molar ratios 

(see SI, Table 1). The samples are labelled according to the amount of each oxide in the 

batch, e.g., 35Na-10V-35P-20Nb glass contains 35 mol% of Na2O, 10 mol% V2O5, 35 

mol% P2O5, and 20 mol% Nb2O5. The PXRD analysis (see SI, Fig.S1 and Table S2) 

reveals the amorphous nature of all studied glasses, except samples 55V-10P-35Na and 

70V-10P-20Na which are partially crystallized. Glass-ceramic 55V-10P-35Na contains 

crystal phase Na1.164V3O8 (164514-ICSD) [35] embedded in an amorphous matrix, 

whereas in glass-ceramic 70V-10P-20Na, the presence of crystal phase Na0.33V2O5 

(239391-ICSD) [36] in a residual glass matrix is observed. 

All samples were tested as catalysts using TBHP in decane as oxidant, n(catalyst) 

= 0.0018 mol. The three best catalysts were further tested under the following reactions: 
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ii) the use of TBHP in decane as oxidant, n(catalyst) = 0.0009 mol, and iii) the use of 

TBHP in water, n(catalyst) = 0.0009 mol. The ratio n(cyclooctene):n(oxidant) = 

0.02mol:0.04 mol remained unchanged during each applied protocol. The first catalytic 

profile is presented in Fig.1. 
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Fig.1. Converted cyclooctene vs. time with tested catalysts, from up to down: 70V-10P-20Nb 

orange curve, 70V-10P-20Na light blue curve, 55V-10P-35Na yellow curve, 35Na-10V-35P-
20Nb grey curve, 35Na-45P-20Nb purple curve, 35Na-10Al-35P-20Nb green curve, and 35Na-
25V-20P-20Nb dark blue curve. n(catalyst) = 0.0018 mol. TBHP in decane was used as the 
oxidizing agent. Temperature: 80 °C. The lines connecting data points are drawn as a guide 
to the eye. The error bars are at most of the order of the symbol size. 
 

As seen, the most active catalysts are 70V-10P-20Nb, followed by 70V-10P-20Na and, 

55V-10P-35Na, cyclooctene conversion ranging between 73 and 90%. Other tested 

catalysts did not show good catalytic profiles, cyclooctene conversion after 6 h of the 

reaction remaining between 26 and 30 %. Since the catalysts were partially soluble in 

the reaction media, we halved their quantity and compared the results with the initial 

catalytic protocol. Surprisingly, the activity of the samples 70V-10P-20Na and 55V-

10P-35Na remained almost the same, while for the sample 70V-10P-20Nb conversion 

slightly decreased from 90 to 80% (Fig.2). 
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Fig.2. The influence of oxidizing agent. Converted cyclooctene vs. time with tested 
catalysts, from up to down: 70V-10P-20Nb yellow curve, 70V-10P-20Na red curve, 
55V-10P-35Na blue curve. Full symbols present the reactions in which the oxidizing 
agent was TBHP in water, while empty symbols present the reactions in which the 
oxidizing agent was TBHP in decane. n(catalyst) = 0.0009 mol. Temperature: 80 °C. 
The lines connecting data points are drawn as a guide to the eye. The error bars are at 
most of the order of the symbol size. 
 

In light of the obtained result, another oxidant, TBHP in water was tested, in order to 

analyse the influence of the oxide carrier, i.e. decane or water. As can be noticed from 

Fig.2, the activity of all three samples is better when the TBHP in decane is used as an 

oxidant, although the catalytic activities with TBHP in water show very good results, 

varying from 85 to 62%. 

Furthermore, selectivity towards epoxide is very high for the samples 70V-10P-

20Nb, 70V-10P-20Na, and 55V-10P-35Na (see SI, Fig.S2). The selectivity toward 

epoxide for the sample 70V-10P-20Na is the highest, 77%, no matter the catalytic 

protocol applied (amount of catalyst vs oxidant used). For the sample 70V-10P-20Nb, 

the selectivity is slightly higher in decane, 67% vs. 58% in water. On the other hand, the 

sample 55V-10P-35Na has the lowest selectivity between all three samples, no matter 

the choice of oxidant (around 60%). The epoxide selectivity for the samples 35Na-10V-

35P-20Nb, 35Na-10Al-35P-20Nb, and 35Na-25V-20P-20Nb is around 40%, while for 
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the sample 35Na-45P-20Nb shows the lowest value, 28%. Due to the fact that the 

catalysts tested in the reaction with TBHP in decane, n(catalyst) = 0.018 mmol, were 

slightly soluble in the reaction media, it was possible to isolate them by filtration at the 

end of the reaction, in order to study their structural stability. As seen in Fig.3, the IR-

ATR spectra of the catalyst before and after the reaction remain unchanged, showing 

the stability of the species. Since the catalysts 70V-10P-20Nb and 70V-10P-20Na 

showed the best catalytic activity, further reactions with the recycled catalysts were 

performed. It should be mentioned that more than 85% of the starting material could be 

recovered and reused in the 2nd run. 
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Fig.3. IR-ATR spectra of glass-(ceramic) samples from this study (a) before and (b) 

after the catalytic reactions. The IR spectra of all glass-(ceramic) samples remain 

unchanged before and after the catalytic reactions which indicates the stability of these 

materials under the given reaction conditions. 

 

Catalytic profiles of the reaction with recycled catalysts are shown in Fig.S3, see SI. 

The catalytic activity of both catalysts is slightly lowered in the 2nd run, but is still quite 

high, 72% for the catalyst 70V-10P-20Nb and 67% for the catalyst 70V-10P-20Na. On 
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the other hand, selectivity towards epoxide, in the epoxidation reaction with TBHP in 

decane is around 70%, being still high. 

The comparison of catalytic performance results between these materials and 

previously published ones involving a vanadium molecular catalyst is not 

straightforward and presents a challenging task due to the intricate nature of the systems. 

The best mononuclear vanadium molecular catalysts, in the reactions with 0,05 mol% 

[V] loading, and TBHP in water, provided the activity of 87% and a selectivity towards 

epoxide of 30% [28]. On the other hand, the dinuclear vanadium molecular catalyst, 

under the same condition, provided cyclooctene conversion of 98% and a selectivity 

parameter of 83% [29]. 

The obtained catalytic results can be correlated with the structural and electrical 

properties. The materials with the best catalytic properties are samples with the highest 

vanadium content, which supports the concept that vanadium-based materials are highly 

active as a catalyst in the epoxidation processes. Further, the samples 70V-10P-20Nb 

and 70V-10P-20Na show almost the same activity at the end of the reaction when using 

TBHP in decane with 0.0018 mol of catalyst. When diminishing the amount of catalyst 

to its half (0.009 mol), the difference in the activity becomes more pronounced, being 

mostly the same for 70V-10P-20Na and lower for the sample 70V-10P-20Nb. The 

observed behavior can be linked with structure, as abovementioned, the glass-ceramic 

70V-10P-20Na consists of 57 wt% of the crystalline phase Na0.33V2O5. embedded in an 

amorphous glass matrix (43 wt%), while the sample 70V-10P-20Nb is purely 

amorphous (see SI, Fig.S1 and Table S2). 

Raman spectra of the samples rich in vanadium, 70V-10P-20Nb and 70V-10P-

20Na, closely resemble each other and are dominated by the signals corresponding to 

different vibrational modes of vanadate units connected into chains (see SI, Fig.S4), 
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possibly providing the positive catalytic behavior. The signal between 950–1050 cm–1 

corresponds to symmetric stretching vibrations of the double V=O bond, whereas the 

broad signal between 600–950 cm–1 consists of overlapping signals describing 

vibrations of V–O and V–O–V in chains. In addition, the presence of a crystalline phase 

in the amorphous matrix for sample 70V-10P-20Na, and on the other hand Nb2O5 as 

network modifier for the sample 70V-10P-20Nb, seem to additionally contribute to the 

catalytic activity, resulting in similar catalytic profiles of both samples. The 55V-10P-

35Na sample, featuring the crystal phase Na1.164V3O8, also demonstrates a high 

cyclooctene conversion parameter. This is attributed to its rich vanadium loading, 

leading to a glass-ceramic network with vanadate units connected into chains (see Fig.3 

and SI, Fig.S3). Nevertheless, as anticipated, the catalytic activity is lower compared to 

the samples with a higher vanadium content. 

Alongside catalytic testing, the electrical properties of all prepared samples were 

assessed using Solid-State Impedance Spectroscopy (SS-IS). A detailed analysis of the 

conductivity spectra (see SI, Fig. S5) and complex impedance plots (see SI, Fig. S6) 

along with Arrhenius plots (see SI, Fig. S7) is provided in the SI. The corresponding 

values of DC conductivity, σDC, @30 °C and activation energy for DC conductivity, 

EDC, are given in Table 1. 

Table 1. DC conductivity, σDC, activation energy, EDC, pre-exponential factor, σ0* 

Sample 
σDC@30 °C / S cm–1 

± 1% 

EDC / eV 

± 1% 

log(σ0* (S cm–1 K)) 

± 1% 

70V-10P-20Na 1.34×10–5 0.36 3.58 

55V-10P-35Na 5.50×10–9 0.45 2.09 

70V-10P-20Nb 1.34×10–5 0.32 3.49 

35Na-10V-35P-20Nb 3.29×10–10 0.65 4.39 

35Na-25V-20P-20Nb 2.37×10–11 0.71 4.16 

35Na-10Al-35P-20Nb 3.44×10–9 0.59 4.26 

35Na-45P-20Nb 1.08×10–8 0.58 4.70 
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The samples rich in vanadium show high DC conductivity, with a value of  

1×10–5 S cm–1 @30 °C, which is 4–6 orders of magnitude higher in comparison to other 

studied samples. The 55V-10P-35Na sample exhibits a lower value of DC conductivity, 

around 10–9 S cm–1, related to a limited degree of crystallinity (14 wt% Na1.164V3O8), 

hindering the formation of efficient conducting pathways through the crystalline grains. 

At the same time, the amorphous matrix becomes deficient in V4+/V5+ pairs, resulting 

in lower DC conductivity. 

The temperature dependence of σDC exhibits Arrhenius-like behaviour (see SI, 

Fig.S7) and it shows an increase with rising temperature, resembling the behaviour 

observed in semiconducting materials. The values of EDC, determined from the slopes 

of log(σDC) vs 1000/T, fall within the range of 0.3–0.7 eV, aligning with reported values 

for sodium phosphate-based glasses containing niobium [37,38] and vanadium [39-42].  

The observed trend in activation energy depending on composition aligns well 

with the different electrical conductivity mechanisms exhibited for these samples, as 

detailed in SI. Particularly, samples demonstrating pure and predominantly polaronic 

conductivity exhibit the lowest EDC values, ranging from 0.32 to 0.45 eV, whereas 

samples with pure and predominantly ionic conductivity display EDC values within the 

range of 0.58 to 0.71 eV. 

 

Conclusions 

To sum up, the best catalytic performances is, at the same time, followed by high 

electrical conductivity. The presented investigation provided multifunctional material 

that can be used at the same time as a catalyst and cathode material in batteries. To the 

best of our knowledge, the presented investigation is the first example of the correlation 

between structural, electrical, and catalytic properties of glass and glass-ceramics 
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systems. The obtained catalytic results highlight three catalysts, 70V-10P-20Nb, 

followed by 70V-10P-20Na and, 55V-10P-35Na as highly active and selective for 

cyclooctene epoxidation, under different conditions. It can be concluded that vanadium 

loading is crucial for catalytic activity and can be linked to the high electrical properties 

of the prepared materials, supporting the concept of electron migration between 

vanadium oxidation states (V5+/V4+). Further research will be directed toward the 

sample preparation and controlled crystallization of glass ceramics. We strongly believe 

that controlled and directed crystallization can obtain the non-soluble materials that 

should be fully recovered and recycled in the tested catalytic process. 
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