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Abstract 

The use of glassceramics in photocatalysis is an attractive option for the realization of smart optical fibers 

and self-cleaning windows. Here we present the photocatalytic activity of germanosilicate glasses 

embedding Ga2O3 nanocrystals prepared by batch melting and glass heat treatment. The powdered 

material is used for UV-assisted degradation of rhodamine in water. The kinetics show changes after 

repeated experiments. In the first cycle, the apparent rate is governed by a second-order reaction with a 

Gaussian-like shape, whereas the second cycle follows a first-order reaction. The modification appears to 

be correlated with perturbations in the defect population. Photoluminescence has been used to monitor 

the evolution of such defects. Kinetic data on photoreactions and defect formation have been modelled in 

a combined frame in which the defect concentration determines the photocatalytic activity. The results 

prove the photocatalytic ability of the studied glassceramics. Moreover, the general validity of the kinetic 

model can be of interest for other systems in which the photocatalytic response depends on photoreactive 

species concentration. 
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Introduction 

The urgent need to find new solutions for environmental remediation is pushing the research on new 

materials specifically designed for heterogeneous photocatalysis. In this context, glassceramics represent 

an interesting alternative to the common approach based on supported catalysts.1 In these systems the 

active nanoparticles, usually wide-bandgap metal oxides, are uniformly distributed in a glass matrix. An 

apparent drawback of using glassceramics in photocatalysis is that part of the catalyst does not participate 

in the photoreaction due to its location inside the bulk of the glass. From another perspective, this 

drawback can be of great advantage in some applications. The matrix has the same chemical durability, 

mechanical strength, and workability as the parent glasses. These aspects could be relevant for 

photocatalysis in harsh environments or unconventional geometries such as self-cleaning glasses and 

containers and smart optical fibers. In this view, a key requirement is the transparency of the samples 

which can be targeted by appropriate control of nanoparticle size and dispersion.  In the last years the 

possibility of approaching photocatalysis by using glassceramics is attracting attention and their application 

on light-assisted H2 production,2, 3 pollutant degradation,4, 5 and antibacterial properties6, 7 have been 

proved. Much of the works regard bulk nanoprecipitation of TiO2,4, 8 ZnO,6 ferroelectric oxides,9, 10 and 

quantum dots11, 12 dispersed in a transparent inorganic oxide glass matrix. Similar methods, even if the 

transparency of the material and the full passivation of the catalyst are not guaranteed, include surface 

crystallized glassceramics13 —where only a thin top layer of the glass is opportunely treated to obtain metal 

oxide crystals— and active nanoparticles supported in solgel derived matrix with large surface area and 

porous structures.14 Among the many transparent glassceramics accessible through conventional melt-

quenching technique there is the class of gallate spinels.15, 16 In these systems, the matrix is a mixed alkali 

alumino- or germano- silicate glass and the nanophase is a gallate spinel such as LiGa5O8 or the defect 

spinel γ-Ga2O3.17, 18 The latter is a wide bandgap semiconductor (EGAP of ≈4.5 eV),19 typically obtained from 

mild reactions20-25 and often in the form of nanoparticles26 or porous structures27, which have shown 

promising properties in photocatalysis.25, 28-30 Aim of this study is to collect the necessary experimental basis 

for evaluating and interpreting the photocatalytic activity of transparent germanosilicate glassceramics 

containing nanoparticles of γ-Ga2O3. These materials have been deeply investigated in the last few years for 

their optical properties, both as regard their strong UV-excited blue luminescence from intrinsic defects 

and as a host for optically active ions.31-35 Their production consists in two main steps: batch melting of the 

mixed starting ingredients at about 1500 °C and an opportune thermal treatment to induce nucleation and 

precipitation of spinel nanophase in the range 560-700 °C. The obtained materials have the same forming 

ability as glasses and can be processed into different geometries such as optical fibers36 or sputtered thin 

films.37 Optimized synthesis leads to nanoparticles of 4-10 nm in size with a molar concentration up to 



≈20%.38 The present work is focused on the analysis and interpretation of results of UV-assisted 

degradation of rhodamine to have a basis for a reliable evaluation of Ga2O3 as an effective photocatalyst 

even if confined in a glass matrix, and to give a model for the observed photocatalytic kinetics. 

Materials and methods 

Material Synthesis 

The starting glass, with molar composition 7.5Li2O–2.5Na2O–20Ga2O3–25SiO2–45GeO2, was prepared by a 

conventional batch melting technique and using, as raw powdered materials, amorphous SiO2 (Ltd“Lanthan 

center for technology”, Moscow, Russia, special purity grade), GeO2 (JSC“Germanium”, Krasnoyarsk, Russia, 

special purity), Li2CO3 (Ltd“Rare Metals Plant”, Koltsovo, Russia, reagent grade), Na2CO3 (Ltd“JSCReachem”, 

Moscow, Russia, reagent grade), and Ga2O3 (Ltd“Rare Metals Plant”, Koltsovo, Russia, reagent grade). 

Batches were prepared by mixing carefully in an agate mortar a total of 70 g of raw materials, weighted 

with an analytical balance with an accuracy of 1 mg. The powders were then transferred in a ≈45 mL 

crucible and heated in air at 1500 °C for 60 min. The resulting melt was rapidly cooled on stainless steel 

plates and pressed with another steel plate obtaining amorphous glass samples. Finally, the glasses 

underwent further thermal treatment comprising a nucleation treatment at 570 °C for 18 h followed by 

nanocrystallization treatment at 651 °C for 30 min, using a muffle with temperature control of ±2 °C and a 

heating rate of 10 °C/min. Between the two steps, the sample was cooled down to ambient temperature by 

quickly removing it from the muffle. Finally, glass-ceramics were milled for 1 h in a SPEX SamplePrep 

8000M mixer mill with vial and balls in ceramic zirconia. Glassceramic grain size distribution has been 

assessed by dynamic light scattering using a Malvern Instruments Nano Series Zetasizer working at 633 nm 

and measurement angles at 13° and 175°.  

Photocatalysis experiment 

Photocatalysis experiments were conducted following the degradation of either Rhodamine 6G (Sigma 

Aldrich, purity ≈95%) or phenol (Sigma Aldrich, purity ≥99%). About 30 mg of powder was weighted with an 

analytical balance and suspended in a 100 mL beaker with 50 mL of a 4 mg/L solution of rhodamine 6G in 

deionized water or a 15 mg/L solution of phenol in deionized water. Then the beaker was placed under an 8 

W Hg lamp (Analytik Jena) operating at 254 nm at 3.5 cm from the suspension surface. The suspension was 

continuously stirred during the photocatalytic experiment and the dye concentration was monitored by 

measuring the absorbance at 527 nm with an optical fibre probe attached to a Cary 60 UV-vis 

spectrometer. To perform cycling tests, the powder was collected by centrifugation after complete 

degradation of the dye, washed three times with deionized water, and dried at 165 °C for 12 h.  

Time resolved photoluminescence 



Time resolved photoluminescence has been performed on powder suspensions using an Edinburgh FLS 980 

spectrofluorometer equipped with a pulsed diode (EP-LED series by Edinburgh) as excitation source with a 

pulse duration of 600 ps and emitting at 250 nm. The signal was collected in time-correlated single photon 

counting mode at 450 nm and with a bandpass of 20 nm. The sample was kept under continuous stirring in 

a quartz cell (1 cm path length) during acquisition.  

Material characterization 

X-ray diffraction (XRD) patterns have been collected on a Rigaku Miniflex 600 in the angular range 20°-70° 

(step size 0.02°) with the use of Cu Kα radiation. Surface morphology were studied on powdered samples 

without any further treatment or deposition by a Gemini 500 Zeiss scanning electron microscope (SEM). 

Transmission electron microscope (TEM) investigations were performed at the Microscopy Platform of the 

University of Milano-Bicocca (Italy) using a JEOL JEM 2100P operating at 200 kV, equipped with a LaB6 

source, and exhibiting a nominal point resolution of 2.4 Å. The images were then recorded with a Gatan RIO 

CMOS camera. The synthesized samples were dispersed in a solvent and transferred via drop casting onto a 

Cu grid, covered by a thin (3-4 nm) amorphous Carbon membrane. Images were taken at room 

temperature at different magnifications, with the TEM operated in bright-field parallel imaging mode, and 

adopting an in-gap objective aperture. Energy-dispersive X-ray fluorescence spectroscopy (XRF) was 

performed with a Bruker Artax 200 spectrometer, equipped with an X-ray tube (Mo anode) with a beam 

collimated down to 0.65 mm in diameter. Bruker Spectra 5.1 software was used to perform peak 

deconvolution. 

Results and discussion 

Material nanostructuring and Photocatalytic activity 

The investigated glassceramic material has been produced by tailoring nanostructure size and 

concentration. The aim is to obtain a large number of active nanocrystals per unit volume with minimized 

crystal size and a large resulting active surface. These features, both relevant for a potential photocatalytic 

activity, can be controlled in detail thanks to previous structural, thermal, and functional properties 

assessments. Following the approach of Marotta et al.,34, 39, 40 the nucleation rate and the number of crystal 

nuclei per unit volume are maximized when the difference between the temperatures of the exothermic 

peak of crystallization in the nucleation pre-treated and as-quenched untreated material is maximized. On 

the one hand, the total volume of the crystallized Ga2O3 phase is limited by the total amount of Ga in the 

glass composition. On the other hand, the total volume is equal to the product of the mean nanoparticle 

size and the number of crystal nuclei formed during the nucleation treatment. Therefore, the larger the 

number of crystal nuclei, the smaller the nanoparticle size. The crystallization temperature has been 

recorded after nucleation pre-treatments at different temperatures by differential scanning calorimetry, 



finding the best nucleation and crystallization temperatures following Marotta's method. According to this 

approach, the material for the present photocatalytic experiments has been treated in conditions close to 

the maximization of the number of nuclei per unit volume and, accordingly, to the crystal size minimization. 

In these conditions, from the statistical analysis of transmission electron microscopy images (see Fig. S1 in 

Supporting information for representative TEM images), the precipitated γ-Ga2O3 nanocrystals turn out to 

have a mean diameter of 6 nm with a bimodal distribution, with maxima at 5 nm and 7 nm, the last one 

resulting from the coalescence of tiny crystals formed during nucleation pre-treatment.38 Remarkably, the 

structural features arising from the thermal history of the sample also dictate functional optical properties 

which are strictly related to the potential photocatalytic activity, i.e. the photo-excitation and decay 

channels of the nanophase. The prepared material shows enhanced intrinsic photoluminescence activity as 

compared to other samples with the same composition but thermally treated in different ways.38 This 

outcome is the result of two concomitant effects: a larger number of nanoparticles and a suitable 

occurrence of intrinsic defects.41 The blue luminescence of Ga2O3 indeed arises from radiative 

recombination, upon band-to-band excitation, of donor-acceptor pairs where the donor is an oxygen 

vacancy while the acceptor is a complex of oxygen and gallium vacancies.41 These defects can play a crucial 

role in photocatalysis since the first steps of photoreactions involve the trapping of holes and electrons at 

defect sites.42 Indeed, the results in Fig. 1 demonstrate the ability of the glassceramic material to 

photodegrade rhodamine and others no-dye organic compound (Fig. S2 in Supporting Information on 

photodegradation of phenol). The absorption spectrum of 50 mL dye suspension with 32 mg of 

glassceramics, reported in Fig. 1a, gradually attenuates with time becoming undetectable in about 6 hours. 

The photocatalytic kinetics, reported in Fig. 1b, have been evaluated by plotting C(t)/C0, where C0 and C(t) 

are the initial dye concentration and the concentration after a time t, respectively. Their values have been 

calculated using the Bouguer-Lambert-Beer relation and considering dye concentration proportional to the 

registered absorbance at dye absorption maximum at 527 nm. A first evident but important result on the 

glassceramic photocatalytic mechanism – red triangles in Fig. 1b – is that nanoparticles truly participate in 

the photoreaction. In fact, performing the same experiment on parent glass with equal composition – 

green squares in Fig. 1b – does not show any significant variation in the dye concentration, even after 7 

hours of UV irradiation. Notably, the only difference between parent glass and treated glassceramics relies 

on the nanostructuring triggered by their thermal history.  Although it has been proved that also in the 

glass there is partial segregation of Ga-rich phases of the order of a few nanometers in size,31 such 

inhomogeneities do not have an appropriate electronic band structure to give rise to electron-hole pair 

generation. Conversely, this situation occurs when γ-Ga2O3 phase precipitates inside the glass and its 

photocatalytic activity can be exploited even if a large part of the nanocrystals remains inside the micro-

grains of powdered glassceramics and is not in direct contact with the dye solution.  



In the light of the above, some noteworthy considerations can be made from the comparison with free-

standing γ-Ga2O3 nanoparticles used in photocatalysis.30 The main distinction regards the law describing the 

kinetic which, in general, for metal oxide nanoparticles relies on 1st order rate (i.e., a straight line in semi-

log plot) which approximates the model.43 For glassceramics we observe instead a more complex behavior 

which will be analyzed in detail in the next section. A quantitative evaluation of the photocatalytic activity 

can be obtained from the comparison with a reference sample of commercial titanium oxide (1.2 mg of P25 

by Degussa), black circles in Fig. 1b. In this case, the reaction follows a 1st order kinetic and it is governed by 

a simple exponential law of the form C(t)=C0 Exp(-k t), with a measured rate constant k of 0.054 min-1. For 

glassceramics, it is not possible to calculate a rate constant over the entire time range. Rather, we can 

estimate a similar figure of merit given from the apparent rate at which the initial concentration drops by a 

factor e, which results to be 0.0059 min-1. Starting from the values of the two rate constants and 

normalizing for the powder mass, we have a rate of 4.5·10-2 min-1 mg-1 and 1.8·10-4 min-1 mg-1 for P25 and 

glassceramics, respectively. An analogous calculation can be done starting from literature rate constants 

collected on similar photocatalytic experiments on free-standing γ-Ga2O3 nanoparticles.  The two values are 

1.4·10-2 min-1 mg-1 and 5.0·10-4 min-1 mg-1 for P25 and γ-Ga2O3, respectively.44 We highlight that it is not 

possible to directly compare the constant rates obtained in different experimental setups mainly because 

of the different illumination geometries. Instead, we can compare the ratio of the constant rates, for each 

experiment, and use P25 as common reference standard. As a result, in our experiments, the glassceramic 

material is about 250 times slower compared to P25, while the same ratio is equal to ≈30 for pure γ-Ga2O3 

powder. This result is surprising if we consider the different volumes and exposed total area of active 

nanophase in the case of free nanopowders and glass-incorporated nanoparticles. From simple geometrical 

considerations, it is possible to estimate the fraction of embedded nanoparticles which can actively 

participate in the surface-mediated photocatalytic reaction. From dynamic light scattering measurements, 

we know that the glassceramic grains have a diameter of 930±180 nm. If we consider a glassceramic grain 

with a diameter dGC of 1000 nm, and a volume VGC = 5.2·108 nm3, then the total volume occupied by the 

nanocrystals VNC is dictated by the glassceramic composition and it is about equal to 0.2·VGC, neglecting in a 

first approximation the difference in the molar volumes of γ-Ga2O3 (31 cm3 mol-1)45 and the surrounding 

glass (24 cm3 mol-1).46 The total number of nanocrystals in the grain is therefore NNC=0.2VGC/VNC=9.2·105, 

where VNC = 113 nm3 is the volume of a single nanocrystal with a diameter dNC of 6 nm. A similar approach 

can be implemented to estimate the number of nanocrystals in contact with the suspension, but in this 

case the total volume of glassceramics considered is a thin shell of the grain with a thickness equal to the 

nanocrystal diameter, i.e., a nanocrystal is at the grain surface only if its distance from the surface is less 

than its lateral dimension. The volume of the shell is VShell=4/3π[(dGC/2)3-(dGC/2-dNC)3]=1.8·107 nm3 and the 

number of nanocrystals in the shell is NNP,Shell=0.2VShell/VNC=3.3·104. The result of these rough estimations 

demonstrates that, for grains of 1 µm in size, only 3.6% of the embedded nanocrystals are expected to lie 



close to the surface and to truly participate in the photoreaction. To verify the hypothesis that only the 

surface nanoparticles take part to the reaction, we have tested also glassceramics ball-milled for only 10 

minutes and with a grain size of about 2 µm. The resulting fraction of surface nanoparticles is 1.2%, 

obtained from the same calculation showed before. The apparent rate constant is 3.2·10-4 min-1 mg-1 (the 

kinetics is reported in Fig. S3). As expected, by halving the number of surface nanoparticles we register a 

doubling of the rate constants. Furthermore, the rate has been normalized by the weight of the powder 

and not for the net weight of Ga2O3 as in free-standing experiments. Therefore, we have to take into 

account that the amount of Ga2O3 nanophase which can potentially react in the suspension is the 3.6% of 

about 20% of the weighted glassceramic powder. This corresponds to ≈0.7% of the same amount of powder 

of free-standing Ga2O3 nanocrystals in which the 100% of the material is in contact with the suspension. 

Therefore, only by geometric consideration, the glassceramic system is expected to show a rate about 150 

times slower. By contrast, the apparent reaction rate of the glassceramics is only 8 times slower than free-

standing γ-Ga2O3 nanocrystals. A further confirmation of the high-performing photocatalytic activity of 

these glassceramics comes from direct comparison with the results obtained from commercial powder of β-

Ga2O3 (Sigma Aldrich, purity 99.99%).  By comparing the kinetics collected on the same amount of 

glassceramics and β-Ga2O3 (orange diamonds in Fig. 1b), we obtain apparent rates of 1.8·10-4 min-1 mg-1 and 

3.0·10-4 min-1 mg-1, respectively. The two rates are comparable, having the same order of magnitude. 

However we have to consider that, unlike pure β-Ga2O3, 30 mg of glassceramics contains only ≈6 mg of 

Ga2O3. 

The role of defects 

From previous argumentation, the remarkable photocatalytic performance of the glassceramic material 

cannot be ascribed to the synthesis-induced material nanoarchitecture alone. Metal oxide photocatalytic 

activity is not only the consequence of a large specific area, typical of nanostructures but also the result of 

fine control over defect- and surface- engineering. The same occurs for γ-Ga2O3 nanocrystals, where post-

synthesis thermal treatments and/or codoping alter the defect population and can significantly improve 

photocatalytic performances.30, 47, 48 The nature of these defects will be discussed in the next sections. 

However, in a first approximation and taking into account that the thermal treatments also maximize light 

emission,38 we can suppose that the relevant defects are quantitatively related to the sites responsible for 

blue luminescence, or even ascribable to the light-emitting sites themselves. The importance and the role 

of defects are clarified by replicas of the photocatalytic experiments performed as cycling tests after 

powder recovery. The main results are summarized in Fig. 2 in which the photocatalytic performances of 

the second round of measurements are reported after different treatments of the powder. The first striking 

feature in Fig.2a is that the photoreaction of the second cycle is faster than the first one, even if the 

powder added to the solution was less. Another relevant difference is the change in the kinetic law which, 



in the case of the second cycle, is a 1st order reaction. Before entering into the details of the observed 

kinetics, we can preliminary investigate the possible causes of the phenomenon. Two main physical and 

chemical processes could modify the glassceramics as a result of the 1st cycle: the prolonged stay in water 

under UV illumination and a mild thermal treatment at 165 °C overnight. Fig. 2b reports the second cycle 

kinetics following the application of each of the two separate processes, without UV exposure. Data are 

collected after leaving the powder in water for 5 hours (red dots in Fig. 2b) and after overnight heat 

treatment in a muffle at 165 °C (blue dots in Fig. 2b). The results demonstrate that the thermal treatment 

alone does not induce any appreciable change in the photocatalytic performance. Indeed, the 

temperatures used in powders drying are by far too low for any energy-activated re-crystallization 

processes or atom diffusion to promote defect reorganization. On the contrary, detectable changes in 

kinetics are registered after the prolonged immersion in water which acts as a modifier even without the 

presence of UV light. Notably, similar results are obtained by leaving the powder in suspension overnight 

and then performing the photodegradation experiment (Fig. S4 in Supporting information). As in the cycling 

experiment with rhodamine, the change regards both the kinetic law underlying the photoreaction and the 

reaction rate decreasing.   

The role of water 

Further details come from the monitoring of pH value of the suspension  for 8 hours, as reported in Fig. 3a. 

The pH increases following two different regimes: a steeper linear increment from the initial value of 6.7 to 

7.7 in about 250 min and a final plateau to a constant value, within the experimental error, of 7.8±0.1 for 

the rest of the experiment. The main cause of pH change is certainly due to ions exchange between the 

powder and the water in the suspension.49 Due to the composite nature of glassceramics, ions leaching can 

be originated both by the nanoparticle or by the glass matrix. Ga2O3 has very high chemical stability and 

direct interaction with water can be excluded.50 Germanosilicate glasses perturbed by alkali metal 

modifiers are instead prone to ion leaching.51 Typically, the corrosion starts with ion-exchange reactions 

which consist of Na+ and Li+ ions leaching and the incorporation of H+ ions. These reactions thus imply an 

increase in the pH of the solution. After a certain amount of time, a silica-rich film is formed due to the 

depletion of alkali ions. Such silica-rich film is sufficiently inert toward further reactions with waters to 

prevent any other leaching of ions. The extent of these modification regards only few surface layers of the 

glassceramics as evidenced by several control experiment conducted before and after rest in water. The 

general stoichiometry of the system remains unaltered by water treatment (see XRF results in Table S1). 

SEM images collected before and after cycling experiments, and reported in Fig. 4, do not show major 

differences in the morphology of the individual grains and their surfaces. Also XRD analysis (Fig. S5) does 

not evidence important changes neither in the broad halo originated by the amorphous matrix nor in the 

peaks of crystalline γ-Ga2O3 nanophase. Beyond ion exchanges, the reaction of complex oxide glasses with 



water implies other consequences, including network relaxation as a result of hydrolysis and condensation 

reactions, and rearrangement of non-bridging oxygen sites.52 This latter mechanism can impact not only the 

amorphous phase and it can also propagate inside the nanoparticles or at their surface. As a result, the 

relative population of defects – which ensure charge balance at nanoparticle level – can be altered.  

The effects of this change also influence the photoluminescence response of the powdered glassceramic 

water suspension. These samples are characterized by strong blue emission under UV-C light. As reported 

in Fig. 3b, the emission spectra collected on powder excited at 250 nm shows a broad peak centered at 

about 450 nm. This emission is attributed to the radiative recombination of donor-acceptor pairs (DAP) 

created by band-to-band excitation.53 Under UV light, electrons and holes are generated, then they are 

trapped by donor and acceptor sites, respectively. Eventually, if the two sites are close to each other, 

radiative recombination of the trapped charges can take place and give rise to the emission of a photon 

with energy lower than the semiconductor energy gap. The nature of the donor and the acceptor impurities 

is strictly related to the defectiveness of the oxide. For Ga2O3 the donor is a neutral oxygen vacancy V0
x and 

the acceptor is a gallium–oxygen vacancy pair (V0,VGa)’.41 Time resolved photoluminescence from DAP 

recombination in Ga2O3 is a very sensitive probe of possible variations in the defect population either from 

doping with aliovalent ions or from the change in nanoparticle size or morphology. The temporal behavior 

of DAP emission is quite complex and can be studied looking at very different time scales from ms to ns.26, 54 

Several models have been applied for adequately describing the underlying decay law, from hyperbolic 

decay to stretched exponential, depending on the details of the decay mechanism.26, 54 In this work, just to 

obtain a reliable estimation of the effective lifetime throughout the photocatalysis cycling, we analyze the 

collected data as a sum of three exponentials. The minimum for adequately reproducing the registered 

decay curves. The fit includes the temporal deconvolution of the Gaussian instrument response function 

(IRF): I(t)=(f⋆g)(t), where f(t)=ΣaiExp(-t/τi) and g(t)=IRF are the functions describing the effective lifetime 

and the IRF, respectively (the exact analytic expression used to fit data is reported in the Supporting 

Information). From the fitting result, the intensity average lifetime was used as a parameter to describe the 

mean lifetime of the system: 

⟨𝜏⟩ =
∑ 𝑎𝑖

3
𝑖=1 𝜏𝑖

2

∑ 𝑎𝑖
3
𝑖=1 𝜏𝑖

𝐸𝑞. 1 

This approach satisfactorily fits the experimental data avoiding possible misinterpretations of the decay 

mechanism. Time resolved photoluminescence has been collected on suspension of powdered 

glassceramics in water. As in pH monitoring experiments, data have been collected every 15 min for 300 

minutes. To follow DAP recombination, we monitored the emission at 450 nm excited at 250 nm, looking at 

a time window of 100 ns and a corresponding excitation repetition rate of 10 MHz. The results collected at 

the beginning (t=0 min) and the end (t=300 min) of the experiment are shown in Fig. 3c. Importantly, Fig. 3c 



reports raw data without applying any baseline correction or normalization. It is worth noting that the 

measured background is only minimally caused by unwanted noise since the dark signal collected in the 

same condition is about 30 counts. The observed background of 90 and 180 counts at t=0 min and t=300 

min, respectively, is mostly due to tails from slower decays in the microsecond domain that are recorded as 

a constant background. Accordingly, also the background has a physical meaning, and it can be considered 

as a true signal resulting from DAP recombination. Beyond the background intensity, also the net peak 

height is increasing with time, passing from 400 to 600 counts. The detailed analysis of the intensity rate 

growth is discussed in the next section, also considering its role in the photodegradation reactions. The 

increment of PL counts indicates either the occurrence of suppression of non-radiative decay channels or 

an effective increase of defect population or both. To examine in some detail the role of these two 

contributions, we must consider the photoluminescence kinetics. The ratio between radiative and non-

radiative decay channels also affects the photoluminescence mean lifetime. The mean lifetime can be 

expressed as <τ>=1/(kr+knr), where kr and knr are the radiative and non-radiative rates, respectively.55 A 

suppression of non-radiative decay channels thus leads to a slowdown of decay. In the inset of Fig. 3c, 

normalized time-resolved data are reported together with IRF and a slowdown of decay after long exposure 

in water is indeed registered. Fig. 3d reports the results of the fitted average lifetime (the complete table 

with fitting results is reported in Table S2), showing a monotonic increase and doubling  its initial value of 

8.2 ns to 16.3 ns after 300 minutes in water. Indeed, our results on photoluminescence lifetime confirm 

that the interaction of glassceramics with water suppresses non-radiative decay channels through the 

rearrangement of point defects. Moreover, since photoluminescence data are collected in fixed 

experimental geometry, the signal is proportional to the quantum yield – the ratio between emitted and 

absorbed photons – of the system because the solid angle of the collection remains unchanged during the 

experiment. The collected signal will be I= KGeoNQ, where KGeo, N, and Q are the geometric/instrumental 

factor, the number of emitting species excited by the source, and the quantum yield, respectively. The 

quantum yield of luminescence is in turn related to the radiative and non-radiative rates: 

Q=kr/(kr+knr)=kr<τ>.55 If now we consider that τNat the natural lifetime of the system – the lifetime without 

non-radiative decay channels – is intrinsic of the emitting species, then it is expected that τNat=1/kr=<τ>/Q is 

a constant independent of the amount of non-radiative decay channels. Thus, the ratio <τ>/I=<τ>/KGeoNQ is 

inversely proportional to the number of emitting sites and it is constant if and only if the number of 

emitting species remains fixed. On the contrary, we observe a decrease of <τ>/I (see Fig. S7 Supporting 

Info) as the glass-ceramic powder remains in the water. Hence, from the photoluminescence experiment, 

we can conclude that the effects of water comprise both an increase of the number of DAP species and the 

suppression of non-radiative paths. Interestingly, a strict correlation between DAP emission in Ga2O3 and 

photocatalytic activity has already been described.30 A decrease of the rate constant of photocatalysis is 

accompanied by a decrease of the average lifetime of the blue luminescence and vice versa. A long-living 



DAP recombination process is indicative of a system able to efficiently capture electrons and holes through 

trapping by native defects in the oxide. These trapped and well-separated charges are then readily available 

to initiate the photocatalytic process. 

Kinetic model 

Given the outcomes of the previous experiments, we can trace out a kinetic model aimed at a unified 

description of the cycling photocatalytic experiments and the evolution of the defect population. The 

common model used in heterogeneous catalysis of metal oxides is the Langmuir-Hinshelwood model: 

−
𝑑𝐶(𝑡)

𝑑𝑡
= 𝑘𝑝ℎ𝜃 = 𝑘𝑝ℎ

𝐾𝐶(𝑡)

1 + 𝐾𝐶(𝑡)
𝐸𝑞. 2 

where the rate is proportional to the product of the photocatalytic rate, kph, and the fractional occupancy 

of the adsorption sites θ, which, in turn, depends on the adsorption rate K and the dye concentration C. 

Although the differential equation of the Langmuir-Hinshelwood model admits a solution of the form: 

𝐶(𝑡) =
W [𝐾𝐶0ⅇK(𝐶0+𝑘𝑝ℎ𝑡)]

K
𝐸𝑞.  3 

where W represents the Lambert W function; in the context of photocatalysis Eq. 3 is rarely applied and the 

preferred model assumes a small value of KC and, consequently, θ≈KC.56 Using this approximation, Eq. 2 

becomes a first-order reaction equation with an apparent rate kapp=kphK with a simple exponential solution 

C=C0Exp[-kappt]. Hence, the latter results are the typical approach used in the description of heterogeneous 

catalysis. Indeed, looking at our results, such an approximation appears valid in the case of the cycled 

powder, in which we register first-order kinetics. Conversely, the Langmuir-Hinshelwood model does not 

apply to the kinetics of the pristine powder neither using Eq. 3 nor its approximation. To develop an ad hoc 

model, we must consider the role of defects in photocatalysis and the growth of their number due to the 

interaction with water. This situation can be described by a simple rate equation in which the 

photocatalysis reaction rate depends on the concentrations of the two involved species, i.e. the dye and 

the defects: 

−
𝑑𝐶(𝑡)

𝑑𝑡
= 𝑘𝑝ℎ𝐶(𝑡)𝐶𝐷(𝑡) 𝐸𝑞. 4 

A hint about the temporal evolution of the defect concentration, CD(t), comes from the photoluminescence 

experiment. The observed growth of photoluminescence intensity is linear (Fig. 5a), thus we can assume a 

zero-order kinetic reaction for CD(t): 

𝑑𝐶𝐷(𝑡)

𝑑𝑡
= 𝑘𝐷 𝐸𝑞. 5 



As regards kph, the data collected in the second cycle allow us to obtain an evaluation. The defect 

population does not change any more during the second cycle, as confirmed by pH study, while the 

photocatalytic activity is only governed by the dye concentration: 

−
𝑑𝐶(𝑡)

𝑑𝑡
= 𝑘𝑝ℎ𝐶(𝑡) 𝐸𝑞. 6 

Importantly, the proposed model is not in contradiction with the Langmuir-Hinshelwood model. Rather, the 

main difference between these kinetics and more usual photocatalytic reactions relies on the rate-

determining step of the reactions. In the Langmuir-Hinshelwood model is the number of adsorbed sites 

that play the main role in the photocatalytic process. In the present model, this role is not played by the 

adsorbed sites themselves, but by the formation and then the stabilized occurrence of active defects in the 

proximity of the same sites. Here, we have neglected the adsorption step and we have implicitly assumed 

that the adsorption rate is orders of magnitude lower than the defect creation rate. Alternatively, the 

photocatalytic rate kph, as in the reduced Langmuir-Hinshelwood model, can be thought of as an apparent 

rate that accounts for both the photocatalytic and the adsorption rates. Summarizing the differential 

equations, we have: 

1𝑠𝑡 𝑐𝑦𝑐𝑙ⅇ −
𝑑𝐶(𝑡)

𝑑𝑡
= 𝑘𝑝ℎ𝐶(𝑡)𝐶𝐷(𝑡)

𝐷ⅇ𝑓ⅇ𝑐𝑡 𝑔𝑟𝑜𝑤𝑡ℎ
𝑑𝐶𝐷(𝑡)

𝑑𝑡
= 𝑘𝐷

2𝑛𝑑 𝑐𝑦𝑐𝑙ⅇ −
𝑑𝐶(𝑡)

𝑑𝑡
= 𝑘𝑝ℎ𝐶(𝑡)

𝐸𝑞. 7 

This system of equations admits the following solution, where CD0 is the defect concentration at time t=0: 

1𝑠𝑡 𝑐𝑦𝑐𝑙ⅇ 𝐶(𝑡) = 𝐶0ⅇ
−𝑘𝑝ℎ𝑡(𝐶𝐷0+

1
2

𝑘𝐷𝑡)

𝐷ⅇ𝑓ⅇ𝑐𝑡 𝑔𝑟𝑜𝑤𝑡ℎ 𝐶𝐷(𝑡) = 𝐶𝐷0 + 𝑘𝐷𝑡

2𝑛𝑑 𝑐𝑦𝑐𝑙ⅇ 𝐶(𝑡) = 𝐶0 ⅇ−𝑘𝑝ℎ𝑡

𝐸𝑞. 8 

Before applying this model to our results, we have to make some important comments. First, the equation 

describing the 1st cycle experiment is a bell-shaped function. In the case of CD0=0, it corresponds to a 

Gaussian function of the type exp[-a t2] defined only for positive t, centered at t=0, and a width, in terms of 

standard deviation, of (kDkPh)-1/2. The use of Gaussian functions for photocatalytic kinetics of metal oxides 

has been already used, although in those works their use is based on empirical observations rather than on 

a kinetic model.57, 58 Second, the analytical expression describing the defects evolution considers only those 

defects which actively participate to the photocatalytic process. Data reported in Fig. 5a are instead the 

result of photoluminescence experiments which probe all the light-emitting defects in the sample. 

Accordingly, data fitting cannot neglect two facts: 1) we must distinguish between the defects in 

nanoparticles at the surface of the glassceramic grains and all the other defects (in nanoparticles within the 



bulk of the grains), and 2) photoluminescence counts are proportional to the number of defects, but cannot 

be converted in a quantitative evaluation of the concentration CD of the defects. Because of the 

abovementioned caveat and normalizing data for the dye concentration at t=0, we obtain a set of three 

equations that fit the set of our photoluminescence experiment (red lines in Fig. 5): 

1𝑠𝑡 𝑐𝑦𝑐𝑙ⅇ 𝐶(𝑡) = ⅇ
−𝑘𝑝ℎ𝑡(𝐶𝐷0+

1
2

𝑘𝐷𝑡)

𝐷ⅇ𝑓ⅇ𝑐𝑡 𝐶𝐷(𝑡) = 𝑐𝑃𝐿(𝐶𝐵𝑢𝑙𝑘 + 𝐶𝐷0 + 𝑘𝐷𝑡)

2𝑛𝑑 𝑐𝑦𝑐𝑙ⅇ 𝐶(𝑡) = ⅇ−𝑘𝑝ℎ𝑡

𝐸𝑞. 9 

Here we have introduced the conversion factor cPL from photoluminescence counts to defect concentration 

and the concentration CBulk of the defects affecting nanoparticles located inside the glassceramic grain. 

Importantly, data fitting is the result of simultaneous analysis of all data throughout the cycling 

experiments (red lines in Fig. 5 and Tab. S2 Supporting Info), thus the common parameters kph, CD0, and kD 

are constrained to assume the same value in the simultaneous fit of the three equations. As expected, the 

results confirm that the value of kph is 1.3·10-2 min-1 while the kD is 4.8·10-3 min-1, suggesting that the 

formation of defects is about 3 times slower than the effective photoreaction rate. More interestingly, the 

ratio CD0/(CD0+CBulk), which represents the fraction of defects at the nanoparticle surface over the total 

number of defects, is 3.9%. This outcome is strikingly close to the value of 3.6% calculated from geometrical 

considerations. These two main points– the rate of defect formation as a limiting factor of the observed 

kinetics and the agreement between the two independent evaluations of the fraction of surface defects – 

strongly support the proposed analysis of the photocatalytic activity of the present system. 

Conclusion 

In summary, we have investigated the photocatalytic performances of micrometric glassceramic powders in 

which nanocrystals of Ga2O3 are finely dispersed in a germanosilicate matrix. Despite the encapsulation in a 

glass host, the observed rhodamine degradation rates under UV light are comparable to those registered 

for free-standing Ga2O3. Cycling experiments on recovered glassceramic powder have shown both a 

boosting on the photocatalytic performances and a change in the reaction order which passes from a 

Gaussian-like second-order reaction to a first-order reaction as expected from the Langmuir-Hinshelwood 

theory. The origin of these effects has been attributed to the matrix modifications induced by the chemical 

interactions between water and glassceramics. The leakage of alkali elements from the glass matrix 

modifies the population of native defects in the glassceramics which eventually increases the number of 

defects at the surface of the nanoparticles. The latter is crucial for the photocatalytic activity of gallium 

oxide as well as for its strong luminescence intensity which grows linearly with the time that the 

glassceramic spends in the water. Finally, we have successfully modelled a unified system of equation rates 

which can describe the Gaussian-like shape of photoreaction kinetics of the pristine material, the first-order 

photoreaction rate of the recovered powder, and the zero-order reaction of the photoluminescence 



kinetics. As expected, the results suggest that only those defects belonging to nanoparticles at the surface 

of the glassceramic grains actively participate in the rhodamine degradation and their formation is the rate-

limiting step of the photocatalytic activity. 
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Figures 

 

Figure 1: (a) Absorption spectra of a suspension of ≈30 mg of powdered glassceramic and Rhodamine 6G 

during photocatalytic experiment. (b) Rhodamine absorption maxima as a function of UV exposure for 

glassceramic (red triangles), glass (green squares), pure commercial gallium oxide (orange diamonds), and 

commercial TiO2 P25 (black circles). The curves are normalized for the value at t=0. 

 

 



 

Figure 2: (a) Cycling photocatalytic kinetics before (grey points) and after (red points) recovery of 

glassceramic powders and (b) photocatalytic kinetics of powdered glassceramic after 5 h in water (red 

points) and after overnight treatment at 165 °C (blue points). 

 

Figure 3: (a) pH evolution of an aqueous suspension of powdered glassceramic. (b) Photoluminescence 

spectrum of the glassceramics with excitation at 250 nm. (c) Raw time-resolved photoluminescence profile 

excited a t 250 nm and monitored at 450 nm of an as-prepared glassceramic suspension (green dots) and 

after 300 min (blue dots) with their fitting curves (red lines), in the inset the same data after normalization, 

the Instrument Response Function is represented by a black solid line. (d) Mean photoluminescence 

lifetime of glassceramic suspension as a function of time. 



 

 

Figure 4: SEM images of powdered glassceramics before (a and b) and after (c and d) rest in water for 6h. 



 

Figure 5: Kinetics data (black points) and relative fitting result (red lines) of (a) photoluminescence 

intensity, the reference dashed line represents the signal from bulk nanoparticles: cPL·CBulk, (b) 1st cycle 

photocatalytic experiment, and (c) 2nd cycle photocatalytic experiment. 
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Supporting Information 

TEM characterization: 

 

Fig. S1: Representative TEM images of the thermally treated glassceramic. 

Phenol degradation: 

 

Fig. S2: Photocatalytic experiment on phenol using 1.6 mg of commercial P25 (black circles) and 20 mg of 

glassceramics (red triangles). The absorption peak at 270 nm has been used to monitor phenol 

concentration. 

 

 

 

 

 



Photocatalytic activity of 2 µm sized grains: 

 

Fig. S3: Comparison of photocatalytic experiment on rhodamine using 1.6 mg of commercial P25 (black 

circles), 32 mg of glassceramics with grain size of about 1 µm (green squares) and 37 mg of grains with a 

size of about 2 µm (red triangles). 

Photocatalytic activity after rest in water 

 

Fig. S4: Photocatalytic  experiment after leaving the powdered glass-ceramic 8 hours in water. 

 

 

 



XRF analysis: 

 Ge  
(%mol) 

Ga 
(%mol) 

Zr 
(%mol) 

Before rest in water 45.0±0.1 19.5±0.1 1.5±0.1 

After rest in water 45.0±0.1 19.4±0.1 1.4±0.1 

 

Tab. S1: XRF analysis of the main component of amorphous matrix, crystalline phase, and impurities due to 

ball-milling contamination. Data refer to analysis conducted before and after 12 h of rest in water. 

XRD analysis: 

 

Fig. S5: XRD patterns of the glassceramic bulk (green line) and powdered samples before (black line) and 

after (red line) 12 h of rest in water. Arrows indicate main reflections from Ga2O3 in the gamma phase (PDF 

file: 00-020-0426) and asterisks indicate reflections from ZrO2 (PDF file: 00-002-0733) contamination during 

prolonged ball-milling.  

 

 

 

 



Lifetime fitting procedure: 

Time resolved photoluminescence data have been fitted considering deconvolution with the Instrument 

Response Function (IRF). The temporal profile of IRF has been assumed to be Gaussian in shape: 

 

𝐼𝑅𝐹(𝑡) = 𝑎𝐼𝑅𝐹

ⅇ
−

(𝑡−𝑡0)2

2𝑤𝑡
2

√2𝜋𝑤𝑡

𝐸𝑞. (𝑆1) 

 

Where aIRF, t0, and wt are the amplitude, the position of the peak maximum and the standard deviation of 

the IRF. The fitting of the IRF is reported in Fig. S1, with fitting results of aIRF = 13142, t0 = 15.13 ns and wt = 

0.675 ns. 

 

Fig. S6: Instrument Response Function of the pump laser used for time-resolved photoluminescence (black 

points) and Gaussian fit (red line)  

The same function has been used to calculate the convolution with a triple exponential: 

 

𝐼(𝑡) = (𝑓 ∗ 𝑔)(𝑡) ≔ ∫ 𝑓(𝜏)
𝑡

0

𝑔(𝑡 − 𝜏)𝑑𝜏 = ∫ (∑ 𝑎𝑖ⅇ
−

𝜏
τ𝑖

3

𝑖=1

) (
ⅇ

−
(𝑡−𝜏−𝑡0)2

2𝑤𝑡
2

√2𝜋𝑤𝑡

)
𝑡

0

𝑑𝜏 𝐸𝑞. (𝑆2) 
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Where the fitting parameters are c, ai, and τi are a constant which takes into account the signal background, 

the amplitude, and the time constant of the i-th lifetime contribution, respectively. 

Time-resolved photoluminescence data: 

Time 
(min) 

c a1 a2 a3 
τ1 

(ns) 
τ2 

(ns) 
τ3 

(ns) 
0 88.6 3350 267.4 74.7 0.107 2.5 14.5 

10 61.9 3053 282.9 69.8 0.121 2.6 17.7 

20 62.4 3073 303.3 83.7 0.128 2.6 16.4 

30 69.1 3181 322.7 78.7 0.137 2.8 19.3 

40 73.5 3332 329.8 88.7 0.123 2.6 17.5 

50 75.5 3366 327.9 88.7 0.125 2.6 18.6 

60 80.6 3362 330.2 88.5 0.128 2.8 19.8 

70 80.8 3278 356.2 91.2 0.128 2.5 19.3 

80 82.2 3523 325.3 89.4 0.129 2.9 20.0 

90 88.5 3218 349.9 100.3 0.135 2.6 18.4 

100 91.7 3598 355.8 91.7 0.120 2.7 21.1 

110 88.6 3788 374.3 93.2 0.127 2.6 19.1 

120 86.8 3105 314.0 88.1 0.139 3.0 21.2 

130 93.6 3230 332.2 101.3 0.133 2.7 18.8 

140 105.1 3447 323.2 101.9 0.130 2.9 19.8 

150 93 3151 335.1 97.7 0.139 2.6 19.1 

160 107.2 3622 331.3 103.5 0.126 2.8 19.2 

170 103.6 4083 394.8 113.0 0.100 2.1 16.7 

180 112.9 3679 384.1 102.3 0.120 2.6 19.9 

190 118.3 3688 356.9 98.7 0.132 3.0 22.7 

200 123.2 3747 355.2 111.7 0.124 2.7 19.9 

210 136.8 3847 424.9 120.0 0.121 2.5 20.4 

220 138.9 3430 392.7 121.4 0.130 2.5 20.0 

230 142.4 3377 378.4 115.4 0.138 2.8 21.9 

240 149.8 3447 397.9 129.5 0.136 2.6 21.1 

250 157.3 3551 404.0 121.6 0.130 2.8 22.6 

260 157.7 3528 405.6 130.6 0.130 2.5 20.9 

270 163.9 3485 401.4 120.4 0.135 2.8 22.4 

280 169 3474 381.6 121.5 0.138 2.9 23.1 

290 169.8 3339 387.1 123.6 0.140 2.9 23.1 

300 178.7 3415 396.1 116.6 0.138 3.1 24.6 

 

Tab. S2: Fitting results of time-resolved photoluminescence experiment. The fitting function is given in 

Eq.(S3). 

 

 

 



Plot of 〈𝝉〉/𝑰  as a function of time 

 

Fig. S7: Ratio of the mean lifetime over the integrated intensity from time-resolved photoluminescence as a 

function of the time in water spent by the glassceramic powder.  

 

Fitting results of kinetics: 

Parameter Fitted value 

kph [min-1] 1.35·10-3 

CD0 3.06·10-2 

kD [min-1] 4.76·10-3 

cPL 9378 

CBulk 0.75 

  

Tab. S2: Fitting results of kinetic experiments, the fitting functions are reported in the main text (Eq. 8).  

 

 


