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GRAPHICAL ABSTRACT 

 

 

ABSTRACT.  

We report the first synthesis of Ce-doped Lu3Al5O12 Nanoparticles/ZnO Nanostructure 

(LuAG:Ce/ZnO NS) via a rapid hydrolysis/condensation of Zn(OAc)2 on the surface of LuAG:Ce 

NPs. The structural, morphological and optical properties of LuAG:Ce/ZnO NS have been fully 

investigated using X-Ray Diffraction (XRD), Transmission Electron Microscopy (TEM), High 
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Resolution Transmission Electron Microscopy (HRTEM), Energy Dispersive X-ray Spectroscopy 

(EDS), Fourier Transform Infrared Spectroscopy (FTIR), diffuse reflectance UV–visible 

spectroscopy and N2 adsorption/desorption measurements. Results showed that ZnO Nanocrystals 

(ZnO NCs) of about 10 nm diameter are homogeneously grown on the surface of 100 nm LuAG:Ce 

NPs in a core/shell-like structure. The photocatalytic activity of the as-prepared nanostructure has 

been evaluated throught the photodegradation of sulfathiazole (STZ), a molecule widely used as 

antibiotic, under UV-Vis and visible light irradiation. Results showed that STZ undergoes much 

higher photodegradation in the presence of LuAG:Ce/ZnO NS compared to the pure ZnO NCs 

under both UV-Vis and visible light. This enhanced photocatalytic capability was found to result 

from higher specific surface area and visible light absorption in LuAG:Ce/ZnO NS, which allowed 

for more surface active sites and enhanced hydroxyl radicals (˙OH) production from the 

nanostructured photocatalyst. The recyclability of LuAG:Ce/ZnO NS was also demonstrated.       

KEYWORDS.  

Nanostructured photocatalyst, visible light photocatalysis, core/shell nanostructure, 

nanophosphors, ZnO Nanocrystals, antibiotics, environment. 

 

1. Introduction 

The introduction of pharmaceuticals such as antibiotic agents into the aquatic environment and 

ecosystems was identified as one of the emerging environmental and health issues during the last 

two decades [1, 2]. After administration, a great portion of human and animal antibiotics is 

excreted partially unmetabolized or as an active metabolite and directly released in wastewater. 

Uncontrolled and illegal drug disposal and overuse in aquaculture might also be at the origin of 
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aquatic environment contamination by antibiotic agents [3]. Sulfonamides such as sulfathiazole 

(STZ) are an important family of antibiotics that are still commonly used in human and veterinary 

medicine [4-8]. For instance, sulfonamides are particularly used in livestock production and may 

potentially be released into the environment [9]. This result in the contamination of aquatic 

environment by sulfonamides resistant microorganisms and might cause a serious health and 

environment issues [10]. By the way, it was reported that sulfonamides are resistant to 

biodegradation and then may remain in the aquatic environment for a long period of time with the 

risk of reaching drinking water [11]. Therefore, the development of efficient and cost-effective 

techniques and materials to remove such pollutants from water and aquatic environment is gaining 

great interest today. In this context, semiconductors photocatalysis was successfully used and 

recognized as one of the most promising decontamination technologies. Photocatalysis is 

particularly attractive since it is renewable energy-based. In other words, photocatalytic removal 

of organic pollutants can be easily achieved under sunlight irradiation. Indeed, the absorption of 

the incident light by the photocatalyst triggers accelerated photochemical reactions that lead to the 

formation of electron-hole pairs (h+, e-) and subsequent charge separation/migration/transfer 

which induces the production of highly reactive oxygen species (ROS) such as OH radicals (˙OH) 

and superoxide radicals (˙O2-) on the surface of the photocatalyst [12]. ROS are very strong and 

non-selective oxidants that are able to damage almost all kinds of organic molecules [12-13]. Due 

to its availability, weak toxicity, stability and relatively low cost, Titanium dioxide (TiO2) and 

Zinc oxide (ZnO) semiconductors have been the most investigated semiconductor photocatalysts 

over the last two decades [12-18]. In particular, ZnO has been extensively studied for the removal 

of contaminants from water and air [19-26] and for microbial disinfection [27-28]. However, 

efforts are still needed to address two major issues to expand the adoption of ZnO photocatalyst in 
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this area. First, pure ZnO is a wide bandgap material (Eg = 3.37 eV at room temperature) that can 

only be activated by ultraviolet (UV) light, which represents only about 5% of the solar light [12]. 

Second, the rate of photogenerated electrons and holes recombination within ZnO crystal structure 

is too high, which results in low diffusion of charge carriers from the bulk to the surface of ZnO 

and therefore reduces the photocatalytic efficiency of the pure ZnO semiconductor [29]. In order 

to overcome these two issues, two approaches have been thoroughly studied in the literature. The 

first one consists in ZnO crystal lattice modification by doping the material with metals (Cu, Mn, 

Co, Al, etc), non-metal (C, N, S, etc) or rare earth elements (Ce, Gd, La, Sm, etc) [30-39]. The 

introduction of such impurities increases the material defects and makes the absorption of visible 

light by ZnO semiconductor possible. Furthermore, ZnO doping produces more traps for 

photogenerated charge carriers and thus decreases the recombination of electron-holes rate which 

promotes the charge diffusion from the bulk to the surface of ZnO. The second approach proposes 

the coupling of ZnO with other semiconductors such as Fe2O3, CdS, Au, Ag2S, Bi2S3, PbS, etc, 

also called sensitizers, that generally have narrower energy band gap so that the photogenerated 

charge of the sensitizer can be easily injected into the ZnO conduction band [40-44]. Therefore, 

ZnO/Semiconductor heterostructures have more efficient charge separation which results in 

enhanced photocatalytic activity. Recently, light converting phosphors have also attracted 

significant attention for using as visible light sensitizers for ZnO. Significant efforts focused on 

both down-converting phosphors (DCP), which absorb light of high energy photons to emit light 

of lower energy photons, and up-converting phosphors (UCP), which absorb light of low energy 

to emit light of higher energy photons [45]. In practice, when associated with ZnO semiconductor, 

UCP are able to absorb NIR or visible light and then emit UV or visible light which can be easily 

absorbed by the semiconductor to produce more electron–hole pairs and active sites for ROS. For 
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instance, Er3+ doped YAlO3 (YAlO3:Er3+) can absorb visible light at 486.5 nm and 542.4 nm and 

emit UV light around 318.7 nm and 320.1 nm respectively [46]. The material also showed up-

conversion photoluminescence around 326–342 nm and 354–359 nm upon excitation at 657.8 nm 

[47]. It was found, for example, that the YAlO3:Er3+/ZnO composite with 6%wt of YAlO3:Er3+ 

has higher photocatalytic degradation rate (86%) of acid red B at 60 min under solar light 

irradiation when compared to pure ZnO (69%) [48]. It was also demonstrated that DCP, such as 

Y3Al5O12:Ce3+, Y2O2S:Eu3+, NaSrBO3:Tb3+ and Lu3(Al,Si)5(O,N)12:Ce3+, can effectively enhance 

the visible light photocatalytic activity of the wide band gap ZnO semiconductor for the removal 

of dyes from aqueous solution [49-53]. The enhancement of the photocatalytic performance of 

ZnO/DCP composite has been ascribed to two main reasons. First, the DCP is able to absorb UV 

or visible light (e.g. blue light) and emit visible light at longer wavelengths that can be easily 

absorbed by the dye (used as pollutant model). The photo-generated electrons-holes within the dye 

can actually lead to it self-destruction. Second, the increase of light absorption by the ZnO/DCP 

composite due to the high absorption of both phosphor and dye as well as the reduction of electron-

hole pairs recombination could also be at the origin of the photocatalytic degradation enhancement 

under visible light [44, 50-52]. The contribution of the self-degradation of the dye into the 

photocatalytic process was already demonstrated in the literature [51]. For instance, it was found 

that the photocatalytic degradation rate of Methylene Blue (MB) and Rhodamine B (RhB) is much 

higher compared to that of Methyl Orange (MO) when ZnO/NaSrBO3:Tb3+ photocatalyst is used. 

This is due to the fact that the emission spectrum of the NaSrBO3:Tb3+ phosphor (540-700nm) 

matches well the absorption spectra of both MB (absorption band centered at 550nm) and RhB 

(absorption band centered at around 650nm) while the MO only absorbs the photons with 

wavelength shorter than 540nm and thus cannot efficiently absorb the light emitted by the 
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phosphor [51]. However, the contribution of the DCP in the reduction of electron-hole pairs 

recombination within ZnO semiconductor is not obvious so far. This is because in most reported 

studies, where ZnO/light emitting phosphor composite was used as a photocatalyst, organic dyes 

were systematically used as a pollutant model. The study of the photocatalytic degradation of other 

kinds of pollutants, besides dyes, using ZnO/light emitting phosphors is however indispensable to 

gain better understanding of how the light emitting phosphors can enhance the photocatalytic 

performances of ZnO semiconductor in the visible light. By the way, to the best of our knowledge, 

the ZnO/DCP nanostructures have never been applied to the photocatalytic degradation of 

pharmaceutical substances such as antibiotics. 

In the present study, we report the first synthesis of Lu3Al5O12:Ce Nanoparticles/ZnO 

nanostructures (LuAG:Ce/ZnO NS) with core/shell like structure starting from LuAG:Ce NPs and 

zinc acetate in ethanol solvent using a simple sol-gel method. Then, the structural, morphological 

and optical properties of LuAG:Ce/ZnO NS have been examined using XRD, TEM, HRTEM, 

EDS, FTIR, diffuse reflectance UV–visible spectroscopy and BET surface area measurements. 

Finally, the photocatalytic efficiency of the as-prepared nanostructured photocatalyst for the 

degradation of STZ in both UV-Vis and visible light was evaluated and systematically compared 

to the pure ZnO NCs.  

2. Materials and methods 

2.1 Materials 

Anhydrous zinc acetate (Zn(OAc)2, 99.9%), oleic acid (> 97%, CAS number 112-80-1), 

tetramethyl ammonium hydroxide pentahydrate [TMAH, > 97%], sulfathiazole (98%, CAS 

number 72-14-0) and anhydrous ethanol were purchased from Sigma-Aldrich and used as received. 

Micro-sized Ce-doped Lu3Al5O12 phosphor with an average particle size (D50) of 15 µm was 

purchased from Phosphor Technology (UK). Disodium terephthalate (DST, 99+%, CAS number 
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10028-70-3) was purchased from Alfa Easer and used as received without additional purification. 

All photocatalytic assays related solutions were prepared using Milli-Q water (18.2 MΩ cm, 

Millipore) as a solvent.  

2.2 Preparation of Ce-doped Lu3Al5O12 nanoparticles (LuAG:Ce NPs) 

LuAG:Ce NPs were prepared via a top-down approach starting from commercialized 

micro-sized LuAG:Ce phosphor with D50 of about 15µm. The micro-particles were 

grinded using a high energy ball mill (Emax, Retsch, Germany). In a typical experiment, 

10g of the micro-sized LuAG:Ce phosphor and 240 g of milling balls (with 0.5 mm 

diameter) were introduced into a 125mL ceramic jar. Both milling balls and jar are made 

of high resistant zirconia material. Then, 45mL of anhydrous ethanol solvent were added 

to the mixture. The jar was closed and placed into the ball mill. The particles were then 

grinded during 30min at a rotation speed of 1800 rpm. After grinding, the LuAG:Ce NPs 

were separated from the zirconia balls using a metallic sieve with a mesh size of 275µm. 

The resulting LuAG:Ce NPs suspension was stable at room temperature for several weeks. 

2.3 Preparation of LuAG:Ce/ZnO NS and ZnO NCs photocatalysts 

In order to allow ZnO nanocrystals (ZnO NCs) to grow on the surface of LuAG:Ce NPs, 

Zn(OAc)2 and TMAH were progressively added to LuAG:Ce NPs suspension (1mg.mL-1), under 

vigorous stirring at 100°C, as illustrated in the figure S1 (supplementary material). The Zn(OAc)2 

solution was prepared by dissolving 68mg (0.37 mmol) of anhydrous Zn(OAc)2 in 10mL of 

anhydrous ethanol and mixed then with 30µl of oleic acid. TMAH solution was prepared by 

dissolving 110mg (0.61 mmol) of tetramethyl ammonium hydroxide pentahydrate in 10mL of 

anhydrous ethanol. LuAG:Ce NPs suspension was prepared by dispersing 30 mg of LuAG:Ce NPs 

powder in anhydrous ethanol at 1mg.mL-1 concentration. The theoretical LuAG:Ce/ZnO weight 
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ratio was 1:1. Zn(OAc)2 and TMAH solutions injections (1mL each one) into LuAG:Ce NPs 

suspension have been alternated so that the hydrolysis/condensation of Zn(OAc)2 precursor can 

occur on the surface of LuAG:Ce NPs. The resulting solution was centrifuged (15 min at 4000 

rpm) with removal of the supernatant and precipitate was washed several times with ethanol 

solvent. The collected green precipitate was then dried in air at 80°C, and finally heated in oven at 

500°C for 2 hours. Pure ZnO NCs were synthesized according to the procedure described in our 

previous reports [53].  

2.4 DST assay 

The production of hydroxyl radicals (˙OH) by pure ZnO NCs and LuAG:Ce/ZnO NS was 

estimated using disodium terephthalate (DST), which turns into fluorescent 2-

hydroxyterephthalate (2-OH-DST) emitting at 428 nm upon reaction with ˙OH radicals. Briefly, 

40 mg of photocatalyst (ZnO NCs or LuAG:Ce/ZnO NS) were dispersed in 20 mL of DST aqueous 

solution (2x10-5 M). The mixture was then stirred in the dark for about 20min so that the 

photocatalyst is properly dispersed in the solution before being irradiated (Xe lamp with P = 

1000W) for about 4 min. Samples have been collected at different irradiation times. The 

photoluminescence (PL) spectra (under 350 nm excitation) were then recorded on each sample in 

order to estimate the 2-OH-DST molecules formed vs time. 

2.5 Photocatalytic activity 

The photocatalytic activity of the as-prepared materials was studied through the degradation of 

sulfathiazole (STZ) in aqueous solution (10−4 M). In a typical experiment, 20 mg of photocatalyst 

were mixed with 10 mL of STZ aqueous solution to reach a photocatalyst concentration of 2 g.L-

1. The mixture was then ultrasonicated for 10min (using Fisherbrand FB 15050 setup) and then 

stirred during 30 min in the dark in order to reach the adsorption equilibrium. We should note that 
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the blank experiments clearly showed that hydroxyl radicals are not formed during the sample 

preparation step. The photocatalyst/STZ dispersion was then transferred into the photocatalytic 

glass reactor and finally exposed to the Xe lamp (250 nm - 1000 nm, 1000W). The photocatalytic 

activity was studied under UV-Vis and Visible light. In the first study, both UV (350-400nm) and 

visible light (400-800nm) from the Xe lamp were used during the irradiation process. In that case, 

wavelengths from 250nm to 350nm were filtered using a 350nm filter while NIR light 

(wavelengths longer than 800nm) was filtered by water. As for the photocatalytic activity under 

visible light, a 400nm glass filter was used in order to cut off the wavelengths below 400nm. The 

light intensity at the surface of STZ solution under UV and UV-Vis irradiation was estimated to 

be 1.5x1018 photons cm-2 s-1 and 5.7x1017 photons cm-2 s-1, respectively.  

The figure S2 (supplementary material) shows the transmittance curve and the light output of the 

Xe lamp with 350nm and 400nm glass filters. The photocatalyst/STZ mixture was continuously 

stirred during the light irradiation. The disappearance of STZ vs time was followed by high 

performance liquid chromatography (HPLC) using a Waters 540 HPLC chromatograph system 

equipped with a Waters 996 photodiode array detector. The experiments were performed using 

UV detection at 250nm and 300nm. The flow rate was 1.0 ml.min−1 and the injected volume was 

50 μl. The elution was accomplished with acidified water (0.1% acetic acid) and methanol (40:60 

v/v ratio). The photocatalyst/STZ solutions collected at different irradiation times were centrifuged 

and only the supernatant was analyzed by HPLC. The byproducts obtained through the 

photocatalytic decomposition process of STZ were analyzed by high-performance liquid 

chromatography/electrospray ionization/mass spectrometry (HPLC/ESI/MS) in positive mode. 

We should add that all the photocatalysis related experiments were repeated two times at least and 

experiments were found to be reproducible with an error of about 5%.  
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2.6 Characterization methods 

XRD patterns were recorded on a Philips X-Pert Pro diffractometer operating with the Cu-Kα 

radiation (λ = 1.5406 A°). An ATR accessory installed on a Nicolet FT-IR spectrometer was used 

to record FTIR spectra. The particle size and morphology was investigated by means of a Hitachi 

H-7650 Transmission Electron Microscope (TEM) operating at 80 kV, in a high resolution mode 

and combined with a Hamamatsu AMT HR CCD camera placed in a side position. High Resolution 

Transmission Electron Microscope (HRTEM) observations were performed using a FEI Tecnai 

G2 20 instrument operating at 200 kV coupled with Energy-Dispersive X-ray Spectroscopy (EDS) 

measurements for chemical identification. TEM and HRTEM images were taken by depositing a 

drop of the photocatalyst dispersion in ethanol onto a carbon film supported nickel grid. In order 

to characterize the porosity of the synthesized materials, nitrogen sorption isotherms were recorded 

at 77.35 K using a MICROMERITICS ASAP 2020 automatic apparatus, after an outgassing 

process of 12 hours at 90 °C under secondary vacuum. The specific surface area was determined 

by the Brunauer–Emmett–Teller (BET) method [54]. The pore size distribution and volume were 

obtained from the N2 desorption/isotherm using the Barrett–Joyner–Halenda (BJH) model [55]. 

LuAG:Ce NPs suspensions in ethanol were also studied in terms of particle size distribution using 

Dynamic Light Scattering (DLS) method. Zetasizer Nano ZS, Malvern, UK instrument was used 

for measurements. Diffuse reflectance UV–vis spectra of the samples were measured using a 

Shimadzu UV-2101PC spectrophotometer. BaSO4 is used as a standard for base line measurements 

and spectra are recorded in the 300nm – 800nm spectral range.  

3. Results and discussion 

3.1 Preparation of Ce-doped Lu3Al5O12 Nanoparticles (LuAG:Ce NPs) 
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LuAG:Ce NPs have been prepared by a ‘’top-down’’ approach, starting from commercialized 

LuAG:Ce microparticles phosphor, using high energy ball milling method. The ball milling 

conditions (LuAG:Ce phosphor concentration vs ethanol, rotation speed, milling time, etc) have 

been adjusted to yield LuAG:Ce NPs with narrow particle size distribution as shown in figure 1(a). 

Results also showed that the DLS particle size was about 200nm which is two times larger than 

the average particle diameter measured from the TEM image (i.e. 100 nm). A representative TEM 

image of the as-prepared LuAG:Ce particles is given in figure 1(b). This is because the DLS 

particle size corresponds to the hydrodynamic diameter which includes both the size of the particle 

core and the thickness of the solvation layer surrounding the particle. Moreover, TEM image of 

LuAG:Ce NPs taken at higher magnification (figure S6, supplementary materials) showed well 

dispersed nanoparticles with irregular shape and size since LuAG:Ce NPs are formed by breaking 

up the initial LuAG:Ce particles due to the high energy ball milling process.   

 

 

 

Figure 1. Particles size distribution measured by DLS (a) and a representative TEM image of the 

as-prepared LuAG:Ce NPs (b). Inset of figure 1(a) is a picture of the as-prepared LuAG:Ce 

suspension in ethanol. 
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TEM observation of the as-prepared LuAG:Ce NPs also revealed the presence of relatively well 

dispersed nanoparticles with low degree of agglomeration. The inset of figure 1(a) shows a picture 

of the as-prepared green LuAG:Ce NPs dispersion that was stable for few weeks. This result 

indicates that the high energy ball milling method is suitable for making stable phosphor 

nanoparticles. The crystallinity of the as-prepared LuAG:Ce NPs was demonstrated by XRD as 

shown in figure S3 (supplementary material). All diffraction peaks correspond to the pure 

Lu3Al5O12 phase (JCPDS file 73-1368) indicating that the high ball milling doesn’t alter the 

original structure of LuAG. Moreover, no contamination with zirconia was observed. XRD 

patterns also showed broader XRD in the case of LuAG:Ce NPs compared to the commercialized 

LuAG:Ce microparticles. The broader XRD peaks are consistent with the formation of LuAG:Ce 

NPs as shown by TEM (figure 1(b)). The crystallite size of LuAG:Ce NPs can be estimated from 

the full-width at half maximum (FWHM) of the XRD peaks using the Debye-Scherrer’s equation 

[56]. The crystallite size was found to be around 100 nm which is in agreement with the TEM 

result. 

 

3.2 Synthesis of Lu3Al5O12:Ce NPs/ZnO Nanostructures (LuAG:Ce/ZnO NS) 

The structure of the as-prepared LuAG:Ce/ZnO composites was first studied by XRD as shown 

in figure 2.  
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Figure 2. XRD pattern of (a) Pure ZnO NCs (b) LuAG:Ce/ZnO NS and (c) pure LuAG:Ce NPs     

The XRD of LuAG:Ce NPs and ZnO NCs are also provided for comparison. From the XRD 

patterns, it can be seen that all the samples are well crystallized. As for pure ZnO NCs, the 

appearance of diffraction peaks corresponding to (100), (002), (101), (102), (110), (103), and (200) 

planes indicates the hexagonal wurtzite structure (JCPDS Card No. 80-0075) of ZnO. The 

broadening of the ZnO diffraction peaks is due to the small particle diameter of ZnO NCs. The 

crystallite size was found to be about 10 nm using Debye Scherrer formula. This value is in 

agreement with the particle size measured from TEM images.   

The XRD pattern of LuAG:Ce/ZnO NS shows the presence of diffraction peaks of both 

LuAG:Ce NPs and ZnO NCs suggesting that the presence the LuAG:Ce NPs in the reaction 

medium, during synthesis, doesn’t compromise the formation of well crystallized ZnO NCs.  

In order to confirm the formation of LuAG:Ce/ZnO NS and investigate the morphology, 

particles size, structure as well as the chemical composition of the composites, the as-prepared 

LuAG:Ce/ZnO NS was observed by TEM and HRTEM coupled with EDS measurements. TEM 
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observation (figure S4, supplementary material) showed a relatively well dispersed nanoparticles 

of about 100 nm surrounded with a shell of smaller and lower density nanoparticles of about 10nm 

diameter. One representative particle from figure S4 was selected and analyzed with EDS as shown 

in figure 3(a).  

 

Figure 3. (a) TEM image of a representative LuAG:Ce/ZnO nanoparticles with the corresponding 

EDS spectra and (b) HRTEM image taken at the LuAG:Ce/ZnO interface. 

The EDS spectra revealed that the core of the particle is enriched with LuAG elements while the 

shell of the particle is dominated by Zn and O elements. We should note that the Ni peaks in the 

EDS spectra are due to the Ni-based grids used for TEM/EDS analysis. In addition, a representative 

HRTEM image (figure 3(b)) taken at the core/shell interface of the particle shows the distance 

between the adjacent lattice fringes within the core and the periphery of the particle to be 4.8 Å 

(d2) and 2.81 Å (d1), respectively. These values are consistent with the spacing of (211) planes in 
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the LuAG cubic structure and (100) planes in the ZnO hexagonal wurtzite structure, respectively. 

This result confirms the formation of LuAG:Ce NPs/ZnO nanostructure where LuAG:Ce NPs are 

surrounded with a shell of ZnO NCs. By the way, FTIR spectrum of LuAG:Ce/ZnO NS (figure 

S5, supplementary material) showed that the characteristic peaks of LuAG:Ce (801cm-1, 736cm-1, 

702cm-1) are shifted to higher wavenumbers in LuAG:Ce/ZnO NS compared to the pure LuAG:Ce 

NPs which suggests that the ZnO NCs would be strongly linked to the surface of LuAG:Ce NPs 

probably through a Zn-O-M covalent bonds (with M=Al, Lu). The creation of strongly linked 

LuAG:Ce/ZnO composite would be highly beneficial for enhancing the 

photogeneration/separation of e-/h+ carrier which could improve the photocatalytic activity of the 

ZnO under the visible light.  

Diffuse reflectance UV-Vis spectra of the as-prepared pure ZnO NCs, LuAG:Ce NPs and 

LuAG:Ce/ZnO NS are presented in Figure 4. The photograph of the corresponding nanopowders 

are also provided in the inset of figure 4.   

 

Figure 4. Diffuse reflectance UV–Vis spectra of pure ZnO NCs, LuAG:Ce NPs and 

LuAG:Ce/ZnO NS. Inset shows a digital picture of the corresponding nanopowders.  
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It can be seen from figure 4 that ZnO NCs have no absorption in the visible light due to its wide 

band gap. However, when ZnO NCs are associated with LuAG:Ce NPs in LuAG:Ce/ZnO 

core/shell NS its absorption edge seems significantly red-shifted compared to the pure ZnO NCs. 

The LuAG:Ce/ZnO NS reveals extended optical absorption in the 400-550nm range compared to 

the pure ZnO NCs. This extended optical absorption to the visible light suggests that LuAG:Ce 

NPs could enhance the visible light photocatalytic activity of ZnO semiconductor.  

The porosity, which is one of the key parameters in photocatalysis, of the as-prepared 

LuAG:Ce/ZnO NS was also measured using N2 adsorption/desorption method. The resulting N2 

adsorption/desorption isotherm of pure ZnO NCs and LuAG:Ce/ZnO NS is provided in figure 5.  

 

Figure 5. N2 adsorption/desorption isotherm of the pure ZnO NCs and LuAG:Ce/ZnO NS 

It can be seen that both pure ZnO NCs and LuAG:Ce/ZnO NS have a type IV isotherm with H2 

hysteresis loop according to the IUPAC classification [57], which is characteristic of mesoporous 

materials. Since ZnO and LuAG:Ce nanoparticles are a non-porous materials, the mesopores are 

likely due to the formation of interparticle cavities which result from drying/agglomeration of the 

corresponding particles in the nanopowder. This feature does not exhibit any limiting adsorption 
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at high P/P0 and is typically observed in the literature when aggregates of nanoparticles with 

irregular shapes and morphologies are formed [56-59]. Figure 5 also shows that the quantity of N2 

adsorbed in LuAG:Ce/ZnO NS is much higher suggesting higher specific surface area compared 

to the pure ZnO NCs. Table 1 provides the BET surface area and pore volume obtained for the 

pure ZnO NCs, LuAG:Ce NPs and LuAG:Ce/ZnO NS.       

 

 

 

   

Photocatalyst Specific surface area (m2.g-1) Pore volume (cm3.g-1) 

ZnO NCs 6.2 0.018 

LuAG:Ce NPs 40 0.2 

LuAG:Ce/ZnO NS 32 0.12 
 

Table 1. Specific surface area and pore volume of ZnO NCs, LuAG:Ce NPs and LuAG:Ce/ZnO 

NS. 

As can be seen from the table 1, the specific surface area of LuAG:Ce/ZnO NS is 32 m2.g-1, 

which is about 5 times higher compared to the pure ZnO NCs. The pore volume was also found to 

be about 6 times higher compared to the pure ZnO NCs. The low surface area and pore volume of 

the pure ZnO NCs is likely due to the fact that the original small ZnO NCs fuse together after 

drying/calcination to produce large and dense particles that have low interparticle cavities with 

mesoporous dimensions. This was supported by TEM observations performed on ZnO NCs before 

and after 500°C treatment (Figure S7). The initial ZnO NCs (figure S7(a)) showed well dispersed 

spherical nanoparticles of about 10nm diameter with a highly homogeneous morphology and size 

while TEM image of the as-prepared ZnO NCs (figure S7(b)) showed much bigger aggregated 
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nanoparticles of about 100-200nm with inhomogeneous morphology and size.  In contrast, the 

higher surface area and pore volume measured for LuAG:Ce/ZnO NS suggests that the growth of 

ZnO NCs on the surface of LuAG:Ce NPs prevents the particles from high aggregation and helps 

ZnO NCs to be homogeneously dispersed in the composite. This could result in much less NCs 

aggregates and provides more surface area and higher pore volume to the composite. It was also 

found that LuAG:Ce NPs have higher surface area (i.e. 40 m2.g-1) compared to LuAG:Ce/ZnO NS. 

Interestingly, LuAG:Ce/ZnO photocatalyst NS has an intermediate surface area between those of 

pure ZnO NCs and pure LuAG:Ce NPs. The lower surface area of LuAG:Ce/ZnO NS (i.e. 32 m2/g) 

compared to the pure LuAG:Ce NPs (i.e. 40 m2/g) is likely due to the fact that the growth of ZnO 

NCs on the surface of LuAG:Ce NPs results in core/shell like structure with bigger particle size. 

The aggregation of ZnO NCs in the interparticle cavities (mesopores type) formed between the 

LuAG:Ce NPs could also contribute to the surface area drop within the LuAG:Ce/ZnO NS. Based 

on these results, the LuAG:Ce/ZnO NS is supposed to yield higher photocatalytic activity. In order 

to check how consistent is this statement, the photocatalytic efficiency of the as-prepared ZnO 

NCs and LuAG:Ce/ZnO NS photocatalysts was evaluated through the photocatalytic degradation 

of STZ under UV-Vis and visible light.  

3.3 Photocatalytic activity and recyclability studies          

Figure 6 provides the kinetic of degradation of STZ with and without the presence of pure 

LuAG:Ce NPs, pure ZnO NCs and LuAG:Ce/ZnO NS. The C/C0 ratio was used to represent the 

degradation rate, where C and C0 are the STZ concentration at times t and 0, respectively. C0 was 

1x10-4M while C was calculated by integrating the area under the HPLC signal at about 6.7min, 

which corresponds to the retention time of STZ molecule.  
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Figure 6. Evolution of STZ conversion (C/C0) vs irradiation time under (a) UV-Visible and (b) 

visible light. Error bar of 5% is included. 

 

Table 2. Initial photocatalytic reaction rate (ʋ) of the degradation of STZ in UV-Vis and visible 

light using the as-prepared photocatalysts. ʋ was calculated from the slope of the best-fit line 

through the plotted C (concentration of STZ) vs irradiation time.  

Results showed first that STZ doesn’t undergo any degradation in the absence of photocatalyst 

even though the molecule is irradiated with UV-Vis or visible light over a long period of time. 

Results also showed that the degradation of STZ is very slow when only pure LuAG:Ce NPs are 

used. However, significant and rapid degradation of STZ was observed in the presence of 

LuAG:Ce/ZnO NS and ZnO NCs. Interestingly, it can be seen that the photocatalytic 

decomposition of the STZ molecule is much higher with LuAG:Ce/ZnO NS compared to the pure 

ZnO NCs regardless of whether the UV-Vis or visible light irradiation is used, although the 

degradation rate is much higher under UV-visible light when compared to visible light. For 

instance, the decomposition of STZ under UV-Vis light in the presence of LuAG:Ce/ZnO NS was 
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found to be almost 100% at 90min while the degradation was limited to 69% when pure ZnO NCs 

are used. Under visible light, the decomposition of STZ in the presence of LuAG/ZnO NS reaches 

more than 80% at 300min, while only about 30% degradation is achieved with ZnO NCs at the 

same irradiation time.  

Table 2 also shows that the initial photocatalytic reaction rate is about 3.5 times higher with 

LuAG:Ce/ZnO NS compared to the pure ZnO NCs in both UV-visible and visible light. This result 

clearly indicates that the introduction of LuAG:Ce NPs enhances the visible light photocatalytic 

response of ZnO NCs. This result is also consistent with the specific surface area measurements 

which showed higher surface area for LuAG:Ce/ZnO NS. In fact, higher surface area provides 

more adsorption active sites for the pollutant and thus facilitates the oxidation of the pollutant 

molecule by a direct reaction with the photo-induced holes at the surface of the photocatalyst [45].  

Furthermore, it has been reported that hydroxyl radicals (˙OH) are the key trigger of the 

photocatalytic decomposition of STZ in aqueous media [60]. The degradation pathway 

would likely start with the attack of STZ benzene ring by ˙OH radicals with the generation 

of NH4
+ in the medium which results in a series of reactions leading to the ring opening 

and the formation of a mixture of carboxylic and dicarboxylic acids [60]. In order to 

demonstrate the formation of hydroxyl radicals (˙OH) from LuAG:Ce/ZnO NS during the 

photocatalysis process, the ˙OH radical-specific fluorimetric assay was used. In this assay, 

˙OH radicals have been revealed by the reaction of disodium terephthalate (DST) with the 

photogenerated ˙OH radicals to form the fluorescent 2-hydroxyterephthalate anion (2-OH-

DST), which emits at 428nm under UV excitation [61-62]. The PL intensity at 428nm can 

then be correlated with the number of ˙OH radicals produced by the photocatalyst. Figure 

Photocatalyst Initial photocatalytic 

reaction rate in UV-Visible 

range (mol.L-1.min-1) 

Initial photocatalytic 

reaction rate in Visible 

range (mol.L-1.min-1) 

LuAG:Ce NPs 2.33 10-8 - 

ZnO NCS 9.44 10-7 1.3 10-7 

LuAG:Ce NPs/ZnO NS 3.2 10-6 4.62 10-7 
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7(a) shows the change in the relative PL intensity at 428nm of DST aqueous solutions 

containing ZnO NCs and LuAG:Ce/ZnO NS as a function of irradiation time.  

 

Figure 7. (a) Change in the relative PL intensity at 428nm of DST aqueous solution (2x10-5 M) 

containing ZnO NCs and LuAG:Ce/ZnO NS as a function of irradiation time and (b) photocatalytic 

recyclability study with LuAG:Ce/ZnO NS. Experiments were performed under UV-Vis light 

irradiation.   

It was found that the fluorescence intensity at 428nm increases very quickly in the 60 first 

seconds of irradiation, which suggests a very fast production of ̇ OH radicals in the medium. These 

results also show that LuAG:Ce/ZnO NS induces enhanced production of ˙OH radicals when 

compared to the pure ZnO NCs. We should add that 2-OH-DST was not produced in control 

experiments performed without irradiation, which confirms that the hydroxylation of DST 

molecule only occurs when the solution is irradiated. In other words, the production of ˙OH 

radicals is photo-induced. Therefore, the DST assay confirms the key role of ˙OH radicals in the 

photocatalytic conversion of STZ.  

Moreover, by following the STZ disappearance using LuAG:Ce/ZnO NS photocatalyst, the main 

decomposition products were detected and identified using HPLC/ESI/MS in positive mode 

(figure S8, supplementary materials). At the early stages of the irradiation, with about 25% STZ 
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conversion, two isomer products at m/z = 272.0172 corresponding to the elemental composition 

C9H10N3O3S2 with an error of 3.1 ppm were formed. These products likely result from the 

hydroxylation of STZ. Together with these two products, the analyses clearly showed the 

formation of small amount of 4-hydroxy-N-(1,3 thiazol) benzenesulfonamide with m/z =257.0049 

(C9H9N2O3S2 with an error of 2.2 ppm) in perfect agreement with published results [60]. It should 

be noted that two other byproducts arising from the scission of S-N bond were also observed (m/z 

= 174.0226 and m/z = 87.0140, data not provided) as commonly reported with sulfonylureas 

compounds [63]. All these compounds represent the very first products of the photocatalytic 

mineralization process of STZ.   

The DST assay was also used to assess the ability of reusing LuAG:Ce/ZnO NS in photocatalysis 

by performing consecutive DST conversion with the same LuAG:Ce/ZnO NPs batch. The 

photocatalyst was systematically washed several times with water in order to remove the by-

products of DST conversion and traces of 2-OH-DST or DST left from the previous DST 

conversion trial. The recyclability of LuAG:Ce/ZnO NS was monitored by measuring the PL 

intensity at 428nm after 60sec irradiation for each DST conversion cycle. The results of these 

experiments are shown in figure 7(b). Results showed that the initial PL intensity at 428nm due to 

the photogenerated 2-OH-DST was maintained for up to 7 DST conversion cycles, which suggests 

a stable production of ̇ OH radicals after each DST conversion/washing cycle. Similar results were 

obtained by following the STZ degradation. The good ˙OH radicals production stability observed 

throughout the DST conversion as well as STZ disappearance assay clearly indicates that recycling 

has no significant impact on the dispersion of the photocatalyst particles in the medium or on its 

surface properties and reactivity. This result suggests that LuAG:Ce/ZnO NS photocatalyst is 
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highly robust and can potentially be reused in water decontamination for many times while keeping 

high photocatalytic activity.  

4. Conclusions 

In summary, LuAG:Ce/ZnO NS photocatalyst has been successfully prepared, for the first time, 

using a rapid hydrolysis/condensation of Zn(OAc)2 in the presence of LuAG:Ce NPs. LuAG:Ce 

NPs of about 100 nm diameter have been easily made using ball milling method starting from 

standard and commercially available LuAG:Ce phosphor. The results showed that small and highly 

crystallized ZnO NC of about 10 nm diameter are formed and closely linked to the surface of 

LuAG:Ce NPs as a core/shell like structure. This structure was found to be highly beneficial for 

photocatalytic activity enhancement of ZnO NCs under UV-visible and visible light. The 

photocatalytic efficiency improvement with LuAG:Ce/ZnO NS was demonstrated through the 

photocatalytic decomposition of STZ in aqueous solution. Results showed that the decomposition 

of STZ under UV-Vis light in the presence of LuAG:Ce/ZnO NS was almost 100% at 90min while 

the degradation remains limited to 69% when pure ZnO NCs are used. Under visible light, the 

decomposition of STZ by LuAG:Ce/ZnO NS reaches more than 80% at 300min, while only about 

30% degradation is achieved with ZnO NCs at the same irradiation time. The photocatalytic 

activity enhancement was found to be consistent with the higher specific surface area and enhanced 

˙OH radicals production with LuAG:Ce/ZnO NS when compared to the pure ZnO NCs. The 

photocatalytic recyclability study also showed that LuAG:Ce/ZnO NS can be reused in a multiple 

photocatalytic cycles without compromising the photocatalytic efficiency of the composite. This 

feature is highly desired in photocatalysis-based water decontamination and would make 

LuAG:Ce/ZnO NS a very good photocatalyst in the future in that particular area.   
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Supplementary Material. S1: A schematic illustration of the synthetic method of 

LuAG:Ce/ZnO NS. S2: Transmittance curve and the light output of the Xe lamp with 

350nm and 400nm glass filters. S3: XRD pattern of commercialized LuAG:Ce phosphor 

and as-prepared LuAG:Ce NPs. S4: TEM image of LuAG:Ce/ZnO NS. S5: FTIR spectra 

of ZnO NCs, LuAG:Ce NPs and LuAG:Ce/ZnO NS. S6: TEM image of the as-prepared 

LuAG:Ce NPs. S7: TEM image of ZnO NC before and after 500°C calcination. S8: Mass spectra 

recorded during the early stage of STZ decomposition using HPLC/ESI+/MS.  
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