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Abstract

ZnO nanoparticles doped with different Eu3+ percentages were synthesized in water (ZnO:Eu(x%)-W) and other solvents

(methanol ZnO:Eu(x%)-M and ethanol ZnO:Eu(x%)-E). X-ray diffraction (XRD), transmission electron microscopy

(TEM), X-ray photoelectron spectroscopy (XPS), optical absorption and photoluminescence (PL) spectroscopy were

used for characterization of the nanoparticles. Our results showed influence of europium doping and solvents on size,

particles agglomeration, light absorption and photocatalytic activity. Improvement in photocatalytical activity with

addition of Eu3+ doping was detected. Particle size increased with Eu3+ doping in water samples, while it decreased

in methanol. Agglomeration was more prominent in ZnO:Eu(x)-W samples.Greater amount of surface OH groups in

case of ZnO:Eu(x%)-M samples was detected by PL, XPS and FTIR measurements. Influence of europium doping, as

an electron trap, and surface OH groups, as a hole trap, was studied in sunlight photocatalytic degradation of cationic

methylene blue (MB) and anionic methyl orange (MO). Improved photocatalytic behavior was discussed and influence

of active species was further investigated using hole and hydroxyle radical scavengers. The degradation pathway of MB

and MO, using high performance liquid chromatohraphy (HPLC ), is also examined.

c© 2016 Published by Elsevier Ltd.
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1. Introduction

Elimination of environmental pollution, by photocatalytic transformation of the organic pollutants into

nontoxic molecules, becomes one of the widely researched topics [1–14]. Industrialization has led to con-

siderably increase in a number of phenols, pesticides, dyes, solvents, and other organic pollutants with

potentially carcinogenic intermediates in natural resources [15]. Aromatic azo-dyes, that cause hypersen-

sitivity and allergies [16], are a major class of synthetic organic compounds and comprise about half of

© 2016. This manuscript version is made available under the Elsevier user license
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the total world dye market released by many industries such as paper, plastic, leather, food, cosmetic and

pharmaceutical [17, 18]. Various systems were used in photocatalytic degradation of dyes with different suc-

cess, but semiconductors are among the most researched and employed in various formats: alone [19–23],

defect-induced [24–26], doped [4, 5, 27–33], or combined with another material [10, 14, 34–36].

ZnO is a low cost semiconductor with wide bulk band gap (3.2 eV), large room temperature exciton

(photoinduced electron-hole pairs) binding energy of 60 meV and excellent chemical and thermal stability

[9, 37]. Due to its photosensitivity and catalytic properties it has been broadly studied as an efficient pho-

tocatalyst for the decomposition of many organic compounds [19, 20, 38]. However, ZnO photocatalytical

efficiency is greatly hindered because of high recombination ratio of photoinduced electron-hole pairs, very

poor response to visible light and high possibility of the photocorrosion.

In order to solve mentioned problems many researchers used doping (Al, Cu, Cd etc) or creating multi-

component nanojunction system (Ag, Si, Au etc) on ZnO matrices [4, 10, 14, 27–29, 33–35]. For instance,

doping with rare earth (RE) ions improved photocatalytic efficiency (through reducing the electron-hole

pairs recombination), improved light absorption (through the creation of impurity energy levels within the

band gap) while also advancing system PL emission (due their characteristic incompletely filled 4f shell)

without blinking and photobleaching [28, 31, 32, 39–43]. Khatamian et al. [41] used La3+, Nd3+ and Sm3+

doping to improve the photoactivity of ZnO in degradation of 4-nitrophenol. While Sin et al. [3, 44] greatly

improved ZnO photochatalytical degradation efficiency of phenol under natural sunlight by doping ZnO

with Eu3+ ions. The reports of Eu3+ doped ZnO nanoparticles in degradation of MO [45, 46] and MB [47]

showed improved efficiency of doped samples under UV light.

Redox potential of the Eu3+ ion is -0.35 V (ZnO band gap is at -0.50 V versus NHE) [9, 31] so it

can effectively trap the electrons from conducting band e−
cb

with partially filled f-orbital [32]. In similar

manner, surface hydroxyl groups and methanol, can be used as hole traps [5, 48–51]. Surface OH groups

and methoxide are formed during methanol reactions with oxygen on ZnO or TiO2 nanoparticles surface

[50–53]. This was main reason why we used methanol as a Zn ions solvent in our synthesis.

To the best of our knowledge this work reports for the first time on combined usage of surface OH

groups (as a hole trap), and Eu3+ ions (as an electron trap), in ZnO:Eu nanoparticles for photocatalytical

degradation of MB and MO. ZnO nanoparticles were synthesized with various doping percentages of Eu3+,

for which water (ZnO:Eu(x%)-W), methanol (ZnO:Eu(x%)-M) or ethanol (ZnO:Eu(x%)-E) were used. The

synthesized nanoparticles were characterized by several techniques (UV-vis, PL, XRD, XPS, FTIR) and

used for the photocatalytic degradation of cationic and anionic dyes, MB and MO, under simulated sunlight

irradiation. MB and MO are commonly used materials in the dye industry and they are chosen because

they are well-studied good representatives of acidic (anionic) and basic (cationic) dyes, offering better un-

derstanding of ionic interaction and its influence on photocatalytic degradation efficiency. The increased

photoactivity of nanoparticles was discussed based on the separation process of electron-hole pairs and the
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active species creation and detection.

2. Materials and methods

Materials used in our experiments are Zn-acetate (Zn(CH3 COO)2·H2O, Sigma-Aldrich), sodium hy-

droxide (NaOH,Sigma-Aldrich), europium nitrate (Eu(NO3)3 ·H2O, Sigma-Aldrich), methyl orange (C14H14N3NaO3S,

Merck) and methylene blue (C16H18ClN3S, Merck), acetonitrile (C2H3N), potassium iodide (KI), tereph-

thalic acid (C8H6O4, Sigma-Aldrich). All the reagents used in this work were of analytical grade without

further purification.

2.1. Synthesis of ZnO and ZnO:Eu nanoparticles

The synthesis procedure of ZnO:Eu(x%)-W: 0.8 ml NaOH (1 M) was added into 2.45 ml of 4D aque-

ous solution, consisted of Zn-acetate (0.2 M) and europium nitrate (0.2 M). Zn2+ and Eu3+ ions were in

corresponding ratios for 0, 1, 3, 5 and 10% Eu3+ doping.

The modified (non-water) synthesis of ZnO:Eu(x%)-M: ethanol solution of 0.8 ml NaOH (1 M) was

added into 2.45 ml solution consisted of Zn-acetate (0.2 M) dissolved in methanol and europium nitrate (0.2

M) dissolved in ethanol (in ratios needed for 0, 1, 3, 5 and 10% Eu doping). In case of ZnO:Eu(x%)-E

samples all salutes ( Zn-acetate (0.2 M), NaOH (1 M) and europium nitrate (0.2 M)) were dissolved in

ethanol. In both synthesis procedure, water and non-water solutions were treated in the same way, placed in

a microwave oven and headed at 800 W for a period of time needed for reagents to react and samples to dry

out (3 min 30 sec).

2.2. Characterization

X-ray diffraction measurements (XRD) were performed on a Rigaku Ultima IV diffractometer (CuKα ra-

diation λ = 0.154 nm). The transmission electron microscopy (TEM) measurements and electron diffraction

(SAED) pattern were taken on JEOL JEM-2100 LaB 6. UV-vis absorption spectra of the nanoparticles were

obtained by using a Perkin Elmer Lambda 5 UV-vis spectrophotometer. The photoluminescence (PL) spec-

tra of the nanoparticles were recorded on a Perkin Elmer LS 3B spectrophotometer at the 320 nm excitation

wavelength and Fluorolog-3 Model FL3-221 (Horiba Jobin-Yvon) was used for the 466 nm excitation.

FTIR spectroscopic analyses were carried out at room temperature using a Nicolet 380 spectrophotome-

ter in the spectral range from 400 to 4000 cm−1, with a resolution of 4 cm−1. The datasets were averaged

over 200 scans.

XPS measurement were done at a SPECS X-ray photoelectron spectrometer equipped with an X-ray

tube, coupled to a Micro-FOCUS 600 X-ray monochromator, and a Phoibos 150 hemispherical energy

analyser attached to an analysis chamber. The base pressure in the analysis chamber was kept below 1×10−9

mbar. The monochromatized aluminum (Al) Kα (1486.6 eV) X-ray beam was produced at a power of 100
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W with an anode voltage of 15 kV and a current of 6.7 mA. The full width at half maximum (FWHM) of the

Au 4f7/2 peak for 20 eV pass energies was 0.5 eV. The survey spectrum was recorded using an energy step

of 1 eV and a pass energy of 70 eV. High resolution photoelectron spectra were obtained using an energy

step of 0.05 eV and a pass energy of 20 eV. A flood gun with 1 eV electron beam (10 µA emission current)

was used to neutralize possible surface charging. The binding energy (BE) of the C 1s peak at 284 eV was

used for the BE calibration.

High performance liquid chromatohraphy (HPLC) analyses were performed using a Waters 600E chro-

matograph with a reversed-phase column ( Jupiter C18, 5 µm, 250 x 4.6 mm) at 40 ◦C. For MO degraded

samples gradient composed of solution A (10.0 mM ammonium acetate solution) and solvent B (acetoni-

trile) was used. The gradient conditions were as follows: 0-5 min, hold at 2.5% B; 5-10 min, a linear

increase from 2.5 to 5% B; 10-15 min, a linear increase from 5 to 99% B; 15-35 min, hold at 99% B. The

flow was set at 0.2 ml/min. In case of MB solution, a mobile phase acetonitrile-ammonium acetate had

40/60 (v/v) ratio with flow 0.2 ml/min. Waters UV detector was set at 465 nm (for MO) and 664 nm for MB.

2 µl of sample was injected by using autosampling device. The eluents from the chromatographic column

successively entered the UV-Vis detector.

The zeta potential measurements on 0.02 ppm concentrated samples without any further treatmen were

performed by ZetaPALS instrument.

An average hydrodynamic diameter was recorded at Brookhaven Instruments light scattering setup BI-

200SM with goniometer 80-1600 and correlator BI-9000AT, using argon ion laser operating at 514 nm. The

temperature was equilibrated to 25 ◦C, and the pH was varied in the 6-10 range using 0.001M HClO4 or

0.15M NaOH prior to collecting the data. The effect of pH on average hydrodynamic diameter was studied

for ZnO:Eu materials by optical method (dynamic light scattering).

2.3. Photocatalytic activity

For study of photocatalytic activity, 1 mg per 1.0 mL of the ZnO or ZnO:Eu samples with various Eu3+

loadings were dispersed in 10 ppm aqueous solution of methylene blue or methyl orange. After sonication

for 60 min in the dark, needed for absorption-desorption equilibrium to be achieved, the solutions were

placed in a quartz cell and irradiated by using an Osram Vitalux lamp at 300 W. The emission spectrum of

the lamp simulates solar radiation. The lamp was located at the distance of 50 cm above the top surface of

the dye solution. Absorption spectra of the solution were recorded at certain time intervals.

2.4. Detection of active species

The formation of •OH radicals by the photoirradiated ZnO and ZnO:Eu samples was detected by pho-

toluminescence (PL) technique with terephthalic acid (TA) as the probe molecule. Due to reaction with

•OH radicals TA produces highly fluorescent product, 2-hydroxyterephthalic acid (HTA), which shows the
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PL signal at 425 nm. In experimental procedures nanoparticles were added to the 1 × 103 M TA aqueous

solution with a concentration of 2 × 103 M NaOH. PL spectra of generated HTA were then recorded on

a Perkin Elmer LS 3B spectrophotometer at a 280 nm excitation after 15 min of irradiation. In order to

investigate the dominant influence of active species on dye degradation, hydroxyl and hole scavengers were

used. Acetonitrile was used as hydroxyl radical scavenger allowing us to research consequence of hole on

dye degradation. In the same maner potassium iodide (KI) was used as a hole scavenger. Dye (MB or MO),

in concentration of 10 ppm, was dissolved in acetonitrile (hydroxyl radical scavenger), prior to the sample

adding and lamp irradiation. Elimination of hole was done through dissolving potassium iodide in solution

of interest.

2.5. Total organic carbon determination

The total organic carbon (TOC) was determined by using Lab-TOC Model 2100. Equal amounts (25

mg) of ZnO:Eu(1%)-W photocatalyst were added into two glasses that contained 25 ml of the 50 ppm MO

solution. Same was done with ZnO:Eu(3%)-W in MO and with ZnO:Eu(1%)-M and ZnO:Eu(10%)-M in

MB solution. The choice of the samples were dictated by their success in dye degradation. After mixing for

60 min in the dark the first glass with solution was kept in the dark at room temperature, while the second

was irradiated with an Osram Vitalux lamp for 90 min. After irradiation both samples were centrifuged for

15 min with 4000 rpm in order to remove the photocatalyst from the solution and the TOC was determined

in remaining solution by equation reported elsewhere [54].

3. Result and discussion

3.1. Morphology and structure

XRD spectra of ZnO:Eu(x%)-M (x= 0%, 1% and 3% Eu doping) samples compared to ZnO hexagonal

bulk (ICSD #29272) are presented in Figure 1. The peaks are identified as (1 0 0), (0 0 2), (1 0 1), (1 0 2),

(1 1 0) and (1 0 3) planes of the hexagonal zinc oxide structure [55]. No europium oxide or impurity phases

were detected. However, the shift of the (002) peak position, as a function of Eu3+ ion doping percentage,

is observed (inset of Figure 1). The shift correlates with distortion of the ZnO crystal structure due to the

difference of Eu3+ and Zn2+ ionic radius [56].

Figure 2 (a and b) shows TEM images of the ZnO:Eu(1%)-W and ZnO:Eu(1%)-M samples. Magnified

crystal structure and ring electron diffraction patterns are displayed at upper and lower insets. The differ-

ences in particle size, shape, and distribution are detected for different solvents used in synhesis. From

particle size distribution (not presented here) of ZnO:Eu(1%)-W we calculated average size around 16.2 nm

and a broad size distribution (FWHM=8.86 nm). The distance between the two adjacent planes, estimated

from the lattice fringes (inset Figure 2a), is found to be 0.52 nm corresponding to (001) plane spacing [57].
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Fig. 1. XRD patterns of pure ZnO and ZnO:Eu(x%)-M nanostrucutures with different doping contents of Eu3+ (x=1% and 3%). Inset

is the magnified region of (0 0 2) peak.

In the case of the ZnO:Eu(1%)-M we detected spherical nanoparticles, with an average diameter of 5.6 nm

(particle size distribution not presented here) and a narrow size distribution (FWHM=2.62nm). The distance

between the adjacent lattice fringes is 0.28 nm, which reveals the (100) planes (inset Figure 2b). In both

cases, the ring electron diffraction patterns indicates a hexagonal crystal structure of ZnO.

0.52 nm

0.28 nm

a) b)

Fig. 2. TEM images of (a) ZnO:Eu(1%)-W and (b) ZnO:Eu(1%)-M nanoparticles. Crystal planes and obtained electron diffraction

(SAED) patterns are presented in upper and lower insets for both samples.

3.2. Spectroscopic studies

The absorption spectra of europium doped ZnO samples, for water and methanol, are presented in Figure

3. We detected blue shifts of all absorption band edges compared to ZnO bulk value (380 nm) due to the

quantum confinement, indicating the presence of nano-size particles. The influence of solvents on peak shifts
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and shapes was also observed. As seen in Figure 3a, with larger percentage of Eu3+ doping peaks are shifted

from 361 nm (x=0% pure ZnO) to 371 nm (x=5%), implying growth or agglomeration of nanoparticles. On

the other hand, in Figure 3b, the shift from 362 nm (x=0%) to 353 nm (x=10%) implied reduced particle

size in the case of ZnO:Eu(x%)-M samples. These findings are in consistency with TEM measurements

presented in Figure 2.

b)

a)

Fig. 3. Absorption spectra of a) (ZnO:Eu(x%)-W and b) (ZnO:Eu(x%)-M nanoparticles solutions for doping contents x% of Eu3+

Photoluminescence spectra are presented in Figure 4 showing the results under two different excitation at

320 nm (which is not absorbed by Eu3+ ions) and 466 nm (which is absorbed by Eu3+ ions) for ZnO:Eu(x%)-

W and ZnO:Eu(x%)-M samples. Under excitation at 320 nm all samples show band to band emission.

Depending on a Eu3+ percentages, for ZnO:Eu(x%)-W, band to band emission are in range from 385 nm to
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389 nm, while for ZnO:Eu(x%)-M in 381-386 nm range.

a) b)

d)c)

Fig. 4. Room temperature PL emission of a) ZnO:Eu(x%)-W with excitation wavelength λex=320 nm b) ZnO:Eu(x%)-W, λex=466

nm, c) ZnO:Eu(x%)-M λex=320 nm; d) ZnO:Eu(x%)-M λex=466 nm

There are six kinds of defects in ZnO crystal structure that contribute to the emission at wavelengths

higher than 400 nm. Oxygen vacancies (Vo) and zinc vacancies (Vzn), coming from the Schottky reaction

(equation 1a), zinc interstitials (Zni) arise from Frenkel reaction (equation 1b), oxygen interstitials (Oi)

appear in the system rich with O2 (equation 1c) [58, 59]. Oxygen antisites (ZnO), and zinc antisites (OZn)

are also contributor to rich defect emission of ZnO.

0⇐⇒ Vzn + Vo (1a)

Znzn ⇐⇒ Zni + Vzn (1b)

1

2
O2 =⇒ Oi (1c)
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Further ionization of Vo, Zni, Vzn and Oi leads to:

Vo ⇐⇒ V+o + e− Zni ⇐⇒ Zn+i + e− Vzn ⇐⇒ V
′

zn + h+ Oi ⇐⇒ O
′

i + h+

V++o ⇐⇒ V+o + h+ Zn+i ⇐⇒ Zn++i + e− V
′

zn ⇐⇒ V
′′

zn + h+ O
′

i ⇐⇒ O
′′

i + h+

Although different transition can result in similar emission, main contributions to the rich ZnO lumi-

nescence are coming from oxygen vacancies and zinc interstitials. For instance, peak at 421 nm is due to

carrier recombination between zinc interstitial (Zni) and hole in the valance band, while the emission at 485

nm comes from the single ionized oxygen vacancies (V+o ) or/and charged zinc vacancy (V
′

zn) [58–62]. The

PL spectra in green and yellow region show main difference between ZnO:Eu(x%)-W and ZnO:Eu(x%)-M

samples. After using methanol, we detected a strong and broad band around 550 nm. Green emission is the

result of the existence of singly ionised oxygen vacancy (V+o ) while some researchers attributed green and

yellow emission to the surface OH or Zn(OH)2 groups [63, 64]. Which in this case coincides with methanol

degradation to surface OH and methoxide at the ZnO surface [52]. Dominant emission from Eu3+ f-f transi-

tions are detected after excitation at 466 nm (Figures 4b and 4d). Lines at 591, 619 and 701 nm correspond

to europium characteristic 5D0 →
7F1, 5D0 →

7F2 and 5D0 →
7F4 transition, respectively [65–67]. The

emission intensity has increased with increasing of Eu3+ ion concentration, but in case of ZnO:Eu(x%)-M

samples intensity is smaller when compared to ZnO:Eu(x%)-W samples.
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Fig. 5. FTIR spectra of ZnO:Eu(1%)-W and ZnO:Eu(1%)-M samples.

In Figure 5 the FTIR spectra of ZnO:Eu(1%)-W and ZnO:Eu(1%)-M samples are presented. Zinc oxide

absorption band with stretching mode of Zn-O was detected at 458 cm−1 [68, 69]. The absorption bands

at 1343 cm−1, 1448 and 1563 cm−1 were assigned to the symmetric and asymmetric stretching vibration of
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the carboxylate group from the acetate anion. New line detected in ZnO:Eu(1%)-M sample at 1350 cm−1 is

assigned to CH3 vibration due to methanol used in synthesis [68]. OH ion presence can be confirmed by the

strong stretching mode at about 3247 cm−1 and a corresponding bending mode at about 1600 cm−1 present

only in ZnO:Eu(1%)-M sample [70]. However, it should be taken into account that presence of these modes

could also be due to presence of water adsorbed on the surface of the samples or in the environment around

the samples [71, 68].

3.3. XPS

The chemical composition of ZnO:Eu(5%)-W and ZnO:Eu(5%)-M, studied by XPS analysis, is pre-

sented in Figure 6. The XPS survey spectrum (not shown here) indicates peaks of Zn, O, C, Au and Na.

Detected gold came from the substrate and is used for binding energy calibration. After peak decomposi-

tion of the high-resolution O 1s region (Figure 6a), there are two contributions in a case of ZnO:Eu(5%)-W

(531.0 and 531.7 eV) and three contributions (530.3, 531.7 eV and 532.0 eV) in case of ZnO:Eu(5%)-M

sample. The component at 530.3 eV is attributed to the O2− ions in Zn-O-Zn [52], the components at 531.7

and 532.0 eV belong to surface OH groups [20, 29]. A higher energy peak at 532.0 eV can also be attributed

to the methanol adsorption at a ZnO surface [52]. The analysis of the Zn 2p photoelectron spectra revealed

presence of Zn 2p3/2 and Zn 2p1/2 peaks located at 1022.0 eV and 1045.0 eV, respectively [72]. The peak

at 1022.0 eV is characteristic of Zn2+ ion in an oxide environment [39]. The C 1s XPS spectra presents

two peaks (285.5 eV and 289 eV) that exist in both ZnO:Eu(x%)-W and ZnO:Eu(x%)-M samples, while

the peak at 284.2 eV is present only in the ZnO:Eu(x%)-M sample. The peaks at 285.5 eV and 289.0 eV

are assigned to C-O bond and acetate species, respectively [73, 74]. The peak at 284.2 eV belongs to the

surface CH3 from the methoxy group (-OCH3) and adsorbed methanol [52, 75, 76]. The Eu 3d XPS spectra

of ZnO:Eu(5%)-W and ZnO:Eu(5%)-M samples are presented in Figure 6d. Both spectra have four peaks

coming from the multiple spin-orbit interactions (J = 3/2 and 5/2 components of Eu 3d). The peaks at

1135.0 and 1164.6 eV belong to Eu3+ 3d5/2 and 3d3/2 respectively, while 1125 eV and 1155 eV are from

Eu2+ 3d5/2 and 3d3/2 energy levels [27, 73, 77]. The energy difference between the two Eu3+ lines, j-j energy

separation, is 29.4 eV and is in good agreement with literature values for oxygen-coordinated europium ions

[77]. In general, the peak intensities for the ZnO:Eu(5%)-M sample are much smaller than ZnO:Eu(5%)-W

sample, implying the lower amount of Eu ions that are incorporated into ZnO crystal structure and/or that Eu

ion peaks are partially screened by the surface methanol and methoxy group, detected in C 1s XPS spectra

[78, 77].

3.4. Photocatalytical activity

The results of the photocatalytic activities of ZnO nanoparticles (with and without Eu3+ ions), evaluated

by the photodegradation of methylene blue and methyl orange, are presented in Figure 7. In subfigures
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Fig. 6. XPS spectra of ZnO:Eu(5%)-W and ZnO:Eu(5%)-M a) O1s peaks; b) Zn 2p peaks; b) Eu 3d peaks and c) C 1s peaks.

7a and 7b are the results for ZnO:Eu(x%)-W for MB and MO while at 7c and 7d are ZnO:Eu(x%)-M

results for the same dyes. Pure ZnO shows the lowest photocatalytical activity due to the fast recombination

of photogenerated electrons and holes [2]. In order to inhibit e-h recombination Eu3+ ion was used as

an effective electron trap through importing new energetically favorable levels [4, 9, 33]. As presented,

doped systems demonstrate higher photocatalytical activity (Figure 7a and 7b). The best performance was

exhibited for ZnO:Eu(1%)-W with degrading MB to 10% after 150 min, while ZnO:Eu(3%)-W was most

effective in MO degradation, showing 62% of dye degradation within 150 min. In similar manner as Eu3+

which acted as a electron trap, surface hydroxyl groups, after irradiation, act as a hole trap, adsorption sites

and sources of the •OH radicals [5, 48, 49]. Accordingly, the photocatalytic activity will increase with the
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increase of the hydroxyl groups on the catalyst surface, giving the rationale for raising their number. When

methanol is used as a solvent in the synthesis, results from PL spectra (Figure 4c) and XPS spectra of the

O 1s region (Figure 6c) imply an increase in the amount of OH groups. As expected, methanol modified

samples show rise in photocatalytical degradation of methylene blue and methyl orange. The plot of dye

concentration (MB and MO) as a function of irradiation time in a presence of the ZnO:Eu(x%)-M samples

is presented in Figure 7c and 7d, respectively. For MB, best performance was detected for 1% Eu3+ doping.

Although the dye concentration after 150 min of irradiation is 10%, as in a case of ZnO:Eu(1%)-W sample,

the ZnO:Eu(1%)-M was more efficient in first 60 min. Interestingly, the best result for MO photodegradation

is for the sample with 10% Eu doping (ZnO:Eu(10%)-M), complete colour degradation was observed after

60 min (Figure 7d).

The results of modified samples were better than Degussa (P25), which degraded MB to 35% and MO

to 40% after 60 min of irradiation (Figure 7c and d). Blank experiments performed without any catalysts or

without illumination but in the presence of catalyst (Figure 7), show that there is small degradation of dyes

in the dark in the presence of catalyst (2% for MO and 3% for MB after 60 min) and small degradation of

dyes without catalyst under light (6% for MO and 11% for MB after 150 min), indicating that the catalyst

and light are essential for the fast photocatalytic degradation.

Ionic configuration and structures of the dyes (MB is cationic dye while MO is anionic) are the main

reasons for differences between the result in photodegradation of the dyes. For instance, dye degradation

by •OH radicals can happen near the surface of modified nanoparticles, since •OH radicals have short life

time. MB as a cationic dye, with C-S+=C functional group (Figure 12a), will interact through Columbic

forces with anionic elements of ZnO:Eu system (O2−, OH− ) [1]. On the other hand, as anionic dye, MO

with a reactive SO−
3

group (Figure 10c) will react with cationic elements (Zn2+, Eu3+). The results presented

in Figure 7, imply that using methanol as the solvent greatly improves the number of anionic elements on

ZnO:Eu surface, thus enhancing degradation of MB. With a greater amount of Eu3+ ion loading (i.e. 10%)

the system becomes more efficient in degrading MO. This also allows the use of modified ZnO:Eu for selec-

tive pollutant degradation. For instance ZnO:Eu(1%)-M effectively degraded MB, while MO degradation

was weak. On the other hand, ZnO:Eu(10%)-M was weak in degrading MB while completely decolorized

MO in 60 min. According to Ramesha et al. [79] and Lazar et al. [80], a surface charge is the essential

parameter for selective removal of pollutants. Taking into account all that is said, the effect of pH on a pho-

tocatalytical efficiency can be expected. The reported isoelectric point (PZC) for ZnO varies between pH

8.7-10.3 [81]. This means that pH values higher than ZnO isoelectric point are favorable for the adsorption

of positively charged dye (MB), while for pH values lower than the PZC, adsorption of negatively charged

dye (MO) are preferred. When we changed the pH values of a system containing ZnO:Eu(1%)-W sample

and MB dye toward a higher values (pH=12), slight improvement in photodegradation of MB is detected.

Conversely, the reduction of a pH (pH=6) resulted in decrease of photocatalytic degradation of MB. When
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Dyes concentration are 10 ppm, photocatalyst amount is 1 mg per 1 ml of dye.

the efficiency of MO degradation as a function of pH values are tested in a presence of ZnO:Eu(3%)-W

sample, the most effective degradation was at pH value of 7. It should be noted that for lower pH values

ZnO particles dissolution hinder photocatalytical efficiency [82].

Isoelectric point (ISP) was measured for the most effective samples by zeta potential in a function of

pH (Figure C4 Supplemental material). The measured isoelectric point was then compared with ISP results

achieved by measuring agglomeration of nanoparticles solution as a function of pH (Figure C5 Supplemen-

tal material) [83]. Isoelectric points from zeta potential for samples ZnO:Eu(1%)-W, ZnO:Eu(1%)-M and

ZnO:Eu(10%)-M are as follow: 8.31, 7.32 and 8.35. On the other hand, ISP result from agglomeration tech-

nique for ZnO:Eu(x%)-W are 8.2, 8.4, 8.75 for 0%, 1% and 5%. For ZnO:Eu(1%)-W sample agglomeration

technique have good agreement with zeta potential measurement while for methanol samples agglomeration
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technique overestimated ISP point probably due to complex surface of nanoparticles. The ISP results from

agglomeration technique for ZnO:Eu(x%)-M systems are 7.5, 7.74, 8 and 8.5 for 0%, 1%, 5% and 10% of

Eu3+ doping, respectively. However, it can be noticed that with Eu3+ doping ISP is shifted toward higher

values and that samples synthesized in methanol have lower ISP than samples synthesized in water. Results

for ISP allow better understanding of samples MO and MB photocatalytical degradation efficiency. For

instance, mixture of MO and ZnO:Eu(1%)-W sample has pH=9.1 which is higher than pH of nanoparticles

ISP (8.31), meaning that the negatively charged nanoparticles interact with anionic MO (pH of a system

is above nanoparticles ISP) and photocatalytical activity is low, as recorded in Figure 7b. ZnO:Eu(1%)-M

sample ISP point is 7.32, while MO and the sample solution has a pH=7.7, which again means negatively

charged particles and anionic dye giving low photocatalytical efficiency. But, as mentioned earlier, doping

with Eu3+ ions shifts nanoparticles ISP toward higher values, and as recorded (Figure 7d), gives better results

for photodegradation of MO. For ZnO:Eu(10%)-M sample, ISP is shifted above pH of solution resulting in

better dye degradation. MB and ZnO:Eu(1%)-W solution had pH=10.1 which is above nanoparticles ISP

(8.31) giving good photocatalytical degradation. The same is for ZnO:Eu(1%)-M and MB solution where

pH is 7.9, which is again above nanoparticles ISP (7.32).

Methanol as a source of a ZnO:Eu(x%)-M samples surface modification [50–53], were tested through

elimination of methanol from synthesis. The Eu3+ doped ZnO samples where all solutes were dissolved in

ethanol (methanol was excluded) were denoted as ZnO:Eu(x%)-E samples. Results for MB and MO dye

degradation, presented at supplementary material (Figure A.1.), show that the best result in MB and MO

degradation is for the ZnO:Eu(3%)-E sample, with colour degradation to 45% and 50% after 150 min for

MB and MO respectively. With removal of methanol from synthesis, samples efficiency in photocatalytic

dye degradation become weaker compared to ZnO:Eu(x%)-M samples.

The dye degradation process induces both decoloration (breaking of the dye molecule) and degradation

of its aromatic structure. The efficiency of dye mineralization was quantify on most effective samples in MO

(ZnO:Eu(10%)-M, ZnO:Eu(3%)-W) and MB degradation ( ZnO:Eu(1%)-M and ZnO:Eu(1%)-W), by the

percentage removal of total organic carbon. After 90 min irradiation, the photochemical mineralization of

methyl orange for ZnO:Eu(10%)-M and ZnO:Eu(3%)-W was 45.4% and 15%, respectively. For methylene

blue, TOC for ZnO:Eu(1%)-M and ZnO:Eu(1%)-W, samples was 33.6% and 25.4%. Results imply that the

chemical interactions between dye - active sites with the photocatalyst are important and are governed by

the composition and polarity of the dye groups linked to the surface.

3.5. Kinetics rate

In order to examine the controlling mechanism of the adsorption process, a pseudo-first order kinetics

(according to the Langmuir-Hinshelwood model) (FO) [2, 13, 84] and pseudo second-order equation (SO)
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b,c and d) versus irradiation time for the degradation kinetics of MB and MO using different photocatalysts.

[85, 86] were used,

ln(C0/C) = kabst (2)

t/qt = 1/k2q2
e + t/qe (3)

where kabs is FO [min−1] and k2 is pseudo SO [g·mg−1·min−1] rate constant of adsorption. The adsorption

capacity at the time t and at the equilibrium is qt and qe [mg·g−1], respectively. The equations details are

given in supplementary material (Supplementary B). Plots of ln(C0/C) and t/qe versus t, are presented in

Figure 8.

As expected, kinetics depend on the ionic configuration of the dye and reactive surface of nanoparticles.

In the case of ZnO:Eu(x%)-W degradation of MB follow pseudo first order while with MO pseudo second-
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order. The pseudo second-order kinetics suggest that the adsorption process may have character of chemical

sorption involving valence forces through sharing or exchanging of electrons between adsorbent and sorbate

[85–88]. When methanol was used as the solvent, picture is partially reversed, photodegradation of MB now

follows pseudo SO kinetics, while photocatalysis of MO follow the pseudo SO for lower Eu3+ percentage

and pseudo FO for ≥ 5% of Eu3+ doping. In case of MO strong photocatalytical efficiency of 10% Eu3+

doped system is probably due to the superposition of multiple factors like a positive charge of Eu3+ ions,

better surface charge separation etc. Although this will be mentioned in the next subsection, a more detailed

picture of processes will be thematic of our next paper.

3.6. Detection of active species and possible degradation mechanism

In order to investigate photocatalytic mechanisms influence of different active species scavenger (ace-

tonitrile, potassium iodide, terephtalic acid) on the degradation of MB and MO were studied. When a semi-

conductor is irradiated with photon that has energy equal or larger than semiconductor band gap, electron-

hole pair (exciton) is created. The electron is excited to conductive band and the hole is created in the valence

band. After charges are separated the electron can diffuse toward the surface, with or without recombination

hole. As mentioned above, fast recombination of exciton can drastically decrease photocatalytical efficiency.

With Eu3+ doping, the electron is trapped to the energetically favorable Eu3+ ion (equation 5a) and is inhib-

ited to recombine with hole [32] creating super oxide radicals (O•−
2

) (equation 5a), as presented at energy

level scheme (Figure 9). An electron can be transferred to ionised oxygen vacancies V++o , (equation 5b) [89]

leading to reaction with adsorbate O2 creating super oxide radicals (O•−
2

). When Eu3+ ions are introduced to

ZnO structure higher amount of produced O•−
2

radicals lead to the stronger photocatalyitic activity. Electron

can react with adsorbed H2O [3, 7, 9, 11, 58].

ZnO + hν→ ZnO(e−) + ZnO(h+) (4)

e− + Eu3+ → Eu2+

Eu2+ + O2 → Eu3+ + O•−2

(5a)

e− + V++o → V+o

V+o + O2 → O•−2

(5b)

e− + O•−2 + 2H+ → H2O2

e− + H2O2 → OH− + •OH

(5c)

At the same time, photogenerated hole in the valence band is trapped by surface hydroxyl group (equa-

tion 6a), reacts with ionised oxygen interstitial (equation 6b) [89, 58] or reacts with adsorbed water (equation
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6c), by interfacial charge transfer, creating highly reactive hydroxyl radical (•OH) [11, 58].

h+ + ≡ZnO:Eu-OH→ ≡ ZnO:Eu-O• + H+ (6a)

O
′′

i + h+ → O
′

i

O
′

i + OH− → O
′′

i +
•OH

(6b)

h+ + (H2O→ H+ + OH−)→ H+ + •OH (6c)

In the process of degradation, dyes are first oxidized through the successive attack of hydroxyl radical

•OH [1] and/or through hole transfer (equation 7a). After oxidation, intermediates are self degraded or they

are degraded by reactive oxidative species (ROS) to final products [90]:

Dye + (•OH or h+)→ Dye•+ (7a)

Dye•+ → Intermediates + ROS→ Degradation products. (7b)
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Fig. 9. Scheme of the energy levels in Eu3+ doped ZnO with possible photocatalytic mechanism of MB and MO degradation.

In the case of MB, oxidation process can be caused by electron injection into ZnO nanoparticles but only

with the singlet excited state of MB [91], as presented in Figure 9. A vast number of researchers consider

hydroxyl radicals to be the most important active species in pollutant degradation [3, 24]. To test hydroxyl

radical production from our samples photoluminescence of terephtalic acid was used. The TA-PL emission

spectra of different ZnO:Eu samples excited at 280 nm were measured after 15 min irradiation. The result

presented in Figure 10, shows the existence of the PL peak at about 425 nm arising from the hydroxylation

of terephthalic acid. Because the intensity of the PL peak of 2-hydroxyterephtalic acid is in proportion to

the amount of produced •OH radicals we can conclude that ZnO:Eu(1% and 5%)-M (Figure 10a) produce

more •OH radicals when compare to the ZnO:Eu(1% and 3%)-W samples. TA-PL spectra of ZnO:Eu(1%
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Fig. 10. Terephthalic acid PL emission at 0 min and after 15 min irradiation; with (*) are marked spectra done with PL filter to reduce

emission peaks due to too strong emissions going out of range of measurable values in our apparatus

.

and 5%)-M samples, after 15 min irradiation, were recorded with filters in order to reduce emission peaks

and put them to measuring levels of our device.
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In order to test the influence of various active species as well as leading importance of •OH radicals in
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photocatalytic dye degradation we used hydroxyl (acetonitrile CH3CN [92]) and hole (KI [93]) scavengers.

To test holes by eliminating •OH radicals, MB was solved in acetonitrile (•OH scavenger) and ZnO:Eu(1%)-

M and ZnO:Eu(1%)-W samples were added prior to the visible light irradiation. A fast decolorization was

detected: solution with ZnO:Eu(1%)-M became completely colourless within 15 min and ZnO:Eu(1%)-W

in 60 min. To examine such fast decolorization we added water (oxygen source), after which characteristic

blue color of MB was returned, proving the existence of the colorless reduced form of MB, created from the

reaction with holes (Figrure 12a) [94]. A reduced form of MB has intact chromophore groups meaning that

•OH radicals are indeed needed for ring opening and complete degradation of dye. In next test we added KI

(hole scavenger) to the solution of MB and acetonitril, previously mentioned, eliminating the holes together

with the •OH radicals from the system and as expected, photocatalysis completely stopped. Further, effect

of •OH radicals in photocatalysis were tested in the system where holes were eliminated: KI was added

in to aqueous solution of MB. After illumination with visible light, purple colour was detected due to the

purple Azure B (Figure 12b) creation [95, 96]. It seems that for MB photodegradation both hole and •OH

radicals are important. When MB, as a cationic dye, is adsorbed or is near to the ZnO:Eu surface, •OH

radical interact CS+ =C functional group. To conserve double bond conjugation, which is lost through the

transformation from CS+ =C to CS(=O)C, central aromatic ring, containing S and N atoms, is opened as

presented in Figure 12b. Hole induced H+ (equation 6b) play an important role in the formation of CH

and NH bonds [1, 97]. In the case of MO, when ZnO:Eu(1%)-M samples were added to MO dissolved in

acetonitrile, photocatalytical efficiency was the same. However, when a hole scavenger (KI) was added to the
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previously mention system, there was change in MO absorption spectrum, consisted of characteristic peak at

420 nm and much smaller at 368 nm. After 15 min irradiation, peak at 368 nm became dominant while peak

at 420 nm lost its intensity. With prolonged irradiation only intensity of 368 nm peak increased. Possible

explanations are: a) shift in the absorption band of MO directly related to molecular weight change [34]; b)

interaction of MO with cationic parts [98, 99]. According to Chen et al. [34] the change in MO molecular

weight by demethylation - substitution of the MO methyl group by the hydrogen atom (Figure 12c), can

be the reason for the shift towards smaller wavelengths. In addition, as was reported previously, during

the photocatalytic process demethylation is important in MO degradation [100]. However, hydroxylation

of MO, in which the hydroxyl group connects to the ring of a chromophore is probably a part of MO

degradation [101]. It should be taken into the account that the excessive concentration of anions on the

nanoparticles surface can be a negative factor in the degradation of MO due to the competition of anions

and MO for adsorption sites.

The HPLC chromatograms of 15 ppm MB degraded by ZnO:Eu(1%)-M under simulated sunlight for

20, 40 and 60 min, recorded at 664 nm are shown in Figure 11a. Peak A, at 19.84 min, represents the

MB (m/z=284) while the peak at 16.56 min (peak B) is the self-degradation intermediate metabolite of MB

[102]. After 20 min irradiation MB (peak A) degraded. While peak B is probably related to the MB where

one methyl group left (m/z=270). This means that N-C bond between the methyl group and nitrogen atom

is easy to be cleaved. After 40 min of irradiation we detected peak C at tR=27.3 min that can be connected

to the MB with the opened central ring (m/z=303) as presented in Figure 12b [1, 102]. In Figure 11b the

HPLC profiles of MO (15 ppm) recorded at 465 nm and degraded at 0, 20, 40 and 60 min are presented.

Peak A at tR=18.05 min corresponds to MO (m/z=304). After 20 min of irradiation, besides lowering

the intensity of peak A, consistent with MO degradation, peaks B and C appears at 17.23 min and 16.86

min, respectively. The appearance of peaks B and C can be from MO losing one (B (m/z=290) ) or two

methyl groups (C (m/z=276) ) [103] which is in agreement with aforementioned results. But after 40 min

of irradiation, beside all peaks loosing intensity, peak A shifts toward higher tR=18.28 min, which might

be explained by hydroxylation of once demethylated MO (m/z=306) [100]. Decreasing, without formation

of new derivatives, with prolonged irradiation time, is suggesting that the transformation, as well as the

chromophore breaking could proceed simultaneously. However, detailed analysis is needed to confirm our

results.

4. Conclusions

The ZnO:Eu nanoparticles, synthesized with simple, fast and low-cost method, were confirmed and

characterized by XRD, TEM, UV-vis, XPS and PL measurements. The photocatalytic activity, size of

nanoparticles and ISP were influenced by Eu3+ doping and solvents. Size of the nanopraticles increased
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for ZnO:Eu(1%)-W samples and decreased for ZnO:Eu(1%)-M samples with larger amount of Eu3+ ions.

Decolorization and degradation of methylene blue and methyl orange was detected. In degradation of

MB the most effective samples were ZnO:Eu(1%)-W and ZnO:Eu(1%)-M, while ZnO:Eu(3%)-W and

ZnO:Eu(10%)-M were the most efficient in the case of MO. The improve charge separation of ZnO:Eu(x%)-

M samples synthesized in methanol is considered the main reason for enhancement of dye photocatalytic

degradation. Although •OH has been usually recognized as the most important active species of the pho-

tocatalytic degradation, our results showed that for degradation of MB combination of hole and hydroxyl

radical formation is crucial, while for MO the formation of holes proved to be the most important factor.
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