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Abstract Nanocrystalline lanthanide oxide doped ZnO has been prepared by a

simple and efficient technique for exhibiting an enhanced visible light photocat-

alytic activity. The prepared photocatalysts were characterized by SEM, XRD and

UV–Vis DRS analysis. XRD data showed that the particles of samples were highly

nanosized and crystalline. The sizes of Yb2O3/ZnO, Er2O3/ZnO and Pr6O11/ZnO

nanoparticle were 40.97, 40.94 and 51.18 nm and found to be mixed morphology.

Six factors such as dosage of photocatalysts, coupling ratio of lanthanide oxide and

ZnO, initial concentration of diesel, concentration of H2O2, illumination time of

visible light and pH value were changed in order to test the photocatalytic activity

and efficiency of reaction. The enhanced photocatalytic activity was due to the

presence of f shells in the lanthanide oxide crystal lattice which delays the process

of recombination of electron hole pair. According to the results, diesel removal

was\ 30% without any catalyst (losses only by evaporation) and the optimized

effects of Yb2O3/ZnO, Er2O3/ZnO and Pr6O11/ZnO occurred when the catalyst dose

at 0.4, 0.6 and 0.4 g/L, catalyst-coupling ratio at 40, 30 and 10%, initial diesel

concentration was 0.05, 0.10 and 0.20 g/L, H2O2 concentration at 4, 4 and 6 mg/L,

illumination time at 1.5, 1.5, 2.5 h and pH at 7, 10 and 6 respectively, in which case

the diesel removal rate reached 95.48, 98.60 and 90.81%. The experimental results

clearly show that lanthanide oxide doped nanocrystalline semiconductor are highly

active under visible light irradiation and may find wider applications in environ-

mental remediation technologies.
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Introduction

The preparation and application of ZnO photocatalysts have been widely

investigated due to their excellent photocatalytic activity and stable chemical

properties. However, ZnO needs ultraviolet light (UV) to produce photoinduced

holes and photogenerated electron hole pairs because of its large band gap

(Eg = 3.37 eV) [1]. In order to improve the photocatalytic activity of ZnO catalysts,

this includes doping other elements into ZnO photocatalysts. The major doping

methods include single metal doping [2], single nonmetallic doping [3], metal and

metal co-doping [4], non-metallic and non-metallic co-doping [5, 6], metal and

nonmetallic co-doping [7], multi-element doping [8] and composite oxide

photocatalyst [9]. Using a simple process to prepare effective visible-light-activity

ZnO photocatlysts is the purpose of this article.

Various elements doped TiO2 and ZnO have been exploited recently for the

degradation of organic compounds but only few reports are available for rare earth

metal ion doped ZnO and its visible photocatalytic activity. The zeolite fly ash bead

(ZFAB) was used as a carrier doped TiO2 photocatalyst to improve the

photocatalytic efficiency and the results showed that ZFAB/TiO2 samples

performed better photocatalytic effects and long-term performance than that of

samples prepared with pure TiO2 [10]. The photocatalytic activities of Fe–N–C–

TiO2 nano-materials were examined under visible light illumination using Cr(VI) as

target pollutant, which were higher than that of the other nano-materials under

visible light irradiation [11]. The dopants in the composite not only provide a large

adsorption capacity substrate, but also make TiO2 particles formed a well-dispersed

monolayer to provide larger photocatalytic reaction surface area, resulting in the

significantly increasing of photocatalytic activity [12]. MIP-TiO2/GR exhibited

better adsorption capacity and adsorption selectivity towards the template molecule

compared to NIP-TiO2/GR due to the imprinted cavities on the surface of MIP-

TiO2/GR [13]. Complete mineralization has been achieved in the case of lanthanide

oxide doped TiO2 photocatalysts in total contrast to the formation of intermediates

in case of non-modified TiO2 [14]. Rare earth oxides turned a wide band gap metal

oxide into in zirconium dioxide under visible light irradiation [15]. ZnO was doped

on Dy2O3 in various proportions and the best ratio was finalized by the

determination of photodegradation efficiency employing a model pollutant ORG

under visible light irradiation [16]. Nanocrystalline semiconductor doped lanthanide

oxides are highly active under visible light irradiations [17]. The catalysts prepared

by co-precipitation exhibited a higher photocatalytic activity than those prepared by

the usual sol–gel process [1].

We report herein a process for the transformation of an insulator like LnxOy into

a visible light active photocatalyst, by the process of coupling LnxOy onto ZnO.
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Nanocrystalline (NC) LnxOy doped ZnO have been synthesized and characterized

by SEM and XRD techniques. The photocatalytic activities of the prepared catalyst

have been carried out for the degradation of a model pollutant such as diesel.

Materials and methods

Materials

Zinc nitrate hexahydrate (AR, Zn(NO3)2�6H2O) was produced by Shenyang City

Reagent Five Plant, China. Ytterbium nitrate (99.9%, Yb(NO3)3�5H2O) Erbium

nitrate (99.9%, Er(NO3)3�5H2O) and praseodymium nitrate (99%, Pr(NO3)3�6H2O)

were supplied by Aladdin Industrial Corporation, China. Cetyltrimethylammonium

bromide (AR, CTMAB), sodium hydroxide (GR, NaOH) and absolute ethanol (AR,

CH3CH2OH) were purchased from Tianjin Ke Miou Chemical Reagent Co., Ltd,

China. The apparatus consisted of an ultrasonic cleaner (SB-5200D), a drying oven

(101 type), a UV–visible spectrophotometer (752 type), an X-ray diffractometer (D/

MAX-2500), UV–Vis diffuse reflectance spectrum (UV2600, Shimadzu, Japan) and

some fluorescent lamps (YZ18RR26, 20 W, 400–700 nm).

Preparation of the doped photocatalysts

The non-modified ZnO, ytterbium(Yb3?)-, erbium(Er3?)- and praseodymium(Pr3?)-

doped ZnO were prepared. A solution contained Zn(NO3)3, Ln(NO3)3 and CTAB

was mixed by ultrasonic dispersion for about 2 h. Then, the NaOH solution was

slowly added to the mixture solution and the precipitation was slowly generated.

The resulting precipitation was dried at 105 �C for 12 h. The resulting powder was

calcined by heating to 550 �C for 2 h in air. The Yb2O3/ZnO, Er2O3/ZnO and

Pr6O11/ZnO were prepared by a similar method. The molar ratios of lanthanide

oxide and ZnO were 0, 10, 20, 30, 40 and 50%. The Yb2O3/ZnO, Er2O3/ZnO and

Pr6O11/ZnO catalysts showed white, pink and black, respectively.

Preparation of diesel pollutant solutions

The diesel pollutant solutions were prepared by dissolving the required amount of

diesel in seawater (The seawater was taken from the sea area of Heishijiao, Dalian,

China) in the required pH. A 200 mg/L solution of the diesel pollutant sample was

prepared by taking 10 mg of diesel in 50 mL of seawater. Then the required

concentrations were prepared by diluting accordingly.

Methods

The prepared photocatalysts were characterized by Quanta 200 FEG field emission

environmental scanning electron microscopy (SEM), X-ray diffraction (XRD) and

UV–Vis diffuse reflectance spectrum (UV–Vis DRS). A certain concentration of

seawater polluted by diesel was added in a 100 mL beaker. The pH value of the
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wastewater was adjusted by HCl or NaOH. Different coupling ratios of homemade

nano photocatalysts LnxOy/ZnO were added and irradiated by visible light for 2 h.

The content of residual diesel fuel could then be estimated by spectrophotometer

after reaction. Finally, the degradation efficiency of catalysts could be calculated

from following equation:

Removal Rate ¼ C0 � Ci

C0

� 100%:

Here C0 and Ci are the initial and final concentrations of diesel in the seawater (g/L).

The experiment uses self-made photocatalytic reaction chamber (Fig. S2) with a

fluorescent lamp as a light source. The reaction was placed in a beaker put on a

magnetic stirrer. The reaction was stirred continuously to simulate the waves and to

bring the photocatalyst into full contact with the substrate.

Fig. S3 shows the absorbance spectra of diesel solution at time intervals of

irradiation with the Er2O3/ZnO photocatalyst (coupling ratio = 0.2). A substantial

decrease in the absorbance of the substrate at all the wavelengths is observed

indicating its degradation and mineralization. It can be seen that the absorption peak

is obvious when the wavelength at 225 nm, so the determination of diesel at a

wavelength of 225 nm.

Scanning electron microscopy analysis

The surface morphology of photocatalysts and size of particle were analyzed by

SEM. The Scanning electron microscopy images of 20% coupling ratios of three

samples are shown in Fig. 1. They were in the nano range from 40 to 60 nm for

all the three composite samples. The surface morphology of ZnO is nearly

spherical. The morphology of Yb2O3 (Fig. 1a) and Er2O3 (Fig. 1b) is irregular

ellipsoid and the morphology of Pr6O11 (Fig. 1c) is long stripe. In Yb2O3/ZnO,

Er2O3/ZnO and Pr6O11/ZnO catalysts, it is obvious that there are two morpholo-

gies existing.

Fig. 1 Scanning electron microscopy (SEM) of as-prepared on photocatalysts. a 20% Yb2O3/ZnO,
b 20% Er2O3/ZnO, c 20% Pr6O11/ZnO)
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X-ray diffraction analysis

X’Pert High-Score software was used for data handling. The composition of the

sample can be determined by multiphase analysis. Finally, the grain size of the

material is calculated by the Scherrer equation:

b� kk=D cos h:

Here D is the average size of the crystallite; b is the full width at half maximum; h is

Bragg angle (taking radian calculation); k represents the wavelength of X-ray (Å);

K is taken as a constant related to the degree of broadening.

The composition of the catalyst material and particles sizes were determined by

X-ray diffraction (XRD, Fig. 2). The ZnO peaks (Fig. 2a) were obvious when 2h
was 31.7348�, 34.3994�, 36.2102�, 56.5351�, 61.7981�, or 47.4826�. The average

photocatalyst crystallite size was calculated using the Scherrer formula. The lattice

constants of a, b, and c for ZnO were 3.2539, 3.2539, and 5.2098 Å, and the average

photocatalyst crystallite size was 34.14 nm from calculations of the (111)

diffraction peak, which were similar to ZnO’s XRD pattern. Comparing these

results from the XRD pattern with the Joint Committee on Powder Diffraction

Standards (JCPDS) card, it was obvious that the sample was a form of ZnO (ZnO-

JCPDS No. 36-1451).

The Y20 peaks (Fig. 2b) were apparent when 2h was 29.6110�, 34.3406�,
36.2388�, 49.3215�, 31.7536�, or 58.5863�. The lattice constants of a, b, and c for

Y20 were 5.3580, 5.3580, and 5.3580 Å, and the average photocatalyst crystallite

size was 40.97 nm, according to calculations of the (111) diffraction peak.

Comparing the XRD pattern with the JCPDS card, the composite photocatalyst was

concluded to be a mixture of Yb2O3 and ZnO.

E20 photocatalyst (Fig. 2c) has obvious peaks when 2h is 36.2429�, 29.2834�,
31.7572�, 34.4099�, or 56.5498�. The diffraction peaks of Er2O3 is similar to the

standard patterns (Er2O3-JCPDS 01-077-0459). The lattice constants of a, b, and

c of Er2O3 are 10.5500, 10.5500, and 10.5500 Å. The average crystallite sizes of
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Fig. 2 i XRD patterns of samples (a ZnO, b Y20, c E20, d P20). Yb2O3, Er2O3 and Pr6O11 loading was 0
and 20 relative to ZnO (molar ratio). ii UV–Vis diffuse reflectance spectroscopy of all the prepared
photocatalysts (1 ZnO, 2 Y20, 3 E20, 4 P20)
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Er2O3 are and 40.94 nm, which are calculated by Scherrer equation according to the

diffraction peaks (111). Thus, the prepared photocatalysts are pure ZnO and Er3?–

ZnO.

The P20 peaks (Fig. 2d) were apparent when 2h was 28.2910�, 36.2977�,
31.8088�, 46.9969� or 32.7761�. The lattice constants of a, b, and c for P20 were

5.4678, 5.4678, and 5.4678, respectively, and the average photocatalyst crystallite

size was 51.18 nm, according to calculations of the (111) diffraction peak. The

diffraction peaks of Pr6O11 are similar to the standard patterns (Pr6O11-JCPDS

00-042-1121).

UV–Vis diffuse reflectance spectrum analysis

The UV–Vis DRS result positively predicts the photocatalytic activity of the

photocatalysts. Fig. 2ii shows the diffuse reflectance spectra of all the prepared

photocatalysts. The spectrum of ZnO is dominated by the band gap transition

occurring at about 250 nm that is due to the electrons excitation from the valence

band (VB) to the conduction band (CB). A very weak absorption between 250 and

350 nm is also present, which is due to traces of point defects always present in the

bare material [15]. No absorption is observed in the visible region. ZnO has the

maximum absorbance in the far UV region, when the coupling ratios of lanthanide

oxide increase, a shift in absorbance is observed from UV to the visible region (red

shift). To evaluate the entity of the red shift, we calculated the energy gap (Eg) value

for all the samples. The band gaps of pristine ZnO, Y20, E20 and P20 are found to

be 3.4, 3.0, 3.1 and 2.4 eV.

Results and discussion

Variation of catalysts’ dosage

The dosage of photocatalyst is one of the deciding factors in the examination of

degradation efficiency of the target pollutants. The effect of photocatalyst dosage on

degradation of diesel was studied with varied catalytic amount from 0 to 1.2 g/L for

a diesel concentration of 0.2 g/L and the results are shown in Fig. 3a. It was found

that at 0.6 g/L (Yb2O3/ZnO) and 0.8 g/L (Er2O3/ZnO, Pr6O11/ZnO) of catalysts the

degradation efficiency was optimum and further addition of catalyst into the system

did not enhance the efficiency of diesel degradation. The optimum removal rates of

the prepared photocatalysts are 97.04, 94.70 and 84.58% (Er2O3/ZnO, Pr6O11/ZnO

and Yb2O3/ZnO). The photocatalytic activity of composite photocatalysts was far

higher when compared to pristine ZnO (26.95%) under similar conditions. As the

dosage of photocatalysts increase there is a decrease in the removal rate of diesel

pollutant. The addition of too much photocatalyst could cause the scattering and

reflection of ultraviolet light, which affects the excitation of the partial photocatalyst

by ultraviolet light and affects the generation of photogenerated electron–hole pairs.
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Variation of coupling ratios

Different coupling ratios determine the different absorption rate of energy. The

removal rate of diesel pollutant was studied with varied coupling ratio from 0 to

50% in visible light irradiation with standard experimental conditions. The results

Fig. 3 Effects in diesel removal of a photocatalyst dosage, b catalyst coupling ratio, c initial diesel
concentration, d H2O2 concentration, e reaction time, and f pH value. (Standard experimental conditions:
dosage 0.2 g/L, coupling ratio 20%, diesel initial concentration 0.2 g/L, hydrogen peroxide concentration
6 mg/L, illumination time 2 h and pH value 8. Each experiment changes one of the conditions as a
variable.)
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are shown in Fig. 3b. The optimum degradation rate of diesel exists when the

coupling ratio is 20% for the three kinds of photocatalysts. Thus, the experiment

employs 20% coupling ratio of the photocatalysts as a standard condition. When the

lanthanide oxide coupling ratio is high, the lanthanide oxide particles may cover the

surface of ZnO, thus hindering the excitation of ultraviolet light on the catalyst. It

will affect the generation of photogenerated electron hole pairs and affect the

photocatalytic effect of diesel. In addition, when the amount of lanthanide oxide

coupling ratio is too large, the lanthanide oxide particles can also be referred to as

the composite centers of electrons and holes, which also affect the oxidation of

photogenerated holes. Then the amount of hydroxyl radicals decrease and the

photocatalytic effect is weakened.

Variation of initial diesel concentration

The effects of initial concentration of diesel on photodegradation of diesel pollutant

were studied from 0.05 to 0.30 g/L at fixed amount of the photocatalyst with the pH

of seawater. The results are shown in Fig. 3c. It is observed that as the concentration

of diesel increases there is an increase and a decrease in the photocatalytic activity

of the photocatalyst. When the concentration is lower than the optimum diesel

concentration, the photocatalytic power may be insufficient. When the concentration

of diesel is higher than that of the optimum diesel oil, the catalyst will be coated

with the diesel, which is not conducive to the excitation of the surface electrons of

the catalyst and the generation of hydroxyl radicals. Under similar reaction

conditions, Pr6O11/ZnO and Yb2O3/ZnO are suitable for the treatment of lower

concentrations of wastewater while Er2O3/ZnO is suitable for the treatment of

higher concentrations of wastewater contaminants.

Variation of hydrogen peroxide concentration

Hydrogen peroxide promotes the photocatalytic reaction as a co-oxidant role under

certain conditions. Hydrogen peroxide plays the role of electron acceptor, which can

capture the photogenerated electrons on the surface of ZnO catalyst. It can

effectively hinder the recombination of photogenerated electron holes, which is

beneficial to the photocatalytic oxidation reaction. As shown in Fig. 3d, the

optimum removal rate of three kinds of photocatalysts are 92.37, 92.37 and 83.02%

(Er2O3/ZnO, Pr6O11/ZnO and Yb2O3/ZnO). When the concentration of hydrogen

peroxide exceeds a certain value, the removal rates decrease under three conditions

because hydrogen peroxide is a superoxide scavenger. Excessive hydrogen peroxide

removes the superoxide radicals produced by the photocatalytic reaction, which

inhibits the progress of the photocatalytic reaction, so the removal rate decreases.

Variation of illumination time

The removal rate of diesel was studied with various illumination times in visible

light irradiation with standard experimental conditions. As shown in Fig. 3e, the

results prove that Er2O3/ZnO possessed a better photoactivity compared to the other
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two photocatalysts after 2.0 h irradiation of visible light. After 1.5 h, Er2O3/ZnO

has a faster growth rate for diesel removal than the other two photocatalyst. From

1.5 to 2.0 h, three kinds of photocatalysts has the fastest growth rate for the

degradation of diesel, and after that, the degradation rate tends to be gentle. This is

due to the fact that the residual diesel concentration is very low after a certain period

of time, and the photocatalytic power will be reduced under low concentration

contaminants, which is not conducive to the continuation of the photocatalytic

reaction.

Variation of pH values

Aqueous phase pH value of seawater greatly influences the degradation efficiency of

the diesel pollutant under visible light irradiation. The pH value of the aqueous

phase was varied between 5 and 10 by the addition of required amounts of

equimolar HCl and NaOH solution before irradiation. If a particular photocatalyst is

capable of exhibiting photocatalytic activity in a wide range of pH value, it may be a

major benefit in the treatment of industrial wastewater as they are not always

present at a particular pH value. The results are shown in Fig. 3f. The optimum

results exist when the pH value is 8.0, which suggests that the photocatalyst is better

for diesel removal in seawater (pH value is about 8.0).

Optimization of LnxOy/ZnO photocatalytic conditions

The experiment included Yb2O3/ZnO, Er2O3/ZnO and Pr6O11/ZnOat 0.2–1.0 g/L,

catalyst coupling ratios from 10–50%, initial diesel concentration at 0.05–0.25 g/L,

H2O2 at 2–10 mg/L, illumination time at 0.5–2.5 h, and pH from 6 to 10 to study the

interaction of key factors with the photocatalyst. Six factors and five concentrations

were designed into an orthogonal table to document 25 experiments (Table 1).

Optimization ofphotocatalytic conditions (Table 2) indicated the best conditions

for Yb2O3/ZnO to be: initial diesel at 0.05 g/L, catalyst dose at 0.4 g/L, catalyst

coupling ratio at 40%, pH 7, H2O2 at 4 mg/L, and illumination time at 1.5 h. The

best conditions for Er2O3/ZnO to be: initial diesel at 0.10 g/L, catalyst dose at 0.6 g/

L, catalyst coupling ratio at 30%, pH 10, H2O2 at 4 mg/L, and illumination time at

1.5 h. The best conditions for Pr6O11/ZnO to be: initial diesel at 0.20 g/L, catalyst

dose at 0.4 g/L, catalyst coupling ratio at 10%, pH 6, H2O2 at 6 mg/L, and

illumination time at 2.5 h. Verification tests under the above conditions were carried

out, which produced diesel removal rates that reached 95.48, 98.60 and 90.81%. The

order of these factors magnitude of effects on the removal rate was the following:

illumination time[H2O2 concentration[ pH[ coupling ratio[ catalyst

dosage[ initial diesel (Yb2O3/ZnO), coupling ratio[ catalyst dosage[H2O2

concentration[ initial diesel[ illumination time[ pH (Er2O3/ZnO), illumination

time[ initial diesel[ catalyst dosage[H2O2 concentration[ coupling

ratio[ pH (Pr6O11/ZnO).
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Conclusions

In conclusion, three kinds of new visible photocatalyst were developed based on the

use of NC ZnO doped by lanthanide oxide. In the present study lanthanide was

doped on NC ZnO in various ratios examined for their photocatalytic activity by

performing the photocatalytic degradation studies by taking diesel as a model

pollutant. The lower band gap (3.4 eV), the f orbitals present in LnxOy and the red

shift are responsible for the enhanced visible light photocatalytic activity compared

to pristine ZnO. The characterization of the photocatalysts clearly confirmed the

nano crystallinity. The enhanced photocatalytic activity of lanthanide oxide doped

ZnO is due to the delayed recombination of electron hole pair, which leads to the

enhanced production of hydroxyl radicals. According to the results, diesel removal

was\ 30% without any catalyst (losses only by evaporation) and greatest effects of

Yb2O3/ZnO, Er2O3/ZnO and Pr6O11/ZnO occurred when the catalyst dose at 0.4, 0.6

and 0.4 g/L, catalyst-coupling ratio at 40, 30 and 10%, initial diesel concentration

was 0.05, 0.10 and 0.20 g/L, H2O2 concentration at 4, 4 and 6 mg/L, illumination

time at 1.5, 1.5 and 2.5 h and pH at 7, 10 and 6 respectively, in which case the diesel

removal rate reached 95.48, 98.60 and 90.81%. It indicates that Yb2O3/ZnO

phtotcatalyst applies to neutral low concentration of diesel pollutant, Er2O3/ZnO

phtotcatalyst applies to alkaline low concentration of diesel pollutant and Pr6O11/

ZnO photocatalyst applies to acidic high concentration of diesel pollutants. The

experimental results clearly show that lanthanide oxide doped nanocrystalline

semiconductor are highly active under visible light irradiation and may find wider

applications in environmental remediation technologies.

Table 2 K values and R values

of orthogonal array

1 illumination time, 2 initial

concentration of diesel oil, 3

coupling ratio, 4 dosage, 5

concentration of H2O2, 6 pH

value

K, R 1 2 3 4 5 6

KY1 225.46 316.74 286.88 292.81 289.87 313.92

KY2 252.01 311.52 296.90 321.33 340.10 324.88

KY3 368.53 294.40 311.94 302.13 309.10 290.55

KY4 356.93 307.64 316.22 317.14 277.32 312.84

KY5 324.88 297.51 315.87 294.40 311.42 285.62

KE1 428 423.81 394 400.22 406.97 408.18

KE2 408.54 440.28 405.82 427.05 444.05 423.8

KE3 432.62 397.43 445.11 447.95 396.11 422.24

KE4 425.11 410.3 428.12 427.47 433.15 415.03

KE5 405.85 428.3 427.07 397.43 419.84 430.87

KP1 210.62 423.37 435.78 420.38 398.48 425.74

KP2 434.91 404.97 386.2 431.34 426.28 398.34

KP3 424.63 372.28 399.16 415.57 436.51 383.64

KP4 486.21 436.14 390.88 407.47 384.01 423.12

KP5 490.67 410.28 435.02 372.28 401.76 416.2

RY 143.07 20.20 29.34 28.99 62.78 39.26

RE 26.77 42.85 51.11 50.52 47.94 22.69

RP 280.05 63.86 49.58 59.06 52.5 42.1
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