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ARTICLE INFO ABSTRACT

Keywords: A novel europium (Eu) and terbium (Tb) co-doped ZnO nanoparticles had been synthesized by a facile, cost
Combustion route efficient and rapid combustion method. The physical and chemical properties of the as-synthesized nanoparticles
Photocurrent were determined by XRD, SEM, EDS, BET, FTIR, XPS, UV-vis DRS, PL, EIS and photocurrent density. XRD
Photocatalyst

patterns confirm that Eu and Tb ions are stably inserted into the framework of ZnO, and the crystallite size
decreases to 21 nm compared to that of pure ZnO (32 nm) as the amount of co-dopants increases to optimal value
(3 mol% of each). With the insertion of Eu and Tb ions into ZnO, the recombination rate of photo generated
charge carriers is found to be low. It is observed that doped Eu and Tb ions can enter the lattice structure of ZnO
with a suitable doping concentration, and the obtained doped ZnO have ordered hexagonal wurtzite structures
and nearly spherical morphology with high specific surface area and high porosity. Meanwhile, the introduction
of Eu and Tb ions can effectively extend the spectral response from UV to visible region for the catalysts, thus
reducing the band gap from 3.25 to 2.91 eV. Further analysis by means of XPS measurement showed that the
existence of mixture of Eu>*/Eu®* and Tb®>*/Tb** oxidation states and high content of the surface chemisorbed
oxygen species also contributed to the high photocatalytic activity. It was found that Eu and Tb co-doped ZnO
shows highly efficient and stable visible light activity and provides a 100% MB degradation within 15 min, while
the degradation time for Eu doped ZnO and Tb doped ZnO is reduced gradually to 50 and 42 min, respectively to
obtain the 100% MB degradation. It was also found that the photocatalytic hydrogen evolution activity over Eu
and Tb co-doped ZnO can be significantly increased to 533.8 and 792 umol with 0.2 wt% catalyst dose and initial
solution pH 9, respectively under similar conditions with good stability. Moreover, simultaneous introduction of
Eu and Tb effectively promoted the yield of CH,4 to 4.59 umol, which was 3.4 fold higher in comparison to pure
ZnO. Thus the present approach could provide a versatile strategy for the synthesis of novel and efficient visible
light activated photocatalysts.

MB degradation
H, generation

1. Introduction

Recent reports suggest that water pollution from various industries
such as textile, leather, paper and plastic has become a severe world-
wide problem, resulting in harmful influence on the environment.
Among them, dyes play an important role towards environment con-
tamination. The traditional pathways such as adsorption, biodegrada-
tion, chlorination and ozonation still undesirably give rise to numerous
drawbacks, such as non-recyclability, low adsorption capacity, and

complex operations for recycling.

Photocatalytic degradation is considered as a promising and pre-
ferred methodology for waste water treatment due to its biological and
chemical inertness, strong capacity, cost effectiveness, and long term
stability against photo and chemical corrosion. Today, the world is also
continuously succeeding towards the expected threat of energy crisis
because of the rapid elimination of fossil fuels due to its non-renewable
fact [1]. Hydrogen is a clean and green fuel. The conversion and store
solar energy in the form of hydrogen by photocatalytic water splitting
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holds great promise to meet the future energy and environment re-
quirement [2]. Solar fuel production from H,O and CO- is an ideal
counter measure for the energy and environmental concerns the world
is facing today. The environmental changes can be controlled by con-
version of CO, in to CH,4, H,O and H, fuels [3]. Photocatalytic activity
is considered as a promising and preferred methodology for waste water
treatment, hydrogen generation and reduction of CO, due to only light
source requirement. Among semiconductor photocatalysts, TiO,
(3.20 eV), ZnO (3.37 eV) and WO3 (2.50 eV) have demonstrated most
encouraging activities for photocatalytic applications [4-6].

ZnO is inexpensive and wide band gap semiconductor that corre-
sponds to wavelength of ~375 nm and applied in the field of energy
and environmental remediation processes because of its high photo
reactivity, great photostability, exceptional stability, non-toxicity and
low cost, but photocorrosion, backward reaction, poor stability and
visible light absorption inability are the documented impediments of
ZnO [7]. Numerous modifications have been attempted to overcome
these problems such as doping with metals and non-metals ions [8,9],
coupling with other semiconductors [10] and etc. In order to utilize
light illumination effectively, doping of photocatalysts with RE metals
not only improve the photocatalytic efficiency but also increase the
electron hole separation [11]. The rare earth metals have the in-
complete 4f orbital configuration beneficial to trap the electron in order
to reduce the recombination of charge carriers and enhance the cata-
lytic activity ascribed to high surface area and excellent electrons trap
ability due to mixed chemical (+2, +3, +4) sites. Huo et al reported
sol gel synthesized yttrium and aluminum co-doped ZnO photocatalyst
for hydrogen evolution. The enhanced hydrogen evolution was assigned
to increased light absorption and decreased band gap [12]. Anorkon
et al reported sono-chemical synthesized Eu doped ZnO photocatalyst
towards waste treatment [13].

In present work, Eu and Tb co-doped ZnO nanoparticles were syn-
thesized via combustion method for photocatalytic MB degradation, H,
generation and CO, reduction. The characteristic of variable valence
resulting in distinct Eu®>*/Eu®* and Tb**/Tb®* chemical states and
relative stable configuration of Eu and Tb due to half filled in the 4f
orbital that confine 7f-electrons stimulated us for the selectivity of Eu
and Tb. To the best of our knowledge, there has been no report for Eu
and Tb co-doped ZnO for photocatalytic application. The impact of Eu
and Tb doping on the structural, morphological, optical and photo-
catalytic properties for MB degradation, hydrogen generation and CO,
reduction under visible light illumination was studied in detail.

2. Experimental
2.1. Synthesis and characterization

Auto-combustion method was used to design pure ZnO and Eu and
Tb doped ZnO nanoparticles Eu,Tb,Zn; _ 5,0 (x = 0, 1.5 wt% and 3 wt
%) using zinc nitrate (Zn (NO3)»6H,0), europium nitrate (Eu
(NO3)3'9H,0) (99.9%), terbium nitrate (Tb(NO3)3:6H,0) (99.9%), and
glycine (C, Hs NO,). All reagents were purchased from Merck Company
and used without further purification. The balance between valencies of
the oxidant and fuel is significant to calculate the stoichiometric com-
position of the mixture, which will consequently result in evolution of
maximum energy for each reaction. The thermo-chemical concepts re-
veal that Zn, Eu, Tb, H and C contain +2, +3, +3, +1 and +2 va-
lencies, respectively and acts as reducing element [11]. O element
contains —2 valency acts as oxidizing agent, while zero valency cor-
responds to N element. Thus total valencies in (Zn (NO3),-6H,0) add up
to —10 and in (Eu(NO3)39H,0) and (Tb(NO3)36H,0) add up to —15
for each, should be equal to total valencies in the fuel which add up to
+9. Thus, the requirement for stoichiometric composition to show the
maximum energy for thermo-chemical reaction to synthesize
Eu,TbyZn; _ 5,0 is 5x + 10 = 6n or n = 1.67 mol of Glycine. Initially
stoichiometric composition of all reagents was mixed in a glass beaker
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and placed in air without protection from nitrogen. Zinc nitrate absorb
moisture due to its hygroscopic nature and turned into transparent
slurry. Afterword, the heat treatment (~180 °C) was given to slurry on
hot plate with constant magnetic stirring to make homogeneous solu-
tion for 2 h. When temperature of hot plate is enhanced to 350 °C, the
color of the solution was varied from white to red, red to yellow, yellow
to light brown, light brown to dark brown and finally turned into
blackish gel with lengthening time and constant stirred process. After-
word, the solution began thickened and lathering, following ignition
with characterized by quick enhance of temperature and evolution of
large amount of non-toxic gases. The reactions were exothermic and
lasted a few seconds, resulting in dry, loose and voluminous soft foam
that changed in to nano-powder at the slightest touch. These nano-
powders were further calcined at 700 °C to absorb any remained
moisture and to develop fine nanoparticles as final product in white
color. ZnO doped with 3 mol % of Eu and Tb was named as EZO and
TZO, respectively. ZnO co-doped with 1.5 and 3 mol% of europium and
terbium was labeled as ETZ1 and ETZ2, respectively. The following
reactions occurred during combustion process

Zn(NO;),-6H,0 + Eu(NO;);-9H,0 + Tb(NO3);-6H,0 — Eu,Tby
Zn0,;_, + HyOvapors + CO, + N, 1)

The ZnO and ETZ nanoparticles were characterized using XRD (Xpert
PRO-MPD, Philips), SEM (FEI sirion 200), EDS (EX-250), XPS (AXIS-
NOVA, CJ109) Krates, Inc), FTIR (Nicolet Avatar 360 FTIR), BET
(Germini-2375, Shimadzu), UV-visible DRS (Cary 500 spectrometer),
PL (Perkin Elmer) and photocurrent density (CompactStat, IVIUM STAT
tech.).

2.2. Photocatalytic activity

The photocatalytic activity of ZnO and doped ZnO catalysts was
evaluated by the degradation of 100 mg/L MB solution in a Pyrex re-
actor with an effective vessel volume of 500 mL. 300 W xenon light
with refrigerating water circuit acted as a slide light source. An aliquot
of 1 mL was withdrawn after certain time period of illumination and
centrifuged to separate the nanoparticles. At the end, centrifugates
were examined by recording the absorbance of MB.

Typically, photocatalysts (20 mg) was dispersed using a magnetic
stirrer in 60 mL methanol aqueous solution for the photocatalytic hy-
drogen generation. Then suspension was purged with an argon flow for
minimum 30 min to remove the residual air prior to illumination.
Constant stirring was carried out to ensure the suspension status during
photoreaction. The generation of hydrogen was confirmed by with-
drawn of gas product at periodic interval by 0.5 mL syringe (Hamilton,
USA) and analyzed through a gas chromatograph (GC-8A, MS-5A
column, TCD, Shimadazu, Japan).

CO, reduction was carried out at atmospheric pressure and room
temperature. In a typical experiment, 100 mg of the sample was put
into the reactor and 10 mL of deionized water added. Before irradiation,
the reactor was blown with nitrogen for 30 min to remove air, and to
ensure that the reaction system was under anaerobic conditions. After
light illumination for 1 h, 1 mL of evolved gas product was extracted
from the reactor, which was then detected by a gas chromatograph (GC-
8A, MS-5A column, TCD, Shimadazu, Japan). Products were calibrated
with a standard CH,4 gas by using a gas chromatograph (GC-8A, MS-5A
column, TCD, Shimadazu, Japan). The carrier gas used in the GC-2014C
was high purity nitrogen.

3. Results and discussions

3.1. XRD analysis

Fig. 1 shows the XRD pattern of ZnO and ETZ materials. The dif-
fraction peaks are in good agreement with the JCPDS No. 36-1451,
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Fig. 1. XRD pattern of ZnO and ETZ photocatalysts.
Table 1

Crystallite size and lattice constants of pure ZnO, EZO, TZO, ETZ1 and ETZ2
nanoparticles.

Sample name ZnO EZO TZO ETZ1 ETZ2

Crystallite size (nm) 32 29 28 26 21
Lattice constants (nm) a 0.324 0.325 0.325 0.327 0.328
c 0.524 0.525 0.524 0.528 0.530

showing that the crystal structure of ETZ synthesized by the solution
combustion method is the typical crystalline wurtzite hexagonal phase
of ZnO. There were no other peaks corresponding to metallic europium
and terbium, indicating that the as-synthesized samples are of single
phase. The broad diffraction peaks also indicate that sample has dete-
riorated crystallinity. No peaks associated with other impurity phases
were detected in the XRD pattern. The diffraction peaks of ETZ shifted
towards lower angles than peaks of pure ZnO (JCPDS No. 76-0704).
This could be attributed to the larger covalent radii difference of Eu®*
(95 pm) and Tb®* (104 pm) than Zn?" (74 pm) [14]. Thus, Eu and Tb
substitution for Zn in ZnO will induce the expansion of the crystal
lattice and lead to the lower angle shifts of the diffraction peaks. The
diffraction peak (0 0 2) of crystal plane was selected to estimate the
crystallite size of the sample by the Debye Scherrer equation and is
given in Tablel. The calculated values of lattice constants are also given
in Tablel.

3.2. SEM, BET surface area and EDS analysis

Fig. 2a and b shows the SEM images of the synthesized samples.
Fig. 2a shows nearly spherical, homogeneous and randomly distributed
nanoparticles. When Eu and Tb were added to starting material, the
obtained ZnO still showed spherical like structure, but a porous struc-
ture agglomerated with very small particles size ranging from 13 to
21 nm (Fig. 2b), which is mainly assembled by nanoparticles. The ag-
glomeration is made up of ZnO and nanoparticles of Eu and Tb are
dispersed on the surface of ZnO. The large amount of the agglomeration
in the nanoparticles should be beneficial to enlarge the contact area for
enhanced reactant diffusivity, which is highly favorable for catalytic
activity [15]. The specific surface area observed for ZnO found to be
38.12 m? g1, which is very less in comparison to ETZ2 and that is
74.21 m? g7, It is anticipated that observed increment in the surface
area could be one of the factors responsible for the enhanced photo-
catalytic activity of the Eu and Tb co-doped ZnO nanoparticles. EDS
mapping results are shown in Fig. S1. The presence of Zn, O, Eu and Tb
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Fig. 2. SEM analysis of ZnO and ETZ2 photocatalysts.

elements in ETZ2 catalyst confirms the successful decoration of both the
metals in ZnO. No traces of other impurity elements were observed in
the spectra, implying that the synthesized samples are pure. The atomic
percentage of elements in pure ZnO and ETZ2 is shown in Table S1. The
atomic percentages clearly indicate oxygen vacancy in composition that
will be consequently beneficial for the adsorption process which plays
the role of residual centers; eventually promote the photocatalytic
performance [16].

3.3. FTIR analysis

To evaluate the presence of all the functional groups in ZnO and
doped ZnO nanoparticles, FTIR study was performed as shown in Fig.
S2. The peaks at 3115 and 3442 cm ™" can be attributed to stretching of
O-H vibrations group whose intensity was increased to some extent due
to successful introduction of Eu>* and Tb®* ions, suggesting expansion
of lattice. Photocatalytic performance strongly depends on number of
O-H groups on photocatalyst surface due to oxidizing capability of O-H
group to transform into reactive hydroxyl radicals (*OH) [17]. The
peaks at 2850 cm ™! can be attributed to stretching of C-H group, while
the peaks at 2322 and 1636 cm ™' are due to the presence of COs,
bending vibrations of adsorbed water on the photocatalyst surface,
respectively. In addition, a broad peak at 505 cm ™ is observed due to
stretching vibration of tetrahedral Zn®>* and Eu®* and Tb®* ions (Zn-O
and Eu-O, Tb-O mode) of ZnO, suggesting Eu and Tb are successfully
doped into ZnO lattice [18].

3.4. UV-vis absorption spectra analysis

The absorption spectra of the photocatalysts are shown in Fig. 3.
The optical absorption edge for pure ZnO appears at 381 nm because of
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Fig. 3. UV-vis absorption spectra of ZnO and doped ZnO photocatalysts.

its wide optical band gap, which indicates that ZnO is only active under
UV-light illumination. It is seen that doped ZnO materials possess
longer wavelength absorption than pure ZnO. Photocatalyst EZO shows
an optical response at 394 nm due to the effect of Eu substitution into
the ZnO lattice, while TZO shows absorption response at 397 nm due to
introduction of Tb into lattice of host ZnO. However, ETZ1 exhibit
absorption in the visible region at 407 nm, which further shift to
427 nm for ETZ2 sample [19]. Thus, the co-existence of Eu and Tb in
ZnO sites can shift the light absorption range of ZnO from the UV to the
visible region, leading to improved catalytic activity under visible light
illumination. The inset of Fig. 3 shows enhancement in the optical
absorption towards longer wavelength with increase in dopants is
caused by the increase of oxygen vacancies in the catalyst crystal
structure which can inhibit the recombination of the charge carriers
and enhances the photocatalytic activity of the catalyst. The optical
band gaps of the materials were estimated using the 1240/wavelength
(nm) relationship [20]. The calculated optical band gap energies of
ZnO, EZO, TZO, ETZ1 and ETZ2 are 3.25, 3.15, 3.12, 3.04 and 2.91 eV,
respectively. Thus, the lowest optical band gap is observed for the ETZ2
photocatalyst. Similar shifts in band gap have been reported by many
researchers [19-21].

3.5. PL analysis

Fig. 4 presents the PL spectra of pure ZnO and Eu, Tb co-deposited
ZnO. The photoluminescence spectra of samples were recorded over the
wavelength range 300-800 nm with the excitation at 320 nm. All
samples exhibited the yellow emission with peak at 580 nm. The yellow
emission is related to exciton transition between photo accelerated
electrons and charged oxygen vacancy in valence band of ZnO nano-
particles. It could be seen from photoluminescence spectra that the
yellow emission with Eu and Tb co-deposited ZnO decreased relative to
pure ZnO, indicating the decreased electron-hole recombination, which
can accordingly improve the photocatalytic performance of photo-
catalysts. There is no evidence of emission intensity regarding Eu or Tb,
suggesting that Eu>* and Tb®* ions are successfully substituted by
Zn?* ions, in agreement with XRD results. Consequently, it was found
from photoluminescence data that the simultaneous introduction of Eu
and Tb are very effective for the suppression of electron-hole re-
combination [22].

3.6. XPS analysis

XPS study was used to analyze the elemental composition and
chemical states of pure ZnO and ETZ photocatalysts as shown in Fig. 5.
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Fig. 4. PL analysis of ZnO and ETZ photocatalyst.

The surface composition of Eu, Tb, C, O and Zn was investigated by
employing Eu 4d, Tb 4d, C 1S, O 1S and Zn 2p XPS spectra, respectively.
The Zn 2p spectra for pure ZnO and ETZ2 resolves into doublet Zn 2p5 >
and Zn 2p,,, peaks centered at 1021.65 and 1044.62 eV binding en-
ergies for pure ZnO and 1022.15 and 1045.21 eV for ETZ2 photo-
catalyst, respectively [23-25]. These two convoluted remarkable Zn 2p
peaks confirm the formation of hexagonal wurtzite ZnO [26]. The
binding energy difference between these two peaks is 23.06 eV, very
well matched with standard value (22.97 eV) indicating the existence of
Zn?" ions. A slight shift in Zn 2p peaks towards higher binding energy
value and reduction in peak intensity can be clearly observed for ETZ2
photocatalyst compared to that of pure ZnO, which can be assigned to
electron transfer between dopants (Eu®*, Tb®*) and ZnO or presence of
excess Zn in pure ZnO compared to ETZ2 [13]. The C 1S spectra was
used to detect the presence of contaminated CO, and deconvoluted into
four peaks centered at binding energy values of 289.2, 288.1, 286.4 and
284.6 eV, which could be assigned to COOH, C=0, C-OH and C-C
states, respectively [27]. O 1S spectra were deconvoluted into three
peaks centered at binging energy 529.61, 531.71 and 533.01 eV em-
ploying oxygen in three chemical states, consistent with documented
literature. The peak centered at 529.61 eV was attributed to lattice
oxygen [28], while peak observed at 531.71 eV attributed to chemi-
sorbed oxygen species [29]. The peak centered at 533.01 eV was ac-
credited to oxygen deficient regions in ZnO lattice. The intensity of this
peak indicates the difference in number of oxygen vacancies, may be
generating due to defects in ZnO nanoparticles. A small shift of binding
energies for ETZ2 as compared to pure ZnO was possibly due to gen-
eration of Eu-O bond and Tb-O bonds or transfer of electron between
dopants and Zn [28-30]. The XPS spectra of Eu (Tb) 3d was confusing
to some extent due to hybridization of Eu 4f orbital (and Tb 4f orbital)
with ligand orbital and fractional possession of the valence 4f orbital.
XPS spectra of Tb were fitted into two peaks centered in range of
1240.81-1249.36 eV and 12.66 34-1278.27 eV binding energy values
for Tb3ds,» and Tb3ds,», respectively. The peaks centered at binding
energy values of 1242.56 eV and 1267.16 eV was assigned to Tb®*
oxidation state, while peaks centered at 1248.12 eV and 1277.43 eV
corresponds to Tb** oxidation state [15]. Similarly the fitted char-
acteristics peaks of Eu were also deconvoluted into two peaks in the
range of 1133.16-1136.79 eV and 1161.32-1165.57 eV binding energy
values for Eu3ds» and Eu3ds,,, respectively. The peaks located at
binding energy values of 1133.76 eV and 1163.21 eV were assigned to
Eu®* oxidation state while peaks situated at 1334. 14 eV and
1164.79 eV were attributed to Eu** oxidation states. Thus it is con-
cluded that Eu and Tb were found in two oxidation states (3+, 4+) in
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Fig. 5. XPS spectra of ZnO and ETZ photocatalysts.

ZnO photocatalyst [30]. The present XPS results illustrate the si-
multaneous presence of good amount of carbon and oxygen species in
Eu and Tb co-doped ZnO materials.

3.7. Photocurrent and EIS measurements
In order to gain insight into the electronic interaction among do-

pants and ZnO, the photocurrent transient response of as-prepared
various catalysts were also performed in three-electrode system with Pt

as the cathode at 0 V vs. Ag/AgCl under visible light illumination.
Fig. 6a shows the fast photocurrent responses for each switch-on and
switch-off operation for ETZ2, ETZ1, TZO, EZO and ZnO catalysts, re-
spectively. It is interesting that the photocurrent of the ETZ2 catalyst is
about seven times as high as that of the pure ZnO catalyst. Moreover,
the photocurrent is so unstable that obvious photocurrent decay can be
found. In contrast, the photocurrent densities of the EZO catalyst ex-
hibit much lower than that of samples contained co-doped ZnO samples
(EZT1, ETZ2), suggesting that the introduction of Eu and Tb
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Fig. 6. (a) Photocurrent response of ZnO and doped ZnO (b) EIS Nyquist plot of
ZnO and doped ZnO photocatalysts.

nanoparticles can be in favor of strengthening the charge separation
and transport. In addition, the photocurrent density of ETZ1 and ETZ2
catalysts is also much higher than that of the TZO, which was attributed
to the synergistic effect of Eu and Tb in ZnO [31,32]. Fig. 6b EIS was
used to examine the as-prepared ZnO and doped ZnO under visible light
illumination to obtain insight into the photoactivity of the prepared
catalysts. The interface charge separation efficiency of the photo gen-
erated electrons and holes are a crucial factor for the photocatalytic
activity. The interface charge separation efficiency can be examined by
the EIS Nyquist plots. Fig. 6b shows the EIS Nyquist plots of ZnO, EZO,
TZO, ETZ1 and ETZ2 under visible light illumination. The arc radius of
the EIS Nyquist plot of the doped ZnO was smaller than that of pure
ZnO in visible light illumination. Because the arc radius in the EIS
spectra reflects the interface layer resistance occurring at the surface of
the electrode, more effective separation of photo generated electron-
hole pairs and faster interfacial charge transfer occurred on the doped
ZnO photocatalyst under this condition. These results clearly show that
the interaction of Eu, Tb and ZnO could effectively enhance the se-
paration and transfer efficiency of the photo generated electron-hole
pairs in ETZ2 catalyst [33].
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Hinshelwood model.

4. Photoactivity
4.1. Photocatalytic degradation of MB dye

The photocatalytic degradation of MB was selected to evaluate the
photocatalytic activity of pure ZnO, EZO, TZO and ETZ catalysts by
using the characteristic absorption values at 642 nm. The reference
experiment revealed no degradation of MB in the presence of light but
without catalyst. However, a little degradation of MB was noticed in the
presence of catalyst but without light illumination, attributed to ad-
sorption of MB on the photocatalyst surface. Thus both light source and
catalyst are essential for effective degradation of MB. To quantitatively
analyze the photodegradation behavior, the degradation efficiency (C/
Cop) of different catalysts was investigated. The photocatalytic perfor-
mance of pure ZnO sample is unpropitious, affording only 83% de-
gradation of MB under visible illumination after 60 min as shown in
Fig. 7a. However, the introduction of Eu into ZnO accelerates the
photodegradation of MB, certifying that integrating ZnO nanoparticles
with RE metals is promising to improve the degradation efficiency.
Compared with pure ZnO catalyst, the sample EZO has the degradation
efficiency about 99.9% after illumination for 50 min, whilst the effi-
ciency for sample TZO reaches nearly 100% only after 42 min. In
contrast, the degradation of nearly 100% occurred within 24 and
15 min for ETZ1 and ETZ2, respectively as shown in Fig. S3. Obviously,
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the degradation efficiency for ETZ nanoparticles prepared by the
combustion method is much higher than that for EZO, TZO and pure
ZnO. The kinetics of the photodegradation of different catalysts is ex-
plored to further understand the improved photocatalytic efficiency in
the above photocatalysis.

The famous Langmuir-Hinshelwood model is generally used to ex-
plain the kinetics of photodegradation of dyes in aqueous dispersion,
given as follows [15,16].

_d_C - kr kaC
dt ~ 1+ kaC 2

where ka and kr are adsorption equilibrium and intrinsic rate constants,
respectively whilst t is reaction time, C is MB concentration and r re-
presents the degradation rate of MB. When C and ka are very small then
factor kaC can be ignored, resulted to first order kinetics

dc

r=——=kgpC

dt (€))

When t = 0 and C = Cy are the quantitative amounts of MB after
attaining adsorption-desorption equilibrium, Eq. (2) can be written as

ln% = kgppt )
Apparent pseudo first order rate constant Kapp is used as fundamental
kinetic factor for synthesized photocatalysts. The slope of linear graph
between In Cy/C and light illumination time ‘t" would give the kapp.
Fig. 7b shows that kapp follows the pseudo first order

ETZ2  (kup = 0331  min™Y > ETZ1
(kapp = 0.143 min~") > TZO (ks = 0.083 min~') > EZO
Kapp = 0.076 min™") > ZnO (kapp = 0.029 min~")

For EZO and TZO, the k value is about 3 and 4 times higher than
pure ZnO nanoparticles, respectively. In particular, the ETZ2 sample
shows highest value of the rate constant, which is almost 11.4 times
greater than ZnO nanoparticles. Herein, it can be directly observed that
the photodegradation efficiency of ETZ2 is much higher than that of
pure ZnO nanoparticles owing to faster separation efficiency of photo
induced electrons and holes in ETZ catalysts.

4.1.1. Influence of operational parameters on photo-decomposition of MB
dye

The photocatalyst tests evaluated at various loading amount
(0.25-2.5 g L™') to optimize the catalyst dose, revealed that photo-
degradation rate of MB dye increases with enhance in catalyst dose
from 0.25 to 1.5 g/L and then degradation of MB dye reduces as shown
in Fig. S4. The primary increase in the degradation rate may be ascribed
to enhance in surface area, the presence of more active sites on pho-
tocatalyst surface and increased penetration of absorbed light. How-
ever, the decrease in degradation rate beyond 1.5 g/L can be attributed
to suppressed light penetration and reduced surface area due to ag-
glomeration, results in decreased number of light photons reaching the
active surface sites [35,36].

The pH of the reaction mixture plays an important role in the de-
gradation of dyes because it determines the surface charge properties of
the catalyst, adsorption/desorption of dyes on the surface of the cata-
lyst, and charges on the dye molecules. Therefore, it is important to
study the degradation of dyes at varying pH values of the reaction
mixture. In order to see the role of pH on the degradation of MB, we
performed experiments at different pH values varying from 5 to 11
using ETZ2 catalyst. The pH of the reaction mixture was maintained
before illumination by adding an aqueous solution of either HNO3 or
NaOH. It could be seen from Fig. 8 that the decomposition of MB dye
increases upon increases in pH from 5 to 9 and a further increase in pH
leads to a decrease in MB degradation. The rate of decomposition of dye
depends on the adsorption of dyes on the surface of ZnO nanoparticles.
However, adsorption of dyes depends upon the ionic structure of dyes
and point charge value of ZnO. Since the zero point charge for doped

Separation and Purification Technology 237 (2020) 116328

C/Co

30 60 90 120
lllumination time (min)

Fig. 8. Influence of initial pH on MB degradation (ETZ2 catalyst 1 g L™}, MB 10
mg L™ b,

ZnO (pHzpc) is about 8.8. The surface of the catalyst remains positively
charged below pHzpc whereas the catalyst surface is negatively charged
above pHzpc, according to Egs. (8) and (9), respectively [34].

Zn — OH + H* — Zn — OH; (pH<pHp, )
Zn — OH + OH™ — Zn — O~ + H,O(pH>pH,,~ 6)

The results revealed that the photodegradation of MB dye increases
with enhancing solution pH from 5 to 9 and further enhance in pH leads
to reduced decomposition of MB dye. The maximum degradation effi-
ciency is observed at pH 9, attributed to better interaction of MB mo-
lecules with surface of the photocatalyst at this pH value. The decrease
in degradation at pH 11 may be attributed to dissolution of ZnO na-
noparticles as indicated in following equations [37-39].

Zn0 + 2h* = Zn*? + %Oz

@
Zno + 2H* — Zn*? + 2H,0 (8)
Zn0 + H,0 + 20H™ — Zn(OH);? 9)

4.1.2. Mechanism of MB degradation

On absorption of photons of energy equal to or greater than the
band gap of the prepared ZnO nanoparticles, an electron can be excited
from the VB to the CB leaving behind a hole (h™). Generally, the
photocatalytic degradation of dye in the presence of pure ZnO was
found to be less than ETZ catalysts due to the recombination of charge
carriers. The enhanced photocatalytic activity of ETZ catalysts is not
only due to the fact that dopants can improve the absorption efficiency
of the nanoparticles to illumination light, but they also inhibit the re-
combination rate of charge carriers by trapping the electron, which
improved the separation of the electron and hole. Furthermore, the
higher separation of electron and hole by ETZ catalyst was confirmed
by PL spectra. The trapped electron is picked up by oxygen to generate
superoxide radical anions. At the same time the hole generated at the
VB may react with surface bound H,O to produce the highly reactive
hydroxyl radical [40]. The superoxide radical anions (*02) and hy-
droxyl radicals (*OH) produced under visible light illumination are
responsible for the degradation of dye. In addition, ETZ have a small
crystallite size and therefore possess a large surface area as inferred
from BET, SEM and XRD. Photocatalytic activity also depends upon
surface area; a larger surface area provides higher activity due to in-
creased adsorption area. Hence, the hexagonal ETZ nanoparticles pro-
vide efficient photocatalytic activity [41]. On the other hand a dye-
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sensitized mechanism may also be possible as indicated in experiments
carried out for degradation of dye over pure ZnO nanoparticles under a
visible light source. MB dye is also visible light absorbing and get ex-
cited in visible light. The excited dye* can transfer the electron to the
conduction band of ZnO nanoparticles [42-44]. The electron can be
trapped by the dopant at the surface or by the impurity band preventing
the recombination rate of the charge carrier. The trapped electrons may
subsequently be transferred to adsorbed oxygen to generate the su-
peroxide radical anion (*O27) which may act as a strong reducing
agent and may form hydrogen peroxide as indicated in the following
equations [45,46]. The hydroxyl radical (*OH) formed in the reaction
mixture may act as a strong oxidizing agent.

Dye + visiblelight — dye* (10)
B12 2 oy + by an
dye* + ETZ — dye** + e (12)
Eu/Tb** + 0, — Eu/Tb** + 05~ 13)
ecg + 0, > O~ (14)
hjs + H,O — oy + H* (15)
03~ + H,0 + 2H* —» H,0, + O, 16)
H,0, + e~ = *oyg + —on a7
057/ %oy + absrobeddye/dye** — degradationproducts (18)

4.2. Photocatalytic H, generation

4.2.1. Influence of light illumination time on catalyst
All the synthesized catalysts were evaluated for hydrogen genera-
tion under visible light illumination. A reference experiment revealed
no hydrogen generation in the absence of either photocatalyst or illu-
mination source, identifying both photocatalyst and illumination source
are essential for photocatalytic activity. The wide band gap of ZnO
makes it inactive for H, generation under visible light illumination,
whereas all modified catalysts considerably harvest visible light and
revealed optimistic result towards H, generation activity under visible
light illumination as shown in Fig. 9.. It can be observed that the
quantity of H, generation all enhance gradually with lengthening the
light illumination time for synthesized photocatalyst. The photo-
catalytic hydrogen generation was in the order of ETZ2 (144 umol) >
ETZ1 (131 pmol) > TZO (112 pmol) > EZO (103uol) > ZnO

16
—a—2Zn0O
140| —9—EZO
d| —@TZ0
—a—ETZ1
100 L_—®—ETZ2

@
(@)

N
o

hydrogen generation (umol)
N [}
(e} QO

Time (h)

Fig. 9. Influence of visible light illumination time on photocatalytic hydrogen
generation.
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(22 pmol) at 0.2 wt% loading content under 6 h visible light illumi-
nation. It is convincing since by increasing the visible light illumination
time the number of photo generated charge carriers on ZnO will en-
hance, consequently increasing the hydrogen generation activity. The
maximum hydrogen generation rate of ETZ2 catalyst with all length-
ening time is ascribed to the formation of more active sites to trap more
charge carriers due to introduction of highest content of Eu®* and Tb**
ions [49].

4.2.2. Influence of catalyst loading content on photocatalytic H, generation

Fig. S5 shows the influence of catalyst dose with different loaded
amounts on photocatalytic activities of ZnO and doped ZnO photo-
catalysts. It can be remarked that, for these catalysts, their photo-
catalytic activities all increase with the increase in the catalyst loading
contents, but only when the loaded amounts are below 0.20 wt%. And
then, they decrease with the further increase in the loading contents
when they are higher than their corresponding maximum values in each
case. Of course, the higher contents of the loaded catalysts are appar-
ently detrimental to the enhancement of the photocatalytic activity
[49,50]. The amount of hydrogen generation under 6 h visible light
illumination at 0.20 wt% catalyst loadings are 18.6, 186, 234, 397.2
and 533.8 pumol for pure ZnO, EZO, TZO, ETZ1 and ETZ2 catalysts,
respectively. This is expected because catalysts clusters highly dispersed
at a lower concentration act as a separation center and a sink for photo
generated electrons [51]. Hence, the photo generated electrons and
holes are efficiently separated. However, the catalysts clusters at a
higher concentration may work as a recombination center and the re-
combination rate between electrons and holes will increase ex-
ponentially with the increase in loading concentration, because the
average distance among trapping sites decreases by increasing the
number of the clusters confined within a particle.

4.2.3. Influence of initial pH value on photocatalytic H, generation

The role of initial pH (5-11) on photocatalytic hydrogen generation
was evaluated using methanol as sacrificial agent, noting that initial pH
of the original solution containing 200 mL distilled water and 10 mL
methanol (2.25 M) is 8.8 and insignificant changes of solution pH were
observed after the course of photocatalytic reactions. Fig. 10 depicts
that photocatalytic hydrogen generation increases with enhance in in-
itial solution pH from 5 to 9 and then hydrogen generation efficiency
remarkably reduces with further enhance in initial solution pH. The
results reveal that mild acidic conditions induce higher hydrogen gen-
eration efficiency of ETZ photocatalysts under visible light illumination
and the optimum solution pH is 9. The pHp,. for ZnO is approximately

800

700

600

500

400

Hydrogen generation (umol)

Fig. 10. Influence of initial pH value on photocatalytic H, generation under
visible light illumination.
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at pH 8.6-9.0[52]. At pH = pH,,., when photocatalyst contains no
charge, the species/molecules are probably allowed to much more ea-
sily reach the photocatalyst surface and achieve higher photocatalytic
reaction activity [53,54], thus experimentally obtaining the highest H,
generation activity at the initial solution. The photocatalytic hydrogen
generation was in the order of ETZ2 (792 pmol) > ETZ1
(663 pumol) > TZO (546 pumol) > EZO (502 pmol) > ZnO (64 umol)
at pH = 9. The initial solution pH of 9 can significantly enhance the
hydrogen generation rate of ETZ2 catalyst almost eleven times as the
hydrogen generation of pure ZnO.

4.2.4. Mechanism

The photocatalytic mechanism of the ETZ photocatalysts under
visible light illumination can be explained as follows: Tb** and Eu®*
are half-filled in the 4f orbital that holds 7 f-electrons, and this con-
figuration is relatively stable. In this case, Eu>" could not effectively
capture the photo-generated electrons on the surface of the ETZ cata-
lysts because the PL intensities of ETZ was just decreased a little bit
compared with pure ZnO. Therefore, the photo-generated electrons in
ETZ were trapped by the Tb** ions, forming Tb®*. Then the Eu®>* were
reduced by the formative Tb3* to generate a reduction species Eu*,
and the Tb®™* returned to their original stable half-filled stable (Tb**),
while valence band holes react with surface H,O molecules to generate
H* ions and *OH radicals [55,56]. Eu*2/Tb*> can react with *OH to
produce Eu*3/Tb** and OH™. H* can attain the conduction band
electrons of ZnO to generate the H, gas. Ultimately, the reduction
species Eu?* /Tb "2 could easily reduce the *OH radical on the surface
of the ETZ catalysts to form OH, so the Eu>*/Tb*3 could be oxidized
back to Eu®*/Tb** [57]. As a result of the recycle reactions, the twice-
cycled trapping and releasing process of electrons tremendously re-
duced the recombination rate of electron-hole pairs, which contributed
to hydrogen generation. Ultimately H* ions reduce to Hy. Therefore,
unlike the typical transition metal-doped semiconductors for photo-
catalysis where the dopants introduce more recombination centers to
consume the charge carriers, Tb/Eu co-doping in ZnO results in the
generation of in-built Tb**/Tb®** and Eu®*/Eu®* pairs that act as
redox cycles to immensely facilitate charge separation and restrain re-
combination.

Meanwhile, keeping in mind the standard redox-potential values of
Eu*?/Tb*® and Eu*®/Tb** (Eu™?/Tb*® = -0.36 V, Eu*?/

Tb*™3 = —0.38 V), the main reaction was considered as

Tb** + ecg — Tb*3 (19)
Tb*3 + Eu*® - Tb** + Eut*? (20)
h™ + H,O0 - OH* + H* (21)
Eu*?/Tb*3 + OH* — OH~ + Eu*3/Tb*™* (22)
2H* + e~ = Hyg (23)

4.3. Photocatalytic CO, reduction

To evaluate the photoreduction activities of as-prepared pure and
doped ZnO materials, photocatalytic CO, reduction with water vapor
was conducted at ambient temperature and atmospheric pressure. The
performance of the as-synthesized photocatalysts was studied under
visible light. The experiment was performed without both light illu-
mination and photocatalyst. In these cases, negligible carbon related
products were detected. This showed that the product yields stemmed
from photocatalytic reduction of CO, and highlighted the significance
of the photocatalyst and light source to drive the reaction. Fig. 11lc
shows the total production of CH, over pure and doped ZnO after 6 h of
reaction under visible light illumination. As illuminated by the results,
pure ZnO exhibited minimal production of CH,4, with a total yield of
1.35 umol g~ L. It is remarkable fact that, the variation tendency of CH,
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yield for EZO and TZO is strikingly different with that of ZnO. The yield
of EZO and TZO is 2.2 and 2.5 umol g~ *, which are 1.4 and 1.85 times
than that of pure ZnO, respectively. When it comes to ETZ2, the var-
iation of CH,4 yield 4.59 umol g™, which was 3.4 fold higher in com-
parison to pure ZnO. Therefore, the appropriate Eu and Tb co-addition
markedly enhancing CH, yield finally. The photocatalytic enhancement
of Eu and Tb co-doped ZnO was accredited to several concomitant
factors. Firstly, the presence of oxygen deficient surface defects sig-
nificantly alters the optical properties of ZnO, which guarantees en-
hanced light absorption to promote electron hole pair generation, along
with band gap narrowing [58]. In addition, surface defects created due
to dopants played an indispensable role to trap photo induced electrons,
hence improving the electron hole pair separation and inhibiting the
direct recombination of photogene rated charge carriers as confirmed
by PL spectra. Secondly, high specific surface of resulting RE doped ZnO
photocatalysts favors surface capture of CO, molecules, which is the
prerequisite step for the following photocatalytic reduction steps [59].

According to published literature electron in the conduction band
minima can oxidize water molecules giving rise to O, and protons. Due
to lower valence band minima (VBM) position the rate for O, genera-
tion for catalyst will improve, indirectly leading to enhance the CO,
photo reduction rate. On the other hand, the electron on the conduction
band minima (CBM) can reduce adsorbed CO, molecules to CH, under
the assistance of the protons [47,48,60]. The above photo catalytic
reactions mainly depend on three parameters: (1) light absorption of
catalysts, (2) migration of charge carriers, and (3) use of the charge
carriers in the processes. In our experiment, the adsorption of light is
increased and the PL intensity is decreased after Eu and Tb co-mod-
ification, which indicates the co-modified catalyst, has increased ca-
pacity of light adsorption and longer lifetime of charger carriers.
Changes of two general aspects are favorable for increased photo-
catalytic conversion of CO, to CH,4. Considering the results of FTIR, it is
found that the capacity of CO, adsorption is enhanced notably. We
conclude that the photocatalytic reaction rate for CO, reduction on the
pure ZnO catalyst is slow due to the limited CO, adsorption on the
catalyst surface. In other words, if there is no enough CO, adsorption on
the surface of catalysts, the following process of C-O bond breaking and
C-H bond formation is impossible to complete. It is reasonable that the
CO, adsorption on surface of Eu and Tb co-modified ZnO is rate de-
termining step in the process of CO, to CHy.

A possible mechanism for photocatalytic CO, under visible light
illumination can be explained as follows: the electrons are transferred
to conduction band leaving holes behind in the valence band. The holes
on the valence band minima oxidize water molecules to produce oxygen
and protons. On the other hand, electrons on conduction band minima
can reduce adsorbed CO, molecule to CH4 with support of protons. The
mechanism of CO, is given as follows: The oxidation reaction on the
valence band minima is

2H,0 + 4h* — 0, + 4H* 24)
The reduction reaction on conduction band minima is
CO, + 8H* + 8¢~ — CH,; + 2H,0 (25)

The overall reaction will be
H,0 + CO, —» O, + CH,4 (26)

4.3.1. Stability tests

In all the environmental remedial processes, stability of the mate-
rials is a key factor. Although, research has been varied out on the
photocatalytic performances of ZnO and ZnO based materials, but sta-
bility mechanism are limited. In present work, the performance of the
ZnO on successive recycling under the influence of visible light illu-
mination was evaluated and shown in Fig. 11a. In the presence of
visible light (Fig. 11a), no significant change in the degradation was
observed for four consecutive cycles and the degradation percentage
decreased from 100% to 96% after four cycles indicating nearly stable
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Fig. 11. Stability of photocatalysts with four successive cycles (a) MB degradation (b) H, generation (d) CO, reduction (c) CO, reduction of ZnO and doped

photocatalysts.

activity. A constant decreasing trend was observed for TZO and EZO
catalysts in the presence of visible light. The photodegradation per-
centages are 94% and 91% (1st run), 92% and 88% (2nd run), 90% and
85% (3rd run) and87% and 84% (4th run) for TZO and EZO, respec-
tively. This decrease in trend could be attributed to the photocorrosion
on the surface of ZnO due to the holes participation that destroys the
structure of ZnO.

ETZ2 catalyst showed 98% stability during four consecutive H,
generation cycles as shown in Fig. 11b. TZO sample showed strong
stability during first two run and a slightly decreased stability (94%)
during next two successive run comparing to the ETZ2 sample, in-
dicating that sample can be stable for certain period of time while the
long term stability of the present TZO photocatalyst would still need to
be improved for future applications. Similarly, EZO catalyst showed
obvious continuous loss of activity during the whole reaction, ulti-
mately showing 92% stability after four consecutive run.

It is clear that the ETZ2 catalyst remained stable for the photo-
catalytic reduction of CO, with H,O after running four cycles under
experimental condition as shown in Fig. 11d. The stability rate of CH,4
was observed to be 84% and 90% for EZO and TZO, respectively.

4.4. Conclusion

In summary, we have successfully synthesized Eu and Tb co-doped
ZnO materials via facile and inexpensive combustion method for di-
verse photocatalytic applications. These materials were characterized
by XRD, SEM, EDS, BET, FTIR, UV-visible DRS, PL, XPS and EIS and
their photocatalytic activities for MB degradation, hydrogen generation

and CO,, reduction were evaluated under visible light illumination. The
100% MB degradation under visible light illumination reported for EZO
and TZO catalysts was obtained within 50 and 42 min, respectively and
Eu and Tb co-doping of 3 mol% (ETZ2) showed the 100% MB de-
gradation in just 15 min under visible light illumination. The ETZ2
photocatalyst also obtained the highest hydrogen generation of 144,
538.8 and 792 pmol among all synthesized catalysts as a function of
visible light illumination time, catalyst dose and initial solution pH,
respectively. The photocatalytic performance of as obtained samples
indicates that introduction of Eu and Tb dopants to ZnO can effectively
increases the catalytic process of CH,4 yield 4.59 umol g~*, which was
3.4 fold higher in comparison to pure ZnO. Combining the photo-
catalytic results, introduction of Eu and Tb can greatly improve the
formation of Eu*2/Eu™2 and Tb*3/Tb ™ * mixed valence states, surface
defects and oxygen vacancies. Thus, Eu and Tb co-doped ZnO nano-
particles have applications in the fields of photocatalytic degradation of
extensive organic pollutants, photocatalytic water splitting hydrogen
generation and CO, reduction. Hence, precisely designed Eu and Tb
doped ZnO architectures are expected to provide new avenues for the
development of high performance photocatalysts having applications in
hydrogen energy and environmental abatement.
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