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Abstract

Samarium-doped ZnO nanorods (Sm/ZNRs) were newly synthesized via a facile and surfactant-free solvothermal method. The

as-synthesized products were characterized by X-ray diffraction (XRD), field emission scanning electron microscopy (FESEM) together

with an energy dispersion X-ray spectrum (EDX) analysis, transmission electron microscopy (TEM), high resolution transmission

electron microscopy (HRTEM), UV–visible diffuse reflectance spectra (UV–vis DRS) and photoluminescence (PL) spectra. The XRD

and EDX results revealed that Sm ion was successfully doped into ZNRs. It was also observed that the Sm doping increased the visible

light absorption ability of Sm/ZNRs and a red shift for Sm/ZNRs appeared when compared to pure ZNRs. The photocatalytic activity

of the products was evaluated by the photocatalytic degradation of phenol aqueous solution under visible light irradiation. The results

showed that all the Sm/ZNRs exhibited higher photocatalytic activities than that of the pure ZNRs. Such enhancement was attributed

to their high charge separation efficiency and dOH generation ability as evidenced by the PL spectra. The photocatalytic studies also

showed that various effects of parameter had remarkable effect on the degradation rate of phenol. In addition, the one-dimensional

structure of Sm/ZNRs could be easily recycled and reused, showing great potential for practical applications in environmental cleanup.

& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

ZnO, as a potential semiconductor with direct wide band
gap (�3.3 eV), has received enormous scientific attention
due to its excellent electrical optoelectronic properties and
wide potential applications in piezoelectric nano-generators,
dye-sensitized solar cells, chemical sensors and photocata-
lysts for degradation and complete elimination of environ-
mental pollutants [1–3]. It has been demonstrated that
physical and chemical properties are generally determined
by the morphology and dimensionality in micro- and nano-
scale systems. Hitherto, there have already been many
approaches for the synthesis of ZnO with different morphol-
ogies and structures, including nanorods, nanowires, nano-
belts, nanosheets, nanoflowers, cuboid shaped, hierarchical
and complex ZnO micro-architectures [4–11]. These
approaches can be classified into the solvothermal method,
e front matter & 2013 Elsevier Ltd and Techna Group S.r.l. A
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the thermal evaporation process, the sol–gel method, the
electrochemical deposition technique and the sonochemical
route [4,6,7,10,11].
Solvothermal method is one of the promising methods to

prepare ZnO, because it is an environmental friendly soft
solution chemical route to reach hardy target by inducing
complicated reactions, which may not take place in normal
conditions, under the huge self-produced pressure by sub- or
supercritical solvents [12]. Based on this method, various
morphologies of ZnO have been synthesized by introducing
different solvents [4,13,14]. In particular, one-dimensional (1D)
ZnO nanorods have high surface area and good dispersibility
in solution rate, which enable them to act as promising
photocatalysts for photocatalytic degradation of water pollu-
tants [15]. Also our group has recently shown that ZnO
nanorods can improve the photocatalytic activity for endo-
crine disrupting chemicals degradation [16]. However, the low
quantum yields and the lack of visible-light utilization fore-
stalled this technique in the practical application. To address
this lapse, modifications of ZnO nanostructures including
ll rights reserved.
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doping of metal or non-metal ions, deposition of noble metals
as well as use of coupled semiconductors have been proposed
[16–18]. Recently, some studies have reported doping with rare
earth ions was a useful way for improving the above two
performances of ZnO [18,19]. The doping of rare earth ions on
the ZnO produced impurity energy levels in band gap and
expanded its visible light response; furthermore, it produced
traps for photogenerated charge carriers, thus accelerating the
interfacial charge transfer and inhibiting the recombination of
electron–hole pairs [19]. Although some rare earth metal ions
have been used as dopants to modify ZnO, to the best of our
knowledge, the application of Sm3þ -doped ZnO nanorod as a
photocatalyst has not been reported yet.

On the basis of the above consideration, this work
reports for the first time on the synthesis of Sm-doped
ZnO nanorods (Sm/ZNRs) via a facile and surfactant-free
solvothermal method as photocatalysts. A possible expla-
nation of the formation of the nanorod structure was
presented. The as-synthesized ZnO products were charac-
terized by different techniques and used for the photo-
catalytic degradation of phenol under visible light
irradiation. The effects of Sm doping content in Sm/ZNRs,
catalyst amount, initial substrate concentration as well as
solution pH on the photocatalytic activities of Sm/ZNRs
were investigated. Moreover, the stability of as-synthesized
Sm/ZNRs was studied through successive three cycles of
experiments. The mechanisms of influence on the photo-
catalytic activity of the Sm/ZNRs were also discussed.

2. Experimental details

2.1. Preparation of Sm/ZNRs

All the reagents used in this work were of analytical
grade without further purification. The detailed synthesis
procedure was as follows: 4.0 mmol zinc acetate dihydrate
(Zn(CH3COO)2 � 2H2O) and samarium (III) nitrate hexa-
hydrate (Sm(NO3)3 � 6H2O) with different Sm/Zn ratios (0,
0.5, 1.0 and 2.0 at%) were dissolved into 60 ml ethanol
under vigorous stirring for 3 h. At the same time, 60 mmol
NaOH was dissolved into 100 mL ethanol and a homo-
geneous solution was obtained after constant stirring for
3 h. Then the solution containing Zn(CH3COO)2 � 2H2O
and Sm(NO3)3 � 6H2O was added drop-wise into the alka-
line solution under stirring. After being stirred for 1 h, the
resulting solution was transferred to a 200 mL Teflon-
sealed autoclave and maintained at a temperature of
150 1C for 20 h and then allowed to cool to room
temperature naturally. The as-formed precipitates were
filtrated, washed with deionized water and ethanol for
several times, dried at 60 1C in air for 12 h and finally
calcined at 450 1C in air for 2 h.

2.2. Characterization

The products were characterized by X-ray diffraction
(XRD) analysis on a Philip PW1820 diffractometer
equipped with Cu Ka radiation over a range from 201 to
801. The field emission scanning electron microscopy
(FESEM) analysis was carried out using a Quanta FEG
450 together with an energy dispersion X-ray spectrum
(EDX) analysis. Transmission electron microscopy (TEM)
image was taken on a Philip CM 12 instrument operating
at 120 keV. High resolution TEM (HRTEM) image was
performed on a Tecnai 20 at 200 keV. The diffuse reflec-
tance spectroscopy (DRS) of catalysts was tested in a
Perkin Elmer Lambda 35 UV–vis spectrometer. The spec-
tra were recorded timely in the range of 300–600 nm using
BaSO4 as the reference standard. Photoluminescence (PL)
spectroscopy of synthesized products was taken at room
temperature on a Perkin Elmer Lambda S55 spectro-
fluorometer using a Xe lamp with an excitation wavelength
of 325 nm.
2.3. Measurement of photocatalytic activity

The photocatalytic activity of the as-synthesized ZnO
products was evaluated by the degradation of phenol in
water. Experiment was as follows: 100 mg catalyst was
placed into 100 mL of phenol aqueous solution (20 mg/L)
in a beaker. A 55 W compact fluorescent lamp was used as
the light source to provide visible light irradiation. It was
placed above the beaker at a distance of 12 cm. The
average light intensity striking the surface of the reaction
solution was about 14500 Lux, as measured by a digital
luxmeter. Before photocatalytic reaction, the solution was
magnetically stirred in dark for 1 h to ensure the establish-
ment of an adsorption–desorption equilibrium between the
catalyst and phenol. The phenol concentration after
equilibration was monitored using a high-performance
liquid chromatography (HPLC) and taken as the initial
concentration (Co). The details of the photocatalytic
process and HPLC system have already been discussed in
our earlier papers [16,20]. The reaction temperature was
kept at room temperature by using cooling fans to prevent
any thermal catalytic effect. After the elapse of a period of
time, 2 mL of the solution was drawn and the concentra-
tion of phenol (C) was determined. The dissolution of ZnO
in the course of photoreaction was estimated on a
Shimadzu AA-6650 atomic absorption spectrophotometer
(AAS). Standard solutions bracketing the Zn2þ content of
samples were prepared and ran at the same time as the test
samples.
The durability test of the as-synthesized ZnO products

was also performed by using the same procedure as above
and the product underwent three consecutive cycles, each
lasting for 480 min. After each cycle, the catalyst was
centrifuged and washed thoroughly with deionized water,
and then added to fresh phenol solution. In order to
determine the reproducibility of all the results, at least
duplicated runs were carried out for each condition for
averaging the results, and the experimental error was
found to be within 74%.
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2.4. Analysis of hydroxyl radicals (dOH)

The formation of hydroxyl radicals (dOH) on the
surface of photo-illuminated ZnO products was detected
by the PL technique using terephthalic acid as a probe
molecule. Terephthalic acid readily reacted with dOH to
produce highly fluorescent product, 2-hydroxyterephthalic
acid. This technique has been used in radiation chemistry,
sonochemistry, and biochemistry for the detection of dOH
generated in water [21]. The method relied on the PL signal
at 425 nm of 2-hydroxyterephthalic acid. The PL intensity
of 2-hydroxyterephthalic acid was proportional to the
amount of dOH formed. Experimental procedures were
similar to those used in the measurement of photocatalytic
activity except the aqueous solution of phenol was replaced
by the 5� 10�4 M terephthalic acid with a concentration
of 2� 10�3 M NaOH solution. The PL spectra of gener-
ated 2-hydroxyterephthalic acid were measured by a
Perkin Elmer Lambda S55 spectrofluorometer. At the
intervals of given irradiation time, the reaction solution
was used to measure the increase of the PL intensity at
425 nm by excitation with a wavelength of 315 nm.
3. Results and discussion

3.1. Characterization of the as-synthesized products

Fig. 1 is the XRD patterns of as-synthesized products.
The diffraction peaks in the XRD spectra indicated that all
the products had typical hexagonal wurtzite structures.
For Sm/ZNRs, no diffraction peaks of Sm or other
impurity phases were detected, suggesting that Sm3þ ions
would uniformly substitute into the Zn2þ sites in the
lattices of ZNRs. In addition, the diffraction peaks of
ZNRs became broader in width and weaker in intensity
with increase in the nominal content of Sm, inferring that
Sm doping inhibited the growth of crystal size. It was also
Fig. 1. XRD patterns of pure ZNRs and Sm/ZNRs with different doping

contents of Sm.
reported that rare earth ions (i.e. La3þ , Nd3þ and Er3þ)
doping restrained the increase of crystals of ZnO [22–24].
The decrease in the crystal size of Sm/ZNRs was mainly
attributed to the formation of Sm–O–Zn on the surface of
the doped products, which inhibited the growth of crystal
grains [22].
Fig. 2 shows the FESEM images of pure ZNRs and

1 at% Sm/ZNRs. It can be seen that the synthesized
products were rod shaped and grown in large quantity.
The nanorods were 68–139 nm diameter and 1–3 mm long
for pure ZNRs (Fig. 2(a) and (c)). Upon doping with Sm in
Fig. 2(b) and (d), the diameter of 1 at% Sm/ZNRs became
43–103 nm. The average diameter of the as-synthesized
Sm/ZNRs was smaller than that of the pure ZNRs.
Furthermore, the growth of ZNRs was not influenced by
the doping of Sm atoms as the Sm(NO3)3 � 6H2O was used
for providing Sm3þ ions to be doped, and the molar
content of the dopant agent in comparison with ZnO
source was too small to alter the morphology. Fig. 2(e) is
an EDX pattern of the 1 at% Sm/ZNRs indicating the
products were made up of Zn, O and Sm ions which
showed that the Sm dopant was successfully incorporated
into the ZnO. The average of Sm/Zn atomic ratio was
derived to be about 0.0091, which was close to the
experimental dopant concentration.
For detailed microstructure characteristics of the

Sm/ZNRs, TEM along with HRTEM analyses were done
and results are indicated in Fig. 3. Fig. 3(a) exhibits the
typical TEM image of 1 at% Sm/ZNRs. It was clearly
demonstrated that the product revealing rod-shaped mor-
phology, which can coincide with the obtained FESEM
investigations. The HRTEM image in Fig. 3(b) showed that
the interplanar spacing of the nanorod was 0.26 nm corre-
sponding to the d-spacing of (002) plane of ZnO, which
indicated that the nanorod grew along the [0001] direction.
From the TEM and HRTEM images, it can be verified that
the synthesized products have highly crystalline structure,
which was essential for excellent photocatalytic materials.
Fig. 4 shows the UV–vis DRS spectra of all the Sm/

ZNRs products along with the pure ZNRs. Modification
of ZNRs with samarium significantly affected the light
absorption property of the photocatalysts. It was notice-
able that the light absorption of Sm/ZNRs in the visible
light range (4400 nm) was higher than that of pure ZNRs
and the light absorption increased with increasing Sm
content. Furthermore, a slight red shift of the optical
absorption edge was observed for all the doped products
compared to pure ZNRs. The observed red shift indicated
the narrower band gap originated from the charge transfer
between the ZnO valence or conduction band and the Sm
ion 4f level [25]. The band gap energies of the products
were calculated according to Eq. (1) [23]:

Eg ¼ hc=l¼ 1240=l ð1Þ

where Eg is the band gap energy (eV), h is the Planck’s
constant (4.135667� 10�15 eVs), c is the velocity of light
(3� 108 m/s), and l is the wavelength (nm) of absorption



Fig. 2. (a),(c) FESEM images of pure ZNRs; (b),(d) FESEM images of 1 at% Sm/ZNRs; (e) The EDX spectrum of 1 at% Sm/ZNRs.

Fig. 3. (a) TEM image and (b) HRTEM image of 1 at% Sm/ZNRs.
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onset. Using Eq. (1), the measured band gap energies of
the 0.5 at% Sm/ZNRs, 1 at% Sm/ZNRs and 2 at% Sm/
ZNRs were 3.25, 3.24, 3.23 eV, respectively, lower than
that of pure ZNRs (3.27 eV). Above results revealed that
the Sm/ZNRs can absorb in UV as well as in visible region
of the solar light. Hence, the absorption property deduced
that the Sm/ZNRs could be promising in visible light
photocatalysis.
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3.2. Possible growth mechanism of nanorod-like ZnO

structure

On the basis of studies mentioned above, the growth of
ZnO could be proposed based on the chemical reactions
involved and crystal growth habits of ZnO. The reaction
process can be expressed as follows:

Zn2þþ4OH�-Zn(OH)2k

Zn(OH)2þ4OH�-Zn(OH)4
2�

Zn(OH)4
2�-ZnOþH2Oþ4OH�

The reaction (2) could be easily observed when adding
NaOH to the Zn2þ solution. As more of the NaOH solution
was added, the Zn(OH)2 precipitate dissolved to yield a
homogenous aqueous solution containing Zn(OH)4

2� ions.
Upon increasing the time further, ZnO nuclei formed from
Fig. 4. UV–vis DRS spectra of pure ZNRs and Sm/ZNRs with different

doping contents of Sm.

Fig. 5. (a) Time-dependent HPLC chromatogram of phenol aqueous solution

pH¼5.2). (b) Phenol concentration dependence on irradiation time using

pH¼5.2).
the dehydration of Zn(OH)4
2� ions and followed by crystal

growth.

Generally, ZnO crystallites with the hexagonal wurtzite
structure are polar as the Zn and O ions combine together
through tetrahedral coordination, leading to the polar
symmetry along the hexagonal axis. It is well recognized
that there are two polar planes for ZnO crystallites: one is the
positive polar plane terminated by Zn (0001) and another is
the negative polar plane terminated by O (0001�). The
Zn-terminated ZnO plane is catalytically active while the
O-terminated plane is inert [26]. Moreover, the growth habit
depends upon the growth velocities of different planes in the
ZnO crystal. Laudise and Ballman reported that the higher
the growth rate, the faster the disappearance of a plane,
which led to the pointed shape on the end of the c-axis [27].
In ZnO, the growth velocities of the ZnO plane in different
directions were [0001]4 [011�1�]4 [011�0]4 [011�1]4
[0001�] [27]. Thus, the ZnO crystallites grow very fast along
[0001] direction (c-axis), which leads to the formation of
nanorod-like structure. In our work, the ZnO nanorod was
synthesized without the use of any surfactant, and it is also a
facile way for large-scale synthesis of 1D ZnO structures.

3.3. Photocatalytic activity

The photocatalytic activities of the as-synthesized ZnO
products were evaluated by the degradation of phenol
aqueous solution. Phenol is an endocrine disrupting
chemical which produced worldwide in millions of tons
each year and widely used in manufacturing of resins,
insulation panels, pesticides, paints and lubricants. The
extensive use and poor biodegradability of phenol have
resulted in its ubiquitous presence in the environment and
have led to contamination of surface and ground waters
[28]. Evidence of phenol effect came from observation of
increased chromosome aberrations in spermatogonia and
primary spermatocytes of mice treated with a solution of
over the 1 at% Sm/ZNRs ([phenol]¼20 mg/L; catalyst amount¼1.0 g/L;

various photocatalysts ([phenol]¼20 mg/L; catalyst amount¼1.0 g/L;
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phenol in water [29]. Thus, phenol was chosen as the model
substrate to evaluate the photocatalytic activities of the as-
synthesized ZnO products in this work. The HPLC profiles
during the photodegradation of phenol over the 1 at%
Sm/ZNRs are shown in Fig. 5(a). The phenol showed a
characteristic peak at retention time (RT) 5.6 min; it
became weaker with the extended irradiation time and
nearly disappeared after 480 min, indicating the excellent
photocatalytic activity of the product. In addition to the
above-mentioned main compound, the peaks at RT
1.1 min, 1.6 min, 2.2 min, 2.6 min and 3.3 min could be
assigned to muconic acid, pyrogallol, hydroquinone, resor-
cinol and benzoquinone intermediates, respectively when
compared with the standard chemicals. This identification
was also consistent with that reported in other studies [30–
32]. The proposed photodegradation pathways are shown
in Scheme 1, where hydroquinone, resorcinol and pyro-
gallol would be generated as by-products in the initial
stage of the degradation [32]. It should also be noted that
benzoquinone would be generated due to dehydrogenation
reaction of hydroquinone [33]. These aromatic intermedi-
ates would undergo ring cleavage reaction to yield alipha-
tic acids such as muconic acid, which would eventually
convert to CO2 and H2O due to decarboxylation [31].

Fig. 5(b) shows that the degradation efficiency of 1 at%
Sm/ZNRs reached 89.5% in 480 min. Under identical
experimental conditions, the 1 at% Sm/ZNRs showed
much higher activities than pure ZNRs (71.2% degrada-
tion efficiency) and commercial TiO2 (58.9% degradation
efficiency). Further comparative experiments were also
performed to evaluate the catalytic activity. As can be
seen, the phenol concentration decreased by less than 6.7%
after 480 min irradiation in the absence of catalysts,
inferring no obvious photolysis. With 1 at% Sm/ZNRs
Scheme 1. Proposed reaction pathway for photodegradation of aqueous

phenol by the Sm/ZNRs products.
alone without exposure to light irradiation, loss of phenol
in solution was not evident, showing insignificant adsorp-
tion of phenol onto the catalysts. These results also
revealed that the photocatalytic reactions were induced
by the catalyst in combination with light irradiation which
led to degradation of phenol aqueous solution.
The photocatalytic degradation of phenol obeyed the

pseudo-first-order kinetics. At low initial phenol concen-
tration the rate expression is given by:

d½C�=dt¼ k½C� ð5Þ

where k is the observed rate constant. The phenol was
adsorbed onto the catalyst surface and the adsorption–
desorption equilibrium was reached in 1 h. After adsorp-
tion, the equilibrium concentration of phenol was deter-
mined and considered as the initial phenol concentration
for kinetic analysis. On integrating the above equation,
Eq. (6) was obtained.

ln Co=C
� �

¼ kt ð6Þ

where Co is the equilibrium concentration of phenol and C

is the concentration at time t.

3.3.1. Effect of Sm doping content

The degradation of phenol in the presence of Sm/ZNRs
with different Sm doping contents was measured and the
results are shown in Fig. 6. As can be seen, all the products
of Sm/ZNRs demonstrated higher photocatalytic activities
than that of pure ZNRs. Especially, Sm/ZNRs with a Sm
content of 1 at% exhibited the best performance on the
photodegradation of phenol among the four products.
At low Sm content (r1 at%), the photocatalytic activities
of the Sm/ZNRs increased gradually with an increase of
the Sm content (1.040.540 at%). However, with
increasing Sm content to 2 at%, the photocatalytic activ-
ities of the products decreased. According to kinetic
analysis, the k values are calculated and shown in
Table 1. The results clearly demonstrated that the k value
Fig. 6. Effect of Sm doping content in Sm/ZNRs on phenol degradation

([phenol]¼20 mg/L; catalyst amount¼1.0 g/L; pH¼5.2).
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of 1 at% Sm/ZNRs reached the highest and was about two
times that of pure ZNRs. The k value of 2 at% Sm/ZNRs
was lower than that of 1 at% Sm/ZNRs, which further
revealing that the enhanced activity of the photocatalysts
does not increase further for more Sm doping. As for
enhancement of the photocatalytic activity of the Sm/
ZNRs, it will be discussed in detail below.

3.3.2. Effect of Sm/ZNRs amount

Photocatalyst amount is one of the priority variables to
the degradation efficiency of organic pollutants. The effect
of 1 at% Sm/ZNRs amount was studied over a range of
0.5–3.0 g/L, and the corresponding k value of phenol
degradation is shown in Table 1. The degradation effi-
ciency of phenol enhanced with increase in catalyst amount
up to 2.0 g/L owing to the increasing presence of catalyst
sites. Above 2.0 g/L 1 at% Sm/ZNRs a decrease in
degradation efficiency was observed which could be due
to the reduction in the penetration of light and light
scattering by excess catalyst [34].

3.3.3. Effect of initial substrate concentration

The dependency of photocatalytic degradation of phenol
on the initial substrate concentration was investigated in
the presence of 2.0 g/L 1 at% Sm/ZNRs. Table 1 shows
that the k value of phenol degradation decreased from
0.0057 to 0.0028 min�1 with increase in the initial phenol
concentration from 20 to 60 mg/L. The rate of degradation
is related to the active species formation on catalyst surface
and probability of active species reacting with phenol
molecules. For all initial phenol concentrations, the cata-
lyst amount and irradiation time were constant. Since the
generation of active species remained the same, the prob-
ability of phenol molecule to react with the active species
decreased. The increase in phenol concentration also
decreased the path length of photon entering into the
phenol solution and this may reduce the degradation
efficiency.

3.3.4. Effect of solution pH

The effect of solution pH on photocatalytic degradation of
phenol was studied in the pH range of 3.0–10.0 and the
corresponding results are shown in Table 1. The pH of the
Table 1

Effects of Sm doping content, catalyst amount, initial phenol concentration a

Sm content

(at%)a
k

(min�1)

Catalyst

amount

(g/L)b

k

(min�1)

0 0.0024 0.5 0.0039

0.50 0.0032 1.0 0.0043

1.00 0.0043 2.0 0.0057

2.00 0.0035 3.0 0.0050

a[phenol]¼20 mg/L, catalyst amount¼1.0 g/L and pH¼5.2.
b1 at% Sm/ZNRs, [phenol]¼20 mg/L and pH¼5.2.
c1 at% Sm/ZNRs, catalyst amount¼2.0 g/L and pH¼5.2.
d1 at% Sm/ZNRs, [phenol]¼20 mg/L and catalyst amount¼2.0 g/L.
solution was adjusted by adding small amount of equimolar
HCl or NaOH before irradiation. The range covered the pH
at point of zero charge (pzc) of ZnO and pKa of phenol
which were 9.3 and 9.9, respectively [3]. It was observed that
increase in pH from 3.0 to 5.2 (natural pH) increased the
degradation efficiency of phenol and then decreased. The
interpretation of pH effects on the efficiency of phenol
photodegradation process is a very intricate task because of
its multiple roles. First, dissociation ions from pH adjustors
could create competition with the phenol molecules on the
surface of ZnO. It was noted that in acidic condition, Cl�

ions from HCl might have been adsorbed on the surface of
ZnO and decreased the phenol degradation [35,36]. On the
other hand, in alkaline condition, the pH was adjusted by
NaOH. The competitive adsorption of the ions from NaOH
salt might also result in lower photocatalytic activity [36].
Moreover, at higher pH, the surface of ZnO was negatively
charged and phenolate anions can be repelled away from the
ZnO surface which opposed degradation of substrate mole-
cules on the surface of photocatalyst. For pH 5.2, however,
the Cl� ions did not exist because the natural pH did not
require the addition of any HCl to adjust the pH solution.
Thus, the electrostatic attraction between positively charged
ZnO with molecular form of phenol molecules led to a
maximum degradation efficiency of phenol.
Next, was related to the dissolution of ZnO under highly

acidic or highly alkaline conditions according to the
following reactions:

ZnOþ2Hþ-Zn2þþH2O (acidic dissolution) (7)

ZnOþH2Oþ2OH�-Zn(OH)4
2– (alkaline dissolution) (8)

In a strongly acidic environment, ZnO dissolved readily
to yield Zn2þ ions, while under alkaline environment ZnO
underwent dissolution into Zn(OH)4

2� [37–39]. This
explained the decrease in the rate of photodegradation
under highly acidic or alkaline conditions. Taking into
account the aforementioned reasons, the optimum solution
pH was 5.2, which was the natural value of the aqueous
phenol solution. The ZnO dissolution data at pH 5.2
collected from AAS revealed the loss of ZnO was mostly
low or negligible (o0.04%) and did not increase appreci-
ably with irradiation time.
nd solution pH on the photocatalytic activities of Sm/ZNRs.

Initial phenol

concentration

(mg/L)c

k

(min�1)

Solution

pHd
k

(min�1)

20 0.0057 3.0 0.0033

40 0.0036 5.2 0.0057

60 0.0028 7.0 0.0039

10.0 0.0016
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In summary, the highest k value of phenol degradation
can be obtained by controlling the influencing factors such
as Sm doping content (1 at%), Sm/ZNRs amount (2.0 g/
L), initial phenol concentration (20 mg/L) and solution pH
(pH 5.2).
3.3.5. Reusability of the catalyst

Cycling uses as well as maintaining high photocatalytic
activity are critical issues for long-term use in practical
applications of the catalyst. Therefore, two criteria are
required to be considered: (i) the stability of the catalyst to
maintain its high activity over time. As shown in Fig. 7(a),
after a three-time recycling of 1 at% Sm/ZNRs, there was
still considerable degradation of phenol in the aqueous
solution. Fig. 7(b) shows the XRD pattern of 1 at% Sm/
ZNRs after the third catalytic reaction. It can be observed
that the crystallization was still well maintained after
recycling test, which illustrated that the photocatalyst
was stable. (ii) The ease with which the catalyst could be
recycled from solution. In this study, the products were of
1D nanorod morphology and could be easily separated
from the aqueous suspensions by sedimentation, probably
due to the large length to diameter ratio of the 1D Sm/
ZNRs. It was indicated that the 1 at% Sm/ZNRs showed
efficient photocatalytic activity for the degradation of
organic pollutants under visible light irradiation and could
easily be recycled for reuse.
3.4. Mechanism of phenol photodegradation

3.4.1. Photoluminescence emission spectra

PL spectrum is a useful tool to investigate the fate of
photogenerated electron and hole in a semiconductor,
since PL emission results from the recombination of free
charge carriers. Generally, a weaker PL intensity implies a
low recombination rate of the electron–hole under light
irradiation [40]. Fig. 8 shows the PL spectra of Sm/ZNRs
with different contents of Sm when the excitation
Fig. 7. (a) Cycling degradation curve for 1 at% Sm/ZNRs ([phenol]¼20 mg

ZNRs after the third cycling degradation experiment.
wavelength was 325 nm. It can be observed that the pure
ZNRs have the highest PL intensity, while the 1 at% Sm/
ZNRs have the lowest PL intensity. Such PL results were
consistent with the photocatalytic activity of the products.
According to Pleskov [41], the value of the space charge
region potential for an efficient separation of the photo-
generated charge carriers had a lower limit. As the doping
content of Sm increased (o1 at%), the surface barrier
became higher and the space charge region became
narrower. The electron–hole pairs within the region were
thus efficiently separated by the large electric field before
recombination which led to the lower PL intensity and
caused an increase in the photocatalytic activity. Never-
theless, when the doping content was high (41 at%), the
space charge layer became very narrow and the penetra-
tion depth of light into ZnO greatly exceeded the space
charge layer; therefore the recombination of the photo-
generated electron–hole pairs became easier, which
increased the PL intensity and retarded the photocatalytic
activity of ZnO for phenol degradation.
3.4.2. Hydroxyl radical analysis

Fig. 9 shows the PL spectral changes observed after each
product was irradiated for 240 min of visible light in the
aqueous basic solution of terephthalic acid. An obvious
difference in PL intensity at about 425 nm was observed
using different catalysts. It was clear that the formation
rate of dOH on the 1 at% Sm/ZNRs was higher than that
of other products. This implied that the former has higher
photocatalytic activity than the latter, which was also
consistent with the results of PL emission spectra in
Fig. 8. Moreover, all the Sm/ZNRs exhibited higher PL
intensity than pure ZNRs, suggesting that doping of Sm on
ZNRs was a good route to accelerate the interfacial charge
transfer and inhibit the recombination of electron–hole
pairs, which resulted in the increase of dOH formation.
Moreover, the inset of Fig. 9 depicts the change of PL

spectra with irradiation time for the case of 1 at% Sm/
/L; catalyst amount¼2.0 g/L; pH¼5.2). (b) XRD pattern of 1 at% Sm/



Scheme 2. Possible photocatalyt

Fig. 9. PL spectra of the aqueous basic solution of terephthalic acid with

an excitation at 315 nm under different products (a) pure ZNRs,

(b) 0.50 at% Sm/ZNRs, (c) 1.00 at% Sm/ZNRs and (d) 2.00 at% Sm/

ZNRs for 240 min. Inset is the PL spectra changing with irradiation time

for the case of 1.00 at% Sm/ZNRs.

Fig. 8. PL spectra of pure ZNRs and Sm/ZNRs with different doping

contents of Sm.
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ZNRs. A gradual increase in PL intensity was observed
with increasing irradiation time, which suggested that the
fluorescence was caused by chemical reactions of ter-
ephthalic acid with dOH formed during photoilluminated
reactions. Thus, these results further confirmed the evi-
dence of dOH formation and indeed participated in
degradation process.
Combining our experiment results with the related

literatures [3,34,42], a postulated mechanism for the
enhanced photocatalysis of Sm/ZNRs could be proposed
in Scheme 2. Under the irradiation, the electrons (ecb

�) are
excited from the valence band to the conduction band of
ZNRs leaving behind positively charged holes (hvb

þ ). Sm3þ

doping in ZNRs being strong Lewis acid due to the
presence of partially filled f-orbital can effectively trap
the ecb

� and inhibit the recombination with hvb
þ . The reduced

state of Sm2þ ions, with 6f electrons, are very instable so
that the ecb

� can be easily detrapped and transferred to the
O2 molecules promoting the superoxide anion radicals
(O2d

�) formation and then converted to active dOH. This
suggested that the Sm dopant can serve as an effective
charge carrier trap and facilitated the excited ecb

� transfer
under visible light irradiation. The degradation mechanism
for the Sm/ZNRs can be given as [42]:

ZnOþhv-ZnO(ecb
�
þhvb
þ ) (9)

Sm3þ
þecb
�-Sm2þ (electron trapping) (10)

Sm2þ
þO2-Sm3þ

þO2d
� (electron transfer) (11)

O2d
�
þHþ-dOOH (12)

dOOHþHþþecb
�-H2O2 (13)

H2O2þecb
�-dOHþOH� (14)

At the same time, the photogenerated hvb
þ can trap on

the catalyst surface undergoing charge transfer with
adsorbed water molecules or with surface-bound hydro-
xide species to generate active dOH as shown in steps:

hvb
þ
þH2O-HþþdOH (15)

hvb
þ
þOH�-dOH (16)
ic mechanism of Sm/ZNRs.



Table 2

The comparison of the previously data on the phenol degradation with results finding in the present study.

Photocatalyst Experimental condition Degradation rate Ref.

[phenol]

(mg/L)

Catalyst

amount

(g/L)

Solution

pH

Source of light

ZnO/SiO2/Pt 100 1.00 7.0 150 W mercury UV lamp 99.9% degradation achieved in 60 min. [43]

ZnO/MnO2 20 0.22 6.0 70 W mercury UV-A lamp About 80–90% degradation obtained 150 min. [44]

ZnO 75 2.50 5.6 Sunlight Complete degradation took place in 480 min. [45]

N-,S- and

C-doped ZnO

1070.5 1.00 6.6 Four 10 W fluorescent light

lamps (visible light)

9.9–31.5% degradation achieved in 180 min [46]

PFT/ZnO 10 1.00 Not

available

Three 1 W LED lamp

(visible light)

About 40% degradation took place in 120 min [47]

Na/ZnO, Li/

ZnO, K/ZnO

200 1.00 6.5 125 W mercury UV lamp About 60%, 70% and 80% degradation occurred for K/ZnO,

Li/ZnO and Na/ZnO, respectively in 120 min

[48]

Ag/ZnO 20 1.00 Not

available

UV-C lamp Complete degradation obtained in 150 min [49]

Sm/ZnO 20 2.00 5.2 55 W compact fluorescent

lamp (visible light)

95.9% degradation achieved in 300 min Present

study
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Thus, the separation of the charge carriers was attrib-
uted to such trapping by Sm dopant in ZNRs. Subse-
quently, enhanced the yield of dOH quantities in the
degradation of phenol, which further improved the photo-
catalytic activity of Sm/ZNRs. Ultimately, Table 2 was
prepared to compare the result of the present study with
previously reported data on phenol degradation with other
ZnO photocatalysts.
4. Conclusions

In the absence of any surfactants, Sm-doped ZnO
nanorods (Sm/ZNRs) with different doping contents of
Sm were successfully obtained by a facile solvothermal
method, and confirmed by XRD, FESEM, EDX, TEM,
HRTEM, UV–vis DRS and PL measurements. The pro-
posed method was rather simple, mild, cost-effective and
particularly suited for industrial production of Sm/ZNRs.
The investigation of photocatalytic ability showed that
Sm/ZNRs were differently affected by Sm doping content
in the catalyst, Sm/ZNRs amount, initial substrate con-
centration and solution pH. The Sm/ZNRs prepared at
1 at% showed the highest photocatalytic activity with kobs

of 0.0043 min�1 under visible light irradiation, and
exceeded that of the pure ZNRs by a factor of almost
two times. Such enhancement was attributed to the high
charge separation efficiency and dOH generation ability as
evidenced by the PL spectra. Furthermore, the as-
synthesized Sm/ZNRs could be easily recycled without
any significant loss of the photocatalytic activity, which
was favorable for the potential practical applications.
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