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ABSTRACT

ZnO nanoparticles with different Ho dopant were prepared by tartaric acid solution combustion
method and followed by calcination at 600°C for 2 h. The XRD patterns of ZnO and Ho-doped
ZnO samples were indexed to the pure phase of hexagonal wurtzite ZnO structure. TEM images
of ZnO and Ho-doped ZnO showed that the samples were nanoparticles with different sizes.
The particle size of sample was decreased with increasing in the weight content of Ho dopant.
The XPS results certified that the Ho* ions contained in ZnO lattice. The photocatalytic activ-
ity of the as-synthesized ZnO nanoparticles with different Ho contents was evaluated through
the degradation of methylene blue (MB) as a dye pollutant under visible light irradiation. The
photodegradation of MB in aqueous medium under visible light irradiation showed that the 3%
Ho-doped ZnO nanoparticles have the highest photocatalytic activity in degrading of MB mole-
cules because Ho* ions played the role in trapping electrons, inhibiting the recombination charge
carrier pairs and enhancing the photocatalytic performance of ZnO under visible light irradiation.
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1. Introduction

In the recent years, decomposition of environmen-
tal pollutant and wastewater treatment using metal oxide
semiconductors have attracted much attention because
they are low cost, nontoxicity, environmentally friendly
and long-term stability, including they have high catalytic
activity [1-6]. Under light irradiation, electron-hole pairs
in conduction band and valence band of semiconductor
were separated and reacted with water and oxygen to pro-
duce hydroxyl radical ("OH) and superoxide anion radical

* Corresponding authors.

(‘Oy) [7-10]. These radicals can play the role in degrading
organic compound such as pigments and dye molecules
[7-10]. Among the various photocatalysts, ZnO as n-type
semiconductor with band gap energy of 3.37 eV at room
temperature shows very high photocatalytic efficiency in
degrading of dyes such as methylene blue (MB) [7,8,11,12],
methyl orange (MO) [10,13], rhodamine B (RhB) [14,15] and
malachite green (MG) [16,17]. Nevertheless, photocatalytic
efficiency of ZnO was limited because photo-excited elec-
trons and photo-induced holes were rapidly recombined
and ZnO was active in only UV light [1,2,12]. To solve the
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problem, rare earth metal such as Ce [17,18], Dy [19,20], Eu
[21,22], Gd [23,24] and Sm [25] was adopted to increase the
photocatalytic efficiency of ZnO in degrading of dye under
visible light irradiation [1,12,17,19,21]. Another rare earth
element such as holmium (Ho) containing incomplete 4f
orbital shows a great potential in improving the photocat-
alytic performance of the ceramic semiconductor by creat-
ing a new energy level within band gap because the surface
segregation of Ho® ion can lead to create oxygen vacancies
and trap photogenerated electrons [26-28]. Thus, visible
light absorption of the semiconductor was increased and
the recombination of e-h pairs was inhibited which led
to enhance the photocatalytic activity [1,17,19,26-28].

In this work, a series of Ho-doped ZnO nanoparticles
were prepared by combustion method. The photocata-
lytic efficiency of a series of Ho-doped ZnO nanoparticles
in degrading of methylene blue (MB) under visible light
irradiation was investigated. In addition, a possible pho-
tocatalytic mechanism of Ho-doped ZnO nanoparticles
under visible light irradiation was proposed and discussed.

2. Experimental details

To prepare 0%-5% Ho doped ZnO, each 0.01 mol
Zn(NO,),-6H,0O and 0-5% Ho(NO,),-6H,O by weight were
dissolved in 50 mL C,H,OH solutions under continued
stirring. Subsequently, 0.01 mol tartaric acid in 50 mL
C,H,OH solution was added to these solutions to form gel
precursors. Then, 1 M 20 mL NaOH solution in C,H,OH
solution was also added to them with continued stirring
for 30 min. The as-synthesized gel precursors were fil-
tered, washed with distilled water and dried at 80°C for
12 h. Subsequently, the dried precursor was calcined in
air at 600°C for 2 h.

The dried precursor was analyzed by thermogravimet-
ric analysis (STA 8000 Simultaneous Thermal Analyzer,
TGA, PerkinElmer) in nitrogen atmosphere with 10°C.min™
heating rate at room temperature (T,) — 800°C. The phase
of products was characterized by X-ray diffraction (XRD)
on a Philips X'Pert MPD X-ray diffractometer equipped
with Cu K radiation ranging from 10° to 80° at a scanning
rate of 0.005 deg/s. The morphology and phase were char-
acterized by transmission electron microscopy (TEM) and
selected area electron diffraction (SAED) taken on a JEOL,
JEM 2010 TEM at an acceleration voltage of 200 kV. Fourier
transform infrared spectroscopic (FTIR) spectra of samples
were analyzed by a Bruker Tensor 27 FTIR spectrometer at
400-4,000 cm™ with 4 cm™ resolution. Raman spectra of sam-
ples were analyzed by a T64000 HORIBA Jobin Yvon Raman
spectrometer using Ar green laser at 514.5 nm wavelength.
The surface oxidation state of element was analyzed by Axis
Ultra DLD | Kratos-Kratos Analytical X-ray photoelectron
spectroscopy (XPS) using the monochromated Al K radia-
tion (1486.6 eV) as a providing source and Cls electron peak
at 285.0 eV as a reference. The optical property of samples
was studied by a PerkinElmer Lambda 25 UV-visible spec-
trometer at room temperature. The Brunauer—-Emmett-—Teller
(BET) surface area of the photocatalyst was determined
by Micromeritics ASAP 2460 Surface Area and Porosity
Analyzer. Photoluminescence (PL) was carried out on a
PerkinElmer LS 50B Fluorescence spectrometer.

Photocatalytic activities of the as-synthesized samples
were tested by measuring the degradation of methylene
blue (MB) in an aqueous solution under a visible radia-
tion. The 0.5 g photocatalyst was suspended in a 500 mL of
2.5 x 10°M MB aqueous solution which was magnetically
stirred in the dark for 30 min to establish an adsorption-
desorption equilibrium of MB on the surface of the pho-
tocatalyst. Then the visible light from a xenon lamp was
turned on to initiate photocatalysis. The solution was ana-
lyzed by a Lambda 25 spectrometer using a 450 W xenon
lamp with wavelength of 664 nm as maximum absorption.
The decolorization efficiency was calculated using;:

S =C 100 (1)
C

0

Decolorization efficiency(%) =

where C, is the initial concentration of MB and C is the
concentration of MB after light irradiation. The degree of
dye mineralization was monitored by analyzing the total
organic carbon content (TOC) in the MB solution using a
multi N/C 3100 Analytik Jena GmbH analyzer.

3. Results and discussion

TGA graph of metal-tartaric complex precursor was
analyzed at T,—800°C with a heating rate of 10°C.min™" in
nirogen atmosphere as the results shown in Fig. 1. TGA
graph of metal-tartaric complex precursor shows two
steps of weight loss at T,—247°C of moisture containing in
the gel and crystallized water, and at 247°C-560°C decom-
position temperature of tartaric acid into carbon oxide
and water and residual nitrate group [11,26,29,30]. Above
560°C, the weight loss of precursors remains unchanged,
indicating the formation of ZnO. In this research, the total
weight losses were 49% for ZnO-tartaric complex and 58%
for 5% Ho-doped ZnO-tartaric complex. Thus, the dried
precursor was calcined at 600°C.

Fig. 2a shows XRD patterns of pure ZnO and Ho-doped
ZnO samples synthetized by combustion method. All the
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Fig. 1. TGA and DTA graphs of Zn-tartaric acid precursor at
T,~800°C in nitrogen atmosphere.
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peaks of pure ZnO and Ho-doped ZnO samples can be
indexed to the hexagonal wurtzite structure of ZnO as
compared to the JCPDS No. 36-1451 [31]. There was no
detection the diffraction peaks of impurities such as Ho,O,
in Ho-doped ZnO samples. The results indicated that Ho*
ions were uniformly incorporated in the Zn?" vacancies
and interstitial sites of ZnO crystal. In this research, the
diffraction peaks of Ho-doped ZnO samples were slight
shifted to the lower angle comparing with that of pure
ZnO sample (Fig. 2b) because the ionic radius of Ho*" ion
(1.072 A [32-34]) is larger than the ionic radius of Zn?*" ion
(0.74 A [3,18-20,24,25]). The result certified the incorpora-
tion of Ho ions in the ZnO host structure. The crystallite
sizes of ZnO and Ho-doped ZnO samples were cal-
culated by the Scherrer equation [1,3,10,15,19,22,24].
They were 36, 31, 28 and 27 nm for 0%, 1%, 3% and 5%
Ho-doped ZnO samples, respectively. The mean size can
be smaller or equal to the grain size and is controlled by
the crystallite shape. The dimensionless shape factor K
is close to unity but varies with the actual shape of the
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crystallite. The line broadening at half the maximum inten-
sity is related to physical broadening and instrumental
broadening [35,36].

Fig. 3a shows the Raman spectra of pure ZnO and
Ho-doped ZnO samples synthetized by combustion method.
According to the group theory, hexagonal ZnO belongs to
the C*_ space group, the optical phonons at the I' point of
the Brillouin zone are A, + 2B, + E, + 2E, [8,14,19,24,25]. The
typical modes of pure ZnO sample show the Raman peaks
at 331, 380, 410, 438 and 581 cm™ related to the E (high)-
E,(low), A (TO), E(TO), E,(high) and E (LO), respectively
[4,5,11,16,21,22]. The E (LO) is related to the defects such
as V, and Zn, for Ho-doped ZnO. Thus, the photocata-
lytic performance in ZnO under visible light irradiation
was enhanced [14,19,24,25,37].

Fig. 3b shows the FTIR spectra of pure ZnO, 3%
Ho-doped ZnO and 5% Ho-doped ZnO samples synthe-
tized by combustion method. They show the broad band at
3,200-3,400 cm™ assigned to the stretching mode of O-H of
adsorbed H,O on the surface of pure ZnO and Ho-doped ZnO
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Fig. 2. XRD patterns of 0%—-5% Ho-doped ZnO samples synthesized by a tartaric acid-assisted combustion method over the 20 range
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Fig. 3. (a) Raman and (b) FTIR spectra of pure ZnO, 3% and Ho-doped ZnO 5% Ho-doped ZnO samples.
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samples [7,8,14,19,23]. There was detection of C-H stretch-
ing and bending vibrations of organic species, indicating
that the tartaric acid was completely decomposed at 600°C
for 2 h [2,9,14]. The FTIR spectra of pure ZnO and Ho-doped
ZnO samples show the sharp peaks at 435 cm™ related
to the stretching vibration of Zn-O bond [7,8,14,19,23].

The chemical state and elemental composition of the
3% Ho-doped ZnO samples were characterized by X-ray
photoelectron spectroscopy (XPS) and the results are
shown in Fig. 4. The survey spectrum of as-prepared 3%
Ho-doped ZnO sample (Fig. 4a) demonstrates the binding
energy peaks of Ho 4d, Zn 2p and O 1s. The high resolu-
tion binding energy of Ho 4d orbital in 3% Ho-doped ZnO
nanoparticles (Fig. 4b) was detected at 161.5 eV. It certifies
that the oxidation state of Ho is trivalent which is consis-
tent in the explanation of the previous reports [38,39].
The Zn 2p,, and Zn 2p, , core levels of 3% Ho-doped ZnO
(Fig. 4c) were detected at 1,021.42 and 1,044.50 eV, respec-
tively. This detection indicates that the oxidation state of
Zn species is 2+ [17,19,23,40,41]. Fig. 4d shows the high
resolution asymmetric binding energy of O 1s core level
of as-prepared 3% Ho-doped ZnO nanoparticles. By
Gaussian fitting, the asymmetric binding energies of O 1s
core level of 3% Ho-doped ZnO sample were detected at
528.89, 530.44, 531.54 and 532.51 eV. They were related to
the Zn—O bond, intrinsic O%* ions in the wurtzite structure,
oxygen-deficient in ZnO lattice and chemisorbed oxygen of
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H,O on the top, respectively [17,19,23,40,41]. The XPS result
confirms that Ho* ions exist in ZnO matrix. The weight
percent of Ho in as-prepared 3% Ho-doped ZnO sample
was 2.30%.

The morphology of ZnO and Ho-doped ZnO prepared
by combustion method was investigated by TEM and the
results are shown in Fig. 5. The TEM image of pure ZnO
sample shows irregular particles with different sizes. The
particle size range of pure ZnO sample was 50-200 nm.
When Ho was doped in ZnO lattice, the particle size of
ZnO was reduced. The particle size ranges were 50-100 nm,
1025 nm and 10-20 nm for 1%, 3% and 5% Ho-doped
ZnO samples, respectively. The average particle-sizes were
65.35 + 24.65 nm, 23.22 + 4.85 nm, 19.72 + 4.84 nm and
15.78 + 3.84 nm for 0%, 1%, 3% and 5% Ho-doped ZnO
nanoparticles, respectively. The typical selected areas of elec-
tron diffraction (SAED) patterns of the ZnO and Ho-doped
ZnO samples as inserted in Fig. 5 show the patterns of
bright continued electron spots, indicating that all samples
were highly crystalline. They can be indexed to the (100),
(002), (101), (102), (110), (103), (112) and (201) planes of hex-
agonal wurtzite ZnO structure of the JCPDS No. 36-1451. In
addition, the surface areas of photocatalysts determined by
the BET analysis were 3.68, 28.92, 38.76 and 36.75 m? g! for
0%, 1%, 3% and 5% Ho-doped ZnO nanoparticles, respec-
tively. The surface areas of samples were increased with
decreasing in the particle sizes. It was the highest for 3%
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Fig. 4. (a) XPS survey spectrum and (b—d) high-resolution XPS spectra of Ho 4d, Zn 2p and O 1s of 3% Ho-doped ZnO, respectively.
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Fig. 5. TEM images and SAED patterns of the as-synthesized (a—d) 0%, 1%, 3% and 5% Ho-doped ZnO samples, respectively.

Ho-doped ZnO nanoparticles. Further increase of Ho con-
tent, the surface area of 5% Ho-doped ZnO nanoparticles
became lessened because the high free surface energy of
nanoparticles and the nanoparticles clustered together in
groups [42].

Fig. 6 shows the UV-visible absorption of ZnO, 3%
Ho-doped ZnO and 5% Ho-doped ZnO nanoparticles.
The pure ZnO nanoparticles without Ho dopant show the
strong absorption in UV region with a strong absorption
at 362.24 nm wavelength [1,17,22]. The UV-visible absor-
bance of Ho-doped ZnO showed higher visible absorp-
tion and slightly red shifted toward the higher wavelength
of 364.56 nm for 3% Ho-doped ZnO nanoparticles and
368.28 nm for 5% Ho-doped ZnO nanoparticles because of
the presence of intermediate state between the valence and
conduction bands of ZnO nanoparticles [1,2,9,17,22]. The
band gaps (E) of ZnO and Ho-doped ZnO nanoparticles
were determined using the Eg = 1239.8031/A [43-45]. They
were 3.42, 3.40 and 3.37 eV for 0%, 3% and 5% Ho-doped
ZnO nanoparticles, respectively. The band gap energy
of Ho-doped ZnO nanoparticles was decreased because
of the Burstain—-Moss effect and Fermi level located in the
conduction band of ZnO [2,9,17,22,23,26].

Fig. 7 shows the temporal change of the absorption spec-
tra in degrading of MB dye over ZnO and 3% Ho-doped
ZnO nanoparticles under visible light irradiation. Clearly,
the maximum wavelength of MB at 664 nm over 3%
Ho-doped ZnO nanoparticles was decreased faster than

that over pure ZnO nanoparticles. The absorption of MB
over 3% Ho-doped ZnO nanoparticles decreased to nearly
zero within 150 min irradiation, implying that the MB
molecules were completely degraded.

Fig. 8a shows the photocatalytic efficacies of MB
degradation in the presence of ZnO and Ho-doped ZnO
nanoparticles under visible light irradiation. The pure MB
solution without any photocatalyst as blank test showed no
photolysis under visible light irradiation within 150 min,
indicating that MB molecules were highly stable under vis-
ible light irradiation. The photocatalytic efficiency of ZnO
nanoparticles was 25.71%. The Ho-doped ZnO nanoparti-
cles showed the photocatalytic efficiency higher than the
pure ZnO nanoparticles. The results show that Ho® ion
played the role in enhancing the photocatalytic activity
of ZnO. The photocatalytic efficacies in degrading of MB
were increased to 89.24%, 96.66% and 83.95% for 1%, 3%
and 5% Ho-doped ZnO nanoparticles, respectively. Among
them, 3% Ho-doped ZnO nanoparticles played the highest
role in degrading of MB under visible light irritation due
to the highest surface area of active sites for photocatalytic
reaction in accordance with the BET analysis. The high
specific surface area can lead to increase the surface active
sites and enhance the photocatalytic activity. The reaction
kinetics of MB degradation over ZnO and Ho-doped ZnO
nanoparticles under visible light irradiation were also
investigated by the Langmuir-Hinshelwood model and
the results are shown in Fig. 8b [1,7,8,19,23]. They show
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Fig. 6. UV-visible absorption of ZnO, 3% Ho-doped ZnO and 5%
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the linear plot with R*—1, indicating that the model kinet-
ics for MB degradation over photocatalysts correspond
to the first order reaction kinetics [1,7,8,19,23]. The reac-
tion kinetics for MB degradation over photocatalysts were
2.01 x 10, 0.0148, 0.0224 and 0.0115 min* for 0%, 1%, 3%
and 5% Ho-doped ZnO nanoparticles, respectively. The
3% Ho-doped ZnO nanoparticles show the highest activ-
ity in degrading of MB. The efficiency of 3% Ho-doped
ZnO nanoparticles is 11 times that of pure ZnO nanopar-
ticles due to the higher number of oxygen vacancies and
surface defects, electron-hole regeneration efficiency and
charge trapping effect [9,11,14,15,17,19,22,23,26]. The pho-
tocatalytic efficiency was deceased when the content of Ho
dopant is higher than 3% because the oxygen vacancies
and defects became the recombination centers to inhibit
the charge separation and reduce the photocatalytic reac-
tion [9,11,14,46,47]. According to the photoluminescence
(PL) analysis, the recombination rate of electron-hole of
ZnO was decreased by the doped Ho. Fig. 9 shows the
PL spectra of ZnO and Ho-doped ZnO nanoparticles. In
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Fig. 7. (a) UV-visible absorption of MB solutions photocatalyzed by ZnO and (b) 3% Ho-doped ZnO nanoparticles under visible

light irradiation.
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Fig. 9. PL spectra of 0%-5% Ho-doped ZnO nanoparticles.

this research, the 3% Ho-doped ZnO nanoparticles have
the lowest PL intensity. The rate of electron-hole recom-
bination of 3% Ho-doped ZnO nanoparticles was less
than those of ZnO and 5% Ho-doped ZnO nanoparticles
[48,49]. According to the TOC analysis, the mineraliza-
tion of the MB solution over 3% Ho-doped ZnO nanopar-
ticles under visible light irradiation within 150 min
was 60.32% or 3.28 times that of the MB solution over
ZnO nanoparticles.

The active species generated during photocatalytic
reaction were h*, *OH and *O; and were used to degrade
MB over 3% Ho-doped ZnO nanoparticles under vis-
ible light irradiation. They were investigated and dis-
cussed. The scavenging reagents such as ethylenedi-
aminetetraacetic acid disodium salt (EDTA-2Na), isopro-
panol (IPA) and benzoquinone (BQ) were also added to
the MB solution to trap h*, *OH and *O; during the pho-
tocatalytic reaction [10,40,41,50,51]. Fig. 10 shows the pho-
todegradation of MB over 3% Ho-doped ZnO nanoparti-
cles in the presence and absence of the scavengers. When
IPA and BQ were added, the photocatalytic efficacies in
degrading of MB were considerably decreased to 11.35%
and 21.32%, respectively. The results indicate that *OH,
and °*Oj; are the main and the first runner-up active species
used to degrade MB over 3% Ho-doped ZnO nanoparti-
cles under visible light irradiation. During photocataly-
sis, the surface of Ho-doped ZnO nanoparticles absorbed
the photon. Subsequently, electrons were excited from
valence band to conduction band and holes were induced
in valence band [3,8,10,17,18,22]. The photo-excited elec-
trons diffused to the surface and reacted with the adsorbed
oxygen to form °O; radicals. Concurrently, the photo-in-
duced holes reacted with the adsorbed H,O/OH" to form
*OH radicals [3,8,10,17,18,22]. In this case, the Ho* ions
acted as electron sinks to prevent the recombination pro-
cess, therefore, the photocatalytic reaction of ZnO under
visible light irradiation was enhanced [17,18,22,23]. Then,
the *OH, and *O; active species played the role in trans-
forming MB molecules into CO, and H,O [3,8,10,18,22,23].
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Fig. 10. Effect of different scavengers on the degradation of MB
solutions photocatalyzed by 3% Ho-doped ZnO nanoparticles
under visible light irradiation.

1004

[es]
L]

501

40

Decolorization efficiency (%)

[~
L

15t and ard Ath sth
Number of cycle

Fig. 11. Stability and recyclability of the reused 3% Ho-doped
ZnO nanoparticles illuminated by visible light within five
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In order to investigate reusability of the 3% Ho-doped
ZnO nanoparticles, these nanoparticles were reused for
photocatalysis for five cycles as the results shown in
Fig. 11. In the experiment, the 3% Ho-doped ZnO nanopar-
ticles were collected, washed and dried for being reused
for the next cyclic reaction. At the end of cycle five, the
photocatalytic efficiency of reused 3% Ho-doped ZnO
nanoparticles slightly decreased from 96.66% to 93.21%,
indicating that the 3% Ho-doped ZnO nanoparticles were
very stable for the dye degradation.

4. Conclusions

In summary, Ho-doped ZnO nanoparticles with dif-
ferent weight contents of Ho dopant were synthesized by
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tartaric acid combustion method. The analytical results of
samples showed that ZnO and Ho-doped ZnO nanoparti-
cles were pure phase of hexagonal wurtzite ZnO structure.
The 3% Ho-doped ZnO nanoparticles have the highest
efficiency in photodegrading of MB of 96.66% under vis-
ible light irradiation because the Ho* dopant acted as
an electronic sink, and played the role in inhibiting the
recombination of charge carrier pairs and enhancing the
photocatalytic performance of ZnO under visible light
irradiation. The 3% Ho-doped ZnO nanoparticles are very
stable for the dye degradation.
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