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 A simple low-
temperature assisted co-

precipitation approach produced Zn1-xYbxO 
nanoparticles. The manufactured samples 
have a hexagonal wurtzite structure, 
according to XRD. Yb doping increased 
average crystal diameter and microstrain. 
UV-Vis spectroscopy revealed minimal 
optical band gap changes, with a 
characteristic ZnO absorption edge at 378 nm and a Yb photosensitive center's 2F7/2 - 2F5/2 2 transition peak at 980 nm. Ferromagnetic properties 
emerged when Yb impurities exceeded 5%. Photocatalytic studies showed that 50 mg of Zn1-xYbxO nanoparticles effectively decomposed 10 
mg/L rhodamine B (RhB) under a 250W mercury lamp within 30 minutes. Zn1-xYbxO nanoparticles catalytic activity relies on Yb content. The 
sample with 5% Zn0.95Yb0.05O had the highest photocatalytic performance. 

Keywords: Efficient low temperature synthesis, nanoparticles, Yb doping, photocatalysis, wurtzite structure.

INTRODUCTION 
In the present century, notable progress has been achieved in the 

field of nanotechnology, particularly in the creation of novel 
functional nanomaterials that possess improved characteristics.1 
The progress can be attributed primarily to the substantial surface 
area of nanoparticles, which facilitates the production of reactive 
oxygen species. Nanoparticles exhibit a high surface area-to-
volume ratio, which greatly enhances their efficacy as catalysts.2 
Zinc oxide (ZnO) nanoparticles become highly valuable in 
nanotechnology, as they offer enhanced functionalities to materials 
when compared to their larger counterparts. ZnO applications 
encompass water and air disinfection, photocatalytic oxidation of 
diverse pollutants, such as pesticides and dyes, and their utilization 

as drug carriers. The efficiency of nanoparticles in photocatalysis is 
closely linked to their surface area. It is crucial to have a large 
surface area and small crystallite size to induce oxygen defects. and 
increase the production of reactive oxygen species. Hence, they are 
increasingly utilized in the domains of optics, biomedicine, 
electronics, and photocatalysis.3–9 

Current studies focus on investigating the photocatalytic abilities 
of modified and improved ZnO nanoparticles. ZnO nanocrystals 
have the capacity to effectively degrade organic contaminants by 
photocatalysis.8,9 Significantly, ZnO nanoparticles that were altered 
with silver showed exceptional photocatalytic efficacy.10,11 These 
nanoparticles are very important for protecting the environment due 
to their cost-effectiveness, lack of toxicity, chemical stability, and 
outstanding photocatalytic capability. Moreover, their ability to 
efficiently absorb ultraviolet (UV) radiation makes them superior 
than titanium dioxide (TiO2).12 

The nanoparticle synthesis method is crucial in attaining the 
desired quality through precise control of the shape and size. 
Chemical methods provide superior manipulation of particle size 
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and morphology. Incorporating appropriate elements, such as Al, 
Pt, Au, and rare earth (RE) elements, into ZnO nanoparticles 
improves their surface characteristics, as well as their optical and 
electrical properties, resulting in an enhancement of their 
photocatalytic activity.13–20 Rare earth (RE) elements, with their 
distinctive 4f orbital configuration, effectively capture electrons, 
resulting in a decrease in the rate of electron/hole recombination 
and the formation of impurity energy levels within the ZnO 
bandgap resulting in enlarger the optical absorption range.4,13,20 

In this study, the Zn1-xYbxO nanoparticles were synthesized 
using a low-temperature assisted co-precipitation method. The aim 
was to achieve high nanoparticle production efficiency at a low cost 
while maintaining high quality of nanoparticles. An extensive 
analysis was conducted on Zn1-xYbxO nanoparticles to examine 
their structure, surface morphology, optical properties, and 
photocatalytic capability. 

EXPERIMENT 
Zn1-xYbxO nanoparticles (x = 0.00 to 0.07) were synthesized by 

temperature-assisted coprecipitation. The synthesis employed 
Zn(CH3COO)2.2H2O (>99%), YbCl3.6H2O (99.9%), KOH, and DI 
water as initial reagents. To begin with, Zn(CH3COO)2.2H2O  and 
YbCl3.6H2O were dissolved in 50 mL of DI water while being 
continuously stirred for 20 min at room temperature to obtain a 
uniform solution. Simultaneously, a KOH solution was prepared by 
dissolving a suitable quantity of KOH in 150 mL of DI water. The 
KOH solution was thoroughly stirred and heated to a temperature 
of 60 oC and maintained at 60 oC for 5 min. Gradually introduce the 
50 mL solution containing Zn(CH3COO)2.2H2O  and YbCl3.6H2O 
into the KOH solution at a constant temperature of 60 oC. After 
adding all the 50 mL solutions, maintain the mixed solution at a 
temperature of 60 oC  and vigorously stir for 60 min. Subsequently, 
the precipitated substance was filtered and washed by 
centrifugation using DI water and alcohol. The precipitated 
substance was then dried at 60 oC for 24 hours to yield Zn1-xYbxO 
nanocrystalline powder. 

The Zn1-xYbxO nanoparticles were analyzed using powder X-ray 
diffraction (XRD) with CuKα radiation within the 2θ range of 20° 
to 80° and a scanning electron microscope (SEM). The FTIR 
spectroscopy was measured within the wavenumber range of 4000 
to 400 cm⁻¹. The optical properties w ere evaluated by acquiring 

absorbance spectra using a UV-Vis spectrophotometer. 
The evaluation of photocatalytic tests for the Zn1-xYbxO 

nanoparticles was conducted by observing RhB degradation. A 
solution of RhB with a concentration of 10 mg/L in a volume of 
200 mL was mixed with 50 mg of the Zn1-xYbxO nanoparticles. The 
mixture was stirred in the absence of light for 30 min to achieve a 
state of equilibrium between the photocatalysts and RhB. Next, the 
mixture is exposed to radiation from a 250W mercury lamp. To 
determine the capacity for RhB decomposition, extract 4 mL of the 
solution at 5 min intervals and use centrifugation to eliminate the 
Zn1-xYbxO nanoparticles from the solution. The reduction in 
concentration of organic pollutants was tracked by recording their 
absorption signals. The percentage reduction is determined by 
applying the following formula: 

𝐷𝐷𝐷𝐷 =  𝐶𝐶𝑜𝑜−𝐶𝐶𝑡𝑡
𝐶𝐶𝑜𝑜

𝑥𝑥100%                      (1) 

The initial concentration of RhB is denoted as "Co", while the 
time-dependent concentration of RhB is denoted as "Ct". 

RESULTS AND DISCUSSION 
Surface mophology study 
The surface morphology of the Zn1-xYbxO nanoparticles was 

examined using a SEM system as shown in Fig. 1. The Zn1-xYbxO 
nanoparticles sizes typically fall within the range of 30 to 50 nm 
and have a hexagonal nanoparticle morphology. However, 
Zn0.93Yb0.07O nanoparticles lack a distinct hexagonal morphology. 
Previous studies also noted a similar finding in Gd- 21 and Ce-doped 
ZnO nanoparticles 22. The primary factor contributing to the layered 
arrangement of doped ZnO nanoparticles is the presence of local 
forces, including Van der Waals forces, electric forces, chemical 
forces, and dipole-dipole forces, which are present throughout the 
synthesis process. These local forces contribute to hastening 
particle-particle interactions, resulting in the formation of 
agglomerates 23 

Figure 1. SEM images of the Zn1-xYbxO nanoparticles.  
 
XRD analysis 
Figure 2 illustrates the XRD pattern of the Zn1-xYbxO 

nanoparticles. When x = 0 (pure ZnO) diffraction peaks are 
observed at 31.77°, 34.44°, 36.25°, 47.49°, 56.57°, 62.85°, 66.35°, 
67.94°, 69.08°, 72.62°, and 77.13° correspond to the lattice planes 
of (100), (002), ( 101), (102), (110), (103), (200 ), (112), (201), 
(004), and (202) represent the wurtzite hexagonal structure. The 
well-defined diffraction peaks confirm the high crystallinity of pure 
ZnO. When Yb was introduced to ZnO, the diffraction peaks 
became broader and there was a slight shift in the peak position, 
indicating the successful incorporation of Yb dopants into the 
hexagonal wurtzite structure, leading to a decrease in crystallinity. 
The peak broadening and shifting may be due to distortions in the 
ZnO crystal lattice due to the presence of Yb impurities. However, 
when the Yb content increased, no strange peaks appeared on the 
XRD diagram. This indicated that Yb does not form Yb2O3 but 
participates in the lattice cell of ZnO in a substitution or interstitial 
form.24  
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Figure 2. XRD patterns of the Zn1-xYbxO nanoparticles. 
 
The Halder-Wagner technique 25 was used to determine the 

average size of the crystals and the strain in the crystal lattice of the 
nanostructures under investigation. 
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where λ is the wavelength of X-ray radiation, θ is the diffraction 
angle, and β is Full Width at Half Maximum. If the Lorentzian and 
Gaussian components of the function β* represent the average 
crystal size and strain, respectively, then the function may be 
mathematically stated as: 
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The constant κ in this equation has a value of 4/3 25. Fig. 3 allows 
for the determination of the average crystal size and lattice strain 
by analyzing the relationship between: 

� 𝛽𝛽
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�
2
 vs. � 𝛽𝛽

𝑡𝑡𝑡𝑡𝑠𝑠𝑐𝑐.𝑐𝑐𝑠𝑠𝑠𝑠𝑐𝑐
�.  

The average crystallite size of Zn1-xYbxO nanoparticles is 
determined to be 38.2 nm, 41.4 nm, 48.1 nm, 55.8 nm, and 60.7 nm, 
corresponding to the compositions of 0%, 1%, 3%, 5%, and 7% Yb, 
respectively. The presence of higher Yb impurity results in a larger 
crystal grain size and a lower dislocation density (δ), as measured 
by equation (6). Moreover, with the increase in Yb impurity, there 
is a definite observable increase in the intercept from 4.7x10-5 to 
8.4x10-5, resulting in an increase in microscopic strain (ε). Tension 
strain is generated by positive values of microscopic strain. The 
findings obtained demonstrate a distinct distortion of the crystal 
lattice or an enlargement in the grain size of the Zn1-xYbxO 
nanoparticles when the Yb impurity is increased. The correlation 
between the Yb concentration and tensile strain and the increase in 
crystal size can be explained by the disparity in diameter between 
Yb (176 pm) and Zn (134 pm). 
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Figure 3. (a-e) Halder-Wagner plots of the seven most intense 
diffraction reflections for the Zn1-xYbxO nanoparticles, and (f) the 
average crystallite size, effective strain, and dislocation density of the 
Zn1-xYbxO nanoparticles. 
 

FTIR analysis 
The composition of the Zn1-xYbxO nanoparticles (0, 0.5, 1, 3, 5, 

7, and 10 at.%) was evaluated by analyzing FTIR spectra spanning 
from 4000 cm−1 to 400 cm−1, as shown in Fig. 4. Absorption bands 
were detected at the following wavenumbers: 3424, 2977, 2916, 
1637, 1562, 1405, 1344, 1056, 902, and 567 cm−1. The bands at 
around 3424 cm-1 and 1637 cm-1 are associated with the stretching 
vibrations of the hydroxyl group (-OH) and the carbonyl group 
(C=O), respectively 26. Significantly, the -OH bands of ZnO 
nanoparticles have reduced intensity, which suggests the strength 
of the binding bands. The bands at 1562 cm-1 and 567 cm-1 were 
attributed to the stretching modes of Zn-O in the ZnO lattice 27. The 
band seen at 2977 cm-1 and 2916 cm-1 may be attributed to the 
vibrations of CO2 molecules that have been adsorbed on the surface 
of the Zn1-xYbxO nanoparticles 28. The absorption peak at around 
1405 cm-1 corresponds to the stretching vibration of the carbon-
carbon double bond (C=C). The band associated with the C–O 
stretching vibration is observed at a wavelength of 1344 cm−1, 
indicating the presence of secondary alcohol groups. The band at 
about 1056 cm-1 may be ascribed to the stretching mode of the 
aromatic C = C bond 29. The absorption band corresponding to the 
stretching vibration of C–C bonds is observed at around 902 cm−1 
30. Significantly, the intensity of the Zn−O band exhibited a 
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reduction after Yb doping. The drop in the intensity of the Zn−O 
band may be attributed to the integration of Yb ions into the crystal 
structure of ZnO, a finding confirmed by XRD examination. 
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Figure 4. Fourier transform infrared (FTIR) spectra of the Zn1-xYbxO 
nanoparticles. 
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Figure 5. (a) The UV-visible absorption spectra of the Zn1-xYbxO 
nanoparticles. (b) The first derivative of the absorbance with respect to 
the photon wavelength. 

 
The UV-Vis spectroscopy was employed to analyze the optical 

absorption spectrum of the Zn1-xYbxO nanoparticles, as depicted in 
Fig.5 (a). The Zn1-xYbxO nanoparticles exhibit a distinct absorption 
band at the wavelength of 378 nm, and a slight absorption shift is 
observed with variations in Yb impurity concentration. However, 
in the wavelength region shorter than 378 nm, a slight decrease in 
absorbance is noted for Yb-doped nanoparticles compared to pure 
ZnO nanoparticles. Additionally, noteworthy absorption peaks at a 
wavelength of 980 nm become evident when the Yb impurity ratio 
exceeds 1%. These peaks can be attributed to Yb absorption, 
specifically corresponding to the transition from the 2F7/2 state to 
the 2F5/2 state.31 The determination of the band gap of the Zn1-xYbxO 
nanoparticles was calculated as the first derivative of absorbance 
with respect to wavelength (λ), as illustrated in Fig.5(b). The optical 
bandgap of the Zn1-xYbxO nanoparticles was established by 
studying the characteristic peaks at a wavelength of 378 nm. The 
results indicate that Yb integrates into the crystal lattice of ZnO, 
acting as photosensitive centers with a discrete transition at 980 nm. 
When Yb3+ replaces the position of Zn2+, it not only enhances the 
carrier concentration in the Zn1-xYbxO nanoparticles but also 

contributes to expanding the optical absorption ability, especially 
in the near-infrared region. This characteristic makes the Zn1-xYbxO 
nanoparticles highly suitable for use as a photocatalyst.19 

Magnetic analysis 
Figure 6 depicts the magnetization against applied magnetic field 

(M(H)) data for the Zn1-xYbxO nanoparticles. The measurements 
were taken at room temperature and covered a range of magnetic 
fields from -5000 Oe to +5000 Oe. The findings of the 
magnetization characteristic measurement indicate substantial 
alterations in the magnetic characteristics of Yb-doped ZnO in 
comparison to undoped ZnO. Fig. 6 displays the magnetization 
curve of undoped ZnO, which has a negative slope. This indicates 
that the sample possesses diamagnetic properties when the applied 
magnetic field intensity exceeds 1200 Oe. Undoped ZnO displays 
modest ferromagnetism when the applied magnetic field falls 
within the range of -1200 Oe to +1200 Oe. The earlier work 
demonstrated the presence of ferromagnetism in undoped ZnO, 
which was found to be associated with inherent oxygen defects in 
ZnO 32,33. The diamagnetic nature of ZnO is intrinsically linked to 
the filled 4d orbitals, namely the 3d10 electronic configuration of 
Zn2+ ions within ZnO. Therefore, ZnO, due to the absence of 
unpaired electrons in its d orbitals, will display either paramagnetic 
or ferromagnetic characteristics. Ferromagnetic characteristics are 
observed in Yb-doped ZnO samples when the contents of impurity 
exceed 5%. The saturation magnetization (MS), remanent 
magnetization (MR), and coercivity (HC) values exhibit a positive 
correlation with the Yb impurity concentration in ZnO. The 
ferromagnetic feature of Yb-doped ZnO arises from the exchange 
interaction between Yb3+ ions and defect states in ZnO. The origin 
of ferromagnetism in Yb3+-doped ZnO has been previously 
attributed to the bound magnetic polaron model (BMP) as described 
in earlier works.32–35 
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Figure 6. Room-temperature M(H) data of the Zn1-xYbxO 
nanoparticles. 

 
Photocatalytic activities 
An investigation was conducted to assess the photocatalytic 

efficiency of the Zn1-xYbxO nanoparticles in degrading Rhodamine 
B (RhB), which acts as a representative pollutant. The RhB 
intensity at a wavelength of 554 nm in Fig.7(a) exhibits a gradual 
decline over time, which corresponds to the photocatalytic 
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decomposition of the Zn0.95Yb0.05O nanoparticles. Fig.7(b) 
demonstrates that the degradation rate of RhB by the Zn1-xYbxO 
nanoparticles through photocatalysis is influenced by the Yb 
doping concentration. Nevertheless, all samples exhibit a 
decomposition efficiency that can reach a maximum of 100% when 
the reaction time is 30 min. Through this fabrication technique, the 
ZnO material exhibits exceptional photocatalytic efficiency in 
comparison to previously reported findings, as demonstrated in 
Table 1. The photocatalytic activity is contingent upon the 
concentration of the phase. The complexity of the phenomenon can 
be ascribed to the efficacy of the Yb photosensitive centers. 
Furthermore, the photocatalytic degradation rate decreased with a 
higher doping concentration, potentially because the ZnO surface 
was shielded because of the increased Yb doping concentration.36 
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Figure 7. (a) The time-dependent UV–visible absorption spectra of 
RhB in the presence of the Zn0.95Yb0.05O (x = 0.05) nanoparticles, (b) 
Photodegradation of RhB under Mercury lamp by the Zn1-xYbxO 
nanoparticles, (c) the first-order kinetic plot for RhB photodegradation, 
and (d) pseudo-order rate constant. 

 
The photocatalytic activity of ZnO nanoparticles has been 

demonstrated to be strongly influenced by their size, with smaller 
nanoparticles providing higher photocatalytic activity 37. The size 
of the nanoparticles in the Zn1-xYbxO nanoparticles exhibited an 
increase proportionate to the concentration of Yb doping. Thus, in 
principle, the degradation efficiency will rise proportionally with 
the increase in doping concentration. Unexpectedly, the highest 
degree of degradation occurs when using the Zn0.95Yb0.05O 
nanoparticles (x = 0.05). This can be attributed to the response of 
the photosensitive centers Yb in the Zn0.95Yb0.05O nanoparticles. 
This gives rise to the assumption that size may not be the primary 
determinant affecting the alteration in photocatalytic activity. A 
similar result regarding Ce-doped ZnO nanoparticles was found 38. 
The report demonstrated that the concentration of Ce impurity has 
a significant impact on improving the photocatalytic properties of 
the ZnO nanoparticles. 

To comprehend the influence of Yb doping on the photocatalytic 
efficacy of ZnO nanoparticles, it is imperative to understand the 
photocatalytic mechanisms in semiconductor materials. 

Experimental evidence clearly demonstrates that when irradiated to 
light with energies that are equal to or greater than the band gap, 
electrons in the valence band (VB) can transition to the conduction 
band (CB), resulting in the formation of holes in the VB. If there is 
a continuous separation of charges and dispersion of catalyst in 
RhB, both holes and electrons can move toward the surface of the 
particle. This migration contributes to redox reactions with the 
degradation of organic matter. This process is essential for 
photocatalytic activity. The assumption is that the variation in 
photocatalytic activity observed in the results is linked to the 
characteristics of the doping elements and their concentration in the 
Zn1-xYbxO nanoparticles. 

The degradation kinetics of RhB were quantitatively analyzed to 
ascertain the rate constant. The degradation kinetics of RhB were 
observed to conform to pseudo-first-order kinetics: 

𝑙𝑙𝑙𝑙 �
𝐶𝐶𝑐𝑐
𝐶𝐶𝑡𝑡
� = 𝑘𝑘𝑘𝑘 

where 𝐶𝐶𝑐𝑐 and 𝐶𝐶𝑡𝑡 denote the initial and time-dependent 
concentration of RhB, t represents the time in min, and k is the rate 
constant in min⁻¹. A ccording to the data show n in Fig.7(d), the rate 
constant of 5% Yb-doped ZnO is the highest among all the samples, 
while the 10% Yb-doped ZnO has the lowest rate constant, which 
represents the rate of RhB decomposition. 

Figure 8 depicts the charge transfer mechanism in the Zn1-xYbxO 
nanoparticles. When Yb is incorporated into the crystal structure of 
ZnO, it generates energy levels within the bandgap of ZnO, 
resulting in the formation of additional energy levels for 
photosensitive centers. When the Zn1-xYbxO nanoparticles are 
illuminated, electron-hole pairs (e- - h+) are generated in its CB and 
VB, respectively. Electrons are involved in the process of reducing 
molecular oxygen to generate *O₂⁻ in the CB. At the same time, 
the holes in VB interact with -OH to generate *OH radicals, which 
contribute to the reduction and decomposition of RhB. 

 
Fig.8. Schematic illustration of photocatalytic activity of the Zn1-

xYbxO nanoparticles for the degradation of RhB.  
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Photocatal
yst  

Light 
soure/ 
Power 

Typ
e of 
dye 

Photocatal
yst dose 
(Co) 

Deg
. 
(%) 

Tim
e 
(mi
n) 

Ref. 

(Ag,Ce) 
co-doped 
ZnO 

Xenon/300
W 

Rh
B 

30 mg/120 
mL (10 
ppm ) 

97 30 [20] 

S doped 
ZnO 

Xenon/ 
1000 W/m2 

Rh
B 

Film/100 
mL (10 
ppm) 

92 150 39 

Co doped 
ZnO Sunlight/- 

Rh
B 10 mg/100 

mL (10 
ppm)  

81.2
2 120 

40 
MB 86.9

8 90 

N-doped 
ZnO UV/- Rh

B - 88 360 41 

Ce doped 
ZnO 

Solar 
light/- 

MB 
5 mg/5 mL 
(10 µM) 

96.6 16 
22 

Rh
B 77.7 16 

Ba doped 
ZnO 

Visible 
light 
lamp/500 
W 

Rh
B 

40 mg/100 
mL (4.11 
mg.L-1)  

98.4 68 42 

Er doped 
ZnO 

Sun light/ 
900 W/m2 

MB 5 mg/5 Ml 
(10 µM) 

93.2 32 
13 

MO 69.7 32 

(Er,Yb) co 
doped ZnO 

Mercury 
Lamp/200
W 

MO 
25 mg/50 
Ml (15 
ppm)  

98 90 19 

Zn0.95Yb0.5
O 

Mercury 
lamp/250
W 

Rh
B 

50 
mg/(200 
mL) 10 
ppm 

97.3 20 

Thi
s 
wor
k 

 
Table 1. Comparison of the photodegradation efficiency and rate of 
doped ZnO photocatalysts with this study. 

 

CONCLUSION 
The surface morphology of the Zn1-xYbxO nanoparticles, which 

typically range in size from 30 to 50 nm, is characterized by a 
hexagonal structure. The high crystallinity of the Zn1-xYbxO 
nanoparticles was confirmed by XRD. When Yb was introduced 
into ZnO, the diffraction peaks became broader and slightly shifted, 
indicating the successful incorporation of the Yb dopant into the 
hexagonal wurtzite structure of ZnO. The absorption bands of  the 
Zn1-xYbxO nanoparticles are at 378 nm and transition peak of Yb 
can be observed at 980 nm, showing that Yb integrated into the ZnO 
crystal lattice, acting as photosensitive centers. The highest rate 
constant of RhB decomposition was obtained for the Zn0.95Yb0.05O 

nanoparticles. Therefore, the Zn1-xYbxO nanoparticles can be 
effectively produced using the low temperature assisted co-
precipitation method. The fabrication method exhibits high 
efficiency due to the presence of particles with uniform size, 
absence of any secondary phase, and exceptional photocatalytic 
performance. The results offer valuable insights into the selection 
of efficient fabrication techniques and doping elements to improve 
the photocatalytic properties of ZnO nanomaterials. 
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