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A B S T R A C T   

Pollution of fresh water has resulted from waste generated by agricultural and industrial activities. The pol
lutants need to be removed from water owing to the growing demand for drinking water due to an increase in the 
population. Hence, the effective treatment of synthetic dyes and their release into the environment is crucial. In 
this study, Ag@HfO2 core-shell nanostructures were synthesized and presented as a new catalyst for removing 
cationic dyes - such as rhodamine B (RhB), methylene blue (MB), and direct red-23 (DR-23) - from wastewater. X- 
ray diffractometry (XRD), transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), 
UV–Vis, and photoluminescence (PL) spectroscopies were employed to verify the synthesis success of Ag@HfO2 
core-shell nanostructures in this study. The Ag@HfO2 core-shell nanostructures’ effectiveness for photo
degradation were tested by removing dyes associated with photo-catalytic measurements with high efficiency in 
both the UV and visible regions. The results are expected to contribute towards solving an environmental health 
issue deemed critical.   

1. Introduction 

The potential for a long-term threat to the wetland and terrestrial 
ecosystems from the continuous direct discharge of wastes from agri
cultural and industrial activities intensified by population growth into 
natural river beds raises concerns both in developed countries and in 
water-scarce regions [1]. Hundreds of organic pollutants contaminate in 
wastewater, and dyes are considered a priority among wastewater pol
lutants [2]. In general, dyes are divided into two main groups natural 
dyes and synthetic dyes. While natural dyes are obtained from animal or 
vegetable substances without any chemical treatment, synthetic dyes 
are produced from organic molecules [3]. Since chemical processes are 
involved in the synthesis, processing, and use of synthetic dyes, these 
dyes have the potential to pose environmental problems [4]. Among the 
anionic and cationic dyes included in the scope of synthetic dyes, 
cationic dyes are more harmful to the environment. However, these dyes 
constitute the main component of the organic content of industrial 

wastewater [5]. Thus, wastewater generation and treatment are called 
among the biggest problems in terms of health and the environment 
today [6]. It is important to search for new, economical, and efficient 
methods to remove organic pollutants from water. In general, methods 
for the treatment of dye-containing wastewater are considered in two 
main groups. The first is chemical or physical dye removal methods, 
which refer to the process called decolorization, and the other is 
biodegradation [7]. It can be mentioned that there is photo-catalytic 
technology, which has much more advantages than the methods 
mentioned above. Today, heteroatom doping, heterojunction formation, 
morphology modification, hybridization with cocatalysts, and the use of 
carbon materials are among the strategies used to improve 
photo-catalytic performance, in addition to the design of different ma
terials for photo-catalysts [8,9]. 

Noble metal nanocrystals (especially silver) have been shown to have 
significant potential for visible light harvesting in the photo-catalytic 
process due to their specific surface plasmon resonance (SPR) 
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properties [10]. Since the effect of core-shell nanostructures on factors 
that directly affect photo-catalytic performance, such as rapid photo
generated charge migration, can be controlled by the general architec
ture of the core-shell structure, it has an important potential to increase 
clean water from organic impurities. Metal-semiconductor core-shell 

nanostructured photo-catalysts offer several advantages. The integra
tion of plasmonic metals and semiconductors in hybrid nanostructures 
enables the combination of their respective functions in a single nano
system, facilitating the synergistic coupling between plasmon and 
exciton, which in turn enhances the harvesting of sunlight and its 

Table 1 
Properties of chemicals used in Ag NPs and Ag@HfO2 core-shell NPs synthesis.   

AgNO3 HfCl4 HOC(COONa)(CH2COONa)2 ⋅ 2H2O CH3OH NaOH 

IUPAC name Silver nitrate tetrachlorohafnium trisodium; 2-hydroxy propane-1,2,3-tricarboxylate; dihydrate Methanol sodium; hydroxide 
Molecular weight (g/mol) 169.87 320.29 294.10 32.04 39.99 
Chemical Structure 

Appearance White Solid White Solid White Solid Colorless White Solid 
Density (g/cm3) 4.35 3.89 0.6 0.792 2.13  

Table 2 
Chemicals used in photo-catalytic activity measurements.   

C28H31ClN2O3 C16H18ClN3S C35H27N7O10S2 

IUPAC name [9-(2-carboxyphenyl)-6- 
diethylamino-3-xanthenylidene]- 
diethylammonium chloride 

3,7-bis(Dimethylamino)- 
phenothiazin-5-ium chloride 

7-[[6-[(4-acetamidophenyl)diazenyl]-5-hydroxy-7-sulfonaphthalen-2-yl] 
carbamoylamino]-4-hydroxy-3-phenyldiazenylnaphthalene-2-sulfonic acid 

Name Rhodamine B Methylene blue Direct-red 23 
Molecular 

weight (g/ 
mol) 

479.02 319.85 813.72 

Chemical 
Structure 

Appearance Green crystals or reddish-purple 
powder 

Blue powder Purple powder  

Fig. 1. a) System used in the synthesis of Ag nanoparticles, b) demonstration of the formation of the produced Ag nanoparticles and c) obtaining Ag nanoparticles 
from AgNO3 [20]. 
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Fig. 2. The synthesizing procedure of HfO2 shell layers.  

Figure 3. XRD diffraction patterns of a) HfO2 shell layers, b) Ag nanoparticles, c) Ag@HfO2-1, and d) Ag@HfO2-2 core-shell structures.  
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conversion into clean energy [11,12]. Nanoparticles of 
metal-semiconductor core-shell structures such as Ag@SiO2 NPs and 
Ag@TiO2 NPs, have been widely used in micro-nano optoelectronic 
devices [13,14]. Furthermore, since solar energy is by far the largest 
available energy source in the world, it is important to devise various 
strategies to improve the photo-catalytic activity of wide-band gap 
semiconductors under visible light. In this context, research on zirco
nium oxide (ZrO2)-based photo-catalysts has increased recently. 
Although HfO2 is similar in crystal structure to ZrO2, specifically, the 
presence of a greater electron density concentration on the oxygen 
atoms of HfO2 than ZrO2 makes the electronic structure of HfO2 different 
from ZrO2 [15,16]. This provides an advantageous for photo-catalytic 
applications for HfO2 due to trapping of photogenerated electrons 
especially in UV region [17]. HfO2 can be used as shell format to capture 
more charge carriers on the surface for photodegradation of pollutants. 
Furthermore, it can provide to adjust the SPR of Ag by changing shell 
thickness [18]. 

In this study, Ag@HfO2 core-shell spherical nanostructures at 
different shell thicknesses were synthesized by a high-temperature 
reduction technique. The characterization of the Ag@HfO2 core-shell 
structures was carried out by various instruments. The investigation of 
photo-catalytic performance for degradation of various dyes was tested 
in UV and visible regions. 

2. Experimental 

2.1. Chemical materials and tools 

CH3OH, HfCl4, NaOH, AgNO3, and HOC(COONa)(CH2COO
Na)2⋅2H2O, which were used in the experimental synthesis of Ag, HfO2, 
and Ag@HfO2 core-shell nanoparticles synthesized within the scope of 
the study, were purchased from Chem. Lab. (Belgium), Alfa Easer 
(Germany), Isolab (Germany), and Merck (Germany), respectively. 
Rhodamine B (RhB), methylene blue (MB), and direct red-23 (DR-23) 
cationic dyes were bought from Sigma-Aldrich (China) for use in photo- 
catalytic degradation studies. All chemicals were analytical purity and 
the water required for all solutions was obtained from Millipore Milli-Q 
Direct 16 ultrapure water systems. The properties of all chemicals have 
been shown in Table 1 and Table 2. 

2.2. Synthesis of silver nanoparticles 

Silver nitrate was used as a silver precursor to prepare Ag nano
particles in a colloidal solution. Silver colloid was prepared using the 
chemical reduction method reported by Bastus et al. [19]. According to 
this method, a 100 mL aqueous solution containing tri-sodium citrate 
(TSC) (5 mM) was prepared and heated with a heating mantle under 
vigorous stirring for 15 min in a three-necked round bottom flask. 
Meanwhile, solvent evaporation was prevented utilizing a spiral 
refrigerant as shown in Fig. 1a. After boiling, 1 mL AgNO3 (25 mM) was 
injected into this solution. Following the addition of AgNO3, the color of 
the solution changed to bright yellow, indicating the formation of Ag 
nanoparticles (Fig. 1b). At this stage, it can be said that TSC functions as 
both a reducing and stabilizing agent as seen in Fig. 1c. Immediately 
after the synthesis of the Ag nuclei and in the same container, the re
action was cooled until the temperature of the solution reached 90 ◦C, 
and the solution was kept at this temperature for 15 min. The obtained 
solution was centrifuged at 10000 rpm, and Ag nanoparticles were 
separated from the solution. As a result, 12 mg Ag nanoparticles were 
obtained. 

2.3. Synthesis of HfO2 shell layers 

For the synthesis of colloidal HfO2 shell layers, the experimental 
procedure was followed previously used by Dhoke [21] to obtain ZnO 
nanoparticles. The synthesizing procedure schematically has been 
shown in Fig. 2. The decomposition of HfCl4 salt in de-ionized water and 
its high solubility in methanol constrained the use of methanol as a 
solvent in the experimental process. For synthesis, a solution was ob
tained by mixing the appropriate amount of hafnium tetrachloride 
(HfCl4) in a methanol solution at room temperature. In addition, 
analytical grade NaOH (>85 %) solution in 500 ml analytical grade 
methanol was prepared by cooling in an ice bath to obtain 0.1 M con
centration of another solution. 100 mL of the second solution was then 
added very slowly and under vigorous stirring (1000 rpm/min) to the 
previously prepared solution, in which the HfCl4 salt was completely 
dissolved until a white precipitate was observed. The white gel obtained 
after this step was mixed for about 3 h at a mixing speed of 1000 
rpm/min, then it was washed 2 times in de-ionized water and centri
fuged at 10000 rpm for 30 min. The obtained white powder was again 
dispersed in methanol and prepared for characteristic analysis. 

Fig. 4. TEM images of a) HfO2 shell layers, b) Ag nanoparticles, c) Ag@HfO2-1, and d) Ag@HfO2-2 core-shell structures.  
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2.4. Synthesis of Ag@HfO2 core-shell nanoparticles 

6 mg of previously prepared Ag nanoparticles were divided into 3 
different aliquots containing 40 mL methanol. 1.53 mL of HfCl4 solution 
(Ag@HfO2-1), which was prepared as 10 mM in methanol, to increase 
the thickness of the HfO2 shell and, thus to cover the Ag nanoparticles 
with a strong dielectric material and to combine them with electro
magnetic radiation of much larger wavelengths than these particles. To 
create a synergistic effect, 2.18 mL (Ag@HfO2-2) and 2.80 mL 
(Ag@HfO2-3) were added dropwise into aliquots containing Ag nano
particles under vigorous stirring (1000 rpm/min) at room temperature 
very slowly. The resulting mixtures were stirred for 10 min at the same 
mixing speed and then added slowly in a controlled manner until a white 
precipitate was observed, indicating the formation of HfO2, from the 
previously prepared 0.1 M NaOH solution. Since there was a possibility 
of oxidation of Ag nanoparticles by interacting with high NaOH, the 
NaOH addition process was carried out in a controlled and slow manner, 
as soon as a white precipitate (or discoloration) was observed. Then, 
NaOH addition was stopped, and this mixture was stirred at a mixing 
speed of 1000 rpm/min for 2 h. The resulting mixture was dispersed in 

10 mL methanol after washing twice with water. 

2.5. Photo-catalytic performance measurements 

The photo-catalytic performance of Ag@HfO2 core-shell nano
particles was investigated considering the photodegradation of RhB, MB 
DR-23 dyes. Photo-catalytic activities of Ag@HfO2 core-shell nano
particles were carried out with an approach designed by Marien et al. 
[22]. For this, Ag@HfO2 core-shell nanoparticles dispersed in methanol 
solvent were formed on 0.8 × 4 cm2 glass substrate surfaces by drop 
casting method, and films containing approximately 1.5 mg Ag@HfO2 
catalyst were formed. These films were immersed in 3 ml of dye aqueous 
solutions containing 20 mM H2O2 (prepared to have a dye concentration 
of 5 mg/l) and exposed to a dark environment for 30 min. Since the dye 
content of the DR-23 cationic dye is 30 %, the dye concentration was 
prepared to be 25 mg/l in the photodegradation of the DR-23 dye, and 
thus the initial absorption was observed as ~0.99 %. The same way was 
followed for other dyes. Afterward, the solutions were illuminated using 
UV-A and visible region light sources with wavelengths of 350 nm and 
420 nm. Photodegradation of the dyes was determined by using a 

Fig. 5. Scaled representation of TEM images of a) Ag@HfO2-1 and b) Ag@HfO2-2 core-shell structures.  
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UV–Vis spectrometer and dye concentrations remaining at certain 
wavelenghts were determined at certain time intervals by using 
Beer-Lambert law. 

2.6. Characterization of synthesized structures 

PANalytical Empyrean brand X-ray diffractometer was used to 
characterize the crystalline structures of HfO2, Ag, and Ag@HfO2 
nanostructures. JEOL JEM-1220 tunneling electron microscope was 
used to take images of the synthesized structures. Specs-Flex brand XPS 
device with 0.1◦ angular resolution was employed to obtain elemental 
compositions. MAPLE II- Low Temp Macro photoluminescence spec
trometer and Shimadzu UV-3600 Plus brand UV-VIS-NIR spectrometer 
were used to obtain the optical properties of the nanostructures. Nyquist 
curves were performed in a three-electrode quartz cell using platinum 
(Pt) as the counter electrolyte, Ag/AgCl as the reference electrode, and 
HfO2 and Ag@HfO2 film-coated glassy carbon electrodes as the working 
electrode in 1 mM ferric/ferrous and 0.1 M KCl electrolyte solution. 
Measurements were obtained in the frequency range of 0.01–1 MHz 
under 10 mV AC potential. 

3. Results and discussion 

3.1. Structural characterization 

XRD diffraction patterns of synthesized HfO2, Ag, and Ag@HfO2 
nanostructures are shown in Fig. 3(a–d). From the diffraction pattern of 
HfO2 shell layers in Fig. 3a, it is seen that these particles have a mono
clinic polycrystalline structure, and the peaks of the pattern are quite 
compatible with the JCPDS 06-0318 card. The same XRD peaks of the 
HfO2 shell layers or nanostructures can be seen in the literature [23–25]. 
These results revealed that desired HfO2 shell layers were successfully 
synthesized. The XRD diffraction pattern of the synthesized Ag nano
particles is seen in Fig. 3b. The peaks in Fig. 3b belonging to both Ag 
nanoparticles and Ag2O are simultaneously located in the diffraction 
pattern as two separate phases. Such XRD patterns are available in the 
literature and can be attributed to the oxidation of Ag during production 
[26,27]. The Ag peaks reveal a face-centered cubic crystal structure and 
conform to the JCPDS 00-004-0783 card while the Ag2O peak conforms 
to the JCPDS 00-019-1155 card. The results highlighted that Ag nano
particles were successfully synthesized [28,29]. Normally, preferred 
orientation of the HfO2 is generally (111) or (111) planes and (111) 
plane for Ag nanoparticles. However, the shapes of the nanoparticles as 

Figure 6. a) Overall scan for Ag@HfO2-1 core-shell structures, XPS plots of b) Hf 4f and c) O 1s.  
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well as agglomeration can change preferred orientation [30]. We think 
our XRD results have same results in the case of changing preferred 
orientation of synthesized nanoparticles. 

XRD diffraction patterns of Ag@HfO2-1 and Ag@HfO2-2 core-shell 
structures are given in Fig. 3 (c) and (d), respectively. Here, the XRD 
pattern of HfO2 shell layers almost overlaps with the XRD pattern of Ag 
nanoparticles, and it is difficult to distinguish them from each other. In 
Fig. 3 (c), although the degree values of the peaks are close to each other, 
the (111) and (111) peaks of HfO2 are visible. However, other peaks are 
thought to overlap and belong to either Ag or HfO2 shell layers [31]. In 
Fig. 3 (d), it is seen that the (111) and (111) peaks of HfO2 have dis
appeared, but the other peaks in Fig. 3 (c) appear to belong to Ag and 
HfO2. 

TEM images of synthesized HfO2, Ag, and Ag@HfO2 nanostructures 
are displayed in Fig. 4(a–d). In Fig. 4a, it is seen from the TEM images of 
HfO2 that the dimensions of the HfO2 structures are at the nanometer 
level, but the particles are more agglomerated and these structures are 
dense in some places, but sparse in others. Although the TEM used does 
not have a selected area electron diffraction feature, it is thought that 
images very similar to the TEM images of HfO2 are obtained in the 
literature [32]. This shows that HfO2 shell layers were successfully 
synthesized. The TEM image of Ag nanoparticles is given in Fig. 4 (b), 

and Ag nanoparticles are around 30-50 nm dimensions with spherical 
and rod-like shapes which are quite similar to Ag nanostructures syn
thesized earlier in the literature [33,34]. 

In Fig. 4 (c) and 4 (d), approximately 30–40 nm core and 25-40 nm 
shell structures were obtained from the TEM images of Ag@HfO2 core- 
shell nanostructures. With the increase in the density of HfO2, a thick
ening of around 10-15 nm was detected in the shell. From these results, 
it was concluded that the Ag core structure can be successfully covered 
with the HfO2 shell and its thickness can be controlled. In Fig. 5a and b, 
there are TEM images of Ag@HfO2-1 and Ag@HfO2-2 core-shell struc
tures, respectively. The increase in shell thickness can be seen clearly as 
mentioned above with an increasing amount of HfCl4 solution. 

Fig. 6 and Fig. 7 show the overall scan, Hf 4f, and O 1s XPS spectra of 
Ag@HfO2-1 and Ag@HfO2-2 core-shell structures, respectively. In the 
general scan, Si 2p and Si 2s peaks of the glass substrate also appear in 
both spectra of Ag@HfO2-1 and Ag@HfO2-2 core-shell structures 
(Figs. 6a and 7a) [35]. In the general scan for both cases, the peaks of Hf 
4d around 212 eV and 222 eV belonging to 4d5/2 and 4d3/2 peaks are 
given in the inset of Figs. 6a and 7a, C 1s peak around 281 eV, and Hf 4p 
peaks around 381 eV and 399 eV can be seen. Around 495 eV and 1072 
eV, the Na (KLL) and Na 1s peaks caused by the impurities in the 
environment are located, respectively. Around 531 eV and 978 eV, there 

Fig. 7. a) Overall scan for Ag@HfO2-2 core-shell structures, XPS plots of b) Hf 4f and c) O 1s.  
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Fig. 8. Absorption spectra of a) HfO2 shell layers, b) Ag nanoparticles, c) Ag@HfO2-1, d) Ag@HfO2-2 core-shell structures, and e) Shift in the normalized absorption 
band with HfO2 shell thickness variation. 
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are O 1s and O (KLL) peaks, respectively. These peaks are the peaks of 
HfO2 that could be seen in the literature [36–40]. High-resolution Hf 4f 
and O 1s peaks are given in Fig. 6b and c for the Ag@HfO2-1 structure 
and in Fig. 7b and c for the Ag@HfO2-2 structure. According to Fig. 6b 
and c, the Hf 4f and O 1s peaks appear as sharp peaks around 15.04 eV 
and 530.94 eV, respectively while in the case of the thicker HfO2 shell, a 
cleavage is observed in the O 1s peak. The low-level peak can be 
attributed to oxygen defects, while the high-energy peak can be referred 
to surface hydroxides. The resulting XPS spectra show that HfO2 struc
tures were successfully obtained. 

3.2. Optical characterization 

Absorption graphs of synthesized HfO2, Ag, and Ag@HfO2 nano
structures obtained by UV–Vis spectrometer are given in Fig. 8a–e. Ac
cording to the absorption graph for HfO2 in Fig. 8a, it is seen that HfO2 
shell layers absorb more in the UV region and less in the visible region. 
The band gap energy of HfO2 shell layers was determined as 3.82 eV by 
absorption spectrum. When the literature is examined, it has been 
determined that the 80 nm thin film structure of HfO2 exhibits an ab
sorption graph as obtained in Ref. [41]. It is understood from the TEM 
analysis results that the dimensions of the obtained HfO2 nanostructures 
are around 50-60 nm. The absorption graph of Ag nanoparticles is given 
in Fig. 8b. An absorption peak around 410 nm and a broad peak around 

690 nm are observed absorption graphs of Ag nanoparticles. The peak 
around 410 nm can be attributed to the surface plasmon frequency of Ag 
[42]. It can be said that Ag nanoparticles can have low absorption in a 
wide area from the UV region to the infrared (IR) region (0.20–0.25). 
Such low absorption values can be found in the literature [28]. The low 
absorption value here can be attributed to the agglomeration of nano
particles [43,44]. Due to this agglomeration problem, it is thought that it 
would be appropriate to use Ag nanoparticles together with shells in 
photo-catalysis. The absorption spectrum of Ag@HfO2 nanostructures 
with thin and thick shells (Ag@HfO2 1-2) are given in Fig. 8c and d. 
While the absorption values of thin-shelled Ag@HfO2 nanostructures 
cover both a high and wide range, the absorption values of thick-shell 
Ag@HfO2 nanostructures decreased. Normalized absorption graphs 
obtained by adding silver nanoparticles and HfO2 nanostructures for 
different shell thicknesses are given in Fig. 8e. The absorption graphs of 
the silver particles showed a red shift with the addition of a certain 
amount HfO2 nanostructures, and after a certain rate, they shifted to
wards the blue region again. Therefore, the redshift of the SPR peak 
increases with increasing HfO2 film thickness due to the increase in 
surface polarization energy. However, the SPR peak moves towards 
blue-shift as the HfO2 film thickness increases further (for Ag@HfO2-3), 
which can be attributed to the reduction of the surface polarization 
energy due to the diversity of the dielectric functions of Ag and HfO2 
[45]. This is the reason why the HfO2 shell thickness cannot be increased 

Figure 9. PL graphs of a) HfO2 shell layers, b) Ag nanoparticles, c) Ag@HfO2-1, and d) Ag@HfO2-2 core-shell structures.  
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further in the framework of this study. Here, the desired absorption is 
shifted towards the red region and photodegradation takes place in the 
visible region. The results of Ag@HfO2 structures shown in Fig. 8b and c 
are in agreement with the visible region photo-catalytic performances, 
and it has been confirmed that high-performance nanostructures are 
synthesized in the visible region. 

The emission graphs of the synthesized HfO2, Ag, and Ag@HfO2 
nanostructures obtained by PL spectrometry are given in Fig. 9(a)-9(d). 
A He-Cd laser with a wavelength of 325 nm was used to excite the 
samples, and the emission spectrums were obtained in the range of 
200–1000 nm. According to the PL spectrum of HfO2 in Fig. 9a, peaks 
around 420 nm, 544 nm, and 746 nm were observed. These three peaks 
in the spectrum can be attributed to oxygen defects, and such results are 
available in the literature [46–48]. The PL graph of Ag nanoparticles 
indicates again three peaks around 406 nm, 545 nm, and 740 nm ac
cording to Fig. 9b, and the PL peaks of Ag nanoparticles are quite similar 
to the peaks obtained in the literature [49]. The peaks here can be 
attributed to defects in the bonds formed with oxygen in the structure 
[50]. Wang et al. (2020) obtained dimensions of Ag nanoparticles 
around 40-50 nm, and the particles emitted narrow PL spectrum around 
400 nm and wide PL spectrum in the range of 500–800 nm [51]. The 
spectrum of Ag nanoparticles creates a broad emission spectrum. Fig. 9 
(c) and 9(d) show the PL emission spectrum of Ag@HfO2-1 and 
Ag@HfO2-2 core-shell structures. Overlapping peaks in these spectra 
were observed to sharpen with increasing HfO2 shell thickness. It was 
concluded that the defect emission became more pronounced with 
increasing shell thickness. 

3.3. Photo-catalytic performance analysis 

The photo-catalytic performances of the obtained HfO2 shell layers 
and Ag@HfO2 core-shell structures were investigated considering the 
photodegradation of DR-23, MB, and RhB dyes for the UV-A region. UV- 
A region photo-catalytic performance curves of HfO2 shell layers, 
Ag@HfO2-1 and Ag@HfO2-2 core-shell nanostructures of DR-23, MB, 
and RhB dyes are given in Fig. 10(a) and (b) and 10(c), respectively. As 
seen from the curves, Ag@HfO2 core-shell structures are generally better 
for all three dyes than the photodegradation of HfO2 shell layers. When 
the photo-catalytic performances of Ag@HfO2-2 core-shell structures 
are considered, it is seen that all dyes degraded within 180 min except 
DR-23 dye. According to some studies, HfO2 shell layers do not 
completely degrade for MB dye, instead, HfO2 shell layers are modified 
with graphene or Mn for good degradation [17,52]. It is important to 
note that the shell thicknesses of the core-shell materials should be 
adjusted for good photodegradation of the dyes. If the shell thickness is 
too large, localized holes can decrease photo-catalytic performance due 
to recombination of excitons in the core [53]. However, thick shell can 
provide higher local dielectric constant to provide red shift of the core. 
Rajbongshi et al. [54], studied Ag@ZnO core-shell structures for pho
todegradation of MB in the case of increasing shell thicknesses of ZnO 
from 6.76 nm to 40 nm, and they concluded that the increasing thickness 
caused more electron hole pairs, and more photoelectron transfer 
occurred from ZnO shell to Ag core. They also highlighted to that 
increasing ZnO shell provided to red shift from near UV to visible region 
for efficient solar light utilization. Shi et al. [55], investigated shell 
thickness effect of TiO2@CdS core-shell structures for photodegradation 

Fig. 10. Photodegradation curves of a) DR-23, b) MB, and c) RhB dyes by HfO2 shell layers and different molarity Ag@HfO2 core-shell structures in the UV-A region.  
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of RhB dye, and they highlighted that the optimum thickness of CdS 
layer was 11 nm for better degradation. Li et al. [56], synthesized 
Ag@Cu2O core-shell structures for photodegradation of methyl orange 
(MO) in visible region in the case of various shell thickness from 11 nm 
to 40 nm, and they reached that increasing shell thickness caused to 
increase local dielectric constant and provide red shift. Thus, entire 
visible region of light could be absorbed by Ag@Cu2O core-shell struc
tures and helped to increase photodegradation of MO. Lee et al. [57], 
also synthesized Ag@Cu2O core-shell structures by simple co-reduction 
process to achieve various thicknesses of the Cu2O shell (5.8 nm, 8.1 nm 
and 11 nm) for photodegradation of MO. They concluded that increasing 
shell thickness caused to red shift and increased photodegradation due 
to plasmonic charge transfer from the Ag core. Here, the thicknesses of 
the HfO2 shells were adjusted by the amount of HfCl4 solution to achieve 
various HfO2 shells (samples called Ag@HfO2-1, Ag@HfO2-2 and 
Ag@HfO2-3). According to TEM images of the Ag@HfO2-1 and 

Ag@HfO2-2, the samples have averagely ~25 nm and ~40 nm, 
respectively. Both of them caused to red shift according to absorption 
spectra (Fig. 8e). Thus, it is expecting better performance of the 
Ag@HfO2-2 than Ag@HfO2-1 core-shell. 

In this study, core-shell structures were obtained with Ag nano
particles and aimed to increase the photo-catalytic performance. It can 
be seen from the graphs that almost all of the MB and RhB dyes degrade 
within 90 min. It is seen that the results obtained are good enough 
compared to both the above-mentioned studies and other studies on 
HfO2 [58]. The photo-catalytic performances of the obtained HfO2 shell 
layers and Ag@HfO2 core-shell structures were also discussed by pho
todegradation in the visible region for DR-23, MB, and RhB dyes. Visible 
region photo-catalytic performance curves of Ag@HfO2-1 and 
Ag@HfO2-2 core-shell structures for DR-23, MB, and RhB dyes are given 
in Fig. 11(a), (b), and (c), respectively. Here, the photodegradation 
curve of HfO2 is not given since HfO2 has wide band gap energy and 

Figure 11. Photodegradation curves of a) DR-23, b) MB, and c) RhB dyes for different molarity ratios Ag@HfO2 core-shell structures in the visible region.  

Table 3 
Degradation efficiencies, degradation rate, and correlation coefficients of synthesized structures for UV-A and visible region.  

Situation Structure DR-23 MB RhB 

Efficiency (η) k (min− 1) R2 Efficiency (η) k (min− 1) R2 Efficiency (η) k (min− 1) R2 

UV-A Region HfO2 % 83 0.00992 0.9991 % 88 0.01934 0.9547 % 82 0.00805 0.9842 
Ag@HfO2-1 % 94 0.01511 0.9983 % 93 0.02102 0.9735 % 93 0.01463 0.9963 
Ag@HfO2-2 % 95 0.01599 0.9949 % 98 0.03617 0.9542 % 99 0.03749 0.9753 

Visible Region HfO2 – – – – – – – – – 
Ag@HfO2-1 % 39 0.00275 0.9954 % 83 0.00915 0.9858 % 94 0.01564 0.9987 
Ag@HfO2-2 % 47 0.00356 0.9985 % 85 0.00977 0.9975 % 96 0.01817 0.9987  
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absorbs in the UV region [59]. When the degradation of DR-23, MB, and 
RhB dyes by Ag@HfO2 core-shell structures is examined, it is seen that 
Ag@HfO2-1 and Ag@HfO2-2 core-shell structures affect the degradation 
of dyes. Although the degradation is not very good for DR-23, the 
degradation of MB and RhB dyes exhibit good result. Thus, it can be 
highlighted that Ag@HfO2 core-shell structures can be successfully used 
in the degradation of MB and RhB dyes both in the visible region and in 
the UV-A region. 

An important parameter used in the measurement of degradation is 
efficiency η(%). It is calculated by the following formula: 

η(%)=
C0 − C

C0
× 100 (1)  

where C0 represents the initial concentration value of the dye, and C 
represents the dye concentration value obtained after the degradation. 
By using this formula, the efficiency values of degradation with HfO2 
shell layers and Ag@HfO2 core-shell structures for both the UV-A region 
and the visible region of DR-23, MB, and RhB dyes were calculated and 
given in Table 3. 

While the degradation efficiency values of dyes with HfO2 shell 
layers in the UV-A region were around 80 %, these values increased 
above 90 % for all dyes with Ag@HfO2 core-shell structures. Moreover, 
with the increase in the density of the Ag@HfO2 core-shell structures, 
the efficiency reached over 95 % for all three dye types. These results 
highlight that Ag@HfO2 core-shell structures exhibit better efficiency in 
the UV-A region due to the plasmon frequency of Ag [42]. The photo
degradation performance of Ag@HfO2 core-shell structures were 

studied in the visible region, but HfO2 shell layers were not studied due 
to not absorbing light in the visible region as shown in absorption 
graphs. Ag@HfO2 core-shell structures also remove MR and RhB dyes 
with very good efficiency, except for DR-23 dye in the visible region. 
This may be attributed material reaction between HfO2 and DR-23. 
Namely, energy absorption and transfer are affected by the number 
and position of chromophores in the dye molecules and the presence of 
auxochromes [60]. Since RhB and MB dyes have more efficient chro
mophores in their molecular structure than DR-23 dye, it is assumed in 
our study that there is less energy transfer to DR-23 dye by visible light, 
and consequently less degradation of DR-23 dye in the visible region. 
Furthermore, the degradation efficiency of Ag@HfO2 core-shell struc
tures increase with increasing concentration. 

Another method used to evaluate photo-catalytic performance is to 
examine the kinetics of the catalytic reaction. The catalytic reaction 
kinetics is described by the following equation: 

ln(C /C0)= − kt (2)  

where k represents the degradation rate coefficient, and t shows the 
reaction time. If ln (C /C0) is plotted against time, the slope of this graph 
gives the coefficient of the degradation rate. 

ln (C /C0)– time graphs are displayed in Fig. 12 (a)-(c) for the UV-A 
region and Fig. 13(a–c) for the visible region. Here, instead of the 
fluctuation in the graphs, only the slopes are drawn to show the k-values. 
The k-values (with the corresponding correlation coefficients (R2)) are 
given for HfO2 shell layers and Ag@HfO2 core-shell structures both in 
Table 3 and Figs. 12 and 13. According to ln (C /C0)– time graphs and for 

Fig. 12. Time variation of ln (C /C0) values of a) DR-23, b) MB, and c) RhB dyes for different molarity ratios of Ag@HfO2 in the UV-A region.  
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all three dyes, the slopes increased for both the UV-A region and the 
visible region by increasing molarity of Ag@HfO2 core-shell structures. 
These results confirmed that increasing molarity of Ag@HfO2 core-shell 

structures caused to increase degradation of the dyes, and Ag@HfO2 
core-shell exhibited better performance than HfO2 shell layers. More
over, all R2 values were found to be above 0.95. This shows that time and 
the degradation rate coefficient are well correlated. 

Fig. 13. Time variation of ln (C /C0) values of a) DR-23, b) MB, and c) RhB dyes for different molarity ratios of Ag@HfO2 in the visible region.  

Fig. 14. Schematic view of the photo-catalytic mechanism of Ag@HfO2 core- 
shell nanostructures under light. 

Fig. 15. Nyquist diagrams of synthesized HfO2 and various concentrations of 
Ag@HfO2 core-shell structures. 
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It is well known that the production of reactive radicals (•OH, h+ ve 
•O2− ) is a crucial step for photo-catalysis [61]. Therefore, it is important 
to understand the nature of the reactive radicals responsible for 
photo-catalytic degradation. The photo-catalytic activity can be attrib
uted to the formation of the Schottky barrier shown in Fig. 14 at the 
metal-semiconductor interface between the Ag core and the HfO2 shell. 
Hence, it has been observed that photon-excited electrons cause rapid 
transfer from the high energy conduction band of the HfO2 shell to the 
Ag core. As a result, prolonging the recombination times have caused 
increasing the photo-catalytic performance by forming electron-hole 
pairs. 

Generated electrons on the surface of Ag nanoparticles by the surface 
plasmon resonance are transmitted with the HfO2 shell and be trapped 
by the adsorbed O2 molecules present in medium to produce superoxide 
anion radicals (⋅O2

− ) [62]. Furthermore, the internal porosity within 
nanoparticles facilitates the diffusion of reactive oxygen species (ROS) 
originating from the formation of electron-hole pairs upon exposure to 
light into the HfO2 layer. Concurrently, surface plasmon resonance 
(SPR) modifies the local electromagnetic field surrounding the nano
particles, particularly in regions with restricted oxygen availability, 
potentially enhancing oxygen activation. These phenomena enable the 
proximity of Ag nanoparticles to facilitate contact with O2 molecules. At 
the same time, it can be discussed that the holes formed in HfO2 react 
with H2O molecules adsorbed on the surface of the HfO2 shell, resulting 
in •OH radicals. In such cases, the action of O2− and •OH radicals may 
cause the dye molecules to decompose into CO2 and H2O products. 
Detailed explanation about photo-catalytic mechanism and possible 
reaction steps can be found in the literature for Ag plasmonic cores [42, 
63]. The reactions of all the photo-catalytic processes mentioned above 
can be summarized as follows: 

HfO2 + hv → HfO2(e− ) + (h+) (3)  

HfO2(e− ) +Ag → HfO2 + Ag(e− ) (4)  

Ag(e− ) +O2 → •O2
− + Ag (5)  

HfO2(h+)+H2O → HfO2 + • OH + H+ (6)  

•O2
− + • OH + dye solution → CO2 + H2O (7) 

The Nyquist plot obtained from electrochemical impedance spec
troscopy (EIS) is a crucial method for studying the efficiency of interface 
charge separation. This efficiency is a key factor in determining the 
photo-catalytic activity of light-excited electrons and holes [64]. Fig. 15 
shows Nyquist plots for HfO2 shell layers, Ag@HfO2-1, and Ag@HfO2-2 
core-shell structures. Since arc radius formations are seen in all three 
graphs, it can be said that interfacial layer resistance occurs on the 
electrode surface for all three structures [42]. While the arc radius is the 
largest for HfO2 shell layers, the decrease in arc radius with increasing 
Ag@HfO2 core-shell concentration indicates a better charge separation 
mechanism of the Ag@HfO2 core-shell structure and rapid transfer of 
the separated charges to the electrodes [65]. It is seen that the obtained 
results are quite compatible with the photo-catalytic measurements. 

Table 4 shows comparison of the degradation performance for 

Ag@HfO2 core-shell structures depending on current literature for Ag 
core and metal oxide shells. Ag@HfO2 core-shells exhibited good per
formance for three different dyes especially UV region. This perfor
mance might be improved to decrease aggregation of Ag@HfO2 core- 
shells. 

4. Conclusion 

Ag@HfO2 core-shell nanostructures were synthesized and the effec
tiveness of this catalyst was investigated to remove synthetic dyes or 
organic pollutants from drinking water. The suitability of the synthe
sized catalyst for removing the cationic dyes of rhodamine B, methylene 
blue, and direct red-23 pollutants from water was tested by photo- 
catalytic measurements. Characteristics of prepared core-shell nano
structures were evaluated by X-ray diffraction, transmission electron 
microscopy, X-ray photoelectron spectroscopy, UV-Vis and photo
luminescence spectroscopy. The findings showed that Ag@HfO2 core- 
shell nanostructures were well prepared and potentially a candidate 
catalyst for photodegradation. XRD patterns confirmed the crystal 
structures of the HfO2 shell layers, Ag nanoparticles, and Ag@HfO2 core- 
shell nanostructures. TEM micrographs showed that HfO2 and Ag 
nanoparticles were about 30 to 50 nm, and Ag@HfO2 core-shell nano
structures were in a successfully produced. XPS data showed that the 
HfO2 shell layer was present in Ag@HfO2 core-shell nanostructures with 
Hf 4d, Hf 4p and O 1s peaks. The results of UV-Vis and PL spectrometry 
have confirmed that the Ag@HfO2 core-shell nanostructures both absorb 
and emit light in a broad spectrum ranging from the UV region to the 
visible region. Photo-catalytic studies showed that Ag@HfO2 core-shell 
nanostructures can degrade corresponding dyes with high efficiency in 
both UV and visible region. It was observed that Ag@HfO2 core-shell 
structures could serve as an alternative for degrading organic contami
nants from drinking water. 
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