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ARTICLE INFO ABSTRACT

Keywords: Pristine ZrO, and doped with different concentrations of Copper (0-7 %) were synthesized using a
Nanoparticles sol-gel combustion route. Several advanced techniques like XRD, EDX, TEM, XPS, P.L., and
Photocatalysis

UV-vis spectrophotometer have characterized the compositions. The XRD proved that all peaks

rH]; matched with a tetragonal phase of ZrO, without any impurities of other phases. An average
Doping crystallite size rises from 20 to 55 nm by increasing the concentrations of Copper. The elemental

analysis was examined by EDX and confirmed the presence of Cooper, Zirconium, and Oxygen.
The red shift was observed due to a decrease in the bandgap (5.5-4.01 eV) with increasing the Cu
concentrations. From the analysis of photocatalysis of pure ZrO, and different concentrations of
Cu-doped ZrO; for M.B., RHB, and mix of them. The increase in doping of Cu led to enhancing the
performance of the removing MB from 35 to 80 %, however, the RHB degradation was from 42 to
81 % while the mix of M.B. and RHB reached 85 % with 7 % Cu-doping ZrO,.

Water purification

1. Introduction

Dyes remain used in various commercial initiatives for product leather, textiles, paper, cosmetics, plastics, and petrochemical
manufacturing [1]. These many sectors create organic and inorganic contaminants and are pitched into water sources [2]. In addition,
the tremendous rise in industrial development, agrochemical processes, and the overuse of non-renewable resources has also caused a
severe decline in water resources [3]. Water pollution is the main issue affecting humans, plants, and animals. Thus, there is a solid
motive to lessen environmental deterioration before the release of industrial waste [1-3].

The preservation of the environment is now a top concern for all nation’s ecosystems [4]. Rhodamine B (RhB), a xanthene dye, and
Methylene blue (M.B.), an organic and cationic dye, are two examples of dyes. Even though (RhB) and (M.B.) have a wide range of uses,
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they are regarded as a type of water pollutants and organic dyes that can have detrimental effects on the environment [5,6]. Pollutant
removal from wastewater, including dyes, nitrates, pesticides, etc., has taken on significant importance.

The scientific research community has employed a variety of methods to purge water of organic and inorganic contaminants, like
bio-degradation [7], membranes process [8], ultrafiltration [9], coagulation [10], chlorination, ion exchange, advanced oxidation
processes (AOP) [11], reverse osmosis [12], and so on. One of the most crucial methods is photocatalysis, which can entirely degrade
dangerous pollutants to H,O and CO,. Photocatalysis happens after photons are absorbed on the surface of a semiconductor material,
and then electron and hole pairs are produced. By interacting with H,O, the produced electron-hole pairs cause oxidation and/or
reduction. In this regard, photocatalysis is an exclusive and economical method that does not require particular conditions [13].
Currently, the decomposition of dyes by metal oxide can assist in effectively removing organic pollutants from wastewater.

One of these semiconductors is zirconia (ZrO,), since it is widely employed in many applications due to its exceptional physio-
chemical properties, being a safe element, resistant to high temperatures with good stability, and affordable and environmentally
acceptable material [14]. Despite its broad bandgap (5.0-5.5 eV), ZrO is active as a heterogeneous catalyst. ZrO, is a good candidate
as a photocatalyst in some chemical processes due to its relatively wide bandgap “Eg” and C-B., which have a considerable negative
value [15].

Due to zirconium dioxide’s high band gap energy as the primary dielectric composition, it can absorb ultraviolet radiation only in
the reaction of photocatalysis. In order to diminish the bandgap for the use of visible light employing a semiconductor, it is necessary to
introduce a metal doping that could adjust the band gap of metal oxide semiconductors, which can introduce structural defects into the
ZrOg structure and enhance visible-light photocatalytic [16]. One of the most inexpensive techniques is Sol-gel synthesis, which in-
volves the conversion of a solution or sol into a solid gel network through a controlled chemical process. This versatile technique
enables the synthesis of various materials with tailored properties, including ceramics, glasses, and nanoparticles. Sol-gel synthesis
offers several advantages, including low processing temperatures, the ability to incorporate diverse materials, and the possibility of
obtaining homogeneous and highly pure products. Additionally, it allows precise control over the structure and properties of the
resulting materials, making it ideal for applications in fields such as optics, electronics, and biomedicine. The sol-gel process involves
hydrolysis and condensation reactions of precursor compounds, followed by gelation and subsequent heating or drying to achieve the
desired final product. Overall, sol-gel synthesis methods are widely utilized and appreciated for their versatility, controllability, and
the wide range of materials that can be produced [17,18]. It is important to note that nanoparticles can be obtained by grinding the gel
in specialized mills [19].

Introducing Copper can expand the lattice space, make structural defects, as well as extend the light absorption into the visible
region. At the same time, the created structural defects further induce the optical properties of Cu/ZrO, nanocomposite with a single
phase [20]. Adding these metals to the ZrO2 decreases the bandgap of Cu-ZrOg, which hinders the coupling of photo-excited elec-
tron-hole pairs of ZrOs [14].

Over Cu/ZrOq catalysts, Reddy et al. [15] and A. Fathy et al. [16] postulated a similar reaction mechanism. According to both
experiments, a high dopant concentration outperforms pure and other dopant concentrations. They also emphasized the importance of
the molecular interaction between Cu and Zr in comparison to other structural features. Zirconia nanostructures have recently been
found to be capable of photocatalytically degrading aromatic molecules like dyes [14]. Moreover, photocatalytic usages of Zirconium
oxide with CuO composition (spherical, 17-18 nm crystalline size) have been described; nevertheless, these applications have several
drawbacks such as high concentration of photocatalyst for degradation, crystalline size, and U.V. as a light source [15,16]. However,
the varied Energy gap of Ziconiumr oxide generally only absorbs light of UV [17,18]. Because of the large band gap energy of zirconia
as the major dielectric component (the band gap energy has been observed in the range of 3.25 eV-5.1 eV), photocatalytic processes
can only absorb U.V. irradiation. P-n-type heterojunction has been used for TiO2 in a wide range to lower the band gap for utilizing
visible light by a semiconductor [8]. In this study, we synthesized a sequence of Cu-doped ZrO5 nanoparticles with different con-
centrations (x = 0, 0.03, 0.05, and 0.07) mol% of Cu. The copper replacement was studied for its importance on optical, morphological,
and structural properties, thus the photocatalytic activity. All the microstructures of the samples were investigated using X-ray
diffraction (XRD) and transmission electron microscopy. Through the use of UV-Vis spectroscopy, the optical band gap was examined.
The photocatalytic properties and applicability of Zr; _xCuxO5 nanoparticles for the degradation of M.B. and RhB and their mixtures in
an aqueous medium have been studied. Our research will aid in converting industrial dyes into simpler, safer compounds and other
environmental remediation techniques.

2. Experimental details
2.1. Synthesis of Zr;.,Cu,O

The sol-gel combustion technique prepared Zr; _xCuyOs (x = 0, 0.03, 0.05, and 0.07) nanoparticles. We purchased all the chemicals
we employed in our study from Sigma Aldrich: zinc nitrate, citric acetate, copper oxide, and DMF. The solution was fully mixed at room
temperature while preserving the constant citric acid-to-metal cation ratio. The solution was placed under vigorous stirring at 150 °C
then evaporated while frequently swirling until it formed a gel. After that, the gel precipitate underwent centrifugation and several
rounds of washing with ethanol and distilled water. The yield was ground into a fine powder after being burned to 600 °C. A sol-gel
combustion method has benefits more than other techniques owing to its easy fabrication, cheapness, and high efficiency [21]. Besides,
due to its efficiency and sustainability, the combustion approach is fitting with the circular financial system.
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2.2. Characterization

The synthesized nanoparticles employ a simple chemical sol-gel combustion route and are characterized by XRD using a Philips
model PW 1710 with CuKa radiation (4 = 1.5405 A), EDAX, and TEM). Transmittance spectra were determined using a double-beam
spectrophotometer (JASCO 670 UV-VIS). The characteristics were measured from a range of 200-1000 nm. The photocatalytic ability
of the obtained materials was studied using organic dyes-pollutants of rhodamine RhB and methylene blue M.B. The measurement of
the photodegradability of the catalyst was evaluated using UV-visible spectroscopy.

2.3. The photocatalytic performance of Zr;.xCu,O

The application of the synthesized materials was investigated by photodegradation of (RhB), (M.B.), and their mixture in the
presence of U.V. irradiation in a photocatalytic chamber. The amount of the prepared Zr; 4CuyxO, catalyst in 20 mg was initially
dissolved in 100 ml of standard rhodamine B, methylene blue, and their 50:50 mix in between, respectively, and then the solution
mixture was stirred for 30 min in a dark state before radiation exposure to achieve an adsorption-desorption equilibrium. ZrO,
adsorbed with dye molecules leads to a simple dye reaction with pairs of electrons and holes. The reaction mixture was finally irra-
diated at room temperature with a hero lab UV-15 S/L placed 10 cm above the solution mixture. The solution is continuously stirred in
the air by a magnetic stirrer during irradiation. Every 10 min, 4 ml of dye solution was removed from the system for an hour and
centrifuged. Its absorbance was measured using a UV-visible spectrophotometer to determine the percentage degradation. The
photodegradation of the dyes was also evaluated by measuring the dye solution absorption at 665 nm. The following equation esti-
mated the dye removal efficacy of photocatalytic [22]:

(Co — Ct)

o

Removal % = x 100 (€8}

After establishing the photocatalytic degradation mechanism, we obtained the initial and equilibrium pollutant concentrations (Co
and Cy). The catalyst was then recovered through centrifugation and reused in the dye solution for recycling tests.

3. Discussion of the result

Fig. 1 (a) exhibits the XRD patterns of the pristine ZrO, and doped Cu samples. The pure phase of ZrO, and doped with different
concentrations of Cu are a tetragonal phase with a space group P4,/nmc:1 according to open crystallography data #210-0389 without
any impurities of other phases. From phase analysis, it was noted that the Cu dissolved into the lattice of ZrO2 with changes in the
original phase. Fig. 1 below shows the increase in the concentrations of dopant led to an increase in shifting at 20 values in the lift
direction. This change is essentially owing to the variance in ionic radii of Cu2+ and Zr4+; however, Cu2+ ions may also penetrate the
host lattice via the substitution or interstitial mode, as previously reported [23].

The calculation of microstructure (size& stain), dislocation density and crystallites per unit area was computed according to
Scherrer’s equation since the crystalline size “D” [23]:

kA

D=4 oso @

Since k = 0.9, 1 is the Cu source and is equal to 1.54 nm, 0 is the angle of diffraction, and $ is the full width of the high maximum.
The average crystalline size, microstrain ¢ = /“%0 [23], dislocation density and crystalline per unit are indexed in Table 1. The XRD
confirmed the size increase by growing the Cu concentration, however, the microstrain decreased with an increase in the concen-
trations of Copper, as shown in Fig. 2. The increase in the Cu concentrations led to an increase in the peak intensity; this result indicates
that the products are highly crystalline in nature, and these results match the reported data in Ref. [23].
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Fig. 1. (a) the XRD patterns of Zr; xCuyO (x = 0,0.03,0.05 and 0.07) & the shift of peeaks on all samples (b).
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Table 1
The average crystalline size, microstrain, dislocation density and crystalline per unit and band gap of Zr; 4Cu,O (x = 0, 0.03, 0.05 and 0.07).
Samples Size (nm) Microstraine x 1073 Dislocation density x 107> crystallites per unit area Band gap, eV
ZrOy 11.23 36.18 135.7081 923.34 5.5
0.03Cu-doped ZrO, 12.22 35.96 135.63 933.30 5.4
0.05Cu-doped ZrO, 15.43 6.89 5.6024 3.775 4.24
0.07Cu- doped ZrO, 17.37 6.64 5.5406 3.787 4.01
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Fig. 2. The crystalline size and microstrain of Cu% doped ZrO,.
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Fig. 3. The elemental analysis of ZrO5 (a) 0.03 Cu doped ZrO, (b) 0.05 Cu doped ZrO- (c) 0.07 Cu doped ZrO, (d).
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The elemental analysis has been done for all samples (undoped and oped ZrOj) by EDAX and proved the presence of Cu con-
centrations and Zr according to Fig. 3(a—d).

3.1. Morphological properties

The morphological properties of pristine ZrO5 and Copper doped ZrO; were examined with TEM, as demonstrated in Fig. 4(a-h). It
is observed that the prepared samples in the nanoscale are spherical, and in different areas, there were some agglomerated owing to the
preparation route. An average particle of all samples was computed by Image J, and it found that nanoparticles increased with
increased concentrations of Copper from 20 to 55 nm since this increase may be attributed to the ionic radius of Cu being 140 pico;
however the ionic radius of Zr was 0.08 nm thus the tendency for the crystallite size agglomeration to become bigger than the pristine
one. The results match with XRD analysis.

3.2. Optical properties

Figure (5) exhibited the uv-vis spectra of absorption for all samples of undoped ZrO, and cu-doped ZrO,, since the peak which
appeared in the uv region owing to the electron charge transition from VB. to C.B. Additionally, a greater A absorption edge of the band
(redshift) is found in the doped samples, indicating that the optical band gap has been reduced, as exhibited by Fig. 5(b). The values of
the optical energy gap were computed according to the intercept line based on the plots (ahv)? on the y-axis and photon energy on the
x-axis, as shown in Fig. 4(b). The estimated bandgap amounts are reported in Table 1. All of the optical analyses quantified the band
gap amounts that were diminished from 5.5 to 4.01 eV with rising in the concentration of dopant from 0.03 to 0.07 mol %, never-
theless, the decrease in the Energy gap is due to d-d transition (2Tg — 2As, or 2T1g), The Cooper ions demonstrated charge transfer
within several ionic states of the host lattice, owing to many-body interactions and free charge carriers.

3.3. Analysis of XPS

XPS was utilized to examine the elemental composition and valence states of the samples, as shown in Fig. 6. In the undoped
sample, Zr and O were the predominant elements, as indicated by the black line in Fig. 6. In the doped samples, the presence of Cu was
observed in peaks (Cooper 2ps,, & cooper 2p; 2) at 955 and 935 eV, signifying the divalent valence state of copper ions within the ZrO,
lattice. The XPS analysis reveals a shift in binding energies to lower values with increasing dopant concentration. Zr 3 d electron state
binding energies are noted at 183 eV and 185.2 eV, corresponding to Zirconiumr 3ds,5 and Zirconiumr 3ds/ states, primarily indi-
cating the presence of Zr** in the samples. The XPS spectrum of O1s displays a peak at around 530.7 eV, attributed to oxygen’s lattice,
confirming its —2 valence.

3.4. Analysis of the photoluminescence
Photoluminescence (PL) analysis is a vital technique for studying charge transport and electron-hole recombination in photo-

catalytic materials. In general, creating new levels of energy on the surface of ZrO; due to the transition of electrons from the CB to VB
results in PL emission. Fig. 7 shows PL emission spectra of pure ZrO, (black line) and Cu-doped ZrO, with concentrations of 3 %, 5 %,

20 40 60 80
Size, nm size, nm

Size, nm Size,nm

Fig. 4. The photo’s TEM ZrO, and TEM analysis (a,b), 3 % Cu doped ZrO, and TEM analysis (c,d) 5 % Cu doped ZrO, and TEM analysis (e,f) 7 % Cu
doped ZrO, and TEM analysis (g,h).
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Fig. 5. (a) The uv-vis absorption spectrum of Zr; yCuyO, (b) Tauc’s plot of pristine ZrO, and different Cu concentrations doped Zirconium oxide.

Zr
0.07 Cu-ZrO,
0.05 Cu-ZrO,
LY
7]
-
c
]
[ Cu
o 0.03 Cu-ZrO, \
pure- ZrO,
200 400 600 800 1000 1200
Binding energy, eV
Fig. 6. XPS spectra survey of the as-synthesized samples.
3
©
=
=
(]
c
[
vt
£
g e Pure-ZrO,
‘B ===3% Cu-ZrO,
L] ——5% Cu-Zr0,
£ —— 7% Cu-Zr0,
Q
K /]
o

T T T T
400 450 500 550
A, nm
Fig. 7. The photoluminescence of Zr; ,CuyO, (x = 0, 0.03, 0.05 and 0.07).
and 7 % (red, blue, and green lines, respectively) nanoparticles under excitation at A = 350 nm. The emission peaks are observed at

388, 408, 413, 438, 457, and 467 nm. The emission at 388 nm is attributed to ionized oxygen vacancies from the CB of ZrO,, while
vacancies of Zr are detected at 408, 413, and 438 nm. These bands are related to band edge emissions resulting from free-exciton
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recombination. The peaks at around 457 and 467 nm are associated with mid-gap trap states, such as surface defects. The PL analysis
suggests the presence of Zr-O complexes associated with defects, and the reduced intensity of PL emissions in copper-doped ZrO,
indicates decreased charge separation of electron-hole pairs. Notably, as shown in Fig. 7, sample 7 % Cu-doped ZrO, exhibits the
lowest PL emission intensity, likely due to the dispersion of cu?®* onthe ZrO, surface, which effectively demotes the electron-hole pairs
recombination, leading to improved photocatalytic activity.

3.5. BET analysis

BET surface analysis was used to analyze the surface properties of the photocatalysts, and the findings are displayed in Fig. 8. The
loops of the hysteresis are detected at rather high pressure, indicating that the materials have a mesoporous structure. According to the
IUPAC description, all of the materials are fourth-type isotherms with Hy hysteresis loops. Brunauer Emmett Teller (BET) and Barrett
Joyner Halenda (BJH) isotherms were used to determine the specific surface area, distribution of pore size, and volume. Because of the
action of Cooper-oxygen clusters on the surface, the undoped sample had a higher specific surface area (SSA), pore volume and size
than the 0.07 Cu incorporated in the Zr sample.

3.6. Photocatalytic performance

Photogeneration of electrons and holes is required for good photocatalytic activity. Only photons with energies bigger than the
photocatalyst’s energy gap can generate photo electron holes. If we utilize sunlight as the source, a rise in the energy gap suggests that
a certain section of the spectrum is no longer effective for photoelectron-hole formation, and the photocatalytic activity is hampered. If
the incident photon energy exceeds the photocatalyst’s energy gap and the material is thermally sensitive, the excess incident energy is
transformed into heat and plays a role in determining photocatalytic activity. Nanoscale features that promote the transport of
electrons and holes generated within crystals to the surface can improve photocatalytic activity. The surface composition of ZrOs is
also significant in dye adsorption and thus, photocatalytic activity. Apart from pure-ZrOz, oxygen vacancies also play an important role
in dye photodegradation. Specifically, surface oxygen vacancies can act as photoinduced charge traps and adsorption sites, allowing
charge to transfer to adsorbed compounds and preventing recombination of photogenerated charge carriers, resulting in improved
photocatalytic performance.

Fig. 9 depicts the temporal changes in the absorbance spectra of M.B. dye using (a) undoped ZrO5 nanoparticles and (b, ¢ and d) Cu-
doped ZrO, nanoparticles. The peaks around 665 nm as demonstrated in Fig. 9 correspond to the significant absorption of M.B. dye.
The MB solution is loaded with photocatalysts and agitated for 30 min in the dark. The readily available charge carriers initially
participate in the catalytic action, resulting in very minor degradation. Then irradiate the dye for 1 h under sunlight and around 35 %
of M.B. has been degraded. However the increase in the Cu doping with ZrO5 led to enhance the photocatalytic performance of ZrOo
catalytic from 35 to 80 %, as shown in Fig. 9(a-d)

In the same way, all these samples used as catalysts to remove the RHB dye and it found that the efficiency of removal degradation
increased by increasing the incorporation of Cu concentrations since the efficiency of removing the RHB dye was 42 for pure ZrOs,
however the increase in the doping of Cu led to enhance photocatalytic activity to 81 %, as shown in Fig. 10(a—d). On the other hand,
water maybe consists of more than one dye or mix of them, so we mix RHB and M.B., then the activity of photocatalytic was tested and
found the removal efficiency was 85 for M.B. and more than 75 % of RHB, as seen in Fig. 11.

Fig. 12(a) illustrates the photocatalysts’ dye degradation percentage. Even after 60 min in the photocatalyst’s presence, no sig-
nificant dye colour was identified in pristine zirconium oxide; only 33 % of the dye was destroyed, which may possibly be owing to
freely existing charge carriers. Within 60 min of light irradiation, 35 %, 70.6 %, and 81.4 % of M.B. dye degradations were seen in 0.03,
0.05, and 0.07 Cu incorporated to Zr catalyst, correspondingly. On the other hand, in RHB as demonstrated Fig. 12 b, the degradation
was 58 %, 43, 48, and 82 % of RHB dye degradations were seen 0.03, 0.05, and 0.07 Cu incorporated to Zr catalyst, correspondingly.

The computed rate constants from the slope are 0.00634, 0.0068, 0.00174 and 0.0289 min~! for pure, 0.03, 0.05, and 0.07 Cu
incorporated into Zr catalyst, correspondingly. The adjusted concentration of Cu was 0.007 incorporated into the Zr sample, displayed
a greater degradation rate constant of M.B. than the other samples, as demonstrated in Fig. 13(a). However, the rate constants for RHB
were 0.0239, 0.0143,0.00908 and 0.0112 min~?, as demonstrated in Fig. 13(b).

4. Conclusion

Pristine ZrO5 and doped with different concentrations of Copper (0-7 %) were synthesized using a sol-gel combustion route. The
XRD proved that all peaks matched with a tetragonal phase of ZrO, without any impurities of other phases. The TEM has determined an
average crystallite size rises from 20 to 55 nm by increasing the concentrations of Copper. The elemental analysis was examined by
EDX and confirmed the presence of Cooper, Zirconium, and Oxygen. The red shift was observed due to a decrease in the bandgap
(5.5-4.01 eV) with increasing the Cu concentrations. BET surface analysis was used to analyze the surface properties of the photo-
catalysts. The hysteresis loops are detected at rather high pressure, indicating that the materials have a mesoporous structure. Ac-
cording to the IUPAC description, all of the samples are fourth-type isotherms with Hy hysteresis loops. Brunauer Emmett Teller (BET)
and Barrett Joyner Halenda (BJH) isotherms were used to determine the specific surface area (SSA), distribution of pore size, and
volume. Because of the action of Cu-O clusters on the surface, the undoped sample had a higher specific surface area, pore size, and
pore volume than the 0.07 Cu-Zr sample. From the analysis of photocatalysis of pure ZrO, and different concentrations of Cu-doped
ZrO, for M.B., RHB, and mix of them. The increase in doping of Cu led to enhancing the performance of the removing MB from 35 to 80
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Fig. 9. The photodegradation of Zr, 4Cu,O x = 0 (a), x = 0.03(b), x = 0.05(c), and x = 0.07(d) for MB.

%, however, the RHB degradation was from 42 to 81 % while the mix of M.B. and RHB reached 85 % with 7 % Cu-doping ZrO,,_ The
adjusted concentration of Cu was 0.007 incorporated into the Zr sample, displaying an imposing degradation rate constant of M.B. than
the other samples according to the calculated kinetics rate constant.
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