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Abstract

The study successfully produced ZnO and ZnO nanoparticles doped with transition metals (TMZO-NPs) using the co-
precipitation method. Various properties of these nanoparticles were examined, including their structure, morphology,
electronic behavior, optical characteristics, vibrations, and photocatalytic abilities. The analysis confirmed that all nanopar-
ticles possessed a hexagonal wurtzite crystalline structure, with particle size being influenced by the presence of transition
metals (Al, Ag, Cu, Mn). The particles exhibited a preference for orientation along the (002) axis. The shift in peak positions
towards higher angles suggested that the TM might replace Zn ions in the ZnO lattice. The surface structure of the nano-
particles displayed a combination of spherical and hexagonal shapes. Further analysis identified important bands related to
the stretching modes of TM-O and Zn—O bonds. The absorption properties and edges were also affected by the presence of
TM. In the degradation study, both pure ZnO and TMZO-NPs were tested for their ability to break down methylene blue
(MB) under UV light exposure for 90 min. Among the nanoparticles, Al-doped ZnO (A1ZO-NPs) demonstrated the highest
degradation efficiency, achieving 97.14% removal of MB within the given exposure time. The photocatalytic process fol-
lowed a pseudo-first-order kinetics, indicating a strong correlation. This suggests that AIZO-NPs hold promise as a material
for use in photocatalytic applications.
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Introduction

ZnO wurtzite structure is the most stable phase at ambient tem-
perature. It exhibits high transparency, high exciton binding
energy, and a large direct band gap [1-10]. During the past years,
many studies have been reported on TMZO-NPs [3-21]. In addi-
tion to the preparation conditions and synthesis methods [20],
the doping process by TM allows ZnO to exhibit the desired
properties [22]. These are essential requirements for several
applications, such as photocatalysis [23], transparent conduct-
ing electrodes [24], gas sensors, and light-emitting diodes [25].
The dopant can exist as substitutional or interstitial sites in
the host lattice creating mixed or localized states at the edges
or the middle of the forbidden band, which narrow the band-
gap of the oxide, enhance its visible light activity and increase
the photogenerated electrons and holes. It can create trapping
states, which prevent the rapid charge recombination [26].
Many workers have shown a growing interest in elaborating
ZnO-NPs using a simple and low-cost process such as co-pre-
cipitation [3, 6, 9, 27]. Higher crystallinity, smaller particle size,
higher specific surface area, and higher average pore diameter
are among the numerous attractive properties of NPs elaborated
by the co-precipitation route [27]. Since TMZO-NPS is widely
used for photocatalytic applications, many works on these NPs
have been published in the past years [3, 6, 8, 9, 28]. However,
works on the effect of doping of various TM in ZnO on the
photocatalytic test to remove dyes from water are still limited.
Hence, taking up a work focused mainly on the properties of
ZnO NPs doped with a specified TM element (Al, Mn, Cu, and
Ag) and prepared by co-precipitation technique is of interest.
Due to the various textile industry processes, dyes enter
the environment [7]. Among these dyes, MB is now used in
this industry. The pollutants are treated using osmosis, coagu-
lation, ultrafiltration, and photodegradation techniques. It is
later becoming an effective, inexpensive, and environmentally
friendly technology, utilizing appropriate light sources and hav-
ing the potential for worldwide application. Several attempts
have been made to prepare the materials for photodegradation
[6, 7, 9]. Other than that, the high mechanical stress tolerance
and compatibility with other organic compounds of various
metal oxides are well recognized [29-31]. ZnO can be consid-
ered a valid photocatalyst due to several factors, including its
appropriate band gap, high absorption coefficient, large exciton
binding energy, and sufficient electron mobility [7, 32, 33].
The photocatalytic performance of the catalyst relies sig-
nificantly on its optical properties, crystalline structure, sur-
face chemistry, and electronic characteristics. Nevertheless,
significant challenges, such as the rapid recombination of pho-
togenerated electron—hole pairs, the low surface chemistry and
the mismatch of bandgap of metal oxides and light spectrum,
limit the photocatalytic applications. Although metal oxides
have shown successful utility as photocatalysts, addressing the
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aforementioned limitations often involves implementing various
strategies, including metal doping and morphology tailoring
[26, 34].

In the present work, ZnO and TMZO-NPs, at concentration
x=3.12, were elaborated by co-precipitation route. The prop-
erties of TMZO-NPs, such as morphological, structural, opti-
cal, electronic, and vibrational properties, were investigated.
Apart from that, degradation by pure ZnO and TMZO-NPs of
the MB was tested after 90 min UV light exposure.

Experimental

Zn0O and TMZO-NPs at content x=3.12% were prepared
by the co-precipitation process. Zinc acetate dihydrate
[Zn(CH;COO0),.2H,0;>99.0%], manganese acetate dihydrate
[Mn(CH;CO0),.2H,0; 97.0%], silver nitrate [AgNO;;>99.0%],
copper (II) nitrate trihydrate [Cu(NO3),.3H,0; 99.9%], and alu-
minum chloride hexahydrate [AIC;.6H,0; 99.0%] were used as
precursors. All chemical reagents were purchased from Sigma-
Aldrich. Here, zinc acetate dihydrate was dissolved in 200 ml
of distilled water and stirred continuously for 1 h by a magnetic
stirrer at 60 °C. Stoichiometric amounts of TM precursor were
also dissolved in the solution for the case of TMZO-NPs. Dis-
tilled water was used to dissolve sodium hydroxide (NaOH),
which was then added drop-wise to raise the pH of the solution
to~9 [35]. Subsequently, a precipitate appears after stirring for
1 h at 60 °C. The obtained product was washed several times
in a centrifuge using ethanol and distilled to remove impurities.
Consequently, it was dried in the oven at 150 °C. The obtained
samples (coarse powders) were ground into finer powders. The
samples were then calcinated in a furnace at 450 °C for 2 h under
the air atmosphere. Figure 1 illustrates the synthesis process for

all samples.

Final product

Zinc acetate Distilled
dihydrate \ [water

1
TM-ZO:

Pure ZnO -Mn(CH,C00),.2H,0 Grinding
-AgNO3
Stirring at room -CU(NO3),.3H,0
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temperature and distilled water

Fig. 1 Schematic synthesis of ZnO and TMZO-NPs
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Pure ZnO and TMZO-NPs were determined in a 20 range
of 20°-80° at room temperature using X-ray diffractometer
XRD (XRD, X’Pert PRO MPD, with Cu-ka radiation of
A=1.5406 A). On the other hand, scanning electron micros-
copy (Quattro ESEM, USA) analyzed the surface morphology.
Fourier-transformed infrared spectroscopy (FTIR; Perkin-Elmer
System 2000 spectrometer, USA) was conducted in the spectral
range 4000-400 cm™~!. UV—-Vis absorption spectroscopy (UV-
3101 PC-Shimadzu, Japan), in the range of 250-800 nm, was
used at room temperature to analyze the optical properties.

The photocatalytic performance of pure ZnO and TMZO-
NPs under ambient temperature and atmosphere was performed
by the degradation of MB solution (as a pollutant) irradiated by a
UV lamp (30W, 4>254 nm) for 90 min. Note that 10 mg photo-
catalysts were used in 10 ml MB solution at a content of 10 mg
L~!. The mixtures were stirred in the dark for 30 min before the
photocatalytic test to gain adsorption-deposition equilibrium.
Correspondingly, the photodegradation of the MB was calcu-
lated using (A, — A,)/A,, where A, is the initial absorbance and
A, is the absorbance at a given time under exposure to UV light,
both values were recorded at A,,,, corresponding to the maxi-
mum absorbance [36]. The removal rate constant was evaluated
from the slope of the plot in(A, /A,) vs. irradiation time.

Results and discussions
Structural analysis
Characterization by XRD of all TMZO-NPs exhib-

its various diffraction peaks (Fig. 2a) whose positions
match well the reported data of the ZnO reference card

(0704-076-01). It indicates that all TMZO-NPs are well
crystallized in the wurtzite phase, and the TMZO grains
prefer the orientation along the (002) axis. Moreover, no
additional peaks are observed, indicating the absence of
other secondary phases except for the CuZO sample. Note
that a diffraction peak appears at 20 =32.83° [37].

The shift of the (002) peak position is observed for the
TMZO-NPs compared to the ZnO-NPs (Fig. 2b). This
shift is mainly due to the difference between the ionic
radius of the TM ion (AI**; 0.053 nm, Mn>*; 0.083 nm,
Cu?*; 0.073 nm, Ag**; 0.094 nm) and that of the Zn>*
(0.074 nm), leading to the difference in the lattice con-
stants by TM doping (Table 1). A similar shift was
observed in previous works [5-7, 27, 38].

The XRD data allows us to estimate the texture coeffi-
cient (TC ) of the main peaks of pure ZnO and TMZO-
NPs (Fig. 3c). Here, preferred orientations along (100),
(002), and (101) planes are obvious from the TC(h,d) values
greater than 1 for all NPs. The higher crystallinity along the
(002) plane is revealed where the highest 7C,,, values are
observed for all prepared NPs.

The strain (¢), lattice constants (a and c), and average
crystallite size (D) of the ZnO and TMZO-NPs are then
deduced from the XRD analysis [38, 39]. Moreover, the
TM doping leads to a slight variation of the parameters
a while the parameters ¢ remain approximately constant
(Table 1). The obtained constants a and ¢ are consist-
ent with previous works [3, 8, 28, 38, 39]. Both ¢ and
D, deduced from the intense (002) peak, are found to be
affected by TM doping for all the samples due to the dif-
ference in the ionic radius of the TM ion compared to the
Zn** [3, 8, 28, 38, 39].

Fig.2 a XRD patterns, b (002)
peak position, and ¢ variation of
TC 34, of prominent peaks for
ZnO and TMZO-NPs
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Table 1 Summary of the lattice constants (a=»b and ¢) deduced from the XRD analysis and those reported from previous works of ZnO and
TMZO-NPs. Strain (¢) and average crystallite size (D) are also included. Here, P denotes the value from the present work

Structural parameter ZnO Al-ZO Mn-ZO Cu-ZO Ag-70
a=bA) 3.338, P 3.176; P 3.180; P 3.264; P 3.167; P

3.241; 0%; [27] 3.242;3%; (3] 3.245; 3%; [5] 3.275:3.12%; [38] 3.240; 1%; [6]

3.249; 0%; [38] - 3.2437; 3% [10]; 3.247; 3%; [40] 3.2588; 1.5%; [7]
c(A) 5.205; P 5.203; P 5.212; P 5.209; P 5.204; P

5.195; 0%; [27] 5.197; 3%; [3] 5.2186; 3%:; [5] 5.212;3.12% [38]; 5.2066; 1%:; [6]

5.205; 0% [38]; - 5.1979; 3%; [10] 3.198; 3%; [40] 5.217; 1.5%; [7]
exX 10'2(%) 21.36; P 17.97; P 16.00; P 18.82; P 19.10; P

30.42; 0%; [27] - - 16.5; 3.12%; [38] -

19.7; 0%; [38] - - 16.124; 3% [8]; 25.9; 1.5%; [7]
D(nm) 44.15; P 38.83; P 44.40; P 53.71; P 47.68; P

36.61; 0%; [27] 47.42; 3%; [4] 12; 3%; [5] 20.88;3.12%; [38] 25.66; 1%; [6]

17.57; 0%; [38]

21.765; 1%; [9]

37.00; 3%; [40]

13.61; 1.5%; [7]

Fig.3 SEM images of a ZnO, b
AlZO, ¢ Mn-ZO0, d CuZO, and
e AgZO NPs at magnifications

65k
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Morphological analysis

SEM investigates the effect of TM doping on the mor-
phology of pure ZnO and TMZO-NPs’ (Fig. 3). The
surface morphology of all samples exhibits a mixture
of spheroid-like and hexagon-like structures whose size
is affected by TM doping, and A1ZO-NPs look like the
smallest ones where Al dopant prevents A1ZO growth
grains (Fig. 3b). This result was announced by Lee et al.
[4]. CuZO NPs exhibit an interesting feature of the coex-
istence of spherical morphology with hexagonal struc-
tures (Fig. 3d). Due to the formation of the CuO phase
and more defects, the shape and grain are larger for
Cu-Zn nanoparticles than those of the other materials
[41]. Hence, this result is consistent with the parameter
D from XRD patterns (Table 1).

Vibrational analysis

FTIR spectroscopy is used to investigate the chemical bond-
ing of ZnO and TMZO-NPs (Fig. 4a). The sharp bending
bands of the Zn—O bond (stretching mode of Zn—O bonds)
and its change due to the addition of TM into the ZnO wurtz-
ite lattice (stretching mode of TM—-O bonds) occurs at the
lowest wave numbers and within the range 660-720 cm™!
(Fig. 4b) [8, 28, 42-45]. Note that the absorption band at
870 cm™! is attributed to the C—-OH group [46, 47]. Here, the
absorption bands at 1060 cm™! are assigned to C-N stretch-
ing vibrations. The two peaks at 1340 cm™' and 1480 cm™!
are observed in A1ZO and AgZO samples corresponding to
the stretching vibrations of the C-O group [7, 43, 48]. The
absorption at 1415 cm™' is caused by the C=0 stretching
of alkanes and alkyl [8, 49].

Fig.4 aFTIR spectra and b
absorption peaks within the
range 660-720 cm™! of pure
ZnO and TMZO-NPs

Transmittance (a.u)

The slight shift in the position of the bands can be assigned
to the substitution of TM ion in the ZnO host lattice, which
causes the change in the bond length [36, 47, 48]. It is worth
noting that the variation in peak intensities and broadness are
due to the unequal quantity of specific functional groups in ZnO
surfaces where the reaction is varied according to the type of the
dopant precursor. Here, the broad peaks in the 2800-3550 cm™!
band are attributed to the vibrational mode O—H bond that might
come from water adsorbed on the surface [1, 50].

Optical analysis

UV-Vis spectroscopic analysis (4: 300-800 nm) is conducted
on pure ZnO and TMZO-NPs. Subsequently, the obtained
absorbance (A) spectra (Fig. 5a) and its corresponding opti-
cal band gap (E,) are depicted for all studied samples (Fig. 5b,
¢, d, e) using the Tauc equation ((ahv)* = C(hv — E,), where
a(2.303A/d) the absorption coefficient, (hv) is the photon
energy, (d) is the film thickness, and C is a constant). Note
that the absorbance is affected by the TM defects in the ZnO-
NPs. The absorption edge generally shifts slightly to lower
wavelengths leading to the increase E, when heading from
pure ZnO to the TMZO-NPs. Typically, these findings com-
pare well with those reported in the literature for ZnO [3, 9,
38], AlZO [3, 4, 45], MnZO [9, 10, 51], CuZO [8, 52], and
AgZO [6, 7, 53] (Table 2).

Dye removal rate
The photocatalytic performance of TMZO-NPs samples (7 mg)

was performed by the degradation of 10 ml MB solution, using
a UV lamp (30W, A>254 nm) for 90 min (Fig. 6a, c, e, g, 1).
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Fig.5 a UV-Vis absorbance spectra of ZnO and TMZO-NPs. Eg of b pure ZnO, ¢ A1ZO, d MnZO, e CuZO, and f AgZO NPs

Table2 Optical bandgap values, E, (eV), of ZnO and TMZO-NP
using the UV-Vis spectra. Other previous values are also included

Material Present Other

ZnO 2.79 3.34; 0%; [38]-2.91; 0%; [3]1-2.79; 0%:; [9]
Al-ZO 2.76 3.12;3%; [3]-3.18; 3% [4]—3.29; 3% [45]
Mn-ZO 3.24 3.24; 1%; [9]-3.08; 3%; [10]—2.99;4%; [51]
Cu-ZO 3.11 3.39; 3%; [8]—3.12; 2.5%; [52]—3.17; 5% [52]
Ag-Z0 3.03 3.21;2%; [531—3.13; 1%; [6]—2.97; 1.5%; [7]

On the other hand, Fig. 6b, d, f, h, and j illustrates the photo-
degradation percentage of the photocatalysts. The AIZO sam-
ple, designated by around 97.14% of MB decomposition within
90 min, exhibits the best photocatalytic activity. This finding is
in accordance with the SEM results. Note that the removal rate
constant of TMZO-NPs samples is derived from the linear fit-
ting curve of the plot In(A,/A,) vs. irradiation time (¢) (Fig. 6b,
d, f, h,j).

The linear fitting degree or the correlation coefficient
(R provides for the least square fitting to the original data)
for all prepared NPs is high, except for MnZO NPs (Fig. 6b,
d, f, h, j). It demonstrates the pseudo-first-order reaction
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behavior for these photocatalytic processes. Apart from
that, a comparative study on photocatalysis by TMZO-NPs
is outlined in Table 3 [8, 28, 51, 52, 54, 55]. Despite the
different methods of elaboration of NPs, photodegradation
parameters estimated from this study are well compared
with those reported in the literature.

Overcoming the limitations of photocatalysts is crucial
for enhancing their efficiency in the photocatalytic degra-
dation of various pollutants [26, 34, 56]. Doping with an
appropriate TM can change the bandgap energy of ZnO
by creating new electronic states within the forbidden
band. This causes a shift in the light absorption spectrum
toward visible light. It also impedes the recombination
of charge carriers, leading to increased generation of
super-oxides and hydroxyl radicals. The created states
enable ZnO to absorb UV light and facilitate the trans-
fer of charge from the TM-orbital to either the valence
band (VB) or conduction band (VB). TM dopant acts as
electron traps and slows down the recombination, thereby
significantly boosting the photocatalytic performance of
the TMZO-NPs compared to the ZnO-NPs. Due to the
narrowing of the bandgap accompanied with the reducing
of the hole-electron recombination, ALZO-NPs exhibit
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Table 3 Summary of the photodegradation parameters estimated from this study and those reported from previous works of ZnO and TMZO-

NPs. P denotes values from the present work

Structural parameter ZnO

Al-ZO

Mn-ZO Cu-ZO Ag-Z0

86.33%/90 min, P
64% /40 min; 0%; [55]
40% /180 min; 0%; [52]
0.0219, P

0.02499; 0%; [55]
0.00246; 0%; [55]

R? 0.9772, P

1.82; 0%; [55]
0.99228; 0%; [52]

Photodegradation percent-
age (%)/UV irradiation
time (min)

Removal rate constant (s™!)

97.14%/90 min, P
55%/180; 3%; [54]
65% /180 min; 5%; [54]
0.0380, P

0.000439; 3%; [54]
0.00564; 5%; [54]
0.9692, P

0.9978; 3%; [54]
0.9945; 5%; [54]

82.50%/90 min, P
56.92% /90 min;3%; [8]
81% /90 min; 2.5%; [52]

82.83%/90 min, P
89.5% /40 min; 2%; [55]
96.7% /40 min; 2%; [55]
0.0193,P

0.0537; 2%; [55]
0.07496; 3%; [55]

42.42%/90 min, P

78% /180 min; 0.5%; [28]
81% /120 min; 4%; [51]
0.0051, P 0.0179, P

0.0165; 0.5%; [28] 0.00866; 3% [81;

- 0.00784;2.5%; [52]

0.6273, P 0.9012, P 0.9929, P
0.9707; 0.5%; [28] - 3.92; 2%; [55]
0.3457; 4%; [51] 0.99847; 2.5%; [52] 5.47; 3%; [55]

the most pronounced photocatalytic activity compared to
other synthesized NPs. Therefore, TMZO photocatalysts
under UV radiation could be used as promising technol-
ogy for the removal of dyes from aqueous environments

through photocatalysis.

Furthermore, the grain size of ZnO-NPs is found to be
affected by TM doping, and A1ZO-NPs look like the smallest
ones. This demonstrates the dependence of the photoactivity
on the morphology and size of the photocatalyst where the
AlZO-NPs exhibit the best photocatalytic activity.
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Conclusions

The co-precipitation technique has been successfully used in
elaborating pure ZnO and TMZO-NPs. Other than that, the
structural, morphological, vibrational, and optical properties
are investigated. Degradation by the elaborated NPs of the
MB is also investigated under UV light. The main finding is
summarized as follows:

e All NPs exhibit a hexagonal wurtzite phase with a mix-
ture of spheroid-like and hexagon-like shaped structures
and prefer orientation along the (002) axis. In contrast to
the diffraction angles of the main peaks and the strain,
the crystallite size exhibits a lower value by TM doping.

e Two important bands are attributed to TM-O and Zn—-O
stretching modes. As TM ions substitute Zn atoms in the
ZnO host lattice, it induces a slight change in the bond
length, leading to a small shift in the absorption peaks.

e High percentage degradation of 97.14% of the MB is
achieved after 90 min of exposure under UV light irra-
diation for A1ZO-NPs due to the small optical band gap
values and the crystallite size. Note that the rate constant
is increased using TMZO-NPs as catalysis, and the reac-
tion follows pseudo-first-order kinetics with a good cor-
relation value.
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