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A B S T R A C T

The Zn-BiOBr/UiO-66 Heterostructures were prepared using a simple wet chemical method. Three hetero
structures were prepared by varying the weight percentage of UiO-66 to Zn-BiOBr. The prepared materials’ 
chemical compositions and phase structure were investigated using Fourier transform infrared (FTIR), X-ray 
diffraction (XRD), and X-ray photoelectron spectroscopy (XPS). Furthermore, the morphology was investigated 
via Field-emission scanning electron microscope (FE-SEM), energy dispersive X-ray (EDX), and elemental 
mapping techniques. The optical features were analyzed through UV–vis spectrophotometry. The bandgap en
ergy was calculated using the Tauc equation and was found 4.24 eV for UiO66 and 2.17 eV for the ZnBiOBr 
composite. After combining the ZnBiOBr composite with the UiO66 material the bandgap energy of the com
posite decreased to 4.07, 3.94, and 3.75 eV after doping 10 %, 20 %, and 30 % UiO-66, respectively. Addi
tionally, the refractive index of the Zn-BiOBr/UiO-66 heterostructure increases from 2.1520 for the UiO-66 
composite to about 2.1929, 2.2254, and 2.2748 for 10, 20, and 30 % UiO66. Moreover, an enhancement was 
observed for other optical parameters like electronegativity, metallization, and optical conductivity. Besides, the 
W-DD model was used to investigate the nonlinear optical parameters, which showed an improvement in the 
first- and third-order nonlinear optical susceptibility, and nonlinear refractive index values with increasing UiO- 
66 content in the composite matrix.

1. Introduction

Metal-organic frameworks (MOFs) are hybrid materials consisting of 
metal ions or clusters bonded to organic ligands. MOFs possess charac
teristics of large surface areas and pore size that are adjustable, enabling 
various uses such as drug delivery, gas storage, separation, and water 
treatment [1]. Luminescent MOFs for molecular sensing are a major area 
of study for MOFs, particularly when employing guest-induced lumi
nescent MOF materials [2]. Furthermore, MOFs exhibit interesting 
photocatalytic properties that can be harnessed for water purification 
and contaminant breakdown[3,4]. Upon light exposure, MOFs can 
generate reactive oxygen species that oxidize pollutants [5]. Among the 
different of MOFs, UiO-66, a zirconium-based MOF has attracted re
searchers’ attention due to their exceptional characteristics, which 

include unprecedented structural stability independently to the ligand 
[6–8], high thermal stability, large surface area [9], photocatalytic ac
tivity [5], tunable pore aperture [10], and so on. UiO-66 also exhibits 
good chemical resistance, mechanical strength, and regeneration ability, 
making it robust and reusable [11]. These properties enable UiO-66 to 
effectively adsorb and degrade a range of pollutants in water [12–14] in 
addition to using in Opto-electronics applications and photovoltaic solar 
cells [14–16].

Bismuth oxyhalide typically forms layered three-dimensional struc
tures that resemble flakes or spheres. The structure [X–Bi–O–Bi–X] 
forms tetragonal crystal-line lattices that are similar to matlockite [17]. 
Strong covalent bonds (Bi-O) and Van der Waals interactions between 
the halogen atoms produce a unique synergistic effect that leads to the 
unique optical, electrical, and structural features of these materials. 
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Because the materials have significant polarizabilities, strong electric 
fields are generated within the crystalline network. When the halide 
doping the bismuth oxide structure changes, the band gap energy (Eg) of 
BiOX decreases with the halogen’s ionization potential [18]. ultrathin 
BiOBr flakes based high-performance phototransistors show excellent 
Deep UV detection performances demonstrating its highly potential 
applications in UV optoelectronic devices [19]. Recently, Cai et.al [20]
studied the optical absorption and photoactivity of ZnO nanoparticles 
with the incorporation of BiOBr composite material into the matrix and 
showed an enhancement to the absorption capacity of visible light for 
ZnO/BiOBr composites compared with pure ZnO nanoparticles, which 
indicates the ZnO/BiOBr composites could absorb more visible light 
than the ZnO sample. Also, Li et.al [21] synthesized BiOBr and BiO
Br/ZnO composites using a simple hydrothermal approach, and modi
fied their surfaces by plasma, which exhibited that the photocatalytic 
activity of pure BiOBr was increased by mixing BiOBr with ZnO, and 
further improvement was achieved through the plasma treatment. Meng 
et.al [22] have investigated the influence of the different weight per
centages of BiOBr composite on the optical, photoactivity, and structure 
features of ZnO nanoparticles and found a reduction of the optical band 
gap value of the ZnO from 3.2 eV to about 2.95 eV with the addition of 
50 % BiOBr, and the BiOBr/ZnO composites exhibited high photo
catalytic performances toward Rhodamine B degradation under 
visible-light irradiation. Ali and Motawea [23] fabricated a BiO
Br/ZnO/WO3 heterojunction via the hydrolysis solvothermal process 
method, and found that the BiOBr/ZnO/WO3 heterojunction is a highly 
effective visible-light photocatalyst for phenol degradation, out
performing single-phased WO3, ZnO, or BiOBr as well as binary mixture 
photocatalysts, with a remarkable 90 % phenol degradation efficiency.

Overall, UiO-66 possesses a promising combination of properties as a 
visible-light-responsive and robust and extensive investigations have 
been carried out to study its chemical features, although these materials’ 
optical properties are still inadequate. Here, we synthesize UiO-66 
conjugated with Zn-BiOBr at various ratios and study its physico- 
chemical characteristics. Additionally, investigate the prepared mate
rials’ linear and non-linear optical characteristics.

2. Experimental section

2.1. Materials

Bismuth nitrate pentahydrate (Bi(NO3)3.5H2O, 98 %), Cetyl
trimethylammonium bromide (CTAB, 98 %), ethylene glycol (EG, 
99.5 %), zinc acetate dihydrate (Zn (CH3COO)2⋅2 H2O, 98 %), zirconium 
oxychloride octahydrate (ZrOCl2 ⋅ 8 H2O, 98 %), and sodium hydroxide 
pellets (NaOH, 97 %) were supplied by Loba Chemie Pvt Ltd, India. 
Terphthalic acid (C6H4 (COOH)2) and benzoic acid (C6H5COOH, 99 %) 
were obtained from Chem-Lab Analytical, Belgium. Hydrochloric Acid 
Fuming 37 % For Analysis EMSURE® ACS,ISO,Reag. Ph Eur, Absolute 
ethanol ACS, ISO, Reag, and N,N Dimethylformamide For Analysis 
Emsure® Acs,Iso,Reag. Ph Eur (DMF) were obtained from Merck, Ger
many. All the chemicals were used without further treatment for all the 
experiments.

2.2. Material preparations

2.2.1. Synthesis of Zn-doped BiOBr
A one-pot solvothermal process was used to prepare Zn-doped BiOBr 

[24]. Briefly, CTAB (0.05 M, EG solution) act as a template and Br- 
source then, Bi(NO3)3.5H2O was added in a 1:1 mol ratio with CTAB. 
Subsequently, zinc acetate was added to the mixture with a Zn/Bi molar 
ratio of 1:10. The resulting solution was magnetically stirred for 60 mi
nutes at ambient temperature. Subsequently, the mixture was trans
ferred to a Teflon-lined stainless steel autoclave and subjected to a 
solvothermal treatment (160 ◦C for 12 hours. After naturally cooling to 
room condition, the products were separated by centrifugation at 10, 

000 rpm for 20 min (Hermle Z32HK, Germany) then Then repeatedly 
washed with deionized water and absolute ethanol. Finally, the sample 
was dried at 60 ◦C overnight which was labeled as ZB.

2.2.2. Synthesis of UiO-66 nanocrystalline
Solvothermal method was used for preparation of UiO-66 [25]. 

Briefly, dissolution of 0.05 M terephthalic acid, 0.04 M ZrOCl2.8H2O, 
and 0.05 M benzoic acid in DMF with the addition of HCl. After that, the 
mixture was stirred for half an hour at room temperature. Subsequently, 
the solution was transferred to Teflon lined autoclave reactor, sealed, 
and heated in an oven at 120◦C for 48 hours. The resulting white pellets 
were collected via centrifuge (Hermle HKZ32, Germany) thoroughly 
washed with DMF, and further washed with ethanol to eliminated the 
unreacted materials. Finally, activating the UiO-66 in a vacuum oven at 
80 ◦C for 12 hours, resulting in a white solid product.

2.2.3. Synthesis of Zn-BiOBr/UiO-66 nanocomposites
The Zn-BiOBr/UiO-66 nanocomposites were prepared using a simple 

wet chemical method. Three composites with different UiO-66 contents 
were synthesized by adjusting the weight percentage of UiO-66 to ZB 
[26]. For the composite with a ZB: UiO-66 wt ratio of (70:30), known as 
ZBU-30 %, the synthesis procedure was as follows: UiO-66 nano
crystalline was dispersed in deionized water through ultrasonication. 
Subsequently, ZB was added to the suspension and agitated for an 
additional 10 minutes. The resulting suspension was then transferred to 
Teflon-lined autoclave and heated at 90 ◦C for 6 hours. The precipitate 
obtained was filtered and dried in a vacuum oven at 80◦C overnight. 
When the UiO-66 content was set at 10 %, 20 % and 30 %, the resulting 
composite of Zn-BiOBr/UiO-66 was labeled as ZBU-10 %, ZBU-20 %, 
and ZBU-30 % respectively for simplicity. Fig. 1.

2.3. Physico-chemical characterization

The prepared samples’ Fourier transform mid-infrared (ATR/FTIR) 
spectra were obtained on Vertex 70-RAM II (Bruker Analytical, Ger
many). FTIR/ATR spectra were collected at room temperature, covering 
a 400–4000 cm− 1 range. The phase and crystalline structure of the 
prepared materials was characterized via Empyrean Malverpanalytical, 
Netherland X- ray diffraction, with 2-Theta (5.0ᴼ - 85ᴼ), with step size 2- 
Theta: 0.04 and at (Kα) = 1.54060 Å., Morphology was performed Field 
Emission Scanning electron microscope (FE-SEM, Quattro S, Thermo 
Scientific), Furthermore, the elemental composition of the prepared 
materials were investigated using Energy Dispersive X-ray (EDX) and 
elemental Mapping. Utilizing X-ray photoelectron spectroscopy (XPS, 
ESCALAB 250Xi, Thermo Fisher, USA), the chemical state and electronic 
structure of the photocatalysts were verified. The UV–vis optical ab
sorption spectra of prepared materials were measured via UV-Vis spec
trophotometer UV-Vis spectrophotometer (Cary series UV-Vis- NIR, 
Australia), in a range of 200–800 nm. Photoluminescence (PL) In
vestigations were conducted at room temperature with laser wave 
length 320 nm via Lumina Fluorescence Spectrometer- Thermo- 
Scientific.

3. Results and discussion

3.1. Physico-chemical characterization

FTIR investigation was used to explore the coexistence of UiO-66 
with Zn-doped BiOBr in nanocomposites. According to Fig. 2, the FTIR 
spectrum for pure Zn-BiOBr reveals key peaks, such as the broad band 
located between 3745 cm− 1–3610 cm− 1 assigned to O-H stretching vi
bration coordinated with Bi3⁺, indicating the presence of moisture [27, 
28]. The peaks within range of 1000–1500 cm− 1 are attributed to the 
Bi-Br bond in BiOBr [29]. The significant absorption band at 501 cm− 1 is 
attributed to the Bi–O stretching mode [30]. Zinc doping introduces an 
additional peak at 427 cm− 1, which indicates Zn–O bond stretching 
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vibration. The FTIR spectrum for UiO-66 is characterized by several 
distinct peaks, the prominent peaks related to O–C–O symmetric and 
asymmetric stretching vibration of COO− group can be detected at 
1393 cm− 1 and 1586 cm− 1 while, the small peak observed at 1505 cm− 1 

ascribes the vibration of C––C in benzene ring and the peak appear at 
1660 cm− 1 is related to C––O [27,31–33]. peak at 745 cm− 1 is attributed 
to the vibration modes of C-H furthermore, the band at about 550 cm− 1 

was ascribed to Zr-(OC) asymmetric stretching. Moreover, the bands at 
660 and 475 cm− 1 represent Zr–O and Zr–OH, respectively [31,33,34]. 
In composites of Zn-BiOBr with varying proportions of UiO-66 ranging 
from 10 % to 30 %, the critical observation is that the intensity of the 
COO group stretching vibrations in the range of 1300 cm− 1 to 
1700 cm− 1 emerged and its intensity increased with increasing in 
UiO-66 percent. This indicate that the ratio of UiO-66 influences its 
interaction with Zn-BiOBr, implying that higher concentrations of 
UiO-66 lead to stronger bonding or a more robust integration of the two 

components as the UiO-66 percentage rises [27]. Additionally, the peaks 
associated with Zr-O, Zr-OC and Zr-OH in the metal-organic framework 
become evident and more pronounced and increase in intensity as the 
MOF percentage increases in ZBUs.

XRD patterns were used to investigate the crystal structure and 
chemical composition of prepared of Zn-BiOBr, UiO-66, as ZBU-10 %, 
ZBU-20 %, and ZBU-30 % nanocomposites Fig. 3a. Briefly, the XRD 
pattern of UiO-66 shows that three distinctive peaks at 2θ = 7.31◦, 8.39◦, 
and 25.61◦ confirming that the pure phase of UiO-66 was successfully 
synthesized [6,25,35]. The peaks of Zn-BiOBr at 10.91◦, 21.63◦, 25.21◦, 
31.73◦, 32.31◦, 39.31◦, 46.37◦, and 57.21◦ could be attributed to the 
(001), (002), (101), (102), (110), (112), (200), and (212) facets of the 
tetragonal phase of BiOBr (JCPDS: 01–085–0862). For ZBU Nano
composites the XRD patterns were displayed the characteristic peaks of 
Zn/BiOBr with peak at 7.31◦ which, assigned to UiO-66. The peak in
tensity was increase upon increasing amount of UiO-66, indicating for
mation and compounding of ZB and UiO-66 to form heterostructure 
between each other.

The XPS Spectra was utilized to investigate the elemental constitu
ents and chemical state of pure UiO-66, Zn/BiOBr, and ZBU 20 % 
Fig. 3b. The pure UiO-66 displayed the characteristic peaks of O, Zr, and 
C and the pure Zn/BiOBr showed The main characteristic peaks of Bi, Br, 
Zn, O, and C. while the ZBU 20 % spectrum confirms the coexistence of 
Br, O, Bi, Zn, C, Zr ZBU 20 % (Fig. 3b).

The O1s high resolution XPS of BiOBr is consisting of three main 
peaks centering at: 533.23 eV, 530.96 eV and 530.23 eV. The peak at 
533.23 eV is corresponding to oxygen species attached on the surface 
such as OH groups, which is result of alkane synthesis condition. 
Furthermore, the peak at 530.96 eV is corresponding to the Bi-O bond in 
the BiOBr, and the peak at 530.23 eV is reasonably assigned to the ox
ygen vacancies [36]. While, O1s in pure Uio-66 is composed of three 
peaks centering at: 530 eV, 531.38 eV, and 533.023 eV. The peak at 
530 eV is corresponding to Zr-O group. The peak at 531.38 eV is cor
responding to chemisorbed oxygen, and the peak at 533.023 eV is 
reasonably assigned to the O-C––O group [37]. Upon conjugation be
tween ZB and UiO-66 the peak at 530.96 eV for Zn-BiOBr was shifted to 

Fig. 1. A schematic depicting the fabrication process.

Fig. 2. FTIR spectra of Zn-BiOBr, UiO-66, and Zn-BiOBr/UiO-66 
photocatalysts.
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Fig. 3. (a) The XRD patterns of Zn-BiOBr, UiO-66, ZBU-10 %, ZBU-20 %, and ZBU-30 %, (b) the fully scanned XPS spectra of Zn-BiOBr, UiO-66, and ZBU-20 %, and 
the high resolution XPS spectra (O 1 s, Zr 3d, C 1 s, Bi 4 f, Br 3d, and Zn 2 P) of Zn-BiOBr, UiO-66, and ZBU-20 % respectively.
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531.41 eV and peak at 530.23 was shifted to 529.71 eV due to the 
interaction and conjugation between ZB and UiO-66. Additionally, the 
Zr 3d spectrum of UiO-66 can be fitted by two contributions for Zr 3d3/2 
and Zr 3d5/2 located at approximately 182.51 eV and 184.89 [38] a 
slight shift was observed after conjugation with ZB. the C 1 s spectrum 
displays three peaks, located at around 288.45, 285.38 and 284.24 eV, 
which can C––O, C-C, and C––C, respectively [39].

the XPS spectra of Bi 4 f for ZB can be fitted at 160.43 and 165.74 eV, 
which were attributed to Bi 4 f7/2 and Bi 4 f5/2, respectively. Two peaks 
corresponding to Br 3d5/2 and Br 3d3/2 were derived at 67.85 and 
69.98 eV, respectively, from the Br 3d spectra as shown in Fig. 3 [36,40, 
41]. Two peaks of Zn 2 P3/2 and Zn 2 P1/2 were derived at 1022.55 eV 
and 1045.8 eV, respectively, from the Zn 2 P spectra as shown Fig. 3
[42]

The SEM technique was used to illustrate the morphology of the as 
prepared materials (Fig. 4). Briefly, the pure Zn/BiOBr (Fig. 4a) 
exhibited as a homogenous micro-like flower shape (average diameter 
approximately 4:6 µm) with thin nano leaves (70±10 nm), The elements 
Bi, O, Br, and Zn were observed in the corresponding EDX investigation, 
confirming the synthesis of Zn doped BiOBr in a pure phase. Addition
ally, pure UiO-66 (Fig. 4b) showed homogenous spheroidal nano
particles with particle size ranged 35:50 nm and the elements Zr, O, and 
C were observed in the corresponding EDX investigation. While, the ZBU 
nanocomposite materials (Fig. 4(c, d, and e)) depicts overlapping of 
micro flower structure of Zn/BiOBr with 0D UiO-66 resulting in imme
diate interaction between the Zn-BiOBr and UiO-66 components at the 
interface, which is desirable for charge transfer and the formation of 
UiO-66/Zn-BiOBr heterostructures. Furthermore, the EDX results 
showed co-existence of Zn-BiOBr elements (Bi, O, Br, and Zn) and UiO- 
66 constituents (Zr, O, and C) which aligns with the findings of the XPS. 
Moreover, Fig. 4f showed the elemental mapping of ZBU-20 %. The 
homogeneous distribution of ZB and UiO-66 among each other produced 
a homogenous heterostructure, as demonstrated (Fig. 4f).

3.2. Optical properties

3.2.1. Optical absorption and band gap
The absorption Spectra of Zn-BiOBr, UiO-66, ZBU-10 %, ZBU-20 %, 

and ZBU-30 % are illustrated in Fig. 5a.
Zn-BiOBr has an absorption spectrum characterized by a strong ab

sorption at a maximum wavelength of about 354 nm, while the UiO-66 
material is characterized by an absorption edge in the UV region with a 
maximum at about 266 nm, which is consistent with the literature. [43, 
44]. When Zn-BiOBr is conjugated with UiO-66, the absorption edge of 
the UiO-66 material shifts to a lower wavelength value with the 
appearance of a broad peak at about 350 nm, which is related to the 
Zn-BiOBr composite. This shift increases as the UiO-66 material con
centration increases in the Zn-BiOBr. The extension of the absorption 
edge with the x-axis for the pure MOF is about 324 nm which is shifted 
to 350, 372, and 387 nm for the Zn-BiOBr conjugated with 10, 20, and 
30 % UiO-66, respectively. As Fig. 5b illustrates, all tested materials 
were evaluated using an excitation wavelength of λ = 320 and their PL 
emission showed in the range 350–600 nm. Briefly, pure UiO-66 shows a 
highest PL emission at about 378 nm, indicating the high 
re-combination rate of photo-generated carriers. The Zn-BiOBr PL 
peak’s lowest intensity suggested that the material had a higher level of 
photocatalytic activity. Upon conjugation between Zn-BiOBr and 
UiO-66, the PL intensity decreased, indicating a significant inhibition of 
electron–hole pair recombination in comparison of pure UiO-66. These 
results are according well with the previous studies [26,45].

The absorption data was used to plot the Tauc’s relation between 
(αhυ)2 and the incident photon energy hν as follows: 

(αhυ)2
= constant(hυ − Eg) (1) 

where α is the absorption co-efficient and Eg is the direct bandgap energy 

[46]. As illustrated in Fig. 6a, the Eg value for UiO-66 material is about 
4.24 eV, which is consistent with the literature [43,44]. While, the Eg 
value for the Zn-BiOBr composite is about 2.17 eV, which is near the 
values reported in the literature [21,22]. After combining the ZB with 
the UiO-66 the optical bandgap energy of the composite was about 4.07 
eV, 3.94 eV, and 3.75 eV after conjugation at 10 %, 20 %, and 30 % 
UiO-66, respectively. These findings indicate that the incorporation of 
UiO-66 material into the Zn-BiOBr leaves first shifted the band gap to
wards the UV region and then redshifted to the visible region with 
increasing UiO-66 concentration. This concluded the improvements in 
the absorption of electromagnetic radiation in the ZBU composite as 
compared to UiO-66 material alone. Furthermore, to explain the 
mechanism of photocatalytic activity, it is necessary to confirm the 
valence band (VB) and conduction band (CB) potentials of UiO-66 and 
Zn-BiOBr and heterosturcture. As shown in Fig. 6b, c, and d, the valence 
band edges were obtained by VB-XPS spectra. It is observed that the VB 
potentials of the pure UiO-66 and Zn-BiOBr are at 2.08 and 0.98 eV, 
respectively while, the ZBU-20 % was 0.72 eV. Based on the results of 
DRS, the band edge positions of the conduction band (CB) of Zn-BiOBr, 
UiO-66, and ZBU-20 % heterostructure can be evaluated using the 
following equation[47]. 

ECB = EVB − Eg (2) 

According to the results of DRS, the band gap energies (Eg) of UiO- 
66, Zn-BiOBr, and ZBU-20 % were − 2.18 eV, − 1.19 eV, − 3.22 eV, 
respectively.

The metallization criteria (M), linear refractive index (n), electro
negativity (Δχ), and optical basicity (Λ) of the prepared materials are 
dependent on the bandgap energy through the following relations [48, 
49]: 

M =

̅̅̅̅̅̅
Eg

20

√

= 1 −
n2 − 1
n2 + 2

(3) 

Δχ = 0.2688 Eg                                                                              (4)

n= -ln(0.102Δχ)                                                                            (5)

Λ = 1.59 – 0.2279 Δχ                                                                    (6)

M is a mathematical parameter that is used to show the prepared 
material’s tendency toward metallization. An insulator is a material 
whose M value is greater and approaches unity, whereas a material 
becomes more metallic when its M value declines [49]. As seen in 
Table 1, the metallization criterion for the ZB is about 0.33, which in
dicates the near-metallic behavior of the ZB material, and for the 
UiO-66, it is about 0.46, which indicates the insulating of the MOF 
material, and this value is decreased with the combination of UiO-66 
with the ZB composite to about 0.45, 0.44, and 0.43 after doping with 
10, 20, and 30 % UiO-66, respectively.

Moreover, the optical electronegativity (Δχ) indicates that the 
bonding in the material is covalent or ionic, depending on whether its 
value is low or high, respectively [50]. From Table 1, the Δχ value of the 
ZB is about 0.58 and 1.14 for the UiO-66 which decreases with 
increasing the UiO-66 concentration. The combination between the ZB 
composite and UiO-66 causes an increase in the index of refraction of the 
UiO-66 and decreases in the index of refraction of the ZB composite; 
2.8218 (ZB), 2.1520 (UiO-66), 2.1929 (ZBU-10 %), (2.2254 
(ZBU-20 %), to about 2.2748 (ZBU-30 %). The n and Λ values increased 
as the UiO-66 combined with ZB composite with higher contents of the 
UiO-66 material, due to the decrease of the optical electronegativity of 
the material.

3.2.2. Refractive index and extinction coefficient
The refractive index (n) and the extinction coefficient (k) are related 

to the materials’ reflectivity and attenuation or absorption coefficient, 
respectively, and are two of the most essential optical factors. Both 
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Fig. 4. (a) The SEM images at different magnifications with corresponding EDX spectrum of Zn-BiOBr, UiO-66, ZBU-10 %, ZBU-20 %, and ZBU-30 % (a, b, c, d, and, 
e) respectively, (F) the elemental mapping images of ZBU-20 %.
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Fig. 5. The absorption spectra (a), and PL spectra (b) of Zn-BiOBr, UiO-66, ZBU-10 %, ZBU-20 %, and ZBU-30 %.

Fig. 6. (a) The plot of (αhυ)2 vs. hυ of Zn-BiOBr, UiO-66, ZBU-10 %, ZBU-20 %, and ZBU-30 %. The valance band-XPS spectra of ZB, UiO-66, and ZBU-20 % a, b, and 
c respectively.

Table 1 
optical parameters of Zn-BiOBr, UiO-66, ZBU-10 %, ZBU-20 %, and ZBU-30 %.

Sample ID Eg (eV) VBM (eV) CBM (eV) M (Eg) M (n) Δχ Λ n

UiO¡66 4.24 2.06 − 2.18 0.46 0.45 1.14 1.330 2.1520
ZBU¡10 % 4.07 - - 0.45 0.44 1.09 1.341 2.1929
ZBU¡20 % 3.94 0.72 − 3.22 0.44 0.43 1.06 1.349 2.2254
ZBU¡30 % 3.75 - - 0.43 0.42 1.01 1.360 2.2748
ZB 2.17 0.98 − 1.19 0.33 0.30 0.58 1.457 2.8218
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factors are related to each other through the following relations [51,52]; 

n =
1 + R
1 − R

+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
4R

(1 − R)2 − k2

√

(7) 

k =
αλ
4π (8) 

The reflectance (R = 1 −
̅̅̅̅̅̅̅̅̅̅̅̅
T ∗ eA

√
) was investigated through the ab

sorption (A) and transmission (T) data obtained from the UV–visible 
spectra. As a function of the incident light wavelength, the n and k de
pendencies are represented in Fig. 7.

It was shown that n increases with increasing the amount of the UiO- 
66, as illustrated in the inset of Fig. 7a. Moreover, in the UV region (200 
≤ λ≤ 275 nm), n has a higher value due to the resonance effect, that 
results from the interaction of the incoming electromagnetic-radiation 
and the electrons polarization, as the incident photons frequency be
comes equal to the plasma frequency [53,54]. The refractive index ex
hibits anomalous dispersion in this region. Moving towards the visible 
region (300 ≤ λ≤ 800 nm), the value of n decreases exponentially. 
However, at higher wavelengths, the decrease in n value is slight and 
appears to remain constant. The absorption of the electromagnetic 
waves became less, and most of the incident energy was reflected. As 
shown in Fig. 7b, based on this data, it appears that k decreases as the 
wavelength of incident photons increases, and seems constant for the 
pure UiO-66 NPs sample in the visible region. The k value then begins to 
rise with the insertion of UiO-66, rises with the UiO-66 additives to the 
Zn-BiOBr, and rises significantly at the highest value of (ZBU-30 %). The 
high value of the refractive index makes it useful as an anti-reflective 
coating in solar cell devices.

3.2.3. Optical dielectric parameters and optical conductivity
The complex dielectric constant is a basic feature of the material, and 

it has two components: real (ε′) and imaginary (ε″), as indicated in the 
equation below [46,55], 

ε = έ + iέ ʹ (9) 

The real part (ε′) depicts the dispersion of light within the material 
and the imaginary part (ε″) shows the energy absorbed by the movement 
of the dipole moment, and the following equations can be used to 
compute it using the n and k values [56,57], 

έ = n2 − k2 (10) 

έʹ = 2nk (11) 

The dependences of both factors, ε′ and ε′′, on the incident photon 
energy are illustrated in Fig. 8. obviously ε′ and ε′′ increases with 
increasing the UiO-66 additives to the Zn-BiOBr composite. The 

similarity between the behavior of the ε′ with refractive index and ε″ 
with k is evident. Moreover, ε′ value is larger than that for ε″. Increasing 
the UiO-66 additives to the Zn-BiOBr causes a change in polarization, 
resulting in high ε′ and low ε″ values and less energy dissipation.

A material’s optical conductivity (σopt) indicates how the induced 
current density affects the electric field produced at random frequencies. 
[58]. The mobility of photo-generated carriers as an effect of the elec
tromagnetic excitation, triggering optical conductivity and this param
eter can be calculated using the following equation [58]. 

σopt =
nαc
4π (12) 

where (c=3×108 m/sec) is the light speed in free space. Fig. 9 depicts 
the correlation between the energy of incoming photons and σopt.. It can 
be observed that as the UiO-66 additives to the Zn-BiOBr increases the 
σopt. increases. This might be due to the increase in α and n values of the 
material with increasing the UiO-66 additives to the Zn-BiOBr. At high 
photon energies, optical conductivity is enhanced due to the excitation 
of electrons by incident photons. The σopt. value of MOF and Zn-BiOBr 
composite at 400 nm is about 3.42×109 and 8.37×109 sec− 1, respec
tively which increases to about 1.32 ×1010, 1.66×1010, and 2.48×1010 

sec− 1 for Zn-BiOBr with different UiO-66 contents (ZBU-10 %), (ZBU- 
20 %), and (ZBU-30 %), respectively.

The energy dispersion parameters play an important role in identi
fying the characteristics of optical materials. They can be used to 
calculate factors necessary for designing optical communication and 
spectral dispersion devices. Therefore, studying the energy of the 
effective single oscillator (Eo) and the dispersion energy (Ed) for the 
present system is imperative, which can be done using the Wemple- 
DiDomenico model as follows [53], 

1
n2 − 1

=
Eo

Ed
−

hυ2

EoEd
(13) 

Plotting a graph between the refractive index factor 1/(n2-1) on the 
y-axis and (hυ)2 on the x-axis, as seen in Fig. 10 allows for the deter
mination of Eo and Ed parameters, which are summarized in Table 2
based on the intercept and slope values. The Eo and Ed values increased 
by increasing the MOF content in the ZB systems.

Obviously, the Eo and Ed values increased as the UiO-66 content 
increases in the matrix. With these values it can be possible to calculate 
various nonlinear optical parameters as follows: [54,59]; 

f = EdE0 (14) 

athυ = 0 → n0 =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 +
Ed

E0

√

(15) 

εs = n2
0 (16) 

Fig. 7. Plots of (a) Refractive index and (b) extinction coefficient as a function of wavelength for Zn-BiOBr, UiO-66, ZBU-10 %, ZBU-20 %, and ZBU-30 %.

A. Farid et al.                                                                                                                                                                                                                                    Journal of Alloys and Compounds 1010 (2025) 177467 

8 



χ(1) =
Ed

4πEo
(17) 

χ(3) = 6.82 × 10− 15
[
Ed

Eo

]4

(18) 

n2 =
12πχ(3)

no
(19) 

where f, n0, εs, first-χ(1), third-χ(3) order, and n2 are the optical-oscillator 
strengths, static-refractive index, static-dielectric constant, nonlinear 
optical susceptibilities, and nonlinear refractive index, respectively. As 
shown in Table 2, all f, n0, εs, χ(1), χ(3) order, and n2 values enhanced 
with increasing UiO-66 content in the heterostructure. The χ(3) value for 
ZB matrix is 2.52×10− 11 increases to 1.11×10− 9 after inclusion 30 % 
UiO-66 to the composite matrix, which is better outcome compared to 
TiO2/ZnO thin film [54] and Se-Te-Bi thin film [55]. The n2 increases 
with increasing linear refractive index (n) and decreasing (Eg) is related 
to an increase in metallicity (M). Besides, the high nonlinear refractive 
index possesses a metallization criterion of approximately 0.30–0.45 
[58], compatible with the calculated values shown in Table 1. High 
values of χ(3) and n2 for the present composite materials possess large 
applications in nonlinear optical devices.

4. Conclusion

Solvothermal process was used to prepare Zn-BiOBr and UiO-66 after 
that, the heterostructures between both materials were fabricated via 
simple wet chemical method. The phyico-chemical characterizations 
were confirmed the formation of heterostructure interface. Subse
quently, the optical features were investigated and showing that, optical 
band gab of UiO-66, the refractive index, metallization values, and the 
optical electronegativity (Δχ) were decreased upon conjugation with Zn- 
BiOBr while, The n and Λ values increased. Furthermore, As UiO-66 
content increase in heterostructure, all f, n0, εs, χ(1), χ(3) order, and n2 
values enhanced, enabling using these materials in a variety of nonlinear 
optical device applications.

Fig. 8. Plots of (a) ε′ and (b) ε″ vs. hυ for Zn-BiOBr, UiO-66, ZBU-10 %, ZBU-20 %, and ZBU-30 %.

Fig. 9. The variation of σopt. with (h υ) for Zn-BiOBr, UiO-66, ZBU-10 %, ZBU- 
20 %, and ZBU-30 %.

Fig. 10. 1/(n2-1) vs. (hυ)2 for Zn-BiOBr, UiO-66, ZBU-10 %, ZBU-20 %, and 
ZBU-30 %.

Table 2 
The calculated nonlinear optical parameters according to WDD model.

Sample ID Ed E0 n0 es¼n0
2 f¼E0Ed χ(1) χ(3) n2

UiO¡66 19.54 5.67 2.109 4.45 110.74 0.27 9.63×10− 13 1.72×10− 11

ZBU¡10 % 64.42 6.34 3.342 11.17 408.16 0.81 7.29×10− 11 8.22×10− 10

ZBU¡20 % 107.33 7.45 3.924 15.40 800.00 1.15 2.93×10− 10 2.81×10− 9

ZBU¡30 % 142.38 7.09 4.590 21.07 1010.10 1.60 1.11×10− 9 9.08×10− 9

ZB 64.73 8.31 2.965 8.79 537.63 0.62 2.52×10− 11 3.20×10− 10
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