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Zeolitic Imidazolate Framework-8 (ZIF-8) stands out among other metal-
organic frameworks (MOFs) for optoelectronic applications because of its
large surface area, high porosity and tunable characteristics. This study
examined the impact of bimetallic doping of pristine ZIF-8 with cobalt
(Co) and zinc (Zn) in enhancing its performance in devices like
photodetectors, solar cells, and light-emitting diodes. UV-VIS
spectroscopy, FTIR and SEM were used to analyze the nanocomposites'
optical and morphological properties. Optical characterization shows that
co-doping enhanced the absorbance thereby reducing the transmittance to
an average of 22% making the material appropriate for light-harvesting
systems. In addition, bandgap energy decreased from 2.82 eV to 1.25 eV
due to impurity band formation improving the optoelectronic response of
the material. Furthermore, co-doping increased the refractive index from
an average of 1.64 to 2.36, showing higher interactions between light and
matter. The dielectric constant was also improved by Co/Zn co-doping
suggesting an increase in charge storage as well as polarization crucial
for optoelectronic devices. FTIR spectroscopy revealed alterations in the
chemical bonds suggesting that the Co and Zn impurities have been
successfully incorporated into the ZIF structure. SEM images revealed
alterations in the morphology of the composites including increased
crystallite size and heterogeneity in appearance due to co-doping and the
modification in their composition was confirmed by EDS spectra. Overall,
these findings show that bimetallic doping of ZIF-8 nanocomposites with
Co and Zn enhanced the optical absorption, charge storage potential and
flexibility, making them ideal for  sensors, energy harvesting, and
photocatalysis.

This article is open access under the CC BY license http://creativecommons.org/licenses/by/4.

1.0 Introduction

Metal-organic frameworks (MOFs) are a type of crystalline and porous materials that are appealing due to their exceptional
composition and structural flexibility, high specific surface areas (1000-10,000 m 2 g1), tunable pore size and defined
morphology making of them suitable for a wide range of applications. They are composed of organic ligands and metal
ions/clusters under the action of a coordination bond. Zeolitic imidazolate framework-8 (ZIF-8) is one type of MOF that stands
out due to the sodalite (SOD) topology that it possess which creates a structure that is hghly porous having large a surface
area and pore size of approximately 11.6 A. This tunable pore enables adsorption and transport of ions easily. [1, 2] [3,4].
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In ZIF-8, zinc ions are tetrahedrally coordinated with nitrogen atoms from 2-methylimidazole ligands [3, 5] this establishes
a three-dimensional framework that is stable due to strong metal-ligand bonds. The open framework and high pore volume
facilitate guest molecule diffusion and high loading capacity for various applications [6.7] such as gas storage and separation
[8], catalysis [7], drug delivery [9], sensors [10] and environmental remediation [11].

In recent times, the interest in the fabrication of ZIF-8 for use in optoelectronic devices has been on the increase because of its
ability to create charge carriers under light. However, its large bandgap limits visible light response. Meanwhile, metal doping
techniques are being explored to address this issue [12-14]. One of the strategies that have been adopted to address the limitation
of ZIF-8 and enhance its optoelectronic performance is co-doping strategies, especially with transition metals such as cobalt
(Co) and zinc (Zn). These metals introduce new electronic states in the ZIF structure that improve its light response in the
visible spectrum. Pristine ZIF-8 has a relatively wide bandgap, which limits its ability to absorb light in the visible spectrum.
Incorporating cobalt and zinc in the framework introduces impurity states that reduce the bandgap, significantly improving
light absorption and modifies the structural and morphological properties which usually results in larger and more
heterogeneous particle sizes. In addition, Co/Zn doping enhances the dielectric properties of ZIF-8. These improvements boost
the material’s optoelectronic properties [15-19].

Bimetallic metal-organic frameworks (BMOFs) are hybrid materials that combine two MOFs' characteristics to produce
nanomaterials with special chemical and structural qualities. . The architecture of bimetallic MOFs can be classified into two
main categories according to the metal distribution namely solid solution and core—shell structures. Compared to their
monometallic counterparts, bimetallic MOFs exhibit improved capabilities and a synergistic impact making them suitable in
many applications such as gas adsorption, catalysis, energy storage and conversion, and luminescence sensing. The choice of
the metal combinations and ratios allows for the tuning of bimetallic ZIFs' pore size, absorption control characteristics,
acidity/basicity, and surface area and redox characteristics [20, 21]. The tailoring of MOF electronic properties could be
performed as a function of metal node engineering allowing for fine-tuning of conductivity, band gap, and other electrical
characteristics depending on the desired application [22]. MOFs may have superior electrical conductivity for a range of
applications, including resistive sensors, supercapacitors, semiconductors, and thermoelectrics, if various metals are mixed in
their secondary-building units (SBUs) [20, 23].

Li et al. [24] developed ZnO@C-N-Co core-shell nanocomposites derived from Zn/Co ZIF for the degradation of methyl
orange (MO). Upon calcination of the Zn/Co ZIF at 600 °C, ZnO nanoparticles formed from the ZIF-8 shell aggregated and
moved to the hollow cavity, while the internal Co nanoparticles migrated to the N—C shell. This process resulted in the creation
of a unique ZnO@C-N-Co core-shell structure. Nguyen et al. [25] synthesized Co/Zn-ZIF-8 at room temperature and observed
a lower HOMO-LUMO gap when compared with pristine ZIF-8 due to charge transfer from organic ligands to cobalt centers.
The nanocomposites also demonstrated high hydrolytic stability and photocatalytic efficiency in degrading indigo carmine (I1C)
dye under solar-simulated irradiation. Xu et al. [26] fabricated co-doped ZIF-8 (Cox Zn;«-ZIF-8) with varying Co?* and 'Zn?*
ratios to enhance its photocatalytic performance. The results show that the nanoamaterial absorbed in the visible light,
improving methylene blue degradation.

Butova et al. [27] tested iodine sorption properties in ZIF-8 samples with varying Zn/Co ratios using excess sublimated iodine.
They observed that co-doping resulted in a reduced thermal stability of the samples after iodine saturation. The Fe-and-N co-
doped Fe-ZIF-8 metal-organic framework was synthesized by Luo et al. [28], they used a photocatalyst to decompose organic
dyes under visible light irradiation. The results show that its band gap drops sharply from 5.11 eV to 2.17 eV and possesses
stronger absorption in visible light region

Wang, et al. [29] prepared Co/Fe co-doped ZIF-8 for Cu?* ions capacitive deionization The density functional theory
calculations demonstrated that the co-doping of Co and Fe remarkably increase the adsorption energies of Cu?* ions, leading
to excellent selectivity, which indicates that CoFe-NC composites can be a desired CDI electrode material. Mehrehjedy et al.
[30] studied the optical properties of FezO4, ZIF-8, ZIF-67, and Co20%-Z1F-8 using diffuse reflectance spectroscopy (DRS.)
The results revealed that cobalt doping in ZIF-8 (Co-ZIF-8) successfully reduced its band gap from 5.15 eV to 1.98 eV,
indicating an enhancement in photocatalytic activity under visible light.

Several methods have been used to synthesize ZIF-8 metal- organic frameworks such as hydrothermal [31], sonochemical
method [32], microwave-assisted [33], Co-precipitation method [34, 35] etc. A facile wet chemical method of synthesis used
for this work is the direct combination method (DCM). It is a straightforward and scalable technique for synthesizing metal-
organic frameworks (MOFs). In this approach, metal salts and organic linkers are directly mixed in a solvent under controlled
conditions, such as pH, concentration, and reaction time, typically at room temperature. The metal salts and organic linkers
react through coordinate bonds during self-assembly to create the required MOF structure. DCM is a useful and accessible
technique for researchers including beginners [36, 37].
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The objective of this study is to examine how cobalt (Co) and zinc (Zn) bimetallic doping influence the optoelectronic
characteristics of Zeolitic Imidazolate Framework-8 (ZIF-8) to enhance its usefulness for technological applications. Optical
properties such as absorbance, transmittance, reflectance, bandgap energy, refractive index and the real and imaginary part of
the dielectric constant will be considered. In addition, the changes in the crystal structure and surface morphology were
analyzed. These modifications due to co-doping aim to enhance ZIF-8's performance in solar cells, LEDs, photodetectors,
sensors, and photocatalysis.

2. Materials and Method

A. Materials

The materials use for the fabrication include zinc nitrate hexahydrate (Zn(NOs)2-6H,0, cobalt nitrate hexahydrate
(Co(NOs),:6H20, Trimethlamine (CsHgN) and 2-Methylimidazole (CsHsN.). Distilled water, methanol and Dimethyl
sulfoxide, DMSO (C,HsOS) were used as the solvents.

B. Method

To synthesize ZIF-8, 1.0 g of Zn (NO3),-6H,0 was dissolved in 50 ml of distilled water and stirred for 30 minutes (Solution
A). Separately, 2.7 g of 2-Methylimidazole (2-MelM) was dissolved in 50 ml of distilled water, stirred for 15 minutes, and
mixed with 4 ml of Trimethylamine (TMA) to promote ligand deprotonation (Solution B). The two solutions were combined
and stirred for 45 minutes using a magnetic stirrer, forming a cream-colored mixture. ZIF-8 crystals were collected by
centrifuging the mixture at 6500 rpm for one hour, followed by washing and a second centrifugation for 30 minutes. The cleaned
crystals were dried at 200°C for three hours and stored in an airtight container.

For the fabrication of Co/Zn/ZIF-8, 0.5 g of ZIF-8 powder was dissolved in 10 ml of dimethylsulfoxide (DMSQ) and stirred
for one hour. 0.6 g each of Co(NO3),-6H,0 and Zn(NO3),-6H,0 were also dissolved separately in 10 ml of dimethylsulfoxide
(DMSO0). The three solutions were mixed and stirred for two hours to form the MOF, followed by centrifugation, washing, and
drying in a furnace at 200°C. The resultant nanocomposites was stored in an air-tight container to prevent contamination.

C. Material Characterization

The optical properties were assessed using a UV-VIS-NIR (UV-1800 series), while the chemical bonds and functional groups
in the materials were determined using a JASCO-FTIR (FT/IR-6600) spectrometer. Surface morphology was analyzed by
scanning electron microscopy (SEM) coupled with energy-dispersive spectroscopy (EDS) (MRA3 TESCAN).

3.0. Results and Discussion

A. Optical analysis

The results obtained from the optical characterization of the fabricated nanocomposites using UV-VIS-NIR (UV-1800 series)
spectroscope in the wavelength range between 300 and 800 nm were used to plot the following graphs.

The absorbance graph for pristine and Co/Zn co-doped ZIF-8 as shown in Fig 1(a) reveal peaks at 320 nm and 340 nm which
is linked to electronic transitions involving zinc and imidazolate. The spectral also showed changes in the peak intensity and
an increase in the absorbance because of the introduction of dopants in the ZIF-8 thereby enhancing its potential for sensing
and photocatalysis [38, 39].

The increase in absorbance in the Co/Zn co-doped ZIF-8 is made possible because of the synergistic impact of Co?* and Zn?*
ions. Since ZIF-8 is already composed of zinc ions (Zn?*), doping with additional zinc may not have a dramatic change but can
change the local coordination environment around the metal centers which may affect the interaction between the metal and
the organic linkers influencing the overall light absorption properties of the material. The presence of cobalt ions (Co?*) on the
other hand introduces electronic states that provide new pathways for electron excitation and facilitating light absorption at
wavelengths that ZIF-8 alone could not efficiently absorb. The optical characteristics may be impacted by the ability of Co?*
ions' to interact with the surrounding ZIF-8 framework which changes the charge distribution. This alteration can lead to new
absorption peaks or shifts in existing ones, thereby increasing the nanocomposites capacity to absorb light, particularly in the
visible range. This helps in improving photon harvesting which are relevant to the performance of photovoltaic and
photocatalytic devices [15, 20, 29, 30].
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Fig. 1. (a)Absorbance spectrum of pristine ZIF-8 and
Co/Zn/ZIF-8 (b) Transmittance spectrum of pristine ZIF-8 and
Co/Zn/ZIF-8 (c)Reflectance spectrum of pristine ZIF-8 and
Co/Zn/ZIF-8 (d)Bandgap of pristine ZIF-8 and Co/Zn/ZIF-8

In photovoltaic devices, enhanced absorbance in the UV-Visible region can improve photon harvesting and power conversion
efficiency as observed in materials like perovskite solar cells (PSCs) and organic solar cells (OSCs). Similarly, the enhanced

absorption in the visible-NIR region can increase photon absorption efficiency improving solar-driven catalytic activity [40,
41].

The graph of transmittance against wavelength for pristine ZIF-8 and Co and Zn co-doped ZIF-8 is shown in fig 1(b). Since
the transmittance spectrum provides information complementary to the absorbance spectrum it means that high absorbance
peaks translate to low transmittance valleys, and vice versa. An average transmittance value of 71% was recorded by pristine
ZIF-8 making it ideal for photovoltaics, LEDs, and sensors while co-doping reduced the transmittance below 22% across the
visible region due to the introduction of new electronic states by the incorporation of cobalt ions (Co?*) into the ZIF-8
framework, creating structural defects or localized electronic states within the material. These defects or states can scatter light,
causing a reduction in transmittance, hence enhancing its suitability in applications, such as, photocatalysis, optical fibers and
luminescent devices. [38, 39].

Figure 1(c) displays the graph of reflectance against wavelength for both pure ZIF-8 and Co/Zn ZIF-8. Reflectance quantifies
the quantity of light reflected from a material's surface.

From the graph, pristine ZIF-8 has an average reflectance of 11% which increases to 20% with the addition of both Co and Zn.
Both materials exhibit low reflectance, suitable for optoelectronic applications like solar cells and photodetectors by minimizing
internal reflection losses [43, 44].

The graph of( ahv)? Vs hv, which representts the bandgap for both pristine ZIF-8 and Co and Zn co-doped ZIF-8, is shown
in Fig. 1(d). The band gap ( Eg) determines the optical and electronic performance of most materials.
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The value of the optical band gap can be obtained from the fundamental absorption of the material which corresponds to the
excitation of electrons from the valence band to the conduction band. The band gap was determined from the intersect of straight
line portion of (ahv)? versus hv.

From the Tauc's plot the bandgap reduced from 2.82 eV for pristine ZIF-8 to 1.25 eV for Co/Zn co-doped ZIF-8. The reduction
of the bandgap from 2.82 eV to 1.25 eV upon Co/Zn doping suggest that new impurity states have been introduced in the
electronic structure of ZIF-8. When Co?* is substituted into the ZIF-8 lattice, there is a strong hybridization between Co d-
orbitals and the ligand n-system leading to the formation of mid-gap states within the bandgap which reduces the energy
required for electronic transitions. Zn2* on the other hand maintains the wide bandgap but causes changes in the local electronic
states. In addition, because Co?* distorts the crystal lattice slightly, the Co-N bond length is increased which alters the phonon
interactions, thereby affecting its optoelectronic properties while Zn stabilizes the lattice and minimizes defect formation. Co?*
and Zn2* bimetallic substitution modifies the pore size and metal-ligand interactions, enhancing guest adsorption and catalytic
activity particularly in optoelectronic and photoelectrochemical applications [26, 44, 45, 46].

A study conducted by Vatani et al. [21] shows that the bandgap energy of bimetallic of Zn/ Co ZIF-8 particles was almost close
to that of mono Co-ZIF-8. This means the cobalt ions mainly control the optical properties of the bimetallic Zn/ Co ZIF particles.
The obtained bandgap values are 3.46 and 3.4 eV for Zn / Co ZIF-8 and Co-ZIF-8 respectively. Li et al., [24], developed a
lanthanide-doped nanoparticles (LDNPs) coated with Fe/Mn bimetal-doped ZIF-8 (LDNPs@Fe/Mn-ZIF-8) the dual doping
of Fe?Mn?* markedly decrease the bandgap of the ZIF-8 photosensitizer from 5.1 t0 1.7 eV.

The value obtained in this study can be compared to the bandgap value of 1.241eV obtained by Baghban et al. [47] using DFT
calculation.

Fig. 2(a) illustrates the refractive index (n) versus photon energy for pristine ZIF-8 and Co/Zn-doped ZIF-8. The refractive
index indicates the material's interaction with light including absorption, transmission, and reflection and this is closely tied to
its optoelectronic performance. It represents the frequency range where the films are weakly absorbing. The plot shows that
co-doping the ZIF-8 MOF increased the refractive index from an average value of 1.64 to 2.36 indicating a stronger interaction
with light. The refractive index (n) of a material has a close relationship to its electronic polarizability, which describes how
easily electrons in the material can be displaced by an external electric field such as light [48]. When cobalt (Co?*) is
incorporated into the ZIF-8 framework alongside zinc (Zn2*), it alters the local electronic environment as a result of changes in
the bandgap energy and the extinction coefficient, therefore increasing the nanocomposite’s ability to polarize in response t0
light and consequently, a higher refractive index [49]. The high refractive index values in the visible range indicate that they
are particularly useful for optoelectronic applications, such as photovoltaics, solar cells, and sensors, where strong light
confinement and manipulation are needed [16, 50, 51].

In devices like thin film solar cells, which requires light trapping techniques to increase the light absorption and modify the
optical response, materials with a high refractive index can help trap light more effectively [52,53].

The graph of the extinction coefficients for Co/Zn/ZIF-8 and pristine ZIF-8 is shown in Fig. 2(b). The extinction coefficient
(k) of a MOF is the amount of light it can absorb per unit distance. This affects the stability, charge generation as well as the
design of the device. From the plot, the k value of both nanocomposites is less than 0.1 indicating that they absorb light
minimally which translates to high transparency appropriate for applications like protective coatings and light-transmitting
windows [54, 55].

The dielectric properties of pristine ZIF-8 and Co/Zn-doped ZIF-8 are shown in Fig. 2(c) and Fig. 2(d). From the graph, the
real part of the dielectric constant (e, )which is associated with energy storage and polarization was found to increase from
2.62 to 5.34 upon co-doping suggesting that responsiveness to visible and infrared light has been enhanced and the bandgap
reduced making it useful for devices like photodetectors and photovoltaics. Similarly, the imaginary part (g;) which is
associated with light absorption and energy loss increased from 0.183 to 0.220 with Co and Zn co-doping. These properties
make it suitable for applications such as light-harvesting and photothermal materials [56, 57].

When Co?" and Zn?* are incorporated into the ZIF-8 framework it results in a metal-ligand interaction that increases the
nanocomposites polarizability. Co?* with partially filled d-orbitals can create a higher degree of electronic polarization under
an applied electric field improving its ability to store charge thereby enhancing the dielectric constant. In photovoltaic and
photodetector devices, a high dielectric constant can enhance charge carrier separation and minimize recombination losses,
leading to improved device performance [58, 59, 60].
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B. FTIR results

FTIR analysis on the nanocomposites was conducted over a wavenumber range of 4500-500 cm™ using a JASCO FT/IR-
6600 spectrometer to study the molecular structure, functional groups, and the type of bond between the chemical
compositions.
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Fig. 3 displays the FTIR spectra of pristine ZIF-8 and Co/Zn/ZIF-8. As shown in 3(a), pristine ZIF-8 has distinct bands at 3135,
1650, 1150, 995, 760, 690, and 500 cm™. The aromatic and aliphatic C-H asymmetrical stretching vibrations were linked to
the peak at 3135 cm™. The 1650 cm™ band was attributed to the stretching vibration of C=C. The band near 1150 cm™
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represented the C-N stretching mode of the aromatic compound. While the peaks around the wavelengths of 995 cm™, 760
cm™, and 690 cm™can be assigned to the out-of-plane bending vibration of the imidazole ring, vibration due to C-H bending
modes and out-of-plane bending vibrations of the aromatic rings present in the 2-methylimidazole ligand. Another peak was
observed at 500 cm™, a low-frequency band, and this suggests Zn-N metal-ligand vibrations, which confirms the zinc ion
coordination and the nitrogen atoms of the imidazole rings. The slight shifts and changes in peak intensity and width as observed
in Fig. 3(b) shows that Co and Zn have been successfully integrated into the ZIF-8 framework. The structural bonds observed
in the nanocomposites support their potential for optoelectronic applications [2122,56].

C. SEM/EDS Analysis

SEM-EDS analysis has been conducted on the fabricated nanocomposites to examine their morphology and elemental
distribution using MIRA3 TESCAN. The resulting MOFs exhibited a uniform surface structure, free from pinholes and cracks.
Our observations indicate that the incorporation of the doping metal significantly influences the acquired morphology.
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Fig. 4. SEM micrograph of ZIF-8 and Co/Zn/ZIF-8

Figure 4 shows the SEM images of pristine ZIF-8 and Co/Zn/ZIF-8 which displayed the changes in the morphology of ZIF-8
as aresult of cobalt and zinc co-doping. Pristine ZIF-8 consists of crystalline nanograins that are evenly distributed and closely
packed. Co/Zn/ZIF-8 showed larger particles with mixed colorations indicating that changes have occurred in the chemical
composition and structure of the nanocomposites. The observed features which may likely be caused by variations in growth
rates or selective cobalt ion adsorption, suggest enhanced conductivity and light absorption beneficial for optical and electronic
properties. This makes Co/Zn/ZIF-8 a promising material for energy harvesting, photocatalysis, and sensor applications [56,
60].
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Fig. 5. EDS spectrum. (a) ZIF-8 (b) Co/Zn/ZIF-8

Fig. 5 shows the EDS spectra for ZIF-8 and Co/Zn/ZIF-8 nanocomposites. In pristine ZIF-8 (a), peaks for zinc, nitrogen,
oxygen, and carbon confirm the expected elemental composition which is essential for consistent optoelectronic performance.
The zinc (Zn) provides structural stability through its four-fold arrangement with imidazole ligands. The oxygen peak suggests
residual hydroxyl groups from synthesis. In the Co/Zn/ZIF-8 spectrum, fewer zinc peaks reflect cobalt’s substitution, with clear
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cobalt peaks indicating successful doping. Increased nitrogen peaks arise from imidazolate linkers bonding with both Zn and
Co. Additional oxygen peaks may relate to residual solvents or framework defects. Cobalt doping reduces the bandgap,
enhancing light absorption and conductivity, which benefits photocatalytic and sensing applications [15, 12, 13,].

4.0. Conclusion

In this work, pristine ZIF-8 and Co/Zn co-doped ZIF-8 have been studied to determine how co-doping can affect the optical,
structural, and morphological characteristics for optoelectronic applications. From optical studies, co-doping reduced the
bandgap from 2.82 eV to 1.25 eV, improving its light absorption and optoelectronic performance. An increase in the refractive
index and extinction coefficient indicated stronger light-matter interactions. FTIR spectrum confirmed the integration of Co
and Zn into the ZIF-8 framework while preserving important functional groups. SEM revealed larger particles with mixed
coloration in the co-doped material which reflects improved light absorption and conductivity. The elemental compositions of
the nanocomposites were verified using EDS analysis. The results show that Co/Zn co-doped ZIF-8 can be utilized as a viable
material for energy-harvesting technology, sensors, and photocatalysis. However, there arise the issues of long-term stability
and scalability under some operating conditions. Exposure of the nanomaterial to UV radiation may lead to photo-degradation
and potential performance losses during prolonged thermal cycling. This can be addressed by embedding the ZIF-8 framework
in a protective matrix like graphene to prevent the nanomaterial’s degradation and preserve its photoactive properties over
extended periods. In addition, employing advanced methods like time-resolved photoluminescence and transient absorption
spectroscopy that can offer detailed insights into the charge carrier dynamics, excited-state behaviors and the composites
stability are necessary. These methods could clarify whether the impurities acted as recombination centres or facilitated efficient
charge separation which can enhance the bimetallic ZIF-8 suitability for optoelectronic and photocatalytic applications.
Moreover, large-scale synthesis could present challenges such as dopant uniformity, reaction time control and solvent usage,
but employing methods such as continuous flow synthesis, hydrothermal, or solvothermal techniques offer scalable solutions
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