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A B S T R A C T   

Modern industries rapid expansion has heightened energy needs and accelerated fossil fuel 
depletion, contributing to global warming. Additionally, organic pollutants present substantial 
risks to aquatic ecosystems due to their stability, insolubility, and non-biodegradability. Scientists 
are currently researching high-performance materials to address these issues. LaFeO3 nanosheets 
(LFO-NS) were synthesized in this study using a solvothermal method with polyvinylpyrrolidone 
(PVP) as a soft template. The LFO-NS demonstrate superior performance, large surface area and 
charge separation than that of LaFeO3 nanoparticles (LFO-NP). The LFO-NS performance is 
further upgraded by incorporating ZIF-67. Our results confirmed the ZIF-67/LFO-NS nano-
composite have superior performances than pure LFO-NP and ZIF-67. The integration of ZIF-67 
has enhanced the charge separation and promote the surface area of LFO-NSwhich was 
confirmed by various characterization techniques including TEM, HRTEM, DRS, EDX, XRD, FS, 
XPS, FT-IR, BET, PL, and RAMAN. The 5ZIF-67/LFO-NS sample showed significant activities for 
CO2 conversion, malachite green degradation, and antibiotics (cefazolin, oxacillin, and vanco-
mycin) degradation. Furthermore, stability tests have confirmed that our optimal sample very 
active and stable. Furthermore, based on scavenger experiments and the photocatalytic degra-
dation pathways, it has been established that H+ and •O2

− are vital in the decomposition of MG 
and antibiotics. Our research work will open new gateways to prepare MOFs-Perovskites nano-
catalysts for exceptional CO2 conversion, organic pollutants and antibiotics degradation.  
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1. Introduction 

The rapid expansion of modern industries and population has resulted in a higher demand for energy and accelerated the depletion 
of fossil fuels [1,2]. Excessive CO2 emissions from fossil fuel combustion and high vehicle usage significantly contribute to global 
warming which is disrupting the carbon cycle and causing environmental issues [3]. Additionally, Malachite green (MG), a persistent 
and carcinogenic organic pollutant mainly found in industry manure harms the ecological cycle and humans [4]. Conversely, anti-
biotics such as cefazolin (CFZ), oxacillin (OXC), and vancomycin (VCM) are commonly introduced into water bodies through hospital 
waste discharge. Antibiotics have multiple applications and high pharmacokinetics, leading to long-term adverse impacts on aquatic 
environments due to their long-term stability, insolubleness, and non-biodegradability. Among various approaches, photocatalysis is 
an eco-friendly method for addressing these environmental issues [5,6]. 

Recently, researchers have been utilizing semiconductor-based photocatalysis for various applications such as CO2 conversion, and 
decomposition of MG and antibiotics. They have been particularly interested in visible-light active and narrow-band gap oxides. In this 
regard, LaFeO3 nanoparticles (LFO-NP) possess a narrow band gap, making them an active material under visible light [7]. None-
theless, LFO-NP shows reduced activity because of its limited surface area, less active sites, and increased charge recombination rate. 
Therefore, we prepared LaFeO3 nanosheets (LFO-NS) by using a soft template (PVP) by hydrothermal method [8]. Additionally, 
LFO-NS exhibit a greater number of visible sites, a high surface area, a significant surface-to-volume ratio, as compared to LFO-NP. 
Recently, Khan et al. [9] fabricated a g-C3N4 and LaFeO3 nanocomposite for CO2 reduction and bisphenol A degradation, demon-
strating its ecofriendly nature, efficiency, and stability due to enhanced charge separation and electron transportation. In another 
study, Khan et al. [10] demonstrated the preparation of SnO2 with LaFeO3 microspheres, which exhibited significant visible-light 
photoactivity in degrading dyes. Additionally, Humayun and his research group [11] developed LaFeO3 and TiO2 photocatalysts 
for 2,4-dichlorophenol degradation and conversion of CO2. The nanocomposite showed significantly higher photocatalytic activities. 
Moreover, Zhang and colleagues [12] prepared LaFeO3@Ag using a template and sol-gel method, impregnation methods. The catalysts 
showed improved photocatalytic performance, stability, and practical applications for antibiotic degradation. The research work 
indicates that LaFeO3 is gaining high attention in various research fields. Despite its remarkable photocatalytic activities, the 
as-prepared LaFeO3 has limitations such as positive conduction band, high charge recombination, and low activity [13]. To overcome 
these limitations, various approaches like metal or non-metals doping, modifying its morphology and crystal structure, and coupling 
other materials with LFO-NS have been employed [14]. In this regard, metal-organic frameworks like ZIF-67 are effective photo-
catalysts for organic pollutants degradation due to their unique chemical composition, adsorption properties, its narrow band gap 
(~1.94 eV), high surface area, variable organic ligands, conductivity, porous structure, polymetallic sites, negative CB, excellent 
stability, cost-effective and high efficiency [15]. Finally, it is demonstrated that the integration of ZIF-67 to LFO-NS offers immense 
potential in the area of photocatalysis for CO2 conversion, organic pollutants and antibiotics degradation [16]. 

Till to date, there appears to be a lack of emphasis on the development of this particular nanocomposite for applications like CO2 
conversion, dyes, and antibiotics decomposition. Ultimately, this research work discusses the successful synthesis and utilization of 
LFO-NS and ZIF-67 nanocomposites for environmental applications. The most active sample (5ZIF-67/LFO-NS) showed significant 
activities as compared to pristine LFO-NS. Specifically, there was a 3-fold increase for CO2 conversion, a 2.6-fold increase for MG 
decomposition, and a 1.96-fold increase for antibiotics decomposition. Notably, our research has demonstrated that the incorporation 
of ZIF-67 has significantly boosted the surface area and strengthened the charge separation of LFO-NS through the adjustment of band 
gap positions. Finally, Our research work will open new gateways to prepare MOFs-Perovskites nanocatalysts for exceptional CO2 
conversion, organic pollutants and antibiotics degradation. 

2. Experimental section 

2.1. Materials 

All the reagents including La(NO3)3.6H2O, Fe(NO3)3⋅9H2O, polyvinylpyrrolidone (PVP), Co(NO3)2.6H2O, NaOH, ethanol, 2-meth-
ylimidazole, methanol, and Malachite green (C23H25ClN2), cefazolin (C14H14N8O4S3), oxacillin (C19H19N3O5S) and vancomycin 
(C66H75Cl2N9O24) employed in this work were purchased from Aladdin Group Co., Ltd. (Beijing, China) and Macklin Biochemical 
Technology Co., Ltd. (Shanghai, China). All these chemicals and reagents were of analytical grade and used as received without any 
pretreatment. Deionized water (DI H2O) was used throughout the experimental work. All the reagents are given in Table S1. 

2.2. Preparation of materials 

2.2.1. Synthesis of LaFeO3 nanoparticles (LFO-NP) 
LFO-NP are prepared by using a typical method according to which the precursors, Fe(NO3)3⋅9H2O and La(NO3)3⋅6H2O,are dis-

solved in a solvent containing ethanol, and DIH2O, Followed by ultrasonication, the mixture is placed in a microwave at 85 ◦C, and 
subsequently calcined in air at 600 ◦C for 3 h to yield LFO-NP [17]. 

2.2.2. Synthesis of LaFeO3 nanosheets (LFO-NS) 
LFO-NS is synthesized via a hydrothermal technique by using PVP as a template. In typical experiment, we mix 0.08 mol of La and 

Fe precursor in a solution with ethanol and DIH2O. In next step, PVP is added to the solution and stirred for 45 min. Accordingly, the 
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solution was transferred into an autoclave for a hydrothermal reaction at 180 ◦C overnight. Following ethanol water washing process, 
the product is separated via centrifugation. The productis dried at 80 ◦C for overnight. After being subjected to calcination at 600 ◦C for 
120 min and finallybrown-colored LFO was obtained in the form of nanosheets [18]. 

2.2.3. Synthesis of MOFs (ZIF-67) 
The solvothermal method is employed for preparation of ZIF-67.In standard experiment, the reactants such as Co(NO3)2 ⋅6H2O and 

2-methylimidazole are dissolved in DMF and methanol and heated in autoclaves at 200 ◦C. Following ethanol water washing process, 
the product is separated via centrifugation. The product undergoes drying is dried at 80 ◦C for overnight. After being subjected to 
calcination at 400 ◦C for 120 min , the ZIF-67 is produced [19]. 

2.2.4. ZIF-67/LaFeO3 nanosheets based nanocomposite 
The ZIF-67/LaFeO3 nanosheets were prepared by mixing varying mass ratio percentages of ZIF-67 with 1 g of LFO-NS in 200 mL DI 

water. The solution was stirred for 3 h, then heated to 85 ◦C and finally followed the calcination process at 600 ◦C for 3 h [20]. 

2.2.5. CO2 photocatalytic activity measurements 
The CO2 conversion activities are performed by dispersing 0.2 g of catalyst in DIH2O and transferring it to a reactor. The CO2 is 

continuously allow to flow through trough the reaction system for 30 minutes. After 1 hour of radiation exposure, 0.2 mL of the sample 
is extracted and then injected into a gas chromatograph equipped with TCD and FID detectors [21]. 

2.2.6. Organic pollutant degradation activities measurement 
MG degradation experiments is conducted in a 100 mL photochemical glass reactor. We added 0.2 g of the catalysts in 80 mL of MG 

dye solution and stirred it in the dark for 1 h After this, the solution wasstirred under visible lightby using a xenon lampwith 420 nm 
cutoff glass filter. After each 1 h, about 3 mL sample is collected and passed through filters and investigated using the UV spectro-
photometer (Shimadzu UV2550). The same experimental procedure is adopted to check the of samples [22]. 

2.2.7. Antibiotics decomposition activities measurements 
The cefazolin (CFZ), oxacillin (OXC), and vancomycin (VCM), decomposition was conducted over pure LFO-NS and most active 

ZIF-67/LFO-NS samples. [23]. The antibiotic degradation tests were carried out in an open 100 mL photo-chemical glass reactor. In the 
first step, 0.2 g of as-prepared samples and dispersed in 80 mL solution (10 mg. L-1) of as prepared antibiotic, and continuously stirred 
for 30 min in dark to attain equilibrium. Consequently, to test the photocatalytic activities the resulting solution was kept under 
visible-light utilizing a xenon lamp (300 W) with a 420 nm cutoff glass filter. After regular intervals of 1 h, a 3 mL sample were taken 
with the help of a syringe and filtered. Afterward, a UV spectrophotometer (Shimadzu UV2550) was used to test the filtered samples. 
Subsequently, we calculated the decomposition activity by equation (1). Adding more, [24] the illustration of experimental design for 
degradation of pollutants and antibiotics degradation is shown in Fig. S1. 

D%=(A0 − At) /A0 × 100 (1) 

The decomposition rates (D%) of CFZ, OXC, and VCM, as well as their initial concentrations A0 and At, and absorbance at t in-
tervals, may be influenced by factors such as pH, concentration, and the amount of decomposing material [25]. 

2.3. Characterization of materials 

The as prepared materials are characterized by employing diverse characterization techniques, such as X-ray diffraction (XRD) to 
identify their crystal structure on a diffractometer at 30 kV and 20 mA current. We confirmed the samples’ elemental composition 
through XPS while the binding energy of the samples was verified using a carbon signal (284.55 eV). Morhology of samples is 
investigated by Transmission electron microscopy (TEM) (Talos-(F200x)-FTEM (FEI, Netherland) and Scanning electron microscopy 
(SEM) (Hitachi Regulus810) at 200 kV. The UV–visible DRS spectra with BaSO4 as a reference was checked by Shimadzu UV-2550 
spectrophotometer. An advanced instrument, the MIKE ASAP2460, 2020 was used to analyze Brunauer-Emmett-Teller (BET) and 
adsorption-desorption isotherms. [26]. 

3. Results and discussions 

In this research study, we used a hydrothermal and solvothermal technique to synthesize LFO-NS and ZIF-67 and ZIF-67/LFO-NS 
based. Our research findings demonstrate that ZIF-67/LFO-NS is a highly potent photocatalyst for reducing CO2, and degrading MG, 
and various antibiotics. Moreover, our results showed that ZIF-7/LFO-NS composite exhibited a better performance than the pristine 
LFO-NS and ZIF-67. In addition, the fabrication of ZIF-67 increases the surface area of LFO-NS and improves charge separation the 
detailed investigations, novelty and the finding are given below 

3.1. Exploring LFO-NS potential over LFO-NP 

In this research work, we designed a high-performance, effectual, and large surface area LFO-NS by using polyvinylpyrrolidone 
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Fig. 1. SEM images (A, B), TEM images (C, D) of LFO-NP and LFO-NS.  

Fig. 2. XRD peaks (A), DRS spectrum (B), PL (C), FS spectra (D), BET graph with pore diameter as inset (E), and UV absorbance spectra (F) of LFO- 
NP and LFO-NS. 
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(PVP) as soft template. The results confirmed that LFO-NS is more efficient than LFO-NP [27]. To verify the superior photocatalytic 
performance of LFO-NS over LFO-NP catalyst, various physicochemical characterization techniques were used. The SEM results of 
LFO-NP and LFO-NS in Fig. 1A and B while TEM images of LFO-NP and LFO-NS in Fig. 1C and D, shows the presence of nanoparticles 
aggregation, and rough surface [28]. On the other hand, SEM and TEM images of LFO-NS sheets without aggregation, well exfoliated, 
high surface area leading to active sites for reduction of CO2, organic pollutants and antibiotics degradation [29]. 

Interestingly, the LFO-NS have layered nanosheets, broad light absorption range, high surface area, precise band gap positioning, 
and improved stability, than LFO-NP [30]. Fig. 2A reveals diffraction peaks at 2 theta values of 26.5◦, 33.9◦, 37.9◦, 51.8◦, 54.8◦, 61.9, 
and 78.8◦ which correspond to (101), (121), (220), (311), (240), (242), and (202) planes that exhibit the high crystallinity of LFO-NS 
as compared to LFO-NP due to relatively high intensity of peaks. In addition, the band gap of the as-prepared samples was investigated 
via DRS [31]. Fig. 2B illustrates that LFO-NS with an absorption peak at 620 nm which suggests that LFO-NS band gap present in the 
visible light region so will have excellent catalytic efficiency [32] In addition, PL spectra indicate the charge separation. So, Fig. 2C 

Fig. 3. CO2 conversion (A), MG degradation (B), antibiotics decomposition (C) of LFO-NP and LFO-NS.  

Fig. 4. TEM (A, B), DRS (C), XRD (D), PL (E), FS (F), Raman (G), XPS (H) and FT-IR (I) of ZIF-67.  
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shows LFO-NS have high light excitation at 590 nm, indicating superior activities of LFO-NS over LFO-NP [33]. Furthermore, Fig. 2D 
indicates an enhanced fluorescence intensity peak at 470 nm, signifying improved charge separation of LFO-NS than LFO-NP [34]. 
Furthermore, the BET measurements illustrated in Fig. 2E confirmed the surface area of LFO-NS (34.32 m2/g) that exceeds to LFO-NP 
(15.08 m2/g) while in Fig. 2F it can be observed that the LFO-NS have high UV absorbance than LFO-NP. In brief, based on our 
findings, LFO-NS has a high surface area, high charge separation and higher performance than LFO-NP. So, LFO-NS can be used for 
multifunctional applications [35]. 

Fig. 3A–B and C show exceptional results for conversion of CO2, MG and antibiotics decomposition respectively. Remarkably, it is 
obvious that as compared to LFO-NP, the LFO-NS showed 2-fold, 2.2-folds and 1.4-fold higher activities for CO2, MG, and antibiotics 
degradation respectively. Hence, it has been verified that the photocatalytic results of LFO-NS surpass those of LFO-NP. The higher 
photocatalytic activity are due to large surface area, more active sites, and efficient light absorption. Hence, it is confirmed that LFO-NS 
is more efficient and stable than LFO-NP. 

3.2. Exploring the importance of MOFs (ZIF-67) 

In our current research work, we has successfully synthesized ZIF-67. Fig. 4A and B demonstrate the rhombic dodecahedral shape of 
ZIF-67, typically varying in size from 100 to 500 nm. In addition, the DRS shown in Fig. 4C highlights a clear peak at 592 nm in the UV 
region, suggesting the excellent light absorption capacity of ZIF-67 in UV region [36]. Moreover, the XRD patterns in Fig. 4D 
demonstrate the crystal structure and validate the synthesis of the ZIF-67. The XRD is utilized for identifying the phase nature and 
crystal structure based on diffraction peaks at specific 2 theta values of (011), (002), (112), (022), (013), (222), (114), (233), (134), 
and (044) [37]. In addition, Fig. 4E shows a peak at 350 nm indicating a strong distinction between charges and recombination of 
electron-hole pairs in the visible spectrum [38]. Moreover, fluorescence intensity shown in Fig. 4F, displays a peak at 470 nm which 
shows the more generation of •OH [39]. Furthermore, in Fig. 4G the raman spectroscopy was used to analyze ZIF-67 deeply. The peak 
at 680 cm− 1 confirming the successful formation of ZIF67 [40]. Additionally, the elemental nature and chemical composition of ZIF-67 
are identified using XPS, as illustrated in Fig. 4H. The binding energy of Co elements is associated with the Co 2p peaks, suggesting a 
2-oxidized state of Co (II) or Co (III) in ZIF-67 [41]. Adding more, Fig. 4I demonstrated an FT-IR analysis which was conducted to 
investigate the chemical nature. The peaks at 682, 777, 999, 1144, 1293, 1546, 1427, 2930, and 3445 cm− 1consistent with previous 
studies: 6 [42]. Based on FT-IR a correlation between Co and nitrogen atoms of the 2-methylimidazole ligand is found. This correlation 
led to distinct bands associated with Co–N stretched vibrations, C––N stretching, and C–H sp3 aromatic ring [43]. 

3.3. Constructing MOFs-Perovskites nanocomposite (ZIF-67 and LFO-NS) 

3.3.1. Structural characterizations 
Although, LFO-NS has better efficiency as compared to LFO-NP as discussed in the above section, but still as-synthesized LFO-NS 

has some issues regarding smaller surface area, charge separation, and positive CB [44]. On the other hand, ZIF-67 has numerous 
superior features like high porosity, suitable band gaps, polymetallic sites, and negative CB [45]. With the intention to improve charge 
separation, surface area, and adjust CB of LFO-NS, we fabricated the different mass percentages of YZIF-67 (where Y = 1%, 3%, 5%, 

Fig. 5. XRD (A), DRS spectra (B), FS spectra as inset PL spectra (C), CO2 conversion (D), MG degradation (E), and antibiotics degradation (F) of 
YZIF-67/LFO-NS. 
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and 7%) with LFO-NS through wet chemical and grinding methods. Fruitfully, the positive CB of the LFO-NS was fine-tuned to an 
optimal position, improving charge separation by regulating the excited photoelectrons. In order to examine the physical properties 
and structural nature of the composite, the crystallinity and structure of the YZIF-67/LFO-NS (with Y = 1%, 3%, 5%, and 7%) were 
investigated by XRD. According to the XRD patterns, the pristine LFO-NS has six distinct peaks at 9.7◦, 22.6◦, 32.3◦, 39.6◦, 44.1◦ and 
63.4◦ corresponding to 011, 121, 013, 222, 114, 233, 240, 134 and 044 crystal planes [46]. The dominant presence of ZIF-67 in 
5ZIF-67/LFO-NS is confirmed at 7.6◦ (002) and 10.6◦ (022) [47] which can be clearly seen in Fig. 5A. Additionally, Fig. 5B shows DRS 
spectrum of fabricated composites, indicating that pristine LFO-NS emits light at 340 nm, validating the band gap at 2.0 eV [48]. 
Meanwhile, the band gap relocated to the visible area upon integrating with different mass percentage ratios of ZIF-67 to LFO-NS. The 
band gap position of the 5ZIF-67/ZIF-8 nanocomposite was revealed to be around 620 nm, indicating that the composite is more 
visible-light active than pristine LFO-NS [49]. Fig. 5C illustrates the fluorescence peak at 470 nm generated by the combination of 
LFO-NS and ZIF-67, despite a limited charge separation. The amount of •OH rises when ZIF-67 was added Furthermore, the PL spectra 
of ZIF-67 given in Fig. 5C (inset) indicate the PL spectra of LFO-NS decreased after coupling with ZIF-67 confirming enhanced charge 
separation with the optimal sample (5ZIF-67/LFO-NS) having the highest response [50]. In addition, Fig. 5D demonstrated the 
photocatalytic activities of LFO-NS for CO2 conversion. The pristine LFO-NS showed poor activity about 0.18 mmol g− 1 h− 1 for CH4 
and 1.1 mmol g− 1 h− 1 for CO production. However, significant improvement in photocatalytic activity was observed upon coupling 
with various percentages of ZIF-67 [51]. The optimal sample 5ZIF-67/LFO-NS showed 2.5-folds and 3-folds enhancements for CH4 and 
CO production respectively but excessive ZIF-67 increase led to decreased CO production due covering surface of LFO-NS. So, our 
findings demonstrated that the optimal sample (5ZIF-67/LFO-NS) exhibited efficient visible-light photoactivities [52]. Moreover, 
Fig. 5E illustrates that ZIF-67 significantly improves the photocatalytic performance of LFO-NS, the optimal sample exhibiting a 2.6 
times higher degradation activity for MG degradation as compared to pristine LFO-NS [53]. Furthermore, Fig. 5F demonstrates that 
integrating various amounts of ZIF-67 significantly enhances the photocatalytic performance of LFO-NS, the optimal sample showing 
1.94-fold greater antibiotic degradation activity. 

The integration of ZIF-67 significantly increases the surface area of LFO-NS as demonstrated by the N2 adsorption-desorption 
isotherm graph in (Fig. S2A). Remarkably, the surface area of 5ZIF-67/LFO-NS was improved by 314 m2/g i.e., a 3-fold increase 
compared to pure LFO-NS [54]. However, the pore size of LFO-NS decreased after ZIF-67 integration as shown in (Fig. S2B) resulting in 
an enlarged surface area for CO2 conversion, MG, and antibiotics degradation leading to intermediate production and inorganic 
minerals [55]. 

Our study confirmed that the 5ZIF-67/LFO-NS composite showed superior efficiency and was the most active sample among all 
composites. TEM and HRTEM analysis was performed on an efficient sample, 5ZIF-67/LFO-NS, which showed the successful loading of 
ZIF-67 onto LFO-NS as demonstrated in Fig. 6A–B and C The HRTEM of the best sample (5ZIF-67/LFO-NS) reveals fringe lines as 
depicted in Fig. 6D–E, and Fig. 6F. Notably, Fig. 6E shows two clear fringes with specific d-spacing values for LFO-NS and ZIF-67, 
corresponding to the (011) and (112) lattice planes [56,57]. 

Fig. 6. TEM images (A, B, C), HRTEM images (D, E, F) of 5ZIF-67/LFO-NS nanocomposite.  
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Furthermore, we has selected the sample (5ZIF-67/LFO-NS) for TEM (EDX) analysis and elemental mapping in order to examine its 
elemental characteristics and chemical composition of mmostot active samples. The over all overlay (Fig. S3A), color overlay 
(Fig. S3B), O (Fig. S3C), Co (Fig. S3D), La (Fig. S3E), and Fe (Fig. S3F) were present in the sample confirmeing that ZIF-67 was 
effectively incorporated into LFO-NS. The percentages of O, Co, La and Fe in 5ZIF-67/LFO-NS were also shown in Fig. S4. 

3.4. Antibiotics decomposition activities measurements 

It is confirmed that coupling of ZIF-67 to LFO-NS effectively increased the overall activity. Notably, 5ZIF-67/LFO-NS is the most 
active and effective sample. However, as the amount of ZIF-67 increased, the degradation activity decreased, as it blocked the active 
sites and pores of LFO-NS, making it unable to adsorb more materials on the surface [58]. Most importantly, the 5ZIF-67/LFO-NS 
indicated good degradation activities for CFZ (2-folds), OXC (2.1-folds), and VCM (1.86-folds) more proficiently than pristine 
LFO-NS and their degradation activities and time dependent graphs are depicted in Fig. S5 (A, B), Fig. S6 (A, B), and Fig. S7 (A, B) 
respectively. 

4. Mechanism insights 

Herein in this research work, we fruitfully synthesized ZIF-67/LFO-NS based composite via PVP. The PVP TGAas shown in Fig. S8, 
confirms that this template is very stable. The LFO-NP have shown low photocatalytic activity due to its low charge separation, positive 
CB, particles accumulation, and low surface area [59]. Therefore, we have successfully synthesized LFO-NS to improve photocatalytic 
activities. The visible activity of LFO-NS is suboptimal because of its higher positive CB, lower surface area, and reduced charge 
separation. Therefore, ZIF-67 was coupled with LFO-NS owing to the substantial surface area, negative CB, high charge separation, and 
more reactive sites [25]. Remarkably, integrating ZIF-67 with LFO-NS greatly expands the surface area, and charge carrier mobility, 
and promotes productive charge separation. Exploring the charge transfer mechanism, energy band gaps, and energy levels of 
ZIF-67/LFO-NS are illustrated in Fig. 7 demonstrating that the LFO-NS has a narrow band gap (2.0 eV). Conversely, ZIF-67,are visible 
light active, provides dual functionality by enhancing surface adsorption through photoelectron modulation and increasing charge 
separation by accepting high-energy electrons. More importantly,with a band gap of 1.94 eV, it exhibits activity in the visible region 
[60]. The coupling of ZIF-67 provides a platform for charge transportation via photoelectrons modulation, leading to improved ac-
tivities and enhance charge separation [61]. Additionally, the ZIF-67 aCB platform is suitable to receive excited photoelectrons from 
LFO-NS and absorb high-energy electrons, thereby activating surface for CO2 conversion, MG and antibiotics degradation [62]. 

On mechanism point of view, the catalytic CO2 conversion, organic pollutants and antibiotics degradation over our designed 
materials are mainly involved with the production and separation of electron (e− )/hole (h+) pairs. The components in a catalyst play a 
crucial role in the oxidation and reduction of pollutants. The h+ oxidizes pollutants directly or reacts with water, generating •OH 
radicals. On the catalyst surface, oxygen is reduced to O2•

− , transforming organic pollutants into inorganic minerals and converting 
CO2 into valuable products. 

Furthermore, energy band gaps, photo-excitation nature of energy carriers, aactivities improvement are illustrated in Fig. 7 and 
Fig. S9A. The coupling ZIF-67 promotes charge transfer, which in turn increases charge separation and activity rates. To verify the 
improvement and transmission of charges, Photo current action (PCA) spectra were performed utilizing sunlight at a range of 

Fig. 7. Graphical representation for Z-scheme bandgaps and charge separationof LFO-NS and ZIF-67.  
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modulations (630–810 nm). The, Fig. S9B shows that 5ZIF-67/LFO-NS increases PCA density at 650 nm, aligning with LFO-NS. This 
increased current density allows photoexcited species like electrons and holes to be accessible for longer periods. 

Furthermore, the elemental composition of the best sample (5ZIF-67/LFO-NS) was analyzed by XPS as shown in Fig. S10. The 
spectrum indicates the effective loading of ZIF-67 onto LFO-NS, with distinct peaks for Co, oxygen, nitrogen, and carbon at 800 eV, 
530 eV, 570 eV, 400 eV and 280 eV respectively. Adding more, Fig. S11 shows the separate spectra of each element. So, the XPS spectra 
of La (Fig. S11A), Fe (Fig. S11B), O (Fig. S11C), and Co (Fig. S11D) confirmed that our samples were successfully prepared. 

The FT-IR spectrum of LFO-NS and 5ZIF-67/LFO-NS related to imidazole ring stretching, and C––N bonds as shown in Fig. S12 
indicating the fruitful integration of ZIF-67 onto LFO-NS [63]. Moreover, Raman spectroscopy was employed to further confirm the 
effective synthesis of 5ZIF-67/LFO-NS as given Fig. S13. The 5ZIF-67/LFO-NS nanocomposite exhibits a distinct peak at 680 nm 
corresponding to ZIF-67. 

In order to understand more about the mechanism of charge transfer in 5ZIF-67/LFO-NS different experiments were conducted 
including Z’Ohm, PEC (IV) and PEC (light). In short, the Fig. S14A confirm the superior performance of 5ZIF-67/LFO-NS in enhancing 
photogenerated charges under visible-light irradiation than pure LFO-NS [64]. In addition, Fig. S14B further supported the mea-
surement of photoelectrochemical I–V curves. The sample demonstrates a limited photocurrent density reaction under visible-light 
exposure. However, the performance is greatly improved with the introduction of ZIF-67, leading to a noticeable photocurrent 
response in the 5ZIF-67/LFO-NS sample. Moreover, Fig. S14C shows that the pure LFO-NS has a low PEC response after the light is 
turned off, but it greatly enhances when combined with ZIF-67 under light [65]. Notably, 5ZIF-67/LFO-NS showed a superior response 
to light, leading to improved photocatalytic performance for CO2 conversion and antibiotic breakdown via improving charge sepa-
ration and minimizing electron and hole recombination rates [66]. 

Our resulting ZIF-67/LFO-NS nanocomposite demonstrates exceptional porosity, high , and excellent potential for adsorption, 
rendering it very efficient for MG and antibiotic degradation [67]. In this research work we also investigated the primary species that 
initiates degradation reactions for MG, CFZ, OXC, and VCM by using radical scavenging methods. BQ, IPA, and EDTA-2Na were used to 
scavenge •OH, h+, and •O2

− respectively Fig. 8A shows the degradation of MG by using 5ZIF-67/LFO-NS with different active species. 
The findings propose that the activation of the process is attributed to the presence of BQ related h+ ions, whereas •O2

− and •OH do not 
have a major effect whereas as shown in Fig. 8B the presence of IPA containing •O2

− species greatly influenced the efficacy of degrading 
CFZ using 5ZIF-67/LFO-NS. This suggests that •O2

− rather than h+ or •OH, is the main active species responsible for stimulating CFZ 
breakdown activities. Furthermore, Fig. 8C indicates that the degradation of OXC by 5ZIF-67/LFO-NS, BQ related h+ is responsible for 
activating the reaction, whereas •O2

− and •OH has no effect. Additionally, the degradation of VCM using 5ZIF-67/LFO-NS and various 
active species shows that the response is stimulated by negatively charged (•O2

− ) whereas h+ or •OH have no effect as shown in Fig. 8D. 

Fig. 8. Scavenger test for MG (A), CFZ (B), OXC (C), and VCM (D) degradation 5ZIF-67/LFO-NS.  
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In this research study we also investigate the formation of inorganic minerals from organic pollutants including MG, CFZ, OXC, and 
VCM by using 5ZIF-67/LFO-NS and explore the formation of intermediate molecules. The results revealed that the 5ZIF-67/LFO-NS 
significantly degraded the MG, CFZ, OXC, and VCM, with a degradation rate of 72%, 25%, 42%, and 69%, respectively. In short, 
our designed current nanocomposite is proving to be very effective environmental remediation. The degradation mechanism of organic 
pollutants i.e malachite green as shown in Fig. 9A, cefazolin in Fig. 9B, oxacillin in Fig. 9C, and vancomycin in Fig. 9D over 5ZIF-67/ 
LFO-NS is also proposed [68–71]. 

Moreover, In order to investigates the influence of hydrothermal processing, high-temperature calcination and chemical stability of 
5ZIF-67/LFO-NS. The model pollutant (MG) was recollected, washed, centrifuged, dried and reused upto 5-times at various concen-
trations (50, 75, and 100 m/L); (Fig. S15A ). This highlights that the activities decrease when we cross the optimum concentration of 
organic pollutantsi.e 75 m/L [72]. In addition, stability tests given in Fig. S15B further confirm that our samples are stable. Finally, the 
structural stability of the original and recovered ZIF-67/LFO-NS samples were confirmed by XRD patterns (Fig. S16A), samples weight 
stability (Fig. S16B), TGA (Fig. S16C), activities tests (Fig. S16D). These results confirmed that before and after various catalytic 

Fig. 9. Malachite green (A), Cefazolin (B), Oxacillin (C), and Vancomycin (VCM) degradation pathway over 5ZIF-67/LFO-NS. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web version of this article.) 

A. Khan et al.                                                                                                                                                                                                           



Heliyon 10 (2024) e27378

11

reactions our samples are highly stable. 

5. Conclusion 

In this research work, we used hydrothermal and solvothermal approaches to synthesize LFO-NS using PVP as a soft template. The 
efficiency of resulting LFO-NS was further upgraded by coupling with different percentages of MOFs i.e ZIF-67. Our study shows that 
the incorporation of ZIF-67 into LFO-NS significantly enhanced its functionality by adjusting the positions of band gaps, increasing 
surface area, and enhancing charge separation through photo-electron modulation. Electro-analytical and physicochemical charac-
terization methods confirmed ththat comapre to pristine LFO-NS, the most active sample 5ZIF-67/LFO-NS showed a three-fold 
improvement in CO2 conversion activities. Furthermore, 5ZIF-67/LFO-NS exhibited degradation activities of 72% for MG, 25% for 
CFZ, 42% for OXC, and 69% for VCM. Moreover, the degradation pathways of the organic pollutants are also deeply investigated. 
Adding more, the stability and recyclability of the most active sample (5ZIF-67/LFO-NS) are evaluated. Finally, our research will new 
ground plan to synthesize MOFs-Perovskites based nanomaterials that are active under visible light and efficient for CO2 conversion, 
organic pollutants degradation, and environmental remediation. 
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[40] B. Weckhuysen, M. Filez, Z. Öztürk, Decoding nucleation and growth of Zeolitic imidazolate framework Thin-films with atomic force microscopy and vibrational 

spectroscopy, Chemistry (Weinheim an der Bergstrasse, Germany) 23 (2017). 
[41] X.-D. Du, et al., Extensive and selective adsorption of ZIF-67 towards organic dyes: performance and mechanism, J. Colloid Interface Sci. 506 (2017) 437–441. 
[42] M. Afkhami-Ardekani, et al., Solvent-free mechanochemical preparation of metal-organic framework ZIF-67 impregnated by Pt nanoparticles for water 

purification, Catalysts 13 (2022) 9. 
[43] S. Sadiq, et al., Synthesis of metal–organic framework-based ZIF-8@ZIF-67 nanocomposites for antibiotic decomposition and antibacterial activities, ACS 

Omega 8 (51) (2023) 49244–49258. 
[44] Z.-k. Chen, et al., Hsp90 could promote BmNPV proliferation by interacting with Actin-4 and enhance its expression, Dev. Comp. Immunol. 142 (2023) 104667. 
[45] I. Khan, et al., Graphitic carbon nitride composites with gold and ZIF-67 nanoparticles as visible-light-promoted catalysts for CO2 conversion and bisphenol A 

degradation, ACS Appl. Nano Mater. 5 (9) (2022) 13404–13416. 
[46] N. Sharma, et al., The Comparative Study of One Step and Two Step rGO-LaFeO3 Composite, vol. 2265, 2020 030681. 
[47] M. Usman, et al., Propene adsorption-chemisorption behaviors on H-SAPO-34 zeolite catalysts at different temperatures, Catalysts 9 (2019), https://doi.org/ 

10.3390/catal9110919. 
[48] G. Iervolino, et al., LaFeO3 modified with Ni for hydrogen evolution via photocatalytic glucose reforming in liquid phase, Catalysts 11 (2021) 1558. 
[49] M. Usman, et al., Poly aromatic hydrocarbon (naphthalene) conversion into value added chemical (tetralin): activity and stability of MoP/AC catalyst, 

J. Environ. Chem. Eng. 6 (4) (2018) 4525–4530. 
[50] S. Acharya, D. Kandi, K. Parida, CdS QD decorated LaFeO3 nanosheets for photocatalytic application under visible light irradiation, ChemistrySelect 5 (2020) 

6153–6161. 

A. Khan et al.                                                                                                                                                                                                           

http://refhub.elsevier.com/S2405-8440(24)03409-1/sref3
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref4
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref5
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref6
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref6
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref7
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref7
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref8
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref8
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref9
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref9
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref10
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref10
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref11
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref11
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref12
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref13
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref13
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref14
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref15
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref15
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref16
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref16
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref17
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref17
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref18
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref18
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref19
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref19
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref20
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref20
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref21
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref22
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref23
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref23
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref24
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref24
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref25
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref26
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref26
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref27
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref27
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref28
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref28
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref29
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref29
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref30
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref31
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref31
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref32
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref33
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref34
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref35
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref36
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref36
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref37
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref37
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref38
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref39
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref39
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref40
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref40
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref41
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref42
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref42
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref43
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref43
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref44
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref45
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref45
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref46
https://doi.org/10.3390/catal9110919
https://doi.org/10.3390/catal9110919
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref48
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref49
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref49
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref50
http://refhub.elsevier.com/S2405-8440(24)03409-1/sref50


Heliyon 10 (2024) e27378

13

[51] S. Ullah, et al., First-principles calculations to investigate optical properties of topological semimetal MX compounds (M = Ti, Zr, Hf and X = S, Se, Te), Mater. 
Today Commun. 35 (2023) 106001. 

[52] M. Usman, M.H. Suliman, Silver-Doped zeolitic imidazolate framework (Ag@ZIF-8): an efficient electrocatalyst for CO2 conversion to syngas 13 (5) (2023) 867. 
[53] S. Jabeen, et al., Photocatalytic degradation of malachite green dye via an inner transition metal oxide-based nanostructure fabricated through a hydrothermal 

route 14 (1) (2023) 5. 
[54] A. Ehsani, et al., Ternary nanocomposite of TiO2-ZnO/MCM-41: synthesis and electrochemical performance in supercapacitors, J. Energy Storage 50 (2022) 

104633. 
[55] S. Sadiq, et al., Recent updates on multifunctional nanomaterials as antipathogens in humans and livestock: classification, application, mode of action, and 

challenges, Molecules 28 (2023), https://doi.org/10.3390/molecules28227674. 
[56] N. Torad, et al., Electric double-layer capacitors based on highly graphitized nanoporous carbons derived from ZIF-67, Chem. Eur J. 20 (2014). 
[57] M. Saeed, et al., Synthesis of a CoO–ZnO photocatalyst for enhanced visible-light assisted photodegradation of methylene blue, New J. Chem. 46 (5) (2022) 

2224–2231. 
[58] E. Asgari, et al., Enhancement the BuP photo-catalytic degradability by UVC/ZnO through adding exogenous oxidant: mechanism, kinetic, energy consumption, 

J. Environ. Chem. Eng. 8 (1) (2020) 103576. 
[59] H. Godini, et al., Energy consumption and photochemical degradation of Imipenem/Cilastatin antibiotic by process of UVC/Fe2+/H2O2 through response 

surface methodology, Optik 182 (2019) 1194–1203. 
[60] A. Hayat, et al., Conjugated electron donor–acceptor hybrid polymeric carbon nitride as a photocatalyst for CO2 reduction 24 (9) (2019) 1779. 
[61] S. Sadiq, et al., A critical review on metal-organic frameworks (MOFs) based nanomaterials for biomedical applications: designing, recent trends, challenges, 

and prospects, Heliyon 10 (3) (2024) e25521. 
[62] S. Chen, et al., Improved photoactivities for CO2 conversion and phenol degradation of α-Fe2O3 nanoparticles by co-coupling nano-sized BiPO4 and CuO to 

modulate electrons, J. Alloys Compd. (2019) 800. 
[63] Z. Huang, et al., Stable core–shell ZIF-8@ZIF-67 MOFs photocatalyst for highly efficient degradation of organic pollutant and hydrogen evolution, J. Mater. Res. 

36 (3) (2021) 602–614. 
[64] I. Khan, et al., Efficient CO2 conversion and organic pollutants degradation over Sm3+ doped and rutile TiO2 nanorods decorated-GdFeO3 nanorods, Int. J. 

Hydrogen Energy 48 (84) (2023) 32756–32770. 
[65] J. Wu, et al., Single-atom Pt anchored thiophene ring doped carbon nitride nanosheets for enhanced visible-light photocatalytic H2 evolution and ciprofloxacin 

degradation, Int. J. Hydrogen Energy 51 (2024) 1138–1150. 
[66] M. Yaseen, et al., Efficient structure tuning over the defective modulated zirconium metal organic framework with active coordinate surface for photocatalyst 

CO2 reduction, J. Colloid Interface Sci. 653 (2024) 370–379. 
[67] H. Tang, et al., ZIF-8/ZIF-67 Derived Carbon for Efficient Removal of Antibiotics in Aqueous Solution, 2019, p. 490. 
[68] H.-F. Xiang, et al., Efficient biodegradation of malachite green by an artificial enzyme designed in myoglobin, RSC Adv. 11 (26) (2021) 16090–16095. 
[69] Y. Fan, et al., Degradation mechanisms of ofloxacin and cefazolin using peroxymonosulfate activated by reduced graphene oxide-CoFe2O4 composites, Chem. 

Eng. J. 383 (2020) 123056. 
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