
 

 

Size-controlled synthesis of spinel nickel ferrite nanorods by 

thermal decomposition of a bimetallic Fe/Ni-MOF 

Bushra Iqbala, Andrea Laybournb, Anwar-ul-Hamidc and Muhammad Zaheera* 

aDepartment of Chemistry and Chemical Engineering, Syed Babar Ali School of 

Science and Engineering, Lahore University of Management Sciences (LUMS), Lahore 

54792 Pakistan 

bAdvanced Materials Research Group, Faculty of Engineering, University of 

Nottingham, Nottingham, NG7 2RD United Kingdom 

cCenter for Engineering Research, Research Institute, King Fahd University of 

Petroleum & Minerals, Dhahran 31261 Saudi Arabia 

*Corresponding author: muhammad.zaheer@lums.edu.pk  

Abstract  

In this work, size-controlled synthesis of nickel ferrite nanoparticles was achieved by 

the calcination of a bimetallic (Fe/Ni) metal-organic framework (MOF). The bimetallic 

MOF (Fe2Ni-MIL-88B) itself was prepared by a two-step route. The first step involved 

synthesis of the secondary building unit (SBU) by reacting stoichiometric amounts of 

Ni and Fe precursors with acetic acid. A ligand substitution reaction (terephthalate 

replaces acetate) in the SBU leads to the formation of the MOF, which was 

characterized by PXRD, FTIR, SEM and TEM. Afterwards, the MOF was calcined 

under air atmosphere to obtain nickel ferrite nanorods. PXRD analysis confirmed the 

spinel structure of the nickel ferrites while electron microscopic analysis (SEM, TEM) 

revealed their nanorod-like morphology. By increasing the calcination temperature 

from 600 to 1000°C, particle size increased from 16 to 32 nm. Oxidation of benzyl 

alcohol was used as a model test reaction to probe the applicability of spinel nickel 
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ferrite nanorods for catalysis. Interestingly, the largest nanorods exhibited the highest 

activity (86% conversion), thus demonstrating the potential of spinel ferrites in 

catalyzing oxidation reactions.  
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1 Introduction  

Spinel ferrites with general formula MFe2O4 (M = bivalent transition metals), have 

recently emerged as a class of technologically relevant magnetic materials possessing 

interesting properties.[1-3] Compared to their bulk counterparts, nanosized spinel 

ferrites show size dependent properties[4, 5] and offer great promise for a wide range 

of applications such as in magnetic and electronic devices,[6] gas sensing,[7] energy 

storage,[8] biomedicine, [9, 10] and catalysis.[11-14] These Fe-based complex oxides 



 

 

are also renowned for their cost efficiency, non-toxicity, and natural abundance. Among 

spinel ferrites, nickel ferrite (NiFe2O4) is a well-known soft magnetic material having 

high chemical, thermal, and hydrothermal stability.[15, 16] It possesses an inverse 

spinel structure in which Ni2+ ions occupy octahedral corners, while Fe3+ ions are 

present both at octahedral and tetrahedral sites. Structural and catalytic properties of 

ferrites are greatly affected by their composition and method of preparation.[17] 

Various methods have been reported for synthesizing nanosized spinel ferrites, such as 

sol–gel, co-precipitation, solid-state, thermal decomposition, microwave heating, 

mechanochemical, solvothermal and hydrothermal routes.[18, 19] Solid-state methods 

are time consuming and require high temperatures, whereas co-precipitation requires 

stabilizing agents/surfactants and produces materials with a shorter shelf life and poor 

stability.[20] Although thermal decomposition methods can be used to prepare 

monosized nanoparticles (NPs), the use of high boiling solvents and surfactants results 

in coverage of the NP surface by capping agents which can lead to decreased catalytic 

activity.[21] Therefore, methods that provide high control over ferrite size and shape in 

the absence of capping agents are essential. 

Metal-organic frameworks (MOFs) are the porous coordination polymers consisting of 

metal clusters and multidentate organic ligands joined via strong covalent bonding.[22] 

These porous materials with exceptionally high surface areas and tunable surface 

properties have been used for the development of porous metal oxide 

nanoarchitectures.[23] The heterometallic trinuclear oxo‐clusters in mixed metal MOFs 

act as single-source precursors to synthesize different MOF-derived materials. This 

cluster synthesis route is an efficient way to control the composition and crystal phase 

by having the component elements mixed on the molecular level. This strategy also 

avoids the formation of other oxide side products.[24] The stoichiometry and 



 

 

morphology of pristine MOF crystals can be transformed via calcination to 

corresponding metal oxide nanomaterials[25, 26] which exhibit uniform shape, 

hierarchical porosity[27], and high surface areas.[28-31] MOF-derived complex metal 

oxides and their nanocomposites show excellent potential for electromagnetic wave 

absorption,[32] volatile organic compound sensing,[33, 34] in catalysis[35, 36] and 

energy storage applications.[25, 37] For instance, MOF-derived NiFe2O4 nanorods,[33] 

AFe2O4 (A= Ni, Co, Zn) nanocubes,[38] NiFe2O4 polyhedra[34] and NiFe2O4 

nanospheres[39] have been synthesized and used in toluene sensing, lithium ion 

storage, triethyl amine sensing and electrochemical water oxidation, respectively. In 

this work, we prepared a bimetallic MOF (Fe2Ni-MIL-88B) via a cluster synthesis 

route[24], followed by its thermal decomposition in air to obtain nanocrystalline 

NiFe2O4 nanorods (NRs) of varying size. A stoichiometry of Fe:Ni (2:1) from the 

pristine MOF and to some extent, its porosity and crystal morphology was retained in 

the final spinel nickel ferrites. The spinel nickel ferrite NRs showed good activity in 

the oxidation of benzyl alcohol to benzaldehyde (up to 86 % conversion and 77-99 % 

selectivity). Our synthetic strategy, which negates the use of high boiling point solvents 

and surfactants, can potentially be extended to obtain other spinel ferrites such as 

CoFe2O4 and MnFe2O4. 

2 Experimental  

2.1 Materials and Methods 

All the chemicals and reagents used in this work were of analytical grade. Nickel nitrate 

hexahydrate (Ni(NO3)2·6H2O), iron nitrate nanohydrate (Fe(NO3)3·9H2O), terephthalic 

acid (H2BDC), sodium format, N,N-dimethylformamide (DMF) and ethanol solvents 

were purchased from Sigma-Aldrich and used as received.   



 

 

2.2 Synthesis of Fe2NiO-Cluster:  

The Fe2NiO-cluster which comprises the SBU in the subsequent MOF was synthesized 

using a procedure reported by Peng et al. [40] 7.3M aqueous solution of sodium acetate 

was prepared by adding 6 g of sodium acetate into 10 mL deionized water (solution A).  

Solution  B was prepared by mixing Fe(NO3)3·9H2O (1.14 g and Ni(NO3)2·6H2O (4.15 

g) in 10 mL DI-water. Combining solution, A and solution B resulted in a brown 

colored solution. After stirring for 24 hours, the brown powder was collected via 

centrifugation and washed with water (ca. 10 mL) and ethanol (ca. 10 mL). Finally, the 

product was dried in air. (Yield 6.77 g, 60 %).  

 

2.3 Synthesis of Fe2Ni-MIL-88B:  

Fe2Ni-MIL-88B was synthesized using the same procedure reported by Peng et al. with 

little modification in temperature and reaction time.[40] The Fe2NiO-cluster (100 mg), 

terephthalic acid (100 mg), acetic acid (0.01M, 1 mL) and DMF (16 mL) were mixed 

in a glass vial. The mixture was ultrasonicated (for 15 minutes) and then heated in an 

oven at 110°C for 24 h. After cooling down to room temperature, the red-brown 

precipitate was collected by centrifugation, washed with DMF (5 mL x 3) and ethanol 

(5 mL x 3) and dried at 100°C under vacuum for 12 hours. (Yield 190 mg, 95 %). 

2.4 Preparation of NiFe2O4 Nanorods:  

Fe2Ni-MIL-88B (150 mg) was calcined in a ceramic boat at 600°C (FN-600), 800°C 

(FN-800) and 1000°C (FN-1000) for 2 h in air using a ramp rate of 5°C min-1. 

2.5 General procedure for the oxidation of benzyl alcohol 

To a round bottomed flask (50 mL) was added a mixture of benzyl alcohol (52 uL, 0.5 

mmol), H2O2 (100 uL, 30 wt.% aqueous, 4.26 mmol), deionized water (3 mL) and 



 

 

required amount of spinel nickel ferrite nanorods (see Table 2). The flask was then 

fitted with a condenser. The reaction mixture was stirred at 110°C for 4, 6, or 8 hours 

(see Table 2). After the completion of reaction, the spinel nickel ferrite catalyst was 

separated by centrifugation, and the remaining solution was subjected to GC-MS 

analysis after extraction with ethyl acetate (20 mL). Conversion and selectivity were 

calculated using GC-MS.  

3 Results and Discussion 

3.1 Overview of the Synthetic Route 

Fabrication of nickel ferrite NRs consisted of three steps as presented in Scheme 1. In 

the first step, a bimetallic Fe2NiO-cluster was synthesized via a previously reported 

procedure.[40] The metal ions in the cluster adopt a triangular arrangement with a 3-

bridged oxygen at the center of the triangle. The terminal position of the octahedrally 

coordinated metal ions is occupied by water while each pair of metal ions is bridged 

with coordinated acetate ions.[41] The formation of the Fe2NiO-cluster was confirmed 

by infrared (IR) spectroscopy and powder X-ray diffraction (PXRD) analysis (see 

Figure 1 a and c, respectively in Section 3.2). 

In the second step, the bimetallic Fe2NiO-cluster was reacted with terephthalic acid 

(H2BDC) which replaced the acetate ligands leading to the formation of a bimetallic 

MOF, namely Fe2Ni-MIL-88B. In the final step, Fe2Ni-MIL-88B was calcined at 



 

 

different temperatures (600, 800 and 1000 °C) which resulted in the formation of nickel 

ferrites NRs denoted FN-600, FN-800, and FN-1000.  

 

Scheme 1 Schematic illustration of the synthetic route to NiFe2O4 nanorods. 

3.2 Characterization of the Fe2NiO-cluster and Fe2Ni-MIL-88B MOF 

The phase purity and crystallinity of both the cluster and MOF were analyzed by 

PXRD. The PXRD pattern of the Fe2NiO-cluster synthesized in this work matches 

closely  with that of the reported Fe2NiO cluster (Figure 1a).[42]  Likewise, the 

diffraction pattern of Fe2Ni-MIL-88B is in agreement with the simulated MIL-88B 

pattern (Figure 1b). Here, high intensity reflection peaks (101), (002), (202) reveal the 

high crystallinity of the Fe2Ni-MIL-88B MOF. Additionally, no extra peaks were 

detected, indicating the presence of a pure MIL-88B phase.[43] Formation of the MIL-

88B structure was further confirmed by IR spectroscopy (Figure 1c).  

IR spectra of both the Fe2NiO-cluster and Fe2Ni-MIL-88B MOF are presented in 

Figure 1c. In the IR spectrum of the Fe2NiO-cluster strong absorption peaks are 

observed at 1579 and 1406 cm-1 corresponding to coordinated -COO present in the 

acetate anions.[44-46] Further peaks in the range 400-800 cm-1 corresponding to (M-

O) vibrations in trinuclear cluster are also present, thus confirming the formation of 

Fe2NiO-cluster.[47] Substitution of acetate by terephthalate and subsequent formation 

of Fe2Ni-MIL-88B is confirmed by the presence of symmetric and antisymmetric 

vibrations of the BDC linker at 1373 cm-1 and 1606 cm-1, respectively.[45] M-O bonds 



 

 

in Fe2Ni-MIL88B have strong coordination compared to Fe2NiO acetate cluster as 

indicated by the shift in antisymmetric vibrations from  1606 to 1579 cm-1, respectively. 

Absence of a band at 1670 cm-1 confirms the absence of free H2BDC linker in the MOF 

while a peak at ~1650 cm-1 indicated coordinated DMF in Fe2Ni-MIL88B.[48]. The 

difference in the absorption peaks of Fe2Ni-MIL-88B is smaller (ʋas- ʋs = 223 cm-1) 

than free H2BDC linker (ʋas- ʋs = 391 cm-1) which is evidence of strong coordination 

between metals and bidentate ligand. Both spectra show a characteristic absorption 

peak associated with O-H stretching above 3400 cm−1 ascribed to the presence of water 

in the metal coordination spheres. The presence of water in both the cluster and MOF 

is further confirmed by thermogravimetric analyses (Figure 3a,b).[46]  Finally, the 

existence of μ3-oxo stretches (at 730 and 572 cm-1 for acetate cluster, while 749 and 



 

 

537 cm-1 for Fe2Ni-MIL-88B) indicates the presence of the same Fe2NiO-cluster in both 

the cluster and the MOF.[49] 

 

Figure 1 PXRD patterns of (a) Fe2NiO-cluster and (b) Fe2Ni-MIL-88B MOF, (c) FTIR spectra 

The morphology, particle size and elemental composition of the Fe2NiO-cluster and 

corresponding Fe2Ni-MIL-88B MOF were investigated by Scanning Electron 

Microscopy (SEM), Transmission Electron Microscopy (TEM), and Energy Dispersive 

X-ray Spectroscopy (EDX). Fe2NiO-clusters showed no regular morphology (Fig. S1). 

While Fe2Ni-MIL-88B crystals appear as hexagonal nanorods (or spindles) of 674±116 

nm in length and 81±6 nm in diameter (Figure 2a-b). EDX elemental mapping of the 

Fe2NiO-cluster and Fe2Ni-MIL-88B MOF revealed the homogenous distribution of Fe 

and Ni elements with a 2:1 mole ratio (Fig. S2). Fine details of the morphological 

aspects of Fe2Ni-MIL-88B were obtained through TEM and representative micrographs 

are presented in Figure 2c,d. Hexagonal faces of the nanorods are clearly visible in 



 

 

TEM micrographs which is in accordance with the spindle like morphology reported 

for MIL-88B.[50] The aspect ratio of Fe2Ni-MIL-88B calculated from TEM images 

found to be 7± 3 nm. 

 

Figure 2 SEM images (a,b) and TEM images (c,d) of Fe2Ni-MIL-88B at different magnifications 

(scale bars inset) 

To assess thermal stability of the cluster compound and the MOF derived from it, 

thermogravimetric analysis (TGA) was performed in air. For the Fe2NiO-cluster three 

different regions of mass losses were observed (Figure 3a). The first weight loss occurs 

at 100°C corresponding to the loss of the surface adsorbed H2O molecules while a 9% 

weight loss at 170°C is attributed to the loss of coordinated H2O. Decomposition of the 

Fe2NiO-cluster starts at 240 °C and is complete at around 390 °C. A total weight loss of 

almost 50% at this step agrees with the empirical formula [Fe2NiO(CH3CO2)6(H2O)3] 

of the trinuclear acetate cluster.[51]   

In case of Fe2Ni-MIL-88B, the first weight loss occurs before 100°C owing to the loss 

of surface absorbed water and DMF from the pores/channels of the MOF. The second 



 

 

step involving removal of coordinated DMF occurs between 100 and 200°C 

corresponding to an empirical formula of [Fe2NiO(BDC)3(DMF)3.DMF]. Weight loss 

above 220°C is assigned to decomposition of organic linker. Unreacted BDC linker 

sublime prior to decomposition temperature (276-382oC). There is no rapid weight loss 

around this temperature which is the indirect evidence for the absence of unreacted 

linker.[52] The Fe2Ni-MIL-88B structure fully decomposes above 600°C suggesting 

the higher stability of the bimetallic MOF  compared to the reported monometallic 

MIL-88A, MIL-88C and MIL-88D but consistent with MIL-88B structures.[53, 54] We 

accredit improved stability to the addition of divalent Ni2+ ions in the cluster which 

form strong coordination with terminal ligand (DMF) due to the fact that crystal field 

stabilization energy of Ni2+ is higher as compared to trivalent Fe3+ (Figure 3b).[49] 

 



 

 

  

 

Figure 3 TGA of (a) Fe2NiO-Cluster and (b) Fe2Ni-MIL-88B. (c) N2 adsorption-desorption isotherm and 

(d) pore size distribution of Fe2Ni-MIL-88B measured at 77 K. Pore size distributions calculated from 

the adsorption branch of the isotherm, using NLDFT model 

N2-physisorption at 77 K was used to measure the surface area and pore size of Fe2Ni-

MIL-88B. Surprisingly, Fe2Ni-MIL-88B showed a surface area of 390 m2/g even 

though MIL-88B(Fe) structures (containing Fe3O clusters) are known to have low 

surface areas of ~160 m2/g due to the presence of compensating anions inside the 

pores.[55] Vuong and coworkers suggested that MIL-88B MOFs containing bimetallic 

Fe2NiO-clusters avoid these compensating anions, which is why they possess a higher 

surface area than the equivalent monometallic MOFs.[48] The Type-II adsorption-

desorption isotherm of Fe2Ni-MIL-88B indicates the presence of mesopores in the 

structure.[56] The point of inflection at a relative pressure (P/P0 < 0.2) is ascribed to the 

formation of a gas monolayer, while between P/P0 0.2 and 0.9 multilayer adsorption 



 

 

occurs (Figure 3c).[30] Fe2Ni-MIL-88B exhibits a broad pore size distribution (2-10 

nm) as modelled using Non-Local Density Functional Theory (NLDFT) method 

(Figure 3d). Majority of the N2 adsorption occurs at low relative pressure (P/Po<0.2), 

hence indicative of mesoporosity in material. The average pore size of Fe2Ni-MIL-88B 

is 2.5 nm calculated using the equilibrium model of NLDFT (spherical pores) for 

mesoporous materials and is consistent with the reported MIL-88 structures. 

3.3 Characterization of air calcined Fe2Ni-MIL-88B  

PXRD patterns of Fe2Ni-MIL-88B calcined at different temperatures are shown in 

(Figure 4a). These patterns display typical peaks of a polycrystalline material. The 

relative intensities at specific 2𝜃 (°) values are in good agreement with the face centered 

cubic (FCC) spinel-type nickel ferrite structure (JCPDS No. 10-0325). Average 

crystallite sizes of the spinel nickel ferrites NRs, calculated by Scherrer formula from 

the most intense peak (2θ = 35°), are 17±2 nm, 25±1 nm and 32±1 nm for FN-600, FN-

800 and FN-1000, respectively. Crystallite size was found to increase with temperature 

(due to Ostwald ripening) thus resulting in narrowing of the diffraction peaks.[57] This 

shows that the size of the spinel nickel ferrite NRs can be controlled by altering the 

calcination temperature. 

 IR spectra, in 4000–350 cm−1 range for NiFe2O4 formed at various temperatures are 

shown in (Figure 4b). The broad peak near 3383 cm−1 could be attributed to the O-H 

stretching vibration present on the surface of nickel ferrites as well as absorbed H2O 

molecules. The specific bands for metal-oxygen stretching from the tetrahedral site 

appears in 584–540 cm−1 range and from the octahedral site below 400 cm−1.[58] These 



 

 

results quite match with the XRD and SEM results which confirm that the ferrite 

particles have spinal structure. 

 

Figure 4 (a) PXRD patterns and (b) FTIR spectra of the nickel ferrites. SEM images of (c,d) FN-600, 

(e,f) FN-800, (g,h) FN-1000 at varying magnification. Scale bars inset 



 

 

The morphology and composition of the spinel nickel ferrites were investigated using 

a combination of SEM, TEM and EDX. SEM images presented in Figure 4c-h show 

that the spinel nickel ferrites maintain the elongated structure of MIL-88, though they 

are more like nanorods instead of hexagonal spindles. Images taken at higher 

magnification show that all spinel nickel ferrites are morphologically similar and that 

the nanorods appear to be comprised of self-assembled NPs. This is further evident in 

the TEM images discussed later (Figure 5). The average diameters of FN-1000, FN-

800 and FN-600 nanorods were calculated to be 52±12 nm , 51±8 nm and 25±3 nm, 

respectively indicating an increase in nanorod size with increasing temperature in 

agreement with PXRD analyses. The width of the nanorods was found to be smaller 

than that of the MOF crystals from which they were formed (width: 81±6 nm ). We 

ascribe the reduction in length of the nanorods to evolution of gases arising from 

decomposition of the organic ligands during the calcination of Fe2Ni-MIL-88B. EDX 

elemental mapping of the spinel nickel ferrites shows that Fe, Ni and O are uniformly 

distributed (Fig. S3a-c). The mole % of Fe/Ni ratio in the Fe2NiO-cluster, Fe2Ni-MIL-



 

 

88B and all three nickel ferrite samples calculated from EDX is consistent with 

theoretical calculation (Fig. S3d). 

 

Figure 5 TEM images and corresponding HR-TEM image (fringes) of (a-c) FN-600, (d-f) FN-800, (g-

i) FN-1000 

As mentioned earlier in this section, TEM micrographs show the spinel nickel ferrite  

nanorods are comprised of irregularly shaped (FN-600), hexagonal (FN-800) or 

polyhedral (FN-1000) nanoparticles (NPs) with distinct grain boundaries (Figure 5). 

The size of these NPs increases drastically with increasing calcination temperature from 

17±3 nm at 600 °C to 47±8 nm at 800°C whereas only a slight increase in size (53±13 

nm) is observed at 1000°C. Particle sizes determined from TEM images are in 

accordance with SEM and PXRD results. It has been reported earlier that calcination 

process generally cause coalescence of smaller grains that results in increasing the 

average grain size.[59] The high resolution TEM (HR-TEM) images indicate that the 

nickel ferrite NPs (within the NRs) are crystalline with  hexagonal or polyhedral shapes 

with distinct fringes (Fig. 5a-i).  A d-spacing of 0.28 nm in the HR-TEM images of FN-



 

 

800 and FN-1000 (measured using ImageJ software) correspond to the (220) plane of 

fcc nickel ferrite. An interplanar spacing of 0.14 nm, in case of FN-600 was indexed to 

the (440) plane.[60]  

A summary of the surface areas and pore size distributions of Fe2Ni-MIL-88B and the 

nickel ferrites are listed in Table 1.The surface area, pore diameter and pore volume of 

the nickel ferrites were greatly affected by calcination temperature. Transition of Fe2Ni-

MIL-88B to nickel ferrites is associated with a huge reduction in the surface area (from 

390 to 48 m2/g) due to the collapse of 3D MOF-network. Within nickel ferrites, the 

surface area increased with calcination temperature from 48 to 66 and then 95 m2/g for 

FN-600, FN-800, and FN-1000, respectively. Pore diameter, on the other hand, 

decreased in the same order. This can be attributed to the densification of the materials 

upon increasing temperature. Escape of gases during the decomposition of the organic 

linker lead to high surface area.[61] TGA of bimetallic MOF shows small mass loss 

after 600°C and 800°C, corresponding to the removal of some residual gaseous species 

which might be the reason why the surface area increased with increasing temperature 

(Figure S4). The N2 adsorption/desorption isotherms of the nickel ferrites are shown 

in Figure 6. FN-600 exhibits a Type-IV isotherm with hysteresis loops indicating the 

presence of mesopores. FN-800 and FN-1000 display Type-II isotherms indicative of 

N2 adsorption taking place on external surfaces.[56] The presence of hysteresis loops 

in all isotherms, is a result of capillary condensation.[62]  

Table 1 Summary of porous properties of Fe2Ni-MIL-88B and the MOF-derived nickel ferrites 

Material BET Surface area (m2/g) a,b Total Pore volume (cc/g) c,d Pore width (nm)   

Fe2Ni-MIL-88B 390 0.25 2.5 

FN-600 48 0.17 6.0 



 

 

FN-800 66 0.11 4.9 

FN-1000 95 0.14 4.1 

a Values given to zero decimal places, b P/P0 range 0.01 to 0.04, c Total pore volume at P/P0 = 0.99, d 

Values are given to two decimal places. 

 

Figure 6 (a) N2 adsorption-desorption isotherm and (b) pore size distribution of nickel ferrites measured 

at 77 K. Pore size distributions calculated from the adsorption branch of the isotherm, using NLDFT 

model for mesoporous materials. Legend inset 

4 Catalytic oxidation of benzyl alcohol   

The catalytic activity of the as-prepared nickel ferrites were tested using the oxidation 

of benzyl alcohol as a model test reaction.[63] Benzyl alcohol oxidation is one of the 

most important reactions in chemical industry because of high demand of benzaldehyde 

as an intermediate for the production of many chemicals, flavoring agents, textile dyes, 

and fragrances.[64] Moreover, benzyl alcohol moiety is a part of the β-O-4 ether bonds 

contained by the lignin [65]. Oxidation of this benzylic alcohol is important in the 

catalytic depolymerization of lignin to obtain aromatic compounds.[66] In this work, 

the reaction was carried out at 110 °C in deionized-water using hydrogen peroxide 

(H2O2) as an oxidizing agent under base-free conditions. H2O2 was chosen as it is 

cheaper and non-toxic compared to other oxidants, additionally its decomposition 



 

 

products are solely oxygen and water. Moreover, H2O2 is reported to promote exchange 

of oxidation states between Fe3+ and Ni2+ and so the combination of H2O2 as an oxidant 

and nickel ferrites as a catalyst is a suitable for oxidation reactions.[67] 

During the oxidation reaction, in addition to benzaldehyde and benzoic acid, side-

products may also form. Potential side-products include toluene, benzyl benzoate, 

benzoic acid and dibenzyl ether as the result of dehydration or following a 

disproportionation reaction.[63] Reactions performed herein produced exclusively 

benzaldehyde and benzoic acid (Scheme 2).  

 

 

Scheme 2 Nickel ferrite catalyzed oxidation of benzyl alcohol in H2O2 

Initially, a blank experiment (without catalyst) was run which showed negligible activity (entry 1, 

Table 2). Further control experiments were performed using the monometallic MIL-88B(Fe)and 

bimetallic Fe2Ni-MIL-88B MOFs which gave  10 % and 12% conversion to benzaldehyde, respectively 

(entries 2-3,  

Table 2). Encouragingly, the nickel ferrites exhibited good activity for benzyl alcohol oxidation which 

partly, could be due the presence of mesopores which favor effective mass transport. First, FN-600 was 

examined as a catalyst which gave 15 % conversion of benzyl alcohol to benzaldehyde in 6 hours without 

any side products. Although the conversion is low, the selectivity toward benzaldehyde formation was 



 

 

high (99%). The conversion of benzyl alcohol increased from 15 % to 24 % when FN-800 was used as 

the catalyst (entry 4 c.f. entry 5,  

Table 2). However, among all of the nickel ferrites FN-1000 (i.e., the material prepared at 1000°C and 

exhibiting the highest surface area) was the most active (entry 6,  

Table 2) and was selected for further studies involving varying reaction time and catalyst amount (entries 

7-10,  

Table 2).   

Table 2 Optimization of reaction conditions for the oxidation of benzyl alcohol to benzaldehyde 

Entry  Catalyst Time  Catalyst dosage  Conversion    Selectivity (%) 

  (hour) (mmol) (%) Benzaldehyde  Benzoic 

acid 

1 Blank 6 0 9 - - 

2 Fe-MOF 6 0.08 10 - - 

3 Fe/Ni-MOF 6 0.08 12 - - 

4 FN-600 6 0.08 15 99 - 

5 FN-800 6 0.08 20 99 - 

6 FN-1000 6 0.08 86 77 22 

7 FN-1000 6 0.04 7 99  

8 FN-1000 6 0.1 42 99 - 

9 FN-1000 4 0.08 20 99 - 

10 FN-1000 8 0.08 70 99 - 

Reaction conditions: benzyl alcohol (50 uL, 0.5 mmol), DI-water (3 mL), H2O2 (100 uL, 30 wt.%, 4.26 

mmol) as oxidant, temperature (110°C) and catalyst amount (x mg, x = 10, 20,25)  

The effect of catalyst loading was studied using three different quantities of FN-1000, 

i.e. 0.04, 0.08 and 0.1 mmol; entries 7, 8, and 9-10, respectively ( 



 

 

Table 2) whilst keeping the other parameters constant. An increase in catalyst amount 

from 0.04 to 0.08 mmol led to an increase in conversion from 7 % to 86 %, as 

anticipated. However, with 0.1 mmol, the conversion fell to 42%. This decrease in 

conversion at high catalyst amount may be a consequence of deactivation of the catalyst 

surface by absorption of oxidized products. 

The effect of time was investigated by performing reactions for 4 and 8 hours (entries 

9 and 10, respectively,  

Table 2). Changing the reaction time from 6 to 4 hours (entry 6 c.f. 9,  

Table 2) and from 6 to 8 hours (entry 6 c.f. 10,  

Table 2) both resulted in a decrease in conversion. We tentatively ascribe the decrease 

in conversion and selectivity at 8 hours to deactivation of the catalyst at prolonged 

reaction times. 

After screening reaction time, and catalyst type and amount, the optimal reaction 

conditions for conversion of benzyl alcohol to benzaldehyde in deionized water at 110 

°C using H2O2 as an oxidizing agent were: 0.08 mmol FN-1000 catalyst, for 6 hours. 

Under these conditions, the conversion of benzyl alcohol over FN-1000 was 86 % and 

the selectivity to benzaldehyde was 77 %. The conversion achieved here is higher than 

many reported catalysts which typically use environmentally unfriendly bases and 

solvents (Table S1). Along with benzaldehyde, 22 % benzoic acid was formed during 

the reaction as a side product due to over oxidation.   So, it can be concluded that ferrites 

prepared at lower temperature (FN-600 and FN-800, prepared at 600 and 800 °C 

respectively) showed greater selectivity towards the less oxidized benzaldehyde 

product, while nickel ferrite produced at 1000 °C (FN-1000) exhibited greater 

selectivity towards the more oxidized product, i.e. benzoic acid.  

5  Conclusions 



 

 

Metal organic frameworks (MOFs) have emerged as a versatile candidate for the 

preparation of various nanostructures with controllable size and composition. Herein a 

series of spinel NiFe2O4 with varying size and structure were prepared from the 

calcination of a bimetallic Fe2Ni-MIL-88B MOF.  The MOF itself was synthesized by 

reacting terephthalic acid with a bimetallic acetate cluster. Finally, hexagonal rods of 

Fe2Ni-MIL-88B were transformed into NiFe2O4 nanorods via air calcination at varying 

temperatures. These nanorods consisting of tiny crystalline nanoparticles joined end to 

end in a chain and showed good activity towards the oxidation of benzyl alcohol under 

mild conditions. The surface area and size of NiFe2O4 nanoparticles greatly affect the 

activity of catalyst. Ferrite possessing high specific surface area offered high 

conversion (86%) along with high selectivity (77%) for benzaldehyde. The high surface 

area and porous structure is believed to be responsible for high catalytic activity 

towards oxidation reaction. This work provides a rational approach to synthesize 

various MOF derived ferrites for other catalytic applications for future.  
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