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ABSTRACT 

Perovskite-type LaCoO3 catalysts were studied for cyclohexane oxidation with molecular oxygen 

in a solvent-free system. Catalysts with various Lanthanum to Cobalt molar ratios were prepared 

through a modified citric acid procedure and characterized by different techniques. Among all 

catalysts, the best cyclohexane conversion results (8.3%) with a K/A oil (cyclohexanone and 

cyclohexanol) selectivity of 90% were obtained over LaCoO3 with a La to Co molar ratio of 1:1. 

The high catalytic activity on the perovskite-type LaCoO3 catalyst was explored by experimental 

and theoretical methods. Density functional theory-based calculations clarified the role of La and 

Co ions in oxygen and cyclohexane adsorption, respectively.  

The characterization results indicated that a single-phase LaCoO3 perovskite with a dominance of 

surface Co3+ species and relatively high concentration of adsorbed oxygen species on the catalyst 

surface enhances the catalytic performance. This study presents insights into the design of a highly 

active, cost-effective, and green catalyst for cyclohexane partial oxidation. 

 

Keywords: Perovskite, Cyclohexane partial oxidation, LaCoO3, DFT, Structure-activity 

relationship 

 

 

 

 

 

 



INTRODUCTION 

The liquid phase partial oxidation of hydrocarbons into oxidized products is of great commercial 

importance in the chemical industry, especially, in the polymer and petrochemical industries.1 

Cyclohexane partial oxidation is a commercially desirable reaction for the oxidation of petroleum-

based feedstock processes, for which the target products, cyclohexanone (C6H10O) and 

cyclohexanol (C6H11OH) also referred to as K/A oil,2 are crucial intermediates for the production 

of Nylon-6 and Nylon-66.  

For cyclohexane partial oxidation, heterogeneous transition metal catalysts have been widely 

studied, among which cobalt-based catalysts are the foremost investigated, due to the proven 

performance of cobalt salts in the industrial homogeneous process,, where the conversion of 

cyclohexane is controlled to be around 4% in order to inhibit the side-reactions, commonly having 

a K/A oil selectivity of about 80%.2 Cobalt has been applied either as oxides or immobilized on 

different supports, such as oxides3, molecular sieves,4 MOFs,5-6 and carbon-based supports.7  

These catalysts, however, typically necessitate the use of an initiator, additional organic solvent, 

as well as tert-butylhydroperoxide (TBHP) as an oxidizing agent, leading to not only product 

contamination and the tedious separation procedure but also critical environmental issues.  

For environmental and economic reasons, solvent-free systems that utilize molecular oxygen as 

an oxidizing agent (no extra solvent besides cyclohexane) are attractive for modern commercial 

applications. In addition, a more environmentally-friendly process would be achieved if a low-cost 

heterogeneous catalyst was developed to replace the homogeneous one. Co-TUD catalysts with 

different Si/Co ratios (10–100) have been prepared and applied for the aerobic cyclohexane 

oxidation, yielding a  selectivity of 90.4% to mono-oxygenates with a low cyclohexane conversion 

(3.8%) under 15 bars.8 Previous studies indicate that a combination of two or more elements can 



significantly improve the catalyst activity.9-12 For example, Xie et al. incorporated cobalt into 

mixed metal oxide catalysts to enhance the catalytic performance in the selective oxidation of 

ethylbenzene.10  

As an interesting catalytic material, transition-metal oxides with perovskite-type structures bear 

intrinsic advantages, such as structural simplicity and flexibility, high hydrothermal stability, high 

poisoning resistance, cost-effectiveness, and excellent oxygen mobility, which received wide 

attention and has been considered as green catalyst, especially in oxidation reactions.13-15 The 

redox behavior of these ABO3 type perovskites is essentially governed by B-site transition metal 

cation properties and the role of A-site cations is usually secondary. For example, Futai and 

colleagues16 conducted an H2-TPR analysis on the A-site substitution of ACoO3 compounds by 

rare earth metals (A = La, Pr, Nd, Sm, Eu, Gd, Tb, Dy). All compounds exhibited two reduction 

peaks assigned to the reduction of cobalt ions. The oxygen mobility studies by O2-TPD indicate 

that the surface of Lanthanum-based perovskites is capable of adsorbing oxygen and desorbing 

active oxygen species.17 The liberated active oxygen species have a fundamental role in fueling 

the reaction. Zhang et al.18 synthesised a series of La1−xCexFeO3 catalysts which exhibited a high 

sulphur selectivity (almost 100%) and low activation energy in the selective oxidation of H2S. It 

was found that with cerium incorporation, more Fe3+ and Ce4+ ions participated in the oxidation 

reaction, improving the reducibility and lattice oxygen mobility of the catalyst. A non-

stoichiometric LaMnO3 perovskite-type catalyst was tested in NO oxidation and results indicated 

that a lower La content in A site induced the conversion of Mn(III) into Mn(IV) for charge balance 

and structural stability. Compared to the stoichiometric LaMnO3, the nonstoichiometric La0.9MnO3 

catalyst exhibited a higher activity in NO oxidation due to the easily regenerated oxygen associated 

with Mn(IV).19 In another report,20 the effect of M-doped (M = Mn, Fe, and Co) single-phased 



La0.08Sr0.92Ti1−xMxO3−δ on the activity of methane oxidation was investigated. Fe and Co-doped 

catalysts demonstrated excellent performance associated with the high atomic ratios of Fe3+/Fe4+ 

and Co3+/Co4+ in comparison to Mn3+/Mn4+ in the Mn-doped sample. Although the perovskite 

materials exhibit a high potential in the oxidation reaction, there is no report on the application of 

such materials in partial oxidation of cyclohexane so far. 

Intrigued by the inherent advantages of perovskite in oxidation reactions, a perovskite-type 

Lanthanum Cobalt oxide (LaCoO3) was prepared and tested in the solvent-free partial oxidation 

of cyclohexane with molecular oxygen as an oxidant in this work. LaCoO3 perovskites with 

different La to Co molar ratios were synthesized and characterized by a variety of techniques. The 

nature of active sites in the perovskites for cyclohexane oxidation were clarified by combining the 

experimental and theoretical calculation results. 

 

EXPERIMENTAL SECTION 

Chemicals 

La(NO3)3·6H2O , Co(NO3)2·6H2O , NaOH , C6H8O7·H2O , cyclohexane (99.99%) and absolute 

ethanol (99.98%), all obtained from Sinopharm Chemical company, were used as received without 

further purification. 

Catalyst Preparation 

The catalysts were prepared by a modified citric acid method using citric acid as the chelating 

agent. Lanthanum nitrate and cobalt nitrate were dissolved in water with certain molar ratios. The 

above solution was added dropwise to a sodium hydroxide solution. After two hours of constant 

stirring to ensure complete precipitation, the sample was filtered and washed to remove the residue 

ions. The obtained wet cake was added to a citric acid solution and stirred at room temperature for 



12 hours to ensure the complete complexation of the metal hydroxides. The molar ratio of citric 

acid to total metal ions was 1.2 to 1. Then, the mixture was dried at 110oC for 24 h. Finally, the 

obtained powder was annealed in air at 750oC for 4 h. According to the molar ratio of La: Co, the 

resultant samples were named as La1Co0.8O3, La1Co1O3, and La0.8Co1O3, respectively. The pure 

metal oxides were prepared through the same procedure and named as La2O3 and Co3O4 for 

lanthanum and cobalt oxides, respectively. 

Characterization 

X-ray diffraction (XRD) patterns of the samples were reported on a Bruker AXS D8 Advance 

X-ray diffractometer fitted by a LynxEye detector with 40 kV and 40 mA working Cu-Kα radiation 

(λ=1.5406 Å). Diffraction patterns were collected in a 2θ range of 15° to 75° with a 0.02° step size 

at a scan rate of 2°/min. The average crystallite size was calculated by Debye-Scherrer’s formula. 

Diffrac Eva v4.3 software was employed for phase identification and Topas v6 package for the 

Rietveld refinement of the crystalline structures. A fifth-order Chebychev background model and 

Thompson-Cox-Hastings pseudo-Voigt peak model were used to fit the diffraction patterns. The 

atomic positions were determined for each material and the thermal parameter was constrained for 

all atoms. From the diffractograms, the crystallite size (D) of crystals were calculated using the 

Debye-Scherrer equation; 

D=
cos

K

 
                   (1) 

where K is a unit cell geometry dependent constant, which usually takes a value of about 0.9, λ is 

the wavelength of the X-ray source used in XRD, β is the width of the observed diffraction line at 

its half-intensity maximum in radian and θ is the Bragg peak angle14. A Bruker Vertex 70V Tensor 

27 spectrometer at 4 cm-1 resolution with 32 scans was utilized to perform Fourier transform 

infrared (FT-IR) spectroscopy in KBr media at room temperature. The FT-IR spectra were 



measured in the 4000–400 cm-1 region. Nitrogen physisorption isotherms were recorded at 77 K 

using a Micromeritics ASAP2020 gas adsorption analyser. Each sample was degassed at 300 °C 

for 3 h prior to the adsorption. According to the Brunauer-Emmett-Teller (BET) formula, the 

specific surface area was determined from the adsorption branch in the P/Po range of 0.05 to 0.30. 

The pore size distribution was determined from the desorption branch analysis of the N2 isotherm 

using the BJH (Barrett-Joyner-Halenda) method. Surface morphology and elemental composition 

were determined by scanning electron microscopy (SEM, JSM-7600F; JEOL, USA) equipped with 

an energy-dispersive X-ray spectroscopy (EDX). A JEOL JEM-1210 microscope working at 113-

115 kV and fitted with an Olympus Megaview G2 camera was used to obtain transmission electron 

microscopy (TEM) images. In order to examine the reduction behavior of the catalysts, H2-

temperature programmed reduction (H2-TPR) experiments were performed on a chemisorption 

apparatus (Micromeritics AutoChem II 2920). The sample (100 mg) was typically pre-treated for 

1 h under an Ar stream (30 mL / min) at 300 °C to eliminate moisture and impurities. The system 

was then cooled to 50 °C, and reduced by introducing a 10 vol% H2/Ar stream (30 mL/min).  

Afterwards, the temperature was increased linearly from 100 °C to 900 °C at 10 °C/min, and the 

thermal conductivity detector (TCD) signal was recorded. The evaluation of X-ray photoelectron 

spectroscopy (XPS) was carried out on a Thermo Fisher Scientific spectrometer fitted with an Al 

electrode as an anode at an electron kinetic energy of 1486.6 eV. The spectra were calibrated with 

C 1s binding energy (284.5 eV) as an internal standard. The results were analysed by CasaXPS 

software using Shirley and tougaard backgrounds for oxygen and cobalt, respectively. The room 

temperature X-band electronic paramagnetic resonance (EPR) spectra were collected on a JEOL 

JESFA200 ESR spectrometer. 

Catalytic Evaluation 



The catalysts’ performance in the cyclohexane partial oxidation was evaluated in a 100 mL 

stainless steel reactor furnished with a magnetic stirrer. In a standard reaction, 7.56 mL of 

cyclohexane and 50 mg of catalyst were added into the reactor. The reactor was heated to 150 oC 

after oxygen purging and charged with 0.8 MPa of O2 for 1 hour under stirring. After the reaction, 

the mixture was diluted with a certain amount of ethanol to dissolve the by-products, and then the 

catalyst was removed by a micro-filtration. The products were identified by GC-MS (Agilent 

7890A-5975C) with a Restek Stabilwax-DA capillary column. The liquid products were analyzed 

by a Perkin-ElmerClarus 500 gas chromatograph equipped with a capillary column packed with 

cross-bond PEG treated with nitro-terephthalic acid (30*0.32*0.25) and a FID detector. Pentanol 

was used as the internal standard. The regeneration was carried out by separating the spent catalyst 

from the reaction mixture through centrifugation, dried at 100 oC in an oven for 5 hours, calcined 

at 550 oC for 4 hours, and then charged for the further run under the same reaction conditions. Due 

to the loss of catalyst, the amount of cyclohexane fed for the following cycles was reduced 

accordingly. 

Theoretical Calculation 

Density functional theory (DFT) calculations were implemented using the DMol3 program of 

Materials Studio 2018 software package. For geometry optimization steps, spin unrestricted 

calculations were performed using the Perdew−Burke−Ernzerhof (PBE) within the generalized 

gradient approximation (GGA) method to describe the exchange-correlation functional. Double 

numerical basis sets with polarization functions (DNP) and DFT semi-core pseudopotential (DSSP) 

were utilized for all calculations. After convergence assessment, a 3 × 3 × 1 Monkhorst−Pack k-

point mesh for the Brillouin zone sampling at a global orbital cutoff of 5.0 Å was employed. The 

convergence specifications for optimal geometry concerning energy, force, and displacement were 



set as 2 × 10−5 Ha, 4 × 10−3 Ha/Å, and 5 × 10−3 Å, respectively.  The rhombohedral LaCoO3 unit 

cell and its primitive cell structure were extracted from the Materials Project database. Based on 

XRD results, LaCoO3 (1 1 0) slab was cleaved and a vacuum region of 15 Å applied to lessen 

interactions between periodic images. The slab-bottom three layers were fixed to describe the bulk. 

For oxygen and cyclohexane adsorption studies, the adsorption energy (Eads) was computed from 

the following formula: 

Eads = Esurf–ads - Esurf – Em            (2) 

where Esurf–ads refers to the total energy of the surface with adsorbed oxygen/cyclohexane, Esub and 

Em are the total energy of clean surface and free molecular oxygen/cyclohexane, respectively. 

  



RESULTS AND DISCUSSION 

Crystalline Structure 

The XRD patterns of La2O3, La1Co0.8O3, La1Co1O3, La0.8Co1O3, and Co3O4 catalysts are 

presented in Figure 1 and their structural compositions generated by the Rietveld refinement 

method are summarized in Table 1. In Figure 1, no other phase was observed on sample La1Co1O3, 

except rhombohedral perovskite phase (R-3C) of LaCoO3, whereas obvious diffraction peaks of 

La2O3 and Co3O4 phases were detected on La1Co0.8O3 and La0.8Co1O3, respectively. The 

refinement results confirmed a pure rhombohedral perovskite LaCoO3 phase on catalyst La1Co1O3, 

while hexagonal La2O3 phase (P63/mmc) and cubic Co3O4 phase (Fd-3m) were observed on 

catalysts La1Co0.8O3 and La0.8Co1O3, respectively, besides the R-3C perovskite phase. The 

proportion of different phases on catalysts La1Co0.8O3 and La0.8Co1O3 were quantified as 

La2O3/LaCoO3 (P63/mmc: R-3C) =23: 77 and Co3O4/LaCoO3 (Fd-3m: R-3C) = 20: 80, 

respectively (as listed in Table S1). 

Furthermore, the refined atomic positions, bond-angle, and bond length of La1Co1O3 are shown 

in Table S2. For this sample, the calculated Co–O–Co bond angle were found to be 165o, and the 

six Co–O bonds have average lengths of 1.931 Ao, which are in agreement with literature results.21-

22 No obvious lattice parameter variation of the perovskite phase was observed with the different 

La/Co molar ratios. The average crystallite sizes of different catalysts were calculated by Debye-

Scherrer equation and the results are shown in Table 1. The mean crystallite sizes of La1Co1O3, 

La2O3, and Co3O4 were estimated as 21.8, 40.4, and 56.0 nm, respectively. However, the mean 

crystallite sizes of catalysts La1Co0.8O3 and La0.8Co1O3 were between those of LaCoO3 and their 

respective metal oxide, showing consistency with refinement results. It was noted that for the pure 

La2O3 sample, La2O3 phase was unstable and easily converted into La(OH)3 phase within 2 hours 



of exposure to air as illustrated by XRD patterns (Figure S1). The newly generated XRD peaks at 

2θ = 23.5o and 24.5o are due to the La(OH)3 phase.23-24 However, this phenomenon disappeared 

after formation of LaCoO3 phase, indicating the formation of perovskite rhombohedral structure 

led to a higher stability. 

The FT-IR spectra of La2O3, La1Co0.8O3, La1Co1O3, La0.8Co1O3, and Co3O4 are displayed in 

Figure 2. The presence of different functional groups originating from the hydroxide and 

carbonates25 was observed on sample La2O3, which was attributed to its hygroscopicity and 

basicity. Water and atmospheric CO2 are easily adsorbed on the surface of La2O3 under ambient 

conditions, leading to the formation of hydroxides, chemisorbed surface carbonates, and 

bicarbonates species.23-24 The sharp peak observed at 3607 cm−1 was ascribed to the bulk hydroxyl 

groups from La(OH)3.
23 Generally, the bands appearing around 3435 cm−1 and 1629  cm−1 

corresponded to O-H stretching and bending vibration of adsorbed water molecules.26 Two bands 

around 1467 cm−1 and 1381 cm−1 were detected on sample La2O3 which are attributed to the 

presence of carbonate or bicarbonate species.24
 The intensity of these two peaks reduced with the 

decrease of La/Co ratio on catalyst La1Co0.8O3 and La1Co1O3, and eventually diminished on 

sample La0.8Co1O3. The fingerprint band around 423 cm−1 was assigned to La-O stretching 

vibration while the bands at 555 and 595 cm−1 were due to the Co-O stretching vibration in CoO6 

octahedra of perovskite LaCoO3. The presence of these three peaks confirmed the formation of 

perovskite phase LaCoO3 in samples La1Co0.8O3, La1Co1O3, and La0.8Co1O3.
15, 27 The shoulder 

peak (555 cm-1) signifies a lower symmetry structure such as the rhombohedra due to the 

asymmetrical lengthening of the Co-O bond in the structure’s CoO6 octahedra.15 For the Co3O4 

material, the distinguished sharp peaks at 571 and 669 cm−1 are associated with the OB3 and the 

ABO3 vibrations in the spinel lattice, respectively, where B denotes Co3+ in an octahedral 



coordination and A denotes the Co2+ in a tetrahedral coordination,28 indicating the presence of both 

Co2+ and Co3+ species on sample Co3O4. The peak intensity at 669 cm−1 corresponding to Co2+ 

species gradually reduced with the increase of La/Co ratio and disappeared on catalyst La1Co1O3. 

Furthermore, no other characteristic bands between 1000 cm−1 and 3500 cm−1, suggesting the 

absence of impurities such as CoOOH and Co(OH)2 in the sample.29 

Textural Properties and Microstructures 

The N2 adsorption-desorption isotherms and their corresponding BJH pore size distribution 

curves of the samples are presented in Figure S2(a) and Figure S2(b), respectively. All samples 

show a type-II sorption isotherm with a macroporous or nonporous structure.30 Distinct H-3 

hysteresis loops in the high relative pressure range of 0.8 ∼ 1.0 were observed.31 The absence of 

adsorption plateaus at relative pressures close to unity could be related to the existence of gaps 

created by pile-up of the nanoparticles, an indication that the pore size distribution extends to the 

macropore range clearly evidenced in the pore size distribution plots. The specific surface area, 

pore size, and pore volume are summarized in Table 1. The specific surface areas for the samples 

are low due to the high calcination temperature (750 oC) and no significant difference was 

observed on these samples. 

The morphology and elemental distribution of catalysts La2O3, La1Co0.8O3, La1Co1O3, 

La0.8Co1O3, and Co3O4 were revealed by SEM with EDX mapping as shown in Figure 3 and Figure 

S3. Nanosized particle aggregates were observed on all catalysts. For catalyst La1Co1O3, the nearly 

spherical nanoparticles can be clearly observed with the sizes ranging from 60 to 180 nm.  The 

color-coded EDX mapping (Inset of Figure 3) revealed a homogeneous distribution of La: Co: O 

elements in sample La1Co1O3 with an atomic ratio of nearly 1:1:2.7, indicating the formation of 

pure perovskite phase. Figure S3 shows the EDX composition scans for La2O3, La1Co0.8O3, 



La0.8Co1O3, and Co3O4. The atomic ratios are in agreement with nominal ratios, i.e. 2:3.1, 1:0.7:2.3, 

0.7:1:2.8 and 3:4.1 for La2O3, La1Co0.8O3, La0.8Co1O3 and Co3O4, respectively.  

TEM technique was used to further characterize the morphology and microstructure of catalyst 

La1Co1O3. As shown in Figure 4, the lattice fringes could be clearly observed from the high-

magnification image with a spacing of d = 0.268 ± 0.01 nm, corresponding to the (104) plane of 

the rhombohedral LaCoO3 structure. The selected area electron diffraction (SAED) pattern of 

La1Co1O3 sample (Inset of Figure 4) shows spotty ring patterns revealing a polycrystalline 

structure. The diffraction rings from SAED patterns were measured to be the (012), (104), and 

(024) planes, indicating the rhombohedral LaCoO3 structure as well. These results are consistent 

with the XRD analysis.   

Reduction Properties 

In order to examine the redox ability of La2O3, La1Co0.8O3, La1Co1O3, La0.8Co1O3, and Co3O4, 

H2-TPR experiments were performed as shown in Figure 5. For catalyst La1Co1O3, the hydrogen 

consumption involved two reduction regions located between 250 - 450 °C and 480 - 650 °C, 

which correspond to the reduction of Co3+ to Co2+ and Co2+ to Co0, respectively.32-33 In the lower 

temperature region, the main peak at 360 °C was ascribed to the reduction of surface Co3+ to Co2+ 

and a shoulder peak at 393 °C to the reduction of bulk Co3+ to Co2+ ions.33 With the decrease of 

La to Co ratio, the first two reduction peaks of La0.8Co1O3 shifted to lower temperatures. The 

variation was associated with the presence of dispersed Co3O4 particles in the perovskite phase 

which could be easily reduced. This is confirmed by the reduction peak of pure Co3O4 sample 

showing a complete reduction of Co3+ to Co0 within the lowest temperature range of 250 - 480 °C 

among all catalysts. The influence of lanthanum on the reduction property of catalysts is explicitly 

noticeable as the ratio of lanthanum to cobalt increases, that is, the reduction temperature increased 



with the increase of La to Co ratio. This is probably due to the strong interaction between cobalt-

lanthanum ions and the segregation of La2O3 species on catalyst surface which inhibit the reduction 

of Co species.12, 34 No noticeable reduction peaks were detected on sample La2O3 since La3+ ions 

are non-reducible under this temperature.35 

Surface Composition and Valence States 

XPS analysis was conducted to explore the surface properties of the catalysts. The detailed 

surface atomic concentrations are listed in Table S3 and the calculated surface La/Co ratios are 

summarized in Table 1. As shown in Table 1, the bulk La/Co ratios measured by EDX 

characterization are consistent with nominal atomic ratio. However, the surface La/Co ratios on 

all catalysts are higher than the bulk ones, indicating the enrichment of lanthanum at the surface 

of perovskites which have been considered as a common observation.36-37  

In La 3d spectra, the binding energies (BE) of La 3d5/2 are located at 833.9 and 837.6 eV, the BEs 

of La 3d3/2
 are located at 850.4 and 854.4 eV, respectively, as shown in Figure 6. In this work, the 

difference between the spin-orbit splitting of the La 3d core-level for the perovskite containing 

samples are found to be ~16.7 eV identical to those of La2O3 (16.8 eV), which suggests that the 

La manifests as La3+ species for all samples.37 However, the peaks of La 3d shift to higher BE as 

the lanthanum loading increases, suggesting La loses electrons, which indicated the presence of 

La(OH)3 species.38 

Correlating with the surface metal composition results (Table 1), it can be concluded that more 

La species enriched on the catalyst surface with the increase of La/Co ratio, which tends to form 

surface hydroxide species when exposed to water/moisture. 

 



Figure 7 shows the XPS spectra of Co 2p, two major observed peaks with BE of 779.7 eV and 

794.6 eV were assigned to Co 2p3/2
 and Co 2p1/2, respectively. Deconvolution of the asymmetrical 

Co 2p2/3 spectrum of each catalyst yields five components at BEs of 779.3,  780.1, 781.9, 784.2, 

and 789.6 eV, which correspond to surface metal Co0, Co3+, Co2+, and two shake-up satellite peak 

(Sat 1 and Sat 2) species, respectively.39-40 Recent studies on oxidation state variations of the cobalt 

species reveal that the shake-up peak at ~ 784.2 eV (Sat 1) show the pronounced intensity 

characteristic of high spin cobalt (II) species, whereas the low spin cobalt (III) states show a very 

weak shake-up peak at about 789.6 eV (Sat 2). As the Co content increases, a noticeable change 

in the high spin satellite peak can clearly be seen. By conducting an area comparison of the two 

fitted shakeup satellites, changes in the oxidation state of cobalt species are noted. The ratio 

between Sat 1 to Sat 2 generally increases with the increase of cobalt content as shown in Table 2, 

indicating a decrease in Co3+ content on the surface. The energy difference (ΔE) between the 2p3/2 

and 2p1/2 peaks can be used, in addition to the satellite comparison, to analyze the changes in the 

state of cobalt oxidation. An energy difference of 15-15.4 eV suggests a dominant contribution of 

Co3+, as proposed by Anantharamaiah and Joy while the ΔE ranges from 15.7 to 16.1 eV for 

samples rich in Co2+.40 The summarized energy differences results (ΔE in Table 2) indicate that 

La1Co1O3 displayed the lowest ΔE compared to other catalysts while the highest value was found 

in sample Co3O4. This emphasizes the enrichment of Co2+ on the surface of sample Co3O4. As 

indicated in Table 2, the highest surface Co3+/ Cototal ratio was observed on catalyst La1Co1O3 and 

it decreases with the reduction of perovskite phase. It has been widely accepted that the valence 

state of the cobalt species is crucial for the catalytic activity.41-42 

The O 1s spectra of catalysts La2O3, La1Co0.8O3, La1Co1O3, La0.8Co1O3, and Co3O4 are presented 

in Figure 8 and their relative oxygen atomic concentrations are displayed in Table 2. A satisfactory 



deconvolution yielded three components located at 529.2 ± 0.5, 530.8 ± 0.5 and 532.7 ± 0.6 eV, 

which correspond to surface lattice oxygen (Oα), surface adsorbed oxygen (Oβ) and oxygen-

containing group species on the surface (Oγ) such as CO3
2- or OH-.43-45 Generally, the results show 

an increase of surface oxygen species (Oβ and Oγ) at the expense of the lattice oxygen Oα with the 

increase of lanthanum ratio in the samples, which is consistent with those reported by Bae et al.46 

The shift in binding energy positions is due to the incorporation of different elements which alter 

the electron density around the base element. The Oβ species play a vital role in promoting the 

surface reactivity of an oxidation reaction since they have higher mobilities relative to the Oα 

species.47 A higher Oβ/Oα value usually indicates a higher oxygen vacancy density, which is 

believed to act as the adsorption site for the active oxygen species.48 

The EPR spectra of La1Co1O3 and La0.8Co1O3 samples shown in Figure 9, were recorded to 

further understand the valence state of cobalt ion. Cobalt (III) oxidation state is diamagnetic in 

nature (EPR silent) while the cobalt (II) ion is paramagnetic (EPR active).49-50 Our results 

demonstrate the presence of paramagnetic ions on both catalyst surfaces with a stronger peak 

intensity for La0.8Co1O3 confirming more Co2+ ions50 than in the La1Co1O3 sample. These results 

are in agreement with the XPS analysis. 

DFT Calculations 

Oxygen and cyclohexane adsorption on the perovskite surface were investigated using density 

functional theory (DFT) calculations. The optimized primitive cell with lattice parameters of a = 

b = c = 5.393 Å and α= β = γ= 61.2o was adopted for the studies. The dominant XRD perovskite 

phase (110), was chosen as the surface of adsorption. The 2 x 2 x 1 supercell of LaCoO3 slab model 

along the (110) direction, consisting of six alternating layers of LaO and CoO2 planes was used to 

study the adsorption behavior of molecular oxygen and cyclohexane. The CoO2(110)-termination 



with the corresponding Co-atop, O-atop, and hollow-atop sites are illustrated in Figure 10(A) and 

(C), respectively. Similarly, Figure 10(B) shows the LaO(110)-terminated surface. The top view 

exposes both La and O atoms as well as La-La bridge sites shown in Figure 10(D).   

Since adsorbates prefer association with cations over oxygen anions, we studied the effect of La 

and Co ions on O2 and cyclohexane adsorption.51 Free molecular oxygen and cyclohexane ring 

were placed in various orientations on both surfaces as adsorbents and optimized to identify the 

lowest energy structures, which are shown in Figure 11 and the structural properties summarized 

in Table 3. As is shown, the O2 adsorption prefers the Co-atop and hollow-atop sites for CoO2(110) 

and LaO(110)-terminations, respectively. 

The computed O-O bond length of free molecular oxygen was 1.225 Å, which is slightly larger 

than the experimental value of 1.208 Å52 but in agreement with the previously reported value.53 

Adsorption on the CoO2(110) and LaO(110)-terminated facets lengthens it by 0.053 and 0.169 Å, 

respectively. La2O3(001) surface also shows a higher elongation (0.089 Å) than that depicted by 

the cobalt perovskite surface, which suggests that molecular oxygen continuously withdraws more 

electrons from the La surface to the O2-2π* orbitals creating the larger O-O bond elongation. 

Furthermore, the O2 adsorption is much more energetically stable on the LaO(110)-termination (-

2.04 eV) than on CoO2(110)-termination (-0.56 eV). These results may be attributed to the 

difference in electronegativity between the La (1.1) and Co (1.88) ions which implies that La ions 

can strongly attract O2 compared to the Co ions. The preference for La over Co surface indicates 

that molecular O2 is easily activated upon adsorption on the La ion to yield O-O bond breakage 

which is key for the progress of the oxidation process. These computational results are in good 

agreement with the oxygen XPS results and that of reported literature.54 From the orientations of 

the different adsorption sites considered for cyclohexane on perovskite surfaces, the obtained 



results showed that cyclohexane molecule adsorbed predominantly in the chair conformation55 for 

both terminations (Figure 11). The adsorption on the CoO2-termination recorded the most stable 

configuration with an energy of -0.99 eV compared to LaO-termination (-0.82 eV) and the 

reference La2O3 surface (-0.73 eV). Additionally, the most significant increase for cyclohexane 

adsorption was from 1.104 to 1.113 Å in the longest C-H bond on the CoO2-termination. This 

change was larger than the increase from 1.104 to 1.107 Å and 1.104 to 1.106 Å for the longest C-

H bond on LaO-termination and La2O3 surfaces, respectively. The preference and elongation of 

cyclohexane on cobalt-perovskite surface show that the cleavage of inert C-H bond is more likely 

on CoO2-termination. 

Catalytic Performance 

The catalytic performance of samples prepared in this work and employed for cyclohexane 

oxidation at 150 oC for 1 hour were summarised in Table 4. For the single metal oxide catalysts, 

Co3O4 exhibited a slightly higher conversion (3.9%) than its counterpart La2O3 (2.6%). 

Nevertheless, its activity was quite lower than that of perovskite containing catalysts. La1Co1O3 

was the most active among the studied catalysts achieving a conversion of 8.3%, which suggests 

a synergistic action between the two metals. However, as the predominant crystal phase changes 

from perovskite to a mixture of phases, the conversion decreases i.e. to 6.1% and 6.3% for 

La1Co0.8O3 and La0.8Co1O3, respectively, which signified that the purity of the perovskite 

influences the reaction. All catalysts showed good K/A oil selectivity (≥ 90%) and favored 

cyclohexanone formation except catalyst La2O3 which yielded more cyclohexanol as clearly 

reflected by the K/A ratio. 

In order to understand the stability of the perovskite catalyst during the reaction-regeneration 

cycles, the La1Co1O3 catalyst was retrieved and regenerated. Figure 12 shows the 



conversion/selectivity results of the regenerated La1Co1O3 catalyst over five cycles. The 

regenerated La1Co1O3 catalysts’ performance was quite similar to that of the fresh catalyst and the 

achieved conversions are above 8.3% with target product selectivity above 86.5%. No evident 

deterioration in activity/selectivity of the regenerated La1Co1O3 catalyst was observed after the 

five cycles. The results show that the spent catalyst was able to recover its activity after the simple 

calcination treatment. The XRD patterns of catalyst La1Co1O3 before and after reaction revealed 

no obvious structure change (Figure S4), certified the good stability of catalyst. The relation 

between Co3+/Cototal, Oβ/Oα, and the conversion attained on different catalysts was displayed in 

Figure 13. For the cobalt-containing catalysts, a volcano-shape profile was observed in the 

cyclohexane conversion, which increased with increase in the Co3+/Cototal ratio. La1Co1O3 catalyst 

with the highest Co3+/Cototal ratio (0.53) recorded the best conversion (8.3%) whereas Co3O4 (0.32) 

gave the least conversion (3.9%). Generally, with incorporation of La ions, the Oβ/Oα increased 

with increment in the lanthanum loading which could be due to the difference in electronegativity 

between the La (1.1) and Co (1.88) ions, hence La ion possesses the ability to attract more oxygen 

compared to the cobalt ions. A comparison of the attained conversion results between the single-

phase and mixed-phase catalysts confirmed that the presence of the perovskite phase influenced 

the catalyst activity. DFT calculations suggest that La3+ sites are more favorable for molecular 

oxygen adsorption/activation than the Co3+ sites, whereas the Co3+ ions prefer the adsorption of 

cyclohexane to foster the C-H bond activation. This trait is in good agreement with the data from 

the literature, where Co2+ is commonly recognized inactive while Co3+ as the active species for 

heterogeneous oxidation reactions.56-57 Therefore, it can be concluded that the perovskite catalyst 

(LaCoO3) favors the activation of C-H bond which is believed to be the rate-controlling step in 

cyclohexane partial oxidation58 and the catalytic performance can be enhanced through the catalyst 



design. The formation of a single-phase perovskite, leading to a prevalence of Co3+ and the 

inherent surface oxygen of lanthanum containing perovskites are responsible for the enhanced 

cyclohexane oxidation. 

A reaction mechanism for partial oxidation of cyclohexane over the LaCoO3 perovskite catalyst 

was proposed on the basis of experimental and theoretical studies, as shown in Scheme 1. 

Molecular oxygen (O2 gas) is activated on LaCoO3 surface by chemisorption on the lanthanum 

surface, accompanied by the formation of activated oxygen species (O2
- ads) while cyclohexane is 

activated on Co3+ on the catalyst surface. The activated species interact to form the 

cyclohexylperoxyl radical which further transforms to cyclohexyl hydroperoxide (CHHP) 

intermediate. Then, the CHHP decomposes to cyclohexanol and cyclohexanone which are the 

main products of the reaction. 

CONCLUSIONS 

A series of catalysts with varying lanthanum to cobalt ratios were successfully prepared using a 

modified citric acid approach and evaluated in cyclohexane oxidation. The obtained LaCoO3 

perovskite material was identified as an excellent catalyst for cyclohexane oxidation reaction, 

which was interpreted by correlating the catalytic activity with a variety of characterization 

techniques and DFT studies. Based on the XRD and FT-IR characterization data, La1Co1O3, and 

Co3O4 samples show the presence of a single-phase while La2O3, La1Co0.8O3, and La0.8Co1O3 

samples contain mixed phases. Cobalt-XPS and EPR analysis confirmed that the surface Co3+ 

species in the material increased with the purity of the perovskite phase. DFT calculations coupled 

with oxygen-XPS studies reveal that La ion sites are more favorable for molecular oxygen 

adsorption than the Co ion sites whereas cyclohexane preferred Co sites. The single-phase 

rhombohedral La1Co1O3 sample exhibited the highest activity. The excellent catalytic performance 



of LaCoO3 perovskite under mild reaction conditions could be attributed to the dominance of Co3+ 

ions which aid in cyclohexane C-H bond activation and the presence of relatively abundant 

adsorbed oxygen species on the catalyst due to the amplified O2 adsorption lanthanum surface. 

These findings could shed light on the design of an environmentally-friendly, low-cost, and highly 

active perovskite catalyst for cyclohexane oxidation. 
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Table 1. Physical Properties of the Catalysts 

Sample 

La/Co Atomic 

Composition (%) LaCoO3 

Content (%) 

Crystallite 

Size (nm) 

BET 

Surface area 

(m2 g-1) a 

Pore 

diameter 

(nm) b 

Pore 

volume 

(cm3 g-1) c Nominal EDX XPS 

La2O3 - - - - 40.4 13.1 3.8 0.08 

La1Co0.8O3 1.25 1.36 2.81 77 28.1 6.4 18.6 0.05 

La1Co1O3 1.00 1.04 1.79 100 21.9 7.1 18.4 0.07 

La0.8Co1O3 0.80 0.72 1.19 80 31.6 4.5 42.0 0.07 

Co3O4 - - - - 56.0 3.7 48.1 0.04 

La1Co1O3 -AR d - - - - 20.1 7.8 19.2 0.06 

a Determined by BET method; b Adsorbed volume at P/P0 = 0.995; c Determined by BJH method from the desorption 

branch; d catalyst La1Co1O3 after reaction. 
 

 

Table 2. XPS Quantitative Analysis of La2O3, La1Co0.8O3, La1Co1O3, La0.8Co1O3, and Co3O4. 

Sample Co3+/Cototal Oβ/Oα 
a Sat1/Sat2 

b ΔE /eV c 

La2O3 - 3.87 - - 

La1Co0.8O3 0.47 1.89 1.19 15.12 

La1Co1O3 0.53 1.41 1.84 14.94 

La0.8Co1O3 0.49 1.34 2.19 15.25 

Co3O4 0.32 0.91 2.98 15.48 
a Oβ/Oα = ratio of surface adsorbed oxygen to surface lattice oxygen b Sat1/Sat2 = Co2+ to Co3+ satellite peak ratios 

and c ΔE = Binding energy difference between the Co 2p3/2 and the Co 2p1/2 peaks 

 

 

Table 3. The Structural Properties of Adsorbed Oxygen and Cyclohexane Molecules. 

Sites 
Ads Energy (eV) Bond length (Å) 

O2 C6H12 O-O C-H 

CoO2(1 1 0) -0.57 -0.99 1.278 1.113 

LaO(1 1 0) -2.04 -0.82 1.394 0.107 

La2O3(0 0 1) -1.82 -0.73 1.314 1.106 

 

 



 

Table 4. The Catalytic Performance of Catalysts in Cyclohexane Oxidation a 

Catalysts 

Conversion 

(%) 

K/A 

ratio 

Selectivity (%) 

Cyclohexanone 

(K) 

Cyclohexanol 

(A) 

K/A 

oil 

By-products b 

Blank 2.6 1.5 55.7 36.4 92.1 7.9 

La2O3 2.7 0.6 38.3 60.6 98.9 1.1 

La1Co0.8O3 6.1 2.3 64.2 27.7 91.9 8.1 

La1Co1O3 8.3 1.8 58.2 31.8 90.0 10.0 

La0.8Co1O3 6.3 1.9 59.6 30.7 90.3 9.7 

Co3O4 3.9 1.4 54.5 40.1 94.6 5.4 

a Reaction conditions: cyclohexane, 7.56 ml; reaction time, 1 h; reaction temperature, 423 K; catalyst, 50 mg; 

K/A, cyclohexanone to cyclohexane ratio; b By-products are mainly ring-opened acids such as n-butric, 

succinic, glutaric, adipic acid and their corresponding esters. 
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Figure 1. XRD patterns of La2O3, La1Co0.8O3, La1Co1O3, La0.8Co1O3, and Co3O4. 
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Figure 2. The FTIR spectra of catalysts La2O3, La1Co0.8O3, La1Co1O3, La0.8Co1O3, and Co3O4. 

 



 

Figure 3. SEM images of La2O3, La1Co0.8O3, La1Co1O3, La0.8Co1O3, and Co3O4. Inset: EDX of 

La1Co1O3. 



 

Figure 4. TEM micrographs of La1Co1O3 nanoparticle. Inset: Selected area electron diffraction 

(SAED) pattern. 
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Figure 5. H2-TPR profiles of catalysts La2O3, La1Co0.8O3, La1Co1O3, La0.8Co1O3, and Co3O4. 
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Figure 6. La3d spectra for La2O3, La1Co0.8O3, La1Co1O3, La0.8Co1O3, and Co3O4. 
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Figure 7. Co 2p spectra for La2O3, La1Co0.8O3, La1Co1O3, La0.8Co1O3, and Co3O4. 
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Figure 8. O 1s spectra of catalysts La2O3, La1Co0.8O3, La1Co1O3, La0.8Co1O3, and Co3O4. 
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Figure 9. Room temperature EPR spectra for La1Co1O3 and La0.8Co1O3. 



 

Figure 10. Six-layer slab model of CoO2(110) (A) and LaO(110) (B) terminations and their 

unique binding sites as a combination of atop, bridge, and hollow sites (C and D). 



 

Figure 11. The most stable adsorbate positions of the optimized oxygen and cyclohexane 

adsorption geometries on the CoO2(110) and LaO(110) terminations. 
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Figure 12. Cyclohexane partial oxidation with recycled La1Co1O3 catalyst. 
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Figure 13. The relationship between Co3+/Cototal or Oβ/Oα versus the conversion attained by 

different catalysts. 

 

 

 

 

 

 



 

Scheme 1. Reaction mechanism of cyclohexane partial oxidation on LaCoO3 
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