
www.rsc.org/advances

RSC Advances

This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. This Accepted Manuscript will be replaced by the edited, 
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 



Journal Name 

Cite this: DOI: 10.1039/c0xx00000x 

www.rsc.org/xxxxxx 

Dynamic Article Links ►

ARTICLE TYPE
 

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00–00  |  1 

Exploration of octahedrally shaped MnCo2O4 catalyst particles for 
visible light driven photo catalytic water splitting reaction 

S. M. A. Shibli,*
a
 P. S. Arun

a
,  Anupama V. Raj

a
 

Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX 

DOI: 10.1039/b000000x 5 

The MnCo2O4 catalyst with a smooth octahedral geometry and a band gap of 2.11eV was developed for   

visible light driven photo catalytic water splitting process by considering the crucial role of Co(III)OH 

centres in Co3O4 catalyst, cobalt(II) oxide and Mn3+ centres in the most active Mn2O3 catalyst towards 

photo catalytic water splitting process. The formation of the MnCo2O4 catalyst was confirmed from the 

results of XRD, EDAX and XPS. The smooth octahedral geometry of most of the crystals synthesized 10 

was visualized from the FE-SEM analysis. The photo catalytic efficiency of the catalyst was analyzed 

with respect to time, presence of sacrificial agent (methanol) and in presence of direct sun light. The 

0.08g of the catalyst produced about 33mL of gaseous products from 20mL of water after 95minutes of 

visible light irradiation(λ>420nm). The overall water splitting efficiency was increased in presence of 

small amount of methanol; hydrogen GC spectra revealed that the evolved hydrogen gas in presence of 15 

methanol was extra pure. The reusability analysis revealed that the synthesized catalyst could be reusable 

after the activation process, it might be due to the surface restructuring of the active centres of the catalyst 

during the continuous water splitting process. There was a slight decrease in the activity of the reused 

catalyst it is due to the decrease in concentration of the octahedrally shaped crystals as evidenced by FE-

SEM analysis. These results revealed that the developed octahedrally shaped MnCo2O4 catalyst will be an 20 

essential part of future generation visible light driven water splitting catalysts.   

Introduction 

Cobalt and manganese based photo catalytic materials are 

emerged as efficient catalytic materials for water splitting 

reactions1,2. The manganese oxides are able to provide 25 

thermodynamic driving force required to split water over a wide 

pH range3. The photosynthetic systems also the manganese play 

key role in water oxidation; the crucial component present in such 

system is Mn4CaO5
4. More over the Mn2O3 is reported as the 

most active catalyst for the water splitting process 5,6. The 30 

catalytic activity of manganese oxide catalyst significantly 

increased in the basic medium, it may be due to the higher 

stability of Mn3+ ions in the basic medium7. The presence of 

Mn3+ in the oxide surface is essential for water oxidation, the 

Mn3+ ion disproportionate in to Mn2+ and Mn4+ at acidic and 35 

neutral pH and catalytic water oxidation efficiency of Mn3+ ion 

get decreased7. Manganese oxides are incorporated with 

[Ru(bpy)3]
3+  along with H2O2 or Ozone, in order to get higher 

catalytic activity under neutral and weak acidic conditions8. Silica 

supported MnOx activated with [Ru(bpy)3]
3+ are also emerged as 40 

efficient catalysts for water oxidation catalysts9. The spinel 

Co3O4 and micro structured cobalt oxide were also used for 

efficient water oxidation catalysts in presence of visible light, 

however the cobalt oxide catalysts were severely deactivate due 

to the formation of cobalt hydroxide precipitate10. This 45 

deactivation process could be significantly reduced in Co and Mn 

based spinel catalysts due to the Co-Mn synergistic 

interaction11,12 accordingly these systems emerged as effective 

visible light driven water splitting catalysts. More over the Time-

resolved observations of water oxidation intermediates on a 50 

cobalt oxide catalyst revealed the crucial role of Co(III)OH 

centres in the Co3O4 in determining the photo catalytic 

efficiency13. More over F. Song et al. recently explored a Co2+ 

and Co3+ containing mixed-valence catalyst for efficient visible 

light driven water oxidation14. In addition to that recently the 55 

cobalt(II) oxide nano particles  are emerged as visible photo 

catalyst with higher efficiency15. These literature reports revealed 

that the Mn and Co based spinel catalyst with Mn3+(the most 

active oxidation state of Mn for water splitting), Co2+( cobalt(II) 

oxide) and Co3+ (active centre in spinel Co3O4) with a band gap 60 

less than three will be an efficient catalyst for water splitting 

process under visible light. Salek et al.16 reported that the 

MnCo2O4, with  Mn3+, Co3+and Co2+ ions at the octahedral and 

tetrahedral voids possess a visible light active band gap. More 

over J. Song et al. established the significance of shape selectivity 65 

in aerobic decontamination reactions17.  In addition to this,  

NiGa2O4 crystals with octahedral shape possed significantly 

higher photocatalytic water splitting efficiency compared to other 

geometries18. In this context development of MnCo2O4 catalyst 

with octahedral shape, orbital and electronic characteristics for 70 

visible light driven photo catalytic water splitting is the objective 
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of the present study. 

Experimental materials and methods  

Synthesis procedure the MnCo2O4 catalyst 

MnCl2.4H2O(AR) and CoCl2.6H2O(AR) with a mole ratio 1:2 

was taken and thoroughly mixed to a paste form. The paste form 5 

was added with excess water isopropanol (1:1) mixture, heated at 

1000C±30C with stirring, and evaporated to dryness.  The mixture 

obtained was powdered and a small quantity of water isopropanol 

mixture added the same process was repeated. The mixture 

obtained was again powdered well and placed in a muffle furnace 10 

at 4700C±50C for 12 hours. Every half an hour the mixture was 

carefully taken out, placed in air and stirred well. All the 

conditions were fixed based on reproducibility of the desired 

characteristics of the products, obtained after physico chemical 

analysis. 15 

Physicochemical characterization of MnCo2O4 catalyst 

XRD patterns of the samples were recorded from a Bruker AXS 

D8 Advance Diffractometer using Cu Kα radiation. XRF analysis 

was carried out using a Bruker Model S4 Pioneer Sequential 

Wavelength Dispersive X-ray Spectrometer. XPS investigations 20 

were carried out on OMICRON EA-125 Photoelectron 

spectrometer at a base pressure better than ∼1 × 10−10 Torr. The 

Hitachi SU6600 Variable Pressure Field Emission Scanning 

Electron Microscope (FESEM) was used for obtaining FE-SEM 

images. Energy Dispersive Spectroscopic analysis was conducted 25 

using Horiba, EMAX (137eV). To examine the particle size 

distribution of the catalysts, transmission electron microscopy 

(TEM) (model TecnaiG2-20) was employed. A reference sample 

was analyzed and the accuracy was confirmed prior to the 

analysis of the actual sample, each time. 30 

Photo catalytic water splitting analysis of MnCo2O4 catalyst 
by using a photo reactor 

The photo catalytic water splitting was investigated using photo 

reactor manufactured by Popular Science Apparatus Workshops 

Pvt. Ltd. (PSAW India) with visible light(λ>420nm) having 8 35 

tubes of 8W(SANYO, Electric Co. Ltd. Japan)capacity, is 

concentrically arranged to get uniform illumination. 20mL 

distilled water was placed in  a quartz tube containing appropriate 

amount of powdered MnCo2O4 catalyst was irradiated with 

visible light for appropriate time with continuous stirring for 40 

photo catalytic water splitting. The gases evolved were collected 

by using a measuring gar. The 1mL methanol was used as the 

sacrificial agent. In that case the evolved gas was passed through 

saturated NaOH solution for the absorption of carbon dioxide gas. 

Direct sunlight was used to analyze the performance of the 45 

catalyst under sunlight and irradiation was performed on sunny 

days, from 12.30pm to 14.00pm (Kerala, India) when solar 

intensity fluctuations were minimum. The same experiments were 

repeated in 5days and average readings are included in the Figure 

5C. 50 

Results and discussions 

 Standardization of the synthetic parameters for MnCo2O4 

The entire the synthetic parameters of the catalyst such as 

precursors, solvent, temperature of evaporation and calcinations 

temperature were optimized based on the geometry, band gap, 55 

oxidation state of Mn and Co and the overall stability of the 

catalyst MnCo2O4. The catalyst was synthesized from chloride 

precursor for the preferred formation of smooth octahedral 

crystals with Co3+/Mn3+at octahedral site19. Kudo and Miseki20 

reported that a catalyst with smooth crystal structure will reduce 60 

the electron hole pair and resulted increased photo catalytic 

activity20. The standardized synthetic parameters for unsupported 

MnCo2O4 catalyst were given in the experimental materials and 

methods. The physicochemical characterization of the MnCo2O4 

and extended assessment of its catalytic activity were carried out 65 

to fix the parameters based on reproducibility that was obtained 

with different batches of the synthesized products. 

Evidence for the formation of MnCo2O4   

The nature of formation of the inverse spinel MnCo2O4 catalyst 

was analyzed by comparing the XRD pattern of the synthesized 70 

MnCo2O4 catalyst with available reports. The XRD pattern in 

Supporting Information (SI) Figure 1 revealed that no other 

phases except MnCo2O4 spinel peaks were formed. The peaks 

were found to be sharp as Esko et al.21 and Nissinen et al.22have 

also observed similar MnCo2O4 inverse spinel phases at 9000C. 75 

The confirmation of the formation of inverse spinel MnCo2O4 can 

be analyzed from binding energy spectra resulted from XPS 

analysis, the results were included below. 

Confirmation of the formation of MnCo2O4 catalyst 

The binding energy spectrum shown in Figure 1 confirmed the 80 

formation of Mn3+, Co3+ and Co2+ in the synthesized catalyst. The 

Mn2p-electron binding energy and Co2p electron binding were 

measured using XPS. The spectrum consists of spin-orbit-split 

2p3/2 and 2p1/2 peaks at about 641 and 653 eV respectively in the 

case of Mn(2p) is evidenced from the Figure 1B. These 85 

observations revealed the preferred formation of Mn3+ of 

MnCo2O4 rather than Mn2+/Mn4+ in MnFe2O4
2319. The peak at 

780 eV (Figure 1A) reveals the presence of both Co3+ and Co2+ 

respectively for Co2p3/2 
23. The satellite peak at 786.4eV 

corresponds to Co2+ ion24. The peak at 795.2eV reveals Co2p1/2 90 

and the satellite peak at 803.6eV reveals the presence of 

Co3+/Co2+ ion24. Zhang et al. have also reported about a similar 

XPS spectral pattern for MnCo2O4 nanofibers25. These results 

together confirm the formation and existence of MnCo2O4. 
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Fig. 1 XPS pattern of MnCo2O4 confirmed the formation of MnCo2O4 

catalyst 

 Evidence for decreased recombination probability in terms 

of particle size 5 

The distance that the photo generated electrons and holes have to 

migrate to the reaction sites on the surface of the catalyst become 

short when the particle size is very small and thus result in a 

decreased recombination probability20. Therefore the particle size 

of the catalyst was analyzed with TEM. The results of TEM 10 

analysis revealed that the synthesized particles possess an average 

particle size of 100nm as evidenced from the Figure 2. These 

results evidenced that the synthesized MnCo2O4 catalyst particles 

have less size, hence it is predicted that the recombination 

possibility of electron hole pair is reduced and accordingly the 15 

catalyst will be efficient for photo catalytic water splitting 

reactions. 

 
Fig. 2 TEM images of MnCo2O4 evidenced the formation of nano 

particles of MnCo2O4  20 

 

Visualization of MnCo2O4 catalyst particles with octahedral 

morphological characteristics 

The crystalline qualities of catalysts are vital for getting 

competent photo catalytic activity. The crystalline quality is 25 

higher, and then the number of defective sites will be less. The 

defective sites will act as trapping and recombination centres for 

photo generated electrons and holes, resulting in decreased 

catalytic activity20. The FE-SEM analysis was carried out to 

investigate the morphology of the synthesized catalyst particles of 30 

MnCo2O4. The FE-SEM images in the Figure 3(A1 to A4) 

revealed that the synthesized catalyst particles have smooth 

octahedral geometry with clearly seen crystal faces. Zhou et al. 

reported that in the case of NiGa2O4 octahedron nanocrystals the 

electro hole recombination rate was lower compared to other 35 

shapes. Hence there will be an enhancement in photocatalytic 

activity18.The effectiveness of the synthetic procedure from 

chloride precursors resulted the smooth octahedral geometry of 

MnCo2O4
19. The compositions of Mn and Co in the octahedrally 

shaped crystals were investigated using EDAX analysis. The 40 

results of EDAX analysis (SI Figure 4) revealed that the 

composition of all the crystals shown in the FE-SEM image 

Figure 3 was same and the Mn : Co ratio was 1:2.  
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Fig. 3 Visualization of octahedrally shaped particles in fresh MnCo2O4 catalyst (A1 to A4), a surface restructured used MnCo2O4 catalyst paricles after 

drying(B1 to B4), and a decrease in concentration of  octahedrally shaped particles  in used catalyst after the activation process(C1 to C4). 

   

Evidence for visible light driven photo catalytic activity of 5 

MnCo2O4 catalyst in terms of band gap  

The band gap of a catalyst has a significant role in determining 

the photo catalytic water splitting efficiency, the band gap of the 

visible photo catalysts should be narrower than 3eV20. 

Appropriate band tailoring is critical for the design of visible 10 

photo catalysts. The band gap of the synthesized MnCo2O4 

catalyst was evaluated by following the approach of Pankove and 

Lampert26, the Tauc plot and the uv-absorption spectrum (inset) 

included in Figure 4. These results revealed that the MnCo2O4 

possess a band gap of 2.11eV similar to Salek et al.16. MnCo2O4 15 

is predicted as an effective catalyst for visible light driven photo 

catalytic water splitting process based on the results of TEM, FE-

SEM and band gap analysis. The efficiency and practical 

feasibility of the synthesized MnCo2O4 towards visible light 

driven photo catalytic water splitting process were analyzed in 20 

order to verify the prediction; the results were included in the 

next section. 
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Fig. 4 UV-Visible absorption spectrum of MnCo2O4 (inset) and corresponding Tauc plot used for calculating band gap of MnCo2O4 

Efficiency and practical feasibility of unsupported MnCo2O4 
catalyst for photo catalytic water splitting in presence of 

visible light 5 

Optimization of the amount of catalyst required for photo 
catalytic water splitting 

The photo catalytic water splitting efficiency of different amount 

of the catalyst was analyzed for optimizing the amount of catalyst 

required for the water splitting process. The amount of the 10 

catalyst was increased from 0.01 to 1.5g for 20mL of water for 45 

minutes of visible light irradiation(λ>420nm). As the amount of 

catalyst was increased from 0.01 to 0.08g the amount gas 

collected as a result of photo catalytic water splitting was also 

increased from 7.9mL to 22.6mL. When the amount of the 15 

catalyst was further increased from 0.08 to 1.5g there was no 

further significant increase in photo catalytic water splitting 

performance as evidenced from the S I Figure 2, hence 0.08g was 

fixed as the optimum amount for the water splitting reactions. 

 20 

Evidence of excellent visible water splitting performance of 
unsupported MnCo2O4 catalyst (0.08g) as a function of time 

The performance of the catalyst was monitored under visible light 

by means of a photo reactor manufactured by PSAW, Pvt. Ltd. 

India with visible light(λ>420nm) having 8 tubes each of 8W 25 

capacity, is concentrically arranged to get uniform illumination. 

The variation in photo catalytic water splitting water splitting 

performance in terms of volume of gas evolved(mixture of H2 

and O2 in mL)with time was shown in Figure 5A. The effective 

water splitting process starts after 10 minutes of irradiation and 30 

the catalytic activity gradually increased and reached a maximum 

at 45 minutes as evidenced from the Figure 5A. The catalytic 

activity gradually decreased after 45 minutes however the catalyst 

was active after 95minutes but the gaseous products liberated was 

significantly less compared to the initial amounts. The catalyst 35 

exhibited almost similar trend in presence of direct sunlight, but 

the catalyst retained its activity even after 120 minutes. The total 

gaseous products(H2 and O2) collected were about 36mL after 

120 minutes from 0.08g of the catalyst as evidenced from Figure 

5C. The gradual decrease in catalytic activity as evidenced from 40 

the Figure 5 might be due to the deactivation of the catalyst due 
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to surface restructuring of the Mn centres by the continuous water 

splitting reactions.9  The most active type II heterostructured nano 

materials also still suffer from this type chemical instability, 

which significantly decreases the efficiency of the visible photo 

catalyst.27The FE-SEM images of the used catalyst shown in 5 

Figure 3(B1 to B4) also revealed that there was significant 

surface restructuring occurred on prolonged water splitting 

reactions. 

Evidence for enhanced water splitting performance of 

unsupported MnCo2O4 in presence of methanol 10 

The sacrificial agents such as methanol act as hole scavenger and 

it enriches electrons in a photo catalyst and enhances photo 

catalytic hydrogen evolution reactions28. The effect of methanol 

on the water splitting behaviour of the MnCo2O4 catalyst was 

analyzed by adding 1mL methanol to 19mL of the distilled water 15 

before photo irradiation. The gas evolved during the photo 

catalytic water splitting process was passed through saturated 

NaOH solution for the absorption of CO2 released during the 

oxidation of methanol, getting pure hydrogen at the measuring 

chamber. The enhanced water splitting process in presence of 20 

methanol interms of volume of gas collected (H2gas in mL) was 

evidenced from the Figure 5B. The water splitting process started 

rapidly, increased to a maximum value at 50 minutes and 

gradually decreased. However the catalyst was effective even 

after 90 minutes but the activity was comparatively less. The 25 

hydrogen GC analysis revealed that the evolved hydrogen gas 

was pure, the GC spectra of evolved hydrogen is included in the 

S I Figure 3. 

 
Fig. 5 Photo catalytic water splitting efficiency of 0.08g of MnCo2O4 catalyst in presence visible light (λ>420nm) at room temperature with time (A), in 30 

presence of methanol (B) and in presence of sunlight (C) 

 

Evidence for reusability of the catalyst 

The used catalyst was again applied in the photo reactor for 

analyzing the reusability of the catalyst under visible light 35 

(λ>420nm) at room temperature for 45 minutes. The used catalyst 

was filtered, dried, activated at 4700C±50C (muffle furnace) for 

60minutes and powdered for the reusability analysis. These 

parameters were fixed based on the activity, stability and life of 

the catalyst. The catalyst was active only after the activation 40 

process this confirmed the surface restructuring9 of the catalyst 

that led the deactivation of the catalyst after the continuous water 

splitting process. The FE-SEM images shown in Figure 3(C1 to 

C4)of the catalyst after the activation process revealed that the 

extent of surface restructuring was lesser in the activated catalyst 45 

after the water splitting process. The activity of the reused 

catalyst with and without activation is shown in Figure 6. There 

was a slight decrese in the activity of used catalyst after the 

activation process it might be due to the decrease in concentration 

of octahedrally shaped crystals  and slight surface restructuring as 50 

evidenced from the FE-SEM analysis shown in Figure 3(A2 to 

A4) and Figure 3(C2 to C4).  

 
Fig. 6 Evidenced the reusability of MnCo2O4 (A) with activation and (B) 

without activation 55 

 

Predicted mechanism for overall performance of the catalyst 
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The octahedrally shaped MnCo2O4 possesses a band gap of 2.11 

eV , and hence it would generate electrons and holes necessary 

for the water splitting process in presence of visible light.20 The 

enhanced activity of the catalyst without the presence of noble 

metal based co-catalyst/ senzitiser, might be due to the nano sized 5 

smooth octahedral crystal structure with the presence of active 

Mn3+, Co2+/Co3+. Moreover, there is a possibility of lesser 

electron hole recombination tendency of the octahedrally shaped 

crystals18. The decrease in activity of the catalyst after 45 minutes 

is attributed to the surface restructuring27, as evidenced from the 10 

FE-SEM Figure 3(B1 to B4) analysis. The higher activity of the 

reused catalyst after the activation process is due to the retention 

of the octahedral shape. However the slight decrease in the 

overall activity of the catalyst is due to the decrease in 

concentration of the octahedral crystals as evidenced from the 15 

FE-SEM Figure 3(C1 to C4) analysis. 

 

Conclusions 

The MnCo2O4 catalyst with a smooth octahedral geometry was 

tailored and synthesized by considering the crucial role of 20 

Co(III)OH centres in Co3O4 catalyst, cobalt(II) oxide and Mn3+ 

centres in the most active Mn2O3 catalyst towards photo catalytic 

water splitting process. The formation of the catalyst was 

confirmed from the results of EDAX, XRD and XPS analyses. 

The smooth octahedral geometry of the MnCo2O4 catalyst was 25 

achieved from a chloride synthetic route and the resulted particles 

were visualized from FE-SEM images. More over the synthesized 

particles possess lesser size as evidenced from TEM.  Hence the 

probability of recombination of electron hole pair was decreased.  

The band gap analyzes revealed that the synthesized MnCo2O4 30 

catalysts possess a band gap of 2.11eV, accordingly the catalyst 

was applied for visible light driven water splitting process. The 

0.08g the catalyst produced about 33mL of gaseous products 

from 20mL of water after 95minutes of visible light 

irradiation(λ>420nm). The overall water splitting efficiency was 35 

increased in presence of small amount of methanol; hydrogen GC 

spectra revealed that the evolved hydrogen gas in presence of 

methanol was extra pure. The reusability analysis revealed that 

the synthesized catalyst could be reusable after the activation 

process, it might be due to the surface restructuring of the active 40 

centres of the catalyst during the continuous water splitting 

process.  
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