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Abstract
The hydrothermal process was used to prepare Mn3O4/x%GO nanocomposites (NC’s) having different ratios of the Mn3O4 
nanoparticles (NP’s) on the surface of graphene oxide (GO) sheet. SEM image showed that the Mn3O4 NP’s were distrib-
uted over the surface of GO sheet. HRTEM images exhibited the lattice fringe arising from the (101) plane of the Mn3O4 
NP’s having the interplanar d-spacing of 0.49 nm decorating on the surface of GO. The electronic absorption spectra of 
Mn3O4/x%GO NC’s also show broad bands from 250 to 550 nm. These bands arise from the d–d crystal field transitions 
of the tetrahedral Mn3+ species and indicate a distortion in the crystal structure. Photo-catalytic activity of spinel ferrite 
Mn3O4 NP’s by themselves was low but photo-catalytic activity is enhanced when the NP’s are decorating the GO sheet. 
Moreover, the Mn3O4/10%GO NC’s showed the best photo-catalytic activity. This result comes from the formation of 
Mn–O–C bond that confirm by FT-IR. This bond would facilitate the transfer of the photoelectrons from the surfaces of 
the NP’s to the GO sheets. PL emission which is in the violet–red luminescent region shows the creation of defects in the 
fabricated Mn3O4 NP’s nanostructures. These defects create the defect states to which electrons in the VB can be excited 
to when the CB. The best degradation efficiency was achieved by the Mn3O4 NP’s when they were used to decorate the 
GO sheets in the Mn3O4/10%GO NC’s solution.

 *  Sirikanjana Thongmee, fscisjn@ku.ac.th | 1Department of Physics, Faculty of Science, Kasetsart University, Bangkok 10900, 
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Highlights 

1.	 Lattice fringe of Mn3O4 with an interplanar d-spacing 
of 0.49 nm for (101) plane.

2.	 Photocatalytic activity of spinel ferrite Mn3O4 nano-
particles by itself is low.

3.	 Number of photoelectrons created depends on num-
ber of Mn3O4 on a given area of GO

4.	 The bonding of the Mn3O4 to the GO sheet would be 
though a Mn–O–C junction.

5.	 The degradation processes were accelerated by 
Mn3O4/10%GO nanocomposites
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1  Introduction

In recent years, many researchers are interested in gra-
phene and graphene based materials due to its excellent 
physical and chemical properties such as high electron 
conductivity, unique transport performance [1], high 
mechanical strength [2], extremely high specific surface 
area [3] and easy functionalization make graphene a good 
substrate to produce graphene-based composites. Gra-
phene is an allotrope of carbon with two-dimensional 
honeycomb sp2 crystalline lattice. Also, it has been consid-
ered as the thinnest and hardest material. Due to these 
properties graphene has been extensively explored and 
utilized for the alteration of hydrogen storage [4], super-
capacitor [5–8], energy storage [9–11], biosensors [12], 
electrocatalyst [13–16] and photocatalysts [17–19]. In 
addition, there are various methods used to synthesis of 

graphene based materials such as arc discharge method 
[20–22], laser based technique [23], microwave irradiation 
[24], microwave assisted materials [25–27], spray pyrolysis 
[28] and hydrothermal method [17, 18]. Recently, a few 
novel methods have been reported. Kumar et al. [29] have 
been synthesized the ternary hybrids material containing 
manganese cobaltite (MnCo2O4) nanoparticles wrapped 
by microwave exfoliated-reduced graphene oxide 
nanosheets (ME-rGO NSs) for improved supercapacitor 
electrode materials. Choucair et al. [30] have shown a 
method to prepare graphene based on hydrothermal syn-
thesis and sonication. The recent advances in the large-
scale synthesis of graphene by CVD on TiO2 [31] and Cu 
[32] films open up various macroscopic applications of 
graphene. In addition, graphene have been led to investi-
gate the design and the development low-cost and high 
yield preparation protocols for chemically-derived 
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graphene (graphene oxide). Graphene oxide (GO) has 
received increasing the attention. This is because it pos-
sesses similar properties to that of graphene. The structure 
also consists of polar functional groups i.e. hydroxyl, car-
boxyl, etc. on its planar surface that will have high surface 
area, thermal stability, mechanical and electrical proper-
ties. Therefore, GO can be used to combine with metal 
oxide nanomaterials for photocatalytic activity [33–36]. A 
graphene layer interfacing with the distribution of nano-
particles (NPs) on the surface have been well defined. The 
NPs can act as a stabilizer against the aggregation of indi-
vidual graphene sheets, which is generally caused by a 
strong Van der Waals interaction between graphene layers. 
Some researchers reported on the modification of gra-
phene with metal oxide NPs such as TiO2, SnO2, and Fe2O3 
[37–39]. The incorporation of nanoparticles on the surface 
of graphene is highly desirable for improving the surface 
morphology for example: electronic structure and follow-
ing intrinsic properties of graphene. Generally, various 
types of metal oxides have been synthesized and sup-
ported on graphene, which include ZnO, TiO2, CeO2, SnO2, 
MnO2, Co3O4, Fe3O4, WO3 [40, 41]. In case of TiO2 and ZnO, 
they exhibited good photocatalytic activity in UV light 
because of their wide band gap and they are stable in 
aqueous conditions during photocatalysis. Furthermore, 
the coupling of  graphene  oxide with TiO2  and ZnO 
increases the photocatalytic activity due to increase in the 
photogenerated charge carriers. The photocatalytic effi-
ciency depends on the ratio of the photogenerated 
charge-carrier transfer rate to the rate of electron-hole 
recombination. For composite structure, M2+ ion easily 
bonds with oxygen by giving an electron and super oxide 

radical. For NP’s, when the photoelectron meets a radical 
in the solution immersing the NP’s, a photo-chemical reac-
tion involving the radical could occur. During photo chem-
ical degradation of metal oxide, it found that the photo 
will generate holes and will react the adsorbed molecules 
in the water to form OH radicals that can be oxidized the 
organic compounds [42]. In case of waste water treatment, 
people use TiO2, ZnO and spinel ferrite (Mn3O4) NP’s. This 
is because of the environmental friendly. As we know, ZnO 
is the semiconductor. The photoelectrons can excite into 
the conduction band and they will interact with the holes 
that left behind in the valence band to form an e−/h+ pair 
which called an exciton. When these two recombination, 
there will be an exciton emission close to the Near Band 
Edge (NBE). The nanoparticles which formed the excitons 
will have poor photo-catalytic performances. This is 
because the photoelectrons that created by the absorp-
tion of the light will not be available for the photo-catalytic 
activity. In case of the trimanganese tetraoxide (Mn3O4) 
NP’s, it has an excellent potential such as its ability to adapt 
to the different oxidation states which are needed for 
many applications in the photo-catalysis and in the solar 
energy conversion [43, 44]. Moreover, Mn3O4 has a dis-
torted spinel structure, a unique ion exchange and a spe-
cial electronic configuration. [45, 46] The first excited states 
of the Mn3+ ion will stay in the band gap of the host which 
will lead to a luminescence needed for certain photo-cat-
alytic applications [47]. Therefore, several researchers have 
been recognized as an important photocatalyst that is 
highly effective in visible light. Table 1 shows the summary 
some of the results that have been obtained till date with 
Mn3O4 as photocatalytic nanomaterials. Mn3O4 can be 

Table 1   Summary of photocatalytic performance of Mn3O4 nanomaterials reported in recent papers till date

Catalyst Method Amount 
of cata-
lyst

Dye molecule Source of light Time for 
degradation 
(min)

%Degradation References

Mn3O4 micro-
dandelions

Reflux 25 μg Alizarin 
red2.0 μM

Tungsten lamp 120 50  Rahaman and 
Ghosh [55] 

rGO/Mn3O4nano-
composites

Reflux 10 mg Methylene blue 
12 mg L−1

Sunlight irradia-
tion

60 73–96 (Depend-
ing on the 
amount of 
Mn3O4 and 
rGO)

Ghosh et al. [56]

Mn3O4/GO com-
posite

Hydrothermal 0.1 g Methyl orange 
20 mg L−1

LED lamp 240 95 Osgoueiet al. [53]

rGO/Mn3O4 Hydrothermal 1 g Methylene blue 
10 mg L−1

Hg lamp 240 21 (Mn3O4) 100 
(rGO/Mn3O4)

Mousaet al. [54]

Mn3O4 Sol–gel 0.05 g Congo red 30 mg 
L−1

UV-visible-light 
irradiation

120 38 . Rizal et al. [57]

Mn3O4/x%GO Hydrothermal 40 mg Methylene Blue 
10 mg L−1

UV lamp 180 0.33–60 (Depend-
ing on the 
amount of GO)

Present work
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used to oxidize the organic compounds for example: 
explosives, dyes, aromatic amines and mineralization that 
found in nature [48–52]. A lot of researchers have therefore 
focused on the synthesis and the study on the properties 
of Mn3O4 nanomaterials. Osgouei MS et al. [53] have syn-
thesized vanadium doped and thallium doped Mn3O4 
nanoparticles as well as Mn3O4/Cu nanorod hybrids by 
hydrothermal method. They found that the photocatalytic 
activity of the obtained samples were evaluated in removal 
of Methyl Orange (MO) under a visible light irradiation of 
9 W LED lamp. Mousa MA et al. [54] used the hydrothermal 
method for synthesizing Mn3O4 nanoparticles and rGO-M 
nanocomposites and evaluating the photocatalytic effi-
ciency using aqueous solution of MB under visible light 
irradiation. They found that rGO-Mn3O4 has shown higher 
photocatalytic efficiency than pure Mn3O4 under visible 
light illumination without any oxidants; while rGO shown 
complete adsorption of MB in dark. Rahaman H and Ghosh 
SK [55] described the synthesis of dandelion shaped 
Mn3O4 microstructures using dye/surfactant assemblies 
as soft-templates by reflux method. Moreover, Ghosh, Basu 
and Baskey [56] used the reflux condensation method to 
fabricate their Mn3O4 NP’s. The result found thatMn3O4 
nanomaterials were successfully applied to degrade the 
organic dyes in water but compared to Mn3O4 nanomateri-
als the rGO/ Mn3O4 nanocomposites are found to most 
heavily enhance the dye degradation efficiency under 
solar light irradiation due to large surface area of rGO sur-
face. Rizal MY et al. [57] have been reported Mn3O4 was 
prepared via a conventional sol–gel method and the com-
posites containing Ag were synthesized with various 
Ag–to–Mn3O4 molar ratios via a hydrothermal technique. 
The result of this work showed that a high-efficiency reac-
tion under visible light and a substantial photocatalytic 
improvement under ultrasound. The degradation process 
was found to be optimal under strongly acidic conditions 
and the best Ag -to- Mn3O4 molar ratio was found to be 
1:0.5. Kefeni and Mamba [58] reviewed the use of different 
spinel ferrite NP’s. While Hu, Lu, Chen and Zhang [59] 
reviewed how the photo-catalytic of metal oxides can be 
improved when they are formed graphene-metal 

composites by using chemical vapor deposition (CVD) 
method. Recently, Ma et al. [60], have decorated the spinel 
ferrite Mn3O4 on reduced graphene oxide (rGO) to improve 
photo-catalytic performances. Yuqian Li et  al. [61], 
described the efficiency of graphene oxide/Mn3O4 hybrids 
which have the perfect degradation of methylene blue. 
They found that as prepared graphene oxide/Mn3O4 led 
to the improvement of the reaction rate compared to 
Mn3O4 nanoparticles. Ahmed A. Amer et al. [62], showed 
that Mn3O4 GO NC’s would have high microwave absorp-
tion and high photo-catalytic activity for the reduction of 
1-naphthyl-amine. L. Duan et. al. [63], reported that the 
Mn3O4–rGO NC’s also has high oxidation properties when 
compared to the Mn3O4 Chandra et al. [64], found that 
Mn2O3 NP’s decorated rGO acted against several dynes 
such as eosin, methylene B and rhosanmine B within a few 
minutes. Atique Ullah et al. [65], reported that the Mn3O4 
NP’s need time about 240 min to degrade methylene blue 
(MB) while Mn3O4∙rGO used time to degrade MB only 
60 min. The differences indicate that the Mn3O4 nanopar-
ticles alone are poor photo-catalyst. Furthermore, they 
found that the percentage of the degradation depended 
on the amounts of the NP’s and the GO.In this work, we are 
interested in the decorating the graphene oxide (GO) with 
the Mn3O4 NP’s by using hydrothermal method to make 
both the Mn3O4 NP’s and the Mn3O4/x%GO NC’s. We have 
determined the optical properties and photo-catalytic 
activity of the different Mn3O4/x%GO NC’s (where x is the 
weight % of the GO in the composites). To do this, we have 
studies the reduction of MB by the photoelectrons gener-
ated when the Mn3O4 is exposed to the ultraviolet (UV) 
light. MB is the brightly colored blue cationic thiazine dye. 
Photo-catalytic activities can be determined by the disap-
pearance of the blue color. The reduction of MB by the 
Mn3O4/x%GO NC’s can be monitored by looking at the 
absorption lines centered at 614 nm and 660 nm.

2 � Experimental details

2.1 � Synthesis of Mn3O4 nanoparticles

Mn3O4 nanoparticles were prepared by the hydrothermal 
process. This process is cost-effective and simple. It uses 
hot water and high vapor pressure. In the hydrothermal 
process, the reaction is a chemical process and the ions are 
able to come into contact with each other more easily. The 
higher room temperature used in the autoclave allows the 
oxide compounds to disassociate into their ion constitutes 
since the solubility increases with temperature. The high 
pressure is needed so that the solvent does not evaporate. 
At the high temperature (180 °C), the ions will move faster. 
After the nanoparticles are formed, the solution is cooled 

Table 2   The amount of substance for preparation of Mn3O4/x%GO 
nanocomposites

Mn3O4/x%GO Amount of substance (g)

Mn3O4 GO

x = 0 0.4000 0.0000
x = 5 0.4000 0.0211
x = 10 0.4000 0.0444
x = 15 0.4000 0.0706
x = 20 0.4000 0.1000
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down to room temperature. The solubility drops and the 
nanoparticles precipitate out [66] 3.9550 g of KMnO4 was 
dissolved in 70 ml of deionized water while being stirred. 
Then, 13.2 ml of hydrazine hydrate (80% wt%) was added 
into the solution drop by drop. The mixture was constantly 
stirred for 30 min. After that the mixture was transferred to 
a Telfon-lined autoclave and was heated at 180 °C for 6 h to 
make the reaction of the mixture to be Mn3O4 nanoparti-
cles. The precipitate of Mn3O4 nanoparticles was removed 
by filtration, washed with water and dried at 60 °C for 
overnight.

2.2 � Synthesis of graphene oxide

Graphene oxide (GO) is prepared from graphite which 
can be used as promising starting material to generate 
graphene-based nanocomposites. The advantage of 
graphene oxide is cheaper and easier to manufacture 
than graphene and reduced graphene oxide. Moreover, 
graphene oxide can easily be mixed with different mate-
rials and polymers. It is also enhance the properties of 
composite materials such as tensile strength, conductiv-
ity and photocatalytic activity. Graphene oxide (GO) was 
synthesized using the modified Hummer’s method [67] 
Firstly, 0.75 g of graphite flakes was mixed into 100 ml of 
H2SO4 while being stirred for 30 min while in an ice bath. 
The temperature of the mixture was held below 5 °C. Then, 
4.5 g of KMnO4 and 0.31 g of NaNO3 were added into the 
solution slowly for oxidizing functional group. The mixture 
was stirred in an ice bath for 30 min. Then, the mixture 
was removed from the ice bath and further stirred continu-
ously at room temperature for 120 h. After stirred for 120 h, 
an aqueous 100 ml of deionized water was added into the 
mixture. After that the mixture was heated at 98 °C for 1 h. 
Then, 7.5 ml of H2O2 solution was added into the mixture 
to stop the reaction. At this point, 50 ml of HCl, 50 ml of 
deionized water and 50 ml of ethanol were added to the 
mixture for removing the oxidance from the reaction. The 
black precipitates were washed with the mixture of 5% HCl 
and deionized water for several times until the filtrated 
solution reached a pH of 7. The solution was then centri-
fuged to remove the GO powder. The GO powders were 
dried using freeze dehydration at − 40 °C to obtain the GO.

2.3 � Synthesis of the Mn3O4/x% GO nanocomposites

The Mn3O4/x% GO NC’s was fabricated using the hydro-
thermal method. A fixed amount of the Mn3O4 NP’s and 
different amounts of GO were used to fabricated the 
Mn3O4∙x% GO NC’s (with x = 0, 5, 10, 15 and 20 wt%) as 
shown in Table 2. After the different amounts of the GO 
were weighted out, they were dispersed into 80 ml of 
deionized water in an ultrasonic bath for 3 h to form GO 

sheets, individually. Then, 0.4 g of Mn3O4 nanoparticles 
was added into the GO solution and stirred for 1 h. This 
means that the coverage of the GO sheets by the Mn3O4 
nanoparticles decreased as x increased. The different mix-
tures were separately transferred to the Teflon-lined auto-
clave which was heated at 180 °C for 6 h for making the 
reaction of the Mn3O4/x% GO nanocomposites. The precip-
itates of Mn3O4/x% GO nanocomposites were filtered out 
and washed with deionized water. All the samples were 

Fig. 1   X-Ray Diffraction Patterns of a Graphene oxide and b 
Mn3O4/x%GO NC’s (x = 0, 5, 10, 15, 20). The diffraction peaks of 
Mn3O4/x%GO NC’s are the peaks listed in the Index Card 01–080-
0382

Table 3   Lattice parameters a, b and c and average crystallite size

Sample Lattice parameter (nm) Average 
crystallite size 
(nm)a b c

Mn3O4 0.57561 0.57561 0.94323 19.87
Mn3O4/5%GO 0.57592 0.57592 0.94558 28.58
Mn3O4/10%GO 0.57603 0.57603 0.94560 26.33
Mn3O4/15%GO 0.57621 0.57621 0.94566 23.21
Mn3O4/20%GO 0.57615 0.57615 0.94610 25.21
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dried at 60 °C for 12 h, resulting in the five Mn3O4/x% GO 
nanocomposites.

2.4 � Characterization

Bruker D8 ADVANCE X-ray diffractometer was used to char-
acterize the X-ray diffraction (XRD) patterns of Mn3O4/x% 
GO NC’s. The 2θ was in the range of 5–90° using Cu-Kα 
radiation (λ = 1.5418 A°). The crystallite size was calcu-
lated by Debye–Scherrer equation for every peak to crys-
tal planes to get more accuracy. The surface morphology 
of the nanoparticles and Mn3O4/x%GO NC’s samples 
were determined by a scanning electron microscope of 
FEI model Quanta 450. The microscopic morphologies of 
the Mn3O4/x% GO NC’s were observed with a JEM-3100 at 
the voltage of 200 kV. The preparation of the samples for 
TEM will start by dispersing the powders in the ethanol 
and then dropping the solution on carbon-coated copper 
grids. The Perkin Elmer Lambda-650 spectrophotometer in 
the range of 200–850 nm was determined the UV-visible 
absorption spectra in colloidal dispersion. The results of 

UV-visible spectra were used to calculate the energy band 
gap (Eg). Bruker Tensor 27 Fourier transformed infrared (FT-
IR) spectrometer was used to analyst the functional group 
of the Mn3O4/x% GO samples by using the wavelength 
from 4000 to 400 cm−1. The photoluminescence measure-
ments (iHR 352 550 spectrometer) were operated at room 
temperature with a 325-nm line from a He-Cd laser as 353 
the excitation source.

2.5 � Photo‑catalytic activity

The visible-light photo-catalytic of the five Mn3O4/x%GO 
NC’s was tested by looking at the degradation of meth-
ylene blue (MB) (seen as a reduction in the intensity of 
the blue light). Before doing this, a calibration curve was 
constructed. This was done by dissolving the different 
amounts of MB into 80 ml of deionized water. The inten-
sities of the blue light emitted by the MB dye were than 
recorded by the UV-visible spectrometer. A plot of differ-
ent intensities versus the amount of the MB dye which 
had been dissolved in the solutions is constructed. The 

Fig. 2   SEM images of GO and 
Mn3O4/10%GO NC’s: a SEM 
image of GO shows the surface 
of graphene oxide and b SEM 
image of a Mn3O4/10%GO NC’s

Fig. 3   Energy dispersive X-ray 
(EDX) spectrum of GO with the 
atomic percentage of C and O 
elements
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intensities of the blue light were used to determine the 
amounts of dye which were present in the solutions. To 
determine the photo-catalytic reduction of MB, 0.04 g 
of Mn3O4/x% GO NC’s (x = 0, 5, 10, 15 and 20% by weight 
of GO) was dissolved in 100 ml of MB solution having 
MB concentration of 25 mg/l. All mixtures were stirred 
in the dark room for 30 min to insure the equilibrium of 
adsorption–desorption. Then, every mixture was emit-
ted the light from UVA (Black light) 36 W Model: Toshiba 
FL40T8BL/18 W, 2 Tubes lamp. At the regular intervals, 5 ml 
of each mixture which had been exposed to the UVA light 
was removed and their UV-Vis absorptions were recorded 
to determine the amounts of MB which were still in the 
solution. The intensities of the absorption peaks centered 
at 614 nm and 660 nm were taken to reflect the concen-
tration of MB remaining in solution. This information was 
plotted together so that by comparing the intensities of 
UV at the wave lengths, the amount of MB in the solutions 
containing the Mn3O4/x%GO NC’s at the time of measure-
ment could be inferred from the measured absorption. The 
percentage of degradation by the Mn3O4/x% GO NC’s is 
calculated from Eq. (1)

where A(t) is the absorbance of the Visible light at 614 or 
660 nm after degradation. A(0) is the absorbance before 
degradation.

Using the calibration curves which was constructed at 
the beginning, we have the percentage of the MB which 
had been photo-catalyst by the Mn3O4/x% GO NC’s.

3 � Results and discussion

3.1 � Structural studies

The XRD patterns of GO and Mn3O4/x% GO NC’s for every 
samples are shown in Fig. 1. Figure 1a shows the spectra 
of GO peaks. A strong peak at 11.56° corresponds to the 
reflection of the (001) plane of graphene oxide. Another 
small broad peak at 41.84° corresponds to the reflections 
of (100) plane that also belongs to graphene oxide [68, 
69]. In addition, the diffraction peak (002) of GO at 30.49° 
was occurred when the diffraction peak (002) of graphite 

(1)%D = {[A(0) −A(t)] ∕A(0)}x100

Fig. 4   TEM and HRTEM 
images of Mn3O4 NP’s and 
Mn3O4/10%GO NC’s: a TEM 
image of Mn3O4 NP’s; b TEM 
image of a Mn3O4/10%GO NC’s 
and c HRTEM of Mn3O4/10%GO 
NC’s with d-spacing of Mn3O4 
(101) plane
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crystal disappeared, indicating that the graphite had been 
completely oxidized to be graphene oxide. Normally, the 
natural graphite peak is around 26.34°. Our XRD result is 
similar to Liu [70]. Figure 1b obtains the XRD patterns of 
Mn3O4/x% GO NC’s (x = 0, 5, 10, 15 and 20). All the peaks 
correspond to reflections from the (101), (112), (200), (103), 
(211), (004), (220), (105), (312), (303), (101), (224), (116) 
and (400) planes of Mn3O4 having a tetragonal structure 
which were index to the reflection planes listed on JCPDF # 
01-080-0382. No any impurity phases are observed during 
the hydrothermal method which is suitable for the prepa-
ration of pure Mn3O4 phase. Moreover, there are no GO 
crystal phases in the Mn3O4/x% GO NC’s. This might be 
due to the fact that GO are amorphous and the surfaces 

of GO are fully covered by Mn3O4 nanoparticles, result-
ing in the low degree of graphitization [71]. The increas-
ing in the intensity of sharp peaks of Mn3O4 verifies that 
the prepared Mn3O4 particles are well crystallized and the 
increasing of Mn3O4 ratio relative to GO indicated more 
disordered graphene sheets. The lattice parameters a, b 
and c can be easily determined by each peak from XRD 
patterns. This was done for the different NC’s that are 
revealed in Table 3. The data of lattice parameters a, b 
and c are similar to those given on the Index Card 01-080-
0382. The lattice parameter c of the Mn3O4 decorating 
the GO does not change when the amount of GO in the 
NC’s increased. No impurity peaks related to other phases 
were seen, indicating the high purity of the product. The 

Fig. 5   Fourier Transform Infra-
red Absorption Data: a FTIR 
spectra for GO and b FTIR spec-
trums for the Mn3O4/x%GO 
NC’s (x = 0, 5, 10, 15, 20)
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Scherrer formula is used to calculate the crystallite size of 
the peaks of the Mn3O4/x%GO NC’s. The result is deter-
mined in Table 3. As we see, the calculation of the average 
crystallite size of Mn3O4 is 19.87 nm. When the percentage 
of graphene oxide increased, the average crystallite size of 
Mn3O4 NP’s appears to decrease. The explanation for this 
is to stop the growth of Mn3O4 atom. Normally, the peak 
shift and the peak width come from the lattice distortion 
and the decreasing of the crystallite size.

3.2 � Morphology of Mn3O4/x%GO NC’s

The morphology of GO and Mn3O4/x%GO NC’s was deter-
mined by Scanning Electron Microscope (SEM). Figure 2a 
shows the morphology of the GO. One can see that the 
surface of GO sheet is jagged, i.e., it is not smooth. Fig-
ure 2b shows the morphology of the Mn3O4/10%GO NC’s. 
The small Mn3O4 NP’s have grown on the surface of GO 
sheet. Moreover, the SEM image in Fig. 2b also shows that 
the Mn3O4 NP’s are distributed over the surface of the GO 
with very little agglomerations of the particles on the sur-
face of GO sheet. SEM images for the other Mn3O4/x%GO 
NC’s are similar. In addition, the energy dispersive x-ray 
(EDX) measurement will be one method to determine the 
amount of C and O of GO. Figure 3 shows the spectrum of 
GO. As is seen, the EDX spectrum of GO investigates the 
presence of both C and O. The atomic percentage ratio 
of C and O is 64.98 and 35.02, respectively. This result is 
similar to Kumar [72]. TEM and HRTEM analyses provide 
more details about the morphology of the samples. Fig-
ure 4 shows TEM images of Mn3O4 NP’s and Mn3O4/10%GO 
NC’s. From these Figures, they investigate the information 

of dispersion and crystalline of NP’s. Figure 4a shows the 
dispersion of spherical Mn3O4 NP’s and some NP’s are 
agglomeration. Figure 4b shows the size distribution of 
dispersed Mn3O4 NP’s which is in the range of 17–24 nm. 
This result is similar to the average crystallite size from 
XRD. The lattice fringe of nanoparticle in Fig. 4c belongs 
to the Mn3O4 NP’s and the interplanar d-spacing of Mn3O4 
NP’s equals to 0.49 nm which relates to the (101) plane.

3.3 � Fourier transform Infrared spectrum and Raman 
spectroscopy

FTIR spectra provides information on the nature of the 
chemical bond and on the functional groups attached to 
the surfaces of the two components GO and Mn3O4, form-
ing the composites. Figure 5a reveals the FTIR spectra for 
GO. The dips in the spectra between 4000 and 400 cm−1 
provides information about the vibrations present in GO. 
The board peak at 3447 cm−1 is reported the symmetric 
stretching vibrational mode of the hydroxyl groups of 
GO. The peaks located at 2927 and 2855 cm−1 are corre-
sponded to the C–H stretching modes of the cross link 
molecules. The C = O vibrational modes of the carbonyl 
groups or carboxyl groups appears at 1726 cm−1. The C = C 
stretching shows the peak at 1631 cm−1. Moreover, the two 
peaks at 1381 and 1086 cm−1 are assigned to C–O vibra-
tional modes. Figure 5b obtains the FTIR of Mn3O4 NP’s and 
Mn3O4∙x%GO NC’s. The peaks at 3424, 1632 and 1344 cm−1 
are the stretching vibrational mode of O–H bond when 
water is absorbed on the surface of the Mn3O4 NP’s. The 
absorption peaks observed the Mn–O stretching modes 
at 629 and 536 cm−1. This mode is due to the tetrahedral 
and octahedral sites in the NC’s crystal structure. The 
bonding between the Mn3O4 and the GO sheet would be 
occurred at Mn–O–C bond (or Mn–O–C junction). Look-
ing at the FTIR spectra for Mn3O4, we do not see any dips 
assigned to an O–C bond. Looking at the spectra for GO, 
we see a dip to an O–C band at 1086 cm−1. Furthermore, 
when we look at the spectra of 5%GO NC’s, we see two 
dips close to 1085 cm−1. The right most dip may be due 
to the O–C vibration in GO. The second peak may be due 
to O–C vibration in the Mn–O–C bond. This junction that 
connects the NP to the GO could also be responsible for 
the strain. Mn–O–C bond would pull the Mn ion in the 
Mn3O4 NP’s towards the GO sheet but there is no force 
pulling the ion in the opposite direction. Raman spectrum 
of GO is presented in Fig. 6. GO has intense D and G bands. 
The G band is more intense than the D band. The G band 
represents the intensity at 1596 cm−1 which is the in plane 
bond stretching motion of pairs of C sp2 atoms while the 
D band located at 1358 cm−1 corresponds to the defects 
and disorder carbon in the graphite layers [73]. The inten-
sity ratio of the D to the G band (ID/IG) provides a sensitive 

Fig. 6   Raman spectrum of graphene oxide
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measure of the disorder and crystallite size of the graphitic 
layers. The intensity ratio ID/IG of GO is 0.85.

3.4 � Photoluminescence spectra

The photoluminescence spectra of Mn3O4 NP’s and 
Mn3O4/x%GO NC’s were measured by an excitation wave-
length of 325 nm at room temperature (see Fig. 7). Fig-
ure 7a is the PL spectrum for pure Mn3O4 NP’s. An exciton 
peak at 378 nm is clearly seen. The photoelectrons gener-
ated when the UV light is shined on the Mn3O4 goes into 
the creation of the exciton. The emission peak at 378 nm 
comes from the recombination of electron and hole. The 
emission of free excitons occurs when the process of an 

exciton–exciton collision process near the band edges 
in a well crystallized crystals [74, 75]. The emissions of PL 
spectrums in the visible light part are due to the electronic 
transitions between the defects states created the forma-
tion of defects in the crystal states of the NP’s caused by 
the fabrication process or the introduction of impurities 
into the host ferrites. The visible light emission spectrums 
for each of the NC’s are the superposition of the emissions 
from the different defects which are formed in the differ-
ent NC’s. The PL emission spectrums for the as-prepared 
Mn3O4 NP’s could be decomposed into five Gaussian 
peaks at 502 nm, 515 nm, 571 nm 615 and 668 nm. The PL 
emission located at 571 nm belongs to the yellow emis-
sion which is due to the d–d transitions connecting to the 

Fig. 7   Photoluminescence spectra of a Mn3O4 NP’s; b PL spectra of the Mn3O4/x%GO NC’s (x = 5, 10, 15, 20); c PL spectra for the 
Mn3O4/5%GO NC’s and d PL spectra for the Mn3O4/10%GO NC’s
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Mn3+ ions [47]. For the broad green emission, it appears at 
535 nm and the broad red emission observed at 615 nm 
are due to the radial recombination of photo-generated 
hole with an electron. This may be help to produce the 
surface defect or surface dangling bonds on the surface 
of NP’s [75]. From the structural analysis, we believe that 
the highly photoluminescent response comes from the 
abundant defects that builds by the Jahn–Teller distor-
tion of Mn3+ ion in the self-assembled NP’s and it also cor-
responds to d–d transitions. The fact of this reason is the 
ground state of Mn3+ ion is split by using the strong static 
Jahn–Teller effect [76]. Figure 7b shows that two separate 
trends are occurring when the coverage of the GO surface 
by the NP’s. When the percentage of GO in the compos-
ite increased, the spectrum of PL emission seems to be 
decreased. This may be due to two reasons: (1) a decrease 
in the heights of the exciton peak or to (2) a decrease in 
the defect emission from the NP’s. In Fig. 7b, the decrease 
in the heights of the exciton peaks in PL spectra of the 5% 
and 10% NC’s and the complete absence in the 15% and 
20% NC’s means that no photoelectrons are needed for 
the creation of the excitons and that all the photoelectrons 
are available for the photo-catalytic activity. The number 
of photoelectrons created depends on the number of 
Mn3O4 NP’s on a given area of the GO sheet. As the amount 
of GO increases, the density or number of NP’s decreases. 
The decrease in parts of the spectra due to the defect (vis-
ible light spectra) of the PL spectra with the increased 
coverage of the GO surface would imply that there was 
a lessening of the interaction between the Mn3O4 crystal 
and the GO sheet (due to the fact that there is lesser NP 
per unit area of the GO surface). The results in Fig. 7c and 
d are different. This is because there are still Mn3O4 NP 

crystals on the GO surface. This is indicated by the rela-
tive heights of the different Gaussian curve as seen in the 
Fourier decompositions of the visible light portions of the 
PL spectrums for the different NC’s. Looking at Fig. 7c, the 
Gaussian peaks correspond to the green emission (504 nm, 
536 nm) and yellow emission (579 nm). The PL spectra for 
Gaussian peaks of the Mn3O4/10%GO NC’s only show the 
violet-red emission (605 nm) as shown in Fig. 7. This emis-
sion was ones observed only in the excitation of the host 
ferrite. Moreover, the intensity peak in PL spectra for the 
peak position at 425 nm is in blue emission and this may 
be the possible defect of Mn vacancy which is in the Mn2+ 
tetrahedral and Mn3+ octahedral sites. For another peak at 
510 nm, it is in the green emission which comes from the 
oxygen vacancy. Sarma et al. [77, 78] reported in their two 
studies that the red-shift of the Mn emission comes from 
the ligand field interactions and that the shifting of the 
Mn d–d emission may be came from the hosts which have 
multiple ions in the crystal lattices that would distort the 
Mn coordinates and have an effect on the emission energy.

3.5 � UV‑Vis absorption by the Mn3O4/GO NC’s

The photo-catalytic performance of the Mn3O4/x%GO 
(x = 0, 5, 10, 15, 20) NC’s was studied. The dependencies 
of the catalytic efficiency on the different reaction param-
eters were investigated. The photo-catalytic activity of the 
Mn3O4/x%GO (x = 0, 5, 10, 15, 20) NC’s was determined by 
the photo degradation of the dye methylene blue (MB). 
All the degradations were conducted under UV–irradia-
tion. The photo-catalytic reaction can be deduced from 
the transmission of UV-visible light through a solution 
containing only GO sheet and the solutions containing 

Fig. 8   UV-Vis absorption by 
GO and the Mn3O4/x%GO NC’s 
(x = 0, 5, 10, 15, 20)
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the Mn3O4/x%GO NC’s. The absorption spectra are seen 
in Fig. 8. The UV-visible absorption spectra of NC samples 
suggest the strong absorption in the visible light region. 
The spectra of Mn3O4/x%GO NC’s exhibit broad bands 
from 250 to 550 nm. These occur from d-d crystal field 
transitions of the tetrahedral Mn3+ species and from the 
distortion in the lattice crystal structure. From UV-Vis data, 
band gap energy of the samples is determined from the 
plot of the Eq. (2) as follow:

(2)�h� = A
(

h� − Eg
)n

Fig. 9   Tauc’s plots of the 
absorption data for Go and the 
Mn3O4/x%GO NC’s

Table 4   Energy gaps of 
Mn3O4/x%GO NC’s (x = 0, 5, 10, 
15, 20) by extrapolating the 
linear portion of Tauc plots of 
the UV-visible absorptions of 
each NC’s

Sample Energy 
band gap 
(eV)

GO 2.95
Mn3O4 3.10
Mn3O4/5%GO 2.90
Mn3O4/10%GO 2.75
Mn3O4/15%GO 3.07
Mn3O4/20%GO 3.08
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where ν is respectively light frequency, α is absorption 
coefficient, Eg is band-gap energy, and A is a constant, n 
is ½ for direct allowed transitions and 2 indirect allowed 
transitions.

Tauc curves which are the plots of Eq. (2) are shown 
in Fig. 9. We calculated by using direct band gap (n = ½). 
Extrapolating the linear portions of the linear part of these 
Tauc curves which is the energy gap can be obtained. From 
these results, we can see that the energy band gaps of 
Mn3O4/x%GO NC’s changed. The values of the energy 
band gaps reveal in Table 4. As we seen, the changing in 
the energy gap is due to the change in the strain within 
the nano clusters when the Mn3O4 NP’s are linked to 
the GO sheets. The information on the absorbance can 
also be used to determine the photocatalytic reduction 

of methylene blue (MB). The degradation of MB can be 
determined by recording the initial intensities of the blue 
light at emitted by solutions containing a fixed amount 
of the MB before exposing the solution to incident beam 
of light when the absorbance occurs. The absorbance for 
Mn3O4 NP’s and Mn3O4/10%GO NC’s are shown in Fig. 10. 
In Fig. 10a, no degradation by the solutions having only 
Mn3O4 NP’s was seen. This may be due to the fact that the 
photoelectrons created by the illumination of the NP’s 
did not transfer to the GO since there was no GO present. 
Moreover, the surface of the NP’s is small, the probability 
of a photochemical reaction between the photoelectrons 
on the NP’s and MB molecules would very small.When the 
Mn3O4 NP’s decorate the surface of the GO sheets, photo-
electrons on the NP’s can migrate to the surface of the GO 

Fig. 10   Absorption spectra 
of the MB solutions contain-
ing: a Mn3O4 NP’s and b 
Mn3O4/10%GO NC’s after they 
were exposed to the laser 
radiation for different amounts 
of time
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so that there are now photoelectrons on the GO surface. 
These photoelectrons on the surface can now catalysis 
the MB molecules since the larger surface area of the GO 
increases the possibility of the MB molecule coming in 
contact with the photoelectrons which are now on the 
GO. We would observe a reducing in the intensity of the 
blue color (See the degradation of MB the Mn3O4/10% GO 
mixture demonstrated in Fig. 10b. Plotting the degrada-
tion of the different NC’s at the different times, we get the 
activities of the NC’s for the reduction of MB as shown in 
Fig. 11. From the curves, we see that the best degradation 
was achieved with the Mn3O4/10%GO NC’s. It is interest-
ing to note that Mn3O4 prepared by hydrothermal method 
had no catalytic activity. This may be due to the large size 
of the particle, no dispersion in water and incompat-
ible with energy band gap. Moreover, the development 

of the photo-catalytic activity of the Mn3O4 NP’s can be 
done by using them decorate onto the GO sheets. Then, 
the photo-catalytic reaction will appear on the surface of 
GO sheet instead of the surfaces of the NP’s. Zhang et al. 
[79], suggested that the enhancement of photo-catalytic 
reaction is due to the increased absorptivity of the dye to 
the surface of the GO sheets. The improvement of absorp-
tivity may come from the strong π-π conjugation of the 
dye molecules and the aromatic regions of graphene. The 
photocatalytic degradation of Mn3O4 and Mn3O4/x%GO 
NC’s was studied by using the methylene blue (MB) 
dye at room temperature as shown in Fig. 12. The result 
shows that the percent (%) of degradation of methylene 
blue for Mn3O4 was low. This may be due to aggregate 
of Mn3O4 NP’s, resulting in low reaction on the surface 
area. For Mn3O4/x%GO NC’s, the percent (%) of degrada-
tion of methylene blue is much higher than Mn3O4. This 
is because the GO sheet is large in surface area and the 
Mn3O4 NP’s can be easily distributed on the surface of 
GO, resulting in high reaction on surface of GO. Moreover, 
we can see that Mn3O4/10%GO NC’s has an excellent the 
percent (%) of degradation of methylene blue compared 
to the other samples. The schematic of the Mn3O4/x%GO 
NC’s is shown in Fig. 13. In general, the amounts of Mn3O4 
NP’s will aggregate on GO sheets which lead to decreased 
photocatalytic activity. The mechanism process of photo-
catalytic activity of Mn3O4 NP’s and Mn3O4/x%GO NC’s as 
shown in Eqs. (3) to (9).

The Mn3O4 NP’s resting on top of GO sheet with an 
occupied valence band (VB) state and an unoccupied con-
duction band (CB) state. When Mn3O4 NP’s are stimulated 
by photon energy; the electron in VB state will excite to 
CB state. This can be made hole in VB and the electrons 
in CB state will be transferred into the GO sheet. There-
fore, GO sheet will serve as good accepter and electron 

(3)Mn
3
O
4
+ h� → Mn

3
O
4(e

−) +Mn
3
O
4
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(4)Mn
3
O
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Fig. 11   Normalized concentration of MB solution for photocatalytic 
degradation by the Mn3O4 and Mn3O4/x%GO NC’s (x = 0, 5, 10, 15, 
20)

Fig. 12   The % degradation of methylene blue versus time for 
Mn3O4 NP’s and Mn3O4/x%GO NC’s
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transferred which can help electrons move freely on the 
GO sheet. This result will interrupt the recombination of 
electrons and holes. The holes which occupied in the VB 
state will form the oxidation process by oxidizing H2O or 
OH− to be ∙OH and then ∙OH can form a combination of 
H
2
O
2
 . On the other hand, the electrons are on the GO sheet 

will make the reduction reaction by binding with O
2
 in the 

water to create the ∙O−
2

 and to react with H
2
O
2
 to be ∙OH . 

This ∙OH is the degradation molecule of methylene blue 
which reacts with methylene to be CO

2
 and H

2
O . Prior to 

the formation pair and after its annihilation, the photo-
electron e− can move to the surface of the NP where it can 
interact with any chemical ions which are present in the 
solvent. Of course, the chemical reactions can only occur if 
the photoelectron and chemical specie meet at the same 
time and the same place. Since, the sizes of the NP’s and 
chemical ions are both small and are randomly moving 
in the liquid, the joint encounter of the two will be small 
and the photo-catalytic reaction would be slow. When the 
NP’s are attached to GO, the photo excited electron can 
cross the bridge (junction) connecting the NP and the 
GO. In the TiO2 decorated rGO, the bridge is the Ti–O–C 
bond [17] while in the ZnO decorated rGO, it is the Zn–O–C 
bond [18]. In this present case, the junction is a Mn–O–C 
chemical bond. The photoelectrons can travel freely in 
the 2D carbon array in the GO (keeping in mind that the 
2D hexagonal carbon array is a very good conductor). If 
the moving photoelectron encounters the same chemi-
cal ion just mentioned, the two would undergo the same 
chemical action as before. Because the area of the GO is 
much more than the area of the nanoparticle surface, the 
probability of the photoelectron and the chemical spe-
cie encountering would be greater on the GO surface 
than that on the surface of the NP. This would lead the 

photo-catalytic activity being enhanced. Because of the 
difference in the mobility’s of the electrons and holes, 
charge separation will occur and when this happens, one 
encounters a suppression of the annihilation of electron/
hole pairs and therefore an increase in the photo-catalytic 
activity. This was the explanations given by Patra et al. [80], 
for the enhanced solar generation by MoS2/GO and MoS2/
MoS3-x/GO multi-functional NC’s, for solar water splitting 
by Au-Pd/rGO/TiO2 hetero junctions by Tudu et al. [81], 
and by Au-RGO/N-RGO-TiO2 hetero junctions by Bharad 
et al. [82].

4 � Conclusion

In conclusion, the Mn3O4/x%GO NC’s has been success-
fully fabricated by the hydrothermal method. SEM image 
showed that the Mn3O4 NP’s were distributed over the 
surface of the GO sheet and the EDX confirmed the result 
of GO sheet. HRTEM investigation showed that the GO lay-
ers were interfacing with the Mn3O4 NP’s where a chemi-
cal interaction between the two could be created. FT-IR 
results investigated the bonding between Mn3O4 and GO 
sheet and this bonding may be due to O-C vibration in 
the Mn–O–C bond which connects the Mn3O4 NP’s to the 
GO sheet together. PL emission which is in the violet–red 
luminescent region shows the creation of defects in the 
fabricated Mn3O4 NP’s nanostructures. These defects cre-
ate the defect states to which electrons in the VB can be 
excited to when the CB. For the blue emission, it may be 
the possible defect of Mn vacancy which is in the Mn2+ 
tetrahedral and Mn3+ octahedral sites and the peak is in 
the green emission which comes from the oxygen vacancy. 
The best degradation efficiency was achieved by the Mn3O 

Fig. 13   Schematic of a 
Mn3O4/x%GO NC’s
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NP’s when they were used to decorate the GO sheets in the 
Mn3O4/10%GO NC’s solution. Both the FTIR4 results and 
HRTEM images provided evidence that this NC had the 
best number of Mn–O–C bonds between the GO sheets 
and Mn3O4 NP’s. These bonds would facilitate the transfer 
of the photoelectrons from the surfaces of the NP’s to the 
GO sheets.
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