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a b s t r a c t 

In this paper, we present Cd doped alpha-dimanganese trioxide (Cd-A-DMTO) nanoparticles developed 

with the particle size of 25-28 nm via the sol-gel technique. The effects of 1-3% Cd concentrations on 

the crystal structure, size and strain, lattice constant, interplanar distance and unit cell volume values 

of the alpha-dimanganese trioxide ( α-Mn 2 O 3 ) samples were compared with the powder X-ray diffrac- 

tion (XRD) results. The crystallite sizes are computed using the Scherrer’s formula and the Williamson- 

Hall (W-H) plot using the XRD data for the Cd-A-DMTO samples, and their values are comparatively 

discussed. The powder XRD, and Raman spectral studies have shown the formation of the single crys- 

talline cubic bixbyite phase of the prepared Cd-A-DMTO samples. Structural behaviour was investigated 

for the prepared Cd-A-DMTO samples by the Fourier Transform Infrared (FT-IR). The energy dispersive X- 

ray (EDX) analysis shows that the Cd has been incorporated into the manganese oxide. The spheres/rods, 

spindles/spheres and hexagonal/sphere-like particles are found in the 1%, 2% and 3% Cd-A-DMTO sam- 

ples in the Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) analyses. 

Superparamagnetic behavior of the Cd-A-DMTO samples was detected by the Vibrating Sample Magne- 

tometer (VSM). The optical band gap increased and the PL emission intensity decreased with an increase 

in the concentration of the Cd dopant on the manganese oxide samples in the UV absorption and photo- 

luminescence (PL) emission spectra. The photodegradation of the Congo red (CR) dye showed that the 3% 

Cd-A-DMTO photocatalyst had greater photocatalytic degradation efficiency and a rate constant compared 

to the 1% Cd-A-DMTO sample. The antibacterial activity of the Cd-A-DMTO samples was examined using 

selected bacterial pathogens. 

© 2020 Elsevier B.V. All rights reserved. 
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. Introduction 

In the past few years, great efforts have been made to prepare 

oped nanoparticles for use in transition metal oxides due to their 

nhancing the optical, luminescent, magnetic, catalytic and electro- 

hemical properties resulting in their potential applications in op- 

oelectronic devices, photocatalysis, antimicrobial activities, super- 

apacitors and gas sensors [1-29] . It is well-known that the sur- 

ace to volume ratio (i.e. more numbers of atoms active in site) 
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nd imperfection defects (surface defects) play a major role in the 

hotoluminescent, catalytic and biological (antibacterial) properties 

f metal oxides. As a result, the dopant loading of metal oxides 

nd/or transition metals causes surface defects. This also influences 

he opto-electronic properties, and the light absorption is likely to 

hift towards the visible region. Recently, cubic bixbyite type α- 

n 2 O 3 nanoparticles have received a lot of attention due to their 

mproved structural, magnetic, optical, photocatalytic and antibac- 

erial activities. 

Ramarajan et al. [30] reported that the cubic and chain-like 

orphology of α-Mn 2 O 3 was synthesized using the sol-gel method 

y mixing manganese chloride, hexamine, and caustic soda in 

he presence of water. They examined the influence of surfac- 

https://doi.org/10.1016/j.molstruc.2020.129846
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ants on the microstructural behavior of α-Mn 2 O 3 nanostructures 

ith a particle size range of 58-68 nm. Chen et al. [31] re- 

orted that α-Mn 2 O 3 nanorods were fabricated by taking chem- 

cals such as manganese chloride, potassium permanganate and 

etyl trimethyl ammonium bromide (CTAB) as surfactants via the 

ydrothermal method. They studied the structural properties of 

-Mn 2 O 3 nanorods. In addition, they found the size of α-Mn 2 O 3 

aterial to be 36 nm in diameter and 1 μm in length. Liu et al.

32] reported the diameter of 2-3 μm and thickness of 100- 

50 μm of α-Mn 2 O 3 nanoplates by using manganese acetate and 

olyvinyl pyrrolidone (PVP) as surfactants in the presence of an al- 

ohol solvent (ethylene glycol) via the solvothermal method. In ad- 

ition, they examined the microstructural properties of α-Mn 2 O 3 . 

u et al. [33] reported the preparation of α-Mn 2 O 3 microspheres 

y dispersing inorganic salt (manganese nitrate) in ethylene glycol 

nd nitric acid via the solvothermal process. They elucidated the 

rystalline phase structure, internal surface morphology and elec- 

rochemical behavior of α-Mn 2 O 3 microspheres. Moreover, they 

ound the diameter to be ~18 μm. 

Various metals such as Mo, Cu, Ag, Co, Cr, Fe, In and 

d have been successfully doped into Mn 2 O 3 materials us- 

ng co-precipitation, thermal decomposition, sol-gel accompa- 

ied solvothermal, microwave, hydrothermal, sol-gel and electro- 

eposition methods and their structural and physico-chemical 

roperties have been investigated for potential applications such as 

hotocatalysts, supercapacitors and spintronic devices etc [34-41] . 

ased on the above-mentioned literature, we could see that large 

-Mn 2 O 3 particle sizes and mixed crystalline phase were found. In 

ddition, an inert atmosphere, special instruments such as electro- 

eposition setup, microwave oven, autoclave, high temperature re- 

ction and long reaction synthesis time for Mn 2 O 3 material syn- 

hesis were needed. In the present work, we have reported that 

d-A-DMTO nanoparticles with an average particle size of 25-28 

m have been obtained, employing the sol-gel method. In addition, 

he sol-gel process has several advantages over other methods: i.e., 

here is no need for an autoclave; also, short time reaction synthe- 

is, cheapness of materials, good phase purity, lesser particle size, 

igh yielding powders, precise control of the doping level and so 

n [12] . 

In recent years, a few researchers have reported on the en- 

anced photocatalytic and antibacterial properties of Cd doped and 

d based oxide and sulphide compound nanomaterials [42-47] . 

ince light radiation interacts with Cd-based materials, better opti- 

al absorption has been shown in the optical spectra and its prop- 

rties of hydrogen peroxide production and therefore the organic 

yes are degraded. 

To the best of our knowledge, there is no report on the im- 

act of Cd doping on the size and shape of the particles, and the 

pto-magnetic properties of α-Mn 2 O 3 nanoparticles. In addition, 

he photocatalytic degradation of the CR dye is investigated using a 

d-A-DMTO sample as a photocatalyst. The antibacterial activity of 

% Cd-A-DMTO nanoparticles against bacterial pathogens has been 

xamined for the first time. 

. Experimental 

.1. Materials 

Manganese dichloride tetrahydrate (MnCl 2 .4H 2 O) ((Merck), cad- 

ium chloride (CdCl 2 ) (Merck), methanol (CH 3 OH) and ammonium 

ydroxide (NH 4 OH) (Merck) were obtained commercially and used 

s- received without further purification. 
2 
.2. Preparation of Cd-doped A-DMTO nanopowders 

1.97g of manganese dichloride tetrahydrate (MnCl 2 .4H 2 O) salt 

nd 1-3 mole % of white crystalline compound of cadmium 

hloride (CdCl 2 ) were dispersed in 100 mL of colourless liquid 

ethanol (CH 3 OH) to form a sol solution under vigorous stirring. 

n addition to that, 12 mL of colourless ammonium hydroxide 

NH 4 OH) was added drop wise under continuous magnetic stirring 

o form a gel network. Further, the filtered opal gels were dried 

t 120 °C for 15hrs. Finally, brown colored Cd-A-DMTO nanopow- 

ers are formed, when calcined at 400 °C for 2hrs. The synthesis 

rocess of the pure α-Mn 2 O 3 sample is given in the Supporting 

nformation. 

The feasible formation mechanism of Cd-A-DMTO nanoparticles 

s given as a chemical reaction below: [30] . 

 MnC l 2 + 4N H 4 OH + X (1 −3%) CdC l 2 → X (1 −3%) Cd [ 2 Mn ( OH ) 2 ] + 4N H 4 Cl (1) 

 (1 −3%) Cd [ 2 Mn ( OH ) 2 ] + ( 1 / 2 ) O 2 → X (1 −3%) Cd [ 2 MnOOH ] ( unstable ) + H 2 O 

(2) 

 (1 −3%) Cd [ 2 MnOOH ] → X (1 −3%) Cd − α − M n 2 O 3 + H 2 O (3) 

.3. Characterization 

Model Schimadzu: X-ray diffractometer (XRD) 60 0 0 instrument 

etected an angle of diffraction (2 θ ) of 10-80 ° using CuK α medi- 

ted radiation (wavelength λ= 1.54 Å) and measured the crystal- 

ite size and structure of the prepared Cd-A-DMTO samples. Model 

ruker IFS 66 V FTIR spectrometer was noted in the wavenum- 

er range 450-40 0 0 cm 

−1 and applied to detect chemical bond- 

ng and functional groups of the as-prepared dried powder. Bruker 

FS 27: stand-alone model Raman spectrometer (solid state laser 

ource is neodymium-doped yttrium aluminum garnet (Nd: YAG) 

sing wavelength 1064 nm) recorded the wavenumber region of 

0 0-80 0 cm 

−1 and found the crystal structure of the doped sam- 

les. JEOL, JSM-67001 microscope (SEM/EDX) examined the surface 

orphology and chemical elements of the prepared doped sam- 

les. H-800-TEM (Hitachi, Japan) instrument applied an accelerated 

oltage of 100 kV and measured the effect on the particle size 

f the doped samples. EG&G PARC-Vibrating sample magnetome- 

er (VSM) 155 model recorded the applied magnetic field range as 

10 0 0 0 to 10 0 0 0Oe. The Varian Cary 5E spectrophotometer mea-

ured the spectral region of 20 0-80 0 nm and determined the op- 

ical band gap values of the doped samples. The Fluoromax-4 PL 

pectrofluorometer attached with the Xenon lamp as an excitation 

ptical source in the wavelength range of 410-480 nm was used to 

nvestigate the emission behavior and vacancy defects of the pre- 

ared doped samples. 

.4. Photocatalytic experimental details 

The photocatalytic response was conducted using the degrada- 

ion of the CR dye/Cd-A-DMTO photocatalyst with the assistance 

f the Heber-Multilamp photoreactor to find the complete degra- 

ation irradiation time. The Hitachi U-20 0 0 double beam UV-vis 

pectrophotometer analyzed the samples taken at various time in- 

ervals and compared the degradation irradiation time of the 1% 

nd 3% Cd-A-DMTO samples. The prepared Cd-A-DMTO catalyst 

as well mixed with the CR dye solution and transferred to the 

ylindrical glass reactor. After that, the photodegradation occurred 

y continuous illumination of the UV-visible light radiation pass- 

ng through the Cd-A-DMTO catalyst/CR dye solution. The pho- 

odegradation process was performed for a period of 120 min for 

he CR dye, including the first 30 minutes during which the lamp 



S. Gnanam, J. Gajendiran, R. Ashokkumar et al. Journal of Molecular Structure 1229 (2021) 129846 

Fig. 1. XRD pattern of (a) 1%, (b) 2% and (c) 3% Cd-A-DMTO. 
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Table 1 

Diffraction angle, reflection plane and FWHM values of the 1-3% Cd-A- 

DMTO samples. 

(hkl) 

planes 

Samples 

1% Cd-A-DMTO 2% Cd-A-DMTO 3% Cd-A-DMTO 

2 θ FWHM 2 θ FWHM 2 θ FWHM 

(211) 25.14 ° 0.206 23.13 ° 0.309 23.11 ° 0.386 

(222) 33.01 ° 0.319 32.94 ° 0.321 32.96 ° 0.360 

(400) 38.22 ° 0.239 38.22 ° 0.266 38.21 ° 0.245 

(332) 45.16 ° 0.328 46.06 ° 0.310 45.12 ° 0.309 

(431) 49.37 ° 0.311 49.31 ° 0.335 49.30 ° 0.357 

(440) 55.16 ° 0.243 55.16 ° 0.387 55.14 ° 0.398 

(622) 65.74 ° 0.354 63.04 ° 0.378 65.75 ° 0.434 
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as switched off for an adsorption-desorption equilibrium. 2 mL 

R/catalyst degradation solution was taken every 30 minutes and 

eparated from the solution by centrifuging from the above sus- 

ensions. The reaction parameters, such as the initial concentra- 

ion, the weight of the catalyst, light intensity and the time taken 

or degradation, are shown in Table S1 (Supporting Information). 

.5. Antibacterial experiment details 

The antibacterial efficacy of various concentrations of the 3% 

d-A-DMTO samples’ viz. 50, 75 and 100 μg/mL was tested against 

he gram-positive pathogens (S. aureus, B. subtilis) and gram- 

egative species (E. Coli, P. aeruginosa and P. mirablis) using the 

gar well-diffusion process. The well diffusion test was conducted 

sing the Mueller Hinton Agar (MHA) medium containing the nu- 

rient agar in triple distilled water. The medium was prepared and 

utoclaved at a pressure of 15 lbs (121 ̊C) for 15 minutes. The 

edium was poured for a uniform depth of 4 mm, equivalent to 

pproximately 25 mL in a 90 mm sterile petri plate. The sterile 

wab was used to swipe the surface of the MHA medium to ensure 

n even distribution of the inoculums. The bacterial suspension of 

0 μL was evenly distributed over the agar plates. A sterilized 9 

m cork borer was used to make the agar wells. Samples were 

issolved with 100% Dimethyl sulfoxide (DMSO). 25, 75 and 100 

L of diluted test compound stock solutions were put in each well 

nd 100% DMSO was regulated. Tetracycline, a well-known antibi- 

tic, is used as a standard. The plates have been incubated at 37 °C 

or 24 hours. The inhibition zone has been measured. The experi- 

ent was performed in triplicate. 

. Results and discussion 

.1. Powder X-ray diffraction (XRD) 

Powder XRD patterns of the Cd-A-DMTO samples calcined at 

00 °C are shown in Fig. 1 (a-c). All the reflection planes and 

heir corresponding peak positions match perfectly with the cubic 

ixbyite phase of α-Mn 2 O 3 (JCPDS card no. 41-1442). Furthermore, 

o additional peaks of impurities, such as cadmium oxide or other 

anganese oxides are observed, indicating the high purity of the 

roducts. The diffraction angle, reflection plane and full width half 

aximum (FWHM) values of the 1-3% Cd-A-DMTO samples are 

hown in Table 1 . Using Scherrer’s equation, the average crystallite 

izes are computed to be 28.5, 27.6, and 25.2 nm, respectively for 
3 
he 1%, 2% and 3% Cd concentrations doped α-Mn 2 O 3 nanocrystals 

rom the high intensity of the diffraction planes (222) in the XRD 

attern. Slightly increased broad peaks were observed on increas- 

ng the Cd dopant concentration in the α-Mn 2 O 3 . Increased broad 

iffraction peaks, specify the decreasing crystallite size. In addition, 

e have prepared pure α-Mn 2 O 3 , coloured metals like 3% of Ni, Cu 

nd Ag doped α-Mn 2 O 3 materials and the corresponding samples 

ere tested by the XRD, as shown in Fig. S1 (Supporting Informa- 

ion). We found the average crystallite sizes to be 36.2, 38.5, 43.3 

nd 46.8 nm for the pure, Ni, Cu and Ag doped α-Mn 2 O 3 sam-

les respectively, in the XRD pattern. Average crystallite size his- 

ogram of pure and doped alpha-dimanganese trioxide nanoparti- 

les as shown in Fig. S2 (Supporting Information). We could in- 

er that the Cd-A-DMTO samples have controlled sizes compared 

o those of pure, Ni, Cu and Ag doped α-Mn 2 O 3 material. In addi-

ion, from the XRD pattern of the pure α-Mn 2 O 3 sample, we found 

he average crystallite size to be large. Further, we detected the 

mpurity phase for the prepared coloured metals like Ni, Cu and 

g doping of α-Mn 2 O 3 samples in the XRD and its consequence 

ormed the mixed crystalline phase with increased crystallite size, 

s shown in the Supporting Information. In the present work, we 

ave concentrated on the size controlled and single phase of α- 

n 2 O 3 for the photocatalytic and antibacterial applications. Hence, 

e have chosen 1-3% Cd-A-DMTO for the photocatalytic and an- 

ibacterial applications. 

In addition, from Table 2 , it is observed that the d-spacing, lat- 

ice constant and unit cell volume values decreased from 1% to 3% 

f the Cd-A-DMTO samples. Further, the lattice constant of the ob- 

ained 1-3% Cd-A-DMTO samples matched closely with the previ- 

us report of the α-Mn 2 O 3 materials [8] . 

For the 1-3% Cd-A-DMTO samples, we plotted 4sin θ on the x- 

xis and βhkl cos θ on the y-axis, using powder XRD data from the 

-H plot (Fig. S3, Supporting Information) to analyze the crystal- 

ite size and strain values. The values of the crystallite size and 

rystalline strain were found to be derived from the slope and in- 

ercept fit curve, respectively, by taking the W-H plot. These values 

obtained from the W-H plot), which are comparable to the calcu- 

ated crystallite size using Scherrer’s formula, are shown in Table 3 . 

urthermore, Table 3 shows that the crystallite size decreased and 

he strain values increased, with an increase in the concentration 

f the Cd dopant in α-Mn 2 O 3 . 

.2. Fourier Transform Infrared (FTIR) 

The FTIR spectra of the as-prepared 1-3% Cd-A-DMTO samples 

ried at 120 °C are displayed in Fig. 2 (a-c). The broad peak de- 

ected at ~1612 and 3415 cm 

−1 , is due to the adsorbed water and

tretching vibrations of the hydroxyl (OH) groups [48] . In addition, 

he strong broad band that appears at the wavenumber 614 and 

08 cm 

−1 is attributed to the vibration of the manganese-oxygen 

Mn–O) bond [49] . The FT-IR spectrum of the 3% Cd-A-DMTO sam- 

le calcined at 400 °C for 2hrs is shown in Fig. S4 (Supporting In- 
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Table 2 

Diffraction angle, interplanar distance (d-spacing), lattice constant (a) and unit cell volume values of the 1-3% Cd-A-DMTO samples. 

Samples 2 θ d = n λ/2sin θ ( ̊A) a = d × √ 

(h 2 + k 2 + l 2 ) ( ̊A) Volume of the unit cell (a 3 ) = V 3 ( ̊A) 3 

1% Cd-A-DMTO 33.01 ° 2.743 9.490 854.67 

2% Cd-A-DMTO 32.94 ° 2.716 9.397 829.78 

3% Cd-A-DMTO 32.96 ° 2.714 9.390 827.93 

Table 3 

Crystallite size and strain values of the 1-3% Cd-A-DMTO samples. 

Samples 

Crystallite size in nm is calculated 

using the Scherrer’s equation 

Crystallite size in nm is calculated 

from the W-H plot 

Crystallite strain is estimated from 

the W-H plot 

1% Cd-A-DMTO 28.5 23 1.31 × 10 −3 

2% Cd-A-DMTO 27.6 20 1.49 × 10 −3 

3% Cd-A-DMTO 25.2 18 3.29 × 10 −3 

Fig. 2. FTIR spectra of (a) 1%, (b) 2% and (c) 3% Cd-A-DMTO. 

Fig. 3. Raman spectra of (a) 1%, (b) 2% and (c) 3% Cd-A-DMTO. 
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ormation). A broad band located at 646 cm 

−1 , is ascribed to the 

anganese-oxygen (Mn-O) vibration. Furthermore, no additional 

ands are detected in the FT-IR spectrum. Thus, the FT-IR analy- 

is of a 3% Cd doped calcined sample confirms the formation of 

anganese oxide. 

.3. Raman spectra 

Fig. 3 (a-c) depicts the Raman spectra of the 1-3% Cd-A-DMTO 

anoparticles calcined at 400 °C. The strong peaks located at 650 

nd 590 cm 

−1 are assigned to the vibration of Mn-O, which re- 
4 
eals the cubic bixbyite structure of the Cd-A-DMTO samples. In 

his analysis, a total of two modes were found in the Cd-A-DMTO 

amples ranging from 550-700 cm 

−1 [50] . The peak located at 650 

m 

−1 can be correlated with the Ia-3 space group cubic struc- 

ure with A 1g symmetrical Mn-O stretching mode in α-Mn 2 O 3 [51] . 

urthermore, a small variance of the intensity peaks in the Ra- 

an spectra was observed in the 1-3% Cd-A-DMTO samples due 

o the size and lattice strain effect. The absence of known crys- 

alline phases of CdO in the Cd-A-DMTO samples means that it is 

nely dispersed in the α–Mn 2 O 3 matrix. This observation supports 

he XRD and FT-IR results. 

.4. Scanning Electron Microscopy (SEM) and Energy Dispersive 

-ray (EDX) 

Fig. 4 (a-c) represents the SEM morphology of the 1%, 2% and 

% Cd-A-DMTO samples. The spheres/rods, spindle/spheres and 

exagonal/sphere-like particles are noticed for the 1%, 2% and 3% 

d-A-DMTO samples. Fig. 4 (d) displays the EDX spectrum of the 

% Cd- A-DMTO sample. The strong patterns of manganese (Mn) 

nd oxygen (O) and weak intensity of cadmium (Cd) are traced in 

he EDX spectrum, confirming that the Cd has been incorporated 

n the manganese oxide material. In addition, the EDX spectra of 

he prepared pure α-Mn 2 O 3 , Ni and Ag doped α-Mn 2 O 3 samples 

Fig. S5) are displayed in the supporting information. 

.5. Transmission Electron Microscopy (TEM) 

Fig. 5 (a-c) presents the TEM images of the 1-3% Cd-A- 

MTO samples. The spheres/ rods, spindle/ spheres, and hexago- 

al/ sphere-like particles are observed for the 1%, 2% and-3% Cd- 

-DMTO nanoparticles, which are similar to those, observed in the 

EM analysis, as shown in Fig. 4 (a-c). The average particle sizes 

f the 1%, 2% and 3% Cd-A-DMTO samples are measured to be 28, 

7 and 25 nm from the TEM studies, and are well matched with 

he crystallite sizes, computed by using Scherer’s formula from the 

RD data. In addition, the obvious several diffraction rings of SAED 

n the inset of Fig. 5 (a-c) point out that all the products are poly-

rystalline in nature [52] . The probable schematic formation mech- 

nism of the Cd-A-DMTO samples is displayed in Fig. 5 (d). 

Initially, the precursor material (manganese dichloride tetrahy- 

rate) and transition metal dopant (cadmium chloride) were dis- 

olved in a methanol solvent at room temperature under vigor- 

us stirring. Due to the reaction of alcoholysis, cations and anions 

ave been dissociated from manganese and cadmium salt in the 

ethanol solvent to form a sol solution. After that, ammonium hy- 

roxide, as a metal hydroxide precursor, was applied to the above- 

entioned sol-solution; the formation of a cadmium-manganese 

ydroxide gel network was caused by a condensation reaction. 
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Fig. 4. SEM pictures of (a) 1%, (b) 2%, and (c) 3% Cd-A-DMTO samples; and (d) EDX pattern of Cd-A-DMTO material. 
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urther, filtered opal gels have been dried to form a cadmium- 

anganese hydroxide intermediate product. Any residues on the 

urface of cadmium-manganese hydroxide have been removed dur- 

ng the drying process. As a result, the intermediate compound 

as converted into metal oxide nanoparticles during the calcina- 

ion process. In this way, the single crystalline cubic bixbyite pure 

hase and the Cd-A-DMTO nanoparticles were formed using a sim- 

le sol-gel technique. 

.6. Vibrating Sample Magnetometer (VSM) analysis 

Fig. 6 (a-c) reveals the room temperature magnetic measure- 

ent (magnetization-applied magnetic field (M-H) curve)) of the 

-3% Cd-A-DMTO nanoparticles. It can be observed, that in the 

amples in which doping has been increased, the magnetization 

alues decreased in the applied fields. This magnetic property of 

he α-Mn 2 O 3 nanoparticles is greatly impacted by the addition of 

 transition Cd metal ion dopant. In addition, all the doped sam- 

les displayed superparamagnetic behavior (S-shape curve). With 

he potential to produce Cd-A-DMTO with lower magnetization at 

oom temperature, it is a promising material that can be used in 

uture spintronics products. 

.7. UV-Visible Absorption spectroscopy 

The optical absorption spectra of the 1-3% Cd-A-DMTO nanopar- 

icles are depicted in Fig. 7 (a-c). In the spectra, the absorption 
5 
nsets of the samples have been shifted to the lower wavelength 

egion (from the high frequency region) with an increase in the 

oncentration of the Cd dopant. It means that the doping concen- 

ration of Cd 

2 + ion increases the energy gap of the α-Mn 2 O 3 sam- 

les. The band gap energies of the 1%, 2%, 3% concentrations of the 

d doped samples, tallied as 3.57, 3.70 and 3.85 eV from the Tauc 

lot (h υ on the x-axis vs ( αh υ) 2 on the y-axis) using optical ab-

orption spectra data, as displayed in the inset of Fig. 7 . The tallied

nergy gap values are larger than that of the bulk [5] . 

.8. Photoluminescence (PL) spectroscopy 

Fig. 8 (a-c) illustrates the PL emission spectra of the 1-3% Cd-A- 

MTO nanoparticles, taken under an excitation wavelength of 325 

m. The PL emission intensity of the α-Mn 2 O 3 nanoparticles de- 

reased on increasing the Cd dopant concentration. Specifically, the 

% Cd-A-DMTO sample shows decreased visible emission peaks, 

ore than the other two concentrations. The strong band at 450 

m may be related to the crystal defects associated with the oxy- 

en vacancies, or the Mn interstitial [53] . Generally, the photolu- 

inescent emission intensity is directly related to the photocat- 

lytic activity due to the recombination of the excited electrons 

nd holes. At a lower concentration of Cd dopant in the α-Mn 2 O 3 

ample, we found higher emission intensity which suggests an in- 

rease in the recombination rate of the electrons and holes. De- 

reased PL intensity with an increase in the Cd doped concentra- 

ion in α-Mn O could be due to the suppression in the recom- 
2 3 
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Fig. 5. TEM pictures of (a) 1%, (b) 2% and (c) 3% Cd-A-DMTO samples; (d) Schematic formation mechanism of the Cd-A-DMTO samples. 

Fig. 6. M-H plots of (a) 1%, (b) 2% and (c) 3% Cd-A-DMTO nanoparticles. 

b

w

f

e

d

A

Fig. 7. UV absorption spectra of (a) 1%, (b) 2% and (c) 3% Cd-A-DMTO samples. 
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t

r

e

ination of the electrons and hole pairs [54] as-a consequence of 

hich more number of free charge carriers participated on the sur- 

ace of α-Mn 2 O 3 to enhance better photocatalytic activity. How- 

ver, structural defects are caused and, as a result, oxygen vacancy 

efects are relatively low, compared to those of the 1% and 2% Cd- 

-DMTO. Generally, the decrease in PL emission intensity and the 
6 
ontrolled size of the particles is a significant factor in enhancing 

he photocatalytic activity of nanostructured materials [ 55 , 56 ]. As a 

esult, the 3% Cd-A-DMTO sample was tested in the photocatalytic 

xperiment and compared to the 1% Cd-A-DMTO sample. 
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Fig. 8. PL spectra of (a) 1%, (b) 2% and (c) 3% Cd-A-DMTO samples. 
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.9. Photocatalytic Activity 

The role of the Cd-A-DMTO sample as an efficient photocata- 

yst is detected using the photodegradation of the CR dye, using 

V-visible light at various irradiation time intervals. The photo- 

atalytic activity of the 3% Cd-A-DMTO sample was investigated, 

nd compared with that of the 1% Cd-A-DMTO sample as shown 

n Fig. 9 (a-b). We noticed that the absorption peak decreases with 

ontinuously illuminating UV-visible light radiation in the optical 

bsorption spectra, which suggests that the CR dye concentration 

ecreases in the presence of the Cd-A-DMTO samples. The optical 

bsorption peak intensity of the CR dye wavelength at ~495 nm 

s shown to be substantially reduced within 30 minutes of irradia- 

ion and the decoloration of the CR dye is almost completed within 

20 minutes for the 3% Cd-A-DMTO catalyst ( Fig. 9 (b)), while the 

egradation is closely lost at the end of 120 minutes for the 1% 

d-A-DMTO catalyst, as seen in Fig. 9 (a). On raising the irradia- 

ion time, the peak slowly became smoother, indicating that there 

as ample photocatalytic reaction to break the dye’s chromophore 

 57 , 58 ]. The photocatalytic activity of the 3% Cd-A-DMTO sample 

s higher than that of the 1% Cd-A-DMTO sample, indicating the 

igher efficiency of the degradation of the sample. 

At a lower doping concentration (1%), the Cd ion traps the 

hoto-induced electron and increases the recombination rate of 

he electron and hole pair in the α-Mn 2 O 3 and increases its surface 

arrier effect. As a result, the electron and hole pair separation is 

ncreased and the photocatalytic activity has decreased as a result. 

t higher concentrations, the Cd (3%) doping ions could capture 

ore photo-induced electrons and suppress the recombination rate 

f the electron and hole pair in the α-Mn 2 O 3 and reduce its sur-

ace effect barrier, thereby increasing the photo-catalytic activity 

f the Cd (3%)- α-Mn 2 O 3 sample. In addition, the photocatalytic 

egradation activity of the pure α-Mn 2 O 3 sample (Fig.S6) is shown 

n the Supporting Information. From Fig.S6, we found that the pho- 

ocatalytic degradation efficiency of the pure α-Mn 2 O 3 sample was 

5%. Fig. 9 (c) shows the decreasing concentration of the CR dye 

ersus various irradiation time intervals for the Cd - A-DMTO sam- 

les. The 3% Cd - A-DMTO sample has a small grain size and large

pecific surface area, and thus the photoactivity is higher than that 

f the 1% Cd - A-DMTO. 

Fig. 9 (d) shows the percentage degradation of the CR dye with 

d-A-DMTO catalysts. In order to compare the efficiency of the cat- 

lysts, the % degradation of CR dye was determined to be 85 and 

1% for 1% and 3% of the Cd-A-DMTO samples, respectively. The 3% 

admium dopant in the α-Mn 2 O 3 nanostructure greatly improves 

he photoactivity of the CR dye reaction, which may be due to 
7 
he increased energy transfer. This study shows that the 3% Cd- 

-DMTO loaded cat alyst was f ound to be the best. In addition, the 

rradiation time (min) with -lnC/C 0 was plotted through the linear 

t curve to analyze the rate constant of the Cd-A-DMTO catalysts 

 Fig. 9 (e)). The rate constant value was found to be 0.0155/min and 

.0207/min for 1% and 3% of the Cd-A-DMTO samples, respectively, 

sing the kinetics of photocatalytic degradation measured using 

he pseudo-first order equation below: 

ln ( C / C 0 ) = K × t (5) 

here, k- reaction rate constant, C o - initial concentration, and C- 

egradation concentration. 

Further, we observed that the R-square values are 0.983 and 

.964 for the 1% and 3% Cd-A-DMTO photocatalyst samples, respec- 

ively. Moreover, the half life time can be found as 44.70 and 33.47 

in for the 1% and 3% of the Cd-A-DMTO photocatalyst sample 

sing the relationship between the rate constant (K) and half life 

ime (t 1/2 ) formula below: 

 1 / 2 = 0 . 693 /K (6) 

he entire photocatalytic process of the organic dye degradation is 

urnished as follows: 

-DMTO : Cd 

h ν>h νo −−−−→ e −| at CB + h 

+ | at VB (7) 

 

+ | at VB + H 2 O → •OH + H 

+ (8) 

 

+ | at VB + O H 

− → •OH (9) 

 

−| at CB + O 2 → •O 

−
2 

H 2 O −−→ •OOH + O H 

−, (10) 

 

−| at CB + •OOH → H 2 O 2 + O H 

− (11) 

OOH + •OOH → H 2 O 2 + O H 

− (12) 

 

−| at CB + H 2 O 2 → •OH + O H 

− (13) 

O 

−
2 + H 2 O 2 → •OH + O H 

− + O 2 (14) 

OH + organic dye 
( via organic intermediates ) −−−−−−−−−−−−−−−→ C O 2 + H 2 O 

+ inorganic nontoxic products (15) 

O 

−
2 + organic dye 

( via organic intermediates ) −−−−−−−−−−−−−−−→ C O 2 

+ H 2 O + inorganic nontoxic products (16) 

The incident photons, having an energy (h ν) greater than the 

hreshold (h νo ), produce electron-hole pairs on the Cd-A-DMTO 

anoparticle surface ( Eq. 7 ); a significant fact of this is that part

f the photocatalytic process is due to the suppression of the e −–

 

+ recombination by the charge trapping of the defect levels pro- 

uced by Cd doping. Depending on the exact conditions, the holes 

t the valence band (VB), and the electrons at the conduction band 

CB) react with water and the adsorbed oxygen to create hydroxyl 

adicals ( •OH) and superoxide anion radicals (O 2 •
–), respectively, 

y certain other products such as OH 

−, •OOH, H 2 O 2 , and O 2 ( Eq. 9

nd 10). Finally, these radicals with a high redox oxidizing ability 

ecompose the CR dye into CO 2 , H 2 O, and other inorganic non- 

oxic products ( Eq. 16 ). The cyclic stability test results of the 3% 

d-A-DMTO/CR dye sample (Fig. S7) can be found in the Support- 

ng Information. 
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Fig. 9. UV-visible spectra of photodegradation of (a) 1%Cd-A-DMTO and (b) 3% Cd-A-DMTO, (c) Time course of CR dye concentration during photodegradation (d) Degradation 

percentages of CR dye and (e) ln (C/C 0 ) versus irradiation time using Cd-A-DMTO catalysts. 
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.10. Antibacterial Activity 

Fig. 10 (A) displays the antibacterial activity histogram of the Cd- 

-DMTO nanoparticles against select bacterial pathogens such as S. 

ureus, E.coli, B.subtilis, P. aeruginosa and P.mirablis with the agar- 
8 
ell diffusion technique. Tetracycline (S) is used as a positive stan- 

ard and DMSO (C) is used as a negative control in the experiment 

 Fig. 10 (B)). Among the different bacterial strains, negative strains 

uch as E. coli and P. aeruginosa showed a better inhibition region. 

nother gram-negative strain of Proteus mirabilis showed a lower 
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Fig. 10. (A) Antibacterial activities of 3% Cd-A-DMTO sample. 
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nhibitory effect. Gram-positive strains are more active and have a 

ower inhibition region. As a result, we may conclude that the sam- 

les were more successful against gram-negative strains and could 

e candidates for such infections. The inhibition zone radius values 

re measured in mm of the selected bacterial pathogens as shown 

n Table S3 (Supporting Information). The inhibition zone radius 

f the 100 μg/mL concentration samples showed 4, 9, 8, 10 and 6 

m for S. aureus, E.coli, B.subtilis, P. aeruginosa and P.mirabilis, re- 

pectively. The findings of antibacterial activity indicate that Cd-A- 

MTO nanoparticles acted as excellent antibacterial agents against 
ig. 10. (B) Antimicrobial efficacy of the Cd-A-DMTO nanoparticles against bacterial path

arious sample concentrations viz. 50, 57 and 100 μL. 

9 
oth gram-positive and gram-negative bacteria [6] . In addition, the 

ntibacterial activity of the pure α-Mn 2 O 3 sample (Fig.S8) is ex- 

lained in the Supporting Information. 

The possible mechanism for the antibacterial activity may be 

anostructures in which cadmium doped dimanagnese trioxide 

from the samples), leaches out and attaches to the cell walls of 

he bacteria, disrupts the transport of oxygen and affects the active 

ransport of cell membranes resulting in reduced oxidative stress 

n the bacterial cell. This process contributes to the interruption 

f enzymatic activity, the transcription of nucleic acids and the 

essation of protein synthesis in bacteria leading to their death. 

t is clear from the findings that Cd-A-DMTO contributes to cell 

eath after a wide distribution of the bacteria [ 59 , 60 ]. Hence, Cd-

-DMTO material can be used as an efficient growth inhibitor in 

arious microorganisms, making it ideal for drug delivery applica- 

ions. 

. Conclusions 

In this work, Cd-A-DMTO nanoparticles are produced through 

he sol-gel route. The structural (XRD and Raman) studies, re- 

ealed the cubic bixbyite phase of Cd-A-DMTO. The chemical 

ond (Mn-O) and functional groups of the dried samples could be 

een in the FT-IR spectra. The spheres/rods, spindle/spheres and 

exagonal/sphere-like particles of the 1-3% Cd-A-DMTO nanostruc- 

ures are observed in the SEM and TEM studies. The magnetiza- 

ion values decreased on increasing the Cd dopant concentration 

n the α-Mn 2 O 3 nanoparticles having a superparamagnetic nature. 

his has been observed in the M-H curve. The optical band gap 

nergy values are computed using the Tauc plot and the results 
ogens (a) S. aureus , (b) E.coli , (c) B.subtilis , (d) P. aeruginosa and (e) P.mirablis with 
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ave shown that the optical bad gap increases with the concentra- 

ion of Cd doping. The PL emission characteristics of Cd-A-DMTO 

howed the dependence of the luminescent intensity on the dop- 

ng concentration. Based on the above characterization, it can be 

een that decreasing particle sizes and magnetization, increasing 

ptical band gaps, and tuning of the surface morphology result on 

ncreasing the concentration of the Cd dopant in the case of α- 

n 2 O 3 . The photocatalytic and antibacterial activities of the Cd-A- 

MTO nanoparticles have been discussed in detail. 
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