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Synthesis, Characterization, and Photocatalytic Properties of Flower-like Mn-doped Ceria
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Mn-doped CeO2 flower-like microstructures have been synthesized by a facile one-step composite-
hydroxide-mediated method. The structure, morphology, optical and the surface properties of Mn 
doped CeO2 have been investigated by X-ray diffraction (XRD), field-emission scanning electron 
microscopy (FESEM), UV-Vis absorption spectroscopy and X-ray photoelectron spectroscopy (XPS). 
The XRD results confirmed the successful incorporation of Mn into the CeO2 lattice through the 
formation of face-centered cubic solid solution. The photocatalytic activities of the catalysts were 
evaluated by measuring the photodegradation efficiency of Rhodamine B (RhB) under ultraviolet light 
irradiation. With an optimal molar ratio of 1% in Mn/CeO2 the highest rate photodegradation was 
achieved under the experimental conditions. The enhanced photocatalytic activity can be attributed 
to the incorporation of multivalent Mn in CeO2 promoted the separation of photogenerated charges, 
inhibited the recombination of photogenerated carriers, and thus prolonged the charges lifetime to 
participate in the photocatalytic reaction. 
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1. Introduction

 Semiconductor-based photocatalysis has emerged as 
one of the most attractive techniques to convert sunlight 
into chemical energy so as to remove organic pollutants 
from wastewater for environmental remediation. Among 
various semiconductor materials, as a high-efficiency, 
nontoxicity, abundant, photochemical stability and low-cost 
promising photocatalyst, CeO2 has been an extensively 
investigated material for environmental pollution removal 
and photocatalytic hydrogen evolution1-3. Nevertheless, some 
drawbacks limit its practical application in the photocatalyst 
region, including rapid recombination rate of photogenerated 
electron-hole pairs, low quantum yield in the reactions, 
and very poor response to visible light. Therefore, from 
the viewpoint of photochemistry, numerous methods for 
suppression of these drawbacks have been attempted to 
improve CeO2-based photocatalytic activities. To the best of 
our knowledge, one of approaches is to develop CeO2 based 
heterostructure semiconductor systems, such as TiO2@Pt@
CeO2

4, Au/CeO2
5,6, CdS/CeO2

7, SrTiO3/CeO2
8, Bi2O3/CeO2

9, 
TiO2/CeO2

10,11 and Cu2O/CeO2
12. On the other hand, there 

have been modifications of CeO2 by doping non-metallic 
species13,14 and crystal facet engineering15,16. For instance, Zhu 
et al.13 reported the synthesis of N-doped CeO2 nanoparticles 
with controllable doping levels at the nanoscale through a 
reliable wet chemical approach, showing enhanced visible-
light sensitivity and photocatalytic activity. Fuertes et al.14 
have doped nitrogen into ceria powder by sintering CeO2 

in NH3 flow at very high temperature. Recent reports have 
shown that CeO2 nanostructures with highly active exposed 
crystal planes such as {100} and {110} can significantly 
enhance their catalytic activity15. Meanwhile, the selective 
metal doping of CeO2 to improve its performance started 
to appear in the literature. Recently, the metal doping of 
CeO2 has also been examined in solar cell devices17, but the 
corresponding photocatalytic investigations are relatively few.

It has been reported that doping with multivalent 
transition-metal (TM) cations was considered an effective 
method to inhibit the recombination of photogenerated 
carriers in semiconductors18. Theoretical investigation showed 
that among the 3d metals, Mn has the greatest potential in 
permitting significant optical absorption in the visible or 
even the infrared solar light, through the combined effects 
of narrowed band gap and the introduction of intermediate 
bands within the forbidden gap19,20. Recently, there have been 
many reports on Mn-doped oxide photo-activity under UV 
and visible light, such as Mn-ZnO21-24, Mn-TiO2

25,26, where 
Mn exists in the bivalence oxidation state.

Inspired by above-mentioned investigations, flower-like 
Mn-doped CeO2 photocatalyst was obtained via a simple one-
step composite-hydroxide-mediated method. In addition, we 
demonstrated the enhanced photocatalytic performance of the 
Mn doped CeO2 flower-like nanostructures by degradation 
of Rhodamine B (RhB) solutions, and further investigated 
the impact of Mn doping concentrations of doped CeO2 on 
the resulting photocatalytic activities under ultraviolet light.
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2. Experimental

2.1 Material preparation

Pure and flower-like Mn-doped CeO2 nanostructure were 
obtained by a simple one-step composite-hydroxide-mediated 
method according to our group previously report with tiny 
modification27. In a typical preparation process, (1) a total 
of 20 g of KOH and KI was mixed at a ratio of 70.6:29.4 
and placed in a 25mL Teflon vessel. (2) Different molar ratio 
of MnSO4·H2O and CeO2 was used as the raw material for 
reaction, and was placed on the top of the hydroxide in the 
vessel. (3) The Teflon vessel was put into a furnace preheated 
to 235 oC. (4) After the hydroxide was totally molten (30 
min later), the molten reactants were mixed uniformly by 
shaking the covered vessel. (5) 24 hours later, the vessel 
was taken out and cooled to room temperature naturally. 
The as-prepared samples were removed from the solution, 
rinsed thoroughly several times with deionized water and 
ethanol to remove residual salts, and subsequently dried for 
12h at vacuum circumstance. The as-prepared samples in 
the subsequent discussion in this paper are denoted as x% 
Mn/CeO2, where x% refers to the Mn/(Mn+Ce) molar ratio.

2.2 Catalyst characterization

The crystal structure of the resultant products was 
characterized by X-ray powder diffraction (XRD) by using 
a Bruker AXS D8 advance powder diffractometer with Cu 
Kα radiation (λ = 0.154056 nm). Field-emission scanning 
electron microscope (FESEM, S-4800) was employed to 
characterize the morphologies and size of the synthesized 
Mn doped CeO2 samples. UV-vis diffuse reflectance spectra 
were obtained for the dry-pressed disk samples by using a 
Shimadzu UV 2550 recording spectrophotometer, which 
was equipped with an integrating sphere, and BaSO4 was 
used as a reference. X-ray photoelectron spectroscopy 
(XPS) measurements were performed on a Thermo Fisher 
Scientific Escalab 250 spectrometer with monochromatized 
Al Kα excitation, and C1s (284.6 eV) was used to calibrate 
the peak positions of the elements. The Raman-scattering 
experiments were carried out using NEXUS 670 Raman 
spectrometer at room temperature. The 473 nm line of the 
solid-state laser was used for excitation.

2.3 Catalyst activity

The photocatalytic performance of the as-prepared samples 
was characterized by decomposing RhB under ultraviolet 
light irradiation at room temperature. The photocatalytic 
experiments were carried out by adding 100 mg photocatalysts 
into 300 mL of 10 mg L-1 RhB solution in the vessel. A 300 
W Hg arc lamp (XPA-1, Nanjing XuJiang Electromechanical 
Plant) was used as the light source. Prior to the irradiation, 
the suspensions were magnetically stirred in the dark for 
30 min to establish the adsorption/desorption equilibrium. 

After different irradiation time, the concentration of the 
RhB solution was measured on a UV-Vis spectrophotometer 
(Hitachi UV-3100).

3. Results and Discussion

The X-ray diffraction (XRD) patterns of MnxCe1-xO2 
photocatalysts are shown in Figure 1 along with pure CeO2. 
The diffraction peaks of pure CeO2 can be indexed to the 
fluorite cubic phase of CeO2 (JCPDF card: 65-2975) with 
lattice constant a =0.5411 nm. The diffraction pattern of 
MnxCe1-xO2 photocatalysts was similar to that of pure CeO2. 
The XRD pattern does not show any impurity/additional 
peaks for any Mn doping concentration. This clearly 
confirms that the Mn ions occupy positions within the 
fluorite-lattice. Furthermore, the extended X-ray diffraction 
pattern of MnxCe1-xO2 photocatalysts reveals a slight shift 
in the peak positions towards larger angles with increasing 
Mn-concentration, which may be due to the lattice reduction 
of CeO2 upon Mn ions doping. Because the ionic radius 
of Mnn+ (Mn4+=0.53 Å, Mn3+=0.645 Å, Mn2+=0.83 Å) is 
smaller than that of Ce4+ (1.01 Å), when Mnn+ embedded in 
CeO2 lattice and takes the place of Ce4+, the contraction and 
distortion of the ceria lattice occur, leading to the decrease 
of the cell parameter28. In present study, the existence of the 
Mnn+ oxidation state in MnxCe1-xO2 photocatalysts will be 
discussed in the later section.

Figure 2 shows the morphology and size of the source 
material CeO2 (a) and the flower-like 1% Mn-doped CeO2 
sample (b) obtained by typical field-emission scanning 
electron microscope (FESEM). The anomalous particles 
morphology of the source material CeO2 can be seen with 
the diameter ranging from 2-8 µm (Figure 2 a). From the 
high-magnification SEM images shown in Figure 2 b, it can 
be seen that the flower-like micro-/nano-architectures are 

Figure 1. XRD patterns of Mn-doped CeO2 from different mole 
concentrations of Mn source
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Figure 3 b. The evaluated band gap values for the pure and 
the 1% Mn-doped CeO2 sample were observed to be 3.05 
eV and 2.88 eV, respectively. It could be seen that the band 
gap value slightly decreased when the dopant concentration 
of Mn was increased.

Raman scatting is an effective tool for the investigation of 
the effects of doping on nanomaterials, as the incorporation 
of dopants leads to shifts of the lattice Raman vibrational 
peak positions. Figure 4 displays the Raman spectra of pure 
CeO2 as well as Mn-doped CeO2 samples with different Mn 
contents. For the pure CeO2 sample, a strong peak at 461 cm-1 
can be assigned to the F2g Raman active mode of the cubic 
fluorite structure of CeO2, which is due to the symmetric 
breathing mode of the oxygen atoms around cerium ions. 
Compared to the pure CeO2, the peak intensity decreased 
greatly and became broader and red-shifted for the Mn-
doped CeO2 samples. The red-shift could be attributed to 
the changes in lattice parameter with crystallite size, as it 

built from dozens of flake-like nanopetals with the average 
diameter of 1-4 µm.

The effect of Mn substitution on cubic fluorite structure 
of CeO2 lattice is further confirmed using UV-visible optical 
spectroscopy measured in the range of 200-800 nm. Figure 3a 
shows the room-temperature optical absorption spectra of 
undoped and flower-like Mn-doped CeO2 photocatalyst. 
The absorbance spectra for 1 % Mn-doped CeO2 sample 
was found to increase when compared to the undoped CeO2 
sample. However, the absorbance intensity for the 3 and 
5% Mn-doped CeO2 sample were found to decrease when 
compared to the undoped CeO2 sample. This may be due 
to the electron-electron, electron-donor atom and electron-
hole interactions which increase drastically as doping is 
increased beyond a critical limit29,30. These interactions 
dominate the electron-photon interactions. A plot of 
variation of (αhν)2versus hν , which is obtained according 
to the Kubelka-Munk function transformation, is shown in 

Figure 2. FESEM images of (a) pure CeO2 raw materials; (b) 1% Mn/CeO2 sample

Figure 3. (a) UV-Vis absorption spectra of Mn/CeO2 with varying Mn/Ce molar ratio; (b) Plot of (αhν)2 versus photon energy of pure 
and Mn-doped CeO2 samples
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Figure 4. Raman spectra of Mn/CeO2 with varying Mn/Ce molar ratio

Mn3+ ion couple in the Mn-doped CeO2 samples. Here, the 
Mn2P3/2 peak is deconvoluted with the Gaussian-Lorenz model 
functions, and two peaks at 641.2 eV and 642.3 eV can be 
assigned to the Mn2+ and Mn3+ ions, respectively, according 
to the standard binding energy and previous literature.3 This 
results suggest the coexistence of Mn2+ and Mn3+ ions on the 
surface of samples. In addition, we can observe that the XPS 
peaks show some noise, implying that the content of Mn 
ions at the surface of the sample is low and Mn ions have 
been doped into the interior of the nanostructure.

The effective incorporation of Mn2+ ions into CeO2 
crystalline lattices can greatly enhance the light photocatalytic 
performance. The UV-vis spectral changes of RhB solution 
over 1% Mn doped CeO2 samples during the photodegradation 
are shown in Figure 6a, clearly show that the characteristic 
absorption peaks corresponding to RhB decrease rapidly as 
the exposure time increases, indicating the decomposition of 
RhB and the significant reduction in the RhB concentration. 
Figure 6 b shows the results of RhB photodegradation over Mn 
doped CeO2 samples with different Mn doping concentrations. 
After 210 min of irradiation, the photodegradation efficiencies 
of RhB were about 65, 40 and 30% for 1, 3 and 5% Mn 
doped CeO2 samples, respectively. It was evident that 1% 
Mn doped CeO2 samples exhibited excellent photocatalytic 
activities for the RhB degradation. However, the photocatalytic 
performance of Mn doped CeO2 samples decreased with the 
increase of Mn doped amount. The results show that there 
was an optimal Mn doping concentration in CeO2 samples for 
the ultraviolet light photocatalysis (1% Mn dopant). When 
the Mn doping concentration was further increased, the Mn 
dopant sites could be also act as efficient recombination 
centers with increased recombination rate due to the reduced 
average distance between trapped carriers34. The excess Mn 
dopant sites could greatly decrease the number of charge 
carriers and deteriorate the photocatalytic performance of 
doped CeO2 samples, as identified from Figure 6b.

was previously explained by phonon confinement model31,32. 
Another reason of shifting and broadening may be the 
increase in oxygen vacancies, which is related to structural 
defects derived from partially incorporation of manganese 
into CeO2 lattice. In the Mn-doped CeO2 samples, the extra 
oxygen vacancies were generated by the incorporation of 
Mn ion into the ceria fluorite lattice to compensate for the 
valence mismatch between the Mnn+ and Ce4+ ions.

The chemical states of the Mn doping in the as-prepared 
samples were then investigated by XPS, as presented in 
Figure 5a, the XPS survey spectra indicated that the as-
prepared Mn doped CeO2 nanoflowers were composed of 
Ce, O and Mn elements. Figure 5b shows the XPS spectra of 
the Mn 2p region. The double peaks with binding energies of 
ca. 641.0 eV and 653.1 eV correspond to the characteristic 
of Mn 2p3/2 and Mn 2p1/2 signals, respectively. Since XPS 
signals for Mn2+ and Mn3+ are very close to each other ～641.0 
eV for the BE of Mn 2p3/2,

33 thus the coexistence of Mn2+/

Figure 5. XPS spectra (a) survey spectrum and (b) Mn 2p for 3%Mn/CeO2 sample
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4. Conclusions

In summary, we have synthesized a series of Mn/CeO2 
photocatalysts by a facile one-step composite-hydroxide-
mediated approach. This work focuses on understanding of 
the effects of the Mn addition in Mn-doped CeO2 nanoflowers. 
Noticeably, there was an optimal Mn doping concentration 
in CeO2 samples for the ultraviolet light photocatalysis. 
Experiments showed that 1% Mn-doped CeO2 had higher 
photocatalytic capability compared with that of the pure CeO2 
or 3% and 5% Mn ion-doping catalyst. The enhancement 
in redox efficiency of CeO2 samples upon Mn doping may 
be due to the increase in charge transport rate.
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