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Abstract: The influence of manganese modification on the spectroscopic features of manganese-

doped CeO2 systems synthesized by the microwave-assisted hydrothermal route and their correlation 

with the presence of O-defective structures was verified, focusing on their interaction with poisonous 

atmospheres. Raman and electron paramagnetic resonance studies confirmed the presence of 

defective clusters formed by dipoles/quadrupoles. The number of paramagnetic species was found to 

be inversely proportional to the doping concentration, resulting in an increase in the Mn2+ signal, 

likely due to the reduction of Mn3+ species after interaction with CO. X-ray photoelectron 

spectroscopy data showed the pure system with 33% of its cerium species in the Ce3+ configuration, 

with an abrupt decrease to 19%, after the first modification with Mn, suggesting that 14% of the Ce3+ 

species are donating one electron to the Mn2+ ions, thus becoming non-paramagnetic Ce4+ species. 

On the other hand, 58% of the manganese species remain in the Mn2+ configuration with five unpaired 

electrons, corroborating the paramagnetic feature of the samples seen in the EPR section. 

 

Keywords: Mn doping, CeO2, paramagnetism, oxygen vacancies. 

1) Introduction 



2 

 

 The cerium electron configuration (Xe) 6s2 4f2 5d0 generates two stable valence states, Ce3+ 

and Ce4+, owing to the exchange interaction phenomenon, experimentally proven by magnetic and 

Mössbauer studies [1], in which the individual magnetic moments of dipoles attempt to align 

themselves with all other magnetic moments within the material. It is worth mentioning that because 

of the Hund’s rule and the exchange interaction energy, the element cerium exhibits an unpaired 

electron in the 4f orbital, giving rise to its paramagnetic feature, which is unaffected by pressures up 

50GPa, as reported by Lipp, M. J. et al. [2]. This exchange interaction takes into account conduction-

electron spin polarization effects and charge fluctuation contributions, which are fundamental for 

systems where the localized levels approach the Fermi energy [3]. Additionally, it was shown that 

ceria-based magnetic susceptibilities also depend on crystal field effects [4]. 

 Cerium dioxide (CeO2), or ceria, is one of the most studied Ce-based oxides in the literature, 

being widely applied as a catalyst, gas sensor, optical material, biomaterial, etc. [5]. The structure of 

CeO2 can spontaneously promote the appearance of defects such as isolated cationic O-vacancies and 

vacancy complexes [CeO7.Vo
i] (where i can be 0, +1 or +2, represented in the Kröger–Vink notation 

as [CeO7.Vo
x], [CeO7.Vo

⦁], and [CeO7.Vo
⦁⦁], respectively) – also known as vacancy clusters. These 

agglomerates are intricately linked to the properties of CeO2 and consequently its performance in a 

given application. Particularly, in addition to its charge, the [CeO7.Vo
⦁] cluster has magnetic 

properties and, according to the literature, is formed preferentially [6–8].  Besides, the ability to 

release or absorb oxygen during the redox process, known as oxygen storage capacity (OSC), allows 

its use as both an active catalyst in a wide variety of catalytic reactions [9–11] and an essential 

component for the development of gas sensors aimed at environmental air monitoring. In this context, 

the search and development of new materials and technologies for this field of application arise from 

the growing need for efficient and environmental-friendly energy sources, not to mention the strict 

control of the atmospheric air quality in industries and household appliances [12, 13]. 

  One way to control and modulate defects, especially vacancy clusters, is through the 

substitution or doping of transition metals in the CeO2 structure. This can lead to the formation of 

defects in the forbidden region of the band gap of CeO2, causing the promotion of electrons to the 4f 

states of Ce, which are responsible for determining the properties of this semiconductor [14, 15]. The 

introduction of elements with different oxidation states or ionic radius into the CeO2 sub-lattice, e.g., 

Ca2+, Mg2+ and Gd3+, has already proved to be effective in increasing the properties of this 

semiconductor  [16–18]. Due to its electronic properties, manganese (Mn) is a dopant that has been 

extensively used to change the properties of semiconductors, in particular their electronic, optical, 

and structural properties [19]. Mn can exhibit multivalent oxidation states when MnOy-CeOx solid 

solutions are formed. In addition to Mn2+, both Mn3+ and Mn4+ ions can also enter the CeOx structure 

according to several reports [20–24]. 
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 Bearing this in mind, in this work we sought to promote the creation of defective clusters in 

the material lattice by doping it with Mn, reinforcing the n-type behavior as a consequence of the 

creation of O-vacancies and vacancy complexes. For this purpose, we synthesized pure and Mn-doped 

CeO2 systems (4, 8, and 12 wt% Mn) by the microwave-assisted hydrothermal (MAH) route followed 

by calcination at 500 °C. The applied characterizations by X-ray diffraction (XRD), Raman 

spectroscopy, field emission gun scanning electron microscopy (FE-SEM), transmission electron 

microscopy (TEM), electron paramagnetic resonance spectroscopy (EPR), and X-ray photoelectron 

spectroscopy (XPS) were used to investigate the influence of Mn modification on the presence of 

defective structures, which were specifically examined and correlated with the multifunctionality of 

this element, with a particular interest in the detection of CO atmospheres. 

 

 2) Experimental procedures  

 Pure and Mn-doped CeO2 (Ce1-(1/2)xMnxO2 for x = 0, 4, 8, and 12 wt% Mn) particles were 

prepared using the microwave-assisted hydrothermal (MAH) route. First, Cerium nitrate hexahydrate 

(Ce(NO3)3.6H2O, NEON, 99%) and Manganese nitrate tetrahydrate (Mn(NO3)2.4H2O, CRQ, 

analytical grade) salts were dissolved in distilled water under stirring and heating at 60 °C. 

Subsequently, the nitrate solution was poured into the cerium solution followed by a pH adjustment 

to 10. The solution was kept under stirring for 40 min for complete homogenization, and then 

transferred to a Teflon® vessel and inserted into the microwave equipment (2.45 GHz, 800 W). The 

obtained solutions were irradiated up to 100 °C at a heating rate of 10 °C/min and kept at this 

temperature for 8 min. Afterwards, the solutions were cooled down to room temperature and 

centrifuged at 2000 rpm for 45 min three times followed by a drying process in a laboratory oven at 

100 °C for 48 h. Post-synthesis calcination of the powders was carried out in atmospheric air at 500 °C 

for 2 h at a heating rate of 10 °C/min.  

 XRD analysis was performed using a D/Max-2500PC diffractometer (Rigaku, Japan) with Cu 

Kα radiation (λ = 1.5406 Å). Raman spectroscopy was carried out on an iHR550 spectrometer (Horiba 

Jobin-Yvon, Japan) with a charge-coupled device detector and an Argon-ion laser (MellesGriot, USA) 

operating at 633 nm and a power of 200 mW. The morphologies and textures of the samples were 

observed using a Supra 35VP field emission scanning electron microscope operating at 10 kV (Carl 

Zeiss, Germany), as well as with high-resolution transmission electron microscopy (HR-TEM) using 

an FEI Tecnai G2-20 (200kV). Electron paramagnetic resonance (EPR) experiments were carried out 

at room temperature before and after CO(g) exposure (800 ppm at a pressure of 760 mmHg for 24 h) 

on an ELEXSYS E500T spectrometer (Bruker, Germany) provided with an ER 4102ST rectangular 

resonator operating in the TE102 mode at a frequency of 9.8 GHz (X-band). The following data 

acquisition parameters were used for the measurements: a modulation frequency of 100.00 KHz, a 

https://neoncomercial.com.br/
https://crqquimica.com.br/
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modulation amplitude of 0.10 mT, a microwave power of 3.22 mW, a central field of 344.5 mT, a 

sweep width of 125 mT, and a time constant of 20.48 ms. A total of 1024 data points were collected 

per scan, and the resulting spectra were the average of 20 scans. For quantitative analyses, the total 

signal intensity was determined by calculating the area below the curve corresponding to the 1st 

integral of the EPR spectrum. The measured intensities were standardized according to the mass of 

the samples. The simulation of the EPR spectra was carried out using WinSim 2002 software (NIEHS, 

U.S.A.).  X-ray photoelectron spectroscopy (XPS) was performed on an ESCA PHI 548 spectrometer 

with Mg Kα non-monochromatic radiation at 250 W and 20 mA. The resolution spectra were taken 

at a pass energy of 50 eV and a base pressure higher than 5 x 10-10 Torr. An electron flood gun was 

used for charge compensation, and the energy scale was calibrated based on the high binding energy 

side peak of the ceria 3d region at 916.7 V. The signal deconvolution was made using Shirley-type 

background subtraction and an asymmetric sum of Gaussian–Lorentzian functions. The obtained 

binding energies were determined with an absolute resolution of 0.5 eV. Since Ce is the dominant 

element, all spectra were normalized by the maximum intensity of the peak centered at 916.7 eV after 

background subtraction, favoring comparisons between them. 

 

 3) Results and discussion 

 XRD analyses were performed to verify the order/disorder parameters along the range and 

analyze the phase and purity of the synthesized samples. Figure 1A shows the diffractograms 

obtained for pure and Mn-doped CeO2 samples. All samples were identified as CeO2 with fluorite-

type cubic phase and space group Fm-3m, according to the Inorganic Crystal Structure Database 

(ICSD), pattern #24887. No secondary phases can be observed, evidencing the high purity of the 

samples obtained. A more detailed analysis of the most intense diffraction peak in the (111) direction 

is depicted in Figure 1B. As verified, the addition of Mn2+ to the structure results in a broadening, 

demonstrating that doping with Mn2+ increases the degree of long-distance disorder of the CeO2 

structure. In order to corroborate this result, the full width at half maximum (FWHM) of this peak 

was calculated, ranging from 0.45° for the pure CeO2 sample to 0.65°, 0.66° and 0.74° for the samples 

CeO2:4Mn, CeO2:8Mn and CeO2:12Mn, respectively. From these values, we estimated the average 

crystallite sizes (d) using the Debye-Scherrer method. The d values were of 19.0nm, 13.2nm, 13.0nm, 

and 11.6nm, from the pure to the highest doping sample.  

 The CeO2 structure is theoretically formed by slightly distorted cubic [CeO8] clusters, with 

each vertex containing one O atom (Figure 1C). Such changes can be explained by the distorted 

octahedral [MnO6] clusters that may be created within the CeO2 structure, which alter the periodicity 

of the crystalline system. 
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Figure 1 – A) XRD spectra for the pure and Mn-doped samples; (B) detailed analysis of the (111) 

plane; (C) crystalline structure of CeO2; (D) Raman spectroscopy; (E-H) FEG-SEM of the pure and 

doped powders after calcination at 500°C; (I-L) TEM images of the pure and doped samples. 

 

 Raman spectroscopy was used to evaluate the short-range order symmetry of the samples and 

corroborate the formation of defective clusters and structural defects. The results for the pure and 

Mn-doped samples are shown in Figure 1D. A clear peak around 450 cm-1 can be observed in all 

samples, depicting the primary F2g mode, which is associated with the symmetrical 

stretching/breathing mode of O atoms around Ce cations [25]. As it can be seen, the pure CeO2 

samples have higher intensity in this mode, and the lack of any other mode indicates a highly 

symmetric system in both short- and long-range orders. This mode is very sensitive to any disturbance 

of the oxygen sublattice [26], verified by the clear reduction of its intensity when the system started 

to be doped [27].  

 This reduction can be linked to the formation of Mn [MnO6] clusters, which replace the ceria 

[CeO8] ones. These clusters have a lower electron density, owing to the presence of oxygen vacancies 

and their consequent non-resonant scattering of tunneling electrons [28]. Moreover, an increase in the 

number of electrons in the excited state is expected due to the Ce 4f1, leading to variations in the 
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electrical properties of the semiconductor resulting from the hopping of electrons [28], in addition to 

their fundamental role in the interaction with adsorbed oxygen and water molecules located on the 

crystal surface [29, 30]. 

 The crystallite sizes of the CeO2 samples can be estimated from the Raman line broadening 

(FWHM) with the simple equation reported by Phokha et al. [31] and Kosacki, I. et al. [32], based on 

the study by Weber, Hass, and McBride [33], using a Lorentzian line-shape for the FWHM estimate. 

Worth mentioning that this approach can be generalized for quantitative nanoscale Raman 

spectroscopy [34]. According to the results, the FWHM value increases as the amount of Mn also 

increases in the CeO2 crystalline lattice (19.2, 25.5, 25.7, and 35.5 cm-1 for CeO2, CeO2:4Mn, 

CeO2:8Mn and, CeO2:12Mn, respectively). This increase can be interpreted as a significant 

enhancement of phonon-phonon scattering [35], which could be indicative of the creation of local 

distortions such as oxygen vacancies and their complexes. The crystallite sizes estimation was found 

to be 13.6, 8.0, 7.9, and 4.9 nm from the lowest to the highest Mn content. Worth mentioning that 

these values are close to the ones obtained from the XRD measurements, following the same general 

downtrend by increasing the Mn doping.  

 At this point, worth mentioning that Scherrer derived his equation for the ideal condition of a 

perfectly parallel, infinitely narrow, and monochromatic X-ray beam incident on a monodisperse 

powder of cube-shaped crystallites. Besides, It is important to note that Scherrer's equation can only 

be applied for average sizes up to about 100–200nm (depending on the instrument, sample, and 

signal-to-noise ratio) because diffraction-peak broadening decreases with increasing crystallite size 

and it becomes difficult to separate the peak broadening due to crystallite size from the broadening 

due to other factors [36]. Therefore, the slight differences between the two methods can be ascribed 

to the use of Lorentzian and Gaussian line shapes for the FWHM estimation as well as to the distinct 

proportionality constants that can be used [33]. 

 Indeed, according to Yang and Zhang [37] the increase in the FWHM of the F2g mode as a 

function of Mn2+ is due to the higher number of oxygen vacancies in the CeO2. In this sense, 

Conceição et al. [38] observed a gradual increase in defects concentration by increasing the Gd 

content in ceria, with the charge balance being kept through the formation of oxygen vacancies with 

distinct charges depending on the amount of Gd.  

 As observed in the FE-SEM images (Figures 1E-H) of the pure and Mn-doped CeO2 samples, 

there is no well-defined morphology, even after calcination at 500 ºC. The average size of the particles 

was calculated to be 30-40 nm, with a high degree of agglomeration, likely due to electrostatics and 

Van der Waals forces [39]. Indeed, from the HR-TEM observations (Figures 1I-L), the particles 

showed average sizes close to 20nm, which corroborates their agglomeration and the formation of 

clusters seen in the FEG-SEM images up to 40nm. Zhou, Y. et al. [40] were able to obtain CeO2 
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nanoparticles (NPs) with cubic morphologies by the hydrothermal method using Na3PO4.12H2O as a 

surfactant, but at a synthesis temperature of 200 °C and a synthesis time of 20 h after calcination at 

500 °C for 4 h. In this sense, the microwave-assisted hydrothermal route was found to be more 

advantageous for the preparation of ceria-based NPs because of the reduced costs for the synthesis 

procedure. Based on the analysis by Chen and Chen [41], Mn doping tends to enhance grain boundary 

mobility due to the large distortion of the surrounding lattice, facilitating defect migration from the 

matrix (i.e., CeO2), an ionic radius value that is much smaller than that of Ce4+, and the relaxation of 

strain induced by the substitution of Ce4+ with ions of smaller radius [42]. Therefore, the nanometric 

behavior of the particles can be perceived with an overall reduction of their sizes with increasing the 

Mn content, which in turn inhibits grain growth due to the reduced number of effective shocks by the 

action of [MnO4] clusters with lower electron density. On the other hand, the replacement of [CeO6] 

by [MnO6] clusters increase the concentration of oxygen vacancies, inducing relaxation in the 

crystalline lattice. 

  Figure 2 shows the EPR spectroscopy images for the samples before and after treatment with 

CO (Figure 2). This treatment was performed to analyze the potential of the samples to oxidize CO 

through a saturation of the material with CO in an atmosphere containing 760mmHg of 800 ppm of 

CO for 24 h at 400 °C (which is the temperature that guarantees an oxidation reaction without 

affecting the crystalline structure of CeO2) [43]. The Mn-doped samples before CO treatment (Figure 

2A) exhibit intense signals, which can be described as the convolution of two overlapping sextets and 

a broad Lorentzian curve. Both sextets, with g values of 1.999 and 1.998 and average hyperfine 

coupling constants A of 103.8 and 100.0 G, respectively, can be ascribed to the characteristic | - 1/2, 

mI>↔ | + 1/2, mI> transitions of Mn2+ centers [44]. As it can be seen, the integrated intensity of the 

total spectrum increases as a function of the amount of Mn, but not linearly. Although the Mn2+, Mn3+, 

and Mn4+ ions can enter the CeO2 crystalline lattice [45], the Mn3+ ions exhibit a large zero-field 

splitting, therefore being EPR-silent at conventional X-band frequencies [46, 47]. A sextet with an 

EPR signal similar to that of Mn2+ but with a lower hyperfine constant A (76 G) can be attributed to 

the presence of Mn4+ [48]. Such signal is either absent or hidden by the intense signal of Mn2+ ions. 

A broad singular line with a g value of 1.94 similar to the Lorentzian curve shown in Figure 2B was 

reported as typical of Mn4+ in MnO2 samples due to dipole-dipole and exchange interactions between 

these ions [49].  In addition, a similar signal was described as the result of ligand field fluctuations 

and spin-spin interactions in highly concentrated Mn2+ samples [50]. 
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Figure 2 – (A) EPR spectroscopy images for the samples before treatment with CO; (B) analysis of 

the relative contributions from the simulation procedure in comparison to the sample doped with Mn 

12wt.%; (C) spectra after treatment with CO. 

 

 The analysis of the relative contributions from the simulation procedure (such as that shown 

in Figure 2B) indicates that the broad single line accounts for ca. 84% of the total EPR spectra for 

the samples not treated with CO. On this basis, Mn4+ cannot be discarded as one of the contributing 
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species to the broad singlet component of the EPR spectrum, in agreement with the DFT+U 

calculations reported by García Pintos et al. [45]. The formation of further oxygen vacancies results 

in a reduction from Mn4+ to Mn3+ and Mn3+ to Mn2+. Therefore, in highly defective structures such 

as those reported herein, the oxidation states of Mn are mainly +3 and +2 although Mn4+ may also be 

present.   

 After treatment with CO (Figure 2C), an increase in the intensity of EPR signals is observed 

for all samples. The increase in the Mn2+ signal corresponds to the reduced number of oxidized species 

of manganese, with an oxidation state greater than +2. It can then be concluded that Mn is not only 

present in the +2 oxidation state, but is also in equilibrium with other higher oxidation states. Thus, 

manganese species must be previously oxidized during their substitution in the lattice (i.e., Mn+3 and 

Mn+4). 

 Valuable information concerning the oxidation state of Ce in CeO2 samples can also be 

accessed by EPR spectroscopy.  A line with a g value of 1.97 typically observed in CeO2 samples is 

ascribed to electrons trapped near the surface of Ce4+/Ce3+ redox pairs [51]. Even though this signal 

is present in the undoped sample (inset of Figure 2C), as the Mn content in the samples increases, 

this weak line with g ∼ 1.97 becomes negligible compared to the intense Mn2+ signals. Therefore, it 

is unfeasible to analyze the evolution of the signal of trapped electrons near the surface of Ce4+/Ce3+ 

redox pairs with increasing the Mn concentration. 

 The formation of clusters of pure ceria is represented in Figure 3A. The scheme proposes the 

possibilities of interaction between the clusters that generate neutral systems as well as dipoles and 

quadrupoles [52–54]. As already mentioned, such oxidized configuration is a consequence of the 

presence of a high concentration of O-defects in the MnOy-CeOx solid solutions [45]. On the other 

hand, Ce+3 and Mn+2 cations are also responsible for reducing the vacancies from Vo
⦁ to Vo

x or Vo
⦁⦁ 

to Vo
x, as illustrated in Figure 3B. 
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Figure 3 – (A) Formation of clusters in the pure ceria; (B) Formation of clusters after the first 

introduction of Mn2+; (C) Formation of clusters for Mn% > 4 wt%. 

 

 First of all, the balance between the resonant octahedral ordered (o) and disordered (d) clusters 

is represented by entity (i), in which the [CeO6]
x clusters account for Ce4+ species (Figure 3A). 

Another point that must be taken into account is the intrinsic generation of oxygen vacancies and 

more complex defective clusters (ii), a process that gives rise to a [CeO6]' cluster, representing Ce3+, 

and a singly ionized oxygen vacancy [Vo
.]. These [CeO6]’ clusters can act as electron donors, whereas 

the [CeO6]
x clusters can act as electron acceptors. Singly ionized oxygen vacancies, on the other hand, 

can act as both electron donors and acceptors. Therefore, the electronic exchange between a singly 

ionized oxygen vacancy [Vo
.] and a [CeO6]

x cluster results in the formation of a doubly ionized 

oxygen vacancy [Vo
..] and an additional [CeO6]’ cluster (iii), thus decreasing the Ce+4/Ce+3 ratio. In 

contrast, the electronic exchange between a [CeO6]’ cluster and a singly ionized oxygen vacancy [Vo
.] 

generates a neutral oxygen vacancy [Vo
x] and a [CeO6]

x cluster (iv), thus increasing the Ce+4/Ce+3 

ratio. It is worth mentioning that the Ce3+ species are located preferentially close to the oxygen 
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vacancies [55–57]. The mechanism presented above for the formation of neutral (iv), singly (ii) and 

doubly ionized (iii) oxygen vacancies was also reported in the literature by many authors [58–60].  

 Figure 3B illustrates the formation of clusters after the first introduction of Mn2+ species 

[MnO4]
x into the CeO2 lattice. The structure depicted in (i) can suffer from both electronic exchanges 

(ii) and the formation of structural defects (iv). The exchange between two electrons from an [MnO4]
x 

cluster and two different [CeO6]
x clusters results in the formation of an [MnO4]

** cluster containing 

Mn4+ species and two additional [CeO6]’ clusters containing Ce3+ species (ii), while the output of an 

oxygen atom from the lattice generates a neutral oxygen vacancy [Vo
x] (iv). Structure (iii), which 

contains an [MnO4]
* cluster with Mn3+ species, can be formed either when structure (ii) forms a singly 

ionized oxygen vacancy or after structure (iv) undergoes an electronic exchange between a neutral 

oxygen vacancy and an [MnO4]
x cluster and two different [CeO6]

x clusters, thus yielding a singly 

ionized oxygen vacancy [Vo
.], an [MnO4]

* cluster  and two [CeO6]’ clusters. It is noteworthy that the 

[MnO4]x cluster, which has five unpaired electrons, exhibits the strongest paramagnetic behavior. 

Considering that part of the Ce4+ species could reduce to the Ce3+ configuration, this process likely 

stems from charges coming from Mn2+, which in turn can generate Mn3+ and Mn4+ [61, 62], reducing 

the amount of Mn2+ species.  

 When the Mn doping percentage increases, the electronic exchanges between the clusters 

change. Figure 3C shows the formation of clusters when the percentage of Mn in the lattice increases 

above 4 wt%. The structure, formed by [MnO4]
x and [CeO6]

x clusters containing Mn2+ and Ce4+ 

species, respectively, can undergo different electronic exchanges. The exchange between one electron 

from an [MnO4]
x cluster and a [CeO6]

x cluster leads to the formation of an [MnO4]
* cluster containing 

Mn3+ species and a [CeO6]’
 cluster containing Ce3+ (ii). The exchange between one electron from 

each of the two [MnO4]
x clusters and two different [CeO6]

x clusters generates two [MnO4]
* clusters 

containing Mn3+ species and two [CeO6]’ clusters containing Ce3+ (iii). Finally, the exchange between 

two electrons from a [MnO4]
x cluster and two different [CeO6]

x clusters yields [MnO4]
** clusters 

containing Mn4+ species and two [CeO6]’ clusters containing Ce3+ species (iv). Furthermore, 

structures (ii), (iii), and (iv) can be inter-converted according to the electronic exchanges depicted in 

Figure 3C. Ceria has a small magnetic moment, hence a weak paramagnetic behavior. After the 

formation of a ceria-based solid solution with manganese, there is a strong increase in this 

paramagnetic feature, which is consistent with the formation of [MnO4]x clusters containing Mn2+ 

species. However, as the amount of Mn increases, the formation of positively charged [MnO4]
* and 

[MnO4]
** clusters, which are less paramagnetic than the neutral [MnO4]x ones, is favored. Thus, the 

increase in the Mn content may cause a chaotic orientation of the magnetic dipoles, deteriorating the 

overall paramagnetic behavior, as reported by Al-Agel et al. and Hong et al. [63, 64]. This is in 

agreement with our experimental results since the integrated EPR signal does not increase linearly 
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with the amount of Mn. Indeed, when the amount of Mn is doubled from 4 to 8 wt%, only a 20% 

increase in the integrated EPR signal is observed, while a further increment in the Mn content to 12 

wt% results in a 35% increase. 

 X-ray photoelectron spectroscopy (XPS) was used to characterize the surface state and 

composition of the samples. Figure S1A displays the XPS survey spectra normalized with the Ce 3d 

maximum peak intensity, highlighting all observed transitions. The inset shows the XPS survey 

spectrum of the pure CeO2 sample obtained with Mg-Kα radiation and the expected overlap between 

the Ce LMM Auger and the Mn 2p transitions. Usually, Mg-Kα radiation is used in CeO2-based 

samples since the Al source leads to an overlap between the Ce Auger electrons and the Ce 3d 

transitions. However, in this work the Al source was mainly used because of the overlap between the 

Ce Auger electrons and the Mn 2p transitions, observed with the Mg source, severely affecting the 

Mn spectra due to the low signal-to-noise ratio. As expected, it is possible to visualize the elements 

Ce, O, Mn and C, confirming the high purity of the samples. 

 

Figure 4 – (A) XPS survey with the Ce3+ percentage and (B) the Mn 2p spectra of the Mn-doped 

CeO2 samples. 
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 According to the literature [65], the interpretation of the Ce 3d spectra can be made by 

assuming a model of five spin-orbit coupled doublets (Ce 3d5/2 and Ce 3d3/2): two for Ce3+ oxidation 

states and three for Ce4+ oxidation states (labeled in Figure 4A as V0-U0 and V1-U1, and V-U, V2-

U2 and V3-U3, respectively). These complex features have their origin in the hybridization of Ce 4f 

with O 2p binding orbitals and the partial occupation of the orbitals in the 4f valence state, giving rise 

to a well-known “shake-up” process, with some reports depicting 6 to 10 characteristic peaks [66, 

67]. In this way, our results confirm the presence of Ce4+ and Ce3+ oxidation states in all studied 

samples. The amount of Ce4+ and Ce3+, corresponding to the [CeO8] and [CeO8.Vo
i] clusters, 

respectively, can be correlated with the U3 peak derived from the transition between 4f0 initial and 

final states. Since Ce3+ does not have this configuration, U3 becomes the fingerprint of the Ce4+ 

species. Assuming the occurrence of a uniform mixture of both oxidation states, the U3 peak intensity 

relative to the sum of all contributions to the Ce 3d region can be used to quantify the amount of Ce4+ 

(Ce3+) present on the sample surface. Even though the XPS technique can overestimate the Ce3+/Ce4+ 

ratio due to a possible photo-reduction process [68], a first decrease in the Ce3+ proportion from 33 

to 19% can be seen when comparing the pure and the 4wt%-doped samples, respectively, followed 

by a slight increase from 21 to 24% resulting from the already known metal promotion effect on ceria 

reduction [69–71]. The observed trend in the Ce3+ proportion was also corroborated by the XPS 

analysis of the O 1s region shown in Figure S1B [72, 73]. In this sense, Aragón et al. [74] studied the 

influence of Fe-doping on CeO2 and observed, through XPS data, a coexistence of Ce3+ and Ce4+ ions 

as well as a decreasing tendency of the relative fraction of Ce3+ ions while increasing the iron content.  

 Figure 4B displays the Mn 2p spectra of the Mn-doped CeO2 samples. As already mentioned, 

the low metal superficial concentration of these samples leads to a poor signal-to-noise ratio. 

Nevertheless, the obtained data evidence the typical spin-orbit coupled structure expected for Mn 

2p3/2 and Mn 2p1/2. Going deeper into this analysis, it is known that Mn can have several oxidation 

states from 0 to 8+, with some of them (i.e., Mn2+, Mn3+, and Mn4+ species) containing unpaired d 

electrons that originate multiple splitting XPS structures that (partially or totally) overlap, making it 

difficult to assign the correct species when these three oxidation states are present altogether [75]. In 

this context and based on our EPR results, we propose a simplified three spin-orbit coupled doublet 

model for the deconvolution of the Mn 2p region, which was tested with sample CeO2:12Mn and then 

propagated to the data obtained for the samples with lower Mn content. This model indicates that our 

XPS data are consistent with the presence of both Mn2+, with the main peak and its characteristic 

“shake-up” structure being located at 640.0 and 644.6 eV, respectively, and Mn3+, with the main peak 

appearing at 641.6 eV. However, the existence of Mn4+ cannot be ruled out due to the full signal 

overlap that occurs between them and Mn3+ species, corroborating the EPR data. 
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 The atomic concentrations obtained from the deconvoluted spectra of the samples are 

summarized in Table 1. As observed, the pure system has 33% of its cerium species in the Ce3+ 

configuration, which would lead to a complementary fraction of 67% of Ce4+. When the system is 

modified with 4 wt% Mn, there is an abrupt decrease in the amount of Ce3+ species to 19%, suggesting 

that 14% of the Ce3+ species are donating one electron to the Mn2+ ions entering the lattice, thus 

becoming non-paramagnetic Ce4+ species, which at first sight would indicate a reduction in the 

intensity of the EPR signal. On the other hand, 58% of the manganese species still remain in the Mn2+ 

configuration with five unpaired electrons, justifying the paramagnetic feature of these samples. By 

increasing the Mn content from 4 to 8 wt%, there is an increase in the amount of Ce3+ from 19 to 

21%, while the amount of Mn2+ is kept virtually constant, increasing only 1%, along with a decrease 

in the Mn3+ configuration from 42 to 41%. By modifying the content of Mn to 12 wt%, another 

increase in the amount of Ce3+ from 21 to 24% can be observed, together with a sudden decrease in 

the amount of Mn2+ from 59 to 44% and an increase in the Mn3+ configuration from 41 to 56%, which 

is EPR-silent. In this case, we can consider that the Mn2+ ions are donating one electron, becoming 

Mn3+, but not to the Ce3+ species, since they also increase in concentration. Thus, these charges are 

likely transferred to neighboring defective neutral oxygen clusters, which then become singly ionized, 

enhancing the paramagnetic behavior of the sample. 

 

Table 1 - Surface percentage of atomic concentrations from the deconvoluted spectra of Figure 4. 

Sample %Ce3+ %Ce3+ %Mn2+ %Mn3+ 

CeO2 33 67 - - 

CeO2:4Mn 19 81 58 42 

CeO2:8Mn 21 79 59 41 

CeO2:12Mn 24 76 44 56 

 

 To get more insight into the surface species dynamics, sample CeO2:12Mn was analyzed after 

an in situ reduction treatment in H2 flow (70 ml/min) for 1 h at 400 °C and after an ex situ CO 

atmosphere treatment. It is known that the application of treatments with H2(g) and CO(g) to ceria can 

create VO
i [76, 77]. In this way, our aim was to understand the experimental mechanism responsible 

for the electronic exchanges between Ce3+ and Mn2+ species that generate the dipoles and quadrupoles 

seen in Figure 3, which can donate and receive electrons. Figure 5 shows the Ce 3d and Mn 2p 

spectra obtained for the treated samples. The untreated sample (CeO2:12Mn) was also included as a 

reference. As observed, after reduction the Ce3+ species increase from 24 to 35% due to the Mn 

promotion effect associated with VO
i mobility [78, 79]. Likewise, the Ce3+ concentration also 

increases up to 30% after CO atmosphere treatment, in line with what was previously reported by 
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Rocha et al. for La-doped CeO2 [66]. Accordingly, the Mn2+ and Mn3+ are kept virtually constant 

under treatment in both atmospheres at 43 and 57%, respectively, compared to 44 and 56% for 

CeO2:12Mn. 

 

Figure 5 – (A) Ce 3d and (B) Mn 2p XPS spectra for the treated samples. 

 

4) Conclusions 

 Mn-doped ceria nanostructures were obtained using the MAH route after calcination at 500 °C, 

showing particle sizes below 40 nm. Raman and EPR analyses indicated the absence of Mn-O bonds 

as well as the presence of Mn-based defective clusters during interaction with CO. An increase in the 

number of paramagnetic species with increasing the Mn content was observed. This was assigned to 

the presence of Mn2+ species resulting from the reduction of Mn3+ after interaction with CO. The 

association of Ce3+ and Mn2+ species with VO
. seemed to be the most probable charge compensating 

defect, since their number reduced along with particle size with increasing the Mn concentration. The 
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XPS data confirmed the oxidation of some Mn2+ to Mn3+ and likely to Mn4+, in addition to an increase 

in the number of Ce3+ species. 
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