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Abstract 

Praseodymia or praseodymium oxide PrO1.833 was prepared from praseodymium nitrate hydrate in different atmospheres of 

gases oxygen, argon, and a mixture of oxygen and argon (1:1).  The crystal structure and surface characteristics of 

praseodymium oxide (PrO1.833 and PrO2) obtained as the final decomposition product were characterized by different techniques, 

using surface adsorption–desorption of N2 (SBET), thermogravimetric analysis (TGA), and X-ray diffraction (XRD), the acidic 

properties of praseodymium oxide PrO1.83 were tested by FTIR spectroscopy of adsorbed CO as a probe molecule. The results 

indicate that the decomposition atmosphere affects the surface area, porosity, and crystal structure of the obtained oxides. 

Oxygen atmosphere promotes the formation of PrO2, whereas Argon and Argon/oxygen atmosphere promote the formation of 

PrO1.833 with larger surface area and improved mesoporosity. The non-stoichiometric oxide PrO1.833 displays different types of 

surface hydroxyl groups and two different types of Lewis acid sites as indicated by CO adsorptions. 
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Highlights 

 Featured structure characteristics of the oxygen 

deficient oxide catalyst PrO1.833 

 Highlight the effect of processing parameters; 

heating temperature, atmosphere, as well as the 

effect of precursor on the stoichiometry of an 

interesting oxide. 

 Exploring the type of porosity and surface acidity 

of Praseodymium oxide surface as an important 

parameter for improved catalytic performance.  

 CO probing accounts for strong Lewis acid sites 

on oxide surface 

 

1. Introduction  
Praseodymia is an interesting rare earth oxide, 

exceptionally distinguished from other rare earths by 

its remarkable crystallographic and electronic 

flexibility that makes it applicable for microelectronic 

[1] as well as surface chemical applications, such as 

sensors [2] and catalysis [3]. Praseodymium oxide 

Pr6O11 is thermally stable up to 1000°C [4] and is a 

part of the Homologous series with a large number of 

phases between Pr2O3 and PrO2 with the homologous 

formula Pr(n)O(2n-2) where n increases with oxidation. 

The stoichiometric Formula Pr2O3 and PrO2 adopt the 

hexagonal and fluorite structures whereas non- 

stoichiometric ones, PrOx (x= 1.833, 1.810, 1.800, 

1.78, 1.714 and 1.670), are oxygen deficient 

modifications of the fluorite structure [5]. 

      Pr6O11 (or PrO1.833 ) usually produced via thermal 

decomposition of many salts such as acetate [6,7], 

oxalate [8, 9, 10], formate [11], nitrate [12], adepate, 

and sebacate, [13], and citrate [14]. The observed 

phases depend on the precursor used, atmosphere and 

temperature of decomposition [4- 6, 10, 15]. 

Earlier investigations of Hussein [6] have 

pointed out that Pr6O11 is highly active towards 

isopropanol decomposition. However, propylene 

selectivity was found to be lower compared to that of 

Pr2O3, because of the lower acidity of Pr6O11 [15]. 

Acidity and basicity are paired concepts, which are 

very often invoked to explain the catalytic properties 

of divided metal oxides [16]. Knozinger [17] defined 

the criteria for the selection of Probe molecules for 

surface acidity measurements. A classification of such 

probe molecules was given by Lavalley [16]. The 

catalytic activity of many oxides in various 

petrochemical and petroleum-refining processes, such 

as isomerization, alkylation, cracking, aromatization, 
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and many others [18], is due to their Lewis and 

Brønsted acidities [19]. Low-temperature carbon 

oxide adsorption is the most efficient tool for studying 

Lewis and Bronsted acid sites. Its efficiency is due to 

the small size of the CO molecule and to the simplicity 

of its spectral pattern (one site has one absorption band 

in the IR spectrum). 

     As reported by Hussein et al [12], the 

decomposition of Praseodymium nitrate hexahydrate 

Pr(NO3)3. 6H2O in the atmosphere of air proceeded 

through eleven thermal events forming several 

intermediates and the final oxide PrO1.833 at 600 °C. 

     In comparison to earlier studies of the 

decomposition of praseodymium oxalate nonahydrate 

Pr2(C2O4)3.10H2O in oxygen and nitrogen atmosphere 

[6], the results indicate that the decomposition 

pathways and the composition of the final oxide are 

completely dependent upon the atmosphere of gases, 

(i) Pr2O3 was the final product  in an oxygen 

atmosphere, and (ii) PrO1.83 was the final product in 

atmosphere of nitrogen. In another study, the effect of 

the decomposition atmosphere Oxygen O2, Nitrogen 

N2 and hydrogen H2, on the decomposition course of 

Praseodymium acetate monohydrate [4]. The results 

indicate that the nature of the gas atmosphere of Pr 

(CH3COOH)·H2O thermal decomposition influences 

the composition, pore size distribution and surface 

catalytic activity and selectivity of praseodymium 

oxide yielding at 600 °C.  

The present investigation, is intended to 

study the composition, structure, texture and surface 

acidity of Pr-oxide obtained by thermal decomposition 

of Pr(NO3)3.6H2O  in  different atmosphere of gases 

namely, oxygen, argon, and a mixture of both. The 

oxide samples formed at 600°C for 1hr were subjected 

to XRD, surface area measurements by N2 -sorption, 

Scanning electron microscopy, and Surface acidity by 

carbon monoxide adsorption using IR-spectroscopic 

technique. 

2. Experimental 

2.1. Materials 
Praseodymium nitrate hexahydrate, Pr(NO3)3.6H2O 

(99.9%) was used as received from (Aldrich USA). 

The calcination products were obtained at 600°C for 

1hr in a flow of oxygen, argon and a mixture of oxygen 

and argon in equimolar ratios. The calcination 

temperatures were chosen on basis of the thermal 

analysis results reported earlier [12]. These calcination 

products are indicated throughout the text as the salt 

designation and the temperature applied followed by 

the nature of the gas atmosphere. Thus P600/A, 

P600/O and P600/O/A indicate decomposition 

products (prasedymia) of Praseodymium nitrate at 

600°C for 1hr in argon atmosphere, oxygen 

atmosphere and in equal volumes of both oxygen and 

argon, respectively.  

2.2. Methods of Characterization of the nano-

catalyst: 

X-ray powder patterns were obtained with a JSX-60 

PA JEOL diffractometer (JAPAN) using CuKα 

radiation (λ =1.5416Å) with a Ni-filter. Based on scans 

in the range 4° ≤2θ ≤ 60°, d-spacing and relative 

intensities (I/I°) were matched with ASTM standard 

diffraction patterns in the ASTM powder diffraction 

file [20]. The three samples were mounted separately 

on aluminum stubs, evacuated to 10-3 torr, and pre-

coated (20 min total: 5 min for each of the four sides) 

in a sputter-coater with a thin, uniform, Au/Pd film to 

minimize charging in the electron beam.  The applied 

sputter voltage was 1.2- 1.6 kV. A JOEL 35CF 

(JAPAN) SEM operating at 20 keV was used to obtain 

electron images. 

 Nitrogen sorption isotherms were determined 

volumetrically at –196°C on a Micro metrics ASAP 

2010 instrument at 77.3 K. The BET method was used 

to evaluate surface area based on data with relative 

pressures between 0.05 and 0.3, and with the 

assumption that, the nitrogen molecules occupy 0.162 

nm2 [21, 22] in the BET monolayer. The BJH method 

with the Halsey equation was used to evaluate pore 

size distribution [23]. All samples were degassed at 

300ºC for 2 hours under evacuation at 10-5 torr. . The 

total pore volume was derived from the volume 

adsorbed at P/Pο=0. The porosity was measured by 

adopting the Va-t method [21, 22]. For plotting the 

distribution curves, the input data were derived from 

the adsorption branch, since it has been emphasized 

that distribution curves calculated from the desorption 

branch will give a misleading picture of the pore 

structure, owing to blocking effects [21, 22]. The N2- 

sorption isotherms were determined volumetrically at 

–196°C using a micro-apparatus based on the design 

of Lippens et al. [24]. The test samples were out-

gassed at 200°C for 2h under evacuation at 10-5 torr. 

 IR- spectra of CO adsorption were taken by 

using a stainless steel cell described elsewhere [25].  

The following standard procedure was adopted. The 

samples synthesized were pressed into ~ 10 mg.cm2 

self-supporting pellets. To remove water and surface 

carbonates, the samples were heated at 400°C in 

oxygen for 30 minutes, evacuated at 10-6 Torr for 30 

minutes, and then cooled under the same vacuum. At 

low-temperature adsorption experiments, CO gas was 

introduced into the sample-containing volume and 

cooled down to -196 °C without helium. The spectra 

were obtained with a Nicolet-510 FT/IR spectrometer, 

at 2 cm-1 spectral resolution by collecting 128 to 1024 

scans depending on the spectral range studied. All the 

spectra in this work are background subtracted. The 

band positions were determined using OMNIC 

software.  12CO (Matheson. 99.995% purity) gas was 

used.  

 

3. Results and Discussion 

      Pr6O11 samples prepared in this study were 

obtained as the final product during the decomposition 
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of Pr(NO3)3.6H2O at 600°C for 1 hour in an 

atmosphere of  oxygen, argon and a mixture of both 

(1:1) ratio.  In an earlier study [12], We reported that 

Pr6O11 (PrO1.833 ) was the final product formed at 

465°C during the decomposition of Pr(NO3)3.6H2O 

in an atmosphere of air )Fig. 1(. The results brought 

about reveal that the decomposition course of the 

nitrate commences near 145 °C and terminates at ≥663 

°C, encompassing eleven (I–XI) mass-loss thermal 

events. Results obtained showed the nitrate to 

dehydrate stepwise at 130- 250 °C, and then 

decompose stepwise to yield PrO1.833  at ≥ 465 °C 

encompassing the formation of the unstable 

intermediates oxynitrates  (PrO0.25.(NO3)2.5  // 

PrO.NO3 solid products (at 360– 430 ◦C) and NO, NO2 

and O2 as primary gaseous products. Pr6O11 (PrO1.833) 

Obtained at 600 °C has a surface area of 46.3 m2/gm.. 

 
3.1. Structural Characteristics: 

The XRD diffraction was obtained for the calcination 

products at 600°C for 1 hr of Pr (NO3)3.6H2O in a 

different atmospheres of gases (O2, inert gas of Ar, and 

mixed gases Ar and O2) is shown in (Fig.2).  The 

obtained data were consistent with the stoichiometric 

PrO2 and the nonstoichiometric PrO1.833 documented 

as PrOδ formula where δ ≤ 2 [36, 59] as indicated by 

(JCPDS sheets 24-1006 and 06-0329, respectively). 

The results indicate that, both phase composition and 

crystallite sizes of PrO2 and PrO1.833 were influenced 

by both temperature and decomposition atmosphere. 

The obtained oxide PrO1.833 is oxygen deficient 

modifications of the fluorite-type cubic structure, 

identical to that documented (ASTM No 6-329). 

  The three above-mentioned oxides show a 

diffraction pattern with eight reflections 

corresponding to (111), (200), (220), (311), (222), 

(400), (331), and (420) planes conforming the above-

mentioned cubic fluorite-type structure. The XRD 

peak intensity of the (200) plane was relatively higher 

than the other reflections, indicating that the PrO1.83 

formation has a preferential growth along the (200) 

direction. Clearly, the diffractograms show differences 

in both intensity and width of the peaks, an aspect 

related to the crystallinity of the oxides. The 

diffraction peaks of the P600/A/O2 and P600/A 

samples are more intense and slightly narrower than 

that of sample P600/O2, indicating higher crystallinity. 

The applied gas atmosphere plays an important role in 

determining the final oxide formed during the course 

of formation. Therefore, the above results indicate that 

heating Praseodymium nitrate hydrate in oxygen 

atmosphere favors to transfer of the non-

stoichiometric PrO1.83 to PrO2 leading to 

stoichiometric lattice ionic oxygen. On the other hand, 

calcination in an inert gas (Ar) favors the formation of 

lattice oxygen vacancies, forming activated gaseous 

oxygen molecules into O−species. [26]. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(Fig.1): X-ray powder diffractograms recorded for 

Pr(NO3)3.6H2O at 600°C for 1 hour in a different 

atmospheres of gases. 

 

The crystallite size (D) of the three samples can be 

calculated from the full-width half-maximum 

(FWHM) values of the diffraction peaks. An average 

crystallite size (D) has been evaluated using Scherrer’s 

equation [27]. 

𝐷 =
𝐾𝜆

𝛽 cos (𝜃)
+ 4 ε sin  (𝜃)                                 (1) 

Where 𝜆 the wavelength of the X-ray radiation, 𝐾 is 

the Scherrer constant which is usually taken as 𝐾 = 

0.94, 𝛽 is the full width at half maximum of a Gauss 

fit and θ Bragg’s diffraction angle and ε is a strain. The 

crystallite size of the three samples was reported in 

table 1. The results in (fig. 1) revealed that, as the 

crystallinity of praseodymia enhanced, the crystallite 

size increased to reach 16.91 nm for P600/O2, as the 

crystallite size increases the porosity and pore volume 

increase too (Table 1).  

 

(Table1): The standard lattice parameter and surface 

of Pr (NO3)3.6H2O calcined at 600 °C for 1 hour in a 

different gas atmospheres 

 

The lattice parameter ‘a’ was calculated based on the 

interplanar spacing (d) using the following 

relationship 
𝟏

𝒅𝟐 =  
(𝒉𝟐+ 𝒌𝟐+ 𝒍𝟐)

𝒂𝟐                                                   (2)                                    

Where, h, k, and l are the Miller indices for the 

predominant orientation. 

The standard lattice parameter for PrO2 (a= 5.392Å) 

(JCPDS (24- 1006)) and the measured in table 1 for 

sample Pr600/O2 (a = 5.3838 Å) confirmed the 

existence of stoichiometric phase PrO2 in this sample, 

while the calculated lattice parameter for the other 

Lattice 

parameter 
P600/O/A P600/O2 P600/A 

Crystallite size 

(nm) 
11.81 16.91 16.87 

Strain 0.0038 0.00219 0.00211 

Calculated Lattice 

constant (a) 
a= 5.4569 a= 5.3838 a= 5.4660 
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calcinated samples confirmed the existence of non-

stoichiometric phase PrO1.833, with the standard 

(5.4695 Å). The crystal structure obtained by 

visualization and molecular visualization and 

functional program, diamond software, was presented 

in Fig. 3.  

 

3.2. Surface Texture    

The N2 -adsorption-desorption isotherms 

were measured to investigate the specific surface area. 

The N2- adsorption studies at -196°C on P600/A, 

P600/O, and P600/A/O were shown in (Fig. 3a).  The 

isotherms of the three samples have nearly the same 

character, generally belong to type IV of the BET 

classification [21]. The hysteresis loops are nearly of 

type H3. According to the general characteristics, the 

pore structures are slit-shaped and/ or interplating 

pores. Texture data, the specific surface area (SBET), 

BET- constant, and the total pore volume (Vp) were 

summarized in Table 1. The texture data in (Table 1) 

reveals the increase in Vp for P600/A, while the PSD 

curves (Fig.3b and 3c) exhibit a wider spectrum of 

mesoporosirty. P600/A may have a more porous 

character than that of the other two samples (P600/O 

and P600/A/O). Accordingly, one may suggest that the 

structure volume is associated with internal surface. 

The development of gaseous components during the 

decomposition course leads to the formation of 

accessible porous textures [21]. The development of 

fast transport channels (pores) throughout the bulk 

material is caused by the release of volatile 

components. In contrast, heat-induced mass transfer 

and sintering processes tend to eliminate pathways 

thus generated. Eventually, the absence and presence 

of accessible surface porosity is a question of the 

dominance of these two opposing effects. Finally, the 

type and amount of porosity may govern the extent to 

which densely packed crystal planes could grow larger 

[21]. This latter parameter was among those 

controlling the coordination unsaturation of surface. 

 

Also, the PSD (Fig.3b) indicated that the P600/A has 

a higher amount of micro and mesoporosity in 

comparison to the other two samples, this is most 

probably the reason for the high area of P600/A. It 

seems that most of the pores originate sites and hence, 

the adsorption strength. Both adsorption 

characteristics (i.e., capacity and strength) were 

intimately related to adsorptive and catalytic 

performances of solids.  

 

 
. 
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Fig. 2: Crystal structure for Pr(NO3)3.6H2O heat treated at 600°C for one hour in different  atmosphere of gases. 

 

The SBET for the P600/A sample (37.7 m2/ gm) was 

a little higher than that of both P600/O and P600A/O. 

The drop in the surface area for the later samples may 

be due to pore narrowing (sintering) (table 2). 

  

Table 2: surface-textural characteristics of 

Pr(NO3)3.6H2O calcined at 600 °C for 1 hour in a 

different gas atmospheres. 

surface-textural characteristics P600/O/A

 P600/O2 P600/A 

BET Analysis 

C-value 132.2 88.4 62.7 

SBET   (m2/gm) 26.1 23.0 37.3 

T-Plot Analysis 

Vp (pore volume) (cm3/gm)- 0.0182 0.0236

 0.0324 

Such pore narrowing effect can be taken as a 

consequence of the mass transfer involved in the 

sintering process.Also, the PSD (Fig.3b) indicated that 

the P600/A has a higher amount of micro and 

mesoporosity in comparison to the other two samples, 

this is most probably the reason for the high area of 

P600/A. It seems that most of the pores originate from 

either particle clusters and/or agglomerates [28] rather 

than pores from pores within particles. It was clear that 

the oxygen atmosphere enhances the sintering 

processes and also decreases the surface area forming 

PrO2. It has been reported earlier that PrOx the 

oxygen-deficient phase has both high oxygen activity 

and excellent oxygen storage capacity which may lead 

to high catalytic activity. [29,30]. The above and the 

previous studies may conclude that not only does the 

atmosphere of gases applied during the decomposition 

course affect the composition of the final oxide 

product but also the nature and type of the precursor 

used is responsible for the chemical composition and 

structure of the final product. 

 

 

 

 

 

Figure 3: Nitrogen adsorption isotherm obtained for 

Praseodymium oxides in different atmosphere of gases at -

195°C. (a), the corresponding Pore volume and pore area 

distribution curves (b) and (c).   
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3.2. Surface acidity by CO adsorption (IR 

spectroscopic studies) 

The surface of the sample with the highest 

surface area P600/A was tested at 4000- 3300 cm-1 by 

carbon monoxide as a probe molecule to detect the 

presence and the nature of Lewis acidic sites as well as 

Brønsted sites to which it may H- bonded. Figure 4 (a 

and b), two spectral ranges were considered: that of the 

hydroxyl stretching mode [ν (OH), 3800-3400 cm-1 ] 

section (a) of the figure and that of the C≡O stretching 

mode [ν(CO), 2250–2050 cm−1; section (b) of the 

figure. Prior to CO adsorption, the initial FTIR 

spectrum of PrO1.833 pretreated at 600 °C, exhibited a 

single weak ν (OH) band at 3445 cm-1. 
The spectrum of the higher surface area of the 

P600/A sample (Fig. 4a) over the range 3900 - 3300 

cm-1 includes bands at 3775, 3765, 3650, 3585, and 

3565 cm-1. The overlapped bands (at 3775 and 3750 

cm-1) were due to isolated hydroxyl groups, while the 

next band at 3650 cm-1 was due to a bridging OH 

configuration of type II species. The fourth and fifth 

overlapped bands at 3585 and 3565 cm-1 were due to 

tridentate OH groups [31]. 

       In the ν (CO) spectral region, bands at 2162 cm-1 

and 2146 cm-1 in Fig. 4b and 5.  At both low and high 

pressures of CO (0.9 and 10.2 Torr), two bands appear, 

for P600/A the first band at 2165 cm-1 and a second 

band at 2148 cm-1 developed with increasing the 

pressure with a little shift to lower wavenumber 

compared to the evacuated sample. After evacuation, 

the band at 2148 cm-1 nearly declined. However, the 

band at 2165 cm-1 remains a strong band. 

The IR spectra of CO adsorbed on P600/O (dashed 

line) and P600/A/O measured at CO equilibrium 

pressure ≈0.4 and 10.2 Torr, were shown in (Fig. 5), 

respectively. FTIR measurements indicate that at low 

CO pressure at -196°C, CO adsorbs on Lewis acid 

sites of Praseodymium oxides. The slight shift to lower 

frequencies for adsorbed CO indicates a strong 

interaction of CO -adsorbed molecules with Lewis 

acid sites. The surface acidity property is of 

importance in the field of catalysis and renewable 

energy [33]. 

Fig. 4: IR spectra of CO adsorbed on P600/A, hydroxyl group region 

of the IR spectrum  

 

 
Fig. 5: IR spectra of CO adsorbed on P600/A (             ) and  

 (           ) P600/O/A (- - - -), CO equilibrium pressure ≈0.4 

and 10.2 Torr. 

4. Conclusion: 
We have presented the crystal structure and 

surface characteristics of praseodymium oxide 

obtained as the final decomposition product in the 

different atmosphere of gases from praseodymium 

nitrate hydrate. The nature of the decomposition 

atmosphere and calcination temperature had an 

influence on the morphology and porous structure of 

the final oxides. Two samples obtained from Pr 

(NO3)3.6H2O in a different atmosphere of gases 

(Argon atmosphere and Argon/ Oxygen Atmosphere) 

have the same chemical composition PrO1.833 and 

crystal structure which is oxygen deficient 

modifications of fluorite structure. The oxygen 

atmosphere enhances the formation of PrO2 oxide.  

PrO1.833 displays five different types of surface 

hydroxyl groups. Also shows two different types of 

Lewis acid sites as indicated by CO adsorptions. The 

results reveal the activity of praseodymia surface as a 

promising catalyst. 
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