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A B S T R A C T   

Combustion reactions in europium nitrate – acetylacetone – 2-methoxyethanol solutions and gels were investi
gated to produce europium (III) oxide (Eu2O3) nanocrystalline materials and thin films. Thermal analyses of 
solutions indicated that the 2-methoxyethanol solvent also acts as a fuel in the absence of acetylacetone. Adding 
acetylacetone increases the overall heat of the reaction. Thermal analysis results revealed that the slow oxidation 
of unburned hydrocarbon residues follows the primary combustion reaction. Time-temperature profile mea
surements of the bulk combustion synthesis process in air and nitrogen atmospheres enabled the extraction of the 
maximum reaction temperature and the heating and cooling rates in the combustion zone. Several direct cor
relations exist between measured combustion parameters and the phase composition of the products. Combus
tion in air results in mixed-phase cubic and monoclinic nanocrystalline Eu2O3. Increasing the acetylacetone 
concentration in solutions increases the synthesis temperature and decreases the quantity of cubic Eu2O3. The 
reaction of solutions in a nitrogen atmosphere or diluted with Eu2O3 provides control of the product phase 
composition and reduces the quantity of the monoclinic phase. Transmission electron microscopy imaging shows 
that the Eu2O3 end products are highly porous aggregates of nanocrystalline particles. Electrospraying of reactive 
solutions onto different substrates followed by short annealing makes the preparation of Eu2O3 materials with 
diverse morphologies possible.   

1. Introduction 

Rare earth elements (REEs), including lanthanides, yttrium, and 
scandium, are essential for the production of electronics [1,2], catalysts 
[3], medicine [4], and magnetic materials [5,6], among others. These 
elements have similar chemical properties and occur in small quantities 
within the same ores and spent nuclear fuel [7–13]. Cation exchange and 
organic complexation are the primary methods of separating REEs from 
actinides [14]. After such separation steps, the resulting solutions 
contain mixtures of REEs. The chemical separation of individual REEs 
takes numerous repetitive stages using solvents to achieve adequate 
purity [15–17]. Chemically separated REE solutions are converted to 
mainly trivalent sesquioxides by furnace annealing at temperatures 
above 1200 K [18–21]. 

REE sesquioxides offer unique physical and chemical properties 
[22–26]. These oxides commonly exhibit hexagonal (A type), mono
clinic (B), and cubic (C) polymorphs [24,27–32]. Eu2O3 is particularly 
interesting owing to its electronic properties that occur in only the B- or 
C- polymorphs at ambient pressure [21,33–36]. The different phases of 
Eu2O3 can be utilized in various applications for optics and electronics, 
including optical waveguides, filters, and capacitors. However, the 
impact of polymorphic structure on the physical characteristics of Eu2O3 
remains unknown. In addition, creating Eu2O3 films with controlled 
phase composition on different substrates is highly beneficial for pro
ducing thin film target materials for nuclear science measurements, 
catalysis, and electronics research purposes. Pure phase C- and B–Eu2O3 
are predominantly produced by time- and energy-intensive furnace 
annealing [18–21]. The B–Eu2O3 polymorph exclusively forms upon 
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annealing C–Eu2O3 at temperatures ranging from 1323 to 1623 K [30]. 
Solution combustion synthesis (SCS) is a rapid and energy-efficient 

method to produce nanoscale oxides [37–42]. These self-sustaining, 
exothermic reactions use organic compounds (fuel) to convert metal 
nitrates (oxidizers) to their corresponding oxides. The most frequently 
used fuels are water-soluble organic compounds, such as glycine [43], 
urea [44], glucose [45], and hexamethylenetetramine [46]. Modifica
tion of the fuel-to-oxidizer ratio (φ) provides control over product phase 
composition. SCS is broadly used with spin coating and spraying 
methods to prepare thin films [47–50]. Unlike traditional fuel and sol
vents used in bulk SCS, acetylacetone and 2-methoxyethanol are used as 
fuel and solvents in thin film preparation [52,53]. These compounds 
have similar boiling temperatures, and 2-methoxyethanol can serve as 
both fuel and solvent. However, the role of these compounds and their 
specific functions in the combustion synthesis mechanism is unknown. 

This work reports a simple and rapid combustion synthesis of Eu2O3 
nanoscale materials and thin films using europium nitrate + acetylacetone 
+ 2-methoxyethanol solutions. Thermal analysis and temperature-profile 
measurements of bulk combustion precursor solutions enabled probing 
the combustion reaction mechanism with and without acetylacetone 
fuel. Combustion of bulk solutions without acetylacetone produces 
mixed-phase C- and B–Eu2O3 nanomaterials. Incorporating acetylace
tone with varying ratios results in an overall increase in B–Eu2O3 con
centration. The synthesis process performed under a nitrogen 
atmosphere and/or diluting the solutions with Eu2O3 product, shows a 
decrease in the overall content of the B-phase. Depositing reactive so
lutions on different substrates, followed by an annealing step, facilitates 
the preparation of pure C–Eu2O3 with unique morphologies and thin 
films. 

2. Experimental 

2.1. Materials synthesis and processing 

2.1.1. Bulk combustion synthesis 
A schematic representation of combustion methods used and major 

experimental steps are summarized in the Supplemental Information 
(Fig. S1). Acetylacetone (C5H8O2, TCI, >99.0%), 2-methoxyethanol 
(Alfa Aesar, 99%), and europium nitrate hexahydrate (Eu 
(NO3)3⋅6H2O, Alfa Aesar, 99.9%) were used as reactants. Eu 
(NO3)3⋅6H2O was dissolved in 2-methoxyethanol to prepare a 0.5 M 
reactive stock solution. 2.0 mL aliquots of stock solution were trans
ferred to 4 mL glass vials. Desired amounts of C5H8O2 were added, and 
the solutions were mixed. The molar ratio (φ) of C5H8O2 to Eu 
(NO3)3⋅6H2O was varied from 0.0 to 0.7. The solutions were heated to 
400 K to form gels with a total volume of ~0.5 mL (8–10 h). Reactions 
were initiated using a hotplate, with precursor gels placed on a glass 
petri dish for open-air combustion or into a quartz reaction vessel purged 
with nitrogen for inert atmosphere combustion. Experiments with serial 
dilutions were performed via mixing (10% w/w) of the combustion 
product (Eu2O3) with a φ = 0.0 precursor gel, i.e., Eu(NO3)3⋅6H2O so
lutions in 2-methoxyethanol. Time-temperature profiles of the process 
were measured using K-type thermocouples (100 μm diameter) and a 
DT9828 data acquisition system at a frequency of 100 Hz. 

2.1.2. Spraying-assisted combustion synthesis 
Eu2O3 nanomaterials were also prepared by electrospraying Eu 

(NO3)3 + φC5H8O2 + 2-methoxyethanol solutions (φ = 0.5 or 0.6 ratios) 
using a previously described method [47,51]. Briefly, a mirror-finished 
aluminum alloy (6061, with impurities: Cr 0.04–0.35%, Cu 0.15–0.4%, 
Fe < 0.7%, Mn < 0.15%, Si 0.4–0.8%, Ti < 0.15%, Zn < 0.25%, and Mg 
0.8–1.2 wt%) or boron-doped polished silicon wafers were used as 
substrates. Substrate wettability was modified using oxygen plasma, 
ozone pretreatment, or hexamethyldisilazane deposition. The solutions 
were sprayed with a 20 μL/h flow rate for 20–90 min. 15 kV high voltage 
was applied between the stainless-steel nozzle (0.25 mm inner diameter) 

and substrate, positioned ~7.5 cm apart. During deposition, the sub
strates were kept at 320 K. After spraying, samples were annealed at 
623–873 K for 30 min to initiate the combustion reaction on thin layers 
of deposited solutions. 

2.1.3. Characterization methods 
Thermal analysis of reactive solutions was conducted using ther

mogravimetric analysis-differential scanning calorimetry (TGA-DSC, 
Mettler-Toledo). 10 μL aliquots of solutions were placed in 100 μL 
aluminum crucibles and heated to 673 K at a rate of 25 K min−1 with an 
airflow of 20 mL min−1. Powder X-ray diffraction (PXRD) patterns were 
measured for products using a Bruker D8 Discover diffractometer 
equipped with a Cu-Kα radiation source and a LynxEye solid-state pixel 
detector. Patterns were collected over a 2θ range of 15–80◦, using a step 
size of 0.02◦, and a scan rate of 5 s per step. The phase composition of 
powdered nanoscale products was quantified using Rietveld refinement 
of the PXRD patterns [54]. 

Scanning electron microscopy (SEM) was used to image the surface 
morphology of nanomaterials deposited on Si or Al substrates. A Helios 
Nanolab 600 (Thermo Fisher Scientific) with a dual electron/ion beam 
system was used for secondary-electron imaging. Purity of materials was 
examined using energy dispersive X-ray spectroscopy (EDS) using a 
JEOL JCM-6000 Plus Neoscope Benchtop SEM. The morphology and 
structure of the nanoscale materials were also investigated using a 
Spectra 300-300 (Thermo Scientific) transmission electron microscope 
(TEM) with a 30–50 p.m. resolution at 300 kV. 

Surface area measurements and average pore sizes were obtained 
using an ASAP 2020 (Micrometrics) instrument, using Brunauer- 
Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) analyses, 
respectively. Samples were degassed at 473 K for 200 min while under 
ultrahigh vacuum, followed by N2 isotherm data collection at 77 K. 

3. Results and discussion 

3.1. Thermal analysis 

Thermal analysis of the stock solution of Eu(NO3)3⋅6H2O in 2- 
methoxyethanol before adding fuel (φ = 0) revealed three distinct 
thermal events (Fig. 1A). An initial endothermic step associated with 
solvent evaporation was observed at 391 K (−270 J g−1), followed by 
two exothermic peaks centered at 427 K (α, 121 J g−1) and 548 K (β, 47 J 
g−1). Solvent evaporation accounts for a 71.7% mass loss, while the α 
and β exotherm peaks correspond to 7.5% and 1.7% mass loss, respec
tively. The α peak is assigned to the combustion of Eu(NO3)3 with the 
solvent acting as a reducing fuel source. This broad peak has a shoulder 
on its left, indicating a multistep combustion process. The β peak ap
pears at a higher temperature and is likely due to slow oxidation of 
unburned hydrocarbon residues that were not fully reacted in the initial 
exothermic event. 

DSC analysis of solutions with increasing fuel concentrations (φ =
0.50–0.70) show similar thermal events as in the stock solution 
(Fig. 1B). Table 1 summarizes the peak temperatures and the heat 
released/consumed for all thermal events. Upon adding C5H8O2 fuel, the 
center of the endothermic solvent evaporation peak shifts from 391 to 
~400 K for all φ values. The consumed heat also increases from 270 (φ 
= 0) to 398 J g−1 (φ = 0.5 or 0.6), followed by a slight decrease to 388 J 
g−1 (φ = 0.7). Incorporating C5H8O2 into the solutions also shifts the α 
peak position from 427 to 440 K. There are no major changes of the 
shape or position of the α peaks for all C5H8O2-containing solutions with 
increasing φ values. However, these solutions release more heat 
(161–171 J g−1) at the α peak than the stock solution (121 J g−1). The 
broad exothermic β peak has a tail, indicating the initial ignition of 
carbon-based residues, followed by slower smoldering of the material at 
slightly higher temperatures. The released energy for this step increases 
first with the φ value and then decreases. The position of the β peak 
appears to shift inconsistently as the C5H8O2 concentration increases. 
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These slight variations in the peak centers may be due to the differences 
in concentrations of unburned hydrocarbon residues. Corresponding 
TGA curves (Fig. 1C) show that all C5H8O2-containing solutions follow 
similar patterns of mass loss, with solvent evaporation accounting for a 
76.3% loss, while α and β events resulting in 7.9% and 1.3% mass loss, 
respectively. 

3.2. Combustion process 

Fig. 2A shows several frames of representative high-speed imaging of 

the combustion reaction for the Eu(NO3)3 + φC5H8O2 + 2-methox
yethanol precursor gel with φ = 0 in air. The ignition delay time of this 
precursor is ~148 s on a hot plate at 773 K. These images show the 
formation of a large flame above the reacting sample. Using multiple 
thermocouples, time-temperature profiles of the process were measured 
on the precursor’s surface at 1 and 2 cm above the surface. Fig. 2B–D 
shows representative profiles for C5H8O2-containing gels in air and ni
trogen atmospheres and Eu2O3-diluted gels. The maximum temperature 
(Tm) for the Eu(NO3)3 + 0.5C5H8O2 + 2-methoxyethanol gel was 
observed above the sample within the flame rather than closer to the 
surface (Fig. 2B). Precursor gels diluted with its solid product (Eu2O3) 
showed a smaller flame than undiluted gels and relatively higher Tm 
closer to the sample’s surface (Fig. 2C). The combustion of gels with φ =
0.5 under nitrogen exhibited no flame with the rapid expansion of a 
dark-grey porous solid due to the unburned organic residues. This result 
confirms that the β peak on DSC plots is the oxidation of unburned 
organic residues. The temperature profiles measured at the surface of 
the samples reacted in nitrogen atmosphere are similar to that shown in 
Fig. 2D. 

Table 2 summarizes measured Tm, heating and cooling rates deter
mined from temperature profiles for samples reacted in different con
ditions. Under both atmospheres, increasing φ also increases Tm by 

Fig. 1. DSC-TGA plots for the Eu(NO3)3 + 2-methoxyethanol (A), DSC (B) and TGA (C) plots for Eu(NO3)3 + φC5H8O2 + 2-methoxyethanol solutions with different 
φ values. 

Table 1 
DSC peak positions (T) and heat released/consumed for the Eu(NO3)3 +

φC5H8O2 + 2-methoxyethanol solutions.   

Endotherm Peak Alpha Peak (α) Beta Peak (β) 

φ T (K) Heat (J•g−1) T (K) Heat (J•g−1) T (K) Heat (J•g−1) 

0 391 270 427 −121 546 −47 
0.5 400 398 440 −168 546 −56 
0.6 400 398 440 −161 548 −44 
0.7 400 388 440 −171 550 −28  

Fig. 2. Frames of high-speed video imaging for Eu(NO3)3 + φC5H8O2 + 2-methoxyethanol precursor gel with φ = 0 in air (A), and temperature profiles for gel with φ 
= 0.5 combusted in the air (B), Eu2O3-diluted gel with φ = 0 combusted in the air (C) and gel with φ = 0 in the nitrogen (D). 
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~250–300 K, while Tm values in air are 150–200 K higher than for the 
corresponding φ values for the samples reacted in nitrogen. These results 
are consistent with DSC analysis, showing that the addition of C5H8O2 
increases the energy output of the α exothermic peak (Table 1). Heating 
rates under the nitrogen atmosphere are ~250 K s−1, which is lower 
than the samples with equivalent φ values combusted in air. 

Although the gel (φ = 0) diluted with Eu2O3 exhibits smaller flame 
sizes, the average Tm is 990 K, and heating rates measured on the pre
cursor’s surface are higher than those corresponding to the undiluted 
solutions. The dilution of gel with the product reduces the overall 
thermal output of the process. However, the presence of the inert solid 
increases the heat conduction in the reacting gels, thus increasing the Tm 
measured closer to the precursor’s surface. Under a nitrogen atmo
sphere, the cooling of the products is slower (Table 2) than the 

corresponding samples reacted in air. Two factors can explain this result: 
the slightly different thermal conductivity of nitrogen (26.0 mW/m•K) 
and air (26.2 mW/m•K) and better thermal dissipation in the open air 
compared to the reaction vessel. 

We also conducted spraying-assisted SCS of Eu2O3 on silicon and 
aluminum substrates. The Eu(NO3)3 + φC5H8O2 + 2-methoxyethanol 
solutions (φ = 0.5 or 0.6) were sprayed on the substrate, followed by 
heat treatments at 623, 673, or 873 K. The combustion of thin layers of 
solutions generates little heat and limits the temperature of the sample 
to be closer to the furnace temperature. This spray-assisted SCS enables 
preparing dispersed materials and films on the substrate. 

3.3. Structure and composition of materials 

Energy dispersive X-ray spectroscopy analysis of bulk samples pre
pared by air combustion shows no major contaminants within the pro
duced sample (Fig. S2). PXRD patterns for bulk samples prepared with a 
φ = 0 precursor in air are mixtures of cubic (C–Eu2O3) and monoclinic 
(B–Eu2O3) crystalline Eu2O3 phases (Fig. 3A). Increasing the fuel con
centration to φ = 0.6 increases Tm values and decreases the quantity of 
the C–Eu2O3 phase in the sample obtained in air. Measured Tm for the Eu 
(NO3)3 + φC5H8O2 + 2-methoxyethanol gels with higher φ values are as 
high as 1400 K, which is above the range of the reported temperatures 
(1348–1473 K) for the C–Eu2O3 → B–Eu2O3 transition [21,27,29]. 
Earlier work has shown that this phase transition is kinetically limited 
and requires hours of annealing to convert C–Eu2O3 into B–Eu2O3 [30]. 

Table 2 
The measured maximum combustion temperature (Tm) on the gel surface, the 
heating and cooling rates of products for the Eu(NO3)3 + φC5H8O2 (Eu2O3) + 2- 
methoxyethanol gels reacted in air and nitrogen.  

Atmosphere φ Dilution Tm 

(K) 
Heating rate 
(K•s−1) 

Cooling rate 
(K•s−1) 

Air 0 No 870 1000 400 
0 Yes 990 1530 375 
0.5 No 1169 2850 650 

Nitrogen 0 No 722 770 110 
0.5 No 971 2570 260  

Fig. 3. PXRD patterns for products of the Eu(NO3)3 + φC5H8O2 + 2-methoxyethanol gels combusted in the air (A), nitrogen (B), and consecutive 10% dilution with 
Eu2O3 for precursor (φ = 0) (C). XRD patterns of sprayed Eu2O3 on Si backing at increasing temperatures (D). Reference patterns for C–Eu2O3 (PDF# 01-083-7117) 
and B–Eu2O3 (PDF# 00-043-1009) are black and orange, respectively. 
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It is noteworthy that at φ = 0.6, B–Eu2O3 is dominant (~60%) in the 
product prepared during a short SCS. The material is heated for only 
seconds at or above the C → B transition temperature during combus
tion. This brief heating seems to be enough to form the nanoscale 
high-temperature B–Eu2O3 phase. At the same time, fast cooling in the 
post-combustion stage quenches the B–Eu2O3 phase and limits its tran
sition to C–Eu2O3. Rietveld refinement of PXRD patterns (Fig. S3) shows 
a decrease in the amount of C–Eu2O3 from 80.6% at φ = 0 to ~40% at φ 
= 0.6 (Table 3). 

The reaction products of identical precursors under a nitrogen at
mosphere are also mixtures of two phases, with the C–Eu2O3 portion 
changing from 65.2 to 72.2% (Fig. 3B). Notably, the Tm values for 
samples reacted in nitrogen are lower than previously reported C ↔ B 
transition temperatures. This result shows that the unique SCS condi
tions permit the formation of high-temperature phases at much lower 
temperatures. Fig. S4 shows Rietveld refinement patterns of Eu2O3 
produced under N2. 

Reduced flame temperatures hinder the formation of B–Eu2O3 at the 
combustion of diluted gels. After a single dilution, C–Eu2O3 peaks in 
powder diffraction patterns are slightly broadened (Fig. 3C). Although 
the distinctive peaks for the monoclinic phase are not observed, a 
higher-than-average background between the intense (222) and (400) 
peaks of the C–Eu2O3 is attributed to the significant broadening of 
multiple peaks for B–Eu2O3. Further successive dilution with Eu2O3 
shows no peaks of B–Eu2O3 or increased broadening of the C–Eu2O3 
peaks. 

XRD patterns of samples prepared by spraying reactive solutions, 
followed by annealing at 623 K, reveal a material with an amorphous 
structure, which develops some long-range order upon increasing the 
annealing temperature to 673 K (Fig. 3D). The diffraction pattern of a 
sample annealed at 873 K shows only peaks for C–Eu2O3 and none for 
B–Eu2O3. This result suggests that, unlike bulk combustion, the 
spraying-assisted process enables better control over the temperature 
and prevents the formation of the B–Eu2O3 phase. 

3.4. Morphology 

We conducted detailed electron microscopy and BET/BJH in
vestigations to reveal the morphological and structural features of the 
prepared materials. Fig. 4 shows bright-field TEM and electron diffrac
tion patterns for selected products. Fig. 4A–D are for the air combustion 
product of a precursor with φ = 0, while Fig. 4E–H and 4I – L are 
products for φ = 0.5 precursors reacted in air and nitrogen, respectively. 
Without C5H8O2 (Fig. 4A), products consist of agglomerates of inter
connected porous structures. Porous morphologies were also observed 
after C5H8O2 was added to the initial solutions. When combusted in air, 
the sample for φ = 0.5 precursors has a relatively lower porosity 
(Fig. 4E) than the other samples due to the higher Tm resulting in sin
tering and pore collapse. The agglomerates for the products prepared 
under nitrogen (Fig. 4I) have relatively high porosity compared to the 
previous sample due to the lower Tm. However, this porous morphology 
differs from the material produced by combustion of the φ = 0 precursor 
in air with a Tm only lower by 100 K. This morphological difference is 
most likely due to the differences in heating rates between the two 
samples. A significantly higher heating rate would result in a more rapid 

release of gaseous products and, therefore, an expansion of the overall 
volume of pores due to the rapid pressure buildup. 

Nitrogen physisorption analysis of the samples supports the bright- 
field TEM observations. All three samples exhibit type II adsorption/ 
desorption isotherms with type H3 hysteresis loops (Fig. S5). This can be 
attributed to the plate-like particle aggregates that form slit-like pores. 
Table S1 shows calculated BET surface areas and BJH average adsorp
tion pore sizes for all three samples. When combusted in air without fuel, 
materials have a surface area of ~26 m2/g and an average pore size of 
24.9 nm. With the addition of fuel, there is a significant decrease in 
surface area to 12 m2/g, while the average pore size increases to 37.8 
nm. These changes are the result of sintering. As the material is sintered 
at higher temperatures, mass diffusion causes pore size to increase. 
When the sample is combusted under a nitrogen atmosphere, a surface 
area of ~25 m2/g is achieved, similar to that obtained in the absence of 
fuel in air. However, a slight increase in the average pore size to 26.7 nm 
is observed compared to the φ = 0 sample. 

Images for all materials at higher magnification show highly crys
talline particles with well-defined boundaries. Measured d-spacings of 
high-resolution TEM images match well (<5% error) with both the (310) 
and (111) planes of B–Eu2O3. This result supports the additional pres
ence of the monoclinic phase. Electron diffraction patterns of all three 
materials show bright diffraction rings with d-spacings aligning well 
with that of C–Eu2O3. The diffraction rings corresponding to B–Eu2O3 
are not clearly visible. The most intense peaks for B–Eu2O3 occur be
tween the (222) and (400) reflections of C–Eu2O3. The lower sensitivity 
of the electron diffraction method as compared to XRD makes the 
distinction of the B–Eu2O3 peaks between intense C–Eu2O3 lines 
challenging. 

The samples prepared by combustion of sprayed Eu(NO3)3 +

0.6C5H8O2 + 2-methoxyethanol solution on untreated silicon wafers 
exhibit well-defined hemispheric-shaped particles across the substrate 
(Fig. 5A). Particle size distribution analysis using ImageJ software 
revealed that ~85% of the measured hemispheres (n = 1903) are within 
the range of 50–200 μm2 (Fig. 5B). Similar hemispheric morphologies 
have been previously reported from 2-methoxyethanol-based solutions 
in the inkjet printing of metal oxide thin-film transistors [55]. Hexam
ethyldisilazane (HMDS) as a surface treatment agent changed the sur
face coverage [56,57]. To explore this possibility with a reactive 
solution, silicon wafers were coated with HMDS before spraying. The 
resulting materials show similar hemispheric morphologies to the first 
sprayed sample. However, size distribution analysis reveals that 98% of 
the measured hemispheres (n = 3925 and 2112, respectively) are in the 
range of 10–60 μm2 (Fig. 5B). Thus, HMDS influences the formation of 
hemispheres on the substrate surface by decreasing the average size of 
the produced hemispheres. These results agree with similar trends re
ported by Wu et al., in which drops of aqueous In:Ga:Zn nitrate solutions 
inkjet-printed on SiO2 decreased in size and spacing when treated with 
HMDS compared to ozone pretreatment or without any pretreatment 
[58]. 

Aluminum was also used as a substrate to deposit Eu2O3 by spraying 
Eu(NO3)3 + 0.6C5H8O2 + 2-methoxyethanol solution followed by 
annealing. Initial Al alloy samples were subjected to different surface 
pretreatments. Oxygen plasma cleaning of the substrate for 15 min 
improved solution spreading. However, the deposited layers are heavily 
cracked and detached from the substrate (Fig. S6). In addition, large 
circular areas contain no sprayed material. An Al substrate annealed at 
573 K for 30 min followed by ozone pretreatment for 20 min allows the 
solution to uniformly spread across the surface with less damaged areas 
(Fig. 6A), as opposed to the plasma-cleaned Al substrate. The surface 
appears rough, with cracks and small bubble-like features. An identical 
surface treatment but using a solution with a φ = 0.5 ratio results in 
smoother material but with areas of significant film detachment 
throughout the samples (Fig. 6B). Finally, changing the Eu(NO3)3 con
centration for the φ = 0.5 solutions enables tuning of the surface 
coverage of the material. Increasing the solution concentration to 1 M 

Table 3 
C–Eu2O3 content determined via Rietveld refinement of PXRD patterns for 
the combustion of Eu(NO3)3 + φC5H8O2 (Eu2O3) + 2-methoxyethanol bulk 
precursors in different atmospheres.  

φ Air Nitrogen 

0.00 80.6 72.2 
0.25 67.4 65.2 
0.50 38.3 73.7 
0.60 40.0 65.5  
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europium nitrate leads to a rough surface morphology (Fig. 6C), while 
reducing the concentration to 0.25 M results in a thin film with minimal 
roughness (Fig. 6D). Cross-sectional SEM imaging of the produced film 
shows average thickness of 140 ± 4 nm with no visible defects (Fig. 6F). 

4. Conclusions 

This work reports rapid solution combustion synthesis of nanoscale 
Eu2O3 using Eu(NO3)3 + φC5H8O2 + 2-methoxyethanol solutions. 
Thermal analysis shows that 2-methoxyethanol acts as a reducing fuel 
without C5H8O2. Upon adding C5H8O2, the system releases more heat 

during the combustion process. All tested solutions exhibit an intense 
heat release stage and less exothermic secondary process associated with 
the slow oxidation of unburned organic residues. 

The combustion products formed in air are a mixture of cubic and 
monoclinic Eu2O3 phases, with concentrations of the latter increasing 
with φ. When combusted under nitrogen, the lack of external oxygen 
decreases the overall reaction temperature, hindering the formation of 
the high-temperature monoclinic phase. The dilution of reacting gels 
with Eu2O3 product powders reduces the overall thermal output, 
lowering the flame temperature and content of monoclinic Eu2O3. TEM 
imaging shows that all powdered materials produced are highly porous 

Fig. 4. TEM images and electron diffraction patterns for combustion products of Eu(NO3)3 + φC5H8O2 (Eu2O3) + 2-methoxyethanol gels with φ = 0 ratio in air (A–D), 
and φ = 0.5 reacted in air (E–H) and nitrogen (I–L). 

Fig. 5. SEM image of hemispherical particles prepared by spraying Eu(NO3)3 + 0.6C5H8O2 + 2-methoxyethanol solutions on Si (A). Histogram of particle sizes for 
samples with and without HMDS pretreatment (B). 

J.M. Roach et al.                                                                                                                                                                                                                                



Journal of Solid State Chemistry 326 (2023) 124235

7

aggregates of crystalline nanoparticles. Changes to the φ ratio and the 
reaction atmosphere influences the porosity of the products. 

Monoclinic Eu2O3 can be produced even in an inert atmosphere or 
with dilution, indicating that rapid combustion allows for the easy 
preparation of nanoscale materials at lower temperatures than tradi
tional synthesis methods. The results mentioned above are significant as 
they can help in producing monoclinic oxide phases of lanthanide series 
oxides at a faster rate. This can be useful for producing other materials. 
In order to prepare pure-phase bulk monoclinic oxides, future studies 
should focus on developing additional methods to regulate the com
bustion process. 

In contrast to the bulk combustion of precursor gels, the thin-film 
combustion process produces pure cubic Eu2O3. Silicon and aluminum 
substrates are used in thin-film combustion while allowing tuning of the 
morphologies of the resulting materials. Electrospraying of solutions 
onto silicon substrates forms materials with hemispherical particle 
morphologies. A liquid-phase pretreatment of the surface narrows the 
size distribution of these particles. The combustion of solutions with a 
reduced concentration of Eu(NO3)3 onto an Al substrate leads to the 
formation of thin films, particularly useful in target applications for 
nuclear science measurements, catalysis, and electronics research. 
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