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Abstract
The size and shape of functional micro/nanomaterials have crucial influence on their physical and chemical properties. The 
monoclinic  Y4O(OH)9NO3 with nanosheets, submicrospheres, and microrods have been successfully prepared by a non-
aqueous solvothermal method. The precursors  Y4O(OH)9NO3 decompose into cubic  Y2O3:Eu3+ phosphors after sintering 
at 800 °C for 2 h. The morphologies and sizes of  Y2O3:Eu3+ particles can be easily controlled by changing the growth rates 
of various crystallographic facets during solvothermal process. With the increment of the rare-earth nitrates concentration, 
the morphologies transform from 2D nanosheets to sub-microspheres, and eventually to microrods. The bright red emis-
sion, owing to  Eu3+ f-orbital transitions, can be easily observed under ultraviolet excitation. Furthermore, the dependence 
of  Y2O3:Eu3+ luminescence performances on different morphologies are discussed in the present work.

1 Introduction

Luminescence materials have attracted great interest for 
decades because of their important significance in the daily 
life of human beings [1–4]. Much work has been done to 
satisfy the needs of bright light, tunable color, and high 
efficiency [5–7]. It is well-known that the size and shape 
affect the defects and dopant concentrations on the surface, 
which leads to nonradiative transitions and luminescence 
quenching. Therefore, the controlled synthesis of lumines-
cence materials with desired sizes and shapes has received 
significant attention due to the potential for luminescence 
enhancement [8–10]. When luminescence materials are 
combined with therapeutic agents, multifunctional probes 
are synthesized for imaging-guided and tumor-targeted 
therapies [11–13]. Yttrium oxide is an outstanding host 
material because of its large band gap energy, good ther-
mal property and high chemical stability, which has been 
extensively applied in advanced ceramics, dye sensitized 
solar cells, cathode-ray tubes, biomarkers and fluorescent 
lamps [14–18].  Y2O3:Eu3+, acting as dopant, improves the 
superconducting transition temperature of  MgB2 bulk by 

strengthening the electron–phonon interaction [19, 20]. 
 Y2O3 is easily replaced with various lanthanide ions with 
a valence of + 3 and used as a host for both down- and up-
conversion luminescence [6, 9, 18]. In addition, various 
colors have been realized by proper selection and combina-
tion of lanthanide dopants.  Y2O3:Eu3+ phosphors have been 
synthesized by many methods such as sol–gel, coprecipita-
tion, hydro-/solvothermal, spray pyrolysis, combustion and 
microwave hydrothermal method [1, 16, 21, 22]. The hydro-/
solvothermal method is a facile and efficient wet-chemistry 
method which has been successfully used to synthesize a 
large amount of materials with high purity and good uni-
formity [23–26]. The morphologies can be controlled by 
adjusting the critical factors including temperature, reaction 
time, additives, solvents, and so on. Nowadays, various mor-
phologies of  Y2O3:Eu3+ phosphors, including nanosheets, 
nanorods, nanotubes, flower-like and hierarchical structures 
have been prepared by hydro-/solvothermal method [27–30].

The evolution and design of morphologies have been 
deeply researched because of the complicated and unclear 
mechanisms [31–34]. The two-dimensional (2D)  Y2O3:Eu3+ 
nanosheets could also be rolled or curled into the 1D nano-
tubes which then grew longer and thicker driven by the 
attached nanosheets [28]. The ultrathin, crystalline  Y2O3 
nanosheets can be assembled into a high surface area and 
low-density 3D network by a simple centrifugation-induced 
gelation method [22]. The 3D flower-like  La2O3:Eu3+ com-
posed of 1D nanorods was synthesized through a sequence 
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of nucleation, crystal splitting, and self-assembly process 
assisted by oriented attachment [35]. The 3-dimensional 
flower-like  Y2O3:Eu3+ nanoarchitectures assembled with 
nanosheets were synthesized by simple hydrothermal reac-
tion without employing templates or matrix for self-assem-
bly [27]. Thus, the evolution mechanism of different mor-
phologies, like 1D rods/tubes, 2D sheets and 3D spheres, 
are worth studying.

This study reports the  Y2O3:Eu3+ nanosheets, micro-
spheres, and microrods which can be easily synthesized 
through a non-aqueous solvothermal method and subsequent 
heat treatment without any assistance of the surfactants and 
templates. The experiment results showed that the mor-
phologies of the products could be greatly affected by the 
concentration of yttrium nitrate and volume ratio of benzyl 
alcohol and 1-octylamine. We investigated the photolumi-
nescence properties of the as-obtained  Y2O3:Eu3+ and dis-
cussed the relationship between luminescence intensity and 
morphologies. This new strategy can also be applicable in 
the preparation of other rare earth oxides whose chemical 
and physical properties are similar to yttrium oxide.

2  Experimental

2.1  Materials and methods

Yttrium oxide  [Y2O3; Sinopharm Chemical Reagent 
Co., Ltd. (99.99%)], europium oxide  [Eu2O3; Sinopharm 
Chemical Reagent Co., Ltd. (99.99%)], benzyl alcohol 
 [C6H5CH2OH; Tianjin TIANLI Chemical Reagent Ltd. 
(AR)], 1-octylamine  [C8H17NH2; Shanghai Kefeng Chemi-
cal Reagent Co., Ltd. (99%)], and nitric acid  [HNO3; Sichuan 
Xilong Chemical Industry Co., Ltd. (65–68%)] were used 
in this study. All chemicals were used as received without 
further purification.

The following synthesis was performed after minor 
modifications to Ref. [21]. In a typical synthesis, 0.153 g of 
 Y2O3 and 0.012 g of  Eu2O3 (molar ratio Y:Eu = 0.95:0.05) 
were dissolved in 3 mL nitric acid heated at 70 °C. Rare 
earth nitrates were prepared by evaporating the superflu-
ous nitric acid under constant heating. Afterwards, the 
rare earth nitrates were mixed with 12 mL of benzyl alco-
hol under magnetic stirring. After completely dissolving, 
3 mL of 1-octylamine were added into the solution drop-
by-drop with constant stirring. Furthermore, the mixture 
was stirred for another 30 min and transferred into a 25 mL 
teflon-lined autoclave for 24 h of solvothermal treatment at 
160 °C. When the autoclave was cooled to room temperature 
naturally, the precursors were collected by centrifugation, 
washed several times with ethanol and dried at 60 °C in air. 

The as-synthesized powders were annealed at 800 °C for 2 h 
in air with a heating rate of 5 °C/min.

The benzyl alcohol/1-octylamine volume ratio and the 
concentration of  Y1.9Eu0.1(NO3)3 were applied to control 
the morphology and size of  Y2O3:Eu3+. The samples pre-
pared at benzyl alcohol/1-octylamine volume ratio of 12/3, 
9/6, 6/9 and 3/12 were labelled as S1, S2, S3 and S4. The 
samples prepared with 0.0765 and 0.306 g  Y2O3 (Y:Eu kept 
at 0.95:0.05) were labelled as S5 and S6, respectively. The 
calcined samples for S1‒S6 were denoted as C1‒C6.

2.2  Characterizations

X-ray powder diffraction patterns were recorded by a X’Pert 
Pro (PANalytical B.V., The Netherlands) powder diffrac-
tometer with Cu Kα radiation. The FESEM images were 
obtained by a Quanta 600 FEG (FEI America) field emis-
sion scanning electron microscope equipped with an energy-
dispersive spectrometer (EDS). TEM images were obtained 
by a Tecnai  G2 F20 S-TWIN (FEI America) transmission 
electron microscope. Fourier transform infrared spectros-
copy (FT-IR) spectra were measured by a JASCO FT/IR-470 
plus infrared spectrophotometer with the KBr pellet tech-
nique. Thermogravimetric and differential scanning calori-
metric (TG‒DSC) data were recorded within 30‒900 °C at 
a heating rate of 3 °C/min by STA (NETZSCH, STA449 F3 
 Jupiter®) with continuous air flow. Room temperature photo-
luminescence spectra of the powder samples were measured 
using a Hitachi F-7000 fluorescence spectrophotometer.

3  Results and discussion

X-ray diffraction (XRD) was employed to identify the 
phase composition of the synthesized precursors. Figure 1 
shows the XRD patterns of the precursors (S1‒S6) with-
out heat treatment and the products (C1‒C6) after calcined. 
The results of Fig. 1a state that all the diffraction peaks 
of the samples synthesized at different conditions during 
solvothermal reaction are well indexed to the monoclinic 
yttrium oxide hydroxide nitrate  Y4O(OH)9NO3 (JCPDS No. 
79-1352). The similarity of XRD patterns of the different 
samples indicates that the phases of precursors are inde-
pendent of the rare earth nitrates concentration and benzyl 
alcohol/1-octylamine volume ratio. However, the diffraction 
peaks of sample S5 are obviously broadening compared with 
those of samples S1, S2, S3, S4, and S6, suggesting that the 
degree of crystallization of sample S5 is lower than the other 
samples. This can be attributed to the fact that sample S5 
consists of two dimensional nanosheets with reduced perio-
dicity outside the plane direction [36]. As shown in Fig. 1b, 
all the diffraction peaks of the products (C1‒C6) after being 
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calcined at 800 °C for 2 h are indexed to the cubic yttrium 
oxide  Y2O3 (JCPDS No. 73-1334). The results indicate that 
precursors synthesized at different conditions have all con-
verted to yttrium oxide with no residual impurities.

Figure 2 shows the EDS spectra of sample S1 and C1 
(a), FT-IR spectra of sample S1, S4, S5 and C1, C4, C5 
(b) and TG-DSC curves of sample S1 (c). The results of 
other samples are similar, and sample S1 and C1 are selected 
as examples to investigate the composition and avoid rep-
etition. The atomic ratio of Re (Y, Eu) and O of sample 
S1 is 1:4.04, which is far from the theoretical value of 
 Y4O(OH)9NO3:Eu3+ because of the organic residues adsorb-
ing on the surface of the precursors. The atomic ratio of Re 
(Y, Eu) and O of sample C1 is 1:1.6 that is in great agree-
ment with the theoretical value of  Y2O3. The atomic ratio 
of Y and Eu is 96:4 which fitted well with the ratio of raw 
materials. The element Eu existing in the EDS spectrum and 
disappearing in XRD spectrum indicate an efficient substi-
tute doping of  Eu3+ ion in the  Y2O3 structure.

The FT-IR spectra of sample S1, S4 and S5 display a 
strong absorption band at 3400‒3500 cm−1, which is attrib-
uted to the stretching vibration of O–H bond. The peaks at 
687, 843, 1085 and 1371 cm−1 are assigned to the bending 

vibrations and the stretching vibrations of the  NO3
− groups. 

These results can support the  Y4O(OH)9NO3 structure of 
the precursor. Moreover, the peak at 1521 cm−1 corresponds 
to the asymmetrical vibration modes of carboxyl (–COO–) 
groups, which may originate from the absorption of  CO2 
from the atmosphere and organic residues from the solutions 
[30, 32]. The sharp absorption peak of samples C1, C4 and 
C5 at 564 nm results from the vibration of Y–O band. The 
weak absorption peaks at 3424 and 1635 cm−1 show the 
existence of water molecules on the surface of  Y2O3:Eu3+.

As shown in Fig. 2c, the two major stages of weight 
loss with endothermic peaks at 384 and 516 °C are in great 
agreement with the decomposition of  Y4O(OH)9NO3 into 
 Y2O3 [30, 37]. However, the total weight loss of sample 
S1 during the measurement is 25.91% which deviates from 
the theoretical value (23.01%) calculated from the complete 
decomposition of  Y4O(OH)9NO3 into  Y2O3. The excess 
weight loss is due to the weight loss at a temperature below 
300 °C, which can be explained by the absorption of organic 
residues and water.

Figure 3 shows the SEM and TEM images of samples 
C1, C5 and C6 with different rare earth concentrations. The 
size of the samples keeps increasing with the increment of 

Fig. 1  XRD patterns of samples, a S1‒S6, b C1‒C6

Fig. 2  EDS spectra of sample S1 and C1 (a), FT-IR spectra of sample S1-S3 and C1-C3 (b), TG-DSC curves of sample S1 (c)
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the  RE3+ concentrations (Fig. 3a, c, d). The TEM image 
indicates that the sample C5 consists of layered nanosheets 
whose size are about 30 nm (Fig. 3b), which shows no differ-
ence with the previous report [21]. Moreover, the nanosheets 
are overlapped and aggregated because of the large surface 
area and high surface energy. The sizes of the samples 
increase with the increment of rare earth concentrations, 
and the morphologies transform from nanosheets to sub-
microspheres, and eventually to microrods. Figure 3c shows 
that the size of the sub-microspheres is about 500 nm. By 
further increasing the concentrations, the length and diam-
eter of sample C6 are about 1.5 μm and 600 nm respectively. 
The results can be explained with the diffusion-limited 
aggregation (DLA) model. The size of nanosheets is small 
because of the low concentration which means that prime 
particles could difficultly cluster together for growth. The 
mean free path of the prime particles decreases resulting in 
faster growth rate and larger size when the concentrations 
increase. The strong driving force of random aggregation 
originate from the high surface energy of particles. The 
yttrium hydroxide nitrate  [Y4O(OH)9NO3] tends to grow 
into one-dimensional morphology because of its intrinsical 
anisotropy.

In general, the size and shape of the compound can be 
modulated by controlling the crystal nucleation and rela-
tive growth rate on particular crystal surfaces during crystal 

growth. To study the influence of the solvent, the samples 
synthesized at different volume ratio of benzyl alcohol/1-
octylamine are shown in Fig. 4. The shapes of the samples 
evolve from sub-microspheres to microrods when decreas-
ing benzyl alcohol volume. The yttrium hydroxide nitrate 
 [Y4O(OH)9NO3] tends to grow into one-dimensional mor-
phology because of its intrinsical anisotropy. However, the 
benzyl alcohol molecules could selectively adsorb onto spe-
cific crystal faces of  Y4O(OH)9NO3 crystals to alter their 
surface energies, which could significantly decrease the 
growth rates of these surfaces and lead to isotropic growth. 
The sphere-like products appeared as final structures in 
Fig. 4a, which suggests that the benzyl alcohol volume is 
high enough to adsorb on the crystal faces in all directions to 
form isotropic growth. The length of the microrods increases 
with decreasing benzyl alcohol volume, which confirms this 
point of view.

Figure 5 shows the photoluminescence excitation and 
emission spectra and decay curves of samples C1–C6 
recorded at room temperature. By monitoring the character-
istic emissions of  Eu3+ ions at 613 nm, the excitation spectra 
of samples inserted in Fig. 5a show the broad band with the 
strongest peak at 245 nm which is due to the charge transfer 
band of from the 2p orbital of  O2− to the 4f orbital of  Eu3+. 
The emission spectrum shows that the peaks centered at 534, 
581, 588, 593, 600, 613, and 631 nm are associated with 

Fig. 3  SEM and TEM images 
of samples synthesized with dif-
ferent rare earth concentrations 
but the same benzyl alcohol/1-
octylamine ratio, SEM and 
TEM images of sample C5 
respectively (a, b), SEM images 
of sample C1 (c), and SEM 
images of sample C6 (d)
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the 5D1 → 7F1 and 5D0 → 7FJ (J = 0, 1, 1, 1, 2, 3) transition 
of  Eu3+ ions, respectively. When adjusting the  RE3+ con-
centrations, the samples with larger size emitting stronger 
red light indicate that the PL intensity may be associated 
with the size of the samples. The volume ratio of the solvent 
affects not only the morphologies but also the PL intensity. 
When increasing the volume of 1-octylamine, the PL intensi-
ties decrease obviously due to the hydroxyl quenching from 
1-octylamine. This result illustrates that the hydrophilic 

1-octylamine absorbed on the surface of the samples results 
in fluorescence quenching.

The fluorescent decay curves of the 5D0 → 7F2 transi-
tion of  Eu3+ ions (corresponding to 613 nm) in  Y2O3:Eu3+ 
are shown in Fig. 5b. All curves can be fitted to a single 
exponential function as I = A + I0exp(− t/τ), where τ is the 
decay lifetime. By fitting, the lifetimes of samples C1‒C6 
are 1.60, 1.61, 1.44, 1.49, 2.12 and 1.62 ms, respectively. 
Considering the instrumental erors, the lifetime is almost 

Fig. 4  SEM images of sample 
C1 (a), sample C2 (b), sample 
C3 (c) and sample C4 (d). The 
samples were synthesized at the 
same conditions except the ben-
zyl alcohol/1-octylamine ratio

Fig. 5  Presents the room-temperature photoluminescence emission and excitation spectra of the samples C1‒C6 obtained after calcinations
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unchanged except for that of sample C5. Figure 6 shows the 
standard CIE coordinate-color graph and the intensity ratio 
of 5D0 → 7F2 to 5D0 → 7F1 for samples C1–C6. The CIE 
coordinates of samples have no obvious change when adjust-
ing the synthesis conditions. To investgate the change of 
lifetime, the intensity ratios (R) of 5D0 → 7F2 to 5D0 → 7F1 
transitions were calculated to detect the local environment 
of the  Eu3+ ions.  Eu3+ at  C2 symmetry site contributes to 
the 5D0 → 7F2 transition, and  Eu3+ at both  C2 and  C3i sym-
metry sites contribute to the 5D0 → 7F1 transition. The ratio 
of sample C5 is obviously larger than the other samples, 
meaning that the higher occupancy at  C2 symmetry site. The 
result indicates that the local environment of the  Eu3+ ions in 
 Y2O3 nanosheets results in the increasing of decay lifetime.

4  Conclusions

In summary, shape-controlled and size-adjustable  Y2O3:Eu3+ 
phosphors were successfully synthesized by a non-aqueous 
solvothermal method and subsequent calcine process with-
out any assistance of the templates and surfactant. The com-
position and crystal structure of  Y4O(OH)9NO3 precursors 
were confirmed by XRD, FT-IR and TG-DSC. The shape of 
samples transformed from sheet to sphere, and eventually 
to rod by just increasing the concentration of rare earth ele-
ments. The benzyl alcohol could absorb on certain crystal 
face inducing oriented growth. Moreover, the PL intensity 

of  Y2O3:Eu3+ phosphors strongly depend on the sizes of the 
samples. Finally, this facile method acts as the link between 
morphologies and properties, which may be expected to 
bring new opportunities in the controllable synthesis of other 
inorganic functional materials.
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