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1  Introduction

Research on the synthesis of the nanostructured materials is 
a noteworthy field in modern scientific and industrial stud-
ies [1–7]. One of these nanostructured materials is Nd2O3. 
Nd2O3 as a remarkable rare earth metal oxide due to its 
specific, exceptional and noteworthy optical and electrical 
characteristics is widely employed in the advanced materi-
als, thin films, photonic, luminescent and thermoluminescent 
materials, protective coatings and catalysts [8–13].

In recent years, hydrogen plasma-metal reaction, micro-
emulsion, gel combustion, solution-coprecipitation, thermal 
decomposition and hydrothermal routes [13–19] have been 
introduced to prepare Nd2O3. Control over grain size and 
shape of the nanostructured materials is a new challenge 
in the modern scientific and industrial studies [20–23]. 
Among the different ways developed for the production of 
the nanostructured materials, hydrothermal procedure has 
been proven to be a facile and reproducible approach, par-
ticularly to control the grain size and shape of the nanostruc-
tured materials.

Herein, we developed a new simple morphology-con-
trolled way to synthesize Nd(OH)3 nanostructures applying 
Nd(NO3)3·6H2O and tetraethylenepentamine (tepa) as start-
ing materials in presence of bis-(2-hydroxynaphthaldehyde)-
1,2-phenylenediamine as novel capping agent under hydro-
thermal conditions. In addition, nanostructured Nd2O3 
nanostructures can be synthesized by calcination of as-
obtained nanostructured Nd(OH)3 at 700 °C. To our knowl-
edge, it is the first time that bis-(2-hydroxynaphthaldehyde)-
1,2-phenylenediamine is applied as capping agent in 
presence of tepa for the synthesis of nanostructured 
Nd(OH)3 and Nd2O3 through a facile hydrothermal process. 
Applying of the new compounds with specific architecture 
may be advantageous and provide a novel approach for size 
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and shape-controlled synthesizing of the nanostructured 
materials. This way is facile, convenient and cost-effective; 
and opens an effective approach to the production of other 
hydroxide and oxide materials. We have investigated the 
effects of precipitator type, reaction time and applying Schiff 
base ligand as novel capping agent on the grain size and 
shape of the final products.

2 � Experimental

2.1 � Materials and characterization

Liquor ammonia solution containing 25% ammonia, metha-
nol, neodymium nitrate (Nd(NO3)3·6H2O), ethylenediamine 
(en), 1,2-phenylenediamine (C6H4(NH2)2), tetraethylene-
pentamine (tepa), 2-hydroxynaphthaldehyde (C11H8O2) 
and triethylenetetramine (Trien), with analytical grade were 
bought from Merck and were applied without additional 
purification. GC-2550TG (Teif Gostar Faraz Company, Iran) 
were used for all chemical analyses. Powder X-ray diffrac-
tion (XRD) patterns of as-formed nanostructured Nd(OH)3 
and Nd2O3 were collected from a Philips diffractometer 
applying X’PertPro and the monochromatized Cu Ka radia-
tion (l = 1.54 Å). The UV–vis diffuse reflectance spectrum 
of the as-prepared nanostructured Nd2O3 was obtained on 
a UV–vis spectrophotometer (Shimadzu, UV-2550, Japan). 
Morphological features of the Nd(OH)3 and Nd2O3 prod-
ucts were evaluated by a Tescan mira3 field emission scan-
ning electron microscope (FESEM). The energy dispersive 
spectrometry (EDS) analysis was evaluated by Tescan 
mira3 microscope. Fourier transform infrared spectra of 
the as-formed samples were obtained applying KBr pellets 
on an FT-IR spectrometer (Magna-IR, 550 Nicolet) in the 
400–4000 cm−1 range. TEM micrographs of as-produced 
nanostructured Nd2O3 were obtained on a JEM-2100 with an 
accelerating voltage of 200 kV equipped with a high resolu-
tion CCD Camera. Thermogravimetric-differential thermal 
test (TG-DTA) was performed by a thermal gravimetric 
analysis instrument (Shimadzu TGA-50H) with a flow rate 
of 20.0 ml min−1 and a heating rate of 10 °C min−1.

2.2 � Synthesis of bis‑(2‑hydroxynaphthaldehyde)‑1,2
‑phenylenediamine capping agent

For preparing the capping agent, 0.08 mol of 2-hydrox-
ynaphthaldehyde dissolved in methanol (35 ml) was added 
drop-wise to the 1,2-phenylenediamine solution (0.04 mol in 
50 ml of methanol). The resultant precipitate of the capping 
agent was produced after refluxing the mixture for 180 min, 
separating by filtering, washing and air-drying. The capping 
agent was ultimately recrystallized from methanol.

2.3 � Synthesis of the nanostructured Nd(OH)3 
and Nd2O3 samples

Nanostructured Nd(OH)3 and Nd2O3 samples were syn-
thesized through a novel simple hydrothermal way. For 
synthesizing nanostructured Nd(OH)3, in a typical proce-
dure, 0.08 g of neodymium nitrate was dissolved in 20 ml 
distilled water. The pH of the resultant neodymium nitrate 
solution was adjusted to 12 by drop-wise adding tetra-
ethylenepentamine solution under constant stirring. After 
10 min stirring the obtained solution was transferred in a 
Teflon-lined stainless steel autoclave and heated at 140 °C 
for 14 h. The resulting precipitate was filtered, washed out 
with distilled water and ethanol for three times, air-dried 
(sample no. 4). In order to evaluate the effect of the capping 
agent, a stoichiometric quantity of the capping agent was 
dissolved in 4 ml methanol and added to neodymium nitrate 
solution before adding tetraethylenepentamine solution. In 
addition to, the effect of the precipitator type, reaction time 
and applying bis-(2-hydroxynaphthaldehyde)-1,2-phenylen-
ediamine as new capping agent on the grain size and shape 
of the products were examined (Table 1). For preparing the 
nanostructured Nd2O3 sample, the as-produced nanostruc-
tured Nd(OH)3 (sample no. 8) was calcined at 700 °C for 4 h. 
Schematic diagram of the preparation of the nanostructured 
Nd(OH)3 and Nd2O3 samples (sample nos. 11 and 12) is 
illustrated in Fig. 1.

2.4 � Photocatalytic tests

The photocatalytic performance of the as-produced Nd2O3 
samples with various particle sizes and shapes (sample 
nos. 5, 8 and 12) was evaluated by employing eriochrome 
black T dye solution. The solution containing 2 mg of the 

Table 1   The preparation conditions of the neodymium hydroxide 
and neodymium oxide nanostructures

Sample no. Calcina-
tion at 
700 °C

Reaction 
duration 
(h)

Cap-
ping 
agent

Precipita-
tor

Figure 
of SEM 
images

1 − 14 − NH3 6a
2 − 14 − en 6b
3 − 14 − Trien 6c
4 − 14 − Tepa 6d
5 + 14 − NH3 7a
6 + 14 − en 7b
7 + 14 − Trien 7c
8 + 14 − Tepa 7d
9 − 10 − Tepa 8a
10 − 18 − Tepa 8b
11 − 14 + Tepa 9a
12 + 14 + Tepa 9b
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eriochrome black T and 80 mg of the as-produced Nd2O3 
sample in the quartz reactor was utilized to carry out the 
photocatalytic test. After aerating for 1/2 h, the resulting 
mixture was subjected to the irradiation of the UV light from 
the 400 W mercury lamps. The value of eriochrome black T 
dye was checked on the basis of its UV–visible absorption 
quantity.

3 � Results and discussion

For determining the preparation of the capping agent, nano-
structured Nd(OH)3 (sample no. 11) and Nd2O3 (sample no. 
12) samples, FT-IR analysis was carried out. The infrared 
spectra of the capping agent, as-synthesized nanostructured 
Nd(OH)3 (sample no. 11) and Nd2O3 (sample no. 12) sam-
ples are depicted in Fig. 2a–c, respectively. In the FT-IR 
spectrum of the capping agent (Fig. 2a), the peaks appear 
at 1616 and 1322 cm−1 are corresponding to the ν(C=N) 
and ν(Ar–O), respectively, which confirms the preparation 
of the capping agent [24]. In the FT-IR spectrum of nano-
structured Nd(OH)3 (sample no. 11) sample, O–H stretch-
ing vibration of Nd(OH)3 and the O–H bending vibration of 
Nd–O–H appear at 3606 and 676 cm−1 (Fig. 2b). In Fig. 2b, 
the (C–H) bending vibration band at 1384 cm−1 exhibits 
the presence of tetraethylenepentamine. Besides the band 
appears at 858 cm−1 in Fig. 2b is attributable to the car-
bonate group [25]. It seems that the neodymium hydroxide 

synthesized at the hydrothermal procedure has high affinity 
to the atmospheric carbon dioxide, therefore converting to 
the hydroxy-carbonate phase during washing stages and very 
small quantity of the hydroxy-carbonate phase forms. In the 
FT-IR spectrum of the nanostructured Nd2O3 (sample no. 
12) sample, the absorption band appears at 3425 cm−1 is 
attributable to the v(OH) stretching vibration of physisorbed 
water molecules [25]. The characteristic peak of the Nd2O3 
appears at 500 cm−1 [26] (Fig. 2c).

Thermal gravimetric test (TGA) was performed to evalu-
ate the thermal stability of the as-produced nanostructured 
neodymium hydroxide (sample no. 11). The TGA curve of 
the as-synthesized nanostructured neodymium hydroxide 
is depicted in Fig. 3. One mass loss step occurred in the 
25–215 °C (showing 1.72% mass loss) are possibly attrib-
utable to surface moisture evaporating. Other mass loss 
step occurred in the 215–700 °C (illustrating 14.96% mass 
loss) can be related to the chemical conversion: 2Nd(OH)3 
→ Nd2O3 + 3H2O [27] and the preparation of neodymium 
oxide.

To evaluate the chemical composition of the as-prepared 
nanostructured neodymium oxide (sample no. 12), EDS test 
was performed. The EDS spectrum of the sample no. 12 is 
depicted in Fig. 4. The EDS pattern illustrates that the only 
existing elements in this synthesized sample are Nd and O.

To characterize the crystal structure of the as-produced 
nanostructured neodymium hydroxide (sample no. 11) and 
neodymium oxide (sample no. 12) samples, XRD patterns 

Fig. 1   Schematic diagram of the preparation of the nanostructured Nd(OH)3 and Nd2O3 samples (a) and reaction mechanism of eriochrome 
black T photodegradation over nanostructured Nd2O3 under UV light illumination (b)
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were taken and depicted in Fig. 5a, b. As observed in the 
XRD pattern of the nanostructured neodymium hydroxide 
(sample no. 11), all the diffraction peaks are well-matched to 

pure hexagonal Nd(OH)3 with P63/m space group (JCPDS 
83-2035). All the diffraction bands depicted in Fig. 5b can 
be readily indexed to pure hexagonal Nd2O3 (JCPDS card 
74-2139). The average crystallite size of the as-produced 

Fig. 2   FT-IR spectra of the capping agent (a), as-prepared nanostruc-
tured Nd(OH)3 (sample no. 11) (b) and Nd2O3 (sample no. 12) (c) 
products

Fig. 3   TGA of the as-produced nanostructured Nd(OH)3 (sample no. 
11)

Fig. 4   EDS pattern of the as-obtained nanostructured Nd2O3 (sample 
no. 12)

Fig. 5   XRD patterns of the as-synthesized nanostructured Nd(OH)3 
(sample no. 11) (a) and Nd2O3 (sample no. 12) (b) products
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nanostructured neodymium oxide (sample no. 12) sample 
calculated by applying the Scherrer equation [22] is 26 nm. 
Thus, the XRD, EDS and FT-IR results reveal the high 
purity of the as-produced nanostructured neodymium oxide 
(sample no. 12) sample in this investigation.

As described before, in this investigation nanostruc-
tured neodymium hydroxide were synthesized through 
a novel facile hydrothermal procedure with neodymium 
nitrate and tetraethylenepentamine (tepa) as starting 
materials in presence of bis-(2-hydroxynaphthaldehyde)-
1,2-phenylenediamine as novel capping agent. Bis-
(2-hydroxynaphthaldehyde)-1,2-phenylenediamine with 
high steric hindrance influence was employed as capping 
agent in presence of tepa to control the shape and grain size 
and produce nanostructured neodymium hydroxide for the 
first time. Pure hexagonal nanostructured neodymium oxide 
was obtained by thermal conversion of nanostructured neo-
dymium hydroxide in air at 700 °C for 4 h. Preparation of 
neodymium hydroxide at 140 °C for 14 h has been selected 

as a basic reaction in this investigation and the effects of 
the precipitator type, reaction time and applying Schiff base 
ligand as novel capping agent on the shape and particle size 
of the products have been examined by SEM technique. 
The precipitator type influence on the grain size and shape 
of the neodymium hydroxide and neodymium oxide were 
examined. For this goal, four reactions were carried out 
by applying the ammonia (sample no. 1), ethylenediamine 
(sample no. 2), triethylenetetramine (sample no. 3) and tetra-
ethylenepentamine (sample no. 4). The SEM images reveal 
that the irregular micro/nanostructures (Fig. 6a), irregular 
spherical nanobundles (Fig. 6b), irregular nanorods/not uni-
form spherical nanoparticles (Fig. 6c) and relatively uniform 
nanorods (Fig. 6d) are prepared by applying the ammonia, 
ethylenediamine, triethylenetetramine and tetraethylene-
pentamine, respectively (Fig. 6a–d). It seems that when 
the precipitator type changes, the grain size decreases with 
enhancing steric hindrance influence. It seems that when the 
steric hindrance influence enhances, the aggregation between 

Fig. 6   SEM images of the 
neodymium hydroxide samples 
prepared by applying the 
ammonia (a), ethylenediamine 
(b), triethylenetetramine (c) and 
tetraethylenepentamine (d)
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formed neodymium hydroxide nanoparticles decreases and 
nucleation to be taken place rather than the particle growth. 
By changing the precipitator type from ammonia to tetraeth-
ylenepentamine, the applied precipitator types with different 
steric hindrance influence can play a capping agent role and 
can provide the various reaction interfaces for formed neo-
dymium hydroxide nanoparticles and induce the neodymium 
hydroxide nanoparticles to assemble in the definite direc-
tions, and thus micro/nanostructures, spherical nanobundles, 
spherical nanoparticles and nanorods were synthesized, 
respectively. The corresponding neodymium oxides were 
obtained by calcination at 700 °C for 4 h (Fig. 7a–d). The 
SEM images illustrate that the high agglomerated particles/
irregular micro structures (Fig. 7a), irregular agglomerated 
spherical nanobundles (Fig. 7b), not uniform nanobundles 
(Fig. 7c) and relatively uniform nanorods (Fig. 7d) were 
synthesized by applying the ammonia (sample no. 5), eth-
ylenediamine (sample no. 6), triethylenetetramine (sample 
no. 7) and tetraethylenepentamine (sample no. 8). Hence, 

the precipitator type has a considerable impact on the shape 
and grain size control of the neodymium hydroxide and 
neodymium oxide. Results of SEM studies reveal that tetra-
ethylenepentamine is the most favorable precipitator in our 
hydrothermal reaction conditions (Figs. 6d, 7d), thus other 
hydrothermal reactions were carried out by applying the 
tetraethylenepentamine.

In continuation, the reaction duration influence on the 
shape and grain size of the neodymium hydroxide was inves-
tigated. The reaction duration was altered to 10 and 18 h and 
the neodymium hydroxide samples were prepared at 140 °C 
(sample nos. 9 and 10). SEM images of the neodymium 
hydroxide samples produced at 10 and 18 h were taken and 
depicted in Fig. 8a, b. The sample no. 9 prepared at 10 h 
reveals the not uniform spherical nanoparticles. The SEM 
image in Fig. 8b obviously reveals that irregular nanobundles 
were obtained. It can be seen that the morphology changes 
from relatively uniform nanorods to not uniform spherical 
nanoparticles (sample no. 9) and the irregular nanobundles 

Fig. 7   SEM images of the 
neodymium oxide products 
prepared by employing the 
ammonia (a), ethylenediamine 
(b), triethylenetetramine (c) and 
tetraethylenepentamine (d)
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(sample no. 10) by changing the reaction duration from 14 
to 10 and 18 h. This happened change in morphology can be 
related to the Ostwald ripening process.

M o r e o v e r ,  t h e  i n f l u e n c e  o f  t h e  b i s -
(2-hydroxynaphthaldehyde)-1,2-phenylenediamine cap-
ping agent on the particle size and shape the neodymium 

hydroxide and neodymium oxide was examined. SEM image 
of the neodymium hydroxide (sample no. 11) and neodym-
ium oxide (sample no. 12) synthesized by employing the 
novel capping agent was taken and indicated in Fig. 9a, b. By 
employing the capping agent, uniform spherical neodymium 
hydroxide nanoparticles and very homogenous neodymium 

Fig. 8   SEM images of the neodymium hydroxide samples synthe-
sized at 140 °C for (a) 10 and (b) 18 h

Fig. 9   SEM images of the neodymium hydroxide sample prepared 
by applying the new capping agent in presence of tepa (a) and SEM 
image of the as-produced nanostructured Nd2O3 (b)
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oxide are obtained (Fig. 9a, b). This new capping agent with 
high steric hindrance influence can limit the grain size of 
the neodymium hydroxide nanoparticles via protecting them 
from further aggregation. It is apparent that employing this 
new capping agent results in uniform spherical neodymium 
hydroxide nanoparticles as well as very homogenous neo-
dymium oxide nanoparticles preparation (Fig. 9a, b). Thus, 
an excellence of the employing this new capping agent in 
presence of tetraethylenepentamine is that it causes to pre-
pare nanostructured neodymium hydroxide and neodymium 
oxide.

Based on the SEM results, it can be deduced that employ-
ing bis-(2-hydroxynaphthaldehyde)-1,2-phenylenediamine 
as new capping agent in presence of tetraethylenepentamine 
and reaction time = 14 h are the optimum condition for uni-
form spherical neodymium hydroxide nanoparticles as well 
as very homogenous neodymium oxide nanoparticles prepa-
ration with small particle size (Fig. 9a, b).

To elucidate the detailed shape and size of the as-pro-
duced neodymium oxide sample (sample no. 8), the typical 
TEM images were taken. Figure 10a, b reveals TEM images 
of neodymium oxide product is synthesized by calcining 
nanostructured neodymium hydroxide (sample no. 4), illus-
trating nanorods with lengths and diameters of 22–40 and 
60–120 nm, respectively (Fig. 10).

UV–vis diffuse reflectance spectrum was taken to exam-
ine the optical characteristics and band gap (Eg) of as-
produced neodymium oxide product (sample no. 12). Fig-
ure 11a depicts the UV–vis diffuse reflectance spectrum of 
the neodymium oxide product. The absorption peak appears 
at 367 nm in Fig. 11a. The band gap may be calculated based 
on the absorption spectrum by utilizing Tauc’s relationship 
[3]. The Eg of the neodymium oxide product (sample no. 
12) may be determined by extrapolating (αhν)2 against hν 
at (αhν)2 = 0 [3, 22] (Fig. 11b). The energy gap quantity of 
the neodymium oxide product (sample no. 12) calculated 
to be 3.32 eV. From the determined Eg quantity, the as-
synthesized neodymium oxide product may be utilized as 
the photocatalyst material.

To illustrate the photocatalytic performance of as-produced 
Nd2O3 samples with various particle sizes and shapes (sam-
ple nos. 5, 8 and 12) for the degradation contaminants, the 
photodegradation of eriochrome black T (anionic dye) tests 
were carried out under UV light irradiation. High agglomer-
ated particles/irregular micro structures (sample no. 5), rela-
tively uniform nanorods (sample no. 8) and very homogenous 
spherical neodymium oxide nanoparticles (sample no. 12) 
produced by applying ammonia and tetraethylenepentamine 
without and with novel capping agent have been employed 
for degradation of eriochrome black T and their photocatalytic 
performance have been compared on 100 min. The result of 
the photocatalytic experiments are depicted in Figs. 12, 13. No 
anionic dye was almost broken down after 100 min in absence 

of the UV light or as-synthesized neodymium oxide products 
(sample nos. 5, 8 and 12). This observed result indicated that 
the share of self-degradation was insignificant. The probable 
mechanism of the photodegradation of anionic dye may be 
assumed as [28, 29]:

Nanostructured Nd2O3 + hν → Nanostructured Nd2O3
∗ + e

− + h+

h+ + e
−
→ heat

h+ + H2O → OH⋅ + H+

Fig. 10   TEM images of the as-produced nanostructured Nd2O3 (sam-
ple no. 8)
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h+ + OH−
→ OH.

e− + O2 → O2
−.

O2
−. + HO2

. + H+
→ H2O2 + O2

The percentage of anionic dye photodegradation was 
obtained as follows:

where A0 and At are the absorbance value of anionic dye 
solution at before and after photodegradation by utilizing 
a UV–vis spectrometer, respectively. The anionic dye pho-
todegradation was about 54% by (sample no. 5), 66% by 
(sample no. 8) and 79% by (sample no. 12) after 100 min 
irradiation of UV light and the as-formed neodymium oxide 
product (sample no. 12) illustrated very fine photocatalytic 
performance. By considering the photocatalytic results 
and shape and particle size of neodymium oxide products 
(Figs. 7a, d, 9b), it can be seen that photocatalytic efficiency 
of the homogenous spherical neodymium oxide nanoparti-
cles (sample no. 12) is higher than that of the high agglom-
erated particles/irregular micro structures (sample no. 5) 
and relatively uniform nanorods (sample no. 8) due to their 
greater surface area. The neodymium oxide nanoparticles 
(sample no. 12) with smallest grain size owing to large sur-
face area can reveal the best photocatalytic performance. 
Hence shape and particle size of neodymium oxide is a sub-
stantial parameter on destruction of water pollutant. The het-
erogeneous photocatalytic processes have diffusion, adsorp-
tion and reaction stages. It is well known that the appropriate 
distribution of the pore has considerable and effective impact 
on the diffusion of the reactants and products, and hence 
influences on the photocatalytic performance. It seems that 
the enhanced photocatalytic performance of the as-formed 
neodymium oxide product (sample no. 12) can be corre-
sponding to appropriate and favorable distribution of the 

O2
−. + Anionic dye → Degradation products + OO.

(1)D.P. (t) =
A0 − A

t

A0

× 100

Fig. 11   UV–vis diffuse reflectance spectrum (a) and plot to deter-
mine the band gap (b) of the as-produced nanostructured Nd2O3 
(sample no. 12)

Fig. 12   Photocatalytic anionic dye (eriochrome black T) degradation 
of the sample nos. 5 and 8

Fig. 13   Photocatalytic anionic dye (eriochrome black T) degradation 
of the sample nos. 8 and 12
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pore, great hydroxyl quantity and very fine separation rate 
of charge carriers [30] (Fig. 1). In addition, repeated destruc-
tion reactions have been done to elucidate the stability of the 
as-formed neodymium oxide (sample no. 12). It can be seen 
that as-formed neodymium oxide (sample no. 12) did not 
reveal any remarkable loss of performance after 4 sequen-
tial reaction cycles (Fig. 14), presenting superior stability of 
catalyst. The destruction efficiency has been diminished to 
68.9% after 5 cycles.

4 � Conclusions

In summary, Nd(OH)3 nanostructures have been suc-
cessfully prepared from Nd(NO3)3·6H2O and tetraethyl-
enepentamine (tepa) as starting materials in presence of 
bis-(2-hydroxynaphthaldehyde)-1,2-phenylenediamine 
as novel capping agent, using a new simple morphol-
ogy-controlled hydrothermal approach. Pure hexagonal 
Nd2O3 nanostructures were synthesized by thermal con-
version of nanostructured Nd(OH)3 in air at 700 °C for 
4 h. To the best of our knowledge, it is the first time that 
bis-(2-hydroxynaphthaldehyde)-1,2-phenylenediamine 
is employed as capping agent in presence of tepa to pro-
duce nanostructured Nd(OH)3 and Nd2O3. By changing 
the precipitator type and reaction time as well as applying 
Schiff base ligand as novel capping agent, we could obtain 
Nd(OH)3 and Nd2O3 nanostructures with the different shapes 
and particle sizes. This process is proved to be a new, low 
cost, simple and efficient approach. In addition, the photo-
catalytic performance of as-produced Nd2O3 samples with 
various particle sizes and shapes was investigated. The as-
formed neodymium oxide can be applied as considerable 
and desirable materaial for photocatalytic usages under irra-
diation of UV light such as deletion of eriochrome black T 
dye, since this dye photooxidation percentage was found to 
be 79 within 100 min.
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