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Abstract. In this work, spindle-like micrometre SrMoO4 :Ln3+ (Tb, Eu) phosphors have been synthesized and designed
as a fluorescent sensor for Fe3+ ions assay. The structural information, morphologies and luminescence properties of the
samples were characterized by X-ray diffraction, Fourier-transform infrared, Raman analysis, field-emission scanning electron microscopy and photoluminescence patterns. Furthermore, Fe3+ ions could be immediately detected using fluorescence
quenching methods, and this method shows excellent and satisfying sensitivity. This facile method could be extended to
environmental and biological applications.
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1. Introduction
Nowadays, luminescent materials have gained much attention
and are used in many applications, such as scintillation,
X-ray intensification, light-emitting diodes and information
displays due to their unique properties [1–4]. Among them,
metal molybdates doped with lanthanide (Ln3+ ) ions provide great superiorities, such as high brightness, fast response
and good reliability [5–8]. Moreover, special architectures
and the size of micro/nanocrystals not only enable the control of their performances, but also enhance their usefulness
for a given application; to achieve this goal, many attempts
have been made to control the morphologies of the samples,
such as ultrasonic synthesis [9,10], co-precipitation [11] and
sol–gel methods [4], and the above methods should face the
challenges of non-uniform grains, growing sizes or tedious
experimental periods. As a typical soft method, the hydrothermal method can be used to synthesize advanced materials
with special morphologies. The product has the advantages
of narrow size distribution, as well as highly crystalline and
elaborated architectures; thus, nano/micro strontium and calcium molybdates have been prepared and their luminescent
properties have been studied in detail [12,13].
As it is well known that the iron ion (Fe3+ ) is one of the
most essential trace elements in living organisms and it plays
a vital role in living activities, environmental protection and
agriculture; the US Environmental Protection Agency has set
limits for iron ions in drinking water and food at 0.3 ppm
(∼5.4 μM) [14]. So identifying Fe3+ is very important and
attracts widespread interest. Quite a few analytical methods
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have been developed in recent years for the assay of Fe3+
ions, such as spectrophotometric method [15–17], capillary
electrophoresis [18] and fluorescent method [19–21]. Among
them, fluorescent method has been known as a facile, sensitive
and fast strategy for Fe3+ ion assay. Previous reports focussed
on the new design of fluorescent organic or metal–organic
framework molecules, which acted as turn-off or turn-on sensors for Fe3+ ions. However, this method should face the
challenges of expensive reagents, tedious synthesizing and
purification procedures and photobleaching.
Herein, we proposed a facile inorganic sensor for the
detection of Fe3+ ions, based on the spindle-like micrometre SrMoO4 :Ln3+ (Tb, Eu) prepared by the low temperature
hydrothermal method. We hypothesized that the Fe3+ ions
would block the electrons transferring to the phosphors’ surface, and could act as a simple, rapid and sensitive method
for Fe3+ assay.

2. Experimental
2.1 Chemical and materials
All the reagents were analytical grade and used without further purification.
Synthesis of spindle-like micrometre SrMoO4 :Ln3+ (Tb,
Eu) was performed according to a modified procedure as
reported in our previous study [22]. Sr(NO3 )2 (5 mmol) and
amounts of Ln(NO3 )3 (Tb3+ or Eu3+ ) were dissolved in 15 ml
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Figure 1. (a) XRD patterns of the samples with undoped and doped-SrMoO4 . SEM photographs of SrMoO4 doped
with Tb3+ (at%): (b) the sample before calcination and (c, d) the sample after calcination.

of distilled water. Then, the mixed solution was dropped
slowly into 15 ml of Na2 MoO4 (5 mmol) solution under vigorous stirring. Afterwards, phenol (100 mg), formaldehyde
(0.2 ml), aqueous ammonia (0.3 ml, 13.33 mol l−1 ) and
polyvinyl pyrrolidone (0.05 g) were added to the above solution. After stirring for 5 min, the suspension was poured into
a 50 ml Teflon-lined stainless steel autoclave with a filling
capacity of 75%, which was subsequently sealed and heated
to 160◦ C for 4 h. Then, the autoclave was cooled to room
temperature naturally. After this, the products were washed
with deionized water and ethanol, and then air dried at 100◦ C
overnight. After the product being calcined at 600◦ C in an
oxygen atmosphere for 3 h, followed by grinding to yield the
final lanthanide ion-doped SrMoO4 phosphors.

2.2 Instruments
Crystallographic phases and purity information of the samples were measured by X-ray diffraction (XRD) with an X-ray
diffractometer (D8 Advance, Bruker, USA) with graphite
monochromatic CuKα radiation. The morphology of the

as-synthesized products was determined using a scanning
electron microscope (SEM, JEOL, JSM-7500F, Japan).
Fourier-transform infrared spectroscopy (FTIR, PerkinElmer, 580B, USA) was performed to confirm the surface chemical structure of the products in the wavenumber
range of 400−4000 cm−1 by the KBr disk method. Raman
spectra were obtained on a laser Raman microscope equipment (Xplora, Horiba, France). The photoluminescent (PL)
excitation and emission spectra were recorded with a spectrophotometer (PL, Hitachi, F-7000, Japan).

2.3 Preparation of stock solution
The stock suspension of SrMoO4 :Ln3+ (Tb, Eu) (0.6 g l−1 )
was prepared in deionized water. The suspension was made
up of 0.1 ml of Fe3+ ions (0.1 M) and 1.9 ml a dispersion
of phosphors, then the PL experiments were performed. For
selectivity experiments, the samples were prepared by adding
0.1 ml of metal ion stock solutions to 1.9 ml dispersion of
phosphors. All measurements were made at room temperature, and the spectra were recorded in a quartz cuvette (1 cm).
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Figure 2. FTIR spectra of the as-prepared and
calcinated
SrMoO4 samples doped with Tb3+ (5 at%) (a: SrMoO4 /PFr and
b: SrMoO4 ).

3. Results and discussion
XRD patterns of the products with pure SrMoO4 and
SrMoO4 doped with Ln3+ (5 at%) are shown in figure 1a.
All the strong peaks can be assigned to the tetragonal
phase SrMoO4 (a = 5.394 Å and c = 12.02 Å) recorded
in the literature (JCPDS 08-0482), and no other impurity peaks are measured. Therefore, a few dopants have
no obvious effects on the phase structure of the SrMoO4
substrate.
The SEM images are shown in figure 1b–d. It can be seen
that the product contains high molecular polymers and microcrystallines before being calcined (figure 1b). The presence
of phenol-formaldehyde (PF) resin plays an important role in
the microstructure [23,24]. From figure 1c, the spindle-like
particles are uniformly dispersed with narrow distribution
by calcination, and the diameter is below 1 μm. Furthermore, as seen and the from the magnified image (figure 1d),
the rough surface of the particles could also improve the
reactivities.
Figure 2 presents the FTIR spectra of the as-synthesized
products, and the absorption band of the PF template synthesized under hydrothermal conditions is reported by our
previous study [22]. Characteristic absorptions of the PFr
groups, such as the carboxylate, benzene rings, C–H groups,
phenolic O–H and alkyl-phenol C–O, are all well-indexed.
Figure 2 shows the calcination effect of the SrMoO4 /PFr compound. The characteristic band of Mo–O located at 820 cm−1
was observed, and no other absorption bands of PFr were
observed, which proved that no PFr template remaining after
the calcination process.
Figure 2a represents the SrMoO4 /PFr compound without the calcination process. The absorption band of the
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Figure 3. FT-Raman spectra of the SrMoO4 :xTb3+ (a) x = 0%
and (b) x = 5% spindle-like microparticles.

PF template synthesized under hydrothermal conditions is
reported by our previous study [22], and characteristic absorptions of the PFr groups are all well-indexed, such as vibrations
of the carboxylate groups (1633 cm−1 ), absorption bands
of the benzene rings (1616 and 1473 cm−1 ), absorption of
the CH2 groups (960 cm−1 ) and absorption of phenolic OH
in-plane deformation (1359 cm−1 ) [25]. Besides, the characteristic band of Mo–O located at 849 and 808 cm−1
were corresponding to for asymmetric and antisymmetric
stretching modes. Furthermore, the characteristic bending
vibration of O–Mo–O in the MoO4 tetrahedron was situated at
405 cm−1 [27]. No polymer template remains after the calcination process.
Raman spectroscopy has also been proved to be another
very effective tool for the structure of materials. Figure 3
presents the Raman spectra of the as-synthesized SrMoO4
and Tb3+ ion-doped SrMoO4 (5%). It can be observed
that the peaks at 888, 867 and 797 cm−1 are attributed
to Ag , Bg and E g modes. Furthermore, the bands at 151,
190, 330 and 390 cm−1 are attributed to E g , Bg , Ag + E g
and Ag modes for the scheelite structure [28]. However,
local disorder in the SrMoO4 lattice was attributed Tb3+
doping.
It is well known that SrMoO4 shows the corresponding luminescent properties when some Ln3+ ions (Ln = Tb
and Eu) have been doped into the SrMoO4 host. The excitation and emission spectra of the phosphors are shown
in figure 4a and b. In the excitation spectra monitored at
543 nm of SrMoO4 :Tb3+ (figure 4a), a band with a maximum at 272 nm can be observed, which is due to the
charge transfer band (CTB) from O2− to Mo6+ within the
MoO2−
4 groups. Upon excitation at 272 nm, the characteristic emission peaks at 543 (5 D4 →7 F5 ), 587 (5 D4 →7 F4 ) and
622 nm (5 D4 →7 F3 ) can be detected, which can be ascribed
groups to Tb3+
to the energy transfer from the MoO2−
4
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Figure 4. Excitation and emission spectra of (a) SrMoO4 :Tb3+ and (b) SrMoO4 :Eu3+ samples.

Figure 5. (a) Fluorescence spectra of SrMoO4 :(5 at%) Tb3+ (0.15 g l−1 ) in the absence and presence of Fe3+ (100 mM). (Inset)
Fluorescence photograph changes of the SrMoO4 :Tb3+ suspension in the absence and presence of Fe3+ and the presence of
Fe3+ + F− (200 mM). (b) Schematic illustration of the possible formation process.

ions. Furthermore, the emission spectrum of Tb3+ ions is
dominated by the green 5 D4 →7 F5 hypersensitive transition [29]. Meanwhile, the excitation spectrum at 272 nm is
assigned to the combination of CTB of O2− →Mo6+ , and the
excitation peaks at 394 (7 F0 →5 L6 ) and 466 nm (7 F0 →5 D2 )
are shown in figure 4b. Upon excitation at 272 nm, the characteristic emission peaks at 535 (5 D1 →7 F1 ), 589 (5 D0 →7 F1 ),
615 (5 D0 →7 F2 ) and 654 nm (5 D0 →7 F3 ) can be detected,
which can be ascribed to the energy transfer from the
3+
ions. Meanwhile, the intensity of
MoO2−
4 groups to Eu
5
7
D0 → F2 transition is the highest among all the emission peaks, which is a strong evidence that there is a lack

of inversion symmetry and break of parity selection rules
[30,31].
The spectra of SrMoO4 :(5 at%) Tb3+ are invested in
the aqueous suspension (figure 5a). In the absence of
Fe3+ ions, the probe exhibits two major emission peaks
at 485 (5 D4 →7 F6 ) and 543 nm (5 D4 →7 F5 ). However, the
emission intensities decrease sharply in the presence of
Fe3+ ions, and the fluorescence emissions recover efficiently when F− ions, which complex with Fe3+ ions,
are added. Furthermore, similar experimental results were
found when the doping ions were Eu3+ ions (seen from the
inset).
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The energy level diagram and plausible energy transfer
mechanism from Tb3+ ions to Fe3+ ions in the SrMoO4
host surface are illustrated in figure 5b. The band gap of
SrMoO4 could be estimated via the diffuse reflectance spectra,
and it was ∼4.00 eV (310 nm) as calculated by the Kubelka–
Munk method [32,33]. Electrons are excited into the charge
transfer state; then, the excitation energy is transferred to
the 5 D3 level of Tb3+ ions by the relaxation process, and
the characteristic fluorescence emission peaks are generated
after the multiphoton process [34]. In contrast, the process of energy transfer can be blocked by the addition of
Fe3+ ions, ascribed to facilitating non-radiative electron/hole
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recombination or annihilation on the doped SrMoO4 surface
[35].
To confirm the selectivity response of the SrMoO4 :Tb3+
suspension for Fe3+ , some representative cations are chosen as interfering ions. Compared with Fe3+ , the interfering
ions do not show obvious changes in the fluorescence spectra
(figure 6), and only the Fe3+ ion shows the super quenching
effect for the SrMoO4 :Tb3+ suspension. The results proved
that the methods we proposed here possessed excellent selectivity towards the Fe3+ ion.
To test the sensitivity of the SrMoO4 :Tb3+ suspension, the
PL spectra with increasing concentration of Fe3+ ions were
recorded. The PL intensity of the SrMoO4 :Tb3+ suspension
gradually decreased with the increase in the Fe3+ ion concentration (figure 7a), which is similar to the SrMoO4 :Eu3+
suspension (figure 7b). Furthermore, it reached a plateau when
the concentration of the Fe3+ ion was beyond 2.5 mM at the
intensity of 543 nm (inset). Besides, the detection limit was
calculated to be 1.12 × 10−6 mol l−1 , and this facile method
possesses equivalent sensitivity to some of the reported methods for Fe3+ ion assay [36–38].

4. Conclusion

Figure 6. Fluorescence intensity of the SrMoO4 :Tb3+ suspension
in the presence of single cation (100 mM); the excitation wavelength
was 272 nm.

In summary, we have proposed here, a facile preparation of green and red spindle-like SrMoO4 :Ln3+ microphosphors. Based on the findings of this study, a fast,
selective and sensitive fluorescent quenching platform for
Fe3+ ion assay was established. We anticipate that this
inorganic sensor would be a promising tool for the Fe3+
assay in environmental protection and biochemical
applications.

Figure 7. (a) Fluorescence spectra of the SrMoO4 :Tb3+ suspension in the presence of different concentrations of Fe3+ ions; the excitation
wavelength was 272 nm. (b) Fluorescence spectra of the SrMoO4 :Eu3+ suspension in the presence of different concentrations of Fe3+ ions;
the excitation wavelength was 272 nm.

224

Page 6 of 6

Acknowledgements
This study was funded by the Project of Medical disciplines construction funds of Hebei University (grant no.
2015A2004), Students Research Fund of Hebei University
(2016066, 2017012) and Natural Science Foundation of
Hebei University (grant no. 2013-254).

References
[1] Singh E, Meyyappan M and Nalwa H S 2017 ACS Appl. Mater.
Inter. 9 34544
[2] Lin X and Fan X 2011 Solid State Sci. 13 579
[3] Luitel H, Chand R and Watari T 2015 Displays 42 18
[4] Zhu D S, Wang C K and Jiang F 2017 J. Lumin. 192 1235
[5] Chun F J, Zhang B B, Su H, Osman H, Deng W, Deng W L
et al 2017 J. Lumin. 190 69
[6] Rendón-Angeles J C, Matamoros-Veloza Z, Gonzalez L A,
López-Cuevas J, Ueda T, Yanagisawa K et al 2016 Adv. Powder
Technol. 28 629
[7] Sun Y, Ma J F, Fang J, Gao C and Liu Z 2011 Inorg. Chem.
Commun. 14 1221
[8] Thongtem T, Phuruangrat A and Thongtem S 2010 J. Nanoparticle Res. 12 2287
[9] Wang Y G, Yang L L, Wang Y J, Wang X F and Han G R 2012
J. Ceram. Soc. Jpn. 120 378
[10] Mukherjee J, Dutta D P, Ramakumar J and Tyagi A K 2016
J. Environ. Chem. Eng. 4 3050
[11] Thongtem T, Kungwankunakorn S, Kuntalue B, Phuruangrat
A and Thongtem S 2010 J. Alloys Compd. 506 475
[12] Li L L, Li R Q, Zi W W and Gan S C 2015 Physica B 458 817
[13] Wang X F, Peng G H, Li N, Liang Z H, Wang X and Wu J L
2014 J. Alloys Compd. 599 102
[14] Ho A A A, Chang H C and Su W T 2012 Anal. Chem. 84
3246
[15] Absalan G and Nekoeinia M 2005 Anal. Chim. Acta 531
293
[16] Cui Y M, Chang X J, Zhu X B, Jiang N, Hu Z and Lian N 2007
Microchem. J. 86 23

Bull. Mater. Sci.

(2019) 42:224

[17] Hosseini M S, Raissi H and Madarshahian S 2006 React. Funct.
Polym. 66 1539
[18] Mishra V, Das M K, Jeyakumar S, Sawant R M and Ramakumar
K L 2011 Am. J. Anal. Chem. 2 46
[19] Du Y, Song N Z, Lv X J, Hu B, Zhou W H and Jia Q 2017 Dyes
Pigments 138 1522
[20] Long L L, Zhou L P, Wang L, Meng S C, Gong A H and Zhang
C 2014 Anal. Chim. Acta 812 145
[21] Li C S, Tang C C, Xing L T, Sun B, Cheng S Y, Liao Q et al
2014 Luminescence 32 1051
[22] Han Y Y, Wang L Y, Wang D, Liang D Y, Wang S Q, Lu G X
et al 2017 J. Alloys Compd. 695 3018
[23] Lv Y, Zhang H, Cao G P, Wang B Y and Wang X D 2011 Mater.
Bull. Mater. 46 2312
[24] Dabbagh H A and Shahraki M 2013 Micropor. Mesopor. Mater.
175 8
[25] Zhao Y, Yan N and Feng M W 2013 Thermochim. Acta 555 46
[26] Cho Y S and Huh Y D 2015 B. Korean. Chem. Soc. 36 282
[27] Wang Y J, Xu H, Shao C Y and Cao J 2017 Appl. Surf. Sci.
392 649
[28] Ansari A A and Alam M 2015 J. Lumin. 157 257
[29] Zhang J J, Li R Q, Liu L, Li L L, Zou L C, Gan S C et al 2014
Ultrason. Sonochem. 21 1736
[30] Zheng H J, Wei R P, Gao X P, Liu W S and Pang C R 2011
Opt. Mater. 33 909
[31] Tyminski J K, Lawson C M and Powell R C 1982 J. Chem.
Phys. 77 4318
[32] Paradelas S M V, Gonçalves R F, Motta F V, Lima R C, Li
M S, Longo E et al 2017 J. Lumin. 192 818
[33] Sczancoski J C, Cavalcante L S, Joya M R, Varela J A, Pizani
P S and Longo E 2008 Chem. Eng. J. 140 632
[34] Cao R P, Chen K B, Liu P, Cao C Y, Xu Y C, Ao H et al 2015
J. Biolumin. Chemilumin. 30 962
[35] Sarkar S, Chatti M, Adusumalli V N K B and Mahalingam V
2015 ACS Appl. Mater. Interfaces 7 25702
[36] Mei Q, Jiang C L, Guan G J, Zhang K, Liu B H, Liu R Y et al
2012 Chem. Commun. 48 7468
[37] Du Y Y, Chen M, Zhang Y X, Luo F, He C Y, Li M J et al 2013
Talanta 106 261265
[38] Kim Y S, Lee J J, Lee S Y, Jo T G and Kim C 2016 RSC Adv.
6 61505

