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� Though increasing effort has been
devoted to MoOx nanomaterials syn-
thesis, only a few reports mentioning
its photoluminescence property are
available, while even no evidence has
shown its applications in chemical
and biological sensing.

� Herein, a one-pot method possessing
the advantages of rapid, easily
prepared and environment friendly
was developed for facile synthesis of
highly photoluminescent MoOx

quantum dots, which was further
utilized to construct a new off-on
sensor for phosphate determination
in complicated lake water samples.
a r t i c l e i n f o

Article history:
Received 28 October 2015
Received in revised form
2 December 2015
Accepted 12 December 2015
Available online 18 December 2015

Keywords:
Molybdenum oxide quantum dots
Photoluminescence
Eu3þ

Pi
a b s t r a c t

Molybdenum oxide (MoOx) is a well-studied transition-metal semiconductor material, and has a wider
band gap than MoS2 which makes it become a promising versatile probe in a variety of fields, such as gas
sensor, catalysis, energy storage ect. However, few MoOx nanomaterials possessing photoluminescence
have been reported until now, not to mention the application as photoluminescent probes. Herein, a one-
pot method is developed for facile synthesis of highly photoluminescent MoOx quantum dots (MoOx

QDs) in which commercial molybdenum disulfide powder and hydrogen peroxide (H2O2) are involved as
the precursor and oxidant, respectively. Compared with current synthesis methods, the proposed one has
the advantages of rapid, one-pot, easily prepared, environment friendly as well as strong photo-
luminescence. The obtained MoOx QDs is further utilized as an efficient photoluminescent probe, and a
new off-on sensor has been constructed for phosphate (Pi) determination in complicated lake water
samples, attributed to the fact that the binding affinity of Eu3þ ions to the oxygen atoms from Pi is much
higher than that from the surface of MoOx QDs. Under the optimal conditions, a good linear relationship
was found between the enhanced photoluminescence intensity and Pi concentration in the range of 0.1
e160.0 mM with the detection limit of 56 nM (3s/k). The first application of the photoluminescent MoOx

nanomaterials for ion photochemical sensing will open the gate of employing MoOx nanomaterials as
versatile probes in a variety of fields, such as chemi-/bio-sensor, cell imaging, biomedical and so on.

© 2015 Elsevier B.V. All rights reserved.

mailto:zhangli8@ncu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aca.2015.12.022&domain=pdf
www.sciencedirect.com/science/journal/00032670
www.elsevier.com/locate/aca
http://dx.doi.org/10.1016/j.aca.2015.12.022
http://dx.doi.org/10.1016/j.aca.2015.12.022
http://dx.doi.org/10.1016/j.aca.2015.12.022


S.J. Xiao et al. / Analytica Chimica Acta 906 (2016) 148e155 149
1. Introduction

Molybdenum trioxide (MoOx) nanomaterials, a well-studied
transition-metal semiconductor material, have been widely
applied in gas sensors [1,2], photochromism [3], catalysis [4],
lithium-ion batteries [5], field effect transistors [6], antibacterial
and anticancer [7,8], ect. Recently, increasing effort has been
devoted to the synthesis of MoOx nanomaterials with different
morphology as the chemical properties of MoOx nanomaterials
changes dramatically with the morphology. Unitl now, various
morphology including nanobelt [9,10], nanoflower [11], nanosheets
[4,12,13], nanoflake [14], nanorod [5], nanowire [15], nanoplate [8]
and nanoribbon [16] etc have been successfully prepared via hy-
drothermal/solvothermal method [12,15], chemical spray pyrolysis
[17], thermal evaporation and decomposition [8], mechanical
grinding and sonication [5,16], nanosecond-duration plasma dis-
charges technique [18], and electrospinning [19]. However, almost
all of the above methods are time-consuming, demanding tedious
procedure or requiring external stimuli such as lasing, shear,
evaporation, decomposition, sonication, grinding and heating.
Moreover, only a few reports mentioning the photoluminescence
property of MoOx nanomaterials are available [1,7,20,21], in which
the MoOx nanomaterials are mostly deposited on thin film and the
fluorescence quantum yield is usually insufficient, while even no
evidence has shown its applications as fluorescence probes in
chemical and biological sensing. On this line, development of a
rapid, one-pot and environmentally friendly methods for the large-
scale synthesis of photoluminescent MoOx nanomaterials and its
further application are still challenging.

In this manuscript, a one-pot method was developed for facile
synthesis of photoluminescent MoOx quantum dots (MoOx QDs).
Commercial molybdenum disulfide powder was employed as the
precursor, and hydrogen peroxide (H2O2) which is capable to pro-
mote and even enhance the oxidization/reduction state of the ab-
lated molybdenum clusters [22], was involved as the oxidant.
Compared with other synthesis methods, the present one demon-
strates great advantages. Firstly, the synthesis is rapid and one-pot,
and MoOx QDs can be obtained in 1 h or less. Secondly, the reaction
is performed at room temperature without any external stimuli.
Thirdly, and also the most important one, the as-prepared MoOx
QDs has strong photoluminescence which is comparable to that of
graphene quantum dots, carbon dots and MoS2 QDs [23e25], and
the absolute fluorescence quantum yield is 1.35%.

The as-prepared MoOx QDs were further utilized to construct a
new off-on photoluminescence sensor for phosphate (Pi) deter-
mination. Pi is an essential component in the nutritional chain of
aquatic microorganisms, and has been considered as a convenient
indicator or tracer of organic pollution in bodies of water [26].
Scheme 1 shows the construction of Pi sensing platform using
photoluminescent MoOx QDs and Eu3þ ions. Firstly, Eu3þ is able to
quench the photoluminescence of MoOx QDs since Eu3þ displays a
certain affinity to oxygen atoms and acts as a bridge to link the
neighboring MoOx QDs (turn-off). On the other hand, Eu3þ has
higher affinity to the oxygen atoms originated from Pi than that
from the surface of MoOx QDs, leading to the disassociation of
MoOx QDs-Eu3þ complexes in the presence of Pi and the restoration
of photoluminescence (turn-on). With the present off-on sensing
platform, Pi in lake water samples could be rapidly and selectively
detected without tedious sample pretreatment processes, and the
accuracy and repeatability are acceptable for Pi detection in
complicated samples.
2. Experimental section

2.1. Chemicals and reagents

MoS2 powder, leucine (Leu), BSA and amylase (Amy) were
commercially from Sigma-Aldrach (USA). Eu(NO3)3 (99.99%), an-
ions (SO4

2�, SO3
2�, S2�, ClO�), metal ions (Zn2þ, Cu2þ, Hg2þ, Fe2þ,

Co2þ, Cd2þ, Ni2þ, Mn2þ) were purchased from Shanghai Maikun
Chemical Reagents Co. Ltd (Shanghai, China). Sodium phosphate
was from Sinopharm Chemical Reagents Co. Ltd, (Shanghai, China).
All chemicals and solvents were analytical grade and were used
without further purification. Deionized water was used
throughout.

2.2. Apparatus and characterization

A JEOL Ltd JEM-2010 transmission electron microscope (TEM;
Japan) with a 200 kV accelerating voltage and a Bruker MultiMode
8 atomic force microscope by the ScanAsyst mode were utilized to
measure the size and height of MoOx QDs, respectively. The
elemental composition and bonding configuration characterization
was measured by X-ray photoelectron spectroscopy (XPS) (Thermo,
USA), the absolute fluorescence quantum yield was recorded by
Quantaurus-QY absolute quantum yield spectrophotometer
(Hamamatsu, Japan), and Fourier transform infrared spectra (FTIR)
were obtained on a Nicolet 5700 FTIR spectrometer (Nicolet). A
Shimadzu UV-2450 spectrophotometer (Tokyo, Japan) and a Hita-
chi F-7000 fluorescence spectrophotometer (Tokyo, Japan) or USB-
4000FL spectrophotometer (Ocean Optical, U.S.A) were employed
to measure the absorption and fluorescence spectra, a FL-TCSPC
fluorescence spectrophotometer (Horiba Jobin Yvon Inc, France)
was used to record the fluorescence lifetime.

2.3. Synthesis of MoOx QDs

The MoOx QDs were synthesized from commercial MoS2 pow-
der (99% purity, Sigma Aldrich). Briefly, 10.0 mg MoS2 powders
were added into 6.0 mL H2O and 4.0 mL 30% H2O2, stand at room
temperature for 30 min, and the pH of the mixture were then
ajusted to 7.0 with sodium hydroxide (NaOH). Finally, the MoOx

QDs was obtained by centrifugation at 8000 g for 10 min.

2.4. Quenches the fluorescence of MoOx QDs with Eu3þ

The quenching of the fluorescence of MoOx QDs with Eu3þ was
performed as followed: TriseHCl buffer (20 mL 50 mM, pH 7.5),
MoOx QDs (20 mL, 1 mg/mL), different concentrations of Eu3þ and
deionized water were added into a centrifuge tube, and immedi-
ately mixed thoroughly on the vortex mixer. The fluorescence
spectra of the resulting solution were recorded on the USB-4000FL
spectrophotometer by excitation at 405 nm after incubation of
10 min.

2.5. Pi detection by MoOx QDs and Eu3þ

For the Pi sensing experiments, TriseHCl buffer (50mM, pH 7.5),
MoOx QDs (20 mL, 1 mg/mL), Eu3þ (20 mL, 2.75 mM), different con-
centrations of Pi solution and deionized water were added into a
centrifuge tube, and immediately mixed thoroughly on the vortex
mixer. The fluorescence spectra of the resulting solution were
recorded on the USB-4000FL spectrophotometer by excitation at



Scheme 1. Preparation of MoOx QDs from bulk MoS2 powder (a) and the construction of new off-on Pi sensing platform using photoluminescent MoOx QDs and Eu3þ ions (b).
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405 nm after incubation of 10 min.
3. Results and discussion

3.1. Characterization of the MoOx QDs

As a new type of nanomaterial, the morphology and surface
chemical properties of the as-prepared MoOx QDs were investi-
gated in detail, as shown in Fig. 1. Quantitative analysis of the
diameter of MoOx QDs was performed bymeasuring 100 individual
particles from multiple TEM images, and the average diameter was
about 4.4 nm (Fig. 1a and Fig. S1). Atomic force microscopic (AFM)
imaging was also achieved to characterize the morphology of MoOx
QDs, in which the height was about 2.1 nm (Fig. 1b). The surface
chemical property of the as-prepared MoOx QDs were measured by
X-ray photoelectron spectroscopy (XPS), and Mo3d, S2p, O1s and
Na1s peaks were obtained in the survey spectrum (Fig. 1c), which
were further characterized from the high-resolution XPS (Fig.1d, e).
Both the Mo3d and S2p doublets were shifted to the higher binding
energy pair, while the S2s peak disappeared compared with that of
MoS2 powder (Fig. 1d, e and Fig. S2), indicating the oxidation of
MoS2 by H2O2 which is in accordance with other reports [27]. The
spectrum of Mo3d showed four peaks at 231.7, 234.9 eV, 232.8 and
236.3 eV corresponding to Mo5þ 3d5/2, Mo5þ 3d3/2, Mo6þ 3d5/2, and
Mo6þ 3d3/2, respectively (Fig. 1d) [28,29]. On the basis of the XPS
peak area of Mo 3d, the proportion of Mo5þ and Mo6þ in the ob-
tained MoOx QDs was 67.0% and 36.0%, respectively, and the
average oxidation state of Mo was thus calculated to be 5.33, which
was obviously the mixed-valence state account for the oxygen va-
cancies. The S 2p3/2 and S 2p1/2 peaks at 168.5 and 169.7 eV were
identified as the S2p peaks of oxidized sulphur (SO4

2�) (Fig. 1e)
[25,29,30], and the peaks of the oxidized sulphur were disappeared
whenMoOx QDs was dialysis for 48 h in ddH2O (Fig. S3), suggesting
that almost all of S2� were oxidized by H2O2 and the oxidized
sulphur were free in the solution. Taking together, it can be clearly
concluded that the as-prepared MoOx QDs was a combination of
MoO3 and Mo2O5, and MoS2 might be oxidized by H2O2 according
to the reaction in Equation (1).
6MoS2 þ 25H2O2/2MoO3 þMo2O5 þ 12SO4
2� þ 24Hþ

þ 13H2O (1)

In a word, it can be clearly concluded that the S2� and Mo4þ

were converted to the higher oxidation states (S6þ, Mo5þ andMo6þ)
when MoS2 were spontaneously exfoliated and oxidized by H2O2
[31]. During the oxidation process, more and more S atoms were
released from the lattice of MoS2 while excess oxygen supplied by
H2O2 was able to fill the lattice vacancies, due to the lower bonding
affinity of MoeS than MoeO (as shown in Scheme 1a) [28,30]. The
formation of MoeO bonds could further confirmed by the FT-IR
spectrum (Fig. 1f), and the three characteristic peaks of 986, 838,
and 534 cm�1 in the FT-IR spectrum were attributed to the
stretching vibration of MoeO, which indicated the layered ortho-
rhombic MoO3 phase, the doubly coordinated oxygen (MoeOeMo)
stretching mode of the Mo6þ ions, and the bending vibration of an
oxygen atom linked to three Mo (Mo3eO), respectively [32,33].

The absorption spectrum of the as-prepared MoOx QDs reached
maximum at 315 nm (Fig. 2), and the strong absorption between
200 and 400 nm was due to the charge transfer of MoeO band in
MoO6

6� octahedron [34]. The light brown color of the obtained
MoOx QDs solution was in agreement with that of reduced MoO3
(inset of Fig. 2) [35]. Similar to most photoluminescent semi-
conductor nanoparticles, MoOx QDs also showed the excitation-
dependent photoluminescence behavior and the emission peak
red-shifted (from ~500 to ~570 nm) with the excitationwavelength
varied from 300 to 525 nm (Fig. 2). Photoluminescence intensity of
the MoOx QDs increased and generated strong signal at 515 nm
with lex of 425 nm, and then decreased dramatically. The strong
photoluminescence of MoOx QDs around 515 nmwas chalked up to
the deep-level emissions caused by its surface defects, oxygen va-
cancies, Mo interstitials and Mo5þ ion associated with an oxygen
vacancy as neighbor [7,20,36]. The MoOx QDs solution emitted
intense yellow photoluminescence under UV light (365 nm) (inset
of Fig. 2), which is comparable to that of reported graphene
quantum dots, carbon dots and MoS2 quantum dots [23e25], and
the absolute fluorescence quantumyield of MoOx QDs was 1.35%. In
order to obtain the best pthotoluminescence intensity, the con-
centration ratio of H2O2 to MoS2 was optimized, which was



Fig. 1. (a) TEM images of the as-prepared MoOx QDs that marked with circles. (b) AFM images of the as-prepared MoOx QDs, and the insets demonstrated the corresponding height
distributions. (c) is the XPS survey of the as-prepared MoOx QDs while (d) and (e) are the high-resolution XPS spectra of Mo3d and S2p. (f) FT-IR spectrum of the as-prepared MoOx

QDs.
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enhanced with the increasing concentration ratio of H2O2/MoS2
and reached the highest value when the ratio of H2O2/MoS2 was
50:3 (Fig. S4a). An optimal ratio of H2O2/MoS2 ¼ 50:3 was
employed to guarantee the repeatability of the as-prepared MoOx
QDs. Besides, the comparable fluorescence intensity of various
batches of MoOx QDs indicated the good repeatability of the syn-
thesis process (Fig. S4b), and the as-prepared MoOx QDs main-
tained stablility in more than half a year at room temperature and
no obvious change of photoluminescence intensity was observed
when pH ranged from 2.0 to 12.0 (Fig. S5), suggesting the
outstanding stability of MoOx QDs to pH.
3.2. Quenched the photoluminescence of MoOx QDs by Eu3þ ions

The above evidence demonstrated that the as-prepared MoOx
QDs is a new type of Mo-containing nanomaterial with excellent
photoluminescence, which shows a strong photoluminescence
peak around 530 nm when excited at 405 nm (Fig. 3a). In the
presence of Eu3þ ions, however, Eu3þ ions were able to coordinate
with oxygen atoms on the surface of MoOx QDs, leading to
dramatically decreased photoluminescence response. Sequential
decreases of photoluminescence emission were observed in the
presence of increasing amount of Eu3þ ions, and the oxygen atoms
on the surface of MoOx QDs got saturated with 275 mM Eu3þ ions
when nearly 80% of the photoluminescence at 530 nm was
quenched. The quenching could also be confirmed by visible color
change (inset photograph in Fig. 3a). It should be note that a new
peak around 610 nm gradually appeared when increasing amount
of Eu3þ incubation with MoOx QDs, could be account for the scat-
tering signal of the formed MoOx QDseEu3þ aggregates since the
peak disappeared when excited at 450 nm (Fig. S6). The photo-
luminescence quenching mechanism of MoOx QDs by Eu3þ ions
might involved the following two aspects: ① Eu3þ ions quenched
the photoluminescence of MoOx QDs through energy transfer,



Fig. 2. The absorption (black line) and the excitation-dependent photoluminescence
emission of the as-prepared MoOx QDs. Inset photographs showed the color of MoOx

QDs solution under visible (left) and UV light at 365 nm (right). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 3. (a) Photoluminescence of the MoOx QDs quenched by increasing amount of Eu3þ ions. Concentration of Eu3þ ions from top to down is 0, 10, 20, 30, 50, 75, 100, 125, 150, 175,
200, 225, 250, 275, 325 mM, respectively. Inset is the photoluminescence responses at 530 nm titrated with Eu3þ ions. The inset picture shows the color change of the solutions
excited at 405 nm. (b) Fluorescence lifetimes of MoOx QDs, MoOx QDs-Eu3þ complexes and MoOx QDs-Eu3þ-Pi. The data were obtained from three parallel samples. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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which could be supported by the decreased fluorescence lifetimes
of MoOx QDs with the addition of Eu3þ ions and the restored
fluorescence lifetimes in the presence of Pi (Fig. 3a and Table S1).
For MoOx QDs, the trapping of excitons might be facilitated by the
oxygen vacancy, the aggregation of oxygen vacancies and Mo5þ ion
associated with an oxygen vacancy as neighbor [36], and Eu3þ ions
might disrupt the radiative recombination of excitons or self-
trapped excitons (STEs), resulting in the decreased lifetime of
MoOx QDs with the addition of Eu3þ ions. Moreover, the fluores-
cence resonance energy transfer mechanism could be ruled out
since the emission spectrum of MoOx QDs did not overlap with the
absorption of Eu3þ ions (Fig. S7), and the photo-induced electron
transfer mechanismmight be the main reason for the quenching of
MoOx QDs. ② Eu3þ ions was able to coordinate with oxygen atoms
on the surface of MoOx QDs leading to the aggregation of MoOx
QDs, and the formation of large non-fluorescent MoOx QDs nano-
prarticales consequently. In other words, the disappearance of
bright species with a remaining population of MoOx that were of
comparable brightness was the main reason for photo-
luminescence quenching. The same quenching mechanism was
also found in other nanoparticles, such as Ag nanocluster [37] and
GQDs [38]. The formation of MoOx QDs- Eu3þ conjugates and large
MoOx QDs nanoprarticales was also confirmed by the ultrafiltration
experiments and AFM. For the ultrafiltration experiments, MoOx
QDs -Eu3þ solutions were subjected to a 3 kDa MWCO ultrafiltra-
tion membrane, through which only Eu3þ in the solution while
those adhered to the surface of MoOx QDs could not pass, and the
concentration of Eu3þ ions in the filtrate were determined by ICP-
MS, as shown in Table S2. The Eu3þ ions in the filtrate were
decreased from 60.2% (without MoOx QDs) to 2.4% with addition of
MoOx QDs, demonstrating that Eu3þ ions are able to coordinate
with oxygen atoms on the surface of MoOx QDs, leading to the
quenching of MoOx QDs photoluminescence. The large MoOx QDs
nanoparticles was also observed by AFM (Fig. 4), the height of MoOx
QDs alone was about 2 nm, and that of MoOx QDs-Eu3þ aggregates
increased to 30e45 nm. Simply put, the photoluminescence
quenching of MoOx QDs by Eu3þ ions was account for the photo-
induced electron transfer mechanism and the disappearance of
bright species.
3.3. The performance of the present off-on sensor for Pi detection

The binding affinity of Eu3þ ions to oxygen atoms was reported
varied with the functional groups [39]. Since the binding affinity of
Eu3þ ions to the oxygen atoms from the surface of MoOx QDs might
be weaker than that from Pi, the addition of Pi will consequently
lead to the desorption of Eu3þ from MoOx QDs, resulting the
recovering of MoOx QDs photoluminescence emission. As shown in
Fig. 5, the photoluminescence enhanced significantly with the
titration of Pi and the photoluminescence recovered to 92.7% of the
unquenched MoOx QDs when Pi reached to 250 mM, which is
comparable to or higher than those of other off-on sensors [40e44].
The photoluminescence restoration could also be observed under
UV-light (inset of Fig. 5). To further explore the Pi's effect on the
restoration of photoluminescence, the MoOx QDs-Eu3þ-Pi solutions
were subjected to a 3 kDa MWCO ultrafiltration membrane,
through which only Eu3þ and Eu3þ-Pi complex free in the solution
while those coordinated to the surface of MoOx QDs could not pass,
as shown in Table S2. The Eu3þ ions in the filtrate were increased
from 2.4% (without Pi) to 62.3% upon addition of increasing amount
of Pi to the MoOx QDs-Eu3þ conjugate solution, which demon-
strated that Pi intensively coordinated with Eu3þ ions and could
remove Eu3þ from the surface of MoOx QDs, leading to the resto-
ration of MoOx QDs photoluminescence. Eu3þ ions desorption from
MoOx QDs surfaces by Pi could also observed by AFM. From the AFM
images, the height of MoOx QDs-Eu3þ aggregates was 30e45 nm
(Fig. 4) while that decreased to about 2 nmwith the addition of Pi,
and the MoOx QDs-Eu3þ complexes disaggregated. The formed
precipitates also became clear and transparent with the addition of



Fig. 4. AFM images of MoOx QDs (a), MoOx QDsþ 275 mM Eu3þ (b) and MoOx QDs-Eu3þ in the presence of 150 mM Pi (c).

Fig. 5. The off-on photoluminescence spectra of MoOx QDs-Eu3þ. The Pi concentration
from 1 to 14 is 0, 0.1, 0.5, 2, 4, 6, 10, 20, 30, 60, 80, 120, 160, 250 mM respectively. 15 is
the photoluminescence spectrum of MoOx QDs. Inset is the fluorescence changes
(IeI0)/I0 at 530.0 nm titrated with Pi. The inset picture shows the fluorescence restore
of the MoOx QDs-Eu3þ solutions excited at 405 nm. MoOx QDs: 0.1 mg mL�1; Eu3þ:
275.0 mM; 50 mM TriseHCl buffer (pH 7.5); Ex: 405 nm. The data were obtained from
three parallel samples.
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Pi (Fig. S8).
Before applying the present sensor for Pi detection, the pa-

rameters including Eu3þ concentration, pH, reaction time and
temperature of the sensor were optimized to the best performance.
To ensure the photoluminescence quenching and recovery, the
concentration of Eu3þ ions was optimized firstly in our experiments
(Fig. 3a), and 275 mM was used in later experiments since the
quenching efficiency reached the highest and no obvious pre-
cipitates were observed in such concentration. Since Eu3þ is a hard
acid and can conjugate to the hard base OH� to form insoluble
Eu(OH)3 species when pH > 8, and thus the quenching efficiency
and the photoluminescence recovery might be influenced with pH.
As showed in Fig. S9, the quenching efficiency increased when pH
ranged from 6.0 to 7.0 and then decreased gradually While the
photoluminescence recovery decreased when pH > 7.5, which
accordance with the other reports that Eu3þ ions cannot coordinate
to the oxygen atoms originated from targets when pH > 8.0 [41].
There force, the proposed sensor will performed at pH 7.5 in the
later experiments to avoid the formation of insoluble Eu(OH)3
species. Then, the reaction time and temperature were optimized
(Fig. S10). The photoluminescence intensity of MoOx QDs signifi-
cantly increased during the early stages of the reaction and reached
a plateau after 15 min, indicating that the Pi can selectively bind
Eu3þ ions and remove them from the MoOx QDs surfaces rapidly.
Besides, the temperature-dependent experiments showed that the
photoluminescence restoration of the present off-on sensor main-
tained stable from 15 �C to 40 �C, suggesting that Pi detection could
be performed at room temperature. Under the optimized condition,
the increased photoluminescence follows a linear equation of
(IeI0)/I0 ¼ 0.05 þ 0.02c (R ¼ 0.99, n ¼ 12) in the range of
0.1e160 mM with a detection limit of 56 nM (3s/k), which is com-
parable to that of optical and electrochemical sensors (As shown in
Table 1).

Considering the promising application of the new off-on sensor
for Pi detection in complicated samples, the selectivity was evalu-
ated using a variety of distractors, such as anions (SO4

2�, SO3
2�, S2�,

ClO�), metal ions (Zn2þ, Cu2þ, Hg2þ, Fe2þ, Co2þ, Cd2þ, Ni2þ, Mn2þ),
leucine (Leu), BSA and amylase (Amy). As seen in Fig. 6 and Fig. S11,
only Pi caused a dramatic restoring of photoluminescence intensity,
and the distracters generated quite weak photoluminescence
restoration, illustrating that the proposed offeon photo-
luminescent MoOx QDs-Eu3þ probe is especially selective to Pi
ascribed to the strong and specific binding affinity of Eu3þ ions to Pi.
It should also be noted that other phosphate containing com-
pounds, such as ATP and PPi, also caused a dramatic restoration
while organophosphate-dimethoate induced quite weak restora-
tion (Fig. 6 and Fig. S11), which obey the sensing mechanism that
the strong binding of Eu3þ to phosphate induce the disaggregation
of MoOx QDs-Eu3þ conjugates leading to the photoluminescence
restoration of MoOx QDs. Although PPi and ATP generated a dra-
matic increase, the interfere of PPi and ATP in Pi determination in
real water samples can be ignored since orthophosphates is the
major form of soluble phosphorus in natural water and other sol-
uble phosphates like organic phosphates, pyrophosphate and pol-
yphosphates are eventually hydrolyzed into orthophosphates [49].

3.4. Pi detection in lake water samples with the present off-on
sensor

To validate the feasibility of the present off-on sensor, the



Table 1
Comparison of different methods for Pi determination.

Methods Systems Samples Linear range (mM) LOD (mM) Reference

Fluorescence CDs-Eu3þ Artificial wetlands 0.4e150 0.05 [41]
Fluorescence GQD-Eu3þ Artificial wetlands 0.5e190 0.1 [38]
Fluorescence Polyfluorene Blood serum e 4.8 [45]
Fluorescence Mn:ZnTe/ZnSe QDs Tap water 0.67e50 0.2 [46]
Amperometric-BIA Three-electrode Seawater 1e20 0.3 [47]
Naked-eye colorimetric [Zn2(H-bpmp)(pyrocatecholviolet)]þ Water e 10 [48]
Fluorescence MoOx QDs-Eu3þ Lake water 0.1e160.0 0.06 This work

Fig. 6. Selectivity of the off-on assay based on the MoOx QDs-Eu3þ photoluminescent
probe for Pi over other substances. The concentration of Pi and other substrances was
160 mM. MoOx QDs: 0.1 mg mL�1; Eu3þ: 275.0 mM; 50 mM TriseHCl buffer (pH 7.5); Ex:
405 nm; Em: 530 nm.
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concentration of Pi in lake water was determined, and the results
showed that Pi concentrations in two lake water samples were
13.78 and 8.91 mM (Table 2), which are well accordance with those
obtained by the standard molybdenum-blue method, suggesting
the high accuracy of the present off-on sensor. Moreover, the re-
covery (93.9 and 104.6%) and the standard deviations calculated
from three parallel samples also demonstrated that the present off-
on sensor has high accuracy and good repeatability, which are
acceptable for Pi detection in lake water samples.
4. Conclusion

In conclusion, a facile method was developed for the synthesis
of highly photoluminescent MoOx QDs at room temperature
without any external stimuli, and the as-prepared MoOx QDs was
employed as an efficient photoluminescent probe for Pi detection
in lake water samples without any complex pretreatments, due to
the excellent binding affinity of Eu3þ ions to Pi. MoOx QDs, which is
easily prepared, environment friendly and biocompatible, was used
as a photoluminescent probe firstly for ion photochemical sensing,
Table 2
Detection results of Pi in lake water samples by the present off-on assay and the standa

Samples
No.

The proposed off-on sensor

Measured (Mean ± SD,
n ¼ 3, mM)

Value added
(mM)

Value found (Mean ± SD,
n ¼ 3, mM)

Recover
(%)

1 13.78 ± 0.012 30.0 31.37 ± 0.072 104.6
2 8.91 ± 0.010 30.0 28.10 ± 0.011 93.7
which opens the gate of employing MoOx nanomaterials as a ver-
satile photoluminescent probe in a variety of fields, such as chemi-
and bio-sensors, cell imaging, biomedical and so on.
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