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Water-sensitive detection plays a vital role in our society and life, such as the chemical industry, environmental
monitoring, and food inspection. In this work water sensitivity as high as 5 ppm (0.0005 vol%) is realized based
on a novel upconversion nanophosphor. Different from the popularly employed low-doping strategies, an effi-
cient high-level-doping nanostructure, i.e., NaErF4@NaYF,, is tailored for the desired upconversion emission,
resulting in more than one order of magnitude enhancement of the sensitivity compared to the record of the low-

doped counterparts. The superiority of this structure is determined to come from the robust interactions between
the Er®* ions and the water molecules adsorbed on the particle surface. This design offers a new strategy of
nanophosphor structures for ultrasensitive water sensing and sheds light on further optimization of nano-

phosphor based sensors.

1. Introduction

Lanthanide (Ln®") ions doped upconversion nanoparticles (UCNPs)
capable of converting near-infrared (NIR) light to ultraviolet-visible
region have been demonstrated as promising luminescent materials for
diverse applications, ranging from imaging and therapy to lasing and
detection, etc. [1-16] Recently, they also have emerged as a kind of
promising luminescent sensor for water detection, [17,18] which is of
vital importance in fields like chemical industries, environmental
monitoring, and food inspection [19-21]. Compared with the traditional
Karl Fischer titration or electrochemical methods, [22] the
spectroscopy-based detection approach has its superiority, such as non-
contact, real-time, fast response, and easy preparation [23-27]. Among
the reported luminescent probes, organic materials and organ-
ic-inorganic hybrid materials have shown high sensitivity but suffer
from relatively weak reusability and stability, which arises great interest
in developing inorganic luminescent sensors [28,29]. Especially, UCNPs
stand out from the inorganic luminescent sensors as a competitive
candidate since the Ln>* possesses rich energy levels and long lifetimes,
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which, in theory, can be easily affected by surrounding water molecules.
The detection principle of UCNPs relies on the interaction between Lt
and water molecules, thus usually leads to the relevant luminescence
quenching [30].

Up to date, two generations of UCNPs-based water sensors have been
developed. The first generation was represented by ligand-free
NaYF4:20 %Yb, 2% Er bare core UCNPs as demonstrated by Huang
and coworkers, where the detection limit (LOD) was down to 80 ppm (i.
e. 0.008 vol%) in N, N-dimethylformamide (DMF) [17]. The inherent
weakness of this sort of material is that unsatisfactory excitation
wavelength (~980 nm), where relatively strong water absorption may
lead to an overheating effect and being harmful to the detection accu-
racy. To avoid the overheating effect, the alternative was to shift the
excitation wavelength to ~ 800 nm via introducing Nd** as a co-
sensitizer, [18] which requires a core-shell structure of the UCNPs to
prevent the strong quenching effect of Nd®* towards the activator ions
(such as Er3+, Tm3*, and Ho®") [5,31-34]. However, such construction
(e.g. NaYF4:Yb, Er@Yb, Nd or NaYF4:Yb, Er@Yb, Nd@Y) obstructs the
energy transfer between activators (e.g. Er3+) and water molecules, and
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the LOD remained at ~ 100 ppm [18].

In recent years, a novel upconversion (UC) nanostructure, i.e. hex-
agonal NaErF,@NaYF,4 had been proposed [35-37]. Benefitted from the
well-ladder like energy levels of Er>* and the high-level doping strategy,
NaErF4@NaYF, has the ability to efficiently convert the excitation of
~800, ~ 980, and ~1530 nm into visible UC emission. Subsequently,
this newly designed nanostructure exhibits its huge potential in many
fields, such as multi-mode bio-imaging, solar energy utilization, and UC
emission spectra tuning [9,10,38-42]. However, so far, little attention
had been paid to its capability in trace water detection.

In this work, we confirmed that compared with the traditional low-
doped nanoparticles, the NaErF4@NaYF,4 high-level-doping UC struc-
ture not only provides an alternative for ~800 nm excited detection, but
also allows the LOD of water in DMF solvent to go down to 5 ppm, over
one order of magnitude lower than the best-reported record of the
traditional co-doped UC probes. Spectroscopy study reveals this
improvement comes from the unique UC luminescence processes in this
structure, typically (1) the extremely efficient energy migration between
Er®" ions easily bridges the activators and the emission quenchers, i.e.,
water molecular adsorbed on the particle surface, (2) the abundant
energy levels of Er’" offers richer quenching paths and stronger
quenching effects than those sensitizer ions (e.g., Yb3+), and (3) the
thickness of the NaYF, shell is also critical to the sensing performance,
which is optimized to 2 nm in our scenario. These results not only prove
the applicability of NaErF4@NaYF,; nanostructures for trace water
sensing, but also provide in-depth understanding of the Ln®* UC process
in the water environment.

2. Materials and methods
2.1. Reagents

YCl3-6H50, ErCl3-6H50, Oleic acid (OA, 90%), 1-octadecene (ODE,
90%), oleylamine (OM, 70%), CF3COONa, (CF3CO0)3Y were purchased
from Sigma-Aldrich. anhydrous DMF, methanol, ethanol, acetone,
cyclohexane, NaOH, NH4F were purchased from GFS Chemical. All the
chemicals were purchased in analytical grade and used without further
purification.

2.2. Preparation of core and core/shell upconversion nanoparticle

The preparation of core/shell upconversion nanoparticles consists of
three steps: 1) synthesis of bare core, 2) prepare shell precursor, and 3)
shell coating.

2.2.1. Synthesis of NaErF4 and NaYF4:20 %Yb, 2 %Er bare core structure

Typically, 1 mmol ErCl3-6H2,0 was added into a three-neck flask
containing 6 mL OA and 15 mL ODE. In order to dissolve the solid
ErCls-6H»0, the mixture was stirred at 160 °C for 30 min with argon
protection and turned into a clear pink-colored solution. After cooled
down to room temperature, the pink solution was added with 2.5 mmol
NH4F and 4 mmol NaOH dissolved in 5 mL methanol solution and it
quickly turned into opacity. Then the mixture was heated and kept at 70
°C for 20 min to remove methanol molecules completely. Protected by
argon flows, the methanol-free solution was heated rapidly and kept at
300°C with stirring for a 90 min reaction. After three-times centrifuging
(acetone once, and then ethanol twice), the as-obtained nanoparticles
were dispersed in 4 mL cyclohexane. The NaYF4:20 %Yb, 2 %Er nano-
particles were prepared with the same procedure and the ErCls-6H50 is
replaced with the corresponding rare earth chloride.

2.2.2. Synthesis of NaYF,; and NaYF4:20 %Nd, 10 %Yb precursor

In a typical procedure, 1 mmol CF3COONa and 1 mmol (CF3COO)sY
were added into a three-neck flask containing 6 mL OA, 15 mL ODE, and
6 mL OM. Under the argon atmosphere, the mixture was kept at 160 °C
for 30 min with robust stirring to dissolve the solid reagents. Without a
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cooling process, the mixture was directly heated to 290 °C for 1 h re-
action. After cooling down, the obtained precursor was centrifuged with
ethanol once, then redispersed in 4 mL ODE. The NaYF4:20 %Nd, 10 %
YD precursor is prepared with the same procedure and the (CF3CO0)3Y
is replaced with the corresponding rare earth fluoride.

2.2.3. Synthesis of NaErF;@NaYF4 and NaYF4:20 %Yb, 2 %Er@
NaYF4:20 %Nd, 10 %YDb core shell structure

2 mL cyclohexane with 0.5 mmol as-obtained NaErF, bare core
nanoparticles were added into a three-neck flask containing 6 mL OA
and 15 mL ODE. Under the protection of argon flows, the mixture was
then heated directly to 300°C with stirring for further reaction. As soon
as the temperature reaches 300°C, a certain amount of NaYF, precursor
was injected into the heated solution, reacting for 45 min to form a layer
of NaYF, outside the NaEF4 bare core nanoparticle. The shell thickness
of NaYF4 mainly depended on the amount of injected NaYF,4 precursor.
After the reaction, the solution was cooled down to room temperature.
The reactant nanoparticles were washed three times (acetone once, and
then ethanol twice), and finally dispersed in 4 mL cyclohexane. The
NaYF4:20 %Yb, 2 %Er@ NaYF4:20 %Nd, 10 %Yb core-shell nano-
particles were prepared with the same procedure and the NaErF4 core
and the NaYF4 precursor were replaced with the corresponding
NaYF4:20 %Yb, 2 %Er core and NaYF4:20 %Nd, 10 %Yb precursor.

2.3. Preparation of ligand-free nanoparticle

20 mg OA-UCNPs dispersed in 4 mL cyclohexane were mixed with a
solution of NOBF,4 (20 mg in 4 mL Dichloromethane) and was stirred at
room temperature overnight. The ligand-free UCNPs were obtained by
centrifugation and then washed with toluene, and finally dispersed in
DMF.

2.4. Characterization

The transmission electron microscopy (TEM) measurement was
conducted on a Tecnai G2 F20 S-TWIN D573 electron microscope
operated at 300 kV TEM. The powder X-ray diffraction (XRD) charac-
terization was performed on an X-ray powder diffractometer with Cu Ko
radiation (A = 1.542 10\). The FTIR spectra of UCNPs with different sur-
face ligands were examined by a Termo NICOLET6700 Fourier trans-
form infrared spectrometer (FTIR) at room temperature. The
upconversion steady-state emission spectra were collected at room
temperature by FLS980 (Edinburgh Instruments). All the luminescence
dynamics were recorded with a 500 MHz Tektronix digital oscilloscope
and the excitation was realized by a nanosecond pulse from an optical
parametric oscillator. During the spectroscopic measurements, all the
samples were dispersed in cyclohexane or DMF with the same concen-
tration of nanoparticles.

3. Results

The NaErF4 bare core and NaErF4@NaYF,4 core-shell UCNPs were
synthesized via a co-precipitation method [43]. TEM images in Fig. 1a, b
confirmed the uniformed morphology and size of these samples. Spe-
cifically, the diameters of core and core-shell nanoparticles were
measured as 18.0 + 0.6 nm and 22 + 1.1 nm, respectively. Therefore,
the NaYF, shell thickness of the core-shell sample can be calculated as
~ 2.0 nm. In addition, the pure hexagonal phase of these nanoparticles
was testified by the XRD results (Figure S1). To make the particle hy-
drophilic, the oleophilic surface ligands of UCNPs (i.e., OA, short for
oleic acid molecules) were then removed. The nanoparticles were
treated with nitrosoniumtetrafluoroborate (NOBF,) according to the
previous report. After the treatment, the UCNPs were dispersed well
either in DMF or water. Fourier transform infrared spectrum (FTIR) of
the UCNPs further confirmed the successful removal of the surface li-
gands. The characteristic peaks of OA molecules at 2860 cm
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Fig. 1. The TEM images of (a) the NaErF, bare core
nanoparticle and (b) the NaErF,@NaYF, core-shell
nanoparticle. (¢) The Fourier transform infrared
spectrum (FTIR) of the UC nanoparticles before
(black line) and after (red line) the removal of the
surface ligands (oleic acid molecules). (d) The UC
emission spectra of NaErF,@NaYF,; core-shell
nanoparticle in the DMF (black line) and pure water
(red line) solvent, respectively. The samples were
excited by an 800 nm laser, with a power density of
5 W/cm?.
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(symmetric stretching vibration of methylene) and 2930 cm ™! (asym-
metric stretching vibration of methylene) completely disappeared after
the treatment in Fig. 1c. After that, the emission spectra of the bare core
and core/shell UCNPs in DMF solvent were recorded under 800 nm
excitation, shown in Figure S2. The extremely weak UC emission of
NaErF4 bare core is due to the surface defects [35-37]. On the contrary,
coating an inert shell of ~2.0 nm thickness to form NaErF4@NaYF4
core-shell UCNPs increased the UC luminescence greatly (peaking at
~520/545 nm and ~655 nm), correspondingly to the transitions of
2H11/2/453/2—>4115/2 and 4F9/2—>4115/2 of EI‘3+, respectively (Fig. ld) The
choice of ~2 nm shell aimed to open the door to a certain extent for
sensing the surface-relevant quenchers (discussed in the following text).
Indeed, the UC emission of NaErF4@NaYF4 UCNPs was vulnerable to
water, 58% quenching of green emission and 98% quenching of red
emission in pure water compared with that in DMF (Fig. 1d). The robust
variation suggested that the NaErF4@NaYF, is a suitable candidate for
water sensors.

To testify the water sensitivity, we compared the NaErF4s@NaYF4
structure with the traditional Nd>*/Yb3* co-sensitized structure, which
is another widely used UC structure under the 800 nm excitation (i.e.,
NaYF4: 20% Yb, 2% Er@NaYF4: 10% Yb, 20% Nd), shown in Fig. 2a. To
exclude the potential difference induced by different morphology/
structure of reference sample, we ensured these two samples with
similar core (~18 nm) and shell (~2.0 nm) sizes (Figure S3). As dis-
played in Fig. 2b-d, the UC emission of NaErF4@NaYF4 nanoparticle
under 800 nm excitation is quenched more severely than that of the
traditional nanostructure, especially for the red emission band. Taking
the situation of 1 vol% water as an example, the red emission of

98%

650 700
th (nm)

NaErF4@NaYF,4 UCNPs is quenched to 21% of its intensity in pure DMF
solvent. In the meantime, the green/red UC emissions of Na3*/Yb®* co-
sensitized UCNPs decrease slightly to 85-88% (Fig. 2d).

The superior sensitivity of NaErF4@NaYF, structure can be ascribed
to the following factors: Firstly, benefited from the “fully doped” Er**
ions in the core area, the energy migration among Er®" is very efficient.
Therefore, the excited states of Er>* in the core area are very easy to
migrate to the core-shell interface and finally quenched by the water
molecules adsorbed at the particle surface (Fig. 3a). Secondly, different
from the traditional systems where the major source of energy loss
comes from the energy quenching of relatively highly doped Yb®" ions.
In the current high-level-doping system, Er>* owns more abundant en-
ergy levels (compared with Yb®"), endowing this Er®*-rich system with
much more processes to transfer corresponding energy to water (more
excited energy levels of Er** may involve in the water quenching pro-
cesses, while Yb®* only has one excited energy level within the inter-
esting range) and thus makes the potential energy quenching more
efficient (Fig. 3b). The variation of down-shifting luminescence lifetimes
further indicates that the Er®'-H,0 interaction strength is also larger
than that of Yb>"—H,0, even in the presence of low-doped case (i.e., only
doped 20% active Ln®* in the core, Figure S4). Thirdly, it should be
noticed that in the previous reports, the sum of UC intensity (i.e., green
emission plus red emission) is usually selected as the sensing referent.
However, we find that for the NaErF4@NaYF, structure, the quenching
effect of green/red bands differs significantly. Being more specific, red
emission is quenched to a much larger degree compared to the green
one, especially in the case of trace water content (Fig. 2d). Therefore,
taking the red emission as the referent can further improve the detection
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Fig. 2. (a) Schematic diagram of the UC luminescence-based water detection process. The UC emission spectra of (b) NaErF4@NaYF, nanostructure and (c) NaYF4:
20% Yb, 2% Er@NaYF,4: 10% Yb, 20% Nd traditional nanostructure in DMF solvent containing different amount of water (water contents are marked as volume
percentages). Excitation is at 800 nm with a power density of 5 W/cm? (d) The corresponding relative UC emission intensities calculated as I/I, where Iy is the
emission intensity without water (the testing range of water content is 0.001% — 80%).

sensitivity. The difference of green/red bands relies much on the unique
UC processes in NaErF4@NaYF, system. As shown in Fig. 3¢, due to the
up-closed ion-to-ion distance, a non-neglectable source of red emission
in NaErF4@NaYF, is the energy migration assistant green — red CR
processes. As a result, the additional energy quenching processes during
the green — red CR make the red emission band exhibits a higher
“sensitivity” to the water content.

Next, the NaErF, inner core size (Figure S5) and NaYFy shell thick-
ness were also found to play important roles in pursuing a sensitive
detector (the uniformed morphology of series particles with different
shell thicknesses are shown in Figure S6). From the previous reports,
[18,28] the UC quenching data for a certain water content can be line-
arly fitted according to the following equation:

1/1y = C+ klog[Hyovol%) @

Then, the limit of detection (LOD) could be calculated following the
mathematical expression:

LOD = 10"(36/K) (2

where o is the standard deviation of the percentage of I/Iy, and K is
the calibration plot slope, which can be obtained from the variation of
UC emission intensity versus different water contents.

According to Eq.(A.2), the inert shell (ie., NaYF4) plays a conflict
role in the detection. On one hand, a thicker shell is conducive to high
sensitivity, because it is conducive to obtain a relatively small ¢ value by
providing a stronger and more stable UC emission signal. As shown in
Fig. 4, the o value decreased from 0.230 to 0.065 with the shell thickness
increased from 2 to 5.5 nm. On the other hand, thick shells also play a
negative role by expanding the interaction distance between the acti-
vator (Er®") and the surface quencher (water molecules). As a result,
under the premise of high sensitivity detection (water content is lower
than 0.005 vol%), the absolute value of K decreases from 0.21 to 0.07 as
the shell thickness increases (Fig. 4b). However, if the shell thickness is
too thin, e.g., 0.5-1 nm, based on our experiment condition (emission
spectra are collected at room temperature by equipment Edinburgh

Instruments FLS980, excited by 800 nm with power density 5 W/cm?),
the UC emission intensity is extremely weak, which also brings a
significantly enhanced ¢ value and hinders the efforts of obtaining an
ideal LOD (Figure S7). Therefore, the tradeoff resulted in the optimal
shell thickness located to 2 nm in the current scenario, and the corre-
sponding LOD was determined to be as low as 5 ppm (i.e., 0.0005%). It is
worth noticing that the contrast sample (i.e., NaYF4: 20% Yb, 2%
Er@NaYF4: 10% Yb, 20% Nd nanostructure) performs a much larger
LOD value (85 ppm, Figure S8) under the same experimental conditions,
which highlights the advantage of the new structure.

To further elucidate the working mechanism of water detection,
luminescence dynamics investigation of the optimized ligand-free
NaErFs@NaYF,4 nanostructure (core diameter: 18 nm and shell thick-
ness: 2 nm) is necessary. Since the lifetime of UC emission is subject to
complex intermediate processes and cannot reflect the depopulation
process of each energy level directly [44,45]. We focused on the down-
shifting luminescence. As shown in Fig. 5 and Table S1, the lifetimes of
every monitored excited level gradually decrease as the water content
increases, indicating that the UC emission quenching is induced by the
simultaneous energy transfer from the five energy states of Er*" (ie.,
453/2, 4F9/2, 419/2, 4111/2 and 4113/2) to water molecules. It should be
noticed that even the water content is at a relatively low level (such as
0-0.1 vol%), the non-neglectable lifetime variation of each energy state
can still be clearly observed, which agrees well with the ultra-sensitivity
results observed from the steady-state spectroscopic measurements
(Fig. 4b). Finally, as a proof of concept, we purchased DMF solvents from
two different companies, and examined their water impurity via our
strategy. It is quite gratifying to notice that the experimental results are
well in line with the manufacturers’ instructions (Table S2).

4. Conclusions
In summary, a new strategy of highly sensitive detection of trace

water is proposed and validated using high-level-doping UCNPs (i.e.,
NaErF4@NaYF,). Taking the red UC emission as referent, the limit of
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water detection in DMF solution reach unprecedentedly small to 5 ppm,
over one order of magnitude compared with the traditional co-doped UC
probes. The improvement is discussed to come from the unique prop-
erties of NaErF4@NaYF, UCNPs. Firstly, the robust excitation energy
migration among Er’' ions enables the quenching effect of water to
affect Er®" ions in the core effectively. Secondly, richer energy levels and
stronger interaction strength make Er>* suffer a larger quenching effect
(from water molecules) than traditional sensitizer ions (e.g., Yb3H).
Finally, the shell thickness is optimized to ~2 nm to balance the testing
standard deviation (¢) and the absolute magnitude of the calibration
plot slope (K). Our findings provide not only a valuable strategy for
highly sensitive water detection but also a better understanding of the
Ln®* upconversion mechanism.
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