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Increasing awareness of the potentially harmful impacts of nanomaterials on human health has led to a
high demand for low-toxicity lanthanide (Ln)-doped nanophosphors in life science fields. The present study
introduces a conceptually new approach based on a microplasma technique to produce high quality crys-
talline lanthanide doped nanophosphors. By selecting Eu®* doped yttria as a model for study, systematic
experiments are carried out to synthesize Y,Os:Eu*" nanophosphors of controllable size and various Eu®*
doping concentrations. The plasma-liquid interaction and the obtained products are examined by comple-
mentary analytical methods. Results demonstrate that ultra-high purity crystalline Y,Os:Eu** nano-
phosphors can be successfully prepared from merely an aqueous solution of Y(NOs)s-6H,O and Eu(NOs)3
-6H,O at an extremely low plasma power consumption (3-5.5 W), without involving any hazardous
chemicals. Moreover, the Eu®* ions prove to be efficiently and homogeneously doped into the yttria matrix,
and their luminescence performance can be tuned to a large extent by adjusting the processing conditions.
Due to the high degree of flexibility, this approach can be readily expanded to the green synthesis and en-
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Introduction

Semiconductor nanocrystals have been widely used as lumi-
nescent materials for bio-imaging or bio-fluorescence label-
ling due to their quantum size effect, where the absorbance
onset and emissions shift to higher energy with decreasing
size."”” However, they are generally synthesized under expen-
sive, complex and hazardous experimental conditions. Recent
studies indicate they can affect cell-membrane penetrability
and engender undesirable hazardous interactions with biolog-
ical systems.®> Therefore, their long term use in bio-related
areas has been limited. As a promising category of fluorescent
materials, lanthanide-doped nanophosphors have attracted
considerable interest for biological applications owing to their
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gineering of various lanthanide doped/co-doped nanophosphors.

inherently low cytotoxicity (compared to Cd and Se-based
nanocrystals), sharp emission/absorption bands and long
fluorescence lifetimes.”® In addition, lanthanide ions (Ln**)
have fixed and particle size independent emission wave-
lengths. Tuneable emissions can be achieved by choosing ap-
propriate colour-centre elements instead of varying the parti-
cle size, endowing a high degree of flexibility in designing
nanophosphors with desirable luminescence properties.”
Recently, a variety of novel or well-established methods
have been developed to produce lanthanide doped phos-
phors. In general, they can be divided into two main catego-
ries: high temperature solid-state reactions and wet chemistry
routes. However, solid-state reactions commonly generate
highly aggregated particles (um level) with inhomogeneous
Ln*" doping. Mechanical processes such as grinding or mill-
ing are needed to obtain fine particles, which may reduce the
luminescence efficiency due to the inflicted damage on the
surfaces. As to wet chemistry routes, they are mostly driven
by the supersaturation of alkali precipitants. The vigorous
hydrolysing reactions and the inhomogeneous precipitant
concentration while dripping throughout the synthesis can
rapidly generate large amounts of sediments, leading to prod-
ucts of wide size distributions (from nm to um).*° Moreover,
the involved chemicals (e.g. stabilizers, surfactants or
solvents) can occupy active centres and create traps in the
phosphors, which in turn, requires complex purification
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procedures to get rid of possible residues.'® It is worthwhile
to mention that a non-thermal plasma-driven method was
also reported to produce Eu®*" doped yttria nanophosphors
from water solutions of lanthanide nitrates.'’ However, the
reported method was operated at a reduced pressure of 0.15
hPa. The involvement of expensive vacuum equipment is not
favorable for industrial application. Furthermore, the reac-
tion vessel containing a reagent solution is placed above the
electrode, leading to the “remote” type of plasma-liquid
interaction. In such a plasma configuration, reactions are in-
duced by the diffusion of plasma formed species to the liquid
surface or by UV irradiation, which are expected to be less ef-
ficient compared to reactions driven by the direct discharge
current passing the interface. Therefore, by the current state
of techniques, it is still a challenge to produce high purity
nano-sized lanthanide phosphors with homogeneous Ln**
doping in a simple, controllable and toxic chemical free
manner.

With the development of plasma technology, microplasma
activated synthesis can be an answer to this formidable chal-
lenge. Owing to the increased surface-to-volume ratio and the
decreased electrode gap, microplasma possesses several dis-
tinct advantages for nanomaterial synthesis: high-pressure
operation, non-equilibrium chemistry, microscale geometry
and a self-organization phenomenon.'? By using the synergis-
tic advantages of electrochemistry and microplasma, herein
we present a demonstration of an atmospheric pressure
microplasma-induced approach for the production of high-
quality lanthanide doped nanophosphors at a relatively low
plasma power consumption (3.5-5.0 W). In this method, in-
stead of dripping extra precipitants, water is exploited as a
“soft” hydrolysing agent to mildly release hydroxyl radicals
under electron impacts. Therefore, the vigorous and inhomo-
geneous hydrolysing reactions as well as the associated puri-
fication procedures can be avoided. A series of high quality
Ln*" (Ln=Eu, Tb, Dy, Tm) doped yttria nanophosphors are
prepared to show the versatility of the process. As a model
study, Eu** doped yttria nanophosphor is chosen to investi-
gate the effect of heat treatment and the dopant concentra-
tion on their photoluminescence properties. The demon-
strated high quality products with the simple, versatile and
environmentally-benign process by using water as a soft OH"
source should bring interest in this emerging nano-
fabrication technique.

Experimental

Chemicals

Y(NO3);-6H,0 (99.8%, Sigma-Aldrich), Eu(NO3);-6H,0 (99.9%,
Sigma-Aldrich), Tb(NO;);-6H,0 (99.9%, Sigma-Aldrich),
Tm(NO;);-6H,0  (99.9%, Sigma-Aldrich), Dy(NO,);-6H,0
(99.9%, Sigma-Aldrich).

Synthesis of Ln*" doped yttria nanoparticles

In this work, the Ln** (Ln=Eu, Tb, Tm, Dy) doped nano-
phosphors were obtained by plasma-electrodeposition of lan-
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thanide hydroxides followed by heat treatment at various
temperatures.'? Yttria was designed as the host matrices for
Ln*" doping due to its broad range of optical transparency,
superior chemical stability, large band gaps (5.8 eV) and rela-
tively low phonon energies (~500 cm™').** Y(NO,);-6H,0 and
Ln(NO;);-6H,0 salts were used as the starting raw materials.
An electrolyte solution was prepared by mixing Y(NO;);-6H,0
and Ln(NO;);-6H,0 according to the formula (Y;-,Ln,),0;
and dissolving in deionized water. The plasma electrodeposi-
tion of lanthanide hydroxides was carried out in a specially
designed microplasma reactor (Fig. 1). A negatively-biased
stainless steel (SS) capillary (I.D. = 318 pm, O.D. = 1.6 mm)
was used as the cathode and initially positioned 0.5 mm
above the electrolyte surface, while a grounded Pt foil (diame-
ter = 10 mm, thickness = 0.3 mm) functioned as the anode
and being immersed inside the electrolyte solution. Both
electrodes were connected to a negatively biased DC power
supply (Matsusada Precision, Model AU-10R30) to form the
plasma between the end of the capillary tube and the electro-
Iyte surface. Such a plasma configuration ensures a direct
current through the plasma-liquid interface, and is more effi-
cient in activating chemical conversion than the remote type
plasma. Besides, a ballast resistor (50 kQ) was installed to
stabilize the discharge current. For all experiments, an MFC-
controlled argon flow with a 50 sccm gas flow rate was
coupled to the capillary as the plasma gas. The reactor was
well-sealed before igniting the plasma. Meanwhile, argon was
continuously flowed into the reactor for several minutes to
get rid of impurities like oxygen, nitrogen and carbon diox-
ide. In each operation, 10 ml (0.05 mol L) electrolyte solu-
tion was filled in the microplasma reactor for the plasma
treatment, with a typical processing time of 3 hours. The
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Fig. 1 (a) Representative images of the microplasma reactor, direct
plasma-liquid interaction process and the electrolyte solution after
plasma treatment; (b) optical emission spectrum recorded during the
plasma-liquid interaction process, the inset shows the fitting result of
the rotation temperature; (c) a schematic graph of possible reaction
pathways of the plasma-induced lanthanide doping process.
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output voltage was fixed at 3 kV. Experimental values of the
plasma current, voltage and power were automatically logged
using a LabVIEW based program. After the plasma treatment,
lanthanide-doped hydroxide sediments were formed in the
electrolyte solution. The colour of the bulk electrolyte solu-
tion changes from transparent to opaque yellowish (Fig. 1a).
The solution was then transferred to centrifuge tubes and
centrifuged for 10 minutes at 4000/s to obtain the sediments,
without any purification process. These sediments were fur-
ther dried at 50 °C to obtain solid powders. Afterwards, they
were heat-treated at various temperatures (600-1200 °C) at a
heating rate of 10 °C min™* and maintained for 3 hours to
obtain oxide derivatives. Then the products were scraped
from the crucible for further characterization.

In situ characterization of the microplasma

To identify the existing short-live radicals in the plasma-
assisted process, the plasma-liquid interaction was in situ
monitored using an optical emission spectrometer
(HR2000+ES, Ocean Optics, Inc.). The emitted light was col-
lected by an optical fibre fixed at 20 mm from the micro-
plasma. The spectrum was recorded in the wavelength range
from 200 nm to 1000 nm. Moreover, in order to estimate the
gas temperature, a higher resolution spectrometer (HR2000+,
Ocean Optics, Inc.) with a spectral resolution of 0.21 nm and
a wavelength range of 200-420 nm was also applied. In
microplasma the rotational temperature is regarded as an ap-
proximation of the gas temperature. As suggested by P.
Bruggeman, 0.5 sccm N, was added in the discharge to deter-
mine the gas temperature of plasmas in contact with liquids
using the N, SPS system by Specair fitting."® In brief, a typical
optical emission spectrum recorded from plasma-liquid in-
teractions was imported into the Specair program, which was
developed for computing, manipulating and fitting optical
emission spectra from plasma.'® By setting the input parame-
ters (e.g. pressure, gas type and mole fractions, ambient ab-
sorbers, and radiative transitions) according to the experi-
mental conditions and choosing the rotational temperature
as the variable parameter, successive calculations were
performed to fit the simulated spectrum as close as possible
to the imported experimental spectrum, and the gas tempera-
ture of the plasma can be derived. It should be noted that
this is an emission-averaged value derived from the light
gathered over the entire microplasma volume, since micro-
plasma has a nonuniform nature with strong radial gradients
in temperature.

Ex situ characterization of the lanthanide doped yttria
nanophosphors

Complementary analytical methods have been applied to
characterize the obtained lanthanide doped nanophosphors.
Thermogravimetric analysis was carried out on a Mettler-
Toledo TGA/DSC 1 instrument. Approximately 10 mg sample
was placed in a crucible and heated to 750 °C at a rate of 10
°C min™" in a flow mixture of O,/He. Infrared characteriza-
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tion was performed using a Perkin-Elmer Spectrum One Fou-
rier transform spectrometer to provide a fingerprint of sam-
ples before and after calcination. Spectra were recorded in
the region of 400 cm™ to 4000 cm™". TEM analysis was car-
ried out using an FEI Tecnai 20 (Sphera) microscope operated
with a 200 kv LaBé6 filament for further investigation of the
microstructures. TEM samples were prepared by dispersing a
small quantity of the products into ethanol and sonicating
for 30 min. Then one drop of the solution was cast on a
carbon-coated Cu TEM grid (Quantifoil Micro Tools, GmbH).
To get a better idea on nanoparticle size and distribution,
size distribution histograms were constructed by randomly
measuring 300 particles from TEM images. EDX characteriza-
tion was performed on a Quanta 3D FEG (FEI) operated at 10
kv, with a silicon drift element detector (Sapphire DPP-2) to
examine the chemical composition. The surface chemical
composition and binding information were further assessed
by X-ray photoelectron spectroscopy (Thermo Scientific Ka),
with the spectra obtained using an aluminum anode (Al Ko =
1486.6 eV) operating at 72 W and a spot size of 400 um. The
crystalline structure was characterized by X-ray diffraction
(XRD) using a Rigaku powder diffractometer (Cu-K,; radia-
tion, 2 = 1.54056 A). The scans were recorded in a 26 step of
0.02 and a dwell time of 20 s. Raman measurements were
performed using a LabRAM HR evolution confocal Raman
microscope (Horiba Jobin-Yvon) equipped with an 1800 lines
per mm grating. The excitation wavelength was 632.8 nm,
and the spectra were measured in the 0-2000 cm™" range.
The photoluminescence measurements were performed at
room temperature on a luminescence spectrometer (Perkin
Elmer, Model LS-50B) using a certain wavelength as the exci-
tation source.

Results and discussion

The plasma-electrochemical reactions were carried out in a
specially designed microplasma reactor."” Fig. 1(a) shows the
representative images of the reactor, direct plasma-liquid
interaction process and the plasma-treated electrolyte solu-
tion to illustrate this concept. A typical optical emission spec-
trum is shown in Fig. 1(b), with detailed radiative transition
information summarized in Table S1.f The most prominent
spectral feature is the argon atomic transitions (Ar I) between
highly excited electronic states (4p — 4s) in the wavelength
region of 690-1000 nm."® In addition, the emission band of
OH radicals, with a strong peak starting at 305 nm and fall-
ing off towards 325 nm (the 3064 A system), is also clearly ob-
served." Less intense emission lines of atomic hydrogen (486
nm, 657 nm) and atomic oxygen (777 nm) species are also
detected, suggesting the presence of high energy electrons
and the dissociation of water molecules under the plasma
treatment.>® Furthermore, by fitting the experimental spec-
trum with the simulated one using the N, SPS system in the
Specair program, the gas temperature during plasma-liquid
interactions is estimated to be ~2000 K, suggesting the
non-equilibrium characteristic of the plasma. The result is
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consistent with the reported value of a DC glow discharge in
contact with the aqueous solution (2000-3000 K).*" It should
be noted that this is an emission-averaged value derived from
the light gathered over the entire microplasma volume, since
microplasma has a nonuniform nature with strong radial gra-
dients in temperature.

The plasma-electrode position process is also character-
ized by electrical measurements. Fig. S1f shows a typical V-1
characteristic during a specific plasma-liquid interaction pro-
cess to give a general idea on the evolution of plasma voltage,
current and power. The plasma current decreases slightly as
the reaction occurs, while the plasma voltage and power un-
dergo an apparent increasing trend. This is attributed to the
consumption/evacuation of water and the associated increas-
ing distance between the electrode and the liquid surface. It
is seen that only 3.5-5.0 W plasma power is needed to sus-
tain the electrochemical reactions. In this plasma configura-
tion, the above electrode is negatively-biased. Electrons are
driven and accelerated towards the solution surface to collide
with water molecules. Hydroxyl radicals can be released from
water under electron impacts to form precipitant ions. Mean-
while, since Y** and Eu®*" are homogeneously mixed at the
molecular level, luminescent ions can be uniformly embed-
ded into the host matrix. Based on the OES result, Fig. 1(c)
gives an overview of possible reaction pathways of the
plasma-induced lanthanide doping process.

The dried sediments, obtained from the electrolyte solu-
tion containing Y(NO3);-6H,0 and Eu(NO;);-6H,0 salts after
plasma treatment, were firstly characterized by XRD. As
shown in Fig. S2,} all diffraction peaks except (001) and (002)
are well matched with the monoclinic phase of Y(OH);
(JCPDS card #21-1447). As for the (001) and (002) peaks, they
are ascribed to the intercalation of nitrite ions in the as-
prepared hydroxides, and their intensities are related to the
amount of the intercalated ions.>* According to ref. 23, the
(00X) peaks are typically observed in the XRD patterns of lay-
ered lanthanide hydroxides with the formula [Ln(OH);_,A,]
-nH,0, where A denotes the intercalated ions in the synthe-
sized hydroxide, such as nitrate, chloride etc. The above find-
ings are completely in agreement with the study of Aghaza-
deh et al, suggesting the formation of crystalline NO; -
intercalated yttrium hydroxides by the plasma-assisted depo-
sition process.>* To further examine the morphology of the
obtained lanthanide hydroxides, the SEM images at different
magnifications are provided in Fig. S3.f The plasma-
deposited yttrium hydroxide sediments were shown to have
layered structures. Based on the above analysis,
[Y(OH);_(NOj; ),]-nH,O is the expected formula for the depos-
ited sediments.

Thermal analysis was performed to investigate the thermal
decomposition process of the obtained lanthanide hydroxide
compounds (Fig. 2). The first endothermic peak appears in
the range of 50-150 ©°C, relating to the evaporation of
physical-bounded water from the hydroxides. The second
endothermic peak situated at ~280 °C accompanied by a to-
tal mass loss of 11% (from 96% to 85%) indicates the re-
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Fig. 2 Typical TG/DTG-DSC curves for the thermal decomposition of
the plasma-generated Y(OH)3:5%Eu®* powders.

moval of structural water from the hydroxides to form oxy-
hydroxides as intermediates. It should be mentioned that the
associated residual nitrate ions in the dried powders were
also dissociated during this temperature range. As reported
by Malecka et al., the decomposition of nitrate ions starts at
75 °C and ends at 265 °C.>* The last endothermic peak is lo-
cated at ~490 °C, with a weight loss of 9% derived from the
TG curve (from 79% to 70%), suggesting that the oxyhydro-
xides are further decomposed to form oxide derivatives. No
sharp peaks are observed in the DTG/DSC curves beyond 600
°C, inferring that the sample doesn't undergo significant
changes after this temperature. The thermal decomposition
process of the dried hydroxide compounds can be expressed
stoichiometrically as follows:

[Y(OH);_(NO3),:Eu]-nH,0 — [Y(OH);_(NO3),:Eu] + nH,O (1)
[Y(OH); (NO;),:Eu] — [YO(OH); (NO;),:Eu] + H,O  (2)
[YO(OH),_(NO;),:Eu] — [YO(OH);_:Eu] + xNO, + x/20, (3)
2[YO(OH);_:Eu] + x/20, — Y,05:Eu + (1 - x)H,0 (4)

The dehydration of hydroxides to oxides after heat treat-
ment is confirmed by the infrared absorption spectra (Fig. 3).
Both the un-doped and 5% Eu-doped yttrium hydroxides and

oxides show similar spectral characteristics, suggesting that
the doping of Eu®" ions does not influence the absorption
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Fig. 3 (a) FTIR spectra of the dried Y(OH)s; and Y,Os; nanoparticles
annealed at 600 °C; (b) FTIR spectra of the dried Y(OH)s:5%Eu®* and
Y,03:5%Eu®* nanoparticles annealed at 600 °C.
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peaks. For the hydroxide samples, a broad band in the region
of 3000-3700 cm ™" as well as a relatively narrow band at 1664
cm ™" are detected, which are assigned to the O-H vibration.*®
The bands at 1510 cm™, 1411 em™ and 1052 ecm ™ can be at-
tributed to the carbonyl groups, formed by the CO, absorp-
tion from the ambient atmosphere.>” The prominent peak at
1354 cm™" originates from the residual nitrate ions incorpo-
rated in the hydroxide powders,>” which is within our expec-
tation, since no purification procedures were performed after
plasma treatment. Meanwhile, the peaks at 819 cm™ and 603
cm " are indexed to the Y-OH stretching mode.>® By contrast,
for the spectra of the calcined samples, the intensities of OH
and carbonyl bands decrease drastically. However, due to
moisture and CO, absorption during the test, they still exist
in the annealed sample. It is also observed that the character-
istic peak of nitrate ions completely disappears after calcina-
tion, suggesting the decomposition of nitrate ions as well as
the fabrication of high purity oxide derivatives. On the other
hand, two new absorption bands related to the Y(Eu)-O
stretching mode appear at 555 cm ™" and 464 cm ™, indicating
the formation of oxides.>® Detailed information of the IR ab-
sorption bands is listed in Table S2.}

Fig. 4(a-d) show the representative TEM images of 5%
Eu®" doped yttria nanophosphors with heat treatment in the
temperature range of 600-1200 °C. Meanwhile, the corre-
sponding size distribution histograms were constructed from
TEM images to get a better idea on particle size and distribu-
tions (Fig. 4(e-h)). It is seen that the products are on the
nanoscale, with irregular shapes being aggregated together.
Their size and size distributions show an apparent increasing
trend with the temperature. This is due to the enhanced Ost-
wald ripening process at higher calcination temperature,
where larger particles are more energetically stable than
smaller ones. The result suggests that this technique is capa-
ble of producing nanosized phosphors without any stabilizers

1 %‘T%Liiiiyli

e

Fig. 4 TEM images of 5% Eu®* doped yttria nanophosphors with heat
treatment at (a) 600 °C, (b) 800 °C, (c) 1000 °C and (d) 1200 °C; (e-h) the
corresponding size distributions; (i-k) SAED pattern and HRTEM images
of the 5% Eu®* doped yttria nanophosphors obtained at 1200 °C.
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or surfactants. A reasonable explanation is the mild hydro-
lysing process induced by the plasma electron impacts. In
contrast to conventional wet chemistry methods by adding
supersaturated alkali precipitants, hydroxyl radicals are
smoothly released from water to homogeneously form ultra-
small sediments in a “bottom-up” manner, avoiding vigorous
hydrolysing reactions. Furthermore, the crystalline structure
of nanophosphors heat-treated at 1200 °C is examined by
SAED and HRTEM. The regular arrangement of the diffrac-
tion spots forming concentric diffraction rings suggests their
crystalline nature (Fig. 4(i)). Moreover, the particles exhibit
clear lattice fringes, with different crystal planes being ob-
served (Fig. 4(j)). An estimation of the interplanar distance
(d-spacing) of a typical nanoparticle by measuring the dis-
tance across 10 atomic planes deduces ~4.6 A (Fig. 4(k)),
slightly larger than the (211) plane of yttria nanoparticle ~4.3
A). This can be explained by the substitution of yttrium ions
(r = 0.89 A) for larger europium ions (r = 0.95 A), which in
turn, reveals that Eu** ions have been doped into the yttria
lattice.>®

The representative SEM images of Y,0;:5%Eu®" nano-
particles are shown in Fig. S4F for a general overview of sam-
ple morphology. Well-dispersed clusters of irregular shapes
are observed in the field of view, forming a coral-like appear-
ance. High magnification images reveal that these are formed
by the aggregates of spheres with clearly defined boundaries.
Compared to the layer-structured yttrium hydroxides, the
morphology difference is attributed to the heat treatment, in
which NO; -intercalated yttrium hydroxide compounds were
dehydrated and decomposed to form oxide derivatives. EDX
analysis is performed to examine the chemical composition
of the nanophosphors, which shows the presence of Y, O, Eu
and C (from carbon tape) elements. EDX mapping on a ran-
dom area indicates Y and O as dominant elements. Mean-
while, the Eu element shows a relatively low signal homoge-
neously distributed over the sample area, suggesting that it is
uniformly incorporated in the products.

The chemical compositions and binding information are
further examined by XPS characterization. Fig. 5(a) shows the
full range spectra of Y,O; and Y,0;:5%Eu’* nanoparticles
annealed at 600 °C. It is clearly demonstrated that both sam-
ples mainly consist of Y (Y3d, 158 eV; Y3p, 300 eV; Y3s, 395
eV) and O (O1s, 532 eV), although a minor C signal exists,
which is attributed to the absorption of CO,. However, in the
spectrum of Y,05:5%Eu’" nanoparticles, new peaks appear at
135 eV and 1130 eV, corresponding to Eu4d and Eu3ds;,
photoelectron signals.®® The Y3d, Eu3ds, and O1s spectral
features of Y,03:5%Eu" nanoparticles are also illustrated in
Fig. 5(b-d). The Y3d spectrum shows two distinctive spin-or-
bit splitting peaks. Further deconvolution of the peaks indi-
cates the presence of Y,0; (156.6 eV: Y3ds/,; 158.6 €V: Y3d3),)
as well as yttrium carbonates (158.2 eV: Y3ds,; 160.3 €V:
Y3d,,).>*?** Spectral decomposition of Eu3ds, suggests the
co-existence of Eu,0; and Eu®" components, reflected by the
significant peak at 1134.0 eV and the shake down satellite
peak at 1125.2 eV.** The deconvolution of O1s bands further
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Fig. 5 (a) Full XPS spectrum of Y,03:5%Eu®* nanoparticles annealed at
600 °C; (b) XPS spectrum of Y3d; (c) XPS spectrum of Eu3d5/2; (d) XPS
spectrum of Ols.

confirms the above results. The two prominent peaks at
529.1 eV and 531.7 eV are typical O-Y bonds that widely
existed in Y,0O; nanoparticles,® while the subpeak at 530.7
eV is due to O-Eu binding.*" Moreover, the minor peak at
533.2 eV probably originated from the impurities such as
0-C compounds or O-H species.*”

Afterwards, the influence of heat treatment and dopant
concentration on the photoluminescence properties is inves-
tigated. The crystal structure of nanophosphors obtained un-
der different conditions is investigated by XRD, as shown in
Fig. 6(a and b). All diffractions peaks are well indexed to the
cubic yttria (JCPDS card #41-1105), regardless of the tempera-
ture or the Eu®*" concentration, inferring that Eu®*" cations
have been effectively doped into the yttria lattice, and the
crystal structure has not been affected. Moreover, the appar-
ent narrowing trend of the diffraction peaks with the temper-
ature reflects an enhanced crystallinity at high temperatures.
As a complementary characterization, Raman analysis is
performed to provide a fingerprint of the samples with/with-
out Eu** doping (Fig. 6(c and d)). In both cases one can ob-
serve peaks at 130 cm™, 329 cm™, 378 cm™', 469 cm ™', 592
em™ and 1085 cm ™, which are characteristic peaks of cubic
yttria nanoparticles.*® However, several new peaks appear at
428 cm™', 705 em™, 1262 cm Y, 1388 ecm™, 1659 cm ', 1699
em™ and 1766 cm™ in the spectrum of Eu*" doped nano-
phosphors (marked by asterisks), revealing that the chemical
bonds and symmetry are changed due to Eu®*" incorporation.
This in conjunction with the EDX, XPS and XRD results indi-
cating that Eu®* has been effectively and homogeneously
doped into the yttria lattice. In addition, the intensities of
the peaks are found to increase significantly with the temper-
ature, while the peak width exhibits an inverse relationship.
This is attributed to the improved crystallinity as well as the
spatial-correlation effect. Particles annealed at higher temper-
atures have better crystallinity, leading to less surface defects
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Fig. 6 XRD patterns of Eu®* doped yttria nanophosphors (a) heat-
treated at 600-1200 °C and (b) with a doping concentration of 1-9%,
calcinated at 800 °C; Raman spectra of (c) Eu** doped yttria nano-
phosphors heat-treated at 600-1200 °C and (d) with and without Eu®*
doping; emission spectra of Eu** doped yttria nanophosphors (e) heat-
treated at 600-1200 °C, 5% Eu®* and (f) with a doping concentration
of 1-9%. All spectra are excited under a UV radiation of 248 nm.

and dislocations and eventually an increased Raman inten-
sity. On the other hand, at lower temperatures particles have
smaller crystalline size. The confinement of phonons in a
smaller volume can cause an increased uncertainty in the
wave vector of the phonons and phonon momentum distribu-
tion, which in turn, results in the peak broadening
phenomenon.*®

Fig. 6(e and f) show the photoluminescence emission
spectra of Eu®* doped yttria nanophosphors prepared under
different conditions. All spectra exhibit a sharp peak at 612
nm, which originated from the °D, — ’F, transition of Eu**
in C, symmetry.>” Less intense spectral features related to
the °D, — ’F, transition are also observed at 620-640 nm.
There are several weak emission peaks in the range of 580-
600 nm, which are assigned to the D, — ’F; transition of
Eu’* in Sg or C, symmetry.*® The emission intensity of nano-
phosphors doped with the same Eu®* concentration is shown
to increase drastically with the temperature. This is attrib-
uted to the crystalline effects. Bulk and surface defects widely
exist in poorly-crystalline particles, which can act as non-
radiative centres (quenching centres) and lower the lumines-
cence efficiency. However, heat treatment can improve parti-
cle crystallinity and reduce the crystalline defects, allowing a
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better activation for the Eu®" ions. By analysing the highest
peak (222) at 29.2° using the Scherrer formula, the crystallite
size is estimated to increase drastically with the temperature,
from 11.6 nm at 600 °C, 16.8 nm at 800 °C, 29.7 nm at 1000
°C and 53.5 nm at 1200 °C. The result verifies the XRD and
Raman analysis relating to the improvement of the crystallin-
ity at high temperatures. In addition to the heat treatment,
the impact of the Eu®" concentration on the luminescence ef-
ficiency was also explored. Initially, a steady rise in the
photoluminescence intensity is observed with the increase of
the Eu®' concentration, which is due to the increase of the
active centres in the yttria matrices. The optimum value is
reached at the Eu®*" concentration of 7%. Afterwards, the
nanophosphors exhibit luminescence quenching with further
increase of the Eu®*" concentration. This effect is caused by
the coulombic repulsion between the neighbouring Eu®" in
the yttria lattice.>>*® An over-saturated dopant concentration
leads to a decrease in the average distance between Eu®*, and
in some cases can form dopant pairs or clusters. This will
promote the interactions between ions, energy migration,
and cross-relaxation processes. As a consequence, the non-
radiative transitions prevail, which in turn, suppress the lu-
minescence efficiency.

The spectral downshift behaviour of both the solid Y,03/
Y,0;:5%Eu’* sample and their aqueous solution is also exam-
ined under UV radiation (254 nm). Strong red-orange fluores-
cence emissions are clearly visible from the Y,05:Eu®" sample
when excited by the UV source, in contrast to the non-
emissive Y,0; particles (Fig. S51). The result reveals the
downshifting nature of the obtained Y,0;:5%Eu®*" nano-
phosphors. This property will allow the lanthanide doped
yttria nanocomposites to be used in many practical applica-
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Fig. 7 Typical photoluminescence emission spectra of Ln** doped
yttria nanophosphors: 1% Tb** doping, excited at 307 nm; 3% Dy**
doping, excited at 355 nm; 1% Tm** doping, excited at 355 nm and 7%
Eu®* doping, excited at 248 nm. All spectra were normalized at the
same level. The measuring conditions were referenced to reported
values in the literature.**
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tions, such as solid/liquid illumination, security-printing
area, bio-imaging and other related areas.

Above all, we have shown a proof-of-principle of Eu*" doped
yttria nanophosphor synthesis via a microplasma-assisted
method. To demonstrate the versatility of this process, it is fur-
ther expanded to the production of a series of Ln** (Ln=Tb,
Dy, Tm) doped nanophosphors. Herein, we mainly focus on
their luminescence properties, as shown in Fig. 7. In addition
to the prominent emission peak of Eu*" at 612 nm, characteris-
tic peaks of Tm** (455 nm, 463 nm), Tb*>* (543 nm, 550 nm)
and Dy*" (572 nm, 579 nm) were also detected, suggesting the
successful doping of Ln*" into the yttria matrix by this tech-
nique. Since lanthanide ions have specific emission wave-
lengths, it is expected that this approach can be readily ex-
tended to the fabrication of various Ln®" doped/co-doped
nanophosphors with desirable photoluminescence properties
by selecting appropriate colour-centre elements.

Conclusions

In summary, this work presents a demonstration of lantha-
nide (Ln=Eu, Tb, Dy, Tm) doped nanophosphor synthesis
through a simple atmospheric pressure microplasma-assisted
process. High quality crystalline nanophosphors of tuneable
photoluminescence properties can be obtained from merely
an electrolyte solution of Ln(NOj);:6H,O salt. Instead of
adding extra chemicals (solvents, stabilizers or surfactants) to
suppress the vigorous and inhomogeneous hydrolysing reac-
tions driven by supersaturated alkali precipitants, this
method exploits water as a “soft” OH source to maintain
mild hydrolysing conditions. By designing Eu** doped yttria
phosphors as a proof-of-concept model study, it is revealed
that heat-treatment can improve the luminescence efficiency,
while the Eu®" concentration shows an initial positive but a
final quenching effect. The developed microplasma-based
technique overcomes formidable obstacles encountered in
the current state of methods for preparing lanthanide doped
nanophosphors, such as the vigorous hydrolysing reactions,
the associated micro-sized particles, the inhomogeneous dop-
ing of luminescent ions within the host materials and the in-
volvement of extra solvents, stabilizers or surfactants. As a re-
sult, it obviates the complex, time-consuming purification/
post separation procedures and greatly simplifies the overall
synthesis workflow.*>™** Based on the technological under-
pinning, this approach opens a new avenue for lanthanide
doped nanophosphor synthesis, and is expected to have great
potential in the green synthesis and engineering of nano-
phosphors with desirable photoluminescence properties.
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