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olloidal syntheses to prepare size-

controlled and monodisperse

nanocrystals have been largely de-
veloped in the last years, especially for semi-
conducting quantum dots and metals. Di-
electric oxides constitute an important
other class of nanoparticles used as col-
loids in different types of applications. For
example, oxide nanoparticles (ONPs) in col-
loidal suspensions are of great interest for
biomedical and environmental research
applications:

Magnetic ONPs (especially maghemite
v-Fe,0;) have been used in various bio-
medical applications, such as drug delivery,
magnetic resonance imaging, and hyper-
thermia cancer treatment." 3

Luminescent lanthanide-doped ONPs
(such as doped oxides Y,03, vanadates
YVO,, and phosphates LaPO,) have been
proposed as a new class of biological fluo-
rescent probes that are promising for
single-molecule tracking applications.*

Semiconducting ONPs (TiO,, ZnO) have
raised extensive interest for photocatalytic
applications in which organic molecules are
photodegraded, such as water and air puri-
fication and self-cleaning coatings.”

ONPs were generally prepared as nano-
crystals in the 1—10 nm range from liquid-
phase syntheses in water (hydrothermal
synthesis) or in high-boiling-point coordi-
nating solvents.'®'" However, contrasting
with noble metals and semiconductor for
which nanocrystals display properties found
to be scientifically different from the bulk
material, yielding rich and application-
oriented research,'? dielectric ONPs only ex-
hibit less efficient properties due to surface
effects or structural defects. As examples,
compared with corresponding bulks, the
yield of luminescent ONPS is decreased by
nonradiative surface recombination

6
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ABSTRACT Compared with noble metals and quantum dots, dielectric complex oxide nanoparticles are
significantly less popular due to their high crystallization temperature, making difficult their synthesis in the
10—100 nm range for which surface effects are reduced. We report here an original process permitting thermal
annealing of complex oxide nanoparticles at high temperature without aggregation and growth. Thus, after
thermal treatment, these annealed particles can be dispersed in water, leading to concentrated aqueous colloidal
dispersions containing isolated highly crystalline particles. This contrasts with usual colloidal techniques for
which the production of particles in the 10—100 nm range generally leads to poorly crystallized particles,
especially for multicomponent oxides. From two examples, we show some possibilities offered by this type of
process. This concerns the synthesis of lanthanide-doped oxide nanoparticles exhibiting a bulk behavior for their
luminescence properties and the control of the composition in nitrogen-doped titanium oxide particles without
sintering and size change.

KEYWORDS: oxide nanoparticles - colloidal synthesis - luminescent
nanoparticles - photocatalysis - mesoporous silica

processes'>” '® and the magnetization of

magnetic ONPs is decreased due to lower
effective magnetic interactions caused by
surface termination.'® A first condition to
obtain ONPs with the bulk behavior is obvi-
ously to synthesize particles in the 10—100
nm size range where the number of atoms
at the surface is largely decreased (less than
10% above 10 nm), limiting surface effects.
However, the degradation of oxide proper-
ties is generally amplified in this size range
as the particles prepared from liquid-phase
syntheses are poorly crystallized, consisting
in aggregates of smaller units. Moreover, in
contrast with the huge variety of bulk oxide
compounds, only a very small number of
compositions are known for ONPs dispersed
in a colloidal state. The reason is that the
preparation of well-crystallized complex ox-
ides generally requires high temperature
treatment (typically above 1000 °C), lead-
ing to irreversible growth and coalescence
of starting particles resulting from mass
movements associated to diffusion
mechanisms.
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Figure 1. TEM images of crude NPs and of silica/NPs compos-
ites. (a) Colloidal YVO,:Eu (10% Eu**) NPs and (b) colloidal
TiO, NPs deposited on a thin carbon grid. (c) TiO, NPs dis-
persed in a mesoporous silica matrix (Ti/Si = 0.25) obtained
with a copolymer template and heating at 450 °C to remove
the organic groups.

Here we report an original process permitting ther-
mal annealing of ONPs at high temperature (up to 1000
°C) without a significant growth and without particles ad-
hering to each other. In comparison with usual tech-
niques of preparation of ONPs performed at low temper-
ature (from room temperature to 300 °C), this high
temperature technique is able to produce perfectly crys-
tallized particles in the 10—100 nm range. Moreover, af-
ter thermal treatment, the process allows dispersing an-
nealed particles in water, leading to concentrated
aqueous colloidal dispersions of multicomponent oxides
containing isolated highly crystalline particles.

The process can be broken down into the following
steps: a concentrated aqueous dispersion of crude ox-
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ide nanoparticles was early prepared using colloidal
techniques such as a precipitation reaction at room
temperature. Using the well-known sol—gel technique,
crude nanoparticles were then mixed in a silica sol using
a copolymer both as a dispersing agent to prevent par-
ticle aggregation and as a structure directing agent to
obtain a mesostructured silica network. After silica gela-
tion and copolymer calcination, this leads to homoge-
neous concentrated dispersion of the crude particles in
a highly porous silica matrix (porous volume fraction
up to 40%) which ensures the role of a refractory solid
dispersing agent. In fact, for oxide particles studied be-
low, no significant interaction was detected between
the silica matrix and the starting nanoparticles after
thermal treatments up to 1000 °C. Besides, in the pres-
ence of nanoparticles and after the thermal treatment,
the porous silica matrix was still amorphous and was
not significantly sintered, making possible its chemical
dissolution without significant alteration of ONPs. Fi-
nally, the annealed nanoparticles were purified and dis-
persed in water by sonification using a stabilizing agent.
Structural characterizations from XRD and TEM experi-
ments clearly show that the thermal annealing turns
polycrystalline and highly constrains crude units into
perfectly crystallized nanoparticles without structural
transition, coalescence, and significant size increase.

From two types of particles, YVO,:Eu and TiO,, we
show here some possibilities offered by this type of pro-
cess which should be generalized in the near future to
prepare highly crystalline ONPs. The first example con-
cerns the large improvement of optical properties for
YVO,:Eu nanoparticles. Especially, in comparison with
crude particles, a large increase of the luminescence
quantum yield is observed after the annealing, due to
the reduction of the Eu®" quenching surface effects.
Moreover, in these well-crystallized particles, the lumi-
nescence mechanism is dominated by energy transfers
as it is known in the bulk."”"'® Apart from the interest to
obtain oxide nanoparticles with the bulk behavior, the
new process can also permit the synthesis of nitrogen-
doped nanoparticles without sintering and size change.
The related example concerns the formation of
nitrogen-doped TiO, nanoparticles by thermal treat-
ment under ammonia atmosphere, leading to a large
doping range into the anatase TiO, phase.

RESULTS AND DISCUSSION

YVO,:Eu crude particles were prepared through a
simple precipitation from precursor salts in aqueous so-
lution (see Experimental Section). The process and the
structural characterization of the particles were de-
scribed extensively in our previous paper.'® As shown
in Figure 1a, the initial colloidal suspension consists of
dispersed polycrystalline particles exhibiting a prolate
ellipsoid shape. Their size follows a log-normal distribu-
tion with average axial dimensions of 20 nm (o = 7
nm) and 39 nm (o = 16 nm). TiO, nanoparticles used
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Figure 2. Annealing of ONPs/mesoporous silica composites and recovering of annealed NPs. (a) X-ray diffraction diagrams

(Cu Ka) and evolution of the coherence length (inset) as a function of the annealing temperature for silica/YVO,:Eu (10%

Eu®*) NP composites. Peaks correspond to the zircon-type structure. The broad band around ® = 25° is due to the silica

amorphous structure. *SiO, cristobalite phase observed at 1100 °C. (b) Hydrofluoric acid attack of silica/YVO,:Eu NPs com-

posites. As time increases, the intensity of the silica IR band around 1100 cm ™" progressively decreases, showing the silica

dissolution. The intensity of the vanadate IR band around 800 cm ™" is constant, indicating the integrity of YVO,:Eu NPs. (c)
The pH dependence of the surface charge for annealed (1000 °C) and crude YVO,:Eu NPs in aqueous suspensions. The iso-
electric point (pH = 7.2) remains the same after annealing and hydrofluoric acid treatment, suggesting no residual silica

around YVO,:Eu NPs.

in this work are commercially available from Millen-
nium (reference S5-300) as aqueous acidic suspensions
(pH = 1 HNOs;). The morphology of the particles is
shown in Figure 1b. Their average size is about 50 nm.
They are made up of isotropic aggregates of primary
particles with an average size of ca. 7 nm. Due to their
aggregated structure, these particles are porous with a
pore volume fraction of 28%.2°

The synthesis process of the mesoporous silica ma-
trix was directly adapted from our previous work on
the elaboration of mesoporous silica films using a poly-
ethylene oxide/polypropylene oxide triblock copoly-
mer (PE6800 EO, ;PO ,4EOQ,.) as the surfactant.?' For a
copolymer/Si ratio of 0.01 in the initial sol, mesoporous
silica materials exhibit a total pore volume fraction of
about 38%, distributed both as micropores (i.e., pores
with diameter of a few A) and mesopores (size of 5 to
6 nm) that are arranged with a textured face centered

Www.acsnano.org

orthorhombic structure. Incorporation of crude nano-
particles into the mesoporous silica matrix was
achieved by the simple addition of colloidal disper-
sions into the acidic silica sol containing the copoly-
mer surfactant (see Experimental Section). For example,
the good dispersion state of the TiO, particles is pre-
served for Ti/Si molar ratios up to 4. Rapid flocculation
was, however, observed when the particles were added
to the sol without the surfactant, and this even for a
low Ti/Si ratio. This shows that the copolymer ensures
a steric stabilization of the particles through its electro-
static interactions with their surface. After silica gelation
and drying, the resulting powder is heated under air
to remove organic entities and obtain a mesoporous
composite structure. Figure 1¢ shows a TEM picture of
a representative material heated at 450 °C in which the
TiO, particles are well dispersed in the organized po-
rous structure, as previously observed in pure silica
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higher chemical stability for these particles.

films. The mesoporous composite exhibits a total pore
volume fraction of about 41%, a surface area of 450
m?-g~ " and a mesopore size of 4 nm (see Figure 15 in
Supporting Information).

After heating in air up to 1000 °C, a first observa-
tion concerns the silica matrix which remains amor-
phous, and porous (surface area of 413 and 75 m?- g~
after heating at 800 and 1000 °C, respectively). This con-
trasts with the behavior observed for pure silica meso-
porous samples which appear as sintered (surface area
of 25 m?-g~ ") and crystallized (cristobalite-type struc-
ture) after heating at 1000 °C. This indicates that ONPs
act as fillers to slow down the shrinkage of the silica me-
soporous structure, avoiding collapse and crystalliza-
tion of the silica structure up to 1000 °C. Another cru-
cial point is that XRD patterns present the same
diffraction peaks before and after heating at 1000 °C
(Figure 2a). This means both that there is no significant
chemical interaction between TiO, or YVO,:Eu NPs and
the porous silica matrix which would lead to the forma-
tion of a new phase and that the structural type ob-
served for crude NPs is not changed (zircon for YVO :Eu
and anatase for TiO,). However, the peak broadening
is significantly reduced as the annealing temperature
increases. By fitting various diffraction peaks to the
Scherrer formula?? and taking into account the instru-
mental broadening, the average coherence lengths in-
crease from 19 = 6 to 34 = 5 nm and from 7 = 2 to 30
* 3 nm for YVO,:Eu and TiO, NPs, respectively (Figure
2a, inset). Moreover, Williamson and Hall analysis®* (see
Figure 2S in Supporting Information) clearly indicates
an important decrease of constraints in annealed NPs
suggesting that the increase of the coherence length is
due to an improvement of the crystallinity of NPs rather
than to their growth. In comparison, the same thermal
treatment performed on crude NPS (without the porous
silica matrix) induces a growth of particles with a coher-
ence length above 100 nm for the two types of par-
ticles, leading to the expected structural transition (ana-
tase to rutile) for TiO, NPs. This clearly proves the ability

1
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Figure 3. Chemical stability of YVO,:Eu ONPs. Kinetics of the particle dissolution by HCI solution
(0.02 M), deduced from the time evolution of the UV absorbance of vanadate groups, for annealed
at 1000 °C (a) and crude (b) particles. The slower acid attack observed for annealed ONPs indicates

acid 2% in excess** (Si:HF molar ra-
tio of 1:9) following the reaction:
SiO, + 6HF — H,SiF, + 2H,0. Ba-
sic dissolutions with tetramethyl-
ammonnium or potassium hy-
droxides are other possible routes. As the ortho-
vanadate and silica bands on FTIR spectra are well-
defined and specific around 00 and 1100 cm ™', respec-
tively (see Figure 2b), peak integration and calibration
curves allow estimating the amount of remaining silica
around NPs and consequently determining the opti-
mum time for complete silica dissolution. After purifica-
tion by centrifugation to eliminate hydrofluoric acid in
excess and dissolved silica, the NP powder was diluted
in water. Zeta-potential analysis indicates that the iso-
electric point is at pH = 7.2 for annealed and crude NPs
(see Figure 2c), while the one of silica is around pH =
2.%° This confirms both the absence of a silica shell
around the particles, in agreement with chemical analy-
sis, and that the surface state of particles is not drasti-
cally modified by the annealing. The final NP aqueous
suspension was stabilized at pH = 10 by adding poly-
(acrylic acid) (V:PAA 1:0.05) and sonicated in a cold bath.
A similar strategy was used for SiO,/TiO, NP compos-
ites, but the annealed NP aqueous suspension was sta-
bilized at pH = 1 by adding HNO;.

The integrity of the YVO,:Eu phase during the an-
nealing is verified by recording the time evolution of
the UV band characteristics of the orthovanadate
groups at 275 nm. For NPs annealed at 1000 °C, the in-
tensity of this band is only slightly changed after that all
the complete dissolution of the silica is performed.
This shows that the kinetics is largely slower for the dis-
solution of the vanadate compared with silica one in
these annealed NPs. Moreover and as expected, it is
clearly observed that the well-crystallized annealed NPs
present higher chemical stability compared to crude
ones for which an acid attack (HCl 0.02 M) was much
faster (see Figure 3a,b).

Figure 4a presents an electron microscopy photo-
graph performed on isolated Y, 4Eu, ,VO, NPs after an-
nealing. The initial ellipsoidal form of particles is less
marked after annealing at 1000 °C with the formation
of plain facets and different shapes (square, rectangu-
lar, or pentagonal). Note that the annealing does not in-
duce a significant increase of size (see Figure 4b,c), con-
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Figure 4. Shape, size, and structure of annealed YVO,:Eu NPs. (a) TEM image of YVO,:Eu (10% Eu®*) NPs after annealing at

1000 °C (b,c) Size distribution curves (black and white squares correspond to length and width particle measurements, respec-
tively), deduced from TEM and SEM images, assuming a prolate ellipsoid shape and a log-normal size distribution. Average
axial dimensions are 20 nm (¢ = 7 nm) and 39 nm (¢ = 16 nm) for crude NPs and 29 nm (o = 9 nm) and 39 nm (¢ = 15 nm) af-
ter annealing at 1000 °C. (d,e) TEM images after annealing at 800 and 1000 °C, respectively. (f) TEM image showing reticular

planes for an isolated particle annealed at 1000 °C.

firming that the porous silica matrix well prevents the
growth of NPs. Moreover, while NPs still appear as poly-
crystalline on TEM photographs after annealing at 800
°C, improvement of the contrast and change of the mor-
phology after annealing at 1000 °C suggest an evolu-
tion to single crystalline NPs due to a self-sintering pro-
cess (see Figure 4d,e). This is confirmed by the
similarity between the average size of annealed NPs
and their coherence length value deduced from XRD
patterns. Note that this sharp evolution of the struc-
ture after annealing in the 800—1000 °C range leads
to ONPs with a perfect crystallized state (see Figure
4f), which is obviously not reached from a liquid-
phase synthesis.

www.acsnano.org

A first expected interest for this process concerns
the impact on the physical properties of ONPs. As pre-
viously discussed, the red luminescence properties of
YVO,:Eu compounds are governed by energy transfers
occurring after the absorption of light, taking place
through exchange (VO,—Eu),'” and multipolar (Eu—Eu)
interactions.'® These transfers are all the more favored
when the wave function overlaps are efficient as in the
bulk material, making them highly sensible to structural
defects. Figure 5 shows the evolution of the emission
quantum yield for Y, _,Eu,VO, suspensions, under exci-
tation at 280 nm in the orthovanadate band, as a func-
tion of the Eu concentration before and after annealing
at 1000 °C. In comparison with crude particles, the
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Figure 5. Luminescence properties of annealed YVO :Eu
NPs. Evolution of the luminescence quantum yield as a func-
tion of the europium content for crude and annealed NPs
at 1000 °C.

quantum yield is largely increased in annealed par-
ticles (37% instead of 14% for 10% Eu), and the quan-
tum yield of annealed NPs is not significantly changed
when the colloidal solution is transferred into deuter-
ated water. This contrasts with the behavior of crude
particles for which previous studies have shown that
surface OH groups are efficient quenchers of the ex-
cited europium ions.'®?° The reduction of surface
quenching effects in annealed NPs is probably related
to the structural reconstruction of NPs at high temper-
ature by the self-sintering process, which decreases the
OH adsorption. In fact, the surface area of a powder of
annealed particles is only of 10 m?- g~ ', instead of 200
m?-g~ " for crude NPs. This shows a significant de-
crease of the porosity and of the surface roughness of

Intensity (arb. units)

10 20 30 40 50 60 70

Diffraction angle (26/°)

Figure 6. Structure and colloidal suspensions of N-doped TiO, NPs. (a)
X-ray diffraction diagrams (Cu Ka) as a function of the annealing tem-
perature for TiO, NPs. Peaks correspond to the anatase type structure.
(b) Photographs of aqueous suspensions containing N-doped TiO,
NPs annealed 2 h at 700 °C under NH; (left), then heated 2 h in air at
300 °C (left), at 400 °C (middle), or 500 °C (right).
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NPs, leading therefore to a reduction of the number of
accessible Eu ions for the adsorption of OH groups.

In addition, while no well-defined maximum is ob-
served on the curve showing the europium concentra-
tion dependence of the luminescence yield for crude
nanoparticles, it can be noted that the annealed NPS
present, as for the bulk material, an optimum of the eu-
ropium concentration around 5%.?” This comes from
two competitive effects: on the one hand, an increase
of the europium concentration improves the probabil-
ity of the VO,—Eu energy transfers and thus radiative
recombination. However, on the other hand, the in-
crease of the probability of Eu—Eu energy transfers in-
creases the efficiency of the excitation capture by non-
radiative recombination centers. All these results clearly
demonstrate that the energy transfer efficiency is high
for annealed well-crystallized NPs, similarly to bulk ma-
terials. Therefore, the annealing process furnishes
highly bright nanophosphors which are potential candi-
dates as biological luminescent labels or for integra-
tion in transparent luminescent coatings. More gener-
ally, this process appears able to produce ONPs
exhibiting similar physical properties that correspond-
ing bulk materials.

Another potentiality of the annealing process con-
cerns the control of the chemical composition in ONPs
and is now illustrated from the annealing of TiO, ana-
tase NPs. In the photocatalysis field, most of the inves-
tigations have focused on titanium dioxide (TiO,) which
shows relatively high reactivity under UV light, whose
energy exceeds the band gap of 3.2 eV in the anatase
crystalline phase. Intense research has been recently
devoted to the preparation and characterization of
nitrogen-doped titanium dioxide (TiO,_,N,) materials
to produce an active photocatalyst under visible light,
so that sunlight can be more efficiently used in
photocatalysis.?®?° To incorporate nitrogen in the ana-
tase structure, different strategies have been used that
all lead to thin films or bulk materials containing ag-
glomerated particles. The synthesis of isolated N-doped
TiO, NPs with high surface area could be a promising
way to exalt the photocatalytic activity as previously
shown for pure TiO, particles dispersed in porous silica
films.3°

Using the original annealing treatment of NPs in
the NH; atmosphere, we have prepared colloidal sus-
pensions of TiO, _,N, nanoparticles. After heating the
SiO,/TiO, NP composite for 2 h at 700 °C in ammonia at-
mosphere, the powder is brown. Porous silica and ana-
tase NPs were detected on X-ray patterns (see Figure
6a). To investigate N states in TiO,_,N,, N 1s core lev-
els were measured with X-ray photoemission spectros-
copy (XPS). The atomic B-N peaking at the binding en-
ergy of 396 eV was used to quantify the N concentration
in annealing NPs. When increasing heating tempera-
ture in air from 300 to 500 °C, the powder becomes
brown (N/Ti = 6%), yellow (N/Ti = 3%), and white (N/Ti
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< 1%), corresponding to a progressive decrease of the
N concentration in NPs. After dissolution of the porous
silica, purification, and dispersion of particles in an
acidic medium, a wide range of colloidal aqueous sus-
pensions of TiO,_,N, anatase NPs were prepared (Fig-
ure 6b), presenting active wavelength less than 500 nm,
making them promising for different applications such
as water purification.’

CONCLUSION

We have developed a simple method to prepare
well-crystallized ONPs in the 10—100 nm size range
and also demonstrated an interest to prepare pure
ONPs and N-doped ONPs with bulk properties. In the

EXPERIMENTAL SECTION

Synthesis of YV0, Nanoparticles. An aqueous solution of yttrium
nitrate and lanthanide (Ln = Eu or Yb/Er) nitrate, with the mo-
lar desired content of lanthanide needed in the nanoparticles
([Ln] = 0.1 M), was added dropwise to a freshly prepared ortho-
vanadate aqueous solution ([V] = 0.1 M, pH = 12.5—13) of the
same volume under vigorous stirring. During the nitrate addi-
tion, a milky precipitate appears corresponding to the forma-
tion of the solid phase YVO,:Ln. Some drops of hydroxide so-
dium 1 M were added to maintain the pH above 9 during the
addition. The solution was then left under stirring for 30 min and
purified by dialysis against pure water until its conductivity lies
below 100 S -cm ™. The YVO, particles were then stabilized by
adding a solution of poly(acrylic acid) PAA (M,, ~ 1800 g - mol ")
which was diluted in ammonium hydroxide 28%, in order to ob-
tain a final pH of 8.4. The molar ratio V:PAA was 1:0.05. The final
solution was then sonified (with the 450 W Branson sonifier) for
5 min, leading to a homogeneous, slightly diffusing colloidal
suspension.

Heat Treatment of Oxide Nanoparticles. The polymeric silica sol
was prepared under acidic conditions by mixing TEOS
(Si(OC,Hs),), water (pH 1.25), and ethanol in the 1:5:3.8 molar ra-
tio, and aged 1 h at 60 °C. In order to be able to dissolve more
easily this silica matrix, a porous structure was prepared from a
sol—gel silica gelation around self-organized micellar assemblies
of a templating copolymer surfactant. The Pluronic PE6800 co-
polymer (EQ,5P0,4EQ,5), M,, ~ 8080 g - mol ", supplied by BASF
Europe, was dissolved in ethanol at 40.4 g-L~". The final solu-
tion was obtained by mixing the colloidal solution, the silica sol,
and the PE6800 solution. Note that, for YVO,:Eu particles, the ba-
sic character of the colloidal solution implies using concentra-
tions of surfactant in the sol which do not systematically lead to
an organized silica matrix (usual V:Si:PE6800 molar ratios are 1:5:
0.05). The gel was dried at 90 °C for over 6 h, and the resulting
powder was annealed under air at 1000 °C in two steps. A first
annealing was realized at 500 °C with a speed 100 °C/h and a fi-
nal stage of 1 h and the second at 1000 °C with a speed 100 °C/h
and with two stages of 2 h at 500 °C and 10 min at 1000 °C. The
first annealing is necessary for a complete removal of organic
material (polymers PAA and PE6800). The final temperature of
the second annealing was optimized in order to obtain the best
crystallization of nanoparticles in an amorphous silica matrix.

Dispersion of Annealed Particles in Water. The silica powder con-
taining oxide particles was thus dissolved by hydrofluoric acid
2% in excess during 3 h in the molar ratio of Si:HF 1:9. The hy-
drofluoric acid and the dissolved silica were then eliminated by
two centrifugations at 14000g, the first for 1T min and the second
for 10 min. The precipitates were diluted in pure water and some
drops of hydroxide sodium to fix the pH at 10—11. The final so-
lution was stabilized by the addition of PAA (V:PAA 1:0.05) and
the sonification in a cold bath during 5 min.

Characterizations. Dynamic light scattering and {-potentials
were obtained on a Malvern zetasizer. Nitrogen adsorption iso-
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near future, this process should allow preparing a large
variety of multicomponent oxides which are not known
in the ONPs field and also to observe new physical
properties for ONPs. As an example, a clear challenge
for the chemist is to shift excitation wavelength of lumi-
nescent NPs toward the infrared range. This could be
obtained by developing new oxide nanoparticles able
to emit visible light by the up-conversion process.>?33
However, up to now, no aqueous phase synthesis has
led to efficient ONPs due to surface quenching effects.
Using our original annealing process, we have, for the
first time, succeeded in observing the up-conversion lu-
minescence of Yb,Er-doped YVO, NPs in water with a
strong green emission for an excitation at 980 nm.

therms were recorded on a Micromeritics ASAP 2001 apparatus
and analyzed from the BET model to deduce surface area values
(see Figure ST in Supporting Information). Electron microscopy
experiments were made using a Philips CM30 microscope oper-
ating at 300 kV and a FEG-SEM Hitachi 4800. X-ray diffraction
(XRD) was performed on powders using a Philips X-Pert diffrac-
tometer with Cu Ka radiation. The coherence length s was de-
duced from the full width at half-maximum of the diffraction
peaks using Scherrer’s law. It approximately corresponds to the
average size of particles only in the case of single-crystalline par-
ticles. Size-strain analysis of X-ray diagrams was conducted us-
ing the Williamson—Hall procedure (see Figure S2 in Support-
ing Information).?' Luminescence spectra of YVO,:Eu colloids
were recorded on a commercial Hitachi F-4500 spectrofluorom-
eter. The emission quantum yields of colloidal suspensions were
determined by comparing their integrated emission intensity
(from the 5Do level of Eu ions) with the emission from a
Rhodamine 6G solution in ethanol having the same optical den-
sity (OD < 0.3) and excited at the same wavelength (280 nm).

Supporting Information Available: More characterizations of
the mesoporous silica matrix including N, adsorption isotherms
(Figure 1S) and of annealed nanoparticles including
Williamson—Hall analysis of X-ray diffraction patterns (Figure 2S).
This material is available free of charge via the Internet at http://
pubs.acs.org.
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