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Control of phase separation of VO,*~ and rare earth precursors in
reverse microemulsions afforded ~ 35 nm YVO, nanoparticles with
functionalisable ~7 + 3 nm nanopores. Doping by Eu®* allowed
luminescent probing of interfacial crystallisation while xylenol
orange absorption showed molecular encapsulation in particle
cavities. This provides potential multifunctional systems combining
UV-Vis-NIR luminescence and (photo)active molecules for optical
sensing.

Strategies for the association of multiple properties in a single
structure are a challenge for the development of new cutting-
edge nanomaterials." In particular, light-driven responses of
nanoparticles, which include thermometry,” chemical sensing,’
and localized activation of chemical reactions,* can be com-
bined to afford multiple actions against a local chemical
environment.’ Rare earths (RE) fulfil lifetime, antiphotobleach-
ing, and linewidth requirements for luminescent sensing,® and
RE vanadates are chemically versatile solids providing both
ultraviolet (UV)- and near infrared (NIR)-excited emissions,” as
well as catalytic potential towards biomimetic reactions.® Hol-
low or nanoporous particles’ with accessible cavities for func-
tionalisation are promising structures to further improve the
range of applications of this class of solids towards multi-
functional materials. Engineered cavities can act as nanocon-
tainers for encapsulation and transport of molecules of interest
such as dyes and drugs, which can be selectively activated via
the light emitted by the particles. In turn, these systems offer
novel prospects for theranostic applications, where different
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selected wavelengths can provide orthogonal sensing and
photoactivation of encapsulated molecules.”'® The synthesis
of porous and hollow particles generally follow soft template
routes’ via the growth of the inorganic phase over liquid-liquid
or liquid-air discontinuities. Regular (i.e., oil-in-water) and
reverse (i.e., water-in-oil) microemulsions consist of thermody-
namically stable systems providing nanometric liquid-liquid
interfaces, which can further enable phase separation of dif-
ferent precursors into polar and non-polar domains for a
controlled crystallisation of the inorganic product.' Although
this has been widely explored to produce hollow metal and
oxide nanoparticles,'” a limited number of examples demon-
strate the possibility of functionalisation of the inner surface of
RE-based luminescent particles,"® especially of vanadates. We
have therefore investigated the formation of tetragonal REVO,
hollow particles in reverse microemulsions containing sepa-
rated RE** and VO,*>  precursors in dodecane and water
phases, respectively (ESI,¥ Section S1 and Fig. S1-S3). We
produced Eu**-doped particles to probe spectroscopically the
crystallisation process, and Yb**/Er**-doped particles to con-
firm the potentiality of the products for mutifunctional NIR-
excited luminescent sensing.

Considering both size distributions and dynamic light scatter-
ing (DLS) polydispersity indices (ESL T Section S2.1 and Fig. S3),
the microemulsions with water/surfactant ratios (Wo, ESLT
Section S1) W = 20 and Wy, = 25 induced the interface precipita-
tion of the vanadate phase; W = 25 was further investigated. The
formation kinetics of REVO, solids from aqueous precursors
usually follows a non-classic nucleation/growth mechanism,"*
being strongly dependent on the pH because of vanadate specia-
tion and formation of non-crystalline metastable intermediates.
Highly basic pH results in higher concentrations of VO,*~(aq), but
also induces competitive precipitation of kinetically stable RE
hydroxides.'*"® Conversely, acidic metavanadate ((VO5),”) solu-
tions show a smaller availability of free VO,>~ and may lead to the
parallel precipitation of polyvanadates."®

We therefore evaluated initially the effect of the pH (= 7, 11.5
or 13) of the aqueous cores on the interface crystallization of
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Fig.1 (A)-(D) Transmission electron microscopy (TEM) images of
(Y,Eu)VO,4 nanoparticles synthesised in reverse microemulsions (Wo =
25, pH = 11.5). Scale bars correspond to 50 nm in (A) and (B), 10 nm in
(C), and 5 nm in (D, HRTEM). (E) SAXS and (F) WAXS profiles of non-
modified (Y,Eu)VO,4 nanoparticles (NP, grey), and particles synthesised at
the same conditions containing encapsulated rose Bengal (RB@NP, rose),
or xylenol orange (XO@NP, purple) dyes. (G)—(I) Size distributions obtained
from SAXS (in volumes, points) and DLS (in number, bars) of (G) NP [SAXS:

"=67+24nm, D" =28 + 7 nm; DLS: Dy = 34 + 8 nm, PDI = 0.4],
(H) RB@NP [SAXS: Dy, = 8.7 + 3.5 nm; DLS: Dy = 110 £ 15 nm, PDI = 0.86],
and (1) XO@NP [SAXS: Dy = 5.8 £ 2.2 nm; DLS: Dy = 51+ 13 nm, PDI = 0.6].
The colour pattern of (E), (F) was kept for (G)—(I). D,, and Dy, stand for mean
SAXS-modelled and hydrodynamic (DLS) diameters, respectively, obtained
from lognormal fits. SAXS distributions account mostly for the porosity of
the particles; DLS distributions refer to hydrodynamic diameters of parti-
cles and aggregates in suspension (ESI,{ Section S2.2).

Arb. Distrib.

REVO, in reverse microemulsions with W, = 25 (ESL¥
Section S2.1 and Fig. S4). At strongly basic conditions (pH = 13),
the reaction mixture containing organic RE oleate precursors
and the aqueous vanadate solution remained clear after 80 h.
Although the formation of primary grains of tetragonal nano-
crystalline (Y,Eu)VO, phase could be observed by wide-angle
X-ray scattering (WAXS, Fig. S5, ESIt), no solid product was
isolated from the reaction mixture. If the pH of the aqueous
phase was brought to 7 using NavOj; as the vanadate source, the
particles underwent an uncontrolled growth and only large
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micrometric aggregates were recovered after 24 h (Fig. S6, ESIT).
Therefore, the optimal conditions to assure an interfacial
crystallisation of the REVO, phase in the reverse microemul-
sions comprised the use of a Na;VO, solution with pH adjusted
to 11.5. Such conditions led to the formation of ~35 nm
spheroid particles containing multiple cavities (Fig. 1(A)-(D)
and Fig. S7, ESIT). The nanoporous nature of the products was
probed by small-angle X-ray scattering profiles (SAXS, Fig. 1(E),
(G)-(1) and ESIt), which revealed a pore distribution centred at
~5 + 3 nm. WAXS profiles (Fig. 1(F)) confirmed the formation
of tetragonal (/4,/amd) nanocrystallites with (200) coherence
lengths of ~7-9 nm. Other characterisation of the particles is
shown on the ESI} (Section S2.2). The presence of solvent and
surfactant residues that induce partial aggregation in aqueous
suspension (Fig. 1(A)-(D), TEM, and Fig. 1(G)-(I), DLS) is
confirmed by Xray photoelectron spectroscopy (XPS,
Fig. 2(A)-(D)). The C1s peaks confirmed the presence of high
amounts of aliphatic (284.6 eV) and partially oxidised (C-O,
C=0, COO0, 285.8, 287.0, 288.5 eV) carbon species. Also, minor
amounts of carbonates (290.0 eV) were detected due to partial
carbonation of the NazVO, precursor, as observed for REVO,
particles prepared by aqueous coprecipitation.'®'> The inter-
facial crystallisation enabled the encapsulation of dye mole-
cules in the particle cavities, which showed no effect on the
general morphologic and structural properties of the final
REVO, solids (Fig. 1(E)—(I)) besides an increased degree of
aggregation (Fig. 1(G)—(I) and ESLi Section S2.2). Regarding
the REVO, phase, Y3d and V2p signals (Fig. 2(A) and (C))
showed metal sites with oxygen deficiency, as shown by the
side-peaks in the Y3d doublet (3dz,, 159.9 eV and 3ds;,
157.9 eV), and by V2p peaks due to V(v) (2p1/2, 524.9 €V, 2psy,
517.7 eV). Compositional analysis of XPS spectra (Fig. 2(D))
showed a high Y/V non-stoichiometry (Y/V = 1.7), attesting
that the proposed synthesis afforded (Y,Eu)VO, particles with
a vanadium-deficient surface because of carbonates and
hydroxides,'® also showing a high density of partially reduced
metal sites due to oxygen vacancies. Together these results
demonstrate the possibility of preparation of REVO, nano-
particles in water-in-n-dodecane reverse microemulsions
formed by nanoaggregates of reverse micelles. The phase
separation of RE*" and VO,*~ precursor results in the inter-
facial crystallisation over these templates upon diffusion of RE
oleates and VO,’>~ ions along the surfactant film, yielding
nanoporous REVO, particles (Fig. 2(E)). Given the high
chemical and structural similarity of RE vanadates, this method
can be easily adapted to produce nanoporous particles
composed by other lanthanides to offer multiple luminescent
properties.

The obtained (Y,Eu)VO, particles showed the characteristic
°Dy — ’F; (J = 0-4) Eu*" emissions upon 280 nm excitation
due to 'T, , < 'A, absorption followed by VO,*~ — Eu®" energy
transfer.”’” The luminescent intensities and the Eu*'spectral
profiles in the oleate precursors and REVO, products are
remarkably different (Fig. S10, ESIt), enabling application of
Eu®" luminescence spectroscopy to follow the crystallisation of
the REVO, phase (Fig. 2(F)—(J) and ESI,T Section S2.3). While

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3cc03501h

Published on 11 rugpjio 2023. Downloaded on 2026-02-01 20:35:13.

ChemComm

3000 1000

2000

1000

Intensity /arb. un.

e )

View Article Online

Communication

Aliphatic (23%)

S oo
580 600 620 640 660 680 700 720

T 292 288 284 280 164 160 156 152

Binding energy /eV

540 535 530 525 520 515 510

0 10 20 30 40 50 60
atom %

X |
2 R 5 6088
;

34+8 nm

s 00000

0 200 400 600 800

Nanoporous Reaction time /min
REVO,

5.(_)12.5 nm N ;{\ {
(micelle core) N N
TP s
P REHN \J\},,
1 (Interface tu\xﬁm W Growth
crystallization i fj,,)‘ .y recovery
- )L;"J':ﬁ (5,«; \V,/ —_—
A ~
AL\
‘% @ g?;;:x:; "ﬂ\;ﬁ"\i \ } [RE(ole),](dodecane)
TR TOMG //
f i A A
Iy V0, (a0)
_~ =CTAB/1-hexanol i e

Fig. 2 (A)-(C) XPS spectra of (Y,Eu)VO4 nanoparticles obtained by reverse microemulsion synthesis (Wq = 25, pH = 11.5) showing the (A) Ols and V2p, (B)
Cls, and (C) Y3d peaks. Survey spectra are shown in Fig. S10 (ESIT). (D) Compositional results (% mol) obtained from XPS spectra (Eu and residual Si are not
shown for clarity). (E) Schematic illustration of the formation of nanoporous REVOy, particles by interface crystallization over micellar aggregates in water-
in-n-dodecane reverse microemulsions. (F)—(J) In situ luminescence monitoring of the formation of (Y,Eu)VO, particles in water-in-n-dodecane reverse
microemulsions (Wq = 25, 25 °C, pH = 11.5). Emission spectra (lexc = 288 nm) shown as (F) superposed lines and (G) wavelength vs. time vs. intensity
profiles. (H) Position of the *Dgy — “Fq barycentre (Jo_o), (I) intensity ratio between the Dy — ’F, and *Dy — ’F; transitions (/g2/loy), and (J) the total
integrated intensity normalised with respect to the integrated intensity at t = O (lto1/lo). The red solid lines and the dotted violet lines correspond
to sigmoidal fits of the experimental data and the respective first derivatives. Kinetic data involving different reaction conditions are shown in ESIf

(Section S2.3 and Fig. S12).

the total luminescence intensities (Iror/Iy) are known to be
correlated to the number and crystalline quality of the
nanocrystals,"*"® here we demonstrate that additional qualita-
tive kinetic information can be accessed by the ratio between
the Eu®* °D, — F, and °D, — 'F, intensities (Ip»/Io;) and by the
barycentre of the °D, — F, transition (4¢_o), which account for
the evolution of microsymmetry around Eu®* ions (ESLt
Section $2.3).

Such parameters reflect the degree of formation of nano-
crystals from precursors, as well as amorphous-to-crystalline
conversions of intermediates. The luminescence vs. time pro-
files (Fig. 2(F) and (G)) show an initial induction period of low
luminescence, followed by a steep increase in intensities due to
fast nucleation and growth of nanocrystals. The Ag_o and Iy,/Ip1
parameters became constant after 280 min of reaction at the
optimised conditions (pH = 11.5 and 25 °C), indicating no
further alterations of microsymmetry around Eu’* ions after
this period (Fig. 2(H) and (I)). Conversely, the total intensities
(Fig. 2(J)) still increase at low rates from 280 to 800 min of
reaction, which is ascribed to the improvement of the crystal-
line quality of the particles due to redissolution of smaller
grains without significant alteration of the chemical environ-
ment around Eu**."” Different conditions of temperature and
pH (Fig. S12, ESIY) resulted in weaker Eu** emissions and led to
uncontrolled morphology (pH = 7, 25 °C) or to unrecoverable
products with incomplete consumption of precursors (pH =
11.5, 10 °C or pH = 13, 25 °C). The induction times before burst
nucleation and growth in the different conditions (shown by
logarithmic plots in Fig. S13, ESIt) correspond to the transfor-
mation of homogeneous precursors diffusing along the surfac-
tant film to generate pre-nucleation clusters towards the
formation of nuclei and nanocrystallites. The increase in the

This journal is © The Royal Society of Chemistry 2023

pH of the aqueous phase resulted in a decrease of the induction
period from ~100 min (pH = 7) to ~50 min (pH = 11.5)
and <10 min (pH = 13.5) due to higher availability of free
VO,>~ anions in comparison to protonated (e.g., H,VO,C ")
or condensed (e.g., (VO3)," ) species at high pH."® However, at
pH = 13 the total intensity starts to decrease after ~60 min,
indicating the consumption of the initial RE/VO,>" clusters and
primary grains to form non-luminescent species such as hydro-
xides or hydroxo complexes. In this case (pH = 13) no evolution
of the Ip,/Ip; parameter is observed (Iy,/Ip; < 7, Fig. S12Q, ESIT),
suggesting that most of the RE ions remain as oleates or as
kinetically stable hydroxides/hydroxo complexes, and only a
minor amount of REVO, primary grains was formed at the end
of the reaction (Fig. S6, ESIt). At pH = 7, vanadate species are
mainly present as (VO5),"~, and the lower availability of VO,*~
imposes a longer induction period (~100 min) and a slower
growth rate (Fig. S12]-N, ESIt). This accounts for the competi-
tive formation of Kkinetically stable metavanadates (e.g.,
RE,(VO3)s,) which are further converted into the REVO, phase
in a slow step. Interestingly, the reaction at low temperature (10 °C,
pH = 11.5) resulted in a shorter induction period (10-20 min) in
comparison to the room temperature conditions, contrary to the
expected behaviour. This can be tentatively ascribed to the prefer-
ential concentration of anionic groups of the aqueous phase in the
vicinity of the cationic surfactant film due to the reduced thermal
diffusion of the solubilizates.

Particles obtained in optimised conditions also showed
NIR-excited luminescence despite their rather low processing
temperature (Fig. S14, ESIT). Although photon upconversion
in high phonon energy (>600 cm™") lattices is often limited
to highly crystalline particles,"” nanoporous (Y,.75Ybo.2o"
Ery,)VO, clearly exhibited the characteristic green Er*t
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emissions (*Hyyn — *Iys, 525 nm; *S;n — *Iysj, 545 nm)
under Ao, = 980 nm,” with low contribution of emissions of
the “Fy), state in the red. The Er**-doped particles changed
their emission profile after dispersion in water (Fig. S13B,
ESI¥), with a reduced contribution of the upper *H,,/, state in
comparison to the *S), state. This is possibly due to a laser-
induced local self-heating of the particles, which is further
confirmed by the linear dependence of the emission intensity
ratio of the thermally coupled *H,y/, and *S;,, states with the
pump power (Fig. S14E, ESI).?° The bi-logarithmic upconver-
sion power dependence of the Yb**/Er** couple showed nega-
tive deviations from the expected 2-photon slope (*Hiys:
1.67 + 0.03; S;),: 1.34 & 0.03, Fig. S13C and D, ESI%), due to
the high Yb/Er ratio®" and to competitive thermal population
of ?H,,,, and non-radiative relaxation of *S;,,.2° These results
indicate that the Er**-doped particles not only can provide
thermally responsive emissions but also act as localised
nanoheaters, with the additional advantage of showing func-
tionalisable nanocavities.

To further demonstrate this possibility, we performed the
precipitation reactions in the presence of xylenol orange (XO)
and rose Bengal (RB) dyes previously dissolved in the aqueous
phase (Fig. 1, ESI, Sections S1.3 and S2.4). Encapsulated RB
was easily removed by washing, but the presence of the dye
could be verified by XPS (Fig. S15, ESIT). XO shows a stronger
coordination towards RE*" and a pH-responsive absorption, so
this dye was used as a probe to attest encapsulation (ie.
XO®@NP). For comparison, XO was also grafted in equivalent
amounts at the external surface (i.e. NP@XO Fig. S16-518, ESIY)
of identical (Y,Eu)VO, nanoparticles (ESI,¥ Section S1.3 and
S2.4). Even though XO is a pH indicator, NP@XO and XO@NP
suspensions in different pHs (3-12) showed no alteration in the
absorption profile of the dye (Fig. S17, ESIt), confirming the
high affinity of the dye towards the oxide surfaces. After 30 days
of exposure (ESILi Section S2.4, ESIt) at these pHs, XO was
partially extracted from the surfaces especially at high pHs, but
a more prominent release is observed for the NP@XO system in
comparison to XO@NP (Fig. S18 and S19(A)-(B), ESIT). If
XO@NP and NP@XO systems are exposed to pH = 11 at 50 °C
and ultrasound to force the release of XO, the amount of
removed XO is about 10x lower in the first hour of extraction
for the encapsulated system, and always lower after 5 washing
cycles (Fig. S19(C)-(F), ESI{). This ultimately confirms that for
XO@NP the dye molecules are effectively occluded in the
cavities of the nanoparticles due to the reverse microemulsion
synthesis. Also, low density nature of the particles allowed the
removal of the encapsulated dye at controlled conditions, thus
enabling us to envisage these systems as nanocontainers for
controlled release of different molecules.

In summary, we demonstrated the reverse microemulsion
formation of nanoporous REVO, particles with downshift or
upconversion luminescence, with an inner surface that can be
functionalised with dye molecules. Luminescence spectroscopy
combined to multiple techniques was used as a tool to probe
the interfacial crystallisation, and the use of dyes confirmed the
possibility of molecule encapsulation for further development
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