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Eu(m)-doped calcium molybdate nano- and
microstructures: microfluidic synthesis and
morphology tuning via solvent dielectric constant
and viscosity controlf
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A novel and green microfluidic approach was employed for the synthesis of undoped and Eu(in)-doped
calcium molybdate at room and low temperatures. The controlled formation of nano- and microstructures
was successfully achieved by tuning the nucleation and growth stages of particle formation through a
systematic variation of the viscosity and dielectric constant of the reaction medium, i.e. water and ethanol
in different weight ratios and at different temperatures. Thanks to the inherent advantages of the
microfluidic approach in terms of mass transport, mixing and heat exchange, it was possible to carry out
the reaction at low temperature (-4 °C) in an effective manner and to further control the reaction
conditions to achieve the formation of small and monodisperse nanoparticles. The synthesised nano- and
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microstructures, displaying different morphologies depending on reaction conditions, were investigated
from a structural (XRD), dimensional and morphological (TEM, SEM), compositional (ICP-MS), and
DOI: 10.1039/d4ce00549] functional (photoluminescence) point of view. The remarkable photoluminescence properties of pure and
Eu(n)-doped calcium molybdate structures proved that they are promising materials to be employed as

rsc.li/crystengcomm phosphors.
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Introduction

Calcium molybdate (CM), CaMoO,, is a functional ternary
oxide that has been widely wused for its intrinsic
photoluminescence properties."> CM finds application as
phosphor (also for fingerprint detection®), as a material for
solid-state lasers, white-light LEDs (WLEDs), and as a
scintillator.” ™ It is particularly suitable as a host matrix for
dopant ions such as rare earth ions, which extend the fields
of application of this material.""*?

Calcium molybdate occurs naturally in the mineral
powellite, which belongs to the scheelite family (CawO,),
together with other minerals with the general formula ABO,
(A = Ca, Sr, Ba, Pb; B = Mo, W)."* The scheelite crystalline
structure  is  tetragonal  body-centered  (schematic
representation of the unit cell in Fig. 1), whose spatial group
is I4,/a (no. 88) and point symmetry C%,."*'* In detail, the
crystalline structure is made up of [CaOg] polyhedra, each
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one sharing corners with eight adjacent [MoO,]
tetrahedra.”*™® As previously stated, CaMoO, is an
interesting host matrix for the production of Ln-based
phosphor materials, as is widely described in the
literature.”®*° Dopant lanthanide ions such as Eu®’, Tb*",
Yb**, and Dy*" were found to replace Ca*>" ions in scheelite's
crystalline lattice’® thanks to their comparable ionic radius
(ie. 1.12 A and 1.066 A for Ca** and Eu®" in VII
coordination, respectively®'). The [M0O,]*” unit of the matrix

‘ Calcium
‘ Oxygen

. Molybdenum

Fig. 1 Crystalline structure of calcium molybdate; Ca, Mo and O
atoms are represented in blue, purple, and red, respectively.
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in Ln-doped calcium molybdate can absorb UV light with a
large cross section and excite the doping lanthanide ion via
an energy transfer mechanism, resulting in narrow spectrum
emission lines due to lanthanide f-f electronic
transitions.'**?

In recent years, a variety of methods has been proposed
for the synthesis of undoped and Eu-doped CM, such as
hydrothermal process,”*> microwave-assisted synthesis,*>*’
pulsed laser-ablation,®® co-precipitation,®***° hot injection
route,”" microemulsion approach,**> and more recently also
a miniemulsion approach by our group.” In general, the co-
precipitation process between Ca** and MoO,>” was
performed in aqueous solution or mixed solvents (e.g. alcohol
and water) and possibly heated under varied conditions, with
remarkable shape control over the final particle aggregation
into mesostructures, obtained by varying the reaction
parameters like solvent composition, reagent concentration
or time.>”**** However, to date, no studies addressing the
synthesis of undoped and Eu-doped calcium molybdate in
continuous-flow microreactors were reported.

In recent years, the microfluidic approach became very
attractive for the synthesis of inorganic nanoparticles, thanks
to the unique properties of microfluidic reactors®*>® (i.e.
continuous-flow reactors with micrometric channels,
ensuring flow regimes characterised by laminar flow and
Reynolds number lower than 250).°”°° In particular,
microfluidic reactors allow (i) a very fast mixing of reaction
mixtures on the order of milliseconds**™*' and (ii) an
excellent heat transfer from and to the reaction mixtures
thanks to the high surface-to-volume ratio of channels.?”
Thanks to these features, in microfluidic devices a highly
homogeneous reaction mixture is ensured, avoiding gradients
in reactants' concentration and temperature, and a fine
control on size, size distribution and composition of the
final product can be pursued.*® Indeed, the superior
homogeneity of the reaction environment allows to prevent
random (both timely and spatially) nucleation bursts and
uncontrolled growth by agglomeration in the microfluidic
reactor, and it has been successfully exploited for the
synthesis of inorganic nanostructures with exceptional
synthetic control on the products’ final features.*®**™** On
the other hand, more simple mixing systems, such as batch
syntheses, are typically characterised by non-homogeneous
chemical environments and concentration gradients, usually
leading to uncontrolled reaction outcome. The need for a
more advanced synthetic approach for the controlled
synthesis of functional systems such as calcium molybdate
was demonstrated also in a previous work by Mazzariol
et al.,*® in which we compared two synthetic methods for CM
preparation, ie. inverse miniemulsion synthesis versus
traditional batch synthesis, and we highlighted the lack of
control on reaction outcomes in the batch samples, leading
to broader size distribution and scarce optical properties of
the materials.

Herein, we report an innovative and unprecedented
approach for the synthesis of undoped and Eu(m)-doped
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calcium molybdate particles via a simple, green, ambient and
low temperature microfluidic approach based on the
controlled precipitation of CaMoO,. In particular, the raw
materials employed, solvents, temperature conditions, and
the inherent safe conditions ensured by the microfluidics
setup (vide infra for more detailed information) are all
compliant with the Green Chemistry principles published by
Anastas and Warner.*

Moreover, by exploiting the peculiarities of microfluidics,
we performed a systematic exploration of the parameters
landscape, such as solvent mixture composition, quenching
method and temperature, to precisely control and tune
calcium molybdate features in terms of particle and
crystallite size, primary particle aggregation in differently
shaped microparticles, and optical properties.

Materials and methods

Chemicals

Sodium molybdate dihydrate (Na,M00O,-2H,0) was purchased
from Alfa-Aesar. Calcium nitrate tetrahydrate (Ca(NO3),-4H,-
O) and ethanol (reagent grade >99.9%) were purchased from
Carlo Erba (Milano, Italy). Europium(m) nitrate pentahydrate
(Eu(NO3)3-5H,0) was purchased from Merck KGaA. All
chemicals were used without further purification.

Microfluidic setup

General aspects. Sodium molybdate and calcium nitrate
0.05 M water/ethanol solutions were employed as precursors.
The autogenic pH value of the metal salt solutions, measured
with litmus tests pH-Fix type (Macherey-Nagel), with 0.5 pH
unit increment, was equal to 6.5 and 4.5 for the molybdate
and calcium precursors, respectively. According to the
speciation diagram for molybdenum oxyanions, at pH >6 the
main molybdenum species in solution is MoO,>".*

For the syntheses of undoped and Eu(m)-doped calcium
molybdate samples, two microfluidic setups were employed
(see Fig. 2). The first setup was built using two syringe pumps
(New Era Pump Systems, Inc.), 0.8 mm diameter PTFE tubes
of different lengths and a T-shaped PEEK micromixer
(Fig. 2a). Molybdate and calcium precursor solutions (molar
ratio of 1:1) were pumped separately into the reactor with a
flow rate of 1.2 mL min ', and the reagent streams met at
180°. The reaction mixture was quenched by dilution at the
end of the reactor in a collecting vessel after a residence time
RT (ie. time of residence of the product in the microfluidic
reactor, from the micromixer to the collecting beaker,
defined as the ratio between volume of channels -
proportional to their length for cylindrical tubes - and total
flow rate).*”*®

The first setup was modified to obtain the second setup,
adding a third syringe pump and a second T-shaped
micromixer, to perform in-line the quenching of the reaction
(Fig. 2b). The reaction and quencher streams met at 180°
with the same flow rate, ensuring a dilution of 1:1 (v/v) of
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Fig. 2 Schematic representation of the (a) first and (b) second microfluidic setup. The dashed line indicates the portion of the setup immersed in a

cold bath at -4 °C.

the reaction, and the product was collected after 1 s of
residence time.

For the Eu(u)-doped samples, a stoichiometric amount of
Eu(m) precursor (Eu(NOj3);) was added to the calcium
precursor in order to obtain the desired dopant atomic
percentage (i.e. 3 at%, calculated as molg,/moly,), resulting
in a pH of 4.

For all syntheses, the slurry obtained after the quenching
step was repeatedly centrifuged (15000 rpm, 5 min) and
washed with acetone. The obtained powder was dried
overnight in a vacuum desiccator at room temperature.

Variation of reaction conditions. A systematic variation of
selected and different synthetic parameters was performed,
screening the (i) solvent mixture composition, (ii) quenching
method and (iii) temperature.

(i) Solvent mixture composition: metal precursor solutions
were prepared in Milli-Q water/ethanol mixtures, screening
the relative amount of ethanol from 20 to 50 wt%.

(ii) Quenching method: the quenching of the reaction
mixture was performed by dilution either in an excess of
Milli-Q water/ethanol mixture (same wt% of ethanol as the
precursor solutions) or in pure ethanol. Depending on the
microfluidic setup employed, the quenching was carried out
into a collection vessel at the end of the reactor (first setup)
or in flow (second setup). The quencher volume was equal to
the sum of the volumes of precursor solutions pumped
throughout the entire synthesis.

(iii) Temperature: the syntheses of undoped and Eu(m)-
doped CaMoO, were carried out at ambient temperature
(about 20 °C) and at —4 °C. In order to carry out the reaction
at low temperature (-4 ©°C), the first setup (tubing,
micromixer and collecting vessel) was immersed into a NaCl/
ice cold bath (3.5 wt% NaCl to achieve the temperature of -4
°C).

X-ray powder diffraction (XRPD)

The XRPD patterns of the undoped and Eu(m)-doped CaMoO,
samples (as ground powder) were collected with a Bruker AXS
D8 Advance Plus instrument equipped with a LYNEXEYE

6054 | CrystEngComm, 2024, 26, 6052-6064

detector in 1D mode, by using Cu K,;, radiation (4,
1.54060 A; 1, = 1.54439 A, with relative intensity K»/Kyq =
0.5). Diffractograms were recorded in a Bragg-Brentano
geometry in the 10-80° 26 range, with 0.014° 26 scan step
and 0.3 s per step acquisition time. The crystalline phase was
identified through the search and match procedure of Bruker
Diffrac.EVA software. The collected XRD patterns were fitted
using the Pawley method for the estimation of lattice
parameters and crystallite size.'” This method was
implemented using TOPAS software (version 6, Bruker AXS,
Germany). The fitting procedure started by defining the
phase and space group of calcium molybdate obtained from
Diffrac.EVA. Subsequently a background correction was
applied, involving a polynomial function to correct the noise
in the pattern. The order of the polynomial was chosen based
on the complexity of the background. A sample displacement
correction was applied in order to correct peak position. The
reflections were fitted with a pseudo-Voigt function, and
lattice parameters, crystallite size and strain have been
iteratively refined. The quality of the fitting was assessed by
the Rwp parameter, which was lower than 10% for all
patterns. The error associated to the crystallite sizes was
calculated by the software in the range between 0.1 and 0.9
nm.

Transmission electron microscopy (TEM)

TEM micrographs were collected with a FEI Tecnai G
microscope operating at 100 kV, equipped with Olympus
Veleta and TVIPS F114 cameras. Samples were prepared by
suspending the dried powders in ethanol through sonication
and then depositing them on 300 mesh lacey carbon-coated
copper grids. Some of the particles were manually segmented
and measured using the Image] package.>”

Scanning electron microscopy (SEM)

SEM micrographs were collected with a Zeiss SUPRA 40VP
microscope equipped with an Oxford INCA X-Sight X-ray
detector, with a 5.0 kV acceleration of the primary beam and
detecting secondary electrons. Samples were prepared by

This journal is © The Royal Society of Chemistry 2024
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dispersing the dried powders in ethanol through tip
sonication (Sartorius Stedim LABSONIC P, 30 s, 0.9 s pulse,
100 W power) and then depositing them on a Si fragment
fixed to the specimen stub with a carbon tape.

Photoluminescence and optical properties

The diffuse reflectance spectrum of powder samples in the
range 250-800 nm was measured with an FLS1000
spectrometer equipped with a BaSO,-coated integrating
sphere, a Xe lamp as excitation source and a R13456
photomultiplier as detector. A BaSO, plug was used as
reference for the calculation of the diffuse reflectance
spectra. The excitation and emission slits were set to 2.5 and
0.14 nm, respectively.

The absorption spectra F(R) was calculated from reflection
spectra employing the Kubelka-Munk function:

where R is the reflectance, K is the absorption coefficient,

and S is the scattering coefficient.>' The optical bandgap was
evaluated employing the Tauc plot method.

Excitation and emission spectra were recorded on an
FLS1000 spectrometer (Edinburgh Instruments, UK)
equipped with  double excitation and emission
monochromators, a 450 W Xe lamp and an air-cooled single-
photon counting photomultiplier (Hamamatsu R13456). For
steady-state emission detection in the range 400-750 nm, the
excitation wavelength was fixed at 285 nm. The excitation
spectra recorded in the region 250-500 nm were measured by
monitoring the emission signal at 612 nm.

Time-resolved lifetime measurements were acquired on
the same FLS1000 spectrometer using a Xe p-second flash
lamp (285 nm and 100 Hz frequency) as excitation source.
Luminescence decays were recorded using the multi-channel
scaling (MCS) technique in the range 0-10 ms, and they were
analyzed with the Fluoracle software using a two-component
equation.

Quantum yields (QYs) were calculated by measuring the
emission spectrum of the phosphor powder in the BaSO,-
coated integration sphere mounted in the FLS1000
instrument. A BaSO, plug was used for the measurement of
the reference spectrum. The excitation wavelength was fixed
at 285 nm.

All measurements were conducted at room temperature.

Inductively coupled plasma-mass spectrometry (ICP-MS)

Instruments and calibration. Eu and Mo at% were
determined by ICP-MS by using an Agilent Technologies
7700x ICP-MS instrument (Agilent Technologies International
Japan, Ltd., Tokyo, Japan). The ICP-MS instrument was
equipped with an octupole collision cell operating in kinetic
energy discrimination mode wused for the removal of
polyatomic interferences and argon-based interferences.

This journal is © The Royal Society of Chemistry 2024
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Multi-element  calibration standard CCS-5 (Inorganic
Ventures) was used for Mo determination and the IV-ICPMS-
71A standard (Inorganic Ventures) was used for Eu
determination. Multielement standard solutions for
calibration were prepared by gravimetric serial dilution at five
different concentrations (Mo: from 500 ug L™* to 1500 ug L.
Eu: from 10 ug L™ to 100 pg L™"). The solvent used was a 1:3
HNO;:HCl weight mixture diluted to 5 wt% with Milli-Q
water. The parameters of the calibration lines were obtained
by using the Theil-Sen non-parametric regression technique
using Ge as internal standard (TraceCERT, Sigma-Aldrich lot:
BCBR4340V).*?

Sample digestion. A suitable amount of the samples (5
mg) was accurately weighed and digested in 7 g of 1:3
HNO; : HCl weight mixture at 120 °C for 2 h. The samples
were suitably diluted, and the internal standard (Ge 50 ppb)
was added consistently to the calibration standards. The
protocol was verified by spiking Eu and Mo, resulting in 95%
and 98% recovery, respectively.

Results and discussion

The design of the experimental setup for the microfluidic
synthesis of pure and Eu(u)-doped calcium molybdate and
the screening of the explored synthetic parameters were
rationally based on the acknowledged fundamental theories
of nanoparticle formation and colloid stability as well as on
the peculiarities of continuous-flow methods. In particular,
the formation and growth of particles can be rationalised
according to LaMer and Dinegar's model of homogeneous
nucleation,”®** encompassing three stages: (i) the solute
supersaturation condition is reached, (ii) the first nuclei are
formed, (iii) the solute’s concentration decreases and the
supersaturation is relaxed but still remains high enough to
enable nuclei growth. Afterwards, the overall free energy of
the system can be reduced by aggregation of the primary
particles, if not properly stabilised, into secondary
structures.>® The unique conditions of a microfluidic reactor
(i.e. the efficient and fast mixing and the flowing and
dynamic nature of the system) enable the achievement of (i)
a highly homogeneous chemical environment in terms of
solute concentration and temperature and (ii) a temporal
(and consequently spatial) separation of the NP nucleation
and growth stages. Thanks to these, timely and spatially
random nucleation bursts and uncontrolled agglomeration
can be avoided under microfluidic conditions. The
introduction of a quenching step (either a concentration or a
thermal quenching, i.e. by dilution or by suddenly cooling
the reaction mixture, respectively) before the stage of particle
aggregation could be valuable in minimizing the nanoparticle
aggregation and thus in obtaining monodisperse
nanoparticles.”® In the work herein reported, the quenching
step was performed by dilution of the reaction mixture, with
the aim of decreasing the solute concentration under the
supersaturation limit, preventing any further nucleation

CrystEngComm, 2024, 26, 6052-6064 | 6055
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events and at the same time slowing down the rate of particle
aggregation.

Generally, the aggregation of the primary particles can
be strongly influenced by varying the viscosity and the
dielectric constant of the medium. In particular, according
to the Stokes-Einstein relation,”® the diffusion coefficient
and the viscosity are inversely proportional, and thus a
variation of viscosity of the reaction medium affects the
mass transfer in solution, as well as the fluid dynamics
and mixing in continuous-flow approaches. Moreover,
according to the DLVO theory,”” the dielectric constant is
one of the parameters influencing the stabilisation of
electric charges on the particle's surface, which are
responsible for the electrostatic stabilisation of colloids.
Finally, charges on the particle’s surface are responsible
for the relative orientation of particles, thus in turn
affecting particle aggregation.*

Since calcium molybdate is not fully insoluble in water
(Ksp = 1.46 x 10°*),°® to ensure that the reaction was occurring
exclusively into the flow reactor and ended into the collecting
beaker, its solubility was lowered by adding a non-solvent
(i.e. ethanol). Indeed, according to a paper by Jouyban
et al,”® by adding ethanol to water, the viscosity of the
mixture increases to reach a maximum at about 50 wt%
ethanol (see Fig. S17), and, by increasing the ethanol content
from 20 to 50 wt%, the solvent's viscosity increases from 1.8
to 2.5 mPa s. As a result, when performing the reaction in
solvent mixtures with higher ethanol wt%, crystallites growth
and particle aggregation should be limited. Moreover,
through the relationship proposed by Soltanpour et al.,*° it
was possible to determine that the solvent dielectric constant

View Article Online
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linearly decreases by increasing the ethanol content (see Fig.
S2t). It is noteworthy that another way to tune the viscosity
and the dielectric constant of the reaction mixture is a
variation of the reaction temperature. Indeed, as extensively
reported in the ESL} by lowering the temperature, both the
viscosity and the dielectric constant of the water/ethanol
mixtures increase.

Taking into account these considerations, the
microfluidic synthesis of undoped and Eu(m)-doped
calcium molybdate was addressed by rationally exploring
the experimental parameters’ landscape to evaluate their
role, and ultimately the role of variations of the viscosity
and dielectric constant of the reaction medium, in
determining the reaction outcome. In particular, the
effects of (i) solvent mixture composition, (ii) quenching
method, and (iii) temperature on the size and aggregation
of the synthesised primary particles were systematically
investigated.

The tight space-time correlation that is ensured under
microfluidic conditions enables the fine-tuning of the
residence time, i.e. the reaction time, by varying either the
tubing length or the flow rate. For this purpose, a first
optimisation of the microfluidic setup for the synthesis of
CM was carried out by testing different tubing lengths, i.e.
screening the residence time and reagent concentrations,
until opalescent droplets continuously coming out of the
setup were obtained. In such a way, it was ensured that the
reaction occurs within the constrained environment of the
microfluidic  setup, characterised by controlled fluid
dynamics and high homogeneity (absence of thermal and
compositional gradients).
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a) = b) — 30 wi% EtOH
—— 20 wt% EtOH
3 £l
®© 3
! 2
S 8 ©
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(a) XRD pattern of undoped calcium molybdate. Miller indices for the scheelite-type structure are reported. Comparison of (b) broadening

of (112) XRD reflections and (c) SEM micrographs of calcium molybdate synthesised with different wt% of ethanol in reaction solvent and
quenching in solvent mixture (first setup).
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Effect of reaction parameters

Solution mixture composition. The first syntheses were
performed employing the first setup (Fig. 2a) at room
temperature and with Milli-Q water mixtures as reaction
solvent and quencher. The wt% of ethanol was varied from
20 to 50 wt%. The obtained products were highly crystalline
and occurred in the scheelite-type phase as determined from
the XRD pattern reported in Fig. 3a (JCPDS card no. 29-0351,
space group I4,/a (88)).>” Interestingly, the crystallite size,
determined by the refinement of the XRD pattern with the
Pawley method, was found to be strongly affected by the
ethanol content in the reaction mixture (reflections
broadening shown in Fig. 3b): the crystallite size was
estimated to be 22, 29 and 95 nm for samples synthesised in
50, 30 and 20 wt% ethanol, respectively. This observation
could be rationalised taking into account the quantitative
implementation of LaMer and Dinegar's model for the
homogeneous nucleation proposed by Sugimoto®®* and
Chu,”® who suggested that the number of the formed nuclei
is directly related to the supply rate of the solute (i.e. species
forming the crystal): the higher the supply rate, the higher
the number of nuclei and thus the smaller the resulting
nanoparticles. By using water/ethanol mixtures as solvent,
CM solubility was dramatically decreased and in turn the
supply rate of the solute (i.e. CaM00,) was increased because
the supersaturation condition was reached at lower solute
concentration. Moreover, the increase in viscosity of the
solvent with higher ethanol content led to a slower growth by
diffusion of the initially formed nuclei (Stokes-Einstein
relation, see above).

In addition to having a remarkable effect on the crystallite
size of CM, the ethanol content of the employed reaction
medium was observed to play a relevant role also in
influencing the aggregation of CM primary particles. Indeed,
as shown in Fig. 3c, differently shaped microstructures were
obtained according to the wt% of ethanol in the solvent (i.e.
from 20 to 50 wt%), and they appeared very polydisperse in
terms of size and displaying different morphologies. Chen
et al. observed by a time-resolved SEM study that the
formation of spherical microstructures of calcium molybdate
occurred through progressive stages of self-assembled
(hierarchical) growth, starting form ellipsoidal-like structures
and passing through the formation of dumbbells, and finally
evolving into complete spherules.”® A very similar
morphogenesis was reported by Busch et al. for fluorapatite
aggregates®®® and reviewed by Colfen and Antonietti as a
clear example of oriented aggregation controlled by intrinsic
electric fields.°® In these studies, it was suggested that the
forces involved in the mutual alignment of the particles and
subsequent self-assembly are mainly electrostatic and van der
Waals interactions. It is reasonable to state that these forces
are influenced by the dielectric constant of the reaction
medium, which regulates the formation of charges on the
surface of the particles, and ultimately their electrostatic
stabilisation. As a consequence, a role of the ethanol amount

This journal is © The Royal Society of Chemistry 2024
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in the reaction solvent mixture in the aggregation of the
primary particles was expected, and the dielectric constant of
the solvent, depending on the ethanol content, could likely
be deemed as the parameter ruling the final morphology of
the microstructures. This hints at the fact that the quenching
step (dilution) did not prevent particle aggregation. Actually,
the employed quencher (i.e. excess of water-ethanol solution)
contained a relatively high amount of water in which calcium
molybdate is slightly soluble; thus the formed particles likely
underwent dissolution and re-precipitation, as evidenced by
the increasing of crystallite size at low ethanol content in the
reaction medium (Fig. 3b). Similar results were also reported
by other authors, who investigated the synthesis of CM
microstructures in binary mixed solvents like water/ethylene
glycol (EG) and water/DMF, observing the formation of
microparticles with different morphologies (i.e. notched
spheres, spindles) depending on the employed solvent, grown
by aggregation of smaller primary particles.®°

Effect of quenching method: bulk vs. in-flow quenching.
In order to better investigate the role of the quenching step
on the synthetic outcome (i.e. crystallite size and primary
particle aggregation), further syntheses of calcium molybdate
were performed employing the first setup at ambient
temperature, with Milli-Q water/ethanol mixtures (20-50
wt%) as solvent and pure ethanol as quencher (i.e. quenching
pursued by dilution in a non-solvent). In particular,
performing the quenching of the reaction in pure ethanol
ensured a sudden decrease in the solubility of the product
and a dramatic change in viscosity and dielectric constant in
the collection vessel, thus effectively stopping the reaction
and limiting the aggregation.

XRD and TEM analyses evidenced the effectiveness of the
quenching in pure ethanol, as crystallite sizes were in the
range between 17 and 14 nm for the three samples (Fig. 4a),
and almost spherical independent nanoparticles of about 20 +
5 nm were observed in TEM micrographs (Fig. 4b and d,
further size distributions in Fig. S37), despite the wt% ethanol
in the reaction mixture. These observations were rationalised
considering that, in contrast to the use of Milli-Q water/
ethanol mixtures as quencher, i.e. quenching by dilution in
solvent mixture (comparison of crystallite size variation as a
function of ethanol content in Fig. 4a), using only ethanol as
quencher (i.e. quenching by dilution in non-solvent) caused an
abrupt decrease in diffusion coefficient, which effectively
stopped the growth of the primary particles generated in the
microfluidic reactor. The increase in viscosity was likely
sufficient to avoid aggregation into microstructures. Moreover,
the high ethanol content in the quenching vessel dramatically
decreased the CM solubility, halting the dissolution and re-
precipitation processes reported when Milli-Q water/ethanol
mixtures were used as quencher. Finally, the abrupt increase
of viscosity during the quenching step (dropping of the
reaction mixture into pure ethanol) halted particle aggregation
into microstructures. Furthermore, this fact suggested that (i)
primary particles nucleated and grew inside the microreactor,
and (ii) the aggregation into microstructures observed when
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Fig. 4 (a) Mean crystallite size of CM as a function of ethanol content in the solvent mixture, reaction temperature and quenching method,

employing both the first setup (i.e. bulk quenching: red, yellow, cyan and green dots) and second setup (i.e. in flow quenching: orange dots). (b
and c) TEM micrograph of samples prepared with the first setup in 50 wt% EtOH (b) and 20 wt% EtOH (c) and (d) relative particle size distribution
(20 wt%). (e and f) TEM micrograph of samples prepared with the second setup in 50 wt% EtOH (e) and 20 wt% EtOH (f) and (g) relative particle

size distribution (20 wt%).

Milli-Q water/ethanol mixtures were used as quencher
occurred in the quenching vessel.

In order (i) to further improve the effectiveness of the
quenching of calcium molybdate NP growth and aggregation,
(ii) to fully exploit the highly efficient mixing ensured by
microfluidics, and at the same time (iii) to keep constant
throughout the entire run of the synthesis the viscosity and
dielectric constant of the medium after the quenching step
as well as the dilution factor of the reaction mixture, the
quenching step of the reaction was implemented in flow. The
first setup was modified into the second setup by adding a
third syringe pump and a second micromixer (second setup,

6058 | CrystEngComm, 2024, 26, 6052-6064

Fig. 2b) to efficiently mix the reaction mixture with the
quencher, i.e. pure ethanol, and the amount of ethanol in the
solvent mixture was varied from 20 to 50 wt%.

Diffraction data were collected for the synthesised
samples, and the crystallite size was estimated to be in the
11-16 nm range (Fig. 4a, orange line), while the crystallite
size of analogous samples obtained with bulk quenching
ranged from 14 to 17 nm (Fig. 4a, yellow line). Similar to the
products obtained with bulk ethanol quenching and also
with flow quenching, spherical independent nanoparticles,
not aggregated into larger microstructures, were obtained
(Fig. 4e and f). However, a smaller and narrower NP size

This journal is © The Royal Society of Chemistry 2024
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distribution was observed with flow quenching with respect
to bulk quenching, particularly evident for particles obtained
with 20 wt% ethanol in the reaction mixture, being 16 + 3
nm (Fig. 4g) compared to 24 + 4 nm (Fig. 4d). The possibility
of keeping constant the amount of water in the mixture for
the first and last droplets of reaction mixture provided
homogeneity experienced by the reaction mixture throughout
the whole synthesis (i.e. constant viscosity of the reaction
environment in the collecting beaker). The narrowing of the
particle size distribution was evident for all the samples (Fig.
S3t), but it was more effective for the particles synthesised
with 20 wt% ethanol in the reaction solvent. This observation
was likely due to the fact that a low ethanol concentration in
the reaction mixture (20 wt%) was less effective in halting
particle aggregation, and thus the effect of flow quenching
could be appreciated more than for samples synthesised with
a higher ethanol content. The sudden increase in solvent
viscosity and decrease in CM solubility occurring in the
second T-junction mixer, which combined the flowing
reaction mixture and pure ethanol, allowed an effective
quenching of the reaction and avoided the aggregation of
primary calcium molybdate nanoparticles into
microstructures.

Effect of reaction temperature and solvent composition.
As a way to take advantage of the efficient temperature
homogeneity provided by the microfluidic equipment
characterised by a high surface-to-volume ratio, the
experimental setup and collecting beaker were put in a 3.5
wt% NaCl/ice bath, resulting in a temperature of -4 °C. As
mentioned above, it is well known that viscosity, dielectric

Quenching EtOH/H,0
-4°C

20 °C

30 wt% EtOH 20 wt% EtOH

50 wt% EtOH

View Article Online

Paper

constant and solubility show a strong dependence on
temperature.®>®”°® In particular, when cooling water/ethanol
mixtures from 20 to —4 °C, and keeping constant their
relative percentage, the viscosity of the solution doubles, the
dielectric constant is 10% higher,”****® and the solubility of
calcium molybdate is decreased.”®”*

Comparing samples produced with the same solvent
mixture composition and quenching method but different
reaction temperatures (-4 °C vs. room temperature), it was
observed that CM with smaller crystallite size was formed
at -4 °C (Fig. 4a). Unlike what observed at room
temperature, at -4 ©°C the influence of the ethanol
concentration on the crystallite size could no longer be
appreciated, also when Milli-Q water/ethanol mixtures were
employed as quencher, yielding comparable values
irrespective of the solvent mixture composition, likely due
to the dramatic decrease of CM solubility. Moreover, as
shown in Fig. 5, similarly to the room temperature
counterparts when Milli-Q water/ethanol mixtures were
employed as  quencher, particles aggregated to
microstructures with different morphologies according to
the wt% ethanol in the solvent, whilst when ethanol was
used as quencher, independent and well-defined
nanoparticles were obtained. The effect of quenching on
particle aggregation observed for the samples synthesised
at —4 °C was the same as for the samples prepared at room
temperature. However, the nanoparticles obtained at -4 °C,
with ethanol as quencher, display a narrower size
distribution (PDI = 0.16) with respect to the samples
obtained at room temperature (PDI = 0.25, Fig. 6).

Quenching EtOH
_4°C 20 °C

Fig. 5 SEM and TEM images of CM samples obtained at 20 °C and at -4 °C with the first setup, and varying the content of ethanol in the solvent

mixture and quenching method.

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Particle size distribution obtained at -4 °C (a) and at 20 °C (b) with 30 wt% ethanol in the reaction mixture and ethanol as quencher.

In general, conducting the synthesis at lower temperatures
facilitated a more precise formation of CM particles, evident
in the more uniformly shaped microstructures observed
(Fig. 5). This outcome is likely attributable to the lower
solubility and to the increased viscosity of the reaction
mixture, a parameter predominantly affected by temperature
(Fig. S1t), thereby impacting the modified diffusion
coefficient  (following the Stokes-Einstein relation).
Furthermore, considering the varied aggregate morphologies
observed with different ethanol concentrations at both
ambient and lower temperatures, it can be inferred that the
dielectric constant assumes a primary role in determining
the ultimate aggregate morphology. This is due to its
influence on the formation of surface charges and the
relative alignment of primary particles, as previously
suggested.

Synthesis of Eu(m)-doped calcium molybdate

To demonstrate the effectiveness of the microfluidic
approach to dope calcium molybdate, the synthesis of Eu(m)-
doped CM was also performed under microfluidic conditions.
As thoroughly described in the experimental part, three
samples of 3 at% Eu(m)-doped CaMoO, were synthesised by
adding a stoichiometric amount of Eu** precursor into the
Ca®" precursor solution, and operating under three different
sets of synthetic conditions previously employed for the
synthesis of undoped CM. The doping percentage was chosen
to test the versatility of the synthetic method, and as optimal
concentration for obtaining enhanced optical properties
without spurious species, as observed in our previous work.?°
In particular, the synthetic conditions were chosen according
to the synthetic outcome features, in terms of particle size
and size distribution. Eu-doped CM was synthesised by
employing 50 wt% EtOH/water as solvent mixture and:

(i) First setup at ambient temperature, quenching the
product by dilution with an excess of ethanol in the
collecting vessel (sample Eu:CM_01);

(ii) First setup at -4 °C, quenching the product by dilution
with an excess of ethanol in the collecting vessel kept in the
-4 °C cold bath (sample Eu:CM_02);

6060 | CrystEngComm, 2024, 26, 6052-6064

(iii) Second setup at ambient temperature, quenching
inline the product by dilution in ethanol (sample Eu:CM_03).

In order to determine the actual amount of Eu(m) in the
samples and to assess the doping percentage, ICP-MS
analysis was performed. Results are reported in Table 1 and
show that the at% of europium in the doped samples is
almost equal to the expected at%, thus highlighting the
effectiveness of doping with all the employed experimental
setups. The ICP-MS measurements revealed a slightly higher
doping at% with respect to the expected one, probably due to
a loss of molybdenum during the purification step.

The XRD characterisation of the materials revealed that
the crystalline structure of CM was preserved after the 3 at%
doping, as crystallisation of tetragonal scheelite-type CaMo0O,
was detected under all synthetic conditions, with no
crystalline spurious phase formation (Fig. S4t). No spurious
reflections ascribed to impurities were found, likely
indicating a successful doping (ie. the Eu®* ions actually
substituted Ca®" ions in the crystal structure, as reported in
our previous study®). The introduction of Eu*" doping ions
in the samples, confirmed by ICP-MS, had no relevant effect
on the average crystallite size estimated by the Pawley
refinement method: crystallite size values of 15 nm (Tamp,
EtOH as quencher), 9 nm (7 = -4 °C, EtOH as quencher) and
14 nm (Tymp, flow EtOH as quencher) for Eu(m)-doped CM
produced under identical experimental conditions were
obtained (17, 10, 16 nm crystallite size was obtained for the
undoped samples). Independent nanoparticles were detected
by TEM micrographs (Fig. S51) of the sample synthesised at
-4 °C, like in the analogous undoped CM sample. However, a
few spindle-like aggregates in the 100-200 nm range were
observed in TEM micrographs of the doped samples
synthesised at room temperature quenching the reaction

Table 1 Expected and experimental values of the molar ratios, at% =
(nEu/nMo) x 100

Sample at% (expected) at% (ICP)
Eu:CM_01 2.97 3.25(0.31)
Eu:CM_02 3.00 3.25(0.31)
Eu:CM_03 3.00 3.27(0.31)

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 (a) Excitation spectra of the three Eu(m)-doped calcium molybdate samples (1em = 612 nm). (b) Emission spectra of the three samples under

285 nm excitation. Inset: Enlargement of the region 400-600 nm.

mixture in bulk (Eu:CM_01, first setup) and in flow (Eu:
CM_03, second setup). Since the formation of such
aggregates was not observed at -4 °C (sample Eu:CM_02),
this confirmed that performing the synthesis at low
temperature allowed a better control over nanoparticle
aggregation, most likely due to the strongly increased
viscosity of the reaction mixture and sudden decrease in
solubility of the product.

Finally, to assess whether the structural features of the
doped samples affected their optical properties as well as to
assess the effectiveness of the doping, optical absorption and
photoluminescence measurements on powders were
performed. In particular, the absorption spectra of the
samples were evaluated through UV-vis diffuse reflectance,
while excitation and emission spectra were recorded as well
as photoluminescence lifetime and emission quantum yield.

The bandgap energy estimated for the doped samples was
4.2 eV for all samples, comparable to literature data®*° (Tauc
plots reported in Fig. S87).

The excitation spectra of three samples doped with Eu®",
acquired by monitoring the emission of Eu** ions (fem, = 612
nm), are reported in Fig. 7a. Two distinct excitation
contributions were observed: the broad and intense band in
the region 250-330 nm was assigned to a combination of
charge transfer (CT) transitions from [MoO,]*” and [Mo,0,]*
groups to Eu’* ions,®’*> and several sharp peaks at higher
wavelengths ascribed to direct Eu®" f-f absorption. The most
intense lines were at 395 and 465 nm, due to 'F, — °Ls and
’F, — °D, transitions, respectively. For all the samples, the
f-f transition peak intensity was lower than the intensity of
the CT band, suggesting that the electron transfer from the
Mo0,*” group towards Eu®* was efficient,”’* and therefore
that the doping process was likely effective. While the lines
due to f — f Eu®* absorption were quite similar for the three
samples, a shoulder at 310 nm was observed in the CT
excitation band of the Eu:CM_02 sample (i.e. synthesised at
low temperature), not evident in other samples. It is already
known that a red-shift of the CT band can be an effect of a

This journal is © The Royal Society of Chemistry 2024

weaker extent of covalence on the Eu*'-0%*" bond, since it is
more difficult for the electron to transfer to the free Eu®" 4f
state within the host CaMoO, matrix. The change in the local
microstructure around Eu®’, sometimes induced by co-
doping with different alkaline earth metals (i.e. a well-known
mechanism of charge compensation in CaMoO, doped with
trivalent ions such as Eu®"), and the increase in the cell
volume or particle size, are mainly responsible for the red-
shift of the CT band.”*"®

Fig. 7b shows the emission spectra of the three
nanophosphors under 285 nm excitation (i.e. excitation of
the matrix CaMo00O,). The emission spectra for all CaMoO,:
Eu®" phosphors consisted of typical emission lines of Eu*"
and a very weak residual emission band of host material at
520 nm (see Fig. 7b, inset), suggesting a good energy transfer
from the matrix to Eu®* ions. For all the samples, the most
intense emission signal was at 612-615 nm, attributed to the
hypersensitive electric dipole transition D, — ’F, of Eu®"
that is known to be highly sensitive to the surroundings of
Eu®" ions, and it occurs only when Eu®" is located in a non-
centrosymmetric site. Since the peak shape was similar for
all samples, it can be stated that the local environment was
the same even if the synthesis procedure was different, and
in particular a non-centrosymmetric site of the Eu®* ion
could be supposed for all samples. The other transitions,
such as °D, — ’F; (magnetic dipole transition at 592 nm,
sensitive to symmetric sites) and *D, — ’F; °D, — 'F,
located in the range of 530-710 nm, were weak.””””® From the
calculation of the asymmetry ratio, defined as the ratio
between the integrated area under the D, — “F, and the °D,

Table 2 Photoluminescence properties. The relative amplitudes for each
component are reported in parentheses

Sample 71 (us) 7, (us) Asymmetry ratio  FQY (%)
Ew:CM_01 483 (50%) 953 (50%) 9.7 9.0
Ew:CM_02 347 (32%) 837 (68%) 11.7 13.9
Ew:CM_03 480 (47%) 930 (53%) 9.5 9.5

CrystEngComm, 2024, 26, 6052-6064 | 6061
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— 7F, signal, it was possible to measure indirectly the degree
of distortion of the local surroundings of the Eu®’ site. The
asymmetry ratios ranged from 9.5 to 11.7 (Table 2). Such high
asymmetry ratio values (even larger than the values reported
in the literature’®®’) were a proof that in all phosphors, the
Eu®" occupied the Ca®* site in the lattice that lacked
inversion symmetry, such as in the scheelite tetragonal
structure, thus that the doping of calcium molybdate with
Eu’" was efficient with the employed microfluidic setups. In
addition, a higher (°D, — “F,)/(’D, — ’F,) value indicated
better color purity, a feature which is useful for their
application in LED technologies. By comparing the three Eu-
doped samples synthesised with different sets of synthetic
conditions, the sample synthesised at low temperature (Eu:
CM_02, red plot, Fig. 7) was observed to be characterised by
the highest emission intensity. This agreed with the highest
fluorescence quantum yield (FQY) measured for this powder
(Table 2), suggesting that the microstructure of the particles
in the Eu:CM_02 sample had a stronger impact in reducing
the non-radiative decay paths, or quenching centers (traps),
with respect to other samples.®>*%!

The photoluminescence decay curves of the three
phosphors upon excitation at 285 nm (Fig. S61) of the D, —
’F, transition of Eu®" ions at 612 nm can be well fitted with a
double exponential function:

I(t) :Ale—t/n +A2e—t/rz

where I(¢) is the phosphorescence intensity, A; and A4, are
constants, and 7; and 7, are the Eu®" lifetimes.

Even if in the literature the decay of Eu*'-doped
phosphors is mono-exponential,”>”*”%8 it is quite usual for
particles having high surface-to-volume ratio to have multi-
exponential decays. The measured lifetimes (Table 2) were
anyway in the same range found for Eu®" compound
lifetimes. Eu:CM_01 and Eu:CM_03 were characterised by the
same lifetime and amplitude values, while for Eu:CM_02 the
longer lifetime had a higher relative amplitude. This was
consistent with previous comments on the higher
fluorescence  efficiency characterising the Eu:CM_02
phosphor and with the results we obtained in our previous
work.>°

Conclusions

Undoped and Eu(m)-doped calcium molybdate particles
ranging from nano- to microstructures were successfully
synthesised by exploiting a novel microfluidic route. The
stages of particle formation and aggregation were
investigated through a systematic variation of the dielectric
constant and viscosity of the reaction medium as well as the
temperature of the reaction mixture.

The obtained results were correlated to the most
acknowledged models of nucleation and growth of LaMer-
Dinegar and Sugimoto-Chu. The microfluidic approach
turned out to be particularly suitable in finely tuning

6062 | CrystEngComm, 2024, 26, 6052-6064
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synthetic conditions, in an easy and effective way, by just
exploiting Milli-Q water/ethanol mixed solvents as reaction
environment, playing with the implementation of a
quenching step in different ways, and with the temperature
control offered by high surface/volume ratio of the reactor. In
particular, the effect of the ethanol content in the solvent
mixture was observed to dramatically affect crystallite size as
well as particle aggregation into microstructures with
different morphologies. A remarkable effect was played by
the quenching step, which was crucial in limiting particle

growth and aggregation and in obtaining primary
nanoparticles, by changing quencher composition (e.g.
solvent mixture or ethanol) and/or temperature. The

possibility of effectively doping CM with Eu(m) under
microfluidic conditions was demonstrated by ICP-MS, XRD
and photoluminescence properties. Indeed, doped samples
showed notable optical properties, which allowed us to
hypothesise the inclusion of Eu(m) ions in the CM crystal
lattice, replacing calcium cations, leading to good quantum
yield, and marking these systems suitable in applications as
phosphor. In this regard, we are confident that our synthetic
approach could be employed for the synthesis of CM doped
with other Ln ions by simply introducing different Ln*" ions
in the microfluidic system as well as different doping
percentages by varying the concentration of the dopant ion
solution. Indeed, we have already demonstrated in our
previous studies how versatile a microfluidic system can be
in terms of readily adjusting the reaction conditions to
obtain products with customised properties and controlled
stoichiometry.*®

The role of the microfluidic setup (ie. experimental
conditions) in the functional properties was also explored,
evidencing how reaction temperature plays a major role in
controlling product features in terms of crystallite size,
particle size and aggregation.
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