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Introduction

ABSTRACT

In recent years, mechanochemistry has experienced a massive resurgence
allowing for solvent-free preparation of many important materials with minimal
energy requirements. This paper provides a review of the mechanochemical
preparation of nanocrystalline metal halides for applications as inorganic phos-
phor materials. The review puts strong emphasis on our recent work on optical
and X-ray storage phosphors such as the matlockite BaFCL:Sm>*. In addition,
previously unpublished results are presented including the effect on the samar-
ium oxidation state when using ball-milling, as well as results on other rare earth-
doped matlockites. We outline how mechanochemical methods can be applied to
synthesise, without the need for solvents and high temperatures, a wide range of
halides ranging from the most important commercial X-ray storage phosphor
BaFBr:Eu”" to lead perovskites of the formula APbX; with A = Cs*, CH;NH;™,
etc., and X = F, C], Br, I or a mixture thereof. We also demonstrate that a wide
variety of solid solutions of the general formula M}CM%_XFX;X%_y (with M"' and

M? = Ba, Sr, Ca; X!, X*> = Cl, Br, I) that can be suitable hosts for luminescent
activator ions, can be prepared by mechanochemical methods. Importantly, for
prolonged grinding times with a high-energy ball-mill, crystallites on the
nanoscale can be obtained as can be confirmed by Rietveld refinements of powder
XRD patterns and electron microscopy.

cavemen by rubbing pieces of wood together to cause
friction and then combustion is arguably a

Mechanochemical preparation methods are likely the ~ mechanochemical process, the first documented
oldest form of chemical synthesis, dating back thou-  report of a mechanochemical reaction appears to be
sands of years [1, 2]. Whilst the making of fire by the preparation of mercury from cinnabar by
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grinding [3]. In the early period of modern science,
mechanochemistry however played only a minor part
[4] although it did receive the attention of highly
prominent nineteenth-century scientists such as
Michael Faraday [5].

Mechanochemical synthesis is based on solid-state
reactions that are facilitated by mechanical energy
with no or minimal solvent [6]. For example, a simple
kind of mechanochemistry utilises just a mortar and
pestle and the solid-state reaction is induced by the
grinding of the reagents, ie. mechanochemistry
achieves chemical transformations by milling or
grinding without requiring bulk dissolution of
reagents.

In recent years, mechanochemistry has experienced
a massive resurgence not only because it allows for
the solvent-free preparation of important materials
but also because it reduces the energy requirements
[1-5, 7]. In addition, mechanochemistry allows for the
preparation of homogeneous solid solutions that are
otherwise difficult to prepare since solvent-based
chemistry or high-temperature synthesis often results
in phase separations.

Many inorganic salts are synthesised by sintering
the reagents at high temperatures, whilst quite often
the same compounds can be prepared at room tem-
perature by mechanochemical means although this is
still not widely applied. Moreover, mechanochemical
synthesis, in particular, high-energy ball-milling, also
allows for the preparation of particles on the nanos-
cale [8, 9]. This is particularly important given that
nanoscale materials are attracting vast attention due
to their unique properties that can lead to various
technological and medical applications [10-12].

As alluded to before, green chemistry has been one
of the main motivators for the resurgence of
mechanochemistry [7, 10, 13], since the need for
multiple solvents is eliminated, often making the
synthesis inherently cleaner and more efficient. As an
example, the mechanochemical process is a cleaner
alternative for the synthesis of pharmaceutical phenol
hydrazones [14]. In many cases ball-milling can lead
to higher yields with lower energy consumption even
compared to alternative solvent-free reaction meth-
ods. For example, the mechanochemical-based
Suzuki-Miyaura coupling of phenylboronic acid with
aryl bromides showed higher yields and a significant
reduction in energy usage compared to microwave
irradiation-based  synthesis [15]. In addition,
mechanochemistry only requires simple equipment
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that is widely available in chemistry laboratories and
it provides new possibilities for synthesising mole-
cules and materials that would otherwise be difficult
to achieve [16, 17].

In recent times mechanochemical transformations
conducted by milling or grinding have emerged as
versatile and powerful alternatives to conventional
synthesis of organic molecules, coordination poly-
mers and frameworks, and co-crystals. In these sys-
tems, mechanochemical reactivity was shown to
provide access to noticeable reductions in the use of
solvent and energy and provided enhanced control of
reaction stoichiometry [18]. In addition to material
synthesis, mechanochemistry can also be used to
allow for the separation and recovery of chemical
species and components from minerals and waste
materials through another chemical and/or physical
operation [19]. Significant progress has also been
made towards the understanding of mechanochem-
istry. Urakaev et al. [20-24] have for instance made
seminal contributions to delineating the mechanism
and kinetics of mechanochemistry.

In the present article, we provide a review of our
recent work on the mechanochemical preparation of
nanocrystalline metal halides that have significant
potential for applications as phosphors. For example,
we have recently shown that the nanocrystalline
X-ray storage phosphors BaFCl:Sm>* and BaFBr:Eu**
can be prepared by ball-milling [25, 26]. In addition,
we provide a range of novel findings that extend
upon the current literature. (Note: figure captions
indicate whether results are novel or have previously
been published).

Background and context

In order to provide a wider context of our work on
phosphors, the following section provides a brief and
non-exhaustive overview of a selection of related
compounds that have been successfully synthesised
mechanochemically. This includes alkali metal
halides, alkaline earth metal halides and, more gen-
erally, metal halides.

There are many examples in the literature of the
synthesis of alkali metal halides using
mechanochemistry. Seiffert et al. for instance repor-
ted the mechanochemical preparation of AX/BX/
(H,0O) with A, B = alkali metal and X = halide and
the resulting solid solutions [27]. Moreover, Valor
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et al. studied the interactions of potassium bromide
with alkali fluorides (LiF, NaF, KF, CsF) by milling.
They discovered that when grinding AX and BX (A,
B = Na, K, Rb, Cs; X = Cl, Br, I) reactions only occur
when the salt crystals are stable at room temperature
[28]. Simple AMX; compounds where A is an alkali
metal and M is a divalent metal and X is a halide
have also been prepared successfully by milling
according to the scheme in Eq. (1):

For example, mechanochemical synthesis of NaMF3
(M = Fe, Mn, Ni) has previously been demonstrated,
with such compounds being e.g. prime candidates for
positive electrode materials in sodium batteries [29].
Moreover, an early review of mechanochemical
reactions in alkali halide discs was given in Ref. [30].
The mechanochemical approach has also been
applied to the synthesis of carnallite-type double salts
(e.g. AMgB;-6H,0O, A =K, Cs; B = Cl, Br) [31]. Fur-
thermore, Scholz et al. demonstrated cryolite (Naj
AlFs) and chaolite (NasAl;F;4) synthesis with high-
energy ball-milling [32], with the former potentially
having applications within insecticides. The
mechanochemical approach has also been used to
synthesise ternary zinc fluorides AZnF; (A = K, Na,
NH,) [33] and complex fluorides ARF, (A = Li, Na,
K; R = rare earth) having potential applications as
solid electrolytes [34]. Similarly, Dimov et al.
demonstrated the ball-milling of NaMF; (M = Mn,
Fe, Co, Ni, Cu) compounds for studies into next-
generation batteries [35]. Mechanochemical synthesis
of the ternary halides KMCl; (M = Ti, Cr, Mn, Fe, Co,
Ni, Cu, Zn) has also been reported [36].

Most demonstrations of mechanochemical synthe-
sis utilise ball-milling with e.g. planetary ball-mills.
Such techniques have been used for the fast solvent-
free synthesis of many materials including basic
alkaline earth metal halides. Dreger et al. however
also showed that basic MF, (M = Mg, Ca, Sr, Ba)
systems can be synthesised simply by mixing or
manual shaking [37, 38]. Moreover, the preparation
of nanocrystalline materials by mechanochemical
approaches has been shown to improve the ionic
conductivity of BaF,, CaF, and SnF,:PbF, mixtures
[39]. Another example is given by nanocrystalline
BaF,:CaF, composites (1020 nm crystallite size)
prepared by high-energy ball-milling for which DC
conductivities as high as 0.1 mS cm™" at 450 K were
reported [40]. This extraordinary conductivity was
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due to the diffusivity of fluorine in the composites.
This initial report was followed up by more extensive
investigations [41, 42]. Very recently, Wilkening et al.
reported that in nanocrystalline LaF;:5rF, ceramics
prepared mechanochemically, the conductivity
increases by several orders of magnitude [43]. Rela-
ted studies on solid solutions M?__MYF, (M = Ca, Sr,
Ba), Sry - Y.Fo 1, (x=0...05) and MgF-MF,
(M = Ca, Sr, Ba) prepared mechanochemically were
also reported by Scholz and Kemnitz et al. [44-46].
Furthermore, Rongeat et al. demonstrated Ba; _ .
La,F, ; » synthesis with ball-milling for potential
applications as electrolytes for fluoride ion batteries
[39]. The mechanochemical approach has also been
used to synthesise other alkaline earth metal halides
including fluorides such as Ca; _,La,F», , [47]
Mechanochemical synthesis of ternary halides such
as AB,X4 (A = Mg, Mn, Zn; B= Li, Na; X = Cl, Br) has
also been reported [48].

There are many examples in the literature of other
metal halides synthesised by mechanochemical
means. Here we discuss a limited selection of these.
Lee et al. for instance demonstrated the
mechanochemical synthesis of LaOX (X = Cl, Br) as
an alternative to solid-state synthesis at high tem-
peratures [49]. Bowmaker et al. have shown that
mechanochemical synthesis can be used in copper (II)
halide/pyridine systems Cu(py)mXY (py = pyridine;
X,Y = Cl, Br, I) [50], illustrating that this approach is
applicable to redox reactions and complex syntheses
with up to five components. Hernandez et al.
demonstrated the mechanochemical synthesis of
M(CO)sX (M = Re, Mn; X = Cl, Br, I) systems which
are used as precursors of luminescent rhenium
organometallics, catalysts and complexes of
[Re(CO);5]" as used for the in vitro assessment of
%™MTc complexes in radiopharmaceutical and imag-
ing applications [18]. The mechanochemical
approach has also been used to synthesise other
metal halides including fluorides such as La;_,Ca,
F3_, [51] and complex metal fluoride KMF; (M = Mg,
Zn, Mn, Ni, Cu and Co) systems [52]. In an interest-
ing and recently published paper, the influence of
reagents on the orthorhombic and cubic phase PbF,
(e.g. lead(Il) acetate, lead(Il) oxide, lead(II) carbonate,
NH,F, NH HF,) prepared by high-energy ball-mil-
ling was reported [53]. Also, the preparation of the
cubic perovskites KMF; (M = Mg, Ca, Mn, Fe, Co, Ni
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and Zn) by ball-milling equimolar mixtures of KF
and MF; has been reported [54].

Materials and methods

Mechanochemical synthesis in our work was exclu-
sively undertaken by using a high-energy ball-mill
(shaker mill Retsch MM200 with a 10-mL zirconia-
lined jar and two 12-mm, 5.5 g zirconia balls). Typi-
cally, a maximum total mass of ~ 0.5g of the
reagents (i.e. ball to reagent mass ratio of 21:1) was
used and the mill was operated at 20 Hz. Both
hydrous and anhydrous salts were used in the
preparation step. As an example of a typical prepa-
ration method for a samarium-activated phosphor, a
mixture of 02g (1.59 mmol) SrF, 0.19%g
(0.79 mmol) BaCl,-2H,0O, 0.237 g (0.79 mmol) BaBr,
and 2.7 mg (7 x 10~ mmol) SmCl;-6H,O was ball-
milled for 90 min. The powder was then removed
from the ball-mill jar and dried at 60 °C and then ball-
milled for another 90 min to render nanocrystalline
Bag 5Sro sFBrg sCly 5:Sm>+.

The resulting powders were characterised by
powder XRD (Rigaku MiniFlex 600), electron micro-
scopy (SEM and TEM) and optical spectroscopy,
including cathodoluminescence. For the SEM and
TEM imaging, the particles were dispersed in
dichloromethane or ethanol and imaged using a FEI
Tecnai G2 Spirit TEM or a field emission SEM (FEI
Quanta 450 FEG, 10 kV) in the secondary electron
mode, respectively. Scanning electron microscopy
was also conducted on a JEOL 7001 field emission
scanning electron microscope.

Optical spectroscopy was conducted using a range
of systems, including a Spex Horiba Jobin—-Yvon
Fluoromax-3, a Spex 0.5-m monochromator equipped
with Andor cameras (DV401A-BV Si CCD and
DU490A-1.7 InGaAs camera), a Spex 1704 1-m
monochromator equipped with an Andor CCD
camera and a Shimadzu UV-2450 reflectance spec-
trometer. For laser-based experiments, Toptica DL110
external cavity diode lasers were used around
688 nm in addition to a range of blue diode lasers
around 425 nm. Appropriate interference or colour
glass filters were applied to optimise the beam.

The X-irradiation was undertaken using a Sirona
HELIODENT plus dental X-ray source, the Rigaku
MiniFlex 600 powder XRD or a Varian Clinac linear
accelerator (RPA Hospital, University of Sydney). A
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mercury lamp (Oriel, 6034) was used for UV
radiation.

Results

Rare earth ion-doped nanocrystalline
matlockites as storage phosphors

Compounds of the general formula MFX (with
M =Ca, Sr, Ba and X = Cl, Br, I) crystallise in the
tetragonal matlockite (PbFCI) structure with space
group P4/nmm-Dy,. The structure comprises of
alternating cation and anion layers perpendicular to
the crystal c-axis with the peculiar feature of the
chloride ions forming anionic double layers as can be
represented by (F-Ba®"—Cl-Cl -Ba®"),. For example,
for BaFCl, the Ba®" ions sit in sites of Cuy point
symmetry and are ninefold coordinated with 4 F~
(Ba®*—F: 2.058 A) and 4 CI~ ions from the adjacent
planes perpendicular to the c-axis (Ba*>*-Cl™: 3.107 A)
and a 5th Cl™ ion along the c-axis (from the 2nd Cl~
plane) just above the first C1~ plane (Ba**—Cl: 3.052
A) [55]. Such matlockites have gained considerable
interest in recent years for a variety of applications
[56-63].

We have for example shown that sub-micron
powders of the matlockite BaFCl doped with Sm**
and synthesised by co-precipitation of BaCl, with
NH,F, are efficient X-ray and UV storage phosphors
[64-66]. The average crystallite size for samples pre-
pared in this way is typically on the scale of
300 x 200 x 70 nm®. The storage mechanism is
based on the trapping of electrons at the Sm>* centres
upon electron-hole creation by X- or y-rays or by
photoinduced electron transfer from oxide impurities
in the matlockite host [67]. The resulting Sm>" ions
can then be readout by photoexciting the narrow
°D; — “F; f-f transitions in the red region of the
spectrum via the parity-allowed f-d transitions
around 417 nm.

The behaviour of the co-precipitated BaFCl:Sm>*
upon exposure to 6MV LINAC radiation is illustrated
in Fig. 1. It is noted here that much lower doses are
required to get the same effect when irradiation is
conducted in the diagnostic X-ray region (20-100 kV),
where the material strongly absorbs. In addition,
similar Sm®*" — Sm*" reduction effects are observed
upon exposure to UV-C light.
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Figure 1 Luminescence and excitation spectra of co-precipitated spectra of the irradiated samples are offset in the y-axis by
nanocrystalline BaFC1:Sm®>" before (blue lower trace) and after 0.4 x 10° cps for clarity. Panel ¢ shows normalised excitation
(red upper trace) exposure to 10 Gy of 6 MV LINAC X-ray spectra monitored at 595 nm (blue trace) and 687 nm (red trace)
radiation. Panels a and b show the photoluminescence spectra with enabling the measurement of the selective spectra of Sm>" and
excitation wavelengths of 401 and 430 nm, respectively. The Sm>", respectively.

Importantly, the storage phosphor can also be
prepared by mechanochemistry, in particular by ball-
milling (shaker mill) of the reactants at 20 Hz for
about 3 h [25]. The following reaction schemes then
apply for the anhydrous and hydrated BaCl, salts,
respectively: i ¥ : 0 25 30 35 40 45

Size/nm

BaCl, + BaF, 4+ SmF;(<1%) — 2BaFCl : Sm>"  (2)

BaCl, - 2H,0O + BaF, + SmFg( < 1%)
— 2BaFCl : Sm*" + 2H,0 (3)

The average size of the resulting particles is on the
30-nm scale, i.e. an order of magnitude smaller than
by co-precipitation. A typical TEM image of
nanocrystalline BaFCl:Sm>" prepared by ball-milling
is given in Fig. 2.

The powder XRD diffraction patterns of
BaFCl:Sm’* obtained by co-precipitation and ball-
milling are compared in Fig. 3. The larger widths of
the diffraction peaks clearly indicate the 10 x smaller
crystallites for the case of ball-milling. A crude
approximation for average particle size is given by
the Scherrer equation [68]:

ki
~ Pcosd

Figure 2 Representative TEM image of BaFCl:Sm>" prepared
by ball-milling. The inset shows a histogram that is based on a size
analysis of 235 crystallites across 15 TEM images. The solid line
shows a Gaussian fit to the distribution.

4 . . .
“) that takes into account strain employs the Wil-

where / is the wavelength of the X-rays, k is a con- liamson-Hall analysis [69] as given by Eq. (5,

stant (typical value used is 0.89), and f is the full
width at half maximum (FWHM) of the diffraction
peak, corrected for instrumental broadening, at angle
0. A more accurate analysis of average crystallite size

B2 cos?(0) = (%) ’ +16¢? sin?(0) (5)

where f is the full width at half maximum of the
diffraction peak (approximated with a Gaussian
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Figure 3 XRD patterns of co-precipitated and ball-milled BaFCl
with the standard BaFCl powder diffraction file (JCPDS No.
76-1368).

lineshape) at angle 0 corrected for the instrumental
broadening, 1 is the wavelength of the X-rays, and ¢ is
a parameter describing the microstrain.

Naturally, a full Rietveld analysis (for example by
Fullprof [70] or Maud [71]) of the diffraction pattern
can also deliver the average crystallite size. Applying
a Rietveld analysis to the powder diffraction patterns
of BaFCl nanopowders prepared by ball-milling
typically indicates an average crystallite size of
~ 30 nm.

From a powder diffraction analysis, it appears that
the presence of water molecules during crystallisa-
tion (BaCl,-2H,0) aids the reaction and a pure mat-
lockite phase is achieved for shorter ball-milling
times [25] as is illustrated in Fig. 4.

Importantly, the kinetics of the formation of the
nanocrystalline matlockite can also be followed by
the evolution of the Sm>* luminescence in this host as
is illustrated in Fig. 5.

The sensitivity to X-ray and UV radiation of co-
precipitated (250 ppm Sm’') and ball-milled
BaFCl:Sm’* (0.2%) is compared in Fig. 6. It follows
from this experiment (Fig. 6b) that the ball-milled
sample contains a significantly higher initial Sm**
concentration after the preparation step. This is
commensurate with the fact that relatively high local
temperatures are induced by the collision of the balls
in the mixer mill as is discussed in the literature
[22, 72]. We have previously shown that annealing of
co-precipitated samples [73] leads to a sizeable
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increase of the Sm** concentration with a maximum
reached at 500 °C, i.e. this system could in principle
serve as a temperature sensor for ball-milling pro-
cesses. As indicated above, the UV sensitivity of these
samples is based on the ubiquitous oxide impurities
in matlockites [74, 75], which act as electron donors
upon excitation into their absorption bands around
200 nm. In particular, the Sm*" — Sm*" reduction is
highly efficient for exposures in the deep UV (UV-C)
below 220 nm. This discovery is believed to poten-
tially have significant ramifications for highly effi-
cient optical data storage [65, 76].

In addition to the preparation of BaFCl, a vast
variety of solid solutions of the general formula
MM; FX; X3 (with M' and M? = Ba, Sr, Ca; X!,
X?=Cl, Br, I) can be prepared. The MFX parent
systems with M = Ba, Sr, Ca and X = Cl, Br, I, all
crystallise in the PbFCl matlockite structure with
space group P4/nmm [77]. As a consequence, these
systems are fully miscible, allowing solid solutions.

For this article we investigated the tunability of the
5Dy — “Fy luminescence transition as a function of the
M}CMixFX;Xiy composition, and also the X-ray and
UV sensitivity of two systems as is illustrated in
Fig. 7. The 5Dy — "FySm*" f-f transition can be tuned
over ~ 4 nm allowing engineering of inhomoge-
neous distributions. Interestingly, the X-ray exposed
sample saturates at much higher levels. This may
indicate that the number of samarium-oxide centres
with an adequate separation for the electron transfer
to occur upon UV exposure is limited, although the
low penetration of the 188-nm UV light compared to
X-rays may also be a contributing factor. Further
work is needed to fully elucidate the reason for the
difference in saturation behaviour. All the saturation
curves can be fitted well with double exponential
functions, indicating first-order dispersive kinetics.

Mechanochemistry can also be used for the direct
preparation of alkaline earth fluorohalides doped
with rare earth ions in the 42-oxidation state. For
example, nanocrystalline BaFBr:Eu®* can be directly
prepared by ball-milling a mixture of BaF,, BaBr, and
EuBr; under a nitrogen atmosphere [26]. As shown in
Fig. 8, the as-prepared nanocrystalline powder
becomes an efficient photostimulable X-ray storage
phosphor upon annealing at temperatures in the
range of 400 to 900 °C. This mechanochemical
method with subsequent annealing has the potential
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Figure 5 Evolution of the Sm** *Gs, - °H; luminescence lines
with increasing periods of ball-milling (traces from bottom to top
were measured after ball-milling periods of 10, 20, 30, 40, 60, 150

to yield photostimulable phosphors with much
higher sensitivity and spatial resolution [26].
Likewise, nanocrystalline BaFCl:Sm** with differ-
ent concentrations of Sm** ions can be prepared by
ball-milling BaCl,, BaF, and Sml, under a nitrogen
atmosphere. The resulting material contains both
divalent and trivalent samarium ions, but more than

80
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40

20

T ) }
600 650 700
Wavelength/nm

— 20

550 750

and 180 min) of a anhydrous reagent BaCl, and b hydrated
BaCl,-2H,0 with BaF, and SmF;. Adapted with permission from
Ref. [25], copyright 2013, Elsevier.

90% of them were in 4 2-oxidation state. This points
to a significant potential for the preparation of a wide
range of related X-ray and optical storage phosphors
containing rare earth ions in divalent and trivalent
cationic states by mechanochemical methods [78].
The successful incorporation of divalent samarium in
BaFCl by ball-milling is illustrated in Fig. 9 where the
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Figure 7 a Ball-milled M;M7 FX;X]  :Sm>* (~ 0.2%)
before and after UV irradiation in the region of the Sm>*
Dy - "Fo luminescence line when excited by a 430-nm LED.
From left to right: BaFBrgolg; (green), BagSro4FCl (red),
Bag 1Sr( oFCl (black), Sry gCag ,FCI (blue). b Saturation behaviour

reflection spectrum of nanocrystalline BaFCl:Sm**
prepared by ball-milling is shown.

As has been reported previously, other rare earth
ions such as Yb’* and Er’* can also be successfully
doped into alkaline earth fluorohalides by
mechanochemical methods [79]. For this article we
also prepared two ball-milled samples doped with
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Dy**, BaFCl:0.5% Dy”" and SrFCL:0.5% Dy’*. As is
illustrated in Fig. 10, after UV radiation, divalent
dysprosium Dy*" occurs as can be observed by its
emission lines at about 1.4 pm. These emission lines
can be assigned to the 5Iy - °Is band. The reduction
upon exposure to UV light around 200 nm is again
based on the photoinduced electron transfer from the
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Figure 8 Intensity of the photostimulated 4f65d—> 4f’ Eu**
luminescence at 390 nm after annealing nanocrystalline
BaFBr:Eu?" at 900 °C for 1, 2, 3, 4, 6 h (bottom to top;
30 mGy 60 kV ESD) compared to the spectrum of a commercial
imaging plate (black dotted line; 3 mGy 60 kV ESD). The
luminescence was stimulated for 10 s by a red LED (634 nm;
~ 5 mW/cm?) and the spectrum accumulated on a 0.5-m Spex
spectrograph equipped with a CCD camera. The inset shows a
SEM micrograph of the non-annealed sample. Adapted from Ref.
[26] with permission from The Royal Society of Chemistry.

0.85

8x103

1.00 =

6 o

[¢]

§ 0.95 5
2 4 =
% 0.90 =3
2 2 2
{S_)

g.

=

VS - TR G S 0

1 1 1 1 |
350 400 450 500 550 600 650 700
Wavelength/nm

Figure 9 Comparison of the reflection spectra of nanocrystalline
BaFCl:Sm? " (red solid trace) and BaFCI:Sm> " (black solid trace)
and corresponding absorption spectra (dashed lines) as calculated
by the Kubelka-Munk transformation. The intense 4f°-4f5d"'
transitions around 417 nm render the BaFC:Sm*" sample yellow
to orange depending on the Sm>* doping level. Reprinted with
permission from Ref. [78]. Copyright 2014, American Chemical
Society.

ubiquitous oxide impurities in matlockites, to the
trivalent dysprosium. The oxide impurities have
strong absorption transitions around 200 nm [65].
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Figure 10 Photoluminescence (Aey = 462 nm) of Dy*" ions in
ball-milled BaFCl:0.5% Dy*" and SrFCL:0.5% Dy*" after UV
radiation.

Samarium-doped room temperature spectral
hole-burning materials

Electronic transitions in the solid state are ubiqui-
tously broadened by variation of the local environ-
ment through lattice imperfections due to strain,
unintentional impurities, point defects and isotope
distributions [80]. In addition to the defects and
impurities that are incorporated when using standard
solvent-based crystallisation or melt-based crystal
growth, mechanochemical methods may exacerbate
impurity levels (material from the jar and balls) and
defect densities [81]. The inhomogeneous broadening
I'inn dominates at low temperature, but for many
systems the homogeneous (natural) linewidth I'; is a
significant if not dominant contribution to the width
of an optical transition at room temperature since it
rapidly increases with temperature due to phonon-
scattering processes. In their early work, McCumber
and Sturge analysed the temperature dependence of
the R-lines PE « A, transitions) of ruby (AlL,Os:
Cr’*") above 80 K and derived the well-known ~ T’
temperature dependence, as given by Eq. (6), for the
linewidth contribution AI'yaman caused by two-pho-
non Raman scattering of Debye phonons,
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where Tp, is the Debye temperature. Importantly, the
T’ dependence is a good approximation only for
temperatures below 0.2 Tp.

The inhomogeneous broadening I'i,, can be over-
come by a range of laser techniques including spec-
tral hole-burning [80]. This technique relies on the
frequency-selective excitation of a subset of optical
centres within the inhomogeneous distribution,
resulting in the depletion of the ground state of the
selected centres. Transient spectral hole-burning is
due to population storage either in other ground-
state levels or the electronically excited state. Persis-
tent spectral hole-burning can be caused by a light-
induced rearrangement of the local environment of
the optical centre, leading to a shift of the transition
frequency for the resonant centres, or by a photo-
chemical process in the excited state.

In general, the luminescence properties of inor-
ganic materials activated by samarium ions have
been widely studied for their potential as solid-state
lasers, luminescence materials and optical data stor-
age media [82-84]. Much attention has been directed
to Sm>*-doped alkaline earth fluorohalides MFX
(M =Ca, Sr, Ba; X =Cl, Br, I) ever since the first
observation of photon-gated spectral hole-burning
was reported for BaFCL:Sm*' [85]. It is widely
believed that Sm*" may be the key to very high-
density frequency domain optical data storage
[59, 83, 86]. Importantly, Sm*>"-doped systems have
been demonstrated to display room temperature
hole-burning [59, 83, 86], a very rare phenomenon
since the homogeneous linewidth usually dominates
at room temperature. The f—f transitions are relatively
immune to variations in the local environment and
can also involve purely non-magnetic levels, i.e. they
are not subject to electron spin flip-flops.

Mechanochemical methods enable the preparation
of heavily alloyed solid solutions, allowing for an
increase in the inhomogeneous linewidth. For exam-
ple, Bag 5Srg sFBrg sCly 5:Sm>* can be readily prepared
by ball-milling as is described in brief in the methods
section above. As follows from the powder XRD
pattern shown in Fig. 11 for a sample prepared for
this article, a proper solid solution is achieved in this
way with an average crystallite size of about 27 nm.
Figure 11 also shows the diffraction patterns of the

. e
l" (exp(x) — 1>2] ©

@ Springer
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Figure 11 Diffraction pattern (black diamonds) of nanocrys-
talline Bag sSrgsFClosBrgs and its parent compounds with
Rietveld refinements (red solid lines).

parent compounds with Rietveld refinements, and
some of the results from these refinements are sum-
marised in Table 1.

Interestingly, as shown in Table 1, the unit cell
lengths (2 = 4332 A; ¢ = 7.256 A) of BagsSrosFClys
Bros are approximately the average of the parent
systems (d;verage = 4.317 A; Caverage = 7-261 A) as is
expected for a proper solid solution. There appears to
be a variation in crystallite size determined largely by
the ball-milling time and the reagents used (anhy-
drous versus hydrated). The values given in Table 1
pertain to the data presented in Fig. 11. Table 1 also
illustrates that there is in general a slight lattice
expansion for the nanocrystallites in comparison with
the bulk material in agreement with other reports
[87-89].

The Sm®>" ion can then be switched by X-rays to the
divalent oxidation state, and the latter can then be
employed in spectral hole-burning experiments [90].
This is illustrated in Fig. 12 where panel (a) shows
the °Dy —» “F, luminescence line before and after
X-irradiation and after spectral hole-burning. Note
that the wavelength scale in Ref. [90] is incorrectly
calibrated and the remeasured and fully corrected
spectra are shown in Fig. 12. For comparison, the
"Dy = “Fy Sm>" line is also shown for the X-irradi-
ated BaFCl:Sm®" (black dash-dot line). The observed
linewidth broadens from 0.32nm (6.7 cm™') to
1.67 nm (35 cm™!) for the solid BagsSrosFClysBros
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Table 1 Lattice parameters (P4/nmm space group) and crystallite size of nanocrystalline Bag 5Sr( sFCly sBrg s compared with MFX parent
systems. For the latter, the unit cell lengths of bulk materials from Ref. [55] are given in italics within the square brackets
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System a (A) c(A) Average isotropic crystallite size (nm)
BaFCl 4.400(1) [4.391(3)] 7.237(2) [7.226(4)] 40 £ 3
BaFBr 4.516(1) [4.503(2)] 7.458(2) [7.435(4)] 64 +3
StFCl 4.130(1) [4.129(2)] 6.976(2) [6.966(4)] 66 & 3
SrFBr 4.222(1) [4.218(2)] 7.374(2) [7.337(5)] 41 +£2
Bay 5Sto sFCly sBro 5 4.332(1) 7.256(2) 27+ 1
. Upconversion phosphors
10x10
Lanthanide-doped upconversion nanoparticles have
2 gained considerable interest in recent years, given
3 their capability of emitting anti-Stokes luminescence,
= i.e. emission at higher energy than the excitation
e wavelength [91-94]. Superior properties such as
= inertness to photo-bleaching, long-lived lumines-
cence allowing for deep tissue penetration and rela-
tively low toxicity, make them interesting candidates
for applications ranging from 1D and 2D biosensors,
to displays and photo-catalysis [95-98]. We have
2 demonstrated that mechanochemical methods can be
g used to prepare efficient upconversion phosphors.
2 For example, NaYF;Gd>"/Yb>*/Tm>" powders
8 prepared by ball-milling NaF, YF;, GdF;, YbF; and
é TmF; at room temperature displayed efficient
g 4 -
5 5L i
© 800nm
6x10? L1 ' ' L L = st o ea
684 686 688 690 692 — oned
Wavelength/nm ——30% Gd
——40% Gd
Figure 12 Spectral hole-burning in the Dy~ F, transition of T 45%Gd
X-ray generated (9 Gy 40 kV radiation) Sm*" in nanocrystalline ;
Bag 5Sro sFCly sBrg 5:Sm>™ at room temperature. Panel a shows % 450n) 634nm
the spectrum of Sm*" in the region before (dashed black trace) E LA T —— A A
and after X-irradiation (solid blue trace) and after spectral hole- % 450 500 550 600 €50 700
burning (green trace). The narrow linewidth trace shows the laser B
line used for the hole-burning experiment. Panel b shows the
change in luminescence intensity upon spectral hole-burning.
N -
solution, enabling the burning of multiple spectral

holes into the inhomogeneous distribution of the
5Dy — “F, transition. Panel (b) shows the hole-burn-
ing difference spectrum (difference of spectra before
and after exposure to “resonant” laser light). The hole
depth is about 5%, i.e. this is a relatively shallow hole,
but much deeper holes can be burnt into this system.

400 l 4%0 l 5(I)0 ’ 5I50 ' 6(1)0 ' 6%0 I 7(IJO ' 7%0 ‘ 8(1)0 ’
Wavelength(nm)

Figure 13 Upconversion luminescence spectra of NaYggo _

Ybg 1 Tmg01GdF4 (x =0, 0.1, 0.2, 0.3, 0.4 and 0.45) samples.

The inset shows the same spectra in the visible range only.

Reproduced with permission from Ref. [99], copyright 2015,

Elsevier B.V.
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Figure 14 Upconversion luminescence spectra (excited at
980 nm) of ball-milled StFC1:0.5% Yb**/0.1% Er*" as a function
of X-ray dose. Inset: corresponding photographs showing visible
emissions upon 980-nm excitation (50 W cm™2) before and after
X-irradiation (80 Gy). Reproduced from Ref. [79] with permission
from The Royal Society of Chemistry.

upconversion luminescence upon excitation by a
980-nm laser diode (see Fig.13). XRD and TEM
analyses demonstrated that the resulting materials
are mainly in the hexagonal phase and are on the
nanoscale with an average crystallite size of ~ 20 nm
[99].

As shown in Fig. 14, ball-milled SrFCL:Yb>"/Er**
nanocrystals also displayed relatively efficient
upconversion luminescence under 980-nm infrared
excitation. Upon X-ray exposure, the upconversion
luminescence intensity decreased due to the reduc-
tion of Yb’* and Er’" ions into their divalent state.
This phenomenon can be used as a novel method for
detecting ionising radiation by monitoring changes in
the upconversion luminescence intensity [79].

| J Mater Sci (2018) 53:13643-13659

Lead halide perovskites

Lead halide perovskites of the general formula
APbX; with X = Cl, Br, I or mixtures thereof and
A = CH;NH; ", [HC(NH,),]t or Cs' have received
unprecedented attention in the history of materials
science over recent years [100-103]. This frenzy of
activity revolves around the fact that thin films of
CH3NH3Pbl; as the active material provide highly
efficient solar energy conversion with efficiencies of
up to 21%. In addition, caesium salts have a signifi-
cant potential as phosphor materials for LEDs. There
is no doubt that these materials display highly
interesting phenomena and that they may lead to
new materials that can be used effectively as low-
temperature solvent-processed solar cell materials,
but so far such applications still face major engi-
neering challenges in terms of stability, e.g. moisture
sensitivity, reactivity and environmental concerns.

Recently, it has been demonstrated that CH;NH;
Pbl; can be prepared without solvents via the ball-
milling route [104]. A clean perovskite phase was
obtained using the advantageous mechanochemical
preparation method.

Figure 15 shows the powder XRD, reflectance and
photoluminescence spectra of a CsPbBr; sample that
was prepared for this article by ball-milling CsBr and
PbBr; at 20 Hz for 90 min. The average crystallite size
as determined by the Rietveld refinement was found
to be 130 nm. The photoluminescence was measured
on a very thin film of the material on a glass sub-
strate, and the reflectance was measured by diluting
the material into a BaSO,4 matrix. This figure demon-
strates that the lead (or tin) perovskites can be syn-
thesised by facile and solvent-free mechanochemical
means. Importantly, the mechanochemical method

Figure 15 a Powder XRD (a) 1.2 —

pattern (black diamonds) of g s

CsPbBr; powder with a 1.0 -~ 8 ]
Rietveld refinement (blue solid mg 08

line). The residual is shown in 3

red. b Reflectance (3 weight% % 0.6

CsPbBr; in BaSO,) and S

photoluminescence (PL) % 0.4

spectra of the solid CsPbBr; Z oo

powder.

0.0 e

T (b) 100

©
o
0LxsdojAususiul 1d

Reflectance (%)
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o
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allows for the preparation of systems that would
otherwise be impossible using solvent methods, such
as CsPbCls_I,.

Conclusions

Mechanochemistry offers an exciting alternative to
solvent and high-temperature-based preparation
methods for alkali, alkaline earth and metal halides
that have potential for a wide range of optical and
electro-optical applications and in particular for
storage phosphors. As shown in this article,
BaFBr:Eu**, which is the most important storage
phosphor in computed radiography, can for example
be prepared at room temperature by a facile ball-
milling process. In many cases, it is also possible to
obtain the material at the scale of tens of nanometres
and for prolonged ball-milling times relatively nar-
row particle size distributions can be achieved.
Mechanochemistry has a significant potential in the
preparation of optical phosphor materials whether it
be X-ray storage phosphors, UV-Vis light storage
phosphors or light converters in coatings of LEDs. It
is often possible to obtain pure phases (at least at the
XRD level) that are otherwise difficult to achieve. It is
also possible to obtain true solid solutions of rather
complicated mixtures of halides which can be used in
the design of optical storage materials. For example,
the alloying of halides allows engineering of the
inhomogeneous linewidth in order to enable room
temperature spectral hole-burning that in turn could
be used in frequency domain optical data storage
amongst other applications.
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