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Abstract: This review article compiles the recent achievements made in layered rare-earth (RE)
hydroxide (LRH), including controlled crystallization, structural and morphological features, anion
exchange, nanosheet exfoliation, and application in the field of luminescence for both the
Lny(OH)s5(A™ )1, nH,0 (251-LRH) and Lny(OH)4(A™ )2,-nH,O (241-LRH) phases. The luminescent
properties of the LRHs themselves, the oxide, oxysulfate, and oxysulfide phosphors derived from the
LRHs via controlled calcination, and the highly oriented transparent phosphor films of enhanced
luminescence and/or novel emission features are summarized.
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1 Introduction

Layered inorganic compounds, including the anion-type,
cation-type, and neutral-type (such as graphite), have
been drawing keen research interest during the very
recent years. Owing to their unique combination of a
layered crystal structure and rich interlayer chemistry
(anion exchange and intercalation), the compounds are
finding a wide range of applications in rechargeable
batteries, pollutant trapping, heterogeneous catalysis,
drug delivery, microelectronics, and so forth [1].
Another unique and fascinating feature of the layered
compounds is that they may potentially be exfoliated
into unilamellar nanosheets or nanosheets of few-layer
thickness [2]. The anion-type layered compounds are
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three-dimensional crystals built up via repetitive
stacking of two-dimensional infinite nanosheets with
positive charges that are neutralized by the anions
accommodated in the interlayer gallery, and is vice
versa for the cation type [3]. The atoms in the main host
are held together primarily by covalent bonding so as to
form substantially rigid two-dimensional layers, while
the interaction between the charged layers can be much
weaker [3]. One typical and widely studied example of
the anion type is the layered double hydroxides (LDHs,

[M M’ (OH),]"[4" 1 -nH,0, where M represents
a metal cation and 4 denotes interlayer anion [4]). The
composition is diverse as the general formula suggests,
but all the components are isostructural and are derived
from brucite [Mg(OH),], which consists of Mg(OH)s
octahedra sharing edges to form infinite charge-neutral
layers. Partial substitution of the M*" ions by M

renders layers that acquire a positive charge, which is
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balanced by an interlayer counter anion between the
two brucite-like slabs [4]. Layered rare-earth
hydroxides (LRHs), having the general formula of
Lny(OH)g_p(A™ ) nH,0 (Ln: trivalent rare-earth ions;
A intercalated anion; 1.0 << m << 2.0), are a new family

of anion-type inorganic layered compounds, but

exclusively contain Ln’" cations in the host layers [5-7].

Due to the unique electronic, optical, magnetic, and
catalytic properties of the Ln elements, the LRHs are
attracting continuous attention since their emergence in
2006 [5], and extensive efforts have been paid to their
synthesis, structural characterization, anion exchange,
and exfoliation. Lny(OH)s(A™) - nHO (m=1, n=1-2,
and typically n = 1.5; termed as the 251-LRH phase)
[5-7] and Lny(OH)4(A™)yrnHO (m=2, n=0-2;
241-LRH phase) [8,9] are two important groups of the
LRHs family. The anions (such as NO;3 ™, CI, and Br)
in the 251-LRH phase of n~ 1.5 frequently exist in the
interlayer gallery as free ones (not coordinated to the
Ln®" center) and thus exhibit facile exchange with a
wide range of carboxylate and sulfonate anions [10—-15].
Therefore, the 251-LRHs may potentially be exfoliated
into  single-layer nanosheets of significantly
two-dimensional morphologies for the further
construction of various nanostructures, particularly
highly transparent functional films. The 241-LRH
phase, on the other hand, is rigidly pillared by the
interlayer anions (typical of SOf{) [8,9], and thus

exfoliation of its bulk crystals into nanosheets with the
strategy applied for 251-LRHs has not been achieved.
The LRHs of the 251 and 241 phases, both having Ln
centers in the hydroxide host layers, represent a new
class of luminescent materials. In addition, some
important categories of phosphors, including oxide,
oxysulfate, and oxysulfide, can be facilely converted
from the LRHs via proper annealing. This review article
summarizes the recent achievements attained in the
fascinating field of LRHs, including controlled
crystallization, structural and morphological features,
anion exchange and exfoliation, and application in
phosphors and transparent films.

2 Controlled crystallization and structural
and morphological features

2.1 Lny(OH)s(A™)/x-nH,0 (251-LRH)

Homogeneous precipitation, hydrothermal reaction, and

titration are the main techniques to obtain 251-LRHs.
Two types of Ln environments exist in the crystal
structure of 251-LRH, that is, 8-fold coordinated
[Ln(OH);H,0] and 9-fold coordinated [Ln(OH)sH,O]
polyhedrons (Fig. 1). Each LnOg polyhedron is linked
to two other LnOg polyhedra and four LnOy polyhedra
via edge sharing, and the linked polyhedron units then
form a two-dimensional host layer parallel to the ab
plane (Fig. 1) [5]. The A", typically of NO3/Cl/Br-
(x=1) and SOZ‘ (x=2), is mainly located in the
interlayer space to support the layers, and the loss of
coordinated water molecules will result in an abrupt
layer contraction [10—-15]. The hydration number tends
to decrease with increasing atomic number for the
chloride family (orthorhombic structure) while increase
for the nitrate analogue (monoclinic structure) [6,11].
The synthesis of 251-LRHs for the full spectrum of
lanthanides (including Y) was pursued by several
research groups including us. A series of 251-LRHs,
with single-phase products for Sm—Er and Y, have been
synthesized by homogeneous precipitation, which
involves refluxing an aqueous solution containing the
corresponding Ln salt (nitrate or chloride) and
hexamethylenetetramine precipitant [6]. Solvothermal
reaction, however, is needed to extend the nitrate
family of 251-LRHs to the bigger ions of Gd, Eu, Nd,

Fig. 1 A schematic illustration of the crystal structure of
Ln,(OH)sCl-nH,0. Reproduced with permission from Ref.
[6],© American Chemical Society 2008.
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and La [16,17]. The work by Mclntyre et al. [14] found
that the small Yb*" ion tends to precipitate as a phase
mixture of Yb,(OH)sNO;-H,0, Yby(OH)sNO;-1.5H,0,
and Yb,(OH)sNO;-2H,0, and the anion exchangeable
Yb,(OH)sNO;3-1.5H,0 compound can only be obtained
as a single phase via controlling crystallization kinetics.
The successful synthesis of 251-LRH for the smallest
Lu®" has not been achieved up to date to the best of our
knowledge. Hydrothermal reaction in the presence of
alkali-metal hydroxide or ammonium hydroxide is
currently the most widely used technique for LRH
synthesis, and phase composition of the hydrothermal
product is found to be rather sensitive to the
processing conditions. For the Y/Eu binary system,
reacting at 120 ‘C and pH~7 would yield 251-LRH
solid-solution crystallites of a uniform hexagonal
crystal shape, with the lateral sizes of ~1 um and
thicknesses of ~90 nm (Fig. 2(c)) [7]. Higher pH values
and higher temperatures would, however, lead to
LI’I40(OH)9NO3, LH(OH)2‘94(NO3)0‘06'I’leO, and even
Ln(OH); crystallization [18]. Ammonium nitrate
(NH4NO;) was found to be an effective mineralizer to
significantly widen the formation domain of the
nitrate-type 251-LRHs (up to 200 ‘C under pH ~ 7-8),
so that much larger crystals, with the lateral size up to
0.3 mm (Figs. 2(a) and 2(b)), can be obtained via
hydrothermal reaction [18]. The reason is that the Ln*"
ion presents as [Ln(OH)X(NO3)y(H20)]3 7 complex in
an aqueous solution, and the OH and NO; anions
compete with each other to coordinate Ln**. Increasing
temperature or solution pH would yield more OH™
while less NOj  in the complex and thus lead to products
of successively lower NO; /OH™ molar ratio [18]. The
NH4NO; mineralizer provides additional NOj3 to
balance off the effects of temperature or pH increase,

AT

Adding more NH,NO;

Using TBAH as precipitant

Fig. 2 Representative  morphologies of  the
(Y,Eu),(OH)sNO;-nH,O crystals obtained under different
conditions.

and thus the formation domain of nitrate-type
251-LRHs can be substantially widened. On the other
hand, 251-LRH nanoplates of a few layers thick can be
obtained by effectively suppressing the high-activation-
energy thickness growth along the c-axis through
surface capping or low-temperature precipitation. In the
former case, tetrabutylammonium hydroxide (TBAOH,
(C4H9)4N+-OH_) was found to be effective, since it not
only supplies precipitating OH™ but also stabilizes the
building units (host layers) of LRH via surface
adsorption of the (C4Ho)sN" (TBA") ions left behind
(Fig. 2(e)) [19]. In the latter case, the freezing
temperature of ~4 ‘C was shown to be low enough to
effectively suppress the thickness growth along the
c-axis while high enough to crystallize the hydroxide
main layers (the ab planes) [20]. With the latter
technique,  single-phase  nitrate-type  251-LRH
nanosheets of only ~4 nm in thickness have been
synthesized in large quantities for a wide spectrum of
Ln (Ln=Pr, Nd, Sm, Eu, Gd, Tb, Dy, Y, Ho, and Er)
(Fig. 2(d)) [20]. It was also shown that the solution pH
needed for LRH crystallization successively decreases
with decreasing ionic radius of Ln*" owing to the
gradually higher extent of Ln®" hydrolysis following
lanthanide contraction [20]. For the Y-based 251-LRHs,
it was shown that Eu incorporation led to steadily
smaller crystallites, elongation of the well-developed
hexagon platelets, and linearly expanded ab plane of the
layered structure, while the interlayer distance (c/2),
closely related to the hydration number #, is inversely
proportional to the Eu content (Fig.3) [7]. A lower
hydration by Eu’" doping was found to shift the Eu*"
coordination from Cj, to C; symmetries [7]. Similar
phenomena were observed for the incorporation of
other lager Ln*", such as Gd** or Tb** [21-23]. It should
be noted that, up to date, the sulfate-type 251-LRH of
Lny(OH)s(SO4)05-nH,O was exclusively obtained via
SO; exchange of the NO; or CI” in the interlayer of
the 251-LRHs crystallized beforehand. Our recent work
showed that (Gd 1 _beX)z(OH)5(SO4)()_5 : nH20
nanoplates (x=0.06-0.10), with the lateral sizes of
~450-1000 nm and thicknesses of ~65—-85 nm, can be
directly synthesized via hydrothermal reaction in the
presence of (NH4),SO4 under the mild conditions of
~120 C and pH~ 10 [15].

2.2 Lny(OH),SO,-nH,0 (241-LRHs)

The 241-LRH compounds of Lny,(OH)4SO,4 2H,0 are
crystallized in the monoclinic system (space group:
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J Adv Ceram 2017, 6(3): 177-186

180
(a)
(002)  (004) (220)
Wi x=1.00
| 885 Scs § %
~ b JIBEEEE & F xS
= [ |
L - x=0.50
|
%‘ g L x=0.25
c !
M x=00]
= ] i (230)
L ) i x=0.05 |
- (400) 620) (040)
H_)r- LNy } — x=0

10 20 30 40 50 60 70 80

20(%)

Host layer expansion, less water

(b) Esezecesyed
L] D s & . | O
P
- L L] . 4 E
. RO Rre L
L] B 82
[Fatea saee o] ¢
& ,l—‘b
.y . Eu® “— HO ®_ noy
1.7
(4
(c) 16
1.5
8 1.4
r
> 1.3 Part 1
=
1.2 Part2
1.1 .
1.0 T T

T T T

T
00 02 04 06 08 10
X value

Fig. 3 (a) XRD patterns and (c) the hydration number » of (Y;_,Eu,),(OH)sNO;-nH,O as a function of the Eu content (x value).
(b) Structure changes induced by Eu®’ doping. Reproduced with permission from Ref. [7], © American Chemical Society 2010.

C2/m), and the structure is built up via alternative
stacking of the interlayer sulfate ions and the [LnOy]
polyhedra containing two-dimensional host layers
along the a-axis (Fig. 4) [9]. The sulfate group bonds to
two Ln cations separately residing in the adjacent layers
and links the layers via trans-bidentate coordination
(Fig.4) [9]. Homogeneous precipitation and
hydrothermal reaction are the two main ways to obtain
241-LRHs. The former technique seems limited to
intermediately sized Ln’*, and a series of single-phase
241-LRHs (Ln=Pr-Tb) have been synthesized through
homogeneous hydrolysis of Ln sulfates in the presence
of hexamethylenetetramine [8]. We recently proposed
hydrothermal reaction for the controlled crystallization
of 241-LRHs, using Ln nitrate and (NH4),SO, as the
reactants, and successfully extended this family of
compounds to the larger Ln’" of La and smaller Ln*" of
Dy [24]. Reaction temperature and solution pH were
identified as two most influential factors that determine
the phase constituent of the hydrothermal product [24],

S0, interlayer

which can also be understood in view of lanthanide
contraction. For example, under the same hydrothermal
conditions of 100 ‘C and pH=9, the larger Ln*" of
La—Gd crystallized as 241-LRHs while the smaller ones
of Tb>" and Dy’" were formed as the more OH~
containing 251-LRHs of Lny(OH)s(SO4)o s-nH,O owing
to their higher extent of hydrolysis [24]. This
rationalization was supported by the fact the 241-LRHs
of Tb and Dy can be produced at 100 C under the lower
pH of 7, since a lower pH suppresses the hydrolysis of
Ln’" [24]. The lattice parameters (a, b, and c¢), cell
volume, and axis angle of the 241-LRHs across the
lanthanide series (Ln=La-Dy) monotonously decrease
as the size of Ln’" decreases [24]. The particle
morphology was found to be significantly affected by
the solution pH. In a neutral or acidic solution,
aggregates were formed since the protonated crystallite
surfaces electrostatically attract negatively charged
SO42_ anions and as a result the primary crystallites
were glued together [24]. As seen from Fig. 4 (pH=7),

Fig. 4 Illustration of the stacking pattern of the crystal structure of Dy,(OH),SO4 nH,O 241-LRH (left) and SEM images of the
Ln,(OH),SO4:2H,0 241-LRH products obtained via controlled hydrothermal reaction (Ln=Gd, Tb, and Dy; right). Reproduced
with permission from Ref. [24], © The Royal Society of Chemistry 2017.
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the well dispersed 241-LRH particles of Gd (spheres,
~50 um), Tb (peanuts-shaped, ~40 um in length), and
Dy (dumbbell-shaped, up to ~130 um in length) are all
aggregated from thin platelet microcrystallites [24].
Dispersed thin-plate-like crystallites of the 241-LRHs
can be produced in an alkaline solution (such as pH=9),
since the crystallite surfaces are hardly protonated, as
observed from the products of Ln=La—Gd [24].

3 Anion exchange and nanosheets
exfoliation

The A™ of 251-LRHs (such as NO3, Cl", and Br ; x=1)
and 241-LRHs (such as SO/"; x=2) is mainly in the
interlayer supporting the layers. The A anions in the
251-LRHs are generally not coordinated to the Ln*"
centers and thus can undergo facile exchanges with a
wide range of organic dicarboxylate anions, but the
241-LRHs are rigidly pillared by sulfate ions and are
not anion-exchangeable. Therefore, the recent
achievements summarized in this section are focused on
251-LRHs. The exchange can be simply achieved by
immersing the pristine crystallites in an aqueous
solution containing the sodium salt of the desired anion
in an excessive dosage. Taking Y,(OH)sNOs5-nH,O for
example, the interlayer NO; was confirmed to be
exchangeable at room temperature by either
monovalent F~ or divalent SO~ [20], which is also
applicable to the 251-LRHs of other Ln members. The
basal spacings of the pristine and anion exchanged
products can be rationalized by considering the
geometric size/orientation of the anions in the interlayer
and particularly the host-anion interaction via
electrostatic attraction and hydrogen bonding [20]. It is
known that layered materials may swell and delaminate
into nanosheets in water or an organic solvent under
certain conditions. Similar to the procedures applied for
LDHs, the 251-LRH crystals can be exfoliated into
single-layer nanosheets of ~1.6 nm thick in formamide
after exchanging the interlayer anions with
dodecylsulfonate (C;,Hps0SO;, DS) [25]. The
resultant nanosheets are, however, frequently limited to
~500 nm in lateral size due to the small size of the
starting crystals (up to ~5 um) and cracking of the
nanosheets under lengthy (several days) mechanical
agitation for exfoliation [26]. The LRH crystals
synthesized with NH4NO; as a mineralizer, having a
lateral size of ~300 um and a thickness of ~9 pm (Fig.

2(a)) [18], are attractive starting crystals for the
exfoliation of ultra-large nanosheets, but successful
insertion of DS™ anions into the interlayers is rather
challenging at room temperature owing to the very large
crystal size. We recently proposed hydrothermal
exchange of the interlayer NO; for so large LRH
crystals, and through kinetics study a “wriggle
intercalation” model was proposed for the DS~ anions
(Fig. 5(a)) [25]. Compared with the traditional anion
exchange at room temperature, hydrothermal
processing not only shortened the exchange time from
720 to 24 h but also significantly enlarged the basal
spacing [25]. Unilamellar nanosheets with the large
lateral size of more than 60 um and a thickness of only
~1.6 nm (single layer) have then been obtained by
delaminating the DS~ intercalated LRH in formamide
(Figs. 5(b)-5(e)) [25]. The interlayer spacing of LRH is
significantly affected by the size of the intercalated
anions, and a more weakened interlayer interaction by
inserting bigger anions is benificial to exfoliation. The
water-soluble DS™, which has a long carbon chain, is
usually employed to swell anion-type layered
compounds via room temperature anion exchange, and
successes were manifested in the cases of LDHs and
LRHs. The anions of even longer carbon chains, such as
oleate (C;7H33COQ"), are expected to be more efficient
for interlayer expansion but are hardly soluble in water
at room temperature. We reported the successful
insertion of oleate anions into the interlayers of tens of
micron-sized 251-LRH crystals via hydrothermal anion
exchange, based on which efficient exfoliation of
ultra-large (~20 um) and single layer (~1.55 nm thick)
nanosheets in toluene was achieved [27].

4 Application in phosphors and transparent
films

The 251- and 241-LRHs, with Ln centers in the host
layers, represent a new class of luminescent materials.
In addition, the important phosphor families of oxide,
oxysulfate, and oxysulfide can all be facilely converted
from LRHs via proper annealing. This section focuses
on the applications of the LRHs and their nanosheets in
phosphors and transparent films.

4.1 Lny(OH)s(A*)1/x-nH,0 (251-LRHs)

Eu’’ and Tb*" typically exhibit line-like red and green
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Fig. 5 (A) Schematic illustration of DS™ arrangement in the interlayer, and (B) FE-SEM, (C) TEM, and (D) AFM micrographs
showing morphologies of the nanosheets exfoliated from (Y,Eu),(OH)sNO;-nH,O crystals (0.3mm-sized). (E) Height profile along
the red line marked in (D). The inset in (B) shows the appearance of a colloidal suspension of the nanosheets in formamide with a
clearly observable Tyndall effect under laser beam irradiation. Reproduced with permission from Ref. [25], © National Institute for

Materials Science 2014.

emissions, respectively, which find wide applications in
the areas such as fluorescent lamps, white light
emitting diodes (white LEDs), plasma display panels
(PDPs), flat panel displays (FDPs), field emission
displays (FEDs), and cathode ray tubes (CRTs). In
(Y1-Eu,)2(OH)sNO3-1nH,0, decreasing hydration shifts
the coordination environment of Eu®" from Cy, to C
symmetries and thus leads to systematically varied
photoliminescence behaviors (Fig. 6) [7]. The C-site
Eu’" ions were found to be significantly associated with
the 5D0—>7F1 transition at 595 nm and the 5D0—>7F2
transition at 615 nm, while the Cj-site Eu’" is
associated with the 589 nm 5D0—>7F1 and 698 nm
*Dy—F, transitions (Fig. 6) [7]. The incorporated Gd**
cations selectively sensitize the emission from the
C-site Eu’" and produce an additional charge transfer
(CT) excitation band at ~254 nm [28]. With this, the
desired 615-nm red emission is obtainable either under
intra-4f® excitation of Eu’" or by exciting the CT
band [28]. The LRHs convert to cubic solid-solutions

of (Y_Eu,),0; at temperatures =400 C via a
(Y 1-+Eu,)20,(OH)NO; intermediate while retaining
the original particle morphologies [7]. The oxide with
x=0.05 exhibits the best luminescence for the 613-nm
red emission under UV excitation at 255 nm, and
significant luminescence quenching was observed at x >
0.10 [7]. On the other hand, the nanosheets exfoliated
from 251-LRHs tend to orient themselves with a certain
crystallographic direction perpendicular to the substrate
surface, owing to their significantly two-dimensional
morphologies, which may introduce additional or
greatly enhanced functionalities. The projection in the
[001] direction for the 251-LRH crystal and in the [111]
direction for the derived cubic oxide (Ln,O3) present
close similarities in terms of the atomic configuration of
Ln, and thus the phase transformation from LRH to
Ln,0; occurs quasi-topotactically [19]. In view of these,
a number of studies have been focused on the
construction of oriented fluorescent films, and the
transparent oxide phosphor films of the Y/Eu [19,25],

www.springer.com/journal/40145
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(Y _Eu,)»,(OH)sNO;-nH,0. The PL spectra are measured
under intra 4° electronic excitation of Eu®" at 395 nm. Inset
is the two °Dy—'F; peaks deconvoluted by Gaussian
fitting. Reproduced with permission from Ref. [7], ©
American Chemical Society 2010.

Y/Tb/Eu [27], Y/Gd/Eu [21], and Y/Gd/Dy [29]
systems with a uniform [111] orientation, a layer
thickness of ~90 nm, and a high transmittance of =
80% have been constructed with the exfoliated and the
as-formed nanosheets as building blocks via
spin-coating and self-assembly, followed by proper
annealing (Fig. 7). Owing to the significant [111]
orientation, the oriented Y/Eu oxide films were
observed to exhibit emissions up to 4 times that of the
powder form (Fig. 7). Gd** doping led to greatly
enhanced emission owing to the sensitizing effects of
Gd**, while multi-color emissions ranging from red,
orange, yellow, and then to green can be achieved by
co-doping of Eu’’and Tb’" and via the efficient
Tb>*—Eu®" energy transfer. Besides, inserting
rare-earth ions and/or organic sensitizers into the
interlayer gallery of LRHs may allow the appearance of
strong “synergistic effect” [30-35], with which hybrid
phosphors can be successfully fabricated to achieve
enhanced and color tunable emissions [30-32].
White-light  emitting  hybrid  phosphors  and
nano-composite films have also been successfully
designed and fabricated, utilizing the energy transfer
from Tb** to Eu®" and from an organic sensitizer (such
as PMMA) to the activator [31,32].

4.2 Lny(OH),S0,-2H,0 (241-LRHs)

Rare-earth oxysulfate (Ln,0,SO,) and oxysulfide
(Ln,O,S) are two important groups of compounds for
oxygen storage, catalysis, and luminescence
applications [36-38]. The compounds are traditionally
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Fig. 7 FE-SEM image of the oriented (Y9sEug5),03
film and a comparison of the PL spectra of the powder and
film forms. Reproduced with permission from Ref. [25], ©
National Institute for Materials Science 2014.

synthesized with the involvements of environmentally
harmful sulfur-containing reagents, such as elemental S,
CS,, H,S, and so on. Taking advantage of the fact that
the sulfate-type 241-LRH has exactly the same S/Ln
molar ratio of Ln,0,SO4 and Ln,O,S, we very recently
achieved green synthesis (with water vapor as the only
exhaust) of the latter two compounds using
Lny(OH)4SO4-2H,0 as the precursor (Fig. 8)
[9,24,36-38]. For example, (LaggsEug5)20,SO,4 red
phosphor can be converted from
(Lag.osEug 05)2(OH)4SO4-2H,0 via annealing in air at a
minimum temperature of 400 ‘C to achieve strong red
emission at 620 nm (the *Dy—F, transition of Eu’")
under 280 nm ultraviolet light excitation [36,38]. On the
other hand, annealing (Lag.9sEug,0s5),(OH)4S04-2H,0 in
flowing H, at a minimum temperature of ~700 C
directly produces (LaggsEu5)20,S red phosphor via
the (LaggsEug05),0,S0,4 intermediate (Fig. 8) [37].
Photoluminescence excitation (PLE) studies found the
two distinct charge transfer (CT) excitation bands of
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O* —>Eu’" at ~270 nm and S —Eu’" at ~340 nm for
(Lag.osEug05)20,S, with the latter being stronger and
both significantly stronger than the intrinsic intra-4{°
transitions of Eu’" [9]. Inserting the other important
activators of Pr3+, Sm3+, Tb® ", and Dy3+ into the two
hosts of La,0,S and La,0,S0,4 produced multi-color
emissions including bright red, green, orange red, and
yellow under ultraviolet excitation (Fig. 8), and the
photoluminescent properties, in terms of excitation,
emission, quantum yield, and color coordinates of
emission, have been thoroughly investigated [9].
Detailed investigation of the Tb>* emission revealed the
lack of 5D3 blue emission in La,O,S and a gradual
quenching of *Dj; emission at a higher Tb*" content in
La,0,S0, (hence decreasing Iygg/I545 ratio and changing
color coordinates), which were suggested to be due to
thermal activation of the °Dj; electrons of Tb>" into the
conduction band of the host lattice and cross relaxation
among the adjacent Tb>" ions, respectively [24].
Extended successes have also been achieved in the
green derivation of Ln,O,S and Ln,0,SOy for the other
Ln elements of La—Dy [24]. The photoluminescence
properties of Eu’" and Tb'" were thoroughly
investigated and compared for the two hosts of Gd,0,S
and Gd,0,S0y, and cathodoluminescence investigation
of (Gdg.99Tbg01)20,S found that the phosphor is stable
under electron beam irradiation and exhibited an
increasingly higher emission brightness as the
acceleration voltage (up to 7 kV) or beam current (up to
50 mA) increased [24]. The synthetic approach
developed for Ln,0,SO4 and Ln,O,S phosphors, with
water vapor as the only exhaust gas, is environmentally
benign and holds great potential for practical

applications [24].

5 Summary and outlook

The structural features, controlled crystallization, anion
exchange, nanosheet exfoliation, and application in the
fields of phosphors and oriented films were
demonstrated in this review article for both the
Lny(OH)5(A™)y,'nH,O (251-LRHs) and
Lny(OH)4(A™),,'nH,0 (241-LRHs) groups of layered
rare-earth hydroxides. Despite all the successes
achieved up to date, difficulties are frequently
encountered in synthesizing the 251-LRHs (A =NOj3 or
CI') of the largest La® and smallest Yb*" and Lu’" ions
and the Lny(OH)4SO4-2H,0 241-LRHs of Ln=Ho-Lu.
It should also be noted that much more research efforts
are needed to exfoliate large-sized LRH nanosheets in
reasonable quantities in a more efficient way. With
these issues being overcomed in the future, wider
applications of the LRH compounds can be expected.
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