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Abstract 

Layered rare earth hydroxides (LREHs) represent a new family of layered host 

compounds that integrate attractive physicochemical properties of rare earth elements 

with the wide tunability of guest anions. The compounds have attracted significant 

research attention and potential applications have been found in various fields such as 

optics, catalysis, bio-medicine and so on. In this perspective, we describe our recent 

progress in synthesis, structure characterization, and development of functionalities of 

the LREH compounds. A unique homogeneous alkalization method, in which RE ions 

are precipitated from a solution containing RE salt, concentrated target anions and 

hexamethylenetetramine, has been employed to effectively produce highly crystallized 

LREH samples. A range of anionic forms including chloride-, nitrate-, sulfate- and 

organodisulfonate-series, have been synthesized and structurally characterized. Two 

types of cationic rare earth hydroxide layers, {[RE2(OH)5(H2O)2]
+}∞ for the chloride- and 

nitrate-series, and {[RE(OH)2(H2O)]+}∞ for the sulfate- and organodisulfonate-series, are 

classified. Unique dehydration/rehydration behaviors or thermal phase evolution of the 

LREH compounds have been revealed and discussed in relation to the intrinsic crystal 

structures. An outlook for potential applications of LREH compounds as novel anion 

exchangers, precursors to unique functional oxides, and optical phosphors is described.   
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1. Introduction 

Materials based on rare earth (RE) elements provide valuable functionalities that play 

key roles in modern industry.1-5 Design and synthesis of new compounds with RE 

elements have become a hot research target, and incorporating them into a special host 

lattice has attracted enormous interest for seeking new and tailored optical, electrical, 

and magnetic properties.6-10 Among these studies, there has long been desire to 

incorporate trivalent RE ions to layered double hydroxides (LDHs, chemical formula: 

[M2+
1-xM

3+
x (OH)2]

x+(Am-)x/m·yH2O; M2+ : Mg2+, Co2+, Zn2+…, M3+ : Al3+, Fe3+, Co3+, Cr3+…, 

Am- : CO3
2-, SO4

2-, Cl-, NO3
-...; 0.2 ≤ x ≤ 0.33.), the well-known layered compounds 

characterized by facile anion-exchangeability that affords a range of applications in 

fields of catalysis, environments, energy, biology, and so on.11 However, because of the 

large difference in ion radii, isomorphous substitution of trivalent ions in the LDH hosts 

by RE ions is very difficult. Even in the case that successful incorporation was reported, 

only limited doping of RE elements was attained.12-15 Furthermore, obtained samples 

were mostly poorly crystalline, which makes it difficult to fully verify the intrinsic 

doping.12-17 In view of these drawbacks, efforts to new multifunctional materials coupling 

both novel properties of RE elements and anion-exchangeability have not witnessed 

significant progress. 

 

Consequently much attention has turned to the development of a new class of layered 

compounds built up from pure rare earth hydroxide layers and counter anions, namely, 

layered rare earth hydroxides (LREHs).18-43 Actually, reports on the synthesis of several 

rare earth hydroxysalts (we now know that these compounds adopt a layered structure 

and belong to the LREH family) can be dated back to the late 1960s.18-22 However, at 

that time, without knowledge of the crystal structure, little attention was paid to 

exploration of their physicochemical properties, particularly the interplay between the 

RE element and anions. It is only five or six years ago that the crystal structures were 

successfully revealed from highly crystallized samples.23,25,33,34,38,39 In 2006, the Monge’ s 

group first reported the synthesis of new compounds built by cationic rare-earth 

hydroxides layers, [R4(OH)10(H2O)4]A (R = rare-earth ions, A = intercalated organic 

anions, 2,6-naphthalenedisulfonate (NDS2-) and 2,6-anthraquinonedisulfonate 
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(AQDS2-)).23 Later on, LREH compounds intercalated with halide ions were reported 

from our group and the Fogg’s group in the year of 2008.25,33 Accompanied by these 

studies, many novel functionalities associated with facile anion-exchangeability, green 

catalytic activity and tunable photoluminescence were disclosed. Now, LREH 

compounds have turned into a new family of multifunctional layered solids that can 

combine intriguing properties of RE elements and flexible varieties of anionic 

guests.23,24,26-32,35-43   

  

We have conducted extensive studies on the synthesis of highly crystallized LDH 

compounds and their exfoliation into unillamellar nanosheets during the past 

decade.44-48 Based on this experience, we successfully applied a homogeneous 

alkalization route to produce highly crystallized LREH samples in a range of anionic 

forms.33-43 The crystal structures of several LREH compounds were analyzed from 

powder diffraction data and, on the basis of the structural information, their unique 

dehydration/rehydration behaviors, facile anion-exchangeability, thermal phase 

evolution and other properties have been well understood. The knowledge about these 

chemical properties is very useful in the exploration of LREH compounds as 

multifunctional materials. This perspective provides an overview of our efforts in the 

development of LREHs as an intriguing class of multifunctional materials. 

 

2. Homogeneous alkalization synthetic strategy  

We achieved the synthesis of highly crystallized LDH and brucite-type metal hydroxides 

by a homogeneous alkalization route.44-48 This method was applied for the synthesis of 

LREH compounds and found to be very effective in yielding high-quality polycrystalline 

samples. Typically, an aqueous solution, prepared by dissolving a suitable RE salt, 

hexamethylenetetramine (HMT, (CH2)6N4), and a source of target anions, was refluxed 

under N2 atmosphere in oil bath. Upon heating, HMT undergoes hydrolysis, slowly 

releasing OH- ions as below:  

(CH2)6N4+10H2O→6HCHO+4NH4
++4OH- 

RE ions are precipitated along with the OH- and target anions to form the crystalline 

LREH compounds. Under optimized conditions, highly crystallized LREH samples 

Page 3 of 24 Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



4 

 

composed of well developed platy microcrystals could be produced, as shown by the 

transmission electron microscope (TEM) or scanning electron microscope (SEM) 

images (Figure 1). X-ray diffraction (XRD) patterns in Figure 2 show a series of intense 

basal reflections as well as sharp non-basal peaks, suitable for the structure 

determination. This method enables the preparation of various anionic forms of LREH 

compounds, for example, the chloride-, nitrate-, sulfate-, and organodisulfonate-forms. 

The RE members can be varied among the lanthanide series according to the guest 

anionic form. Particularly, solid solutions containing several RE elements can also be 

conveniently prepared using this method.   

 

Table 1 A summary of the LREH compounds reported in recent studies. 

Anions RE elements Chemical formula Phase Basal spacing / nm Reference 

2,6-naphthalenedisulfonate 

(NDS2-) 

Y Y4(OH)10(NDS).4H2O Orthorhombic  1.526 23 

2,6-anthraquinonedisulfonate 

(AQDS2-) 

Ho,Dy,Yb RE4(OH)10(ANDS).4H2O Orthorhombic  1.783 for Yb 23 

NO3
- Y, Gd~Lu RE2(OH)5(NO3)·xH2O Monoclinic 0.83~0.92 24 

Cl- Y,Dy,Yb,Er 

 

RE2(OH)5Cl · 1.5H2O 

 

Orthorhombic  

Y:0.837; 

Dy: 0.841;  

Er: 0.839; 

Yb: 0.842, 0.800 

25  

Br- Y, Yb RE2(OH)5Br · 1.5H2O Monoclinic 

Y: 0.835;  

Yb: 0.835, 0.877 

25 

Cl- Nd, Sm~Tm RE8(OH)20Cl4 · nH2O Orthorhombic  0.830~0.870 33,34 

NO3
- Sm~Tm RE2(OH)5(NO3)·xH2O Monoclinic 0.83~0.92 38 

SO4
2- Pr, Nd, Sm~Tb RE2(OH)4SO4 · 2H2O Monoclinic ~0.83 37 

[O3S(CH2)nSO3]
2- La~Nd, Sm RE2 (OH) 4 [O3S(CH2 ) nSO3 ] ·2H2O Monoclinic 

~1.31 for n=3 

~1.40 for n=4 

39 
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Fig.1 TEM or SEM images of (a) Eu(OH)2.5Cl0.5·nH2O; (b) Sm(OH)2.5Cl0.5·nH2O; (c) 

Y(OH)2.5Cl0.5·nH2O;  (d) Gd(OH)2.5(NO3)0.5·nH2O; (e) Dy(OH)2.5(NO3)0.5·nH2O; (f) 

Er(OH)2.5(NO3)0.5·nH2O. Adapted with permission from ref. 33 (copyright 2008 

Wiley-VCH Verlag GmbH & Co. KGaA) and ref. 34, 35 (copyright 2008 and 2009 

American Chemical Society). 

 

Fig.2 Indexed XRD patterns of Ln(OH)2.5Cl0.5·nH2O (Ln: Nd-Tm, Y). The indices are 
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indicated for the Y member as an example. A trace amount of impurities was detected in 

the members of Nd and Tm. Adapted with permission from ref. 34. Copyright 2008 

American Chemical Society. 

 

3. Characterizations of LREH compounds 

3.1 Chloride-series: RE(OH)2.5Cl0.5·nH2O (RE: Y, Nd-Tm; n~0.8) 

LREH compounds with a chemical formula of RE(OH)2.5Cl0.5·nH2O were synthesized 

through the homogeneous alkalization route using NaCl as an anion source. 

Single-phase samples were obtained in RE members from Sm to Er, while a minor 

phase of Nd(OH)3 (~8.1%) coexisted in the Nd sample. Commonly, high relative 

humidity controlled above 70% was required to maintain the crystallinity.33 We collected 

high-resolution synchrotron XRD data, from which their crystal structure was analyzed. 

A typical example for Eu(OH)2.5Cl0.5·0.8H2O is depicted in Figure 3.  

 

The compound is crystallized in orthorhombic structure (space group P21212, cell 

parameters: a = 1.29152(3) nm, b = 0.73761(1) nm, and c = 0.87016(3) nm).33 In the 

structure, Eu ions are accommodated in two kinds of sites: one (Eu1) occupies 4c sites, 

surrounded by seven hydroxyls and one fully occupied H2O molecule. The other 

occupies on 2a (Eu2) or 2c (Eu3) sites, bonded to eight hydroxyls and one partially 

occupied H2O molecule. Every hydroxyl group is bonded to three Eu ions. Eu ions of the 

same type are arranged into a row along the b axis, and the rows are alternatively 

packed along the a axis, forming infinite layers of {[Eu2(OH)5(H2O)2]
+}∞. The chloride 

ions are accommodated in a well-defined site between two neighboring layers. This 

aspect is distinct from LDHs where anions are heavily disordered in the interlayer 

gallery.  
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Fig.3 (a) Crystal structure of Eu(OH)2.5Cl0.5·0.8H2O; (b) 3D electron-density distribution 

of the structure; (c) Rietveld refinement profiles; (d) Coordination of the Eu ions in the 

cationic host layers. Adapted with permission from ref.33. Copyright 2008 Wiley-VCH 

Verlag GmbH & Co. KGaA. 

 

The series show the progressive decrease in the in-plane cell parameters along the 

periodic table, which is attributable to the so-called lanthanide contraction.34 Two sets of 

distinct interlayer distance, ~0.870 nm for Nd to Gd, and 0.845 nm for Tb to Er were 

observed, being associated with different degrees of hydration. The hydration is directly 
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related to the occupancy of H2O on the nine-fold coordinated RE ions. Under an ideal 

condition where all the H2O sites are fully occupied, the hydration number per unit cell is 

8 (4 from eight-fold coordinated REs and 4 from the nine-fold ones). Rietveld analysis 

results indicate that the hydration number tends to gradually decrease across the 

series; 7.4, 6.3, and 7.2 for higher hydrated Nd, Sm, and Eu samples, and 5.8, 5.6, 5.4, 

and 4.9 for lower hydrated Tb, Dy, Ho, and Er samples, respectively. For the Er phase, 

the occupancy of H2O on the nine-fold coordinated Er is as low as 0.2, which may be 

understood in terms of the crowded coordination sphere for this ion. Namely, Er is the 

smallest ion that represents the limit for adoption of this structure. In this regard, the 

water molecules are supposed to play a key role in stabilizing the structure of the 

{[RE2(OH)5(H2O)2]
+}∞ layers.  

 

The compounds underwent interesting dehydration/rehydration behavior at room 

temperature, as indicated by in-situ basal spacing measurements at controlled relative 

humidity (RH).34 For the Nd member, the basal spacing remained virtually constant as a 

function of RH. For the members of Sm, Eu and Gd, two sets of basal spacing 

(0.85-0.86 nm, or 0.83-0.84 nm) were observed, indicating two immiscible phases with a 

different degree of hydration. Abrupt and reversible transformation between these two 

phases took place in the dehydration and rehydration processes. For the other 

members, Tb to Tm, and Y, the basal spacing was constant at 0.83 nm throughout the 

RH range.   
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Fig.4 Changes in basal spacing (a) and sample weight (b) of RE(OH)2.5Cl0.5·nH2O as a 

function of RH. Adapted with permission from ref.34. Copyright 2008 American 

Chemical Society. 

 

3.2 Nitrate-series: RE(OH)2.5(NO3)0.5·nH2O (RE: Y, Sm-Tm) 

Similar to the chloride-series, the nitrate-series of LREH compounds were synthesized 

by applying concentrated NaNO3 in the homogeneous alkalization method.35 The 

samples have a general chemical formula of RE(OH)2.5(NO3)0.5·nH2O (RE: Y, Sm-Tm), 

which are crystallized in monoclinic phase. The in-plane cell parameters a and b are 

very close to those of corresponding chloride-members, suggesting a similar layered 

architecture. On the other hand, the parameter c is double the basal spacing, 

suggesting a complex lattice, involving possible gliding of adjacent layers with respect to 

each other. Close examination of the indices indicates a systematic absence of l =2n +1 

for h0l. The possible space group is among Pc, P2/c and P21/c. Due to a large number 

of diffraction peaks overlapping each other, crystal structure determination was 

hindered even from high-resolution synchrotron XRD data from powder samples.  

 

The dehydration/ rehydration behaviors of the nitrate-series are very different from 
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those of the chloride-series.35 Figure 5 shows changes in basal spacing against RH in 

the dehydration and rehydration processes. On the basis of the behaviors, the 

nitrate-series can be divided into three groups. The group (I) is the Sm sample, the 

largest RE member in this series. The Sm phase displayed two set of basal spacings: 

0.88 and 0.83 nm for high hydration (HH) and low hydration (LH) phase, respectively. 

The HH phase transformed into the LH phase at about 30% RH, and was not recovered 

in the reverse process upon humidification. The group (II) contains samples from Eu to 

Ho, which underwent reversible dehydration-rehydration. In the dehydration process, 

the basal spacing shrinkage was 0.05 – 0.07 nm, much larger than that of about 0.02 

nm observed in the chloride-series samples. The group (III) contains the heavy RE 

members of Er and Tm, which showed a high hydration state in a wide RH range from 

90% to even 5%. The high layer charge density as a consequence of shrinkage in 

in-plane lattice dimensions for the heavy RE-element phases may favor the adoption of 

high hydration phase.   

 

Fig.5 Changes in basal spacing of the nitrate-series LREH compounds as a function of 

RH. Left: dehydration. Right: hydration. Adapted with permission from ref. 35. Copyright 

2009 American Chemical Society. 

 

3.3  Sulfate-series: RE2(OH)2SO4·2.0H2O (RE: Pr, Nd, Sm ~ Tb) 

LREH compounds having a general chemical formula of RE2(OH)4SO4·2H2O (Ln = Pr, 

Nd, Sm ~ Tb) were synthesized by refluxing a solution containing RE2(SO4)3, HMT and 

Na2SO4.
37 These compounds were found to have a monoclinic structure with unit-cell 

parameters a ~0.63 nm, b ~0.37 nm, c ~0.84 nm, and 90.07 < β < 90.39º. Note the β is 

approximately equal to 90º. The unit cell, which adopts a base-centered space group, A 
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2/m (No.12), is subtly distorted from an orthorhombic structure.38  

 

Rietveld analysis reveals that the samples adopt a rigid pillared structure.38 One RE ion 

is surrounded by nine oxygen atoms, six from OH groups, two from H2O molecules, and 

one from SO4
2- ions. Each RE ion is connected with six surrounding neighbors by 

sharing the µ-3 OH groups and µ-2 H2O molecules, forming an infinite layer of 

{[RE(OH)2H2O]+}∞ parallel to the ab plane. Viewed along the c axis, RE ions arrange 

themselves into a quasi-hexagonal network. SO4
2- ions are covalently bonded to RE 

ions in a trans-bidentate configuration, bridging the {[RE(OH)2H2O]+}∞ layers to form a 

rigid 3D pillared structure. SO4
2- ions are distorted from the ideal tetrahedral geometry 

due to the covalent bonding. In the unit cell, SO4
2- ion takes two kinds of orientation, as 

shown in Figure 6b, resulting in a structural ordering (supported by electron diffraction 

data). Such an alternate alignment of SO4
2- ions produces void space between them, 

although not accessible due to the very narrow openings to it.   

 

Fig.6 a) Crystal structure of Tb2(OH)4SO4·2.0H2O, a representative illustration for the 
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sulfate-series of LREH compounds; b) Space-filling illustration of Tb2(OH)4SO4·2.0H2O. 

The two kinds of orientation of SO4
2- ions and the voids left between neighboring SO4

2- 

ions are illustrated. Adapted with permission from ref. 38. Copyright 2011 American 

Chemical Society. 

 

The strong covalent interaction between RE and SO4
2- ions is confirmed by Fourier 

transform infrared (FT-IR) spectra (Figure 7).37 In the Tb sample, all the four 

fundamental modes (ʋ1, ʋ2, ʋ3 and ʋ4) for SO4
2- ions were observed. The appearance 

of ʋ1and ʋ2 modes, IR inactive for free SO4
2- ions with Td, proves the lowering of 

symmetry to C2v. On the other hand, this compound showed three ʋ3 modes, which 

differs to the broad single peak from Tb2(OH)5(SO4)0.5·nH2O prepared via 

anion-exchange process, strongly supporting the chelation of SO4
2- ions to RE ions in a 

trans-bidentate configuration. Furthermore, FT-IR spectra showed that the triple ʋ3 

modes could be preserved even after the compound was heated to 1000 ºC. In the 

resulting oxide form of Tb2O2SO4, SO4
2- ions are bidentately coordinated to Tb3+ in a 

trans-configuration,49,50 which eventually confirms the covalent bonding nature in the 

sulfate-LREH compounds. 

   

 

Fig.7 FT-IR spectra of (a) Tb2(OH)4SO4·2.0H2O, (b) Tb2(OH)5(SO4)0.5·nH2O prepared by 

anion-exchange, and (c) Tb2O2SO4 by heating sample Tb2(OH)4SO4·2.0H2O to 1000 ºC. 

These data confirm that SO4
2- ions are covalently bonded to Tb3+ ions in a 

trans-bidentate configuration. Adapted with permission from ref. 37. Copyright 2010 
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American Chemical Society. 

3.4  Organodisulfonate-series: Ln2(OH)4[O3S(CH2)nSO3]·2.0H2O (Ln: La, Ce, Pr, 

Nd, Sm, n = 3, 4) 

We simply substituted sodium sulfate with linear organodisulfonate salts, 

Na2[O3S(CH2)nSO3], and applied the homogeneous alkalization process, yielding a new 

series of LREH samples having general formula of Ln2(OH)4[O3S(CH2)nSO3]·2H2O (Ln: 

La, Ce, Pr, Nd, Sm, n = 3, 4).39 These samples are crystallized in monoclinic system 

with a space group of P 21/n (No. 14). The in-plane unit dimensions are almost identical 

to those of the sulfate-series. On the other hand, the basal spacing is largely expanded 

from 0.84 nm for the sulfate form to ~1.31 nm (n = 3) and ~1.40 nm (n = 4), reflecting the 

successful incorporation of organic moieties. 

 

The crystal structure, solved from laboratory powder XRD data, is shown in Figure 8 for 

a representative sample of La2(OH)4[O3S(CH2)3SO3]·2.2H2O. This compound can be 

described as a hybrid framework consisting of cationic host layers of  

{[La(OH)2(H2O)]+}∞ bridged by α,ω-alkanedisulfonate pillars.39 The {[La(OH)2(H2O)]+}∞ 

layer is almost identical to that in the sulfate-series. La ions are coordinated by nine 

oxygen atoms, among which six are from OH groups, two from H2O molecules and the 

last from a SO3 group of the organic pillar. The La-O(SO3) bonding distance is 

calculated as 0.258 nm, close to that for the OH group and H2O molecule (0.252-0.277 

nm), indicating the covalent bonding nature. Each α,ω-alkanedisulfonate ion is 

coordinated to two lanthanide ions from the neighboring two layers, bridging them into a 

hybrid 3D framework. In the gallery, relevant positions for O and S are split into two, and 

thus the linear alkanedisulfonate ions take two equivalent configurations. The alkyl 

chains are nearly parallel to the ac plane, but tilted toward the bc plane at an angle of 

~38.8°. Slot-like hydrophobic voids are noticed among these alkyl chains. 

 

The organodisulfonate-series represent a new class of lanthanide-based 

inorganic-organic hybrid framework. Considering the flexibility of organic ligands, a 

large variety of hybrid frameworks based on the {[RE(OH)2(H2O)]+}∞ layers can be 

expected. In view of the strong interaction between the organic pillars and RE ions, the 
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hybrid LREH series are anticipated to display new or tunable functionalities. 

 

Fig. 8 Schematic illustration of crystal structure for La2(OH)4(O3S(CH2)3SO3) ·2.2H2O. 

Adapted with permission from ref. 39. Copyright 2013 American Chemical Society. 

 

4. Potential applications 

4.1. Anion-exchange, swelling and exfoliation 

The chloride- and nitrate-series of LREH compounds show facile anion-exchange 

behaviors at room temperature.33-36 Because anions in these LREH compounds are 

electrostatically accommodated between rare earth hydroxide layers, they can be 

readily exchanged with various species, being similar to that in LDH compounds. In 

contrast, for the sulfate- and organodisulfonate-series, the strong covalent interaction 

between the pillars and RE ions prevents these anions from being replaced at ambient 

conditions.   

 

The anion-exchange reaction can be carried out by following simple procedures: 

immersing a sample in a solution containing excessive target anions, and the exchange 

Page 14 of 24Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



15 

 

reaction proceeds to a completion generally within several hours at room 

temperature.33,35 XRD and FT-IR data clearly confirm the anion-exchangeability of these 

LREH compounds, as shown in Figure 9.33 Similar to LDH compounds, such 

anion-exchange processes are believed to be driven in a topotactic manner, in which 

the host hydroxides layers are preserved without reconstruction.  

 

Fig. 9 XRD patterns (a) and FT-IR spectra (b) of as-obtained Cl- form and its 

anion-exchanged samples. In figure (b), the curves from a to d represent the 

as-synthesized Cl- form and the exchanged forms of NO3
- , SO4

2- and C12H25OSO3
- 

(DS-) ,respectively. Adapted with permission from ref. 33. Copyright 2008 Wiley-VCH 

Verlag GmbH & Co. KGaA. 

 

It should be noted that after conversion to the DS- intercalated form, the LREH sample 

underwent swelling and exfoliation in formamide.43 A stable dispersion could be 

obtained after vigorous agitation or ultrasonic treatment. The swelling and exfoliation 

process was confirmed by monitoring XRD pattern (Figure 10a). Atomic force 

microscopy (AFM) image detected extremely thin 2D crystallites with a very flat terrace 
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after drying a diluted sample on a substrate. The thickness of 1.6 nm provides clear 

evidence for the formation of unilamellar nanosheets (Figure 10 b). In-plane XRD data 

showed sharp diffraction peaks compatible with the 2D lattice from the original layered 

compounds. The obtained nanosheets can be taken as a new member of functional 

nanosheets. Similar to other oxide nanosheets as well as LDH nanosheets, they will be 

useful as a building block to fabricate nanostructured materials such as 

nanocomposites and nanofilms.45, 46  

 

Fig. 10 a) XRD patterns of the Cl- form (a), DS- form (b), gels as the DS- form mixed with 

formamide (c), and a colloidal aggregate obtained by centrifugation from the suspension 

(d). b) AFM image and the thickness profile of the nanosheet. Adapted with permission 

from ref. 43. Copyright 2010 Wiley-VCH Verlag GmbH & Co. KGaA. 

  

4.2. Quasi-topotactic conversion into oxides 

Dehydration and dehydroxylation of metal hydroxides are important for low-temperature 

production of metal oxide-based materials that are difficult to attain via conventional 

routes. Novel oxides, often metastable ones, are expected from the LREH compounds 

considering their unique combination of RE elements and guest anions. 
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Layered rare earth oxysulfates (Ln2O2SO4) comprising {[Ln2O2]
2+}∞ layers are important 

for their high oxygen storage capability. Conventionally, polycrystalline samples were 

synthesized by heating sulfate salts of Ln2(SO4)·8H2O at temperature above 800 °C or 

oxidation of Ln2S3.
49 These synthetic routes are energy consuming, producing harmful 

waste gases of SO3 and SO2. We have demonstrated that LREH compounds of 

Ln2(OH)4SO4·2H2O can transform into Ln2O2SO4 samples via  dehydration and 

dehydroxylation reactions, as shown in the example of Tb:37 

Tb2(OH)4SO4 ·2H2O → Tb2(OH)4SO4 + 2H2O(200- 275°C) 

Tb2(OH)4SO4 →Tb2O2SO4 + H2O (~350°C) 

This synthetic route is environment-friendly, and proceeds at much lower temperature to 

produce the target phase. Unlike the heating of Ln2(SO4)·8H2O or oxidation of Ln2S3 

which involves complicated reactions such as breaking of S-O bonding or oxidation of 

sulphide ions, this new route proceeds only via a dehydration/dehydroxylation step. 

FT-IR spectra revealed that both the LREH precursor and the target phase showed 

strong Tb3+-SO4
2- covalent bonding, which should be the key reason for the low 

temperature transformation.  

  

Thermal treatment of the organodisulfonate-series LREH compounds can result in 

hybrid oxides of Ln2O2[O3S(CH2)nSO3].
39 For example, a sample formulated as 

La2O2[O3S(CH2)3SO3] was formed after treating La2(OH)4(O3S(CH2)3SO3)·2.2H2O at 

275°C. The sample is crystallized in orthorhombic symmetry with cell parameters of a = 

0.8858(1), b = 0.4250(1), c = 2.4136(4) nm. Note that the parameters a and b are close 

to those in La2O2SO4, a layered oxide containing infinite {[La2O2]
2+}∞ layers (cell 

parameters: a = 1.4342(1), b = 0.42827(3), c = 0.83853(7) nm, and β =107.0(1)º).39 

Therefore, similar {[La2O2]
2+}∞ layers should be present in the La2O2[O3S(CH2)3SO3] 

compound.50 A structure model is proposed based on the lamellar structure of La2O2SO4, 

as shown in Figure 11. As discussed below, such hybrid oxides act as unique hosts for 

accommodating luminescent RE centers for novel phosphors. 
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Fig. 11 Structure model of La2O2[O3S(CH2)3SO3] derived by thermal treatment of 

La2(OH)4(O3S(CH2)3SO3) ·2.2H2O. Adapted with permission from ref. 39. Copyright 

2013 American Chemical Society. 

 

4.3. Tunable phosphors 

Thanks to the homogeneous alkalization reaction, various luminescent centers, typically 

Eu3+ and Tb3+, can be incorporated in the hydroxide layers.37,39,40-42 Derived from the 

LREH compounds, high quality oxides with a tunable coordinative environment for 

these luminescent centers provide an opportunity for fabricating high performance 

phosphors.  

 

Rectangle-shaped microcrystals of (Gd0.95Eu0.05)(OH)2.5Cl0.5·0.9H2O were synthesized 

through the homogeneous alkalization reaction. These crystals could be transferred 

onto a substrate after trapping them at a hexane/water interface.40,41 This unique 

process produced a monolayer film composed of densely packed platelet crystals 

having their face parallel to the substrate. Upon heating at 200-1000°C, the hydroxide 

film underwent quasi-topotactic transformation into a film of RE2O3. The resulting oxide 

film was highly oriented along the (111) axis as a consequence of this unique process. 

The red emission was greatly enhanced to 527 times that of precursor powder samples 

thanks to this orientation.  
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Fig. 12 Excitation and emission spectra for films of (Gd0.95Eu0.05)(OH)2.5C0.5·0.9H2O 

(bottom) and (Gd0.95Eu0.05)2O3 (top).Insets are the corresponding SEM images and 

emission photographs under ultraviolet irradiation. Adapted with permission from ref. 41. 

Copyright 2009 Wiley-VCH Verlag GmbH & Co. KGaA. 

 

Organic-inorganic hybrid phosphors were successfully obtained by incorporating Eu3+ or 

Tb3+ into the host of La2(OH)4(O3S(CH2)3SO3)·2.2H2O.39 The typical red emission lines 

of Eu3+ and green emission lines of Tb3+ were observed. Because of the strong covalent 

interaction between the pillars and RE centers, the position and width of the red 5D0-
7F2 

line, which is very sensitive to the chemical environment of Eu3+ centers, can be tuned 

by changing the ligands. In addition, the red emission turned sharp and intense after the 

transformation into the hybrid oxide form. Moreover, Ce3+ ions, which tend to be easily 

oxidized into Ce4+ in air, could be stabilized in the hybrid host and provided an intense 

emission centered at 366 nm. 
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Fig. 13 Room-temperature excitation and emission spectra for samples with doping of 

5% Eu3+ a) La2(OH)4[O3S(CH2)3SO3]·2H2O and b) La2O2[O3S(CH2)3SO3]. Adapted with 

permission from ref. 39. Copyright 2013 American Chemical Society. 

 

 

Conclusions and outlook 

In summary, we applied the homogeneous alkalization route to synthesize LREH 

compounds. This method enabled the production of highly crystallized LREH 

compounds containing a range of anions, greatly expanding the varieties of the LREH 

family. The crystal structures of the LREH compounds have been solved and illustrated, 

correlating to their interesting behaviors such as anion-exchange, 

dehydration/rehydration, thermal phase evolution and so on. On the basis of crystal 

structure knowledge, LREH compounds have been explored as new functional 

materials as novel anion-exchangers, precursors to unusual oxides, and novel 

phosphors.  

 

Our efforts in understanding the structure of LREH compounds have paved the avenue 

for their development as novel functional materials. This is just the start for this new 

research topic, and we believe that many opportunities can be explored from LREH 
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compounds, for example, coupling functional organic anions with the rare-earth 

hydroxide layers to build compounds having chiral structures. The magnetisms of LREH 

compounds may be an attractive subject in the future study, similar to those on 

transition metal hydroxides.51,52 As new layered hosts that combine the unique 

properties of RE elements and guest anions, the LREH compounds are expected to 

evoke interest in interdisciplinary fields, encompassing the environment, catalysis, and 

biology in the future. 
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Layered solid comprising cationic rare earth hydroxide layers has became a new source 

of multifunctionality. 
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