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ABSTRACT: The thermal behavior of gadolinium hydroxy-
chloride (Gd2(OH)5Cl·nH2O, LGdH) has been closely
studied to provide the important factors that should be
considered for its high temperature applications. Combined
analyses of thermogravimetry-differential scanning calorimetry-
mass spectrometry (TG-DSC-MS) showed that, under
atmospheric air with a considerable amount of water, the
decomposition of LGdH to Gd2O3 is completed at 1050 °C.
However, in either dry air or Ar gas, the transformation
continued up to around 1300 °C. Thus, the thermal
decomposition of LGdH was more influenced by H2O than
by O2. FT-IR spectra and X-ray diffraction (XRD) patterns were used to study LGdHs calcined at high temperatures (up to at
least 600 °C). Calcined LGdH’s ability to intercalate anions into the interlayer space could be recovered by the reconstruction of
intralayer structure through rehydration and rehydroxylation. These processes were significantly accelerated at elevated
temperatures. The recovery behavior of LGdH was examined in different anionic solutions at different temperatures.

1. INTRODUCTION

Layered double hydroxides (LDHs) are able to have flexible
layer compositions. The anions intercalated in their interlayers
allow a wide variety of applications in diverse fields.1 In
contrast, rare-earth cations are not readily incorporated into the
hydroxide layer, even though chelate complexes of La3+, Eu3+,
and Gd3+ have been intercalated into LDH galleries.2

Compounds of pure cationic rare-earth layers pillared by rigid
organic anions have recently been reported.3 Successive
researches performed by several groups have developed a
series of layered rare-earth hydroxides (LRHs) with the general
formula, RE2(OH)5X·nH2O, where RE = rare-earths and X =
interlayer organic or inorganic anions.4 LRHs are structurally
similar to LDHs and consist of positively charged rare-earth
hydroxide layers with exchangeable, charge-balancing anions in
the interlayer space. This family of layered materials has
received attention for its potential application in luminescence
films.5 Overall characteristics of LRHs refer to the recent
review.6

As an LRH, Gd2(OH)5Cl·nH2O (LGdH) is of particular
interest because of the highly paramagnetic behavior (S = 7/2)
of Gd3+, large water-accessible surface area, and capacity to
incorporate functional molecules between layers. The magnetic
resonance (MR) relaxation properties of LGdH suspensions
were previously examined, and their potential utility as positive
contrast agents for T1 weighted MR imaging was proposed in
our previous report.7 A colloid of surface-modified LGdH layers
doped with Eu3+ ions (LGdH:Eu) demonstrated effectiveness

as a dual imaging agent in cellular labeling for both fluorescent
and MR imaging.8 In addition, the LGdH lattice can be
constructed by grafting functional groups onto gadolinium
hydroxocation nanosheets.9 A hierarchical superstructure is also
constructed by the self-assembly of gadolinium hydroxocation
layers and polyoxomolybdate anions, which exhibits a unique
photoluminescence property.10 Such flexible assembly behav-
iors provide this family of layered materials, including LGdH,
with a wide range of possible applications in future research.
Apart from their potential as contrast agents and

luminescence materials, LRHs have revealed high activity as
heterogeneous catalyst for green chemistry.3 Rare-earth
catalysts are increasingly used in organic and energy conversion
reactions.11 Because of this, many interests have to be
addressed to endow LRHs with great capability for catalysts
or catalytic supporting materials. An in-depth understanding of
the LRH family could suggest the most appropriate direction at
the current stage of study for their applications. In this work,
the thermal decomposition behavior of Gd2(OH)5Cl·nH2O was
closely investigated using the combined analytical method of
thermogravimetry-differential scanning calorimetry-mass spec-
trometry (TG-DSC-MS). The variation of FT-IR spectra
induced upon heating LGdH was explained in terms of mutual
interactions between μ3-OH bonds, which are typically
observed as fine structures, and water molecules in the
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interlayer space. More interestingly, rehydration and rehydrox-
ylation in appropriate aqueous solutions can recover the ability
of LGdHs calcined at high temperatures to intercalate organic
and inorganic anions into their interlayer galleries. Herein, we
report the important thermal and recovery behaviors of LGdH
that should be considered for high temperature applications.
Those specific applications could be exploited for general
applications of the extended LRH family.

2. EXPERIMENTAL SECTION
2.1. Preparation of Gd2(OH)5Cl·nH2O (LGdH). All chemicals

were supplied by Aldrich and were used without further purification.
First, KOH solution (0.1 M) was added dropwise to GdCl3·6H2O
solution (0.05 M) with vigorous stirring at room temperature (RT).
This solution was maintained at 60 °C for 12 h and then refluxed with
stirring for 24 h. The precipitate was then collected by a centrifuge and
washed with deionized water. The resulting solid product, LGdH, was
dried and stored in a desiccator.
2.2. Thermal Decomposition of LGdH. The thermogravimetric

(TG) curve of LGdH was recorded at the heating rate of 5 °C/min
from RT to 1300 °C. Data was collected in atmospheric air, dry air
(99.999%), and Ar (99.999%) gas. The calcined products were
obtained at various temperatures for X-ray diffraction (XRD) analyses.
After reaching the target temperatures, the furnace was programmed to
power down for natural cooling. For convenience, these samples are
labeled LGdH-T (e.g., LGdH-250 is the sample calcined at 250 °C).
The pristine sample is denoted by LGdH or LGdH-RT (RT: room
temperature).
Simultaneous thermogravimetry-differential scanning calorimetry-

mass spectrometry (TG-DSC-MS) analysis for LGdH was carried out
from RT to 1300 °C under dry air flow using a TG-DSC instrument
(Netzsch STA 409 PC) equipped with a mass spectrometer (QMS
403C). The temperature-programmed heating rate was 5 °C/min, and
the flow rate of dry air was 50 mL/min.
2.3. Recovery of Intercalation Ability of Calcined LGdHs. To

investigate the recovery of intercalation ability, exchange-reactions of
calcined LGdHs were carried out with organic anions. In a typical
reaction, LGdH powders (0.25 g) calcined at 350, 450, and 600 °C
were dispersed into an aqueous anionic solution containing a 3-fold
molar excess of octanesulfonate sodium salt (C8H17SO3Na). The
possible rehydroxylation of calcined LGdH and the successive ion-
exchange reactions between Cl− and sulfonate anion in the interlayer
galleries of LGdH were performed at both RT and 60 °C in air while
stirring for 24 and 18 h, respectively. The resulting precipitates were
recovered by filtration, washed with water, and dried at 40 °C for one
day.
2.4. Effect of Counteranions in Solution on the Reconstruc-

tion of Calcined LGdH Layers. For the rehydration and
rehydroxylation of calcined LGdHs in various conditions, LGdH
(0.25 g) calcined at 450 and 600 °C were added to 30 mL of deionized
water or aqueous solutions of NaCl (1.0 M) and NaNO3 (1.0 M).
These suspensions were kept at RT for 24 h and at 60 °C for 18 h
while stirring. The precipitate was filtered, washed with water, and
dried at 40 °C in air.
2.5. Characterizations. XRD patterns of LGdH and its calcined

products were recorded with a Rigaku DMAX-2200PC diffractometer
using Ni-filtered Cu−Kα radiation. Infrared spectra over a range of
400−4000 cm−1 were obtained on a Thermo Scientific Nicolet iS10
FT-IR spectrophotometer using the KBr pellet technique. To make
pellets, pristine LGdH (1.0 mg) and heat treated samples were diluted
with IR-grade KBr powder (200 mg) and subjected to a pressure of 10
tons.

3. RESULTS AND DISCUSSION
The structure of Gd2(OH)5Cl·nH2O is schematically repre-
sented in Figure 1, where positively charged gadolinium
hydroxocation ([Gd2(OH)5·nH2O]

+) layers and charge-com-
pensating chloride anion (Cl−) layers are alternately arranged.

Eight- and nine-coordinated Gd(OH)m(H2O) (m = 7 and 8,
respectively) polyhedra are linked with one another by
intralayer μ3-OH groups.

3.1. Thermal Decomposition Behavior of LGdH. In
Figure 2a, the XRD pattern of LGdH is compared with those
after heated at various temperatures in atmospheric air. The
formation of well crystallized Gd2(OH)5Cl·nH2O (LGdH-RT)
with unit cell parameters of a = 12.81(1) Å, b = 7.21(4) Å, and
c = 8.76(6) Å agrees with previous reports.4e,7 At RT, LGdH
shows well-developed (00l) reflections typical for the layered
structure along with some non-(00l) reflections. As displayed in
Figure 2a, the basal spacing of LGdH gradually increases from
8.76 Å to ∼9.30 Å with heating up to 700 °C. Non-(00l)
reflections associated with the intralayer (ab-plane) structure
vary significantly after heating at 250 °C. Such a thermal
behavior in atmospheric air is similar to previous observation.12

In contrast to the interlayer waters in layered double
hydroxides, the water molecules in the gallery of LGdH are
essentially included in the coordination polyhedra of Gd3+ ions
in the layers. A slight expansion of basal spacing is likely
attributed to the layer deformation due to dehydration and
dehydroxylation. The formation of Gd2O3 is initiated around
600 °C but (00l) reflections from layered structure are
maintained.13 When LGdH is calcined at 750 °C, Gd2O3
becomes the main phase and some faint peaks attributed to
GdOCl are also observed. At 800 °C, reflections from Gd2O3
and GdOCl are much enhanced whereas (00l) reflections of
LGdH completely disappear. The single phase of Gd2O3 is
formed at 850 °C, implying GdOCl exists within the narrow
temperature range between 700 and 850 °C in atmospheric air.
It is noted that the characteristic of layered structure is
maintained up to at least 600 °C whereas the intralayer
arrangement of LGdH is largely variable depending on
temperature because of the easy deformation of hydroxyl
groups. In general, (00l) reflections of layered materials appear
in the low angle region (2θ < ∼30°) and depend on the size of
intercalated anion. If the neighboring layers are slipped
sideways relative to each other, the sawtooth shaped feature
is induced for (h0l)/(0kl) reflection family in the midangle
region.14 This phenomenon, called “turbostratic disorder” has
been reported for transition metal hydroxides,15 layered double

Figure 1. Ideal structure of Gd2(OH)5Cl·nH2O. The gadolinium
atoms are coordinated by intralayer μ3-hydroxyl groups and one
interlayer water molecule. Eight- and nine-coordinated polyhedra are
represented by green and blue, respectively.
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hydroxides (LDHs),16 hydroxynitrates,17 hydroxyacetates,18

graphites,19 graphens,20 carbon nitrides,21 boron nitrides.22 In
our study, powder XRD patterns of LGdH-450 and LGdH-600
show such a typical sawtooth shape in the 2θ range 25−40°
(Figure 2a), because heating and natural cooling process could
introduce an incomplete stacking of layers perpendicular to the
c-axis. In contrast to conventional LDHs, LGdH did not show
the turbostratic effect between RT and 250 °C. This difference
implies that the guest species between inorganic sheets are
better ordered in LGdH than in LDHs. The sawtooth shaped
reflections weaken above 600 °C in accordance with the
formation of Gd2O3 and GdOCl.
XRD patterns of LGdHs calcined at various temperatures in

dry air are compared in Figure 2b. It is of interest that a
considerable amount of GdOCl is still observed as a mixture
with Gd2O3 even after heating LGdH at 1000 °C. Similar XRD
patterns are observed during the calcination of LGdH under Ar
flow as shown in Figure 2c. Reflections due to GdOCl
disappear above 1100 °C in both environments. Figure 3 shows
the thermogravimetry and differential thermogravimetry (TG-
DTG) curves of LGdH under the different atmospheric
conditions. TG and DTG thermograms from RT to around
580 °C overlap well, regardless of the nature of the
environment. In dry air or Ar gas, weight loss continues up

to around 1300 °C (end point: 1282 °C in dry air whereas
slight above 1300 °C in Ar). In contrast, the decomposition of
LGdH under atmospheric air is nearly completed at 1050 °C.
This suggests that the thermal behavior of LGdH is strongly
influenced by the environmental gases, which is consistent with
the difference observed in XRD patterns (Figure 2).
To understand the thermal decomposition behavior of

LGdH, the temperature-dependent gases that evolved were
monitored by mass spectrometry. Figure 4 represents TG-

DSC-MS curves for the ions obtained when LGdH was heated
in dry air up to 1300 °C. The mass spectra reveal temperature-
dependent signals at various mass to charge ratios (m/z). The
signals at m/z = 1, 18, 36, 38, and 44 correspond to the ionic
peaks of H+, H2O

+, H35Cl+, H37Cl+, and CO2
+, respectively.

The weak CO2 signal (Figure 4d) at high temperatures (450−
800 °C) indicates that, as frequently observed in layered
compounds such as LDHs, the carbonate anion can be
incorporated into the interlayer galleries of LGdH as an
impurity anion. Accordingly, the practical chemical formula of
LGdH at RT is postulated as [Gd2(OH)5]

+Cl−x(CO3
2−)y·nH2O

(x + 2y = 1).

Figure 2. Powder XRD patterns of as-synthesized LGdH and its products after heating at 100−850 °C in atmospheric air (a) and 600−1100 °C
under dry air (b) and Ar flow (c). Selected (hkl) assignments for the patterns obtained at RT and after heat treatment at higher than 800 °C are
based on those of Gd2(OH)5Cl·nH2O and Gd2O3, respectively. The reflections marked with an * correspond to those from GdOCl.

Figure 3. TG and DTG thermograms of LGdH in atmospheric air (a),
dry air (b), and Ar gas (c).

Figure 4. TG-DSC-MS curves of LGdH under dry air flow. TG (a)
and DSC (g) data are adjusted to fit on MS data for comparison with
each other. The ion currents of H2O

+ (b), H+ (c), CO2
+ (d), H35Cl+

(e), and H37Cl+ (f) are plotted in log scale.
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Five steps of weight loss are monitored with the variation of
ion currents due to the liberation of water, CO2, and HCl
molecules. The water and CO2 loosely bound to the surface of
bulk LGdH are desorbed at relatively low temperature. Because
of the liberation of these water and CO2 molecules, the ion
currents of H2O

+ (Figure 4b) and CO2
+ (Figure 4d) decrease

gradually when LGdH is heated from RT to around 100 °C.

· · ·

→ · +

+

+ − −

+ − −

n m m

n m

m

[Gd (OH) ] Cl (CO ) H O { CO H O}
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2 1 2 2 2
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At higher temperature, the ion currents of H2O
+ and CO2

+

increase simultaneously and peaked around 160 °C (Figures 4b
and d). These signals are due to the dehydration of interlayer
water molecules and the partial decarbonation of CO3

2− ions
cointercalated in the interlayer space of LGdH, resulting in the
following weight loss (eq 1).

·
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2
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Such dehydration and decarbonation processes terminate at
around 247 °C. The H+ ions (Figure 4c) originate from the
thermal evolution of water molecules and shows the temper-
ature dependence similar to that of H2O

+ ion current (Figure
4b).
The second weight loss observed at 247−450 °C is mainly

associated with the dehydroxylation of [Gd2(OH)5]
+ layers and

partially with an additional decarbonation process (eq 2).

→ +

+

+ − − −
−

+ − −
+

−
− − y

[Gd (OH) ] Cl O (CO )
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2H O
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x y y y y y
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2
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2 3
2
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2
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Dehydroxylation induces the most drastic weight loss during
the thermal decomposition of LGdH. Interestingly, between
RT and 450 °C, the ionic current attributed to CO2

+ molecules
behaves essentially in accordance with that of H2O

+. Because
carbonate ions are co-intercalated with water molecules in the
interlayer gallery, the void space produced by dehydration and
dehydroxylation could act as the passageway for CO2 molecules
from the interlayer sites. This correlation seems to synchronize
the decarbonation with the evolution of water molecules and to
be responsible for the first decarbonation at low temperature
(centered at 160 °C).23

The third step (450−580 °C) is characterized by a
distinguishable ionic current of CO2

+ peaked around 520 °C,
without coupling with the behavior of H2O

+ (eq 3, y1 + y2 + y3
+ y4 = y).

→ +

+ − −
+

−
− −

+ − −
+ +

− y

[Gd O H] Cl O (CO )

[Gd O H] Cl O (CO ) CO

x y y y y y

x y y y y
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2
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2
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2 3
2

1 2 3 3
2

4 3 2

(3)

This observation indicates that further heat treatment above
580 °C is required to completely remove the cointercalated
carbonate. No signal related to HCl+ was observed in the mass
spectrometric data until this step.

In the fourth step (>580 °C), the final decarbonation (eq 4)
and the second dehydroxylation occur along with the formation
of Gd2O3 and GdOCl (eq 5). A broad weak ionic current of
H2O

+ (Figure 4b) is observed in the temperature between 580
and 850 °C and accompanied with a broad endothermic weight
loss centered at 675 °C (Figures 4a and 4g). Carbonate ions
survive in LGdH layers even up to 700 °C (Figure 4d), which is
comparable with the complete decomposition of Gd2(CO3)3
and Gd2(OH)2(CO3)2 into Gd2O3 at 700 and 720 °C,
respectively.24

→ +

+ − −
+ +

−

+ − − y

[Gd O H] Cl O (CO )

[Gd O H] Cl O CO

x y y y y

x y

2 3
2
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2

4

2 3
2

4 2 (4)

→ − + +

+ − −

x x

[Gd O H] Cl O

(1 /2)Gd O GdOCl (1/2)H O

x y2 3
2

2 3 2 (5)

The formation of GdOCl above 700 °C (Figure 2) causes the
second dehydroxylation, supporting eq 5. As GdOCl shows a
different reactivity against H2O and O2 molecules, the different
decomposition processes are developed above 580 °C depend-
ing upon the environmental conditions.
The final step corresponds to the process to form a single

phase of Gd2O3 together with the conversion of GdOCl to
Gd2O3 (Supporting Information, Figure S2). In atmospheric air
containing H2O in proportion to the humidity, GdOCl readily
reacts with H2O molecules to form Gd2O3 with the liberation
of HCl (eq 6).

+ → +GdOCl (1/2)H O (1/2)Gd O HCl2 2 3 (6)

Combining eq 5 and eq 6 gives (x + 2y = 1)

→ + ++ − − x y[Gd O H] Cl O Gd O HCl H Ox y2 3
2

2 3 2 (7)

In this condition, GdOCl is observed only between 700 and
850 °C in XRD patterns. Owing to the presence of relatively
sufficient water molecules in atmospheric air, TG weight loss is
significant below 1030 °C (Figure 3a and Supporting
Information, Figure S1).
Under dry air or Ar flows, water molecules produced in eq 5

might be partially removed by flowing gas, so that the
remaining water acts as the limiting agent in the thermal
reaction of GdOCl (x > x′).

′ + ′ → ′ + ′x x x xGdOCl ( /2)H O ( /2)Gd O HCl2 2 3 (6′)

Combining eq 5 and eq 6′ gives

→ − − ′ + − ′ + ′

+ − ′

+ − −

x x x x x

x y

[Gd O H] Cl O

[1 ( )/2]Gd O ( )GdOCl

HCl [(1 )/2] H O

x y2 3
2

2 3

2 (7′)

This suggests that decomposition of [Gd2O3H]
+Cl−xO

2−
y and

conversion of GdOCl into Gd2O3 will proceed slowly because
the amount of water is not sufficient. Gradual weight loss
between 580 and 1000 °C (Figures 3b and 3c) could be
correlated to such a slow conversion. As a result, (hkl)
reflections of GdOCl are observed in XRD patterns of the
samples calcined between 700 and 1000 °C both in dry air and
Ar. Furthermore, GdOCl has another decomposition pathway
into Gd2O3 in dry air as follows.
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+ → +GdOCl (1/4)O (1/2)Gd O (1/2)Cl2 2 3 2

Thus, GdOCl can be more easily transformed into Gd2O3 in
dry air than in Ar gas. It has been reported that, if GdOCl is
heated under the oxygen partial pressure of 100, 75, 50, and
25%, the end point of weight loss on its TG curve increases
from 1161 °C to 1172, 1187, and 1209 °C, respectively.25 Such
a variation could explain why the weight loss of LGdH
completes around 1282 °C in dry air whereas above 1300 °C
under Ar flow (Figure 3). Equation 5 is then expressed as

+

→ + +

+ − − x

x

[Gd O H] Cl O ( /4)O

Gd O ( /2)Cl (1/2)H O

x y2 3
2

2

2 3 2 2

Unfortunately, a signal due to Cl+ (m/z = 35 and 37) or Cl2
+

(m/z = 70, 72, and 74) was not detected in the mass spectra
and therefore this process was not confirmed in our study.
Nevertheless, considering that the weight loss is faster in dry air
than in Ar above 1000 °C (Figures 3b and 3c) and signals due
to HCl+ (m/z = 36 and 38) are monitored (Figures 4e and 4f),
a decomposition process catalyzed by oxygen molecules in dry
air can be proposed (eq 8; x + 2y = 1).

+

→ + + +

+ − − n

x y n

[Gd O H] Cl O O

Gd O HCl H O O

x y2 3
2

2

2 3 2 2 (8)

To sum up, TG curves of LGdH are well overlapped from
RT to 580 °C regardless of the atmosphere. In the fourth step
(580−800 °C in atmospheric air; 580−1000 °C in dry air or Ar
gas), the intermediate [Gd2O3H]

+Cl−xO
2−

y is transformed into
Gd2O3 and GdOCl simultaneously. The atmosphere depend-
ence observed in the decomposition of [Gd2O3H]

+Cl−xO
2−

y
results from the different reactivity of GdOCl toward H2O and
O2 molecules. Hence, GdOCl and H2O are key materials to
understand the thermal decomposition mechanism of LGdH.
3.2. Estimation of the Composition. Using the TG-

DTG-DSC data carried out in atmospheric air, we have tried to
e s t i m a t e t h e c o m p o s i t i o n o f L G d H .
[Gd2O3H]

+Cl−xO
2−

y1+y2+y3(CO3
2−)y4 intermediate at 580 °C

is assumed to be equal to [Gd2O3H]
+Cl−xO

2−
y because it is

impossible to determine each yi value due to the lack of
structural information and y4CO2 is a tiny amount. Using eq 9
a n d e q 1 0 , t h e c o m p o s i t i o n o f
[Gd2(OH)5]

+Cl−x(CO3
2−)y·nH2O is estimated as follows: n =

1.67, x = 0.92 and y = 0.04 (Supporting Information).

Δ − °

= + +

=

W W

n y W

(RT 580 C)/

{(2 )H O CO }/

14.48%

T

2 2 T

(9)

Δ − °

= +

=

W W

y x W

(580 1400 C)/

{ H O HCl}/

7.35%

T

2 T

(10)

, where ΔW(RT−580 °C), ΔW(580−1400 °C), and WT stand
for the weight loss between the corresponding temperatures
and the total weight of LGdH-RT, respectively. ΔW(RT−580
°C) is exclusively affected by dehydroxylaton and dehydration
(3.67H2O:0.04 CO2 = 38:1 in weight), whereas ΔW(580−1400
°C) is influenced nearly almost by the liberation of HCl
(0.04H2O:0.92HCl = 1:47 in weight).

Δ − ° = + ≈W(RT 580 C) 3.67H O 0.04CO 3.67H O2 2 2

Δ − ° = + ≈W(580 1400 C) 0.04H O 0.92HCl 0.92HCl2

Above 580 °C, the weight loss in atmospheric air proceeds with
the formation of Gd2O3 and GdOCl and accelerates between
850 and 1030 °C with the liberation of HCl (eq 7 or eq 10). In
this temperature range, Gd2O3 exist as the cubic phase with the
space group of Ia3. Above 1030 °C, crystallization continues
gently and a transition to the monoclinic phase (C2/m) takes
place at 1200 °C.26

3.3. FT-IR characteristics. Thermochemical changes
during the decomposition of LGdH were also investigated by
FT-IR spectroscopy. Figure 5 compares FT-IR spectra of

LGdH before and after calcination at various temperatures. The
stretching vibration mode of hydroxyl group in the inorganic
matrix is generally observed between 3200 and 3700 cm−1.27 A
broad band in the RT spectra consisting of fine structures at
3601, 3574, 3494, 3389, and 3335 cm−1 is accordingly
attributed to the O−H stretching vibrations of intralayer
hydroxyl groups and hydrogen-bonded interlayer water
molecules. Fine structures at 3601, 3574, and 3494 cm−1

remain observable after calcining LGdH at 250 °C, whereas
bands at 3389 and 3335 cm−1 are indistinguishable when
heated at 150 °C. Judging from the fact that the dehydration of
LGdH starts below 150 °C in the mass spectrometry data
(Figure 4), the former three bands and the latter two bands
could be assigned to the stretching vibrations of intralayer
hydroxyl groups and interlayer water molecules, respectively.

Figure 5. FT-IR spectra of LGdH and Gd2O3 in the range of 3800−
2800 cm−1 (top) and 1000−400 cm−1 (bottom) as a function of
calcination temperature.
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Bands at 3601, 3574, and 3494 cm−1 converge into a unique
band around 3555 cm−1 as a result of dehydroxylation at
temperatures higher than 350 °C. This band persists even after
heating at 600 °C. It has been reported that the OH groups in
Gd2O3 film fabricated by the sol−gel process still exist at 750
°C, but they almost disappear when the temperature reaches
900 °C.28

According to the structural data for LGdH,4e Gd3+ cations
occupy the eight-coordinated polyhedral site (Gd1) and two
types of nine-coordinated polyhedral sites (Gd2 and Gd3). The
polyhedra are then linked to one another by five types of μ3-
OH groups (OH1, OH2, OH3, OH4, and OH5), providing
three kinds of crystallographic sites partially occupied by the
interlayer water molecules (H2O1, H2O2, and H2O3). The μ3-
OH group is frequently found in natural hydroxides, including
Mg(OH)2 brucite and Al(OH)3 gibbsite. Brucite has the
hexagonal structure of D3

3d(P3 ̅m) space group. Factor group
analysis of Mg(OH)2 showed two internal O−H vibrations, the
A1g Raman active mode and the A2u IR active mode at 3655 and
3700 cm−1, respectively.29 Al(OH)3 contains six nonequivalent
OH groups, exhibiting six-forked O−H stretching bands at
3621, 3526, 3514, 3455, 3394, and 3373 cm−1 in IR spectra and
at 3623, 3526, 3519, 3433, 3370, and 3363 cm−1 in Raman
spectra.30 In the structure of LGdH, the stretching vibration of
μ3-OH bonds is influenced by both neighboring hydroxyl
groups and water molecules. Fine structures observed in the
O−H stretching vibration range (3800−3400 cm−1) of FT-IR
spectra (Figure 5(top)) would be associated with the different

μ3-bonding environment, as shown in Figure 6. The three-
forked (3601, 3574, and 3494 cm−1) O−H stretching vibrations
in IR spectra of LGdH-RT are explained by three average Gd−
O bond distances. The estimated ranks of μ3-OH bond
strengths are listed in Table 1. The symbols of di, dj, and dk
represent the bond lengths between Gd and μ3-O atoms in
Figure 6. It is generally accepted that the stronger Gd−O bond
will result in the weaker competing O−H bond in the Gd3OH
tetrahedron. The smaller value of √(di

2 + dj
2 + dk

2) represents
the higher average strength of the Gd−O bonds, which will
weaken the competing O−H bond to lower the vibrational
frequency. It is consequently proposed that a strong shoulder
band observed at 3601 cm−1 corresponds to the stretching
vibration of the μ3-OH5 bond, and the band at 3574 cm−1 with
a weak shoulder corresponds to the vibrations of the μ3-OH1
and μ3-OH2 bonds. The band at 3494 cm−1, which also
includes a shoulder, is then assigned to the μ3-OH3 and μ3-
OH4 bonds.
As depicted in Figure 7, the μ3-OH2 hydroxyl group can be

surrounded by up to three water molecules at relatively short
distances, and is expected to be significantly influenced by the
hydrogen bonding. In contrast, other μ3-hydroxyl groups form
hydrogen bonds with only one or two water molecules at
relatively large distances. Essentially no hydrogen bonding is
expected between the μ3-OH3 and the interlayer water
molecules. The different surroundings of the μ3-OH bonds
affect their hydrogen bonding with interlayer water molecules
and are responsible for the weak shoulders in the fine structure.

Figure 6. Length of Gd−O bonds surrounding μ3-OH bonds in the lattice of LGdH. The relative strength of O−H bonds can be estimated by the
average length of competing Gd−O bonds.

Table 1. Estimation of μ3-OH Bond Strength in LGdH

di dj dk di
2+dj

2+dk
2 √(di

2+dj
2+dk

2) O−H bond strengtha

μ3-OH1 2.15 2.55 2.60 17.89 4.23 2 (3574 cm−1)
μ3-OH2 2.34 2.42 2.55 17.83 4.22 2 (3574 cm−1)
μ3-OH3 2.36 2.40 2.44 17.28 4.16 3 (3494 cm−1)
μ3-OH4 2.39 2.39 2.46 17.48 4.18 3 (3494 cm−1)
μ3-OH5 2.28 2.57 2.59 18.51 4.30 1 (3601 cm−1)

aThe ranks of μ3-OH bond strength. Equivalent O−H stretching vibrations are given in parentheses.

Figure 7. Local environment for μ3-OH bonds in the lattice of LGdH. The O−H2 bond can be surrounded by three water molecules as the nearest
neighbors, whereas other O−H bonds have one or two water molecules at long distances so that they are less influenced by the interlayer hydrogen
bonding.
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Figure 8 schematically represents three possible crystallo-
graphic sites for water molecules in the interlayer space of
LGdH. Every site is partially occupied by water molecules and
is ideally surrounded by four neighboring water molecules and
two trans-type Cl atoms. However, the H2O3 site is expected to
have low occupancy because of the short distance between the
water molecule and the Cl atom. Consequently, only two types
of water molecules, H2O1 and H2O2, are practically defined in
LGdH. The broad bands at 3389 and 3335 cm−1 in Figure 5a
are assigned to these interlayer water molecules. This picture
supports the significant weakening of these bands at temper-
atures higher than 150 °C. The broad shoulder around 3215
cm−1 is likely ascribed to the water molecules that are hydrogen
bonded in the interlayer, as observed in FT-IR spectra of
classical LDHs.27,31 This band becomes considerably weaker at
around 150 °C and disappears above 350 °C, when the
hydrogen bonding system is destroyed. In Figure 5 (bottom),
IR spectra of heat-treated LGdHs are compared in 1000−400
cm−1 range. At RT, the band at 632 cm−1 corresponds to the
librational mode of water,32,33 and the bands at 545 cm−1 are
due to ν(Gd−O) stretching vibration in the [Gd2(OH)5]

+

layers.34 As the dehydration proceeds in LGdH, the 632 cm−1

band gradually weakens and disappears around 250 °C. A new
band around 598 cm−1, which is developed above 250 °C and
enhanced up to 600 °C, is assigned to the librational mode of
O−H bond35 in [Gd2O3H]+ layers. This band behaves
synchronously with the O−H stretching mode at 3555 cm−1,
formed as a result of dehydroxylation. In contrast, the band at
545 cm−1 due to ν(Gd−O) vibration is maintained up to 600
°C at least, which is compatible with the fact that (00l)
reflections are still observed at this temperature. This implies
that the Gd−O networks in the host layers are well reserved
despite dehydroxylation.
3.4. Recovery of the Intercalation Ability of Calcined

LGdHs. Because characteristic (00l) reflections of a layered
structure were observed even after heating LGdH at 600 °C
(Figure 2), the intercalation reactions of organic anions were
carried out with LGdHs calcined at 450 and 600 °C.
Interestingly, despite the maintenance of a layered structure,
the intercalation behaviors of calcined LGdHs differed
depending on the degrees of rehydration and rehydroxylation
of the layers. Figure 9 compares XRD patterns of LGdH-450
(LGdH calcined at 450 °C) before and after the anion
exchange reactions in aqueous octanesulfonate (C8H17SO3

−)
solution at RT and 60 °C. As shown in Figure 9b, the XRD
pattern of LGdH-450 exhibits no change after reacting at RT
for 24 h, indicating no intercalation of octanesulfonate anion. In

contrast, a drastic change was induced after the exchange
reaction of LGdH-450 at 60 °C for 18 h (Figure 9c). A
systematic shift of intense basal (00l) reflections toward lower
diffraction angles and disappearance of the turbostratic disorder
evidently result from the expansion of interlayer separation to
20.7 Å. This basal spacing is consistent with that of
Gd2(OH)5(C8H17SO3)·1.5H2O, which was obtained through
the exchange reaction of Gd2(OH)5NO3·H2O in aqueous
octanesulfonate solution at RT.4c Similar behavior was also
observed with LGdH-600, whose XRD pattern exhibited
layered characteristics (Supporting Information, Figure S3).
These results demonstrate the incorporation of octanesulfonate
anions into interlayer galleries, leading to the conclusion that
the intercalation ability of LGdHs calcined below 600 °C can
be recovered by an appropriate layer activation process. The
reaction of LGdH-700, which contained a considerable amount
of Gd2O3 phase (Figure 2), was not completed after 18 h at 60
°C (Supporting Information, Figure S4). No difference was
observed in the XRD patterns before and after the exchange
reaction with LGdH-750, which had essentially no layered
character (Supporting Information, Figure S5).
When hydrated in solution containing a given anion, calcined

LDHs can recover their layered structures.36 This interesting
phenomenon has been adopted as a facile route to prepare
pillared LDHs by exposing calcined LDHs to the appropriate
organic or inorganic anion solutions.37 Such a “memory effect”
of LDHs calcined to a mixture of metal oxides is different from
the recovery behavior of LGdH. Even though layered

Figure 8. Local environments of three crystallographic sites for water molecules in the interlayer space of LGdH. Low occupancy is expected for the
H2O3 site because of the small distance between H2O3 and Cl.

Figure 9. XRD patterns of LGdH-450 before (a) and after the
exchange reaction in aqueous octanesulfonate solution at RT for 24 h
(b) and at 60 °C for 18 h (c).
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characteristics are maintained in LGdH-450 and LGdH-600, an
activation process at temperatures higher than RT (e.g., 60 °C)
is required to recover the anion intercalation ability.
Furthermore, the intercalation ability was not recovered when
LGdH is calcined to Gd2O3. To assess the effect of temperature
on the activation process required for recovering intercalation
ability, LGdHs calcined at 350, 450, and 600 °C were placed in
water with no counteranions and kept in air at RT for 24 h and
at 60 °C for 18 h. FT-IR spectra of LGdH-450 are compared
with those of its water treated products in Figure 10. Essentially

no difference is observed between IR spectra measured before
and after water treatment at RT (Figures 10b and 10c), which
indicate that no additional hydration or hydroxylation occurred
at RT. If we consider that very fast rehydration and
reconstruction have been observed upon exposure of calcined
LDHs to air,36,38 calcined LGdH appears much more stable
than calcined LDHs in air, despite having the similar structure.
The IR spectrum measured after water treatment at 60 °C
(Figure 10d) is significantly different from that of LGdH-450
but instead, roughly comparable to that of LGdH-RT, shown in
Figure 10a. The broad band of strongly increased intensity
around 3389, 3335, and 3215 cm−1 indicates the reconstruction
of the hydrogen bonding system by rehydration of the
interlayer space. The enhancement in intensity around 3601,
3574, and 3494 cm−1 results from the rehydroxylation of the
calcined LGdH layer. The strong band around 632 cm−1 after

water treatment at 60 °C supports the change of interlayer
structure due to rehydration. These changes in IR spectra
suggest the regeneration of LGdH structure accompanied with
the modification in intralayer arrangement of LGdH-450.
Similar change was induced with LGdH-350, which had an IR
spectrum similar to that of LGdH-450 (Supporting Informa-
tion, Figure S6). It is accordingly concluded that the ability of
calcined LGdHs to intercalate anions into their interlayer
spaces is recovered by the reconstruction of interlayer structure
through rehydration and rehydroxylation. These processes are
significantly accelerated at the elevated temperature.

3.5. Dependence of the Recovery Behavior of
Calcined LGdHs on the Counteranions in Aqueous
Solution. Despite similar XRD patterns, IR spectra, and
intercalation behaviors, the rehydration and rehydroxylation of
LGdH-600 in water were quite different from those of LGdH-
350 and LGdH-450. As shown in Figure 11d, no increase in

intensity of bands attributed to the rehydration (3389−3215
cm−1), rehydroxylation (3601−3494 cm−1), and reconstruction
of intralayer structure (632−545 cm−1) of LGdH-600 is
induced even after water treatment at 60 °C for 18 h. Sharp
single band at 3612 cm−1 and strong band at 716 cm−1, which
are identical to those of Gd(OH)3 (Supporting Information,
Figure S7), are clearly observed. Its XRD pattern shown in
Supporting Information, Figure S8 confirmed the trans-
formation of LGdH-600 to Gd(OH)3 by water treatment at
60 °C.

Figure 10. FT-IR spectra of LGdH-RT (a) and LGdH-450 before (b)
and after rehydration and rehydroxylation in water at RT for 24 h (c)
and at 60 °C for 18 h (d).

Figure 11. FT-IR spectra of LGdH-RT (a) and LGdH-600 before (b)
and after rehydration and rehydroxylation in water at RT for 24 h (c)
and at 60 °C for 18 h (d).
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If we recall that the intercalation ability of LGdH-600 was
recovered in aqueous octanesulfonate solution at 60 °C
(Supporting Information, Figure S3), a transformation to
Gd(OH)3 in water is seemingly contradictory. It has been
known that experimental conditions strongly affect the ability of
the metal oxide mixture, obtained after calcining LDHs, to
recover the layered structure.39 Therefore, we postulated that
rehydration and rehydroxylation behaviors of calcined LGdHs
could be different depending on the existence of counteranions
in solution. To confirm this possibility, LGdH-600 was heated
at 60 °C for 18 h in aqueous NaCl and NaNO3 solutions. FT-
IR spectra and XRD patterns of the resulting powders are
compared in Figures 12 and 13, respectively. In contrast to the

spectrum measured after heating at 60 °C in water (Figure
11d), the appearance of strong broad band including the fine
structures at 3700−2800 cm−1 and highly enhanced intensity
around 632 cm−1 indicates that LGdH-600 was not trans-
formed to Gd(OH)3 at 60 °C. Instead, IR spectra of LGdH-600
after heating in aqueous NaCl and NaNO3 solutions are quite
similar to those of LGdH-RT. The sawtooth shaped reflections
due to the turbostratic disorder are considerably relieved in
XRD patterns (Figures 13b and c), implying that guest ions
such as Cl− and NO3

− are fairly well ordered between the

inorganic layers. Hence, it is evident that the intralayer structure
of LGdH-600 was reconstructed by rehydration and rehydrox-
ylation in aqueous solution containing inorganic counteranions
at 60 °C.
Finally, it is remarked that, when rehydration and

rehydroxylation were carried out at 100 °C in water without
any counteranion, calcined LGdHs were transformed to
Gd(OH)3 regardless of calcination temperature. Conversely,
the transformation of calcined LGdHs to Gd(OH)3 was not
induced if the aqueous solution contains organic or inorganic
anions, even at 100 °C. Instead, the crystalinity of products
obtained by the reconstruction of calcined LGdHs was highly
improved. Thus, both the solution temperature and the
presence of counteranions in solution have to be controlled
for the reconstruction of calcined LGdHs.

4. CONCLUSIONS
We have systematically investigated the thermal behavior of
layered gadolinium hydroxychloride, Gd2(OH)5Cl·nH2O
(LGdH), on the basis of combined analytical results of
thermogravimetry-differential scanning calorimetry-mass spec-
trometry (TG-DSC-MS). When heated, LGdH decomposes
into Gd2O3 and GdOCl, regardless of the atmospheric gas.
However, the complete decomposition temperature of LGdH
can differ by nearly up to 300 °C depending on the water
content in atmosphere. Such different decomposition behaviors
of LGdH result from the different reactivity of GdOCl toward
H2O and O2 molecules. By rehydration and rehydroxylation in
aqueous solution containing organic and inorganic anions, the
intralayer structure of LGdHs calcined up to 600 °C can be
reconstructed to recover the intercalation ability. The
calcination temperature capable of reconstruction is quite
high compared with those of classical LDHs. High thermal
stability and reconstructability would provide the LRH family,
including LGdH, with many advantages for high temperature
applications.
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Figure 12. FT-IR spectra of LGdH-600 before (a) and after
rehydration and rehydroxylation in aqueous solutions of NaCl (b)
and NaNO3 (c) at 60 °C for 18 h. (d) FT-IR spectrum of LGdH-RT
for comparison.

Figure 13. XRD patterns of LGdH-600 before (a) and after
rehydration and rehydroxylation in aqueous solutions of NaCl (b)
and NaNO3 (c) at 60 °C for 18 h. (d) XRD pattern of LGdH-RT for
comparison.
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