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a b s t r a c t

Layered HLnTiO4 (Ln¼La, Nd) compounds belonging to Ruddlesden–Popper phases were found to form
partially hydrated compounds Ln2Ti2O7 � xH2O during thermal dehydration as well as defect oxides
Ln2□Ti2O7 as final products. Further heating of metastable defect Ln2□Ti2O7 substances leads to the
formation of pyrochlore-type oxides Ln2Ti2O7 (p), with subsequent transformation under higher tempera-
tures to stable layered 110-type perovskites Ln2Ti2O7. The occurring structure transformations lead to an
increase of photocatalytic activity in the order of HLnTiO4oLn2Ti2O7 � yH2OoLn2□Ti2O7oLn2Ti2O7

(p)oLn2Ti2O7 in the reaction of hydrogen evolution from aqueous isopropanol solution.
& 2015 Elsevier Inc. All rights reserved.

1. Introduction

Layered perovskite-like oxides are solid crystalline substances
formed by two-dimensional nanosized perovskite slabs inter-
leaved with cations or cationic structural units. Until present time
perovskite-like compounds are actively studied as materials with
wide range of important physical and chemical properties, such as
super-conductivity [1], colossal magnetoresistance [2], ferroelec-
tricity [3,4], catalytic and photocatalytic activity [5–7], thermo-
chemical properties [8] and electrochemical properties [9]. In
recent years, there has been a constant interest in using the soft
chemistry methods for development of new layered perovskite-
like compounds with specified physicochemical properties, as well
as design of these materials based on perovskite structure [10–14].

Protonic forms of transition metal layered perovskite-like
oxides can be synthesized from alkali compounds, initially pre-
pared by high temperature solid state reaction, during the ion-
exchange reaction with acid [15] or by protonation in water
[16,17]. They attract great attention due to their interesting and
variable properties, in particular the proton conductivity [18,19].
From the other side, such protonated compounds are interesting
in terms of their application as precursors for low-temperature
reactions and as starting compounds for building nanostructured
materials. Ion-exchange reactions of interlayer protons [20],

intercalation and exfoliation reactions [21,22], topochemical
dehydration are the most important soft chemistry routes for this
aim [11].

The possibility of metastable structure formation as the result
of protonated layered compounds dehydration was described
earlier for different substances. For example, a new form of TiO2

(B) was obtained from H2Ti8O17 [23,24], H2Ti3O7 and H2Ti5O11 [25].
Dehydrated layered perovskites and the three-dimensional per-
ovskites with general formula Ln2Ti3O9 can be obtained from
H2Ln2Ti3O10 [26–28], as well as the defective layered perovskite-
type oxides Ln2□Ti2O7 from HLnTiO4 [15,29].

In the present work the phase transitions during the thermo-
lysis process of protonated HLnTiO4 (Ln¼La, Nd) related to the
Ruddlesden–Popper perovskite-type phases were studied in order
to investigate intermediate stages of metastable Ln2□Ti2O7 oxides
formation and their further evolution to stable compounds.
Photocatalytic activity of initial, intermediate and final compounds
was measured in order to demonstrate how the occurring topo-
tactic phase transformations affect the physic-chemical properties
of compounds under investigation.

2. Experimental

Layered oxides NaLnTiO4 (Ln¼La, Nd) were prepared by con-
ventional solid state reaction in air at atmospheric pressure using
Na2CO3, La2O3, Nd2O3 and TiO2 as reagents (99.9%, Vecton). The
stoichiometric amounts of oxides with 40% excess of sodium
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carbonate were ground in agate mortar, pelletized by pressure and
heated in a corundum crucible. Calcination was carried out at
780 1C for 2 h and then continued at 900 1C for 3 h in air according
to results of the formation and thermal stability investigation of
NaNdTiO4 [30,31]. The protonated forms HLnTiO4 were prepared
from NaLnTiO4 by ion exchange reaction with a three-fold excess
of 0.1 M HCl. For this purpose initial Na-containing oxides were
ground, suspended in HCl solution, and stirred at 25 1C during
48 h. The as-prepared H-containing phases were centrifuged,
washed with distilled water and dried at room temperature
over CaO.

The investigation of the dehydration processes was performed
by means of thermogravimetric analysis (TG 209 F1 Libra, Netzsch)
and simultaneous thermal analysis (TG and DSC) (STA 449 F1
Jupiter, Netzsch) coupled with quardrupole mass spectrometer
QMS 403C Aëolos. TG studies were performed in the flow of argon
and dried air (90 mL/min) at a heating rate of 10 1C/min. STA
studies were performed in the flow of argon (70 mL/min) at a
heating rate of 20 1C/min. XRD analysis data were collected with
Rigaku MiniFlex II diffractometer (powder X-ray diffraction, CuKα
radiation). Thermo XRD data (powder X-ray diffraction, CuKα
radiation) during thermolysis process were collected with Rigaku
Ultima IV diffractometer with heating rate of 10 1C/min, and 2 min
preheating before XRD data collection, scanning step 50 1C, scan-
ning range 50–1000 1C. Scanning electron microscopy (SEM) was
performed on a Zeiss Merlin scanning electron microscope. IR
spectra of the samples were recorded with a FT-IR spectrometer
IRPrestige-21, using the KBr pellet technique. Photocatalytic activ-
ity in the reaction of hydrogen evolution from aqueous isopropa-
nol solution was measured on a custom designed set-up described
in previous papers [6,32]. The reaction suspension composed of
60 mg oxide sample and 60 mL 0.1 (mol%) isopropyl alcohol
aqueous solution was shaken and left for a day to establish
adsorption equilibrium. Immediately before the experiment, each
suspension was sonicated for 10 min (Elmasonic S10H ultrasound
bath) to disaggregate the oxide particles and then was placed into
an external-irradiation photocatalytic reaction cell, equipped with
a magnetic stirrer and connected to a closed gas circulation
system. A medium-pressure mercury lamp DRT-125 (125W) was
used as a radiation source. A light filter solution (KClþNaBr, each
6 g/L) thermostated at 15 1C was used to cut off radiation with
λo220 nm. At the beginning of each experiment, the suspension
was saturated with argon gas to remove air from the system.
Hydrogen evolved during the photocatalytic reaction accumulates
in the gas phase of 125 ml total volume, which initially contains
argon at atmospheric pressure. The gas composition was analyzed
by an on-line gas chromatograph (Shimadzu GC-2014, TCD, Msieve
5A Column). The photocatalytic reaction rate was calculated from
the slope of the hydrogen evolution kinetic curves.

3. Results and discussion

3.1. Simultaneous thermal analysis studies

STA (TG and DSC) coupled with QMS shows the thermal
behavior of HLnTiO4 compounds. The dehydration process was
found to be quite complex (Fig. 1).

The first stage from the beginning of heating (Table 1, step 1) is
surface water evaporation with 0.23% weight loss for HNdTiO4 and
more than 0.71% for HLaTiO4 which is more hygroscopic like most
La-containing compounds. After that four main thermal effects are
presented. Thermal decomposition starts with the exothermic
effect accompanied with only small weight loss (Table 1, step 2)
suggesting that a phase transition takes place. During further
heating the major weight loss occurs for both compounds with

small endothermic effect (Table 1, step 3). Despite the fact that
weight loss due to release of water is usually accompanied by
endothermic heat effect in that case it could be compensated by
exothermic effect related to the formation of defective layered
perovskite structure. After that DSC detects two more exothermic
processes, first of them under lower temperatures (Table 1, step 4)
and the second under high temperature (Table 1, step 5), without
any significant weight loss suggesting that two more phase
transitions are expected.

TG and DSC were supplemented by mass-spectrometry data,
which shows that ion current (IC), detected during heating,
corresponds to the elimination of water molecules (Fig. 1), without
CO2, HCl or other possible impurities.

Fig. 1. STA results for (a) HLaTiO4 and (b) HNdTiO4, TG and DSC data (top), DTG and
ion current (IC) data (bottom).

Table 1
TG and DSC data of HLaTiO4 and HNdTiO4.

Sample HLaTiO4 HNdTiO4

Tonset
(1C)

Tendset
(1C)

Δm
(%)

ΔH
(kJ/mol)

Tonset
(1C)

Tendset
(1C)

Δm
(%)

ΔH
(kJ/mol)

Step 1 30 160 0.71 n/a 30 235 0.23 n/a
Step 2 160 250 1.08 �15.5 235 305 0.76 �16.4
Step 3 250 600 2.4 n/a 305 625 2.65 n/a
Step 4 675 765 – �18.7 720 795 – �14.5
Step 5 965 1065 – �11.7 915 990 – �18.6
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3.2. Powder X-ray diffraction studies

Comparison of STA results with thermo-XRD data (Fig. 2)
shows that structural transformations begin after the first exother-
mic stage of HLnTiO4 dehydration (220 1C for La and 285 1C
for Nd).

As it can be seen from TG (Fig. 1), HLnTiO4 samples calcined at
500 1C should be fully dehydrated, while heating up to 150 1C
leads only to surface water elimination. In the temperature range
from 150–200 1C to 450–500 1C oxides Ln2Ti2O7 � xH2O with dif-
ferent remaining water content exist.

We also performed discrete step TG with the same temperature
program as Thermo XRD (provided in Supplementary information)
to properly connect the STA and Thermo XRD data. Accordingly,
XRD patterns at temperatures before full water elimination were

recorded during the dehydration process, thus peaks at higher
angles correspond to the intermediate compounds with lower
water content than peaks at lower angles. Anyway the shift of the
first peak to the higher angles with temperature increasing
corresponds to the decrease of c lattice parameter of correspond-
ing compounds during the dehydration.

After the first exothermic transformation and before full water
elimination XRD shows the existence of intermediate phases with
general formula Ln2Ti2O7 � xH2O. Their structure seems close to
defect perovskite Ln2□Ti2O7 described previously [29], but with
enlarged layer thickness. After full elimination of water (500 1C)
XRD detects a single phase – defect perovskite Ln2□Ti2O7. Inter-
mediate phases Ln2Ti2O7 � xH2O, as well as fully dehydrated
Ln2□Ti2O7, can be quite well indexed in primitive tetragonal
symmetry. The second exothermic effect (720 1C for La and
760 1C for Nd) corresponds to the structural transformation of
defect Ln2□Ti2O7 compounds to the Ln2Ti2O7 (p) compounds with
pyrochlore structure [33]. The third exothermic effect (990 1C for
La and 945 1C for Nd) corresponds to final transformation from
pyrochlore phase to the 110 layered perovskite Ln2Ti2O7 structure.
Titanates with the last type of structure are actively studied as
materials for photocatalytic water splitting [34–36]. Table 2 pre-
sents the amount of water and structural parameters of samples
obtained at different dehydration conditions.

3.3. Transition IR-spectroscopy study

Solid state IR-data of Ln2Ti2O7 � xH2O samples prepared at
different temperatures are presented in Fig. 3.

As it can be seen, both initial HLnTiO4 samples calcined at
120 1C (Fig. 3, 1) have three-band spectra with some minor
splitting typical for cationic ordered layered oxides ALnTiO4

[37–39]. The band around 400 cm�1 can be assigned to the
deformational modes of the TiO6 octahedra, the middle energy
band near 600 cm�1 corresponds to the equatorial Ti–O stretching,
while the high energy band near 800 cm�1 can be ascribed to the
stretching mode of Ti–O apical bond toward the protonic layer,
similar as in NaLnTiO4 compounds [38], but with significant shift to
lower energies. Another low intensity band found near 500 cm�1

probably can be characterized as Ti–O apical bond stretching
toward the Ln layer. In high frequencies region there exists a wide
band corresponding to the hydrogen bonded O–H stretchings in
the 2500–3500 cm�1 regions. Surface water is presented as
enlarged band near 3450 cm�1 and band near 1650 cm�1.

IR spectra of partially (Fig. 3, 2–3) and fully dehydrated HLnTiO4

samples (Figs. 3 and 4) are similar to each other and demonstrate
stretching bands shift to the higher frequencies region. High
energy band near 800 cm�1 corresponding to the apical Ti–O
stretchings disappear for totally dehydrated samples while a new
band at the higher energies region near 900 cm�1 appears most
probably belonging to the new linkage between octahedral in
structure of defect Ln2□Ti2O7 (Fig. 4, c). IR-spectra of partially
dehydrated compounds heating up to 250 1C for La-containing
oxide and 300 1C for Nd-containing show bands in high frequen-
cies region characteristic for hydrogen bonded O–H groups as well
as residual band near 800 cm�1 corresponding to Ti–O apical bond

Fig. 2. Thermo XRD data for (a) HLaTiO4 and (b) HNdTiO4 collected from 50 1C to
1000 1C with 501 step.

Table 2
Composition of samples obtained after the calcination of HLaTiO4 and HNdTiO4 at different temperatures.

Sample HLaTiO4 HNdTiO4

Heating rate 10 1C (min) T (1C) Time (min) Composition a,b (Å) c (Å) T (1C) Time (min) Composition a,b (Å) c (Å)
120 30 HLaTiO4 �0.1H2O 3.72 12.29 120 30 HNdTiO4 3.69 12.06
250 1 La2Ti2O7 �0.76H2O 3.74 24.48 300 1 Nd2Ti2O7 �0.71H2O 3.70 23.98
250 30 La2Ti2O7 �0.58H2O 3.75 23.82 300 30 Nd2Ti2O7 �0.34H2O 3.70 23.14
500 30 La2Ti2O7 3.75 21.74 500 30 Nd2Ti2O7 3.69 21.18
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toward the protonic layer. These bands disappear for samples
obtained after 30 min heating. In addition XRD patterns of all
dehydrated samples did not contain peaks corresponding to the
initial protonated HLnTiO4 compounds. In the case of more
hydroscopic La-containing compounds, low intensity bands char-
acteristic for surface water exist for all measured samples. Exis-
tence of Ti–O apical bond stretching for samples with high water
content Nd2Ti2O7 �0.71H2O and La2Ti2O7 �0.76H2O suggests that
remaining hydrogen exists as part of unmerged titanium–oxygen
octahedra (Fig. 4, b).

3.4. Phase transitions

Possible structural evolutions of HLnTiO4 compounds during dehy-
dration process and further heating (reactions 1–2) are presented in
Fig. 4. The formation of defect structure begins with the formation of
new bounds between the axial oxygen and titanium atoms from
opposite octahedral layer before the complete elimination of water.
The linkage of octahedral layers is accompanied by the shift from
eclipsed to staggered conformation (Fig. 4, aand b).

Residual water exists in the form of remaining unmerged
octahedra (Fig. 4, b) which during further heating and dehydration
link in the defect perovkite structure (Fig. 4, b and c). Low
reflections intensity and peak broadening apparently tell about
disordering and/or low crystallinity of defect phases. A possible
reason could be the migration of some Ln-cations from A-sites of
interlayer space to the vacant B-sites of perovskite blocks (Fig. 4, c
and d). The similar behavior was observed for some H2Ln2Ti3O10

compounds where dehydration accompanies with the movement
of some of the Ln3þ from the perovskite block to the interlayer
gallery stabilizing the layered structure [27]. So here can be a
reverse situation driven by high charge difference between per-
ovskite and rock-salt layers. This could explain the observed c
lattice parameter shrinkage after full dehydration during calcina-
tion at high temperature.

Thus the processes occurring during the heating of HLnTiO4

(Ln¼La, Nd) can be represented as five main steps:

1. Surface water elimination.
2. Formation of Sr3Ti2O7-like structure (Fig. 4, a and b).

2HLnTiO4-
T
Ln2Ti2O7 UxH2O: ð1Þ

3. Elimination of remaining water, formation of defect Ln2□Ti2O7

oxide (Fig. 4, b and c).

Ln2Ti2O7 UxH2O-
T
Ln2□Ti2O7: ð2Þ

Fig. 3. FTIR spectra of (a) HLaTiO4 and (b) HLaTiO4 after calcination at different
temperatures.

Fig. 4. Structural transformations of HLnTiO4 compounds during dehydration.

Fig. 5. Structural transformations of Ln2□Ti2O7 compounds during heating.
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4.
Transformation to pyrochlore phase (Fig. 5, a and b)

Ln2□Ti2O7-
T
Ln2Ti2O7 ðpÞ: ð3Þ

5. Transformation to the 110 layered perovskite (Fig. 5, b and c)

Ln2Ti2O7 ðpÞ-
T
Ln2Ti2O7: ð4Þ

SEM images of samples obtained after heating up to 500 1C
(Ln2□Ti2O7), 800 1C (Ln2Ti2O7) and 1100 1C (Ln2□Ti2O7) show that
there is no significant change in particles morphology of defect,
pyrochlore and layered 110-type perovskite samples compared to
initial HLnTiO4 compounds (Fig. 6). This suggests that dehydration
reaction and further phase transitions during thermolysis are
topochemical in essence.

The results of photocatalytic experiments of hydrogen evolu-
tion from aqueous isopropanol solution under UV-irradiation over
investigated samples are presented in Fig. 7.

It can be seen that the hydrogen evolution rate increased with
the increase of calcination temperature of complex oxide samples
for both La and Nd series under investigation. Only for partially
dehydrated La2Ti2O7 �0.76H2O sample hydrogen evolution rate is
higher than for corresponding La2□Ti2O7 compound. The
lanthanum-containing compounds were found to be more photo-
catalytically active, than the corresponding neodymium-
containing oxides, which is in good agreement with known data

on Ln2Ti2O7 photoactivity [36]. The particle morphology of the
samples remains almost the same, thus no significant influence of
geometrical features like surface area on the photocatalytic activ-
ity takes place. This suggests that structural changes occurring
during topochemical dehydration of HLnTiO4, namely, the forma-
tion of links between adjacent titanium–oxygen octahedra, play a
prominent role for the photocatalytic activity.

4. Conclusions

Thermal dehydration of HLnTiO4 (Ln¼La, Nd) compounds as
well as further phase transitions during heating were studied. By
means of TG, DSC and Thermo-XRD analysis it was found that
considered substances form defect layered perovskite-like oxides
Ln2□Ti2O7 after full dehydration (450–500 1C) while a range of
partially dehydrated compounds with general formula
Ln2Ti2O7 � yH2O are formed under lower temperatures. These
compounds have a structure close to the layered Ln2□Ti2O7 defect
oxides but with enlarged lattice parameter. Accordingly to the FTIR
data partially dehydrated compounds most likely consist of
merged (like in Ln2□Ti2O7) and unmerged (like in HLnTiO4)
titanium–oxygen octahedra. Further heating of metastable defect
Ln2□Ti2O7 substances leads to the phase transition with formation
of pyroclor-type oxides Ln2Ti2O7 (p), which in turn transform to
stable layered 110-type perovskites Ln2Ti2O7 under higher tem-
peratures. The observed phase transformations lead to increase of
photocatalytic activity in the reaction of hydrogen evolution from
aqueous isopropanol solution.
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Fig. 6. SEM images of initial protonated layered perovskite-type oxides HLnTiO4, defect Ln2□Ti2O7 oxides, pyrochlore Ln2Ti2O7 (p) oxides, and corresponding 110 layered
perovskites Ln2Ti2O7 for Ln¼La (a–d) and Nd (e–h).

Fig. 7. Photocatalytic activity of investigated samples in the reaction of hydrogen
evolution from aqueous isopropanol solution under UV-light irradiation
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Appendix A. Supplementary information

Supplementary data associated with this article can be found in
the online version at http://dx.doi.org/10.1016/j.jssc.2015.02.008.
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