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Reactions have been designed to verify the reversibility of
butylamine intercalation-deintercalation in the layered per-
ovskite-type oxide KCa,Nb3O,,. The reactions include ion
exchange to form HCa,Nb3O,y:1.5H,0, butylamine intercal-
ation for producing C;HgNH;3Ca;Nb3;O;0, transformation of
C4HgNH;3CasNbzO4p into  HCONH3;Ca,Nb3zO19 by for-
mamide substitution and conversion of HCONH;Ca,Nb3;O,(
into HCa;Nb3040°1.5H,O again by ion exchange. The com-
plete reaction cycles were monitored by XRD, Raman spec-
troscopy, thermogravimetric (TG) and elemental analysis,
and the resulting information was used to propose the struc-

ture evolution and to determine the organic components of
the products. The well-matched powder X-ray diffraction
(XRD) patterns and Raman spectra between the initial and
recovered protonated materials confirmed that they have
identical structural features of a protonated triple-layered
perovskite. The C, H and N elemental analysis results and
TG data indicate that the regenerated layered perovskite-
type oxides also have a high capacity for alkylamine intercal-
ation.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

Ion-exchangeable layered perovskites M[A,, 1B,,03,,+1]
(Dion—Jacobson phases) and M,[A,, ;B,,03,,+1] (Ruddles-
den—Popper phases), where m represents the thickness of
the perovskite-like slabs and the exchangeable interlayer
cations are denoted by M, consist of 2D perovskite-like
slabs featured as a sliced ABO; perovskite structure in
which the A-site cation is coordinated by twelve oxygen
atoms and the B-site cation is located at the centre of the
BOg octahedron.[!l Both of these two phases can be feasibly
converted into their protonated derivatives H[A,, B,
O3,,+1] and H[A,, 1B,,05,,+1] by acid treatment.l>8 These
protonated layered perovskites have attracted much atten-
tion for their photocatalytic activity,”! ion conductivity'"
and intercalation behaviour.[:>]

As is well-known, most layered compounds can be in-
tercalated by organic cations or molecules to form intercal-
ation compounds.!'>!1"13] The reaction mechanisms are
based on ion exchange, ion—dipole interactions, hydrogen
bonding, redox reactions and acid-base reactions. With re-
gard to the layered-perovskite intercalation reaction, n-alk-
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ylamines can intercalate in the interlayer spaces by means
of an acid-base mechanism.['’] Depending on the acidity
of the protons attached to the terminal oxygen atoms along
the perovskite block, organic bases with a range of pKj
values can intercalate into the interlayer gallery. Because
the pKy values are generally around 3.4, alkylamines are
preferable choices and may be readily intercalated into
Dion-Jacobson phases such as HCaLaNb,TiO;,.l'4 Also,
attaching a sufficient number of protons to NbOg octahe-
dra is proposed to enhance the interlayer reactivity. As a
successful example, HLa,Ti,NbO,,, derived from CsLa,-
Ti,NbO;,, was found to easily intercalate alkylamines.[']
Afterwards, a series of alkylamine-intercalated layered per-
ovskite-type oxides, C,H,,+1 NH3Sr,Nb3;O,( (n = 1-6), were
prepared through a stepwise exchange process.l'® The Rud-
dlesden—Popper tantalates such as H,CaNaTa;O;, and
H,Ca,Ta,TiO;, are another family of interesting layered
perovskite materials, which can also be feasibly intercalated
by alkylamines.®'71 H; g[Sty ¢Bij,Ta>0-], converted from
an Aurivillius phase of Bi,SrTa,Oy, can accommodate n-
alkylamines (C,,,H,,,+1NH,; m = 4, 8, 12, 18) to form inter-
calation compounds in which the surface geometry is essen-
tially identical to those of Dion—Jacobson phases.l'®! These
documented results provide approaches to a variety of alk-
ylamine-intercalated layered perovskite-type oxides with
interesting structures and properties for a wide variety of
applications. The intercalation processes have been exten-
sively investigated, whereas few studies have focused on the
important issue of deintercalation chemistry, i.e. the pos-
sibility of how to remove alkylamine molecules from these
intercalated layered oxides and convert intercalated com-
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pounds into the initial layered perovskite-type oxides. With
regard to the reversibility of the intercalation—deintercal-
ation process, two advantages are of real significance in the
research on layered perovskite-type oxides. The first is the
richness of the properties of these oxides, which broadens
the range of intercalation derivative structures. The second
is to provide a new insight into the potential for some spe-
cial applications such as recycling alkylamine pollutants
into useable resources by means of the intercalation/deinter-
calation cycle of layered perovskite-type oxides. This en-
ables the reclaiming of layered perovskite-type oxides from
waste layered intercalation materials and converting them
into protonated forms that have significant potential to
economise energy sources and protect the environment. On
the basis of this viewpoint, a recyclable reaction chain has
been designed for reversible alkylamine intercalation/dein-
tercalation in layered perovskite-type oxides.

Layered niobates ACa,Nbs;O,, (A = alkali metals) are a
family of the n = 3 Dion-Jacobson (DJ) compounds with
the general formula A[A’, B,03,+].>'%2% Interestingly,
the coordinating geometry of the interlayer A atom is
heavily size-dependent. While the large cations of Cs and
Rb reside in a distorted cubic site,?” the small Li ion pre-
fers to fill the tetrahedral site between adjacent perovskite
layers.”!'l On the other hand, the K ion with a medium size
generally adopts a trigonal prismatic geometry.*?
KCa,;Nb;0,5 and HCa,;Nb;0,,°1.5H,0 are lamellar Dion—
Jacobson compounds that consist of perovskite slabs inter-
leaved by potassium cations and hydrated protons.[?!%-23
Their low charge density and low interlayer covalency, rela-
tive to the structurally related Ruddlesden-Popper?* and
Aurivillius®! phases, make them readily amenable to ion-
exchange, intercalation and exfoliation reactions.[*®l Herein,
KCa,Nb;0,, was selected as the host for reversible intercal-
ation/deintercalation of butylamine (C4HyNH,) molecules.
C4HoNH, was initially inserted into the interlayer gallery
for synthesising the intercalation compound C4;HyNH;Ca,-
Nb3O. It was then stepwise recovered to generate the orig-
inal protonated form HCa,Nb3;O;y'1.5H,O by removing
C4HoNH,. The mechanism is also discussed and suggested
to be effective in elucidating the deintercalation behaviours
of various layered intercalation materials.

Results and Discussion

Figure 1 shows the XRD patterns of the products ob-
tained from each step of a complete reaction cycle. The
(110) reflection at 20 = 32.8° of HCNOI reveals the per-
ovskite-like slab structure along the ab plane.*®! The pres-
ences of the (110) peak in the samples of XCNO and
HCNO?2 indicate that the structure of the perovskite slab is
sustained after the intercalation and deintercalation reac-
tions. The (100) reflections observed at 23.8° in the XRD
patterns of XCNO and HCNO2 imply that these products
possess a simple stacking sequence without displacement
(e.g. a tetragonal cell with a primitive symmetrical P-type
cell).?”) The well-matched powder XRD patterns of XCNO
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and KCNO also indicate that XCNO has a structure resem-
bling KCNO and retains the tetragonal structural features
of the precursor layered phases.
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Figure 1. X-ray powder diffraction patterns of the as-synthesised
samples from a complete reaction cycle: (a) KCNO, (b) HCNOI,
(c) ACNOI, (d) XCNO and (e) HCNO2. The inset shows the low-
angle XRD pattern of ACNOI.

A comparison between the XRD patterns of ACNOI1
and ACNO?2 is visible in Figure 2. The agreement between
the XRD patterns of ACNO2 and ACNOI, as well as those
of HCNO2 and HCNOI (Figure 1), indicates that both the
butylamine intercalated products and the protonated mate-
rials were recovered and the designed reactions for recycling
the protonated phases were successful. Combining the d
values (= 25.1 A) derived from the (001) reflection peaks of
ACNOI1 and ACNO2, and the perovskite layer thickness
(= 11.5 A) of Ca,Nb;0,,,! the interlayer distance is 13.6 A.
The chain length of the butylamine is 7.6 A. The interlayer
heights of ACNOI1 and ACNO?2 are nearly two times the
chain length of the butylamine molecule. As reported in the
literature, this phenomenon can be explained by the forma-
tion of a bilayer structure of butylamine chains,[3%3!1 which
makes the interlayer height larger than the chain length.
The alkyl chains of the butylamine cations usually tilt or
overlap.’? A representative structure of the intercalated
layered oxide is proposed and shown in Figure 4a.

In Figure 3, the identical powder XRD patterns between
samples of XCNO and BCNO reveal that X is a formamide
cation in XCNO. The component X can also be determined
by the elemental analysis results and thermogravimetric
analysis data. HCONH;Ca,Nb;O;, can be obtained under
ultrasonic (Figure 3a, XCNO) and hydrothermal treatment
(Figure 3c, B'CNO). Compared with B'CNO, sample
XCNO is easier to prepare in a highly crystalline form.
XCNO needs a much shorter reaction time to generate. The
reason can be put down to the different reaction mechanism
for producing HCONH;Ca,Nbs;O;y. B'CNO was pro-
duced, indicating the guest exchange process under hydro-
thermal conditions. However, the reaction under ultrasonic
agitation occurs by an exfoliated and aggregated process.
The reaction is accelerated by ultrasonic treatment. Sonic-
ation promotes the disconnection of the bilayer of bu-
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Figure 2. X-ray power diffraction patterns of the butylamine in-
tercalated layered oxides: (a) ACNOI1 and (b) ACNO2.

tylamine chains which results in rapid generation of XCNO.
The exfoliated process seems comparable to that of the lay-
ered double hydroxide (LDH) which is often delaminated
in formamide under ultrasonic treatment.*3 Both perovsk-
ite and LDH are ion-exchangeable layered compounds
which belong to the cation-exchanged and anion-exchanged
family, respectively. Because formamide is highly polar, it
weakens the interlayer attraction force through the destruc-
tion of the strong hydrogen bonds between host layers and
interlayer ions thereby inducing delamination.
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Figure 3. X-ray power diffraction patterns of the contrasting sam-
ples: (a) XCNO, (b) BCNO and (c) B'CNO.

It has been generally acknowledged that the & spacing
(doo1) of an XCNO sample is 15.2 A. By subtracting the
thickness of the perovskite layer (= 11.5 A),! the interlayer
height of XCNO can be deduced as 3.7 A. Since the for-
mamide cation has a shorter chain length than butylamine
and its chain length is also smaller than the unit cell of
KCNQO, it can lie horizontally between the two adjacent
perovskite layers.*® The H-H distance is 1.7 A on one ni-
trogen atom of the formamide molecule. This result can be
reasonably interpreted by the following assumption. For-
mamide molecules align in a protein-folding array in the
interlayer gallery by means of hydrogen bonding which
forms between oxygen atoms in one formamide molecule
3866
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and hydrogen atoms in a neighbouring formamide mole-
cule.’¥ These H-bonded formamide chains show an un-
usually high degree of cooperativity. Formamide cations in
the interlayer gallery are arranged as in Figure 4b.

@ ®

Figure 4. Two schematic structures illustrating the arrangement of
interlayer cations: (a) bilayer configuration of butylamine ions in
ACNOI and ACNO2 and (b) protein-folding models of formamide
ions in XCNO.

The substitution percentages of two amine-intercalated
oxides can be calculated on the basis of the elemental analy-
sis results for C, H and N which are listed in Table 1. The
results give the substitution contents of 78% for ACNOI1
and 71% for ACNO2. The substitution content of ACNO2
is reduced due to the decreasing granule size of the products
after the deintercalation and intercalation reactions. The
ultrasonic process in the reaction cycle is the main reason
for the smaller granule size. As the substitution efficiency
has been reported in the literature, the difficulty in reaching
100% can be reasonably interpreted by the surface geome-
try of the perovskite-like slab and the sizes of the n-alk-
ylamines, e.g. butylamines are too bulky to fit every cavity
on the surface of the perovskite-like slabs.l'8! Although the
fully substituted products are not available, no peaks corre-
sponding to the precursor can be found in the XRD pat-
terns of ACNO1 and ACNO2. This result suggests that the
perovskite layers are fully propped up by butylamine in
these samples. Even within the limits of experimental error,
the C/N ratio (about 1:1.4) in XCNO, given by elemental
analysis, further confirms that the component X in XCNO
is a formamide cation. When butylamine was deintercalated
from the interlayer gallery under the assistance of ultrasonic
treatment, formamide substituted it to produce XCNO. The
substitution percentage of XCNO can be up to 78.9%. Be-
cause of their smaller size, more formamide molecules can
be intercalated into the interlayer spaces. Compared with
the substitution percentage of ACNOI, the butylamine
molecules in the interlayer gallery are substituted by for-
mamide completely.

The Raman spectra of KCNO, HCNOI, ACNOI,
XCNO, HCNO2 and ACNO?2 are shown in Figure 5. The
disappearance of the peak at 248.84 cm™! in HCNO1 indi-
cates the loss of the K* ions by means of ion exchange,
because the peaks in the frequency range of 100-300 cm™!
represent the transversal vibration of K*, Nb>* etc.’% A
blue-shift can be observed for the peak at around

574.21 cm™! after ion exchange. The peak at 935.71 cm',
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Table 1. Interlayer heights and elemental analysis results of the
amine-intercalated layered perovskite-type oxides.

Samples ACNO1 ACNO2 XCNO
d value for the (001) reflection (A) 25.1 25.1 152
Chain length of the intercalated amine (A) 7.6 7.6

H-H distance in one nitrogen atom (A) 1.7
Interlayer height (A) 136 136 3.7
C/N ratio 1:3.7 1:3.5 1:14
Substitution (%6) 78 71 78.9

which relates to the lattice vibration of KCNO, also un-
dergoes a 33.58 cm™! blue-shift after acid exchange. These
shifts reveal the strong impact of the H* which has a
smaller radius and a stronger interaction with the perovsk-
ite layers than those of K*.3®l The sharp peaks at
924.54 cm™! in ACNOI and 925.31 cm™! in ACNO?2 indi-
cate that no distortion occurs in the lattice of the perovskite
layers, despite the layers being propped up by the bu-
tylamine cations. This has a strong impact on the perovskite
layers. These results also imply that ACNO2 retains the lay-
ered structure after a complete reaction cycle. In the re-
ported compounds C,H,,.NH3SrNb3Og (n = 4, 5, 6),
the lattice of the perovskite layers was distorted after inter-
calation.l'® Compared with KSr,Nbs;O,, the perovskite
layers of KCa,NbsO;, are more stable. The A-site cation
Ca?*, having a smaller size than Sr?*, is conducive to the
stabilisation of perovskite layers. The accordance between
the Raman spectra of HCNO2 and HCNOI, as well as be-
tween those of ACNO2 and ACNOI suggests that the sam-
ples retain the layered perovskite structure after a reaction
cycle. The designed reversible reactions have been success-
fully achieved.
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Figure 5. Raman spectra of the as-synthesised samples: (a) KCNO,
(b) HCNOL, (c) ACNOIL, (d) XCNO, (¢) HCNO?2 and (f) ACNO2.
Inset shows the Raman spectra of ACNOI1 around 924.54 cm ' and
ACNO2 around 925.31 cm ™.

Thermogravimetric analysis was performed for HCNOI,
ACNOI, XCNO, HCNO2 and ACNO?2 (Figure 6). The
mass changes of HCNO2 agree well with those of HCNOL1
and are in accordance with the corresponding weight losses
for ACNO2 and ACNOI. These data confirm that HCNO2
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has an identical composition to HCNOI. For HCNOI1 and
HCNO?2, the TG curves show that the decomposition pro-
ceeds in two stages which can be ascribed to the losses of
the interlayer water molecules at 60 °C and dehydroxylation
at 320 °C. The mass loss for dehydroxylation is in excellent
agreement with the theoretical value of 1.6 wt.-% based on
the formula HCa,Nbs;O,y1.5H,O. The TG curves of
ACNOI1 and ACNO?2 exhibit gradual mass attenuation cor-
responding to the loss of butylamine. The guest molecule
butylamine forms a bilayer structure of butylamine chains
through van der Waals forces in the interlayer spaces. In
general, intercalating long-chain organic bases into layered
perovskites (and other layered solid acids) leads to organic/
inorganic hybrid solids because the van der Waals forces
that arise from the paraffin-like arrangement of the organic
chains stabilise the structure.*”l When heated, butylamine
molecules on the fringe of the perovskite interlayer are more
easily lost and the butylamine molecules in the interlayer
spaces are lost later. A slight mass gain, evident in the TG
curves of ACNOI and ACNO2 from 600 to 700 °C, origi-
nates from the absorption of N,. From the TG data, the
substitution content of butylamine can be estimated as
77.0% for ACNOI1 and 66.6% for ACNO2. Evidently, both
ACNOI1 and ACNO2 have a high substitution percentage.
The TG curve of XCNO shows a two-step mass loss which
can be attributed to the emission of the formamide mole-
cules at around 240 °C and dehydroxylation at around
390 °C. This decomposition process can also be verified by
XRD measurements (Figure 7). The substitution content of
formamide was estimated as 81.7% for XCNO. A small
amount of N, absorption can also be seen at around 600 °C
in the TG curve of XCNO.
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Figure 6. Thermogravimetric analysis curves of the as-synthesised
samples: (a) HCNOI, (b) ACNOI, (c) XCNO, (d) HCNO2 and (e)
ACNO2.

The progression of the powder X-ray diffraction patterns
corresponding to the XCNO phase changes is illustrated in
Figure 7. The shift of the characteristic (001) peak shows
that heating XCNO at 320 °C results in the loss of for-
mamide and dehydroxylation occurs to transform XCNO
into the metastable compound CayNbsO;9 at 500 °C.3®]
The decomposition processes may be expressed by Equa-
tions (1) and (2):
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Figure 7. X-ray power diffraction patterns of (a) the as-synthesised
XCNO, (b) samples annealed at 320 °C and (c) 500 °C.

HCONH;Ca,Nb;0,0 — HCa,Nb;O, + CO + NH; (1)
2 HCa,Nb;0,¢ — CazNbeO;o + H,0 )

Upon heating, the characteristic (001) reflection peak
shifts gradually towards a higher 20 angle, indicating that
molecules evaporate from the interlayer spaces. XRD pat-
terns of the sample reveal that the (110) reflection at 26 =
32.8° and the (100) reflection at 20 = 23.8°, characteristic
of the in-plane structure, is unchanged. This indicates that
the layered structure is preserved for the products.

We propose that the reversible intercalation/deintercal-
ation reactions are governed by the acid—base type ex-
change reaction between butylamine and formamide in the
interlayer space and the ion-exchange type reaction which
recycles the protonated form of the perovskite, as schemati-
cally illustrated in Figure 8. The acid-base type reaction be-
tween ethylenediamine and exfoliated tetratitanic acid
nanosheets was proposed by Sugimoto et al.l’’] Reaction
between one of the amine groups in ethylenediamine and
the surface OH group of a tetratitanic acid nanosheet oc-
curs first. By analogy with the reaction of ethylenediamine
and exfoliated tetratitanic acid nanosheets, herein the bi-
layers of butylamine chains are disconnected under ultra-
sonic treatment in formamide solvents (Figure 8b). Bu-
tylamine is then deintercalated from the perovskite nano-
sheets and dissolves in the formamide solvent. The inter-
layer gallery swells with solvent until the forces that hold
the layers together are overcome and the solid delaminates
to form a colloidal suspension of sheets (Figure 8c).l'7-23-401
The amine group of formamide first reacts with the access-
ible surface OH group of a nearby exfoliated perovskite
acidic nanosheet by means of an acid-base reaction (Fig-
ure 8d). The H-bonded chains then form between for-
mamide molecules in the interlayer spaces. The reassembly
of the formamide-modified exfoliated perovskite acidic
nanosheets occurs by interaction between the formamide
molecules covering the surface of the exfoliated acid nano-
sheet (Figure 8¢). Formamide molecules align in the pro-
tein-folding array in the interlayer gallery by means of hy-
drogen bonding. All the formamide molecules exist as a
3868
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whole in the interlayer space. Compared with butylamine,
formamide is more easily accommodated in the interlayer
gallery under ultrasonic treatment. The H-bonded chains
are completely optimised by the restraint that the for-
mamide molecules are all geometrically equivalent and co-
planar with each other.3¥ When XCNO reacts with the acid
solution, water molecules are adsorbed into the interlayer
space. The augmentation of the interlayer heights originates
from water insertion and the H-bonded chains between the
formamide molecules are ruptured. Formamide molecules
then depart from the nanosheets and the protonated com-
pounds are obtained by ion exchange. According to the for-
mula HCa,Nb;O,y"1.5H,0, water molecules in the inter-
layer gallery may exist in the form of H;O* and HsO%*
cations in a molar ratio of 1:1 (Figure 8g). The proposed
reaction mechanism explains why butylamine can be re-
placed by formamide in the interlayer space and for-
mamide-intercalated layered perovskite-type oxides can be
converted into the protonated forms.
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Figure 8. The proposed reaction scheme for recycling a butylamine-
intercalated layered perovskite-type oxide to its protonated form.
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Conclusions

The complete cycle of reactions has been successfully de-
signed to bring about the reversibility of butylamine inter-
calation—deintercalation in the layered perovskite oxide
KCa,Nb3O,,. The recycling is achieved stepwise by substi-
tuting butylamine by formamide under ultrasonic agitation
and then ion exchange. After recycling, the butylamine-in-
tercalated layered perovskite-type oxide is transformed into
the protonated form. The composition and structural fea-
tures of the recycled protonated compounds agree with the
original forms. The recycled protonated compounds also
have a high percentage of substitution to accommodate bu-
tylamine. The recovery of the protonated materials with un-
changed characteristics proves that our designed reactions
provide an effective route for the deintercalation of alk-
ylamines from the layered intercalated materials. Further-
more, replacing butylamine by formamide in our reaction
cycle provides a new approach for exchanging different
types of amines in the perovskite interlayer spaces.

Experimental Section

The layered oxide KCa,Nb3;O,, (denoted as KCNO) was prepared
by calcining a mixture of K,COs, CaCO; and Nb,Os in a stoichio-
metric ratio (K/Ca/Nb = 1.2:2:3) in air at 1200 °C for 20 h. An ion-
exchange reaction of KCNO was carried out in HNO; solution
to afford the protonated form HCa,Nb;O;y'1.5H,O (denoted as
HCNOI). Treatment of the protonated form with n-butylamine
gave C4HoNH;Ca,Nb;O,, (denoted as ACNO1).2"1 Afterwards,
ACNOI was dispersed into formamide and the mixtures were soni-
cated for 0.5 h. ACNOI1 was transformed into a new material (de-
noted as XCNO) and butylamine molecules were eliminated.
XCNO was then converted into the protonated compounds
HCasNb;0,5°1.5H,O (HCNO2) by ion exchange as mentioned
above. Finally, C4HoNH;Ca,Nb3;O, (denoted as ACNO2) was re-
produced by dispersing HCNO?2 in butylamine.

To confirm that the intermediate XCNO is a formamide interca-
lated derivative, contrast experiments were run by soaking HCNO1
in a mixture of ethanol and formamide. The mixture was transfer-
red into an autoclave, followed by hydrothermal treatment.
HCONH;Ca,;Nb;0,, (denoted as BCNO) was obtained. We also
prepared HCONH;Ca,NbyO4 (denoted as B'CNO) by soaking
ACNOL in formamide under hydrothermal conditions at 120 °C
for 3d.

Powder X-ray diffraction (XRD) patterns were measured with a
Rigaku D/max 2500 V/PC diffractometer by using Cu-K, radiation
(4 = 1.54056 A, 40 kV, 100 mA). The proportion of volatile ele-
ments C, H and N were analysed by using a Vario EL3 elemental
analyser. Raman spectra were recorded at room temperature with
a Bruker RFS-100 spectrometer. Thermogravimetric (TG) analyses
were performed with a NETZSCH TG 209 instrument at a heating
rate of 10 °Cmin! in air.
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