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Formation and structural characterization of potassium titanates and the
potassium ion exchange property
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A B S T R A C T

In the present work, K2Ti2O5, K2Ti4O9 and K2Ti6O13 are synthesized by solid state method. Their

structures and morphologies are characterized by X-ray diffraction, Raman spectra and scanning

electron microscopy. The binding energies of K, Ti and O in potassium titanates were then evaluated by

X-ray photoelectron spectroscopy and compared with those in K/TiO2. Finally the corresponding K ion

exchange properties are investigated by synthesizing NO oxidation catalysts with Co(NO3)2 precursor. It

is found that the binding energy of K in K2Ti2O5 is much higher than those in K2Ti4O9 and K2Ti6O13, and

because of which, it shows quite different catalytic performances. Compared with other potassium

titanates, the K in K2Ti2O5 is much easier to be exchanged out.

� 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

Alkali titanates represented by A2O�nTiO2 (A is the alkali metal
ion, n = 2, 4, 6, 8) in chemical formula, which consist of titanium
oxide layers and inter-layer cations, have attracted great attention
and been regarded as novel functional materials during last
decades [1–4]. Titanates with n = 2 and 4 (K2Ti2O5 and K2Ti4O9)
possess layered structure, whereas those with n = 6 and 8,
(K2Ti6O13 and K2Ti8O17), possess stable tunnel-like structures
[5]. With their own crystal structures, these potassium titanates
have been used in various applications as highly active photo-
catalyst, ion-exchanger, host materials for intercalation of organic
compounds, fuel cell electrolytes, advanced reinforcing materials
for brakes and so on [6–11].

Lately, Scurrell et al. [11] and Guan et al. [12] further explored the
applications of potassium titantes as catalyst supports in CO
oxidation and selective catalytic reduction of NOx by H2. Although
it is well known that K promotes the activity of Pt-based catalyst for
NO oxidation and it can also be used as NOx storage compounds in
NSR catalyst [13–17]. Because of its solid reaction with TiO2, many
researches believed that K and TiO2 cannot be used simultaneously
at high temperature [18–21]. However, our group recently reported
the applications of potassium titanates for both soot oxidation and
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NOx abatement from vehicle emissions. For soot oxidation, K2Ti2O5

shows the lowest combustion temperature and the activity follows
the order of K2Ti2O5 > K2Ti4O9 > K2Ti6O13 [22]. For NOx storage,
only K2Ti2O5 showed NO2 adsorption at 500–600 8C; while both
K2Ti4O9 and K2Ti6O13 did not show any NO2 adsorption at all [22–
24]. Therefore, it is very interesting to study the difference of the
activities of K in potassium titanates, which lies in the inter-layers to
hold the layered sheet together. Up to date, there are few reports on
the characterizations of potassium titanates by Raman spectroscopy
and X-ray photoelectron spectroscopy (XPS). In the present work,
K2Ti2O5, K2Ti4O9 and K2Ti6O13 were first synthesized and char-
acterized by different means including X-ray diffraction (XRD),
Raman spectra, and scanning electron microscopy (SEM). The
binding energies of K, Ti and O in potassium titanates were then
evaluated by XPS and compared with those in K/TiO2. Finally the
corresponding K ion exchange properties were investigated in detail
subject to the NO oxidation activities.

2. Experimental

2.1. Preparation of samples

K2Ti2O5, K2Ti4O9 and K2Ti6O13 were prepared by solid state
reaction method. Potassium carbonate (Yakuri Pure Chemical Co.,
LTD.) and titanium dioxide (Hombikat UV 100) were mixed together
with a proper amount of water, and subjected to ball milling for 24 h.
After being dried and crushed to fine powder, it was calcined at
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Table 1
Conditions for synthesis of potassium titanates.

Name K2CO3/TiO2 Calcination T (8C) Calcination time (h)

K2Ti2O5 1/2 850 10

K2Ti4O9 1/4 970 10

K2Ti6O13 1/6 1080 10

Fig. 1. XRD patterns of synthesized (A) K2Ti2O5, (B) Co/KxTi2O5, (^) Co3O4, (C)

K2Ti4O9, (D) Co/KxTi4O9, (E) K2Ti6O13, and (F) Co/KxTi6O13.
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certain temperature for 10 h in air to obtain potassium titanates
[25,26]. The detailed conditions are shown in Table 1.

NO oxidation catalysts were synthesized by introducing
K2Ti2O5, K2Ti4O9 and K2Ti6O13 powders into an aqueous solution
of Co(NO3)2 (Junsei Chemical Co., LTD.) separately. After the
solution was kept stirring for a 15 min, it was filtered and dried and
this was followed by calcination at 500 8C for 5 h in air.
Correspondingly we call them Co/KxTi2O5, Co/KxTi4O9 and Co/
KxTi6O13, respectively [27,28].

2.2. Characterization of samples

The structures of different potassium titanates were checked by
XRD, which were obtained using a X-ray analyzer (XRD, M18XHF,
Mac Science Co., Ltd., Yokohama, Japan). Ni-filtered Cu Ka radiation
(l = 1.5415 Å) was used with an X-ray gun operated at 40 kV and
200 mA. Diffraction patterns were obtained within the range of
2u = 5–808 with a step size of 0.028. The compositions of catalysts
were examined by atomic adsorption analysis (AAS, Model Spectra
AA 800). Raman spectra were recorded with a Spex Rama log 1403
spectrometer from 200 to 1000 cm�1 with a resolution of 4 cm�1

from powdered samples at room temperature. The 514.5 nm line of
Coherent Innova 90-5 argon-ion laser was used as excitation source
with laser powers of 25–300 mW. A spike filter was used to remove
the laser plasma lines and the monochromator slits were 4 cm�1.
The Raman spectra were observed at an angle of 908 to the exciting
light, and the exciting laser light was polarized parallel to the plane
containing the exciting and scattered light beams. A polarization
scrambler was used in the light path before its entry into the
spectrophotometer. The Raman instrument was calibrated using the
standard reference values of the neon emission lines in air of a neon
lamp (Oriel Corp., Model No. 6032). The morphologies of catalysts
were investigated by field emission scanning electron microscopy
(FE-SEM, Hitachi, S-4200). XPS analysis was performed with a VG
Scientific ESCALAB 220-IXL using non-monochromated Mg Ka
radiation (1253.6 eV). The binding energy was corrected using a
reference of the contaminated carbon (284.6 eV). The compositions
of catalysts were examined by atomic absorption analysis (Model
Spectra AA 800).

2.3. Activity test

The NO oxidation tests were performed in a flow-reactor
equipment, consisting of a packed-bed made of quartz tube
(10 mm internal diameter). For a typical test procedure, the gas
flow rate was adjusted at 300 ml/min with He as carrier gas and
0.3 g catalyst was chosen to yield a space of velocity of 40,000 h�1.
The feed gas contains 700 ppm NO and 10% O2 with He as balance
gas. The furnace was heated from room temperature to 500 8C with
a ramp rate of 2 8C/min. The outlet NOx concentration was recorded
by a NOx analyzer (Chemiluminescence NO–NO2–NOx analyzer,
Model 42C, high level, Thermo environmental instruments, INC.).

3. Results and discussion

3.1. XRD and Raman studies

In order to examine the crystallization degree of the synthe-
sized K2Ti2O5, K2Ti4O9 and K2Ti6O13, XRD and Raman spectra
analyses were used. Fig. 1 shows the XRD patterns of the
synthesized K2Ti2O5, K2Ti4O9 and K2Ti6O13, from which it is found
that all the compounds well formed and their patterns have good
consistencies with the reported patterns (PDF13-0448, PDF40-
0403 and PDF13-0447). As the result of a completely growth
process of K2Ti2O5 at 850 8C for 10 h, the (0 0 1) peak is much
stronger than the (1 1 1) peak. The data from Raman analyses, as
shown in Fig. 2, also confirmed that all TiO2 and K had reacted with
each other and fully transformed into corresponding potassium
titanates. Bamberger et al. [29] also observed the same Raman
spectra. The broadening of the high-wavenumber lines in the
Raman spectra of K2Ti4O9 and K2Ti6O13 is related to the polar
character of the TiO6 octahedra. However, for K2Ti2O5, the
coordination number of Ti is five and it is composed of units
TiO5 [30]. As a result, its pattern at high wavenumber region (800–
1000 cm�1) shows a much narrower peak, which is quite different
to those of K2Ti4O9 and K2Ti6O13.

3.2. SEM studies

The morphologies of synthesized K2Ti2O5, K2Ti4O9 and K2Ti6O13

were investigated by SEM, as shown in Fig. 3. For K2Ti2O5

(Fig. 3(A)), irregular flat plate-like crystals were formed. The
particle size ranged from several micrometers to several-tenth
micrometers both in width and length, indicating that the crystal
had well grown. While for K2Ti4O9 (Fig. 3(B)) and K2Ti6O13

(Fig. 3(C)), much smaller and fine whisker-type particles with
average width of 200 nm and length of 5 mm and rod-type particles
with average width of 5 mm and length of 20 mm were formed,
respectively.



Fig. 3. (A) SEM image of synthesized K2Ti2O5; (B) SEM image of synthesized K2Ti4O9;

(C) SEM image of synthesized K2Ti6O13.

Fig. 2. Raman spectra of K2Ti2O5, K2Ti4O9 and K2Ti6O13.
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3.3. XPS studies

Fig. 4 shows the XPS analyses of K/TiO2, K2Ti2O5, K2Ti4O9 and
K2Ti6O13. It was found that all the values of Ti 2p, K 2p and O 1s of
potassium titanates were lower than those of K/TiO2, and these
lowered values were the result of the formation of crystalline
structures. For Ti 2p, the peak shifted toward the higher binding
energy side by the formation of potassium titanates, indicating
that the electronic density of Ti increased due to the donation of
electrons by Murata et al. [31] also observed the same
phenomenon with several perovskite oxides. The binding energy
of Ti 2p in the perovskite PbTiO3 is shifted toward lower binding
energy by up to about 1 eV relative to that of TiO2.

The values of K 2p followed the order of K/TiO2 > K2Ti2O5 > K2-

2Ti4O9> K2Ti6O13, and the values of O 1s followed the order of K/
TiO2 > K2Ti2O5 > K2Ti4O9 = K2Ti6O13. It is worth to note that the
binding energies of both K 2p and O 1s of K2Ti2O5 are higher than
those of K2Ti4O9 and K2Ti6O13, and close to the values of K/TiO2;
and the relatively higher binding energies of K 2p and O 1s for
K2Ti2O5 might lead to some different catalytic activities from
K2Ti4O9 and K2Ti6O13.

3.4. K ion exchange property in Co(NO3)2 solution

In order to check the ion-exchange properties of K, K2Ti2O5,
K2Ti4O9 and K2Ti6O13 were first soaked in Co(NO3)2 solution; then
these samples were calcined and their NO oxidation activities
were tested with 700 ppm NO and 10% O2 in He. The results are
shown in Fig. 5. Co/KxTi2O5 showed a significant NO oxidation
ability, which reached 84.5% of NO conversion to NO2 at 282 8C.
Co/KxTi4O9 had less NO oxidation activity than that of Co/KxTi2O5,
only 36% conversion was achieved, with a relative higher
temperature (404 8C). However, Co/KxTi6O13 had no NO oxidation
activity at all.

In order to understand the difference of their activities, the
XRD patterns of Co/KxTi2O5, Co/KxTi4O9 and Co/KxTi6O13 were
analyzed, which are shown in Fig. 1. From the XRD patterns it is
found that K2Ti2O5 collapsed by hydrolytic reaction with water
during soaking process, forming potassium rich amorphous
phase. Most characteristic peaks of K2Ti2O5 disappeared or
greatly weakened, suggesting the phase transformation to non-
crystal product. This phenomenon was also reported by Bamber-
ger et al. [29] and Endo et al. [32], who got amorphous phase by
soaking K2Ti2O5 in water too. What is more, Co3O4 peaks were also
found, which indicates that Co2+ precipitated on the surface. AAS
analysis indicates that Co/KxTi2O5 contains 15.28 wt% of K and
19.17 wt% of Co. However, most characteristic peaks remained for
Co/KxTi4O9 and Co/KxTi6O13 after soaking process, which means
that their structures remained. However, the peaks became a little
weaker and broader because of the hydrolytic reactions with H2O.
For the overlaps with supports, Co3O4 peaks in the XRD patterns of
Co/KxTi4O9 and Co/KxTi6O13 cannot be clearly recognized. Another
reason may be only very small amount of Co3O4 was formed on
these two supports, which accompanied by a very low NO
oxidation conversion.

From the data, it has been found that the NO oxidation activity
is proportional to the degree of ion exchange. And it was postulated



Fig. 4. XPS spectra of K/TiO2, K2Ti2O5, K2Ti4O9 and K2Ti6O13; (A) Ti 2p spectra; (B) K

2p spectra; (C) O 1s spectra.

Fig. 5. NO conversion to NO2 as functions of temperature over Co/KxTi2O5, Co/

KxTi4O9 and Co/KxTi6O13 catalysts.
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that the following reactions should happen during the soaking
processes.

Co2þ þ2H2O ! CoðOHÞ2þ2Hþ (1)

ð2� xÞHþ þK2Ti2O5 ! KxH2�xTi2O5þð2� xÞKþ (2)

ð2� xÞHþ þK2Ti4O9 ! KxH2�xTi2O9þð2� xÞKþ (3)

ð2� xÞHþ þK2Ti6O13 ! KxH2�xTi6O13þð2� xÞKþ (4)

After calcinations, Co(OH)2 became to Co3O4; and KxH2 � xTi2O5,
KxH2 � xTi2O9 and KxH2 � xTi6O13 transformed to KxTi2O5, KxTi4O9

and KxTi6O13, respectively. As we reported that NO oxidation
mainly comes from surface precipitated Co3O4 and the promotion
of K in the amorphous phase [27,28]. The amount of Co3O4 and K-
rich amorphous phase highly depend on the degree of ion
exchange between K and H+ (H3O+). As the hydrolysis goes on,
more Co(OH)2 will precipitate on the surface and more K will be
substituted by H+ (H3O+) which leads more Co2+ doping onto the
amorphous phase.

The ion exchange properties of K2Ti2O5, K2Ti4O9 and K2Ti6O13

have good consistencies with the binding energy of K 2p; with the
decrease of the binding energies of K 2p, the ion exchange
properties of K decrease.
4. Conclusions

Various characterizations showed that plate-like type K2Ti2O5,
whisker-type K2Ti4O9 and rod-type K2Ti6O13 were successfully
synthesized without any impurities by solid state method. X-ray
photoelectron spectroscopy analyses showed that all the binding
energies of Ti 2p, K 2p and O 1s in potassium titanates were lower
than those in potassium doped TiO2 (K/TiO2). The values of K 2p
followed the order of K/TiO2 > K2Ti2O5 > K2Ti4O9> K2Ti6O13, and
the values of O 1s followed the order of K/TiO2 > K2Ti2O5 > K2-

2Ti4O9 = K2Ti6O13. It was also found that the binding energies of
both K 2p and O 1s of K2Ti2O5 were higher than those of K2Ti4O9

and K2Ti6O13, and close to the values of K/TiO2. And because of the
differences in binding energies, K2Ti2O5, K2Ti4O9 and K2Ti6O13

showed different ion exchange properties. The activities of novel
NO oxidation catalysts, synthesized through ion-exchange
method, followed the order of Co/KxTi2O5 > Co/KxTi4O9 > Co/
KxTi6O13; and it was believed that the NO oxidation activities
highly depended on the K ion-exchange activities.
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