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Ni-doped titanate CsxTi2-x/2Nix/2O4 and its protonic derivative HxTi2-x/2Nix/2O4 3 xH2O (x=0.7) were synthesized and
characterized by means of synchrotron X-ray diffraction, Raman scattering, X-ray photoelectron spectroscopy (XPS),
and magnetic measurements. CsxTi2-x/2Nix/2O4 crystallizes in an orthorhombic structure (space group Immm),
consisting of infinite two-dimensional (2D) host layers of the lepidocrocite (γ-FeOOH) type. The substitution of Ni
atoms for Ti in the 2D octahedral layers results in negative charges that are compensated by interlayer Cs+ ions.
Raman scattering and XPS indicate that local structural perturbations are induced upon exchange of interlayer
Cs ions with protons H3O

+. Magnetic measurements reveal typical paramagnetism induced by Ni substitution;
the effective paramagnetic moment μeff = 1.57(1) μB and Curie-Weiss temperature -2.51(1) K are obtained for
HxTi2-x/2Nix/2O4 3 xH2O. Ni- and Mg-codoped titanates CsxTi2-x/2(NiyMg1-y)x/2O4 (x = 0.7, 0 e y e 1) were also
reported. The crystal structure, interlayer chemistry, and magnetic properties of the titanates depend on the Ni
substitution levels, indicating opportunities for tuning of the properties by controlling the nature and level of lattice
substitutions.

Introduction

Heterovalent substitution (or doping when considering
minute concentrations) is recognized as a strong means of
modifying materials’ properties. Usually, such substitution/
doping modifies the electronic properties and, hence, the
transport and magnetic properties. Likewise the chemical
properties and stability are likely to be changed. Controlling
the type and concentration of the substituents/dopants is
therefore a key issue. For example, local magnetic moments
can be introduced into diamagnetic semiconductors by dop-
ing with 3d transition-metal (TM) atoms such as Fe, Co, Ni,
and Mn.1,2 This process results in diluted magnetic semicon-
ductors that integrate semiconducting and ferromagnetic
functionalities and are key components for many spin-based

devices.1-5 The report of room temperature ferromagnetism
in Co-doped TiO2 thin films3,4 has spurred considerable
interest in the search for high-Tc ferromagnetism in wide-
band-gap oxides doped with TM atoms.5 However, in such
systems, there is an inherent tendency to phase segregation
above the solid solubility limit; therefore, it has become
difficult to determine whether the observed ferromagnetism
is an intrinsic effect due solely to the magnetic atom substitu-
tions or an extrinsic effect due to the presence of magnetic
secondary phases.6

In oxides like TiO2, the very stable structure usually
prevents any larger degree of heterovalent substitution/dop-
ing.7 On the other hand, certain titanate oxides of perovskite8

or lepidocrocite type (i.e., layered titanates with γ-FeOOH-
type layered structure)9 show huge flexibility to accommo-
date 3d TM atoms by substitution and thereby play impor-
tant roles in the exploration of newmaterials with interesting
properties. Lepidocrocite titanates are of particular interest
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for several reasons. They comprise a large class of isomor-
phous compounds with composition AxTi2-yMyO4, where
x=0.7, 0.75, or 0.8 forA=Cs,Rb, orK, respectively, andM
represents a vacancy or Li, Mg, Zn, Cu, Co, Ni, FeII, FeIII,
MnIII, Sc, or Al.9-16 Structurally, lepidocrocite titanates
consist of two-dimensional (2D) corrugated layers of edge-
and corner-shared octahedra with interlayer alkali ions
that compensate for the negative charge of the layers due
to substitution of lower-valencemetal atoms or vacancies for
Ti.9-17 The interlayer ions are exchangeable with a variety of
inorganic or organic cations.13,14,16-19 Moreover, lepidocro-
cite titanates can be delaminated into molecular single sheets
(i.e., the 2D octahedral host layers) of composition [Ti1-y/2-
My/2O4]

-x/2 under given conditions.17,20,21 These nanosheets
have unique 2D morphological features and anisotropic
properties, representing ideal building blocks for the assem-
bly of artificial nanoarchitectures with intentional and con-
trollable functionalities.22

The formulation AxTi2-yMyO4 indicates that lepidocro-
cite titanates are intrinsic heavily doped materials and, e.g.,
ferromagnetism is expected upon the introduction of certain
3d TM atoms.15,17 Previously, Reid et al. reported the
synthesis and crystal structure of RbxTi2-xMnxO4 (x =
0.75), CsxTi2-xMnxO4 (x= 0.7), and CsxTi2-xFexO4 (x=
0.67).9 Later, Birchall et al. studied themagnetic properties of
CsxTi2-xFexO4 and CsxTi2-xScx-yFeyO4 (x=0.67 and y=
0.02, 0.05, 0.10, 0.20, and 0.67).15 Recently, Osada et al.
observed room-temperature ferromagnetism and interesting
magnetooptical effects in Ti1-x/4Cox/4O2 nanosheets delami-
nated from a Co-doped titanate KxTi2-x/2Cox/2O4 (x =
0.8).17 For Ni-doped phases, less work has so far been
reported. Groult et al. studied crystal structures of K-loaded
lepidocrocite titanates and reported a composition of
K0.80Ti1.6Ni0.4O4;

12 Nakano et al. reported pressure-induced
intercalation of alcohol molecules into K0.80Ti1.6Ni0.4O4.

23

However, no detailed data on physical or chemical properties
were presented, except for unit cell dimensions.

The motivation for the current study of Ni-doped lepido-
crocite titanates is manifold; first, Ni substitution into the
dielectric titanate matrix can readily be achieved, which will
provide the synthetic basis for clarifying whether Ni-doped
TiO2 thin films display ferromagnetism or just paramagnet-
ism dependent on synthetic conditions;24,25 second, Ni dop-
ing is reported to enhance the photocatalytic performance in
a number of semiconductors.26,27 It would be highly inter-
esting to achieve a similar enhancement in lepidocrocite
titanates that already are well-known for exhibiting photo-
catalytic reactivities.28,29 In this work, the Ni-doped lepido-
crocite titanate CsxTi2-x/2Nix/2O4 (x = 0.7) is synthesized
and its corresponding protonic form HxTi2-x/2Nix/2O4 3
xH2O is obtained via acid exchange. The magnetic measure-
ments reveal paramagnetic behavior for both of these Ni-
doped titanates. Moreover, a codoping approach that is
feasible to vary the Ni concentration at the Ti site is deve-
loped by introducing both Ni and Mg in the titanates, i.e.,
CsxTi2-x/2(NiyMg1-y)x/2O4 (x = 0.7 and 0 e y e 1). The
resemblance of the oxidation state of Ni and Mg will main-
tain the described charge compensation scheme and thus
prevent any phase separation, offering opportunities to
elucidate the likely doping-dependent physiochemical prop-
erties.

Experimental Section

Reagents and Materials. Cesium carbonate Cs2CO3 (99.9%),
anatase TiO2 (99.9%), nickel oxide NiO (97%), magnesium
oxide MgO (99%), and tetrabutylammonium hydroxide
(TBAOH hereafter) aqueous solution (40 wt %), all from
Sigma-Aldrich Co., were used as received. Double-distilled
water was used throughout the study.

Ni-doped lepidocrocite titanate CsxTi2-x/2Nix/2O4 (x=0.7)
was prepared via a conventional solid-state reaction.13 For a
typical synthesis, a well-mixed powder of stoichiometric
amounts of Cs2CO3, NiO, and TiO2 was heated in an alumina
crucible at 800 �C for 30 min for removal of carbonate. The
mixture was thereafter ground, pelletized, and subjected to two
heating cycles (each 950 �C, 20 h) with intermediate grinding.
The obtained product was light-green with micrometer-sized
powder particles.

Ni- and Mg-codoped titanates with composition CsxTi2-x/2-
(NiyMg1-y)x/2O4 (x=0.7 and 0e ye 1) were prepared in order
to modify the Ni substitution level while retaining the charge
compensation scheme. Well-mixed powders of Cs2CO3, NiO,
MgO, and TiO2 in relevant stoichiometric ratios were treated
similarly to the Ni route described above. Also, the end member
of the series CsxTi2-x/2Mgx/2O4 (x = 0.7), synthesized previ-
ously,13b was presently studied.

Protonic forms of the synthesized materials were obtained by
acid leaching. A total of 200 mg of the as-prepared titanate was
dispersed in 100mLof aH2SO4 aqueous solution (1M) and ion-
exchanged at room temperature for 3 days. The acid solution
was renewed every day. The solidmaterial was finally filtered off
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and rinsed with copious water and dried in air at room tem-
perature.

Intercalation of organic amines was performed by dispersing
50 mg of protonic titanate powders into 100 mL of diluted
TBAOH solutions (5 wt %). The intercalation reaction was
carried out at 60 �C under constant stirring for 1 week. There-
after, the solid products were filtered, rinsed with copious water,
and finally separated from the suspension by centrifugation.

Raman Scattering Spectroscopy. Raman scattering spectra
were collected at room temperature in a backscattering config-
uration; the samples were illuminated by using a 632.8 nm
He-Ne laser on an Olympus BX 40 confocal microscope with
a 50� objective. The wavenumber stability and accuracy of the
apparatus were calibrated by recording the F2g Raman-active
mode of silicon at 521 cm-1.

X-ray Photoelectron Spectroscopy (XPS).Around∼50 mg of
the as-prepared materials was pressed into pellets and attached
to the XPS sample holder via conductive carbon glue. XPS
spectra were collected with a KRATOS Axis Ultra-DLD spec-
trometer using Al KR radiation (1486.6 eV). A pass energy of
80 eV with a step size of 1 eV was used for survey scans. For
separate photoelectron lines, a pass energy of 20 eV was used
with a step size of 0.1 eV. The surfaces of the samples were
flooded with low-energy electrons to compensate for electro-
static charging. Energy referencing was based on the C-C
component of C 1s at 284.8 eV.30 All samples were studied at
room temperature at a pressure of approximately 10-8 Torr.
Spectra were analyzed using CasaXPS software (version
1.0.0.1).31

Magnetic Measurement. Temperature- and field-dependent
magnetic measurements of the as-prepared materials were car-
ried out with a SQUID magnetometer (Quantum Design
MPMS). Magnetization measurements were carried out in both
field-cooled (FC) and zero-field-cooled (ZFC) modes under a
magnetic field ofH=100 Oe over a temperature range of 5 Ke
T e 350 K. The dependence of magnetization on the magnetic
field was collected at 5 K over a field range of -50 kOe e H e
50 kOe.

Structural Refinement.Powder synchrotronX-ray diffraction
(SXRD) data of the Ni-doped titanate CsxTi2-x/2Nix/2O4 were
collected at room temperature using a MAR345 imaging plate
system at the Swiss-Norwegian Beamline BM01A, European
SynchrotronRadiationFacility (ESRF),Grenoble, France. The
sample was loaded into a quartz-glass capillary with an inner
diameter of 0.7 mm. SXRD data were measured between 2θ=1
and 40�with a wavelength of 0.694 02 Å and a step interval 2θ=
0.017 83�. The exposure time used was 20 s. The powder SXRD
data were analyzed by the Rietveld method with GSAS32 using
EXPGUI.33 Starting atomic coordinates for Cs, Ti, Ni, and O
were taken from an isomorphous compound CsxTi2-x/2Mgx/2O4

(x=0.7) reported previously;13 the highest symmetry, Immm,
was assumed in this work. A modified pseudo-Voigt profile
function34 was used. A broad peak at about 2θ = 11� was
observed and excluded from the refinements;13b the calculated
intensity of (110), situated in the excluded region, matches the
observed intensity well (see Figure S1 in the Supporting In-
formation).

Characterization. Phase analysis of the obtained materials
was based on powder XRD data collected on a Siemens D5000

powder diffractometer (Cu KR1 radiation λ = 0.154 06 nm;
pore-size-distribution detector; reflection geometry). The mor-
phology and composition of the samples were analyzed by a
scanning electronmicroscope (FEIQuanta 200F) equippedwith
an energy-dispersiveX-ray spectrometer. Chemical analysis was
performed by ALS Scandinavia AB, Oslo, Norway; the samples
were dissolved in a mixture of HF and H2SO4 aqueous solution
and analyzed subsequently by inductively coupled plasma mass
spectroscopy (ICP-MS). Thermogravimetric analysis (TGA)
was performed on a Perkin-Elmer TGA 7 system in a nitrogen
atmosphere at a heating rate of 10 �C min-1.

Results and Discussion

Syntheses. The Ni-doped lepidocrocite-type titanate
CsxTi2-x/2Nix/2O4 (x=0.7) is a new solid solution phase,
although some isomorphous compounds such as Csx-
Ti2-x/2Mgx/2O4 (x = 0.7)13 and KxTi2-x/2Nix/2O4 (x =
0.8)12,23 have previously been synthesized. Rietveld re-
finements were performed on the basis of SXRD data for
as-preparedCsxTi2-x/2Nix/2O4. The observed, calculated,
and difference profiles are illustrated in Figure 1; relevant
parameters for the Rietveld refinement are reported in
Table 1; atomic coordinates and displacement parameters
are given in Table 2 and selected interatomic distances in
Table 3.

Figure 1. Rietveld fitting of SXRDdata ofCsxTi2-x/2Nix/2O4 (x=0.7).
The region from 9.94� to 11.88� is excluded; see the text and Supporting
Information. The asterisk indicates the peak due to trace amounts ofNiO
impurities. Wavelength: 0.694 02 Å.

Table 1. Results and Relevant Information for the Rietveld Refinement of
CsxTi2-x/2Nix/2O4

a

formula Cs0.34(Ti,Mg)O2

temperature/K 298
wavelength/Å 0.694 02
pattern range/deg 4-33
space group Immm (No. 71)
a/Å 3.8420(1)
b/Å 16.9051(3)
c/Å 2.9666(1)
V/Å3 192.682(6)
Z 4
no. of observations 1739
no. of reflns 60
no. of refined param 58
Rwp 0.040
Rp 0.030

aCalculated standard deviations are in parentheses.

(30) (a) Briggs, D.; Seah, M. P. Practical Surface Analysis: Auger and
X-Ray photoelectron spectroscopy, 2nd ed.; Wiley: Chichester, U.K., 1990.
(b) Swift, P. Surf. Interface Anal. 1982, 4, 47–51.

(31) http://www.casaxps.com.
(32) Larson, A. C.; Von Dreele, R. B. Los Alamos National Laboratory

Report LAUR; Los Alamos National Laboratory, Los Alamos, NM, 1994;
pp 86748

(33) Toby, B. H. J. Appl. Crystallogr. 2001, 34, 210–213.
(34) (a) Stephens, P. J. Appl. Crystallogr. 1999, 32, 281–289. (b) Finger,

L. W.; Cox, D. E.; Jephcoat, A. P. J. Appl. Crystallogr. 1994, 27, 892–900.
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The refinement of the body-centered orthorhombic
structure (space group Immm) yielded satisfactory fits
and convergence with residual factors Rwp = 0.040 and
Rp = 0.030. The refined unit cell dimensions are a =
3.8420(1) Å, b=16.9051(3) Å, and c=2.9666(1) Å. This
implies an interlayer distance b/2≈ 8.45 Å, similar to that
of isomorphous CsxTi2-x/2Mgx/2O4 (8.50 Å).13 All atoms
were refined using isotropic displacement parameters
except for Cs, where a considerable improvement in the
refinement was obtained by introducing anisotropic dis-
placement parameters.13bMoreover, a splitting of Cs into
the 4i position, (0, 0, z) and (0, 0,-z), is necessary to attain
a good fit (Table 2). Analogous splitting of interlayer Cs
ions was discussed previously for isomorphous com-
pounds such as CsxTi2-x/2Mgx/4O4 (x = 0.7)13b and
KxTi2-x/3Lix/3O4 (x = 0.8).14 The site occupancy of Ti
and Ni atoms was fixed during the refinement (Table 2),
following the procedures used for isomorphous com-
pounds such as KxTi2-x/3Lix/3O4 (x = 0.8).14 Allowing
the Ti/Ni ratio to refine results in a stable refinement
with a slightly improved goodness of fit, however, the
obtained populations, 0.56 and 0.44 for Ti and Ni, res-
pectively, do not give a satisfactory charge balance and do
not agree with the original stoichiometry and chemical
analysis data. Because the improvement in the fit by
releasing the populations is not very large, the resulting
cation distribution is probably not reliable. The Ti/Ni
ratio is therefore fixed (Table 2).
The refinement confirms that Ni atoms occupy ran-

domly octahedral sites in the 2D corrugated host layers
and Cs ions take interlayer positions; substituting Ni2+

for Ti4+ in the framework results in a negative charge that
is balanced by the interlayer Cs+ ions.13 This structure
type has been described in detail by Reid et al.,9 and only
some features will be elaborated on here. Figure 2a shows
the crystal structure for CsxTi2-x/2Nix/2O4 (x = 0.7),
consisting of 2D infinite layers and interlayer Cs+ ions.
The principle layers are compact and consist of two
atomic planes of Ti and four atomic planes of O along
the layer normal; the Ti atomic plane is sandwiched in
between the O1 (i.e., four-coordinated O atom) and O2
(i.e., two-coordinated O atom) atomic planes, forming a

corner- and edge-shared TiO6 octahedral sheet (Figure 2b).
The interlayer Cs ions are located slightly off-centered
within rectangular prisms of eight two-coordinated O
atoms, four from one layer and four from the next,
resulting in four long Cs-O2 bonds, 3.446(2) Å, and four
short Cs-O2 bonds, 3.013(2) Å. There are in addition
two four-coordinated O1 atoms at a separation of
3.756(3) Å. Only 70% of the interlayer sites are occupied
randomly by the Cs+ ions, and the rest are vacant. As
shown in Figure 2c, the MO6 octahedron (M=Ti, Ni) is
heavily distorted, characterized by two longer M-O1
bonds, 2.119(2) Å, and two short M-O2 bonds, 1.861(2) Å.
M is therefore displaced toward the O2-O2 edges
(Figure 2b). These features are more prominent than
those for most other d0 Ti4+ compounds and consider-
ably different from the quite symmetric TiO6 octahedra in
anatase or rutile.35

The as-prepared CsxTi2-x/2Nix/2O4 is converted into
the corresponding protonic form by ion exchange. The
XRD data in Figure 3 show that the obtained protonic
titanate retains the I-centered orthorhombic structure yet
with amajor expansion of the b axis; a=3.7885(4) Å, b=
17.4035(3) Å, and c=2.9821(2) Å. Its interlayer distance
is about 8.70 Å. The increased interlayer distance of 8.70 Å
compared to 8.46 Å for the as-prepared CsxTi2-x/2Nix/2-
O4 indicates that the interlayer Cs ions have been ex-
changed with protons in the form of H3O

+.13,14,16,19,21,23

As-prepared CsxTi2-x/2Nix/2O4 appears in the form of
microcrystalline powders of micrometer dimensions and
platelike morphology (Figure 4a). After acid exchange,
the resulting protonic titanate maintains the platelike
morphologies, although a certain degree of degradation
is observed (Figure 4b). Chemical analysis (Figure 5)
indicates that most of the interlayer Cs ions have been
extracted, whereas the Ni substituents are preserved;
compare the analyzed Ni/Ti ratio of 0.23 for as-prepared

Table 2. Refined Atomic Coordinates and Equivalent Isotropic Displacement
Parameters (Å2) for CsxTi2-x/2Nix/2O4

a

atom position population x y z Uiso

Cs 4i 0.34 0 0 0.1588(6) 0.0515c

Mb 4h 1 0 0.3100(1) 0.5 0.0117(5)
O1 4g 1 0 0.2204(2) 0 0.0261(9)
O2 4g 1 0 0.3764(2) 0 0.0261(9)

aCalculated standard deviations are in parentheses. bVirtual species
of 0.825Ti4++0.175Ni2+; see the text. c U11=0.0161(9),U22=0.028(1),
U33=0.110(3), and U12=U13=U23=0.

Table 3. Selected Interatomic Distances (Å) in CsxTi2-x/2Nix/2O4
a

atoms distance (Å) atoms distance (Å)

Mb-O1 2.119(2) � 2 Cs-O2 3.013(2) � 4
M-O1 1.988(1) � 2 Cs-O2 3.446(2) � 4
M-O2 1.861(2) � 2 Cs-O1 3.756(3) � 2

aCalculated standard deviations are in parentheses. bVirtual species
of 0.825Ti4+ + 0.175Ni2+. Figure 2. (a) Polyhedral representation of the crystal structure of

CsxTi2-xNix/2O4 (x = 0.7) viewed along the c axis of the orthorhombic
unit cell. Note that Ti and Ni are indistinguishable in the structure.
(b) Coordination of the atoms in the titanate. (c) Distorted TiO6 octa-
hedron.

(35) Burdett, J. K.; Hughbanks, T.; Miller, G. J.; Richardson, J. W., Jr.;
Smith, J. V. J. Am. Chem. Soc. 1987, 109, 3639–3646.



Article Inorganic Chemistry, Vol. 48, No. 19, 2009 9413

and ion-exchanged CsxTi2-x/2Nix/2O4 (Figure 5). Ni atoms
appear, hence, immobile during acid exchange,17,23

whereas the Li, Mg, and Zn substituents of isomorphous
CsxTi2-x/3Lix/3O4,

14 CsxTi2-x/2Mgx/2O4,
13b and CsxTi2-x/2-

Znx/2O4
16 are extractable upon protonation. Apparently,

the physiochemical properties of the dopants/substitu-
ents play important roles in interlayer chemistry. In this
study, around 80% of the interlayer Cs ions are ex-
changed by protons after 3 days of acid leaching, giving
H0.56Cs0.14Ti1.65Ni0.35O4 3 yH2O as the composition for
the resulting protonic titanate. Thewater content y≈ 0.57
is obtained according to a 5.3% weight loss from 40 to
180 �C (see Figure S2 in the Supporting Information) and
supports the picture of incorporated H3O

+ ions. Proba-
bly, the composition of the protonic titanate can be tuned

depending on the conditions for acid treatment; i.e.,
HyCs0.7-yTi2-x/2Nix/2O4 3 yH2O. This indicates that the
residual Cs ions in the protonic titanate are probably not
hydrated, which is also in agreement with the XPS
analysis (see Figure S3 in the Supporting Information).
We adopt the simplified formulation HxTi2-x/2Nix/2O4 3
xH2O in this paper for the protonic form of CsxTi2-x/2-
Nix/2O4.
An attempt to delaminate the Ni-doped titanates into

its molecular single sheets, [Ti1-x/4Nix/4O2]
-x/2, was

made by following the well-established amine intercala-
tion procedures.14,16,19-21 The powder XRD pattern in
Figure 6a shows, however, that the product does not have
a lamellar structure with gallery heights matching the
sizes of the TBA ions employed (0.95-1.05 nm in dia-
meter),16,20,36 but rather corresponds to that of HxTi2-x/2-
Nix/2O4 3 xH2O in Figure 3. A very modest degree of
exfoliation/delamination may have been achieved as in-
dicated by the weak, broad reflection at 2θ ≈ 5.13� (d ≈
1.72 nm). The scanning electron microscopy (SEM) im-
age (Figure 6b) shows basically particles with platelike
morphology.Hence, the experimental data reveal that the
titanate HxTi2-x/2Nix/2O4 3 xH2O does not possess a de-
lamination capability comparable to that of the isomor-
phous Co-doped phases17 at the chosen conditions. This
suggests that the interactions between the octahedral
layers and the interlayer species might correlate to the
chemical nature of lattice substituents/dopants. There-
fore, changing the Ni-doping content may open the
possibility of modifying the interlayer chemistry. We will
discuss this possibility later in this paper.

XPS. Figure 7 reports the XPS survey spectra of
CsxTi2-x/2Nix/2O4 and HxTi2-x/2Nix/2O4 3 xH2O. Photo-
electron peaks of Cs, Ti, Ni, O, and C and Auger peaks of
Ni LMM, Ti LMM, CsMNN, and O KLL are observed.
The C signal at 284.8 eV represents most likely surface
contaminations.30 The loss of Cs ions during acid ex-
change is evident from the intensity of the Cs photoelec-
tron peaks in Figure 7b; moreover, the same binding
energies of the Cs photoelectrons (see Figure S3 in the
Supporting Information) reveal that the residual Cs ions

Figure 3. PowderXRDpatternof theprotonic formofCsxTi2-x/2Nix/2O4

(x = 0.7). Wavelength: 1.540 598 Å.

Figure 4. SEM images of (a) CsxTi2-x/2Nix/2O4 (x= 0.7) and (b) its
protonic form.

Figure 5. EDX data of (a) CsxTi2-x/2Nix/2O4 (x=0.7) and (b) its pro-
tonic form. Estimated experimental error <5%.

(36) Gao, Q.; Giraldo, O.; Tong, W.; Suib, S. L. Chem. Mater. 2001, 13,
778–786.
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in HxTi2-x/2Nix/2O4 3 xH2O have the same anionic coor-
dinations as those in the CsxTi2-x/2Nix/2O4.
Figure 8 reports Ni 2p XPS spectra. In addition to the

Ni 2p3/2 and Ni 2p1/2 main peaks, well-known shakeup
satellites are clearly seen;37-39 see Table 4 for the peak
positions and peak splittings. The binding energy of the
predominantNi 2p3/2 peak is 854.6 eV, being separated by
6.0 eV from its shakeup satellite. The reported binding
energies for the Ni 2p3/2 peaks in NiO, Ni(OH)2, and
NiSO4 are 854, 856, and 857 eV, respectively,39,40 exhibit-
ing thus a significant variation even thoughNi is divalent.
It reveals clearly the role of the ionicity of materials in
their charging effects. Nesbitt et al. suggested that the
binding-energy shifts of Ni-containing insulators do not
result from variations in the oxidation state of Ni but
rather reflect changes in the nature of the connected
anions.39 This seems in line with the variation currently
observed for the Ni 2p peaks at different stages of the
acid-exchange process (Figure 8 and Table 4). It is

observed that the binding energies of Ni 2p in HxTi2-x/2-
Nix/2O4 3 xH2O are about 1 eV higher than those for
CsxTi2-x/2Nix/2O4 (Table 4). As shown in Figure 2c, the
Ni atoms are bonded to six O atoms, of which four are
four-coordinated O1 and two are two-coordinated O2.
The latter O atom bonds, furthermore, to the interlayer
Cs ions (Figure 2b). The exchange of Cs ions with protons
results in changes in the binding nature of the
Ni-O2-Cs/H bonds. This is probably rather analogous
to the shift in the binding energy of the Ni 2p3/2 peak

Figure 6. Powder XRD pattern with Miller indices (a) and the SEM
image (b) of HxTi2-x/2Nix/2O4 3 xH2O exposed to TBA. Wavelength:
1.540 598 Å.

Figure 7. XPS survey spectra of (a) CsxTi2-x/2Nix/2O4 and (b)HxTi2-x/2-
Nix/2O4 3xH2O.

Figure 8. Ni 2p XPS spectra of (a) CsxTi2-x/2Nix/2O4 and (b) HxTi2-x/2-
Nix/2O4 3xH2O. S indicates the shakeup satellite.

Table 4. Ni 2p Binding Energy and Peak Splitting for CsxTi2-x/2Nix/2O4 and
HxTi2-x/2Nix/2O4 3 xH2O

compound
2p3/2
(eV)a

ΔSat
(eV)b

2p1/2
(eV)a

Δ2p
(eV)c

CsxTi2-x/2Nix/2O4 854.6 6.0 872.0 17.4
HxTi2-x/2Nix/2-

O4 3xH2O
855.6 6.0 873.1 17.5

aEstimated experimental error (0.2 eV. b Separation between the
main 2p3/2 peak and its associated shakeup satellite. cSeparation
between the 2p3/2 and 2p1/2 photoelectron peaks.

(37) CristinaOliveira,M.; Botelho doRego, A.M. J. Alloys Compd. 2006,
425, 64–68.

(38) (a)Wertheim, G.K.; H
::
ufner, S.Phys. Rev. Lett. 1972, 28, 1028–1031.

(b) H::ufner, S.; Wertheim, G. K. Phys. Rev. B 1973, 8, 4857–4867.
(39) Nesbitt, H. W.; Legrand, D.; Bancroft, G. M. Phys. Chem. Minerals

2000, 27, 357–366.
(40) (a) Legrand, D. L.; Nesbitt, H. W.; Bancroft, G. M. Am. Mineral.

1998, 83, 1256–1265. (b) Matienzo, L. J.; Yin, L. I.; Grim, S. O.; Schwartz, W. E.
Inorg. Chem. 1973, 12, 2762–2769.
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between NiO (853.7 eV) and Ni(OH)2 (856.2 eV).39,40 A
similar phenomenon and explanation may naturally also
apply for Ti photoelectron peaks (Figure 9).
The Ti 2pXPS spectra in Figure 9 of CsxTi2-x/2Nix/2O4

and HxTi2-x/2Nix/2O4 3xH2O exhibit symmetrical pro-
files, revealing a single oxidation state for the Ti atoms.16

In the protonic form, the Ti 2p peaks are shifted to higher
binding energies (Table 5) similar to those observed for
the Ni 2p peaks (see above). Because a violent redox
reaction such as Ti4+ f Ti5+ cannot be expected in an
acid-exchange reaction,16,41 we suggest that the same
mechanism is operative, as described for the Ni 2p peaks.
This is in harmony with changes in the binding nature on
going from Ti-O2-Cs to Ti-O2-H. A more detailed
analysis on the binding-energy shift of the Ti 2p peaks has
been reported for a Zn-doped titanate CsxTi2-x/2Znx/2O4

(x=0.7).16

As shown in Figure 2b, the structure contains two
nonequivalent O atoms: four-coordinated O1 and two-
coordinated O2. The former bonds solely to intralayer
cations such as Ti and Ni, whereas the second bonds also
to the interlayer species such as Cs ions. Therefore,
different O 1s binding energies can be expected.16,42 The
chemical environments of the two-coordinated O2 will
change dramatically when Cs is exchanged with protons,

whereas that for the four-coordinated O1 remains un-
changed. A possible complicating factor is the additional
signal fromwater O atoms for the protonated compound.
However, this signal occurs at much higher binding
energies; see Table 6. As reported in Figure 10 and
Table 6, the higher binding energy for the O2 species in
HxTi2-x/2Nix/2O4 3 xH2O can be understood in line with
changes in the bond characteristics between O2-Cs (in
CsxTi2-x/2Nix/2O4) and O2-H (HxTi2-x/2Nix/2O4 3 xH2O).

Raman Scattering Spectroscopy. As displayed in
Figure 11, the Raman scattering spectrum of CsxTi2-x/2-
Nix/2O4 has the same basic features as that of the protonic
titanate HxTi2-x/2Nix/2O4 3 xH2O because of their similar
crystal structures. However, differences are also notice-
able, especially in the high wavenumber region, 700-
950 cm-1.
A definitive assignment of the observed Raman bands

in Figure 11 is not possible without lattice dynamical
calculations and/or polarized Raman scattering spectra
on single-crystal samples.Nevertheless, some preliminary
considerations can be done. For example, the spectrum in
Figure 11b shows much similarity to that for HxTi2-x/4-
0x/4O4 3H2O (x=0.7, 0=vacancy), having nine Raman
modes at 183, 270, 387, 449, 558, 658, 704, 803, and
908 cm-1.21 Both of these phases consist of similar 2D
lepidocrocite-type octahedral host layers. Usually, the
Raman bands at 700-950 cm-1 are correlated to stretch-
ing vibrations of the short Ti-O2 bonds that stick out
into the interlayer space,21,29 with their intensities and
positions reflecting the nature of the substituents and the
interlayer species.13b Hence, the peaks at 851 and 910 cm-1

for HxTi2-x/2Nix/2O4 3 xH2O (Figure 11b) have probably
the same origins as the 803 and 908 cm-1 bands for
HxTi2-x/40x/4O4 3H2O.

21 The energy shifts can be attributed

Figure 9. Ti 2pXPS spectra of (a) CsxTi2-x/2Nix/2O4 and (b)HxTi2-x/2-
Nix/2O4 3 xH2O.

Table 5. Ti 2p Binding Energy and Energy Splitting for CsxTi2-x/2Nix/2O4 and
HxTi2-x/2Nix/2O4 3xH2O

compound 2p3/2 (eV)
a2p1/2 (eV)

Δ2p

(eV)b
2p3/2: 2p1/2 intensity

ratioc

CsxTi2-x/2Nix/
2O4

457.6
(1.2)d

463.3
(2.1)

5.7 2.1:1.00

HxTi2-x/2Nix/2-
O4 3xH2O

458.5 (1.2) 464.2
(2.0)

5.7 2.1:1.00

aEstimated experimental error (0.2 eV. b Separation between the
2p3/2 and 2p1/2 photoelectron peaks. c Integrated intensity according to
the contribution of each peak to the total number of counts under the
2p3/2 and 2p1/2 peaks. dValues in brackets are the full width at half-
maximum of the peaks.

Figure 10. O1sXPSspectra of (a)CsxTi2-x/2Nix/2O4 and (b)HxTi2-x/2-
Nix/2O4 3xH2O.

Table 6.O1s Binding Energy for CsxTi2-x/2Nix/2O4 andHxTi2-x/2Nix/2O4 3 xH2O

compound O2 (eV)a O1 (eV) H2O (eV)

CsxTi2-x/2Nix/2O4 529.1 (1.2)b 530.5 (2.5)
HxTi2-x/2Nix/2O4 3 xH2O 530.0 (1.2) 530.8 (2.1) 532.9 (1.4)

aEstimated experimental error (0.2 eV. Oxygen with different
coordination numbers (e.g., Table 2). bValues in brackets are the full
width at half-maximum of the peaks.

(41) (a) Perkins, C. L.; Henderson, M. A.; McCready, D. E.; Herman,
G. S. J. Phys. Chem. B 2001, 105, 595–596. (b)Weast, R. C.CRCHandbook of
Chemistry and Physics, 64th ed.; CRC Press: Boca Raton, FL, 1984.

(42) McIntyre, N. S.; Zetaruk, D. G. Anal. Chem. 1977, 49, 1521–1529.
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to the local structural features induced by Ni atoms or Ti
vacancies.13b During acid exchange, the sharp, intense
Ramanbandat 835 cm-1 ofCsxTi2-x/2Nix/2O4 (Figure 11a)
shifts to 851 cm-1 for HxTi2-x/2Nix/2O4 3 xH2O, indicat-
ing that the interlayer species strongly affect the stretch-
ing vibrations of the short Ti-O2 bonds. Similar pheno-
mena are reported previously for isomorphous layered
Cs2Ti2O5 and K2Ti2O5,

29 where changes were observed
also in the high-wavenumber region, 850-950 cm-1,
because of the different vibrational features between
Ti-O-Cs and Ti-O-K.

Magnetic Properties. The incorporation of Ni cations
into octahedral sites of the titanate will influence its
magnetic behavior. Because of possible trace amounts
of, e.g., NiO, in the starting cesium titanates (e.g., as indi-
cated by the asterisk in Figure 1), the protonic forms were
presently analyzed. As shown in Figure 12a, the magnetic
susceptibility for HxTi2-x/2Nix/2O4 3 xH2O exhibits typi-
cal paramagnetic behavior in the temperature range
5-350 K. The inverse magnetic susceptibility can be well
described according to the Curie-Weiss relation43

χ ¼ C=ðT -θÞ ð1Þ
where C is the Curie constant, T is the absolute tempera-
ture, and θ is theWeiss temperature. The calculatedWeiss
temperature is about -2.51(1) K. An effective magnetic
moment ofμeff=1.57(1)μB is obtained, in agreementwith
the theoretical value 1.67 μB within experimental error.44

Figure 12b displays the dependence of magnetization on
the magnetic field at a temperature of 5 K. The measured

M-H curve does not show any obvious hysteresis
loops,43 showing typical paramagnetic behavior for the
HxTi2-x/2Nix/2O4 3 xH2O.
Similar paramagnetic behaviors have widely been re-

ported for Ni-doped TiO2
45-48 and titanates.8,49 For

example, Park et al. predicted a paramagnetic ground
state for Ni-doped TiO2 by using local-spin-density cal-
culations.46 On the basis of ab initio calculation, Errico et
al. suggested that a local magnetic moment could appear
in Mn-, Fe-, and Co-doped TiO2 but interestingly not in
Ni-doped TiO2.

47 Hong et al. claimed room-temperature
ferromagnetism in Ni-doped TiO2 films grown by laser
ablation;24 however, the possible formation of nickel or
nickel oxide clusters must be carefully considered.25,48

Figure 11. Raman scattering spectrum of (a) CsxTi2-x/2Nix/2O4 and
(b) HxTi2-x/2Nix/2O4 3xH2O.

Figure 12. (a) ZFC and FC magnetization curves of HxTi2-x/2Nix/2-
O4 3xH2O. Applied field: 100 Oe. The inset shows the temperature
dependence of the inverse magnetic susceptibility; a representative fit of
the Curie-Weiss law is shown as a straight line. (b) M-H curve of
HxTi2-x/2Nix/2O4 3 xH2O at 5 K.

(43) O’Handley, R. C.Modern magnetic materials: principles and applica-
tions; Wiley: New York, 2000.

(44) Calculated spin-only moment according to μeff
2=1.65μeff(Ti

4þ)2 þ
0.35μeff(Ni2þ)2.

(45) Uhm, Y. R.; Woo, S. H.; Kim, W. W.; Kim, S. J.; Rhee, C. K.
J. Magn. Magn. Mater. 2006, 304, e781–e783.

(46) Park, M. S.; Kwon, S. K.; Min, B. I. Phys. Rev. B 2002, 65, 161201
(4 pages).

(47) Errico, L. A.; Renteria, M.; Weissmann, M. Phys. Rev. B 2005, 72,
184425 (8 pages).

(48) Glaspell, G.; Panda, A. B.; EI-Shall, M. S. J. Appl. Phys. 2006, 100,
124307 (6 pages).

(49) Wang, M. L.; Song, G. B.; Li, J.; Miao, L. D.; Zhang, B. S. J. Univ.
Sci. Technol. Beijing 2008, 15, 644–648.
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Wang et al. observed that titanate nanotubes doped with
Ni atoms displayed typical paramagnetic behaviors.49

Some theoretical approaches suggest also ferromagnet-
ism in Ni-doped TiO2;

50,51 however, the presence of
oxygen vacancies appears to be critical. For example,
Chen et al. claimed that a ferromagnetic insulating
ground state appears when two Ni atoms are associated
with one oxygen vacancy, with the magnetic origin being
Ni3+ ions.50 Neither oxygen vacancies nor Ni3+ ions are
likely for the current Ni-doped lepidocrocite titanates.
These titanates rather prefer cationic vacancies, as evi-
denced by CsxTi2-x/40x/4O4

10,11 and HxTi2-x/40x/4-
O4 3H2O (x= 0.7, 0= vacancy).14,19-21 Therefore, the
vacancy-mediated mechanism50 is not applicable. We
also note that preliminary results on Ni-Mg-codoped
titanates with varied Ni-doping contents show typical
paramagnetic behavior with magnetic moments being
tuned by Ni-doping levels (see Figure S4 in the Support-
ing Information). We therefore conclude that pure Ni-
substituted lepidocrocite titanates do not exhibit ferro-
magnetism.

Ni-Mg-Codoped Titanates CsxTi2-x(NiyMg1-y)x/2O4

(x= 0.7, 0 e y e 1). Because of the strict charge-com-
pensation mechanism in CsxTi2-x/2Nix/2O4, it is diffi-
cult to vary the Ni content over significant ranges.
However, it is feasible to vary the Ni concentration at
the Ti site by introducing Ni and Mg cosubstitution,
i.e., CsxTi2-x/2(NiyMg1-y)x/2O4 (0 e y e 1). The di-
valent Ni2+ and Mg2+ ions will maintain the described
charge compensation scheme and thus prevent any phase
separation. This may allow elucidation of likely doping-
dependent physiochemical properties. Actually, a more
general formulation can be given as CsxTi2-x/2-
(M

y
N1-y)x/2O4 (x=0.7 and 0 e y e 1), with M and N

being any two of the divalent metals such as Ni, Zn, Mg,
Cu, and Co. It may open also the possibility of achieving
multifunctionality in lepidocrocite titanates by rationally
selecting the lattice dopants. It shall be emphasized
that this substitution scheme is clearly different from
that reported previously for K0.8Ti1.6-x/2FexCo0.4-x/2O4

(x = 0-0.8),17c where the incorporation of Fe3+ and
Co2+ ions in the host layer will also influence the Ti
content (or the interlayer cation concentration), which
readily triggers phase separation during synthesis.
Samples were prepared for the solid solution CsxTi2-x-

(NiyMg1-y)x/2O4 (x=0.7 and 0e ye 1) withNi contents
y=0, 0.14, 0.28, 0.56, 0.85, and 1. XRD patterns of the
obtained isostructural, lepidocrocite-type samples are
displayed in Figure 13. It shall be emphasized that the
as-prepared titanate CsxTi2-x(NiyMg1-y)x/2O4 retains
the lepidocrocite-type layered structure over the doping
concentration range covered, revealing clearly that
an intrinsic codoping of Ni and Mg has successfully
been achieved. The random distribution of Mg and Ni
within the layers was confirmed by Rietveld refinements
based on SXRD data of an intermediate composition
Cs0.7Ti1.65Ni0.20Mg0.15O4 (see Figure S5 and Table S1 in
the Supporting Information).

As reported in Table 7, the unit cell dimensions for the
CsxTi2-x(NiyMg1-y)x/2O4 solid solution vary nearly lin-
early with theNi level. The b and c axes, as well as the unit
cell volume V, decrease with increasing Ni content,
whereas the a axis increases. The fact that the interlayer
distance decreases with increasing Ni doping may reflect
changes in the electrostatic interactions between the 2D
octahedral host layers and interlayer species, possibly
correlated with the electronegativity of the involved ele-
ments, 1.91 forNi and 1.31 forMg.52 The difference in the
ionic size, Ni2+ ions of 0.70 Å andMg2+ ions of 0.72 Å,53

is probably not a key factor. This observation may
possibly be relevant also for explaining the poor delami-
nation capability of HxTi2-x/2Nix/2O4 3 xH2O in compar-
ison with that of the HxTi2-x/2O4-x/2 3H2O, i.e., the
protonic form of CsxTi2-x/2Mgx/2O4.

13b

Figure 14 shows that the interlayer chemistry of the
studied titanates depends strongly on the Ni content. The
end member CsxTi2-x/2Mgx/2O4 has excellent amine-in-
tercalation capabilities, as evidenced by well-defined
(0k0) XRD reflections.13b Moreover, the incorporation
of TBA ions into the interlayer spaces will at the same

Figure 13. Powder XRDpatterns, shifted vertically for comparison, for
CsxTi2-x(NiyMg1-y)x/2O4 (x=0.7 and 0e ye 1). y=0, 0.14, 0.28, 0.56,
0.85, and 1 for patterns a-f, respectively. Positions and tabulated
intensities are indicated by the vertical bars, bottom. Wavelength:
1.540598 Å.

Table 7. Unit Cell Dimensions for CsxTi2-x(NiyMg1-y)x/2O4 (x = 0.7 and 0 e
y e 1)a

compound a (Å) b (Å) c (Å) V(Å3)

Cs0.7Ti1.65Ni0.00Mg0.35O4
b,c 3.8283(1) 17.0060(6) 2.9799(2) 194.00(1)

Cs0.7Ti1.65Ni0.05Mg0.30O4 3.8293(1) 17.0047(8) 2.9800(2) 194.04(1)
Cs0.7Ti1.65Ni0.10Mg0.25O4 3.8313(1) 16.9887(7) 2.9776(0) 193.81(1)
Cs0.7Ti1.65Ni0.20Mg0.15O4 3.8370(1) 16.9495(6) 2.9742(2) 193.43(1)
Cs0.7Ti1.65Ni0.30Mg0.05O4 3.8425(1) 16.9244(5) 2.9704(1) 193.17(1)
Cs0.7Ti1.65Ni0.35Mg0.00O4 3.8430(1) 16.9192(4) 2.9682(1) 192.99(1)

aCalculated standard deviations are in parentheses. bReference 13a:
a = 3.827(2) Å, b = 17.03(1) Å, and c = 2.981(3) Å. cReference 13b:
a = 3.828325(23) Å, b = 17.00643(11) Å, and c = 2.981444(20) Å.

(50) Chen, J.; Lu, G. H.; Cao, H. H.; Wang, T. M.; Xu, Y. Appl. Phys.
Lett. 2008, 93, 172504 (3 pages).

(51) Peng, H. W.; Li, J. B.; Li, S. S.; Xia, J. B. J. Phys.: Condens. Matter
2008, 20, 125207 (6 pages).

(52) Huheey, J. E. Inorganic Chemistry: Principles of structure and
reactivity, 3rd ed.; Harper & Row: New York, 1983.

(53) Shannon, R. D.; Prewitt, C. T. Acta Crystallogr. 1969, B25, 925–946.



9418 Inorganic Chemistry, Vol. 48, No. 19, 2009 Gao et al.

time trigger delamination of CsxTi2-x/2Mgx/2O4 (actually
of its protonic form) into molecular 2D sheets and a
thickness of ca. 1 nm.13b This capability is also observed
for CsxTi2-x(NiyMg1-y)x/2O4 with low Ni contents, 0 e
ye 0.28. In contrast, the Ni-enriched samples, i.e., 0.56e
ye 1, can barely be delaminated.Moreover, although the
intensity of (010) for the TBA-intercalated compounds is
seen to decrease with increasing Ni content, the physico-
chemical behavior of the Ni-enriched samples is appar-
ently different from that of low Ni contents (Figure 14b).
This can be accounted for by the different chemical nature

such as the electronegativity of theMg andNi atoms.16,52

It is worth pointing out that the Mg atoms in CsxTi2-x/2-
Mgx/2O4 are exchangeable,13b whereas the Ni atoms of
CsxTi2-x/2Nix/2O4 are immobile upon protonation (e.g.,
Figure 5). However, both of the Ni andMg atoms appear
to be immobile during acid exchange of the titanate
CsxTi2-x(NiyMg1-y)x/2O4, of which the details are
still unclear. This may imply that the different lattice
dopants in the titanate lattice would affect each other,
suggesting interesting applications for the studies on
the dopant-dependent physiochemical properties of lepi-
docrocite titanates. Further studies along this line are
underway.

Conclusions

Ni-doped lepidocrocite titanate CsxTi2-x/2Nix/2O4 and its
protonic derivative HxTi2-x/2Nix/2O4 3xH2O (x = 0.7) are
prepared and characterized. SXRD data show that the Ni
atoms substitute for Ti and are randomly distributed in the
octahedral host layers, thereby producing negatively charged
layers that are compensated for by interlayer Cs ions. Raman
scattering data show that the exchange of interlayer Cs ions
with protons H3O

þ results in significant changes in the local
structure. The observed shifts in XPS binding energies for Ni
and Ti photoelectrons correlate with the bonding features of
O atoms in the first coordination sphere. The Ni substitution
introduces paramagnetic properties; the effective paramag-
netic moment μeff = 1.57(1) μB and the Curie-Weiss tem-
perature -2.51(1) K are obtained for HxTi2-x/2Nix/2-
O4 3 xH2O. Several features of the crystal structure, interlayer
chemistry, and magnetic properties are doping-dependent
and can be modified and tuned. The methodology developed
can be employed for studies on the interlayer chemistry and
defect chemistry of other layered compounds.
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Figure 14. (a) XRD patterns for amine-intercalated CsxTi2-x-
(NiyMg1-y)x/2O4 (x = 0.7 and 0 e y e 1) showing strongly decreasing
product formation upon increasing Ni content. (b) Variation in the
intensity of (010) for the amine-intercalated titanates. Estimated error
<5%; solid lines are drawn only to guide the eye.


