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C
hemically exfoliated graphene sheets
show promise for use in high-
performance electronics and sensor

applications because they are solution pro-
cessable and display unique electrical proper-
ties.1�9Thesolutionprocessabilityofgraphene
oxide (GO) permits application of GO to sub-
strates via spin-coating, spray-casting, drop-
casting, or inkjet printing for the large-scale
production of graphene electronic circuits.
Subsequent reduction of GO sheets can pro-
ceed throughdeoxygenation by thermal or by
chemical reduction. The direct fabrication of
uniformly reduced GO (rGO) films is difficult
because rGO sheets are not easily dispersed in
solvents, and they form wrinkled structures
during spin-coating, spraying, or printing.
Thus, the solution processability of rGO solu-
tion is most important for its application in
printed electronics because we can exclude
the post-reduction process considering the
cost.
In this work, we present a straightforward

method for addressing the problems asso-
ciated with dispersing rGO nanosheets in
organic solvents by introducing stabilizing
hydrophobic interfacial interactions be-
tween the rGO surfaces and an acetylace-
tone (acac) stabilizer in a TiO2 precursor
solution. Wrinkle-free rGO/TiO2 hybrid mul-
tilayer films were successfully fabricated by
air spraying onto large substrates.
The carrier mobility and conductivity of

the rGO thin films were much lower than
those of mechanically cleaved graphene
and CVD-grown graphene.4�11 Any of sev-
eral causes may account for the poor per-
formance of rGO films. Chemically reduced
GO include oxidative moieties such as
epoxy or hydroxyl groups in the basal plane

and carbonyl or carboxylic acid groups at the
edges.4,12�14 Defects created after the re-

moval of C�O functional groups can prevent

the recovery of charge transport properties

to the levels seen in pristine graphene. The

sheet-to-sheet junction resistance in rGO

films decreases the conductivity of multi-

layered graphene films.15 Conventionally,

theelectrical properties of reducedgraphene

oxide have been modified by chemical or
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ABSTRACT

Wrinkle-free reduced graphene oxide (rGO)/TiO2 hybrid multilayer films were directly

fabricated using an rGO solution stabilized by a TiO2 precursor sol applied over a large area

by an air spraying method without the use of additional reduction processes. In-situ insertion

of the TiO2 layer between rGO sheets dramatically increased the conductivity and carrier

mobility despite the insulating properties of amorphous TiO2. The TiO2 situated between rGO

sheets also induced significant hole doping. Electrical hysteresis caused by adsorbed water

molecules and residual oxidative moieties in the rGO nanosheets vanished due to TiO2-assisted

screening of charged impurities. These effects decreased the thermal carrier activation energy

and increased the density of states at the Fermi level. Ambipolar transport properties were

converted into unipolar-like hole transport characteristics by extensive hole doping in the TiO2
layer.

KEYWORDS: reduced graphene oxide . dispersion . TiO2 layer . conductivity .
mobility . hysteresis . doping
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thermal reduction processes or by increasing the sheet
size to reduce the sheet-to-sheet junction resistance.8

The chargemobility of graphene sheets in direct contact
with low-k oxide layers, for example, SiO2, is much lower
than the charge mobility in pure graphene due to
impurity scattering from the SiO2 substrate, which re-
sults in hysteresis.16 Thus, the screening of charged
impurities by applying high ionic strength solutions or
high dielectric constant liquids can enhance charge
mobility in graphene films.8,17,18

Titanium dioxide is a promising charge screening
candidate because TiO2 can interact electrostatically
with oxygen moieties causing charge trapping,19,20

and it has been used as an electron transporting layer
or an optical spacer in organic solar cells and polymer
light-emitting diodes.21�24 The incorporation of TiO2

layers into rGO films may prevent moisture from
permeating rGO films in electronic devices.25,26 Titania
has been used previously to prepare GO/TiO2 nano-
particle hybrid materials for photocatalytic and photo-
conduction applications,19,27 although TiO2 has not
been used to enhance the electrical properties of
multilayered rGO films.
Here, we report a reproducible and facile method

for enhancing the carrier mobility and conductivity of
rGO multilayer films at zero gate voltage by in situ

insertion of a TiO2 layer. The mechanism by which the
electrical properties of multilayered rGO/TiO2 films
were enhanced was investigated by measuring the
films' electrical properties in vacuum as a function of
temperature and by observation hysteresis in the
transfer curves. The ambipolar transistor properties
of the rGO multilayer film were converted into uni-
polar properties by extensive hole doping in the TiO2

layer.
This strategy provides several advantages: (i) TiO2

precursor sols can stabilize rGO sheet dispersions in
organic solvents by introducing hydrophobic interac-
tions between the reduced sp2 carbon sites and acac
molecules in the TiO2 precursor sol; (ii) the TiO2 stabi-
lized rGO solutions show good solution processability,
resulting in formation ofwrinkle-free graphene films; (iii)
the charge transport properties in rGO multilayer films
improve due to the charge trap screening and doping
effects of a very thin TiO2 layer, as demonstrated by
the absence of hysteresis, a reduced thermal carrier
activation energy, and an increased density of states
at the Fermi level based on a variable range hopping
(VRH) charge transport model; (iv) unipolar-like gra-
phene transistor behavior is favored by the hole doping
effects.

RESULTS AND DISCUSSION

Graphite oxide was prepared by the modified Hum-
mer's method with pure graphite. Graphite oxide was
exfoliated into GO nanosheets in dimethylformamide

(DMF) by bath sonication for 30 min. Small GO
nanosheets with carboxylic acid groups were removed
by centrifuging the GO solution, because these
nanosheets are hygroscopic and the carboxylic acid
groups in the GO sheets are difficult to reduce.28 The
average size of the purified GO was several micro-
meters (Supporting Information, Figure S1a). GO
nanosheets in solution were reduced with hydrazine
by dropping hydrazine monohydrate (N2H4) into a GO
dispersion in DMF with stirring at a concentration of
4 mM at 80 �C for 16 h. The rGO sheets agglomerated
and precipitated due to π�π interactions between
the sp2 carbons of an rGO sheet after reduction. The
problems associated with aggregation of the rGO
sheets in organic solvents were addressed by introdu-
cing noncovalent interactions among the sp2 carbons
of the rGO sheets and the TiO2 precursor sol, as shown
in Figure 1a. The TiO2 precursor sol was prepared from
a titanium isopropoxide (TIP)/ acac stabilizer (1/5molar
ratio) solution, which was added to the GO solution.
The weight ratio between graphene and TiO2 was
controlled by varying the weight ratio of GO and TIP.
Hereafter, the samples are denoted as GO/TIP#, for
example, a sample with 1:0.7 GO:TIP ratio is denoted
GO/TIP0.7. The chemical structure of the TiO2 precursor
sol was characterized by Fourier transform infrared
(FTIR) spectroscopy (Supporting Information, Figure
S2). An absorption band at 620 cm�1 was assigned to
the stretching vibrations v (Ti�O�iPr) and showed that
unreacted isopropoxide groups remained. Absorption
bands at 660, 1030, 1425, and 1525 cm�1 were attrib-
uted to stretching modes of the Ti�O bond, confirm-
ing the polymerization of TIP and TiO2. The amount of
TiO2 precursor sol added to the GO solution prior to
hydrazine reduction was varied to minimize the quan-
tity of TiO2 precursor sol required for rGO dispersal. The
weight ratio between GO and TIP in the precursor TiO2

sol was varied between 0 and 1.5. We found that a 0.1
weight ratio of GO to TIP was the minimum require-
ment for stabilizing an rGO solution in DMF. Figure 1b
shows that the UV absorbance of the GO/TiO2 precur-
sor sol solution increased during hydrazine reduction
in the presence of the TiO2 precursor sol, and precipita-
tion was not observed. This strategy enabled us to
directly deposit rGO/TiO2 multilayer films by air spray-
ing over a large area onto a desired substrate without
the need for additional reduction procedures. Most
rGO films reported previously were fabricated by spin-
coating a GO solution followed by thermal or chemical
reduction at elevated temperatures because of the
poor solution processability of rGO solutions, resulting
in wrinkled structures, as shown in Supporting Infor-
mation, Figure S3.
We fabricated rGO/TiO2 hybrid multilayer films on

SiO2 surfaces by automatic spray-coating of the stabi-
lized rGO solution, and the prepared films were heated
at 200 �C for 1 h to remove the acac TiO2 sol stabilizer.
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The rGO multilayer films prepared without a TiO2

layer were prepared by reducing the GO films pre-
pared by spraying with hydrazine vapor at 100 �C.
The straightforward build-up of rGO/TiO2 hybrid
multilayer films by air spraying was monitored by
UV�vis absorption spectroscopy. A higher absorp-
tion cross-section was assigned to the cumulative layer-
ing of rGO and TiO2 layers, as shown in Figure 1c. The
linear increase in the peak absorbance at 241 nm
with the number of rGO/TiO2 solution spray applica-
tions, as shown in the inset of Figure 1c, indicates
that the deposition was uniform. The total thickness
of the films increased upon addition of the TiO2

precursor sol, so the number of GO layers was held
constant by fixing the transmittance of the films
deposited on glass substrates at 87%. Atomic force
microscopy (AFM) images, as shown in Supporting
Information, Figure S1b, show that the total film
thickness of the rGO films without TiO2 was several
nanometers, which indicated the preparation of
continuous few-layer rGO films.
Figure 1d shows an X-ray photoelectron spectros-

copy (XPS) analysis of GO, rGO, rGO/TiO2 precursor sol,

and rGO/TiO2 multilayer films, which indicates that the
oxidative groups were reduced by hydrazine reduction
and the acac molecules stabilized the TiO2 sol in films
prior to thermal treatment at 200 �C. Importantly,
reduction of the GO sheets by hydrazine in solution
was not influenced by the presence of the TiO2 pre-
cursor sol. The presence of TiO2 in the rGO hybrid films
was confirmed by XPS, as shown in Supporting Informa-
tion, Figure S4. The Ti2p XPS peaks at 459.6 and 465.4 eV
were attributed to TiO2. Figure 2 panels a�c show the
surface morphologies of rGO/TiO2 films by AFM. The
rGO/TIP0.2 film did not form a continuous TiO2 layer
because the concentration of the TiO2 precursor sol was
too low, whereas in rGO/TIP0.5, the rGO surfaces were
fully covered with a TiO2 layer. A scanning electron
microscopy (SEM) image in Figure 2d clearly revealed
a flat rGO film hybridized with TiO2 in contrast with
wrinkled structures of rGO nanosheets reduced in DMF
solvothermally without TiO2 layer (Supporting Informa-
tion, Figure S3). The top view morphologies of the rGO/
TIP0.5 and rGO/TIP1.2 films did not differ in the SEM and
AFM images, which suggests that only the TiO2 layer
thickness increased upon further additions of the TiO2

Figure 1. (a) Proposed mechanism by which the rGO sheets are dispersed in the presence of the TiO2 precursor sol. (b)
Absorbance of the GO solution at 550 nm during reduction with hydrazine monohydrate. The inset images in panel b show
vials containing the GO solution as a function of the reduction time. (c) UV�vis absorption spectra of the rGO/TiO2 hybrid
multilayer films, and plot showing the linear relationship between the absorbance at 241 nm and the number of spraying
applications. (d) XPS C1s spectra of GO, rGO reduced by hydrazine vapor (H-rGO), rGO/TIP:acac (before thermal treatment),
and rGO/TiO2 (after thermal treatment at 200 �C) films.
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precursor sol. The increased thickness of single-layered
rGO/TiO2 hybrid nanosheets shown in Supporting In-
formation, Figure S5 supports this suggestion. The
selective interactions between rGO and the TiO2 pre-
cursor were also demonstrated by observing single-
layered rGO/TiO2 hybrid films, as shown in Figure S5.
The electrical transport characteristics of the rGO

and rGO/TiO2 hybrid films were investigated by pre-
paring graphene field-effect transistors (FETs) on heav-
ily doped Si substrates, which are commonly employed
as gate electrodes. A thermally grown 285 nm thick
SiO2 layer served as the gate dielectric. Source and
drain electrodes were deposited by thermal evapora-
tion of Au (Supporting Information, Figure S6). The
channel length (L) and channel width (W) were 100 and
800 μm, respectively. The hole and electron mobilities
were extracted from the linear regime of the transfer
characteristics measurements using the relation μ =
(L/VDCiW)(dID/dVG), where Ci is the specific capacitance
of the gate dielectric (12.1 nF/cm2). ID, VD (0.1 V) and VG
are the drain current, drain voltage, and gate voltage,
respectively. The averagemobility was calculated from
more than 20 devices.
Figure 3a presents the transfer characteristics (ID vs VG)

of the graphene FETs based on the rGO and rGO/TiO2

hybrid films. The characteristic V-shaped ambipo-
lar behavior, which represented both electron and
hole conduction, was obtained for all devices. The
hole and electron mobilities were measured to be
0.48 and 0.31 cm2/(V s) for rGO film without a TiO2

layer, respectively. These values were comparable to
that of graphene FETs based on chemically processed
few-layer graphene sheets.4,10,11 As the TiO2 content was
increased, the hole mobility of the rGO FETs increased
dramatically by as much as a factor of 9, whereas the
electron mobility increased only slightly (Figure 3b).
The hole and electron mobilities reached their highest
values at 4.31 and 0.79 cm2/(V s) for GO/TIP0.7 and GO/
TIP0.3, respectively. It is worth noting that the con-
ductivity of the rGO film at the charge neutral pointwas
maximized for GO/TIP0.7 by insertion of a thin TiO2

layer into the rGO multilayer film, despite the amor-
phous insulating characteristics of TiO2. The conduc-
tivity decreased upon the addition of additional TiO2

sol (Figure 3a). The conductivity of GO/TIP1.5 was even
larger than that of the rGO film without a TiO2 layer.
Importantly, the threshold voltages of these devices

shifted by þ16 V from 12 to 28 V (Figure 3d), and the
asymmetry between the hole and electron mobilities
increased dramatically upon addition of the TiO2 sol.
Both rGO/TIP0.5 and rGO/TIP0.7 FETs exhibited unipo-
lar-like transport characteristics. These results indi-
cated that the TiO2 introduced hole doping into the
rGO. Previously, Li et al. reported that unipolar gra-
phene FETs could be fabricated by insertion of a
titanium oxide layer beneath the metal electrode.29

They suggested that the titanium oxide atomic layers
on the graphene surface induced hole doping. Doping
of the graphene sheets grownby chemical vapor deposi-
tion or mechanically cleaved graphene was monitored

Figure 2. AFM images of rGO/TIP (a) 0.2, (b) 0.5, and (c) 1.2. (d) SEM image of an rGO/TIP 0.7 film.
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by Raman spectroscopy.30�33 We investigated the
evolution of the Raman spectra by increasing the
amount of TiO2. The Raman spectra were excited with
a 532 nm line for 10 s to avoid overheating the samples.
As shown in Figure 3c, significant blue shift of theG and
2D peaks can be seen as the amount of TiO2 increases.
This may reflect that the hole doping effect strength-
ens with increasing TiO2, since both hole and electron
dopingmove the Fermi level away from the Dirac point
and result in a blue-shift of the G and 2D peaks.33

Figure 4 shows the transfer characteristics of rGO
FETs based on the rGO containing various amounts of
TiO2 during the forward and reverse VG traces. rGO
multilayer films and rGO/polymer composite films
have previously displayed hysteresis, even under
vacuum,10 whereas single layer rGO sheets showed
hysteresis-free back-gate-dependent conductivity un-
der vacuum.34 In our study, hysteresis was observed in
the rGO FETs without TiO2, even under vacuum, as
shown in Figure 4a. The residual oxidativemoieties and
adsorbed water molecules in the rGO multilayer films,
both of which may be polarized under an applied
electric field, introduce a current hysteresis during
the VG sweep, due to trapping of charge carriers.

Importantly, the current hysteresis gradually decreased
with increasing TiO2, and the hysteresis completely
vanished in the GO/TIP0.7 FETs, unlike the behavior
observed in weakly disordered graphene. We suggest
that favorable interactions among TiO2 and oxygen
moieties in rGO sheets, as shown in the inset of
Figure 4b, reduce carrier trapping by the polarized
oxygen moieties and prevent water molecules from
penetrating the rGO multilayer films.
The charge transport mechanism in rGO and rGO/

TiO2 hybrid multilayer films was investigated through
temperature-dependent transport property measure-
ments. Figure 5a shows representative transfer curves
for GO/TIP0.1 FETs over the range 290�80 K. As the
temperature decreased, the conductivity decreased and
the on/off current ratios increased slightly. The Dirac
point approached 0 V, and the V shape of the ambipolar
characteristics becamemore pronounced at lower tem-
peratures. Here, we examine the minimum conductivity
σmin of rGO instead of σ (VG = 375 0 V), to exclude the
effects of charged impurities. Figure 5b shows an Ar-
rhenius plot of ln(σmin) as a function of T�1, which
displays several regimeswith different slopes, suggesting
that the density of stateswas not constant. The activation

Figure 3. (a) Transfer characteristics and (b) mobility of rGO and rGO/TiO2 hybrid multilayer films as a function of the
GO/TIP ratio. (c) Raman spectra of rGO and rGO/TiO2 hybrid multilayer films for varying amounts of TiO2. 2D Raman
spectra were magnified for easy visualization. 2D/G intensity ratios of rGO and rGO/TiO2 hybrid films are 0.074 and
0.0598, respectively. (d) The threshold voltage of the films from the transfer curves and Raman G-bands as a function of
the GO/TIP ratio.
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energies Ea extracted from the low- and high-temperature
regimes were designated Ea1 and Ea2, respectively.
As summarized in Figure 5c, both Ea1 and Ea2 decreased
dramatically upon insertion of the TiO2 layer. More
addition of TiO2 introduced a dielectric barrier between

the semimetallic rGOsheets,whichdramatically increased

the activation energy. The activation energy provided a

rough estimate for the total energy required for thermal

carrier activation and transport in the rGO/TiO2 hybrid

films. Such anomalous behavior has been observed pre-

viously in graphene/polymer composites.10 rGO/TiO2

hybrid films are highly disordered systems due to

intrinsic defects in rGO and randomly arranged TiO2.

Therefore, charge transport in the rGO/TiO2 composite

film was expected to require a combination of models,

that is, thermal activation of charge, tunneling through

TiO2, and variable range hopping (VRH) within the

rGO.35

The temperature-dependent conductivity of the
VRH model could be described as

σ ¼ A exp � B

T1=3

� �
(1)

The parameter A is given by

A ¼ eRo
2νph
kB

where kB is the Boltzmann's constant, Ro is the opti-
mum hopping distance, and νph is the frequency of the
phonons associated with the hopping process. The
hopping parameter B is given by

B ¼ 3

kBN(EF)Ll2

� �1=3

where N(EF) and Ll are the density of states near the
Fermi level and the localization length of the electronic
wave function, respectively. Further insights into the
electronic structure of rGO and rGO/TiO2 hybrid multi-
layer films can be gained by investigating parameter B
from the temperature-dependence of σmin as the
function of T�1/3, (Figure S7a).10,35,36

The slope of ln(σmin) versus T
�1/3 provided B values

for devices based on the rGO and rGO/TiO2 multilayer
films. The differences in the B values could be under-
stood from estimates of N(EF) and Ll for rGO and rGO/
TiO2 multilayer films. First, N(EF) was roughly estimated
according to the equation

dni=dT ¼ kBN(EF) (2)

Figure 4. Reverse and forward transfer curves of (a) rGO, (b) rGO/TIP0.3, and (c) the rGO/TIP0.7 films. Inset in panel
bshows possible interactions between TiO2 and the residual oxygen moieties in the rGO films after removal of the acac
molecules.

Figure 5. (a) Temperature-dependent conductivity vs gate
voltage plots of the SiO2-back gated graphene transistor
based on an rGO/TiO2 hybrid film; (b) ln(σmin) vs T

�1 plots of
the graphene transistors based on rGO and rGO/TiO2 hybrid
films; (c) thermal activation energy (Ea1 and Ea2) obtained
from a linear fit to the Arrhenius plot; (d) density of states at
the Fermi level N(EF) and localization length Li as a function
of the GO/TIP ratio.
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which is valid at temperatures near 0 K; ni in this
equation is the intrinsic carrier concentration, which
can be calculated according to the relationship

σmax ¼ σmin
�1 ¼ (eni(μh þ μn))

�1 (3)

from measurements at different temperatures. Here,
Fmax is the maximum resistivity, μh and μn are the hole
and electronmobilities, respectively. Plots of ni versus T at
100 K (Supporting Information, Figure S7b) were fit to
eq 2, and the values of N(EF) for rGO and rGO/TiO2

multilayer film transistors were estimated. These results
indicated that the number of localized states near EF that
participated in charge transport was tunable by in situ

insertion of a TiO2 layer in the rGO multilayer film.
Furthermore, the values of N(EF) and the estimated B
values permitted calculation of Ll for the transistor
devices (Figure 5d). These values indicated that delo-
calization of the charge carriers in the rGO multilayer
film increased upon insertion of the TiO2 layer. These
results suggested that the activation energy de-
creased and the density of states increased at EF due
to p-type doping and detrapping effects with increasing
TiO2. These effects were the key factors contributing

to the enhanced electrical properties of the rGO/TiO2

hybrid multilayer films.

CONCLUSIONS

We demonstrated that TiO2 prepared by a sol�gel
process enhanced the conductivity, carrier mobility,
dispersion stability, and solution processability of rGO
nanosheets. A stable dispersion of rGO sheets in an
organic solvent was achieved as a result of hydropho-
bic interactions between sp2 carbons in rGO surfaces
and acac stabilizer ligands in the TiO2 precursor sol. The
addition of TiO2 resulted in hole doping of the rGO. The
current hysteresis vanished due to a reduction in the
charge trapping sites in the rGO film. The conductivity
of the rGO multilayer films was therefore enhanced,
and the carrier mobility could be controlled by varying
the quantity of TiO2 sol in the precursor solution. We
further demonstrated that in situ insertion of a TiO2

layer decreased the thermal activation barrier of the
carriers and increased the density of states at EF by hole
doping effects. These results are exciting because they
reaffirm the potential of solution processable rGO
sheets for large-scale nanocarbon electronics.

METHODS
Graphene oxide was prepared from natural graphite (Alfa

Aesar, 99.999% purity, �200 mesh) by a modified Hummers
method. Briefly, 20 g of graphite and 460 mL of H2SO4 were
mixed in a flask. Then, 60 g of KMnO4 were slowly added over 1
h. Stirring was continued for 2 h in an ice�water bath. After the
mixture was stirred vigorously for 18 h at room temperature,
920 mL of deionized water was added, and the solution was
stirred for 10 min in an ice�water bath. Fifty milliliters of H2O2

(30 wt % aqueous solution) was then added, and the mixture
was stirred for 2 h at room temperature. The resulting mixture
was precipitated and filtered to obtain the graphite oxide
powder. Graphite oxidewas then exfoliated into GOnanosheets
in deionized water (200 mg/L) by bath sonication for 30 min.
The TiO2 precursor sol was prepared using TIP/acac (in a 1:5

molar ratio), ethanol, HCl, and water by stirring at 60 �C for 10 h,
followed by solvent exchange with DMF. Next, the GO solution
was mixed with various amounts of the TiO2 precursor sol, and
hydrazine monohydrate (N2H4) was added dropwise to the GO/
TiO2 precursor sol solutions to a final concentration of 4 mM,
followed by heating at 100 �C for 24 h.
GO and rGO/TiO2 hybrid films were fabricated at room

temperature using an automatic spray coater (NCS Co., NCS400)
with a nozzle 1.2 mm in diameter. The GO films were then
reduced by heating under hydrazine fumes at 100 �C for 2 h to
fabricate rGO films. The prepared rGO/TiO2 hybrid films were
heated at 200 �C to cure the TiO2 sol and remove any remaining
chemicals, such as solvents or TiO2 sol stabilizers. Source and
drain electrodes were then deposited by evaporating Au
through a shadow mask. The channel length and width of a
typical device were 100 and 800 μm, respectively. The transistor
current�voltage characteristics were measured using Keithley
2400 and 236 source/measure units under vacuum (10�5 Torr).
The temperature-dependent transport measurements were
conducted in a cryostat (ST-500, Janis) with a base pressure of
10�5 Torr over the range 80�290 K.
The morphologies of the rGO and rGO/TiO2 hybrid films were

imaged by AFM (Park Systems XE-100 Multimodes), and field
emission scanning electron microscopy (FE-SEM, HITACHI

S4800). The absorbance of the prepared films and the GO
solution during reduction were measured by UV�vis spectros-
copy (Varian, Cary 5000). The structural characteristics of the
RGO sheets were investigated by by confocal Raman spectro-
meter (NTEGRA SPECTRA, NT-MDT) with an excitation wave-
length of 532 nm. To confirm the change in the carbon to
oxygen atomic ratio in the functional groups of the films after
reduction, XPS analysis was conducted using a Multilab2000
(Thermo VG Scientific Inc.) spectrometer with monochroma-
tized Al KR X-ray radiation as the X-ray excitation source.
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