M

www.MaterlalsVIews.com

www.afm-journal.de

Highly Efficient, Irreversible and Selective lon Exchange
Property of Layered Titanate Nanostructures

Nian Li, Lide Zhang,* Yongzhou Chen, Ming Fang, Junxi Zhang, and Huimin Wang

Layered titanates (Na,Ti;O;nH,0) with exchangeable sodium cations located
in the interlayer have been synthesized by simple hydrothermal treatment

of Ti precursor in concentrated NaOH solutions. By proper control of the
synthesis conditions, different morphologies of nanofibers and nanosheets
are obtained. The metastable layered structure of the titanates collapses
during the ion exchange, resulting in irreversible ion exchange. Target cations
(eg., Ag*, Cu?*, Pb?* and Eu3*) are completely concentrated from water and
then tightly immobilized in the interlayer which is of great significance for
the removal and subsequent safe disposal of hazardous metal cations. The
ion exchange of the nanosheets is much more efficient than that of the
nanofibers and other inorganic ion exchangers due to the larger surface area,
less stable layered structure and larger amount of interlayer water of the
nanosheets. The ion exchange of the titanates is also very selective. Valence,
hardness, and radius of cations are main factors affecting the selectivity.
Cations trapped in the interlayer are released by an acid-induced phase trans-
formation of the titanate nanosheets to rutile. Then the rutile can be used as
a new Ti precursor to synthesize the titanate nanostructures, resulting in a
full cycle of material use. The nanosheets may find applications in the decon-
tamination and safe disposal of radioactive and heavy metal cations and also

can be placed in a given amount of reposi-
tory space.?3] Organic resins are most
commonly used ion exchangers for these
purposes.??l But during the past years,
inorganic layered ion exchangers such as
metal phosphates,l* synthetic micas,P~7]
clay  minerals,®l  magadiites®” and
titanates!3-2!l have emerged as an increas-
ingly important replacement or comple-
ment. These layered materials often have
the advantages of much greater selectivity
for target cations and higher resistibility to
radiation and temperature compared with
organic resins. Furthermore, for some
metastable layered materials, a structure
collapse occurs during the ion exchange,
resulting in tight immoblization of target
cations in the interlayer and thus the irre-
versible ion exchange.*72021 This is of
great significance for the complete con-
centration of target cations from water
and the safe disposal of entrapped haz-
ardous cations to avoid leaching from the

in the collection of valuable cations from water.

1. Introduction

Ion exchange is regarded as a technology of great importance
in many practical applications, such as the removal of toxic sub-
stances and the collection of valuable elements from water.l'3]
The searching and designing of efficient and economical ion
exchangers have been extensively conducted, especially, for the
decontamination of radioactive waste generated from nuclear
accidents or uranium mining and for the recovery of heavy
metals in wastewater.l*?? In the nuclear industry, ion exchange
is also an effective method to transfer the radioactive content
of a large volume of liquid into a small volume of solid which
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ion exchangers.*720-22l In contrast, back
exchange occurs readily in organic resins
and other reversible ion exchangers. How-
ever, all these layered materials have cer-
tain drawbacks which limit their practical applications: a) a long
contact time of several days or even more is always required to
reach the sorbent—solution equilibrium; b) the interlayer ions
can not be exchanged out completely, resulting in low exchange
capacities; c) the recovery of entrapped cations and the regen-
eration of materials can hardly be achieved after the collapse of
layered structure, which limits their applications in the collec-
tion of valuable cations and also leads to a waste of materials.
Moreover, the mechanism of the ion exchange in layered mate-
rials and the factors affecting the efficiency and selectivity of
the ion exchange need to be further investigated.

In the meantime, micro- and nanosized materials have
played important roles in many areas, including catalysis,?*2’]
optics,?® electronics,””) and environment.”®! Due to their
unique physical and chemical properties, they may also offer
the potential to design novel inorganic ion exchangers which
can overcome the drawbacks mentioned above. In this study,
we report the synthesis of layered titanate nanofibers and
nanosheets with exchangeable sodium cations located in the
interlayer. Although titanates have long been considered as
possible ion exchangers,>2] the unique structure of the
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nanosheets makes it a new candidate with highly efficient, irre-
versible and selective ion exchange properties. Target cations
are immobilized tightly in the interlayer after the exchange.
By comparing the adsorption behaviour of the nanosheets and
nanofibers, essential mechanism of the ion exchange as well
as the selectivity is discovered. Moreover, the nanosheets after
the ion exchange are 100% regenerated for possible metal col-
lection through an acid-induced phase change. This can't be
achieved in the nanofibers and other layered ion exchangers
after the structure collapse.*72%21 In addition, the titanates are
readily fabricated by a hydrothermal treatment of Ti precursors
in concentrated NaOH solutions at moderate temperature. Var-
ious Ti precursors (rutile, anatase, and amorphous TiO,) can
be used to synthesize the titanates with close to 100% conver-
sion efficiency.?-33] Herein, industrial grade metatitanic acid
(TiO,+H,0) is chosen as the Ti precursor which makes the syn-
thesis very cost effective for industrial-scale applications.

2. Results and Discussion

Figure 1 shows typical SEM and TEM images of titanates syn-
thesized at different NaOH concentrations. The growth of the
nanostructures during the hydrothermal process follows 3D —
2D — 1D mechanism.?* The raw Ti precursor is first trans-
formed into 2D lamellar structures and then roll to form 1D
structures. As shown in Figure 1a, nanofibers are formed at
10M NaOH. While at 5 m NaOH, the lamellar structures cannot
roll into 1D structures due to the low concentration of base
solution, ! thus nanosheets are obtained (Figure 1b). The typ-
ical value of the BET specific surface area of the nanosheets is
measured as 203 m?-g~!, which is much larger than the value
of the nanofibers with Sgpr = 37 m?-g~L. The difference of the
surface area will significantly influence their ion exchange
performance.

The powder XRD patterns of the nanofibers and nanosheets
are shown in Figure 2. As can be seen, the main peaks of both
are typical of layered titanates, especially the one at around
20=10°, attributed to the interlayer distance in Na,Ti;O;.nH,0
(JCPDs no. 72-0148).353% In the titanates, three edge-shared
TiOg octahedra join at the corner to form stepped Ti;O,%" layers,
sodium ions and water molecules located between the layers
are exchangeable. The interlayer distance d;q, of the titanate
nanosheets (labeled as Na-TNSs) is 0.978 nm which is larger
than the value of the nanofibers (labeled as Na-TNFs) with d;4o =
0.846 nm. This is due to the reason that there is more inter-
layer water in Na-TNSs than in Na-TNFs, as confirmed by the
thermo gravimetric analysis (TGA, Figure S1 in the Supporting
Information). Layered structures are metastable, less interlayer
water makes Na-TNFs more stable than Na-TNSs. The induc-
tively coupled plasma (ICP) spectroscopy is used to further con-
firm the chemical formula and obtain the accurate amount of
interlayer water in Na-TNFs and Na-TNSs. The molar ratio of
Na to Ti of both is measured to be around 2:3. The chemical
formulas are calculated approximately to be Na,Ti;0,+2H,0 for
Na-TNFs and Na,Ti;0,+6H,0 for Na-TNSs, respectively.

To examine the ion exchange properties of Na-TNSs and Na-
TNFs, several metal cations (M™ = Ag*, Pb%, Cu?" and Eu’*)
are used. Among them, Ag" is a noble metal cation, Pb?* and
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Figure 1. SEM images and low-resolution TEM images (inset) of titan-
ates synthesized at a) 10 m and b) 5 m NaOH.

Cu?* are common heavy metal contaminants, and Eu*" is a tri-
valent lanthanide and a chemical homologue to trivalent radio-
active actinides with the similar sorption and ion exchange
properties.**#1l Thus, Eu’* is used as a representative of ultra-
toxic radioactive actinides. The pH values of metal solutions
before and after the ion exchange are also measured (Table S1
in the Supporting Information). No precipitation of cations is
observed in the whole process. The XRD patterns of the sam-
ples after the metal uptake are shown in Figure 2. The collapse
of the layered structure caused by the ion exchange can be seen
from the shift of d;o, peak. For Na-TNFs, the residual peak at
0.846 nm in each sample indicates that the exchange of Na*
is not completed (Figure 2a). The exchange of Cu®" is most
efficient as revealed by the weakest residual peak intensity. In
contrast, the exchange of Ag* has the lowest efficiency and the
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Figure 2. XRD patterns of a) Na-TNFs and b) Na-TNSs before and after
the ion exchange with M™ and H* (M"* =Ag*, Cu?', Pb%*, and Eu®")

reason will be discussed later. While for Na-TNSs, all Na* cat-
ions are completely exchanged in each sample and a remark-
able decrease of the interlayer distance between 0.07-0.1 nm
is observed (Figure 2b). This is due to the less stable structure,
more interlayer water and larger surface area of Na-TNSs than
Na-TNFs. These results are consistent with the energy-disper-
sive x-ray (EDX, Figure S2 in the Supporting Information) and
ICP analysis of the samples before and after the ion exchange.
The complete exchange of Na* in Na-TNSs implies that Na-
TNSs have a much larger adsorption capacity than Na-TNFs
and other layered ion exchangers (eg., metal phosphates, syn-
thetic micas, clay minerals, and magadiites) in which complete
exchange of interlayer ions cannot be achieved.*’!

Raman spectra of the samples before and after the ion
exchange are shown in Figure 3. For Na-TNFs in Figure 3a, the
spectra are essentially the same as the data reported for layered
tri-titanates.?342-*] And for Na-TNSs in Figure 3D, the spectra
are the same as the report for tri-titanates synthesized at rela-
tively lower temperature or lower NaOH concentration.[*5#8]
The peak near 903 cm™ in Na-TNSs is attributed to the short
Ti—O stretching vibration involving nonbridging oxygen atoms
(in disordered TiOg octahedron) that are coordinated with Na*.

Adv. Funct. Mater. 2012, 22, 835-841

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.afm-journal.de

a) T
93

3
&
)
‘D
c
)
2
£

] T ) E —

200 400 600 800 1000

Raman shift (cm™)

400 600 0
Raman shift (cm™)

1000

Figure 3. Raman spectra of a) Na-TNFs and b) Na-TNSs before and after
the ion exchange.

As Na* is exchanged, this peak shifts to lower frequencies. The
new peaks are assigned to the short Ti-O vibration affected by
M™, In Na-TNFs, the peaks near 311 cm™ and 705 cm™ cor-
respond to the Ti-O-Na vibration. The two peaks just disap-
pear after the exchange of Na* by Cu?*, Pb?* and Eu*". While
in Ag-TNFs, these peaks still exist but in a lower intensity due
to the reason that few Na* ions are exchanged by Ag*, which is
consistent with the above XRD analysis. The peak of short Ti-O
vibration coordinated with Na* is at 885 cm~'and 923 cm™ in
Na-TNFs. And this peak shifts to lower frequencies after the ion
exchange just like in Na-TNSs.

Figure 4 shows the Fourier Transform Infrared Spectra
(FTIR) of samples before and after the ion exchange. The
spectra in Figure 4a and 4b are similar to the data reported for
layered tri-titanates.[*>#+##) The peaks at 881 cm™ in Figure 4a
and 908 cm™! in Figure 4D are assigned to the stretching vibra-
tion of short Ti-O bonds from disordered TiOg octahedron
whose oxygen is unshared. This stretching is affected by inter-
layer ions. The spectra of samples after the ion exchange in the
region between 1200 cm™ and 400 cm™ are shown in Figure 4c
and Figure 4d. For Na-TNSs in Figure 4c, the peak at 881 cm™!
is disappeared in Cu-, Pb-, Eu- and H-TNSs, but still exists in
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Figure 4. a,b) FTIR spectra of a) Na-TNSs and b) Na-TNFs in the region between 4000 cm™' and 400 cm™. c,d) FTIR spectra of c) Na-TNSs and
d) Na-TNFs before and after the exchange of Na* by M™" and H* in the region between 1200 cm~" and 400 cm™".

Ag-TNSs. We suppose it is caused by the reason that the dis-
tribution of monovalent Ag* in the interlayer is similar to Na*.
Thus, Ag" may has the similar affect on the Ti-O vibration as
Na®. For Na-TNFs in Figure 4d, the peak at 908 cm™ doesn't
change much after the ion exchange except in H-TNFs due to
large amount of remaining Na* in the interlayer. The new peak
at 860 cm™ in Ag-TNFs can't be explained for sure.

The collapse of the layered structure immobilizes M™ inside
the interlayer, resulting in irreversible ion exchange. To verify the
tightness of the immobilization which is very important in the
subsequent safe disposal, Cu-TNSs were first rinsed to remove
surface adsorbed Cu®" and then mixed with a solution with excess
amount of aqueous hydrazine (which could easily reduce Cu®* to
Cu®). No red elemental copper was formed in the solution, even
after tens of hours of hydrothermal treatment at 120 °C. This indi-
cates that Cu?* was tightly bound into the interlayer, and therefore
was prevented from being reduced by aqueous hydrazine. As a
result, hazardous cations (eg., radioactive cations) trapped in the
titanates can be safely disposed of with no worry of leaching.

The theoretical cation exchange capacities (CECs) of Na-TNFs
and Na-TNSs are calculated from their chemical formulas to
be 5.91 and 4.88 meq-g!, respectively. Figure 5a and 5b show
the adsorption isotherms of M"™ on Na-TNFs and Na-TNSs,

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

respectively. Eachisotherm follows Langmuir model well (Table S2
in the Supporting Information).”® For Na-TNFs, the maximum
adsorption capacities are lower than the theoretical CEC due
to the incomplete exchange of Na* by M™. For Na-TNSs, the
maximum adsorption capacities are 5.06 meq-g~' for Ag",
6.42 meq-g! for Cu?', 5.44 meq-g! for Pb?**, and 5.21 meq-g~!
for Eut. The part exceeding the theoretic CEC is attributed to
the adsorption at the large negatively charged surface after the
ion exchange is saturated. This adsorption capacity of Na-TNSs
is much larger than other adsorbents (eg., metal phosphate,
synthetic mica, clay minerals, and magadiite) which have capac-
ities in the range of 0.5-2.0 meq-g .4

The adsorption kinetic curves of M™" on Na-TNFs and Na-
TNSs are shown in Figure 5c and 5d, respectively. For Na-TNFs,
the adsorption is completed within 24-48 h. For Na-TNSs, the
adsorption is extremely prompt. The time needed for complete
removal of Cu®" is just 30 min and 86% Cu?* ions are adsorbed
in the first 5 min. The adsorption of Ag*, Pb?*, and Eu?" is also
completed within 60-120 min. In comparison, Sr** absorption
on Na-4-mica and Zn?" adsorption on magadiite take 28 days
and 1 day, respectively.”? It is also worth emphasizing that the
efficiency of M™* adsorption on Na-TNSs is almost 100%. The
residual concentration of M"* after the adsorption is at the level

Adv. Funct. Mater. 2012, 22, 835-841



M

www.MaterlalsVIews.com

www.afm-journal.de

interlayer water is inefficient. As a result, the

interlayer of titanates prefers soft cations and
the hardness of cations is another important
factor affecting the ion exchange. To fur-
ther confirm this, we have studied the ion
exchange of Li* and K* by Na-TNSs (Figure S3
in the Supporting Information). Li* and K*
are hard lewis acid just like Na*. It is not sur-
prising to find that the exchange of K* is not
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favourable, only 37.4% Na* ions are replaced.
The exchange of Na* by Li* is completed due
to the smaller radius of Li* which implies
that the cation radius is also an important

parameter. That's why the adsorption of
Cu?* is more efficient than Pb?* as shown in
Figure 5.

From the above discussion, there are three
factors affecting the ion exchange. The cation
with higher valence, lower hardness and
smaller radius will be more preferred. Table 1
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Figure 5. a,b) Adsorption isotherms of M™ on a) Na-TNFs and b) Na-TNSs. c,d) Adsorption
(A) Ag*, (O0) Cu®, (m) Pb* and
(@) Eu’t, C. = equilibrium concentration, q. = adsorbed amount, C, = concentration at time t.

kinetic curves of M™ on c) Na-TNFs and d) Na-TNSs. M"™ =

of 107°~10~* mmol-L™! which is under the standards for heavy
metals in drinking water recommended by the World Health
Organization (WHO).5! The complete removal is also the ben-
efit of the irreversible ion exchange which prevents release of
M"* to the solution. The high adsorption capacity, prompt speed
and complete removal fully demonstrate that the ion exchange
of Na-TNSs is highly efficient.

In addition to Cu?*, Pb?" and Eu** mentioned above, we have
also studied the ion exchange of many other multivalent caions,
such as Sr?*, Ba?t, Zn?t, Cd?', Fe?*, Fe’*, Cr*', Ni¥*, Mg?*, and
Ca?". Tt is found that the intercalation of all these cations into
Na-TNSs is completed. Due to the stoichiometric nature of the
ion exchange, the replacement of monovalent Na* by multivalent
M™ (n > 2) decreases the number of ions in the interlayer. This
will lead to a shrinking of the basal spacing and then the layered
structure becomes more stable. As a result, all multivalent cat-
ions can be adsorbed by Na-TNSs efficiently and the cation with
higher valence is more preferred in the ion exchange.

The complete intercalation of monovalent Ag* into Na-
TNSs is guided by another mechanism. According to Pearson’s
Hard-Soft Acid-Base (HSAB) Principal, hard acids bind strongly
to hard bases and soft acids bind strongly to soft bases.’27
Metal cations in solution serve as lewis acid. Based on their
hardness value, they are classed as three groups: hard (eg., HY,
Li*, Na* and K*), soft (eg., Ag", Pd** and Au®) and borderline
(eg., Cu®, Pb?** and Ni**). As a hard base, H,0 binds tightly
to Na' in the interlayer of titanates. The exchange of Na* by
soft acid (eg., Ag") is always accompanied by dehydration which
also leads to the collapse of the layered structure. Thus, little
water exists in Ag-TNSs and Ag-TNFs (Figure S1 in the Sup-
porting Information) and Ag* adsorption on Na-TNFs with little

Adv. Funct. Mater. 2012, 22, 835-841
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values of some come cations.’>=7 The pos-
sibility and selectivity of the ion exchange can
be predicted by comparing these values of
two cations. In actual applications, there are
always many competing cations coexisting
with the target cations. For example, hard cat-
ions Na*, Mg?" and Ca?' are usually present
in contaminated wastewater at greater levels, resulting in the
inefficiency of traditional treatment technology.’® As shown in
Table 1, Ag*, Cu?* and Pb?* are much softer than Na*, Mg?*
and Ca?', thus possess higher priority in the ion exchange.
For Eu®", the hardness value was not presented by Pearson.
But due to the similar chemical and physical properties with
La*", Eu*" may has the similar hardness value and be softer
than Na*, Mg?* and Ca?". Compounded by the higher valence,
Eu’t is more preffered in the ion exchange. To confirm this,
we have studied the adsorption of Ag*, Cu?*, Pb** and Eu’*
(1 mmol-L™!) by Na-TNSs under the presence of large amount
of Na*, Mg?* and Ca?" (200 mmol-L™). Ag*, Cu?*, Pb*" and
Eu’* are removed completely due to their higher priority against
these hard cations. We also try to use Mg-TNSs and Ca-TNSs
as ion exchangers to adsorb Ag*, Cu?!, Pb?* and Eu’*. Results
show that the ion exchange is still very efficient and all Mg?*
and Ca?* are replaced. All these reveal the super selectivity of
the ion exchange.

H* (1 mol-L™) is used to regenerate the titanates due to the
fact that H* is the smallest cation and thus may possess the
highest priority in the ion exchange. From Figure 2a, we can
see that the interlayer distance of H-TNFs is 0.79 nm which is
exactly the value reported in H,Ti;0,.°% But ICP analysis shows
that there is still 7.46 wt% of Pb?* remaining in H* treated Pb-
TNFs. For Na-TNSs, the layered structure is less stable and a
phase change to rutile occurs which is of benefit to the com-
plete metal separation (Figure 2b).[%%l See Figure S4 in the Sup-
porting Information for more details of the phase change. No
Pb?* is detected in H* treated Pb-TNSs. Then the metal is col-
lected and the rutile is used as a new Ti precursor to synthesize
the titanates. This leads to a whole cycle as shown in Figure 6.

wileyonlinelibrary.com 839

-
G
—
-
=
v
m
~




-
™
s
[
-l
wl
=
™

840  wileyonlinelibrary.com

www.afm-journal.de

Table 1. The values of absolute hardness and radius of some common
cations.

Cations Absolute hardness?) Radius® (A)
H* oo (hard) -0.18
Li* 35.1 (hard) 0.76
Na* 21.1 (hard) 1.02
K* 13.6 (hard) 1.38
Agt 6.9 (soft) 115
Rb* 11.7 (hard) 1.52
Aut 5.7 (soft) 137
Mg2+ 32.5 (hard) 0.72
CaZ* 19.7 (hard) 1
Mn2* 9.3 (hard) 0.83
Fe?* 7.3 (borderline) 0.78
Ni2* 8.5 (borderline) 0.69
Cu? 8.3 (borderline) 0.73
Hg?* 7.7 (soft) 1.02
N 16.3 (hard) 1.18
PbZ* 8.5 (borderline) 1.19
BaZt 12.8 (hard) 1.38
Pd?* 6.8 (soft) 0.86
INES 45.8 (hard) 0.535
Sc¥* 24.6 (hard) 0.745
Fe3* 13.1 (hard) 0.645
La** 15.4 (hard) 1.032
Eut - 0.947

AThe adsolute hardness values are taken from the literature by Pearson et al ;2
b)The data of cation radius is given by R. D. Shannon.’]

Metal
titanate

Rutile é ° ® o

TiOs Mn*t Na* H20

Figure 6. Schematic diagram of the ion exchange induced structure col-
lapse as well as the regeneration of the titanates.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

leselS
Mot oS
www.MaterialsViews.com

The efficiency of each step in this cycle is nearly 100% which
reveals the great application prospect of Na-TNSs as an excel-
lent ion exchanger. They can not only be used in the decontami-
nation and safe disposal of radioactive and heavy metal cations,
but also in other applications, such as the collection of noble
metal cations (eg., Pd?*, Pt*, Au* and Au’*) and the softening
of hard water (removal of Mg?* and Ca?").

3. Conclusions

In summary, we have reported the highly efficient, irrevers-
ible and selective ion exchange property of titanate nanosheets
caused by the unstable layered structure, large amount of
interlayer water and large surface area. The valence, hardness
and radius of cations are main factors determining the pos-
sibility and selectivity of the ion exchange. Target cations are
completely concentrated from water and then tightly immobi-
lized in the interlayer. An acid-induced phase change to rutile
leads to the separation of entrapped metal cations and then the
regeneration of the titanates. These findings offer important
experimental basis for the understanding and searching of ion
exchangers for target ions.

4. Experimental Section

Synthesis: Metatitanic acid (3g, industrial grade, purchased from
Shanghai Mintchem Development Co., Ltd.) were mixed with 5 M or 10 M
NaOH solutions (40 ml) and hydrothermal treated at 200 °C for 30 h.
After the reaction, the precipitate was separated and washed with water
until pH 12 and then rinsed with ethanol to remove the residual surface
OH~ and Na*. Finally, the samples were dried at 80 °C overnight.

lon Exchange: Titanates (50 mg) were allowed to react with nitrate or
chloride metal solutions (40 ml) with a desired concentration at room
temperature. After a given time, the titanates were separated and the
remaining metal concentration in the supernatants was measured. All
experiments were duplicated and only mean values were reported.

Regeneration: The titanates after the metal uptake were treated by
1M HCl or HNOj3 and then separated and used as new Ti precursors to
synthesize the titanates.

Chemical Composition Analysis: The chemical composition of the
samples before and after the ion exchange was examined by both EDX
and ICP methods. For ICP analysis, the samples were first dried for 4 h at
80 °C to remove the surface adsorbed water, then immediately weighed
and dissolved by concentrated HNOj3. The solution was diluted and sent
for ICP measurement. The chemical composition was calculated from
the ICP results. To obtain the accurate chemical formulas of Na-TNSs
and Na-TNFs, this measurement was carried out for 3 times, and mean
values were reported.

Surface Charge of The Titanates: Zeta potential of the Na-TNSs is
measured using the ZetaMeter (zetasizer 3000HSA, Malvern). The point
of zero charge (PZC) is measured to be around pH 3.0. At pH>3, the
surface is negatively charged. The electrostatic force between the surface
and the cations is of benefit to the ion exchange and some cations can
be adsorbed on the surface after the ion exchange was saturated.

Characterization: X-ray diffraction (XRD) analyses were performed on
a powder diffractometer (X’Pert Pro MPD) with Cu Ko (A = 1.5406 A)
radiation. The morphology of the samples was examined by field emission
scanning electron microscopy (FESEM, FEI Sirion-200) and transmission
electron microscope (TEM, JEM-2010). An energy dispersive x-ray
spectrometer (EDX, Inca Oxford) in conjunction with the FESEM was
used to examine chemical composition. Metal concentrations were
measured by inductively coupled plasma spectrometer (ICP, Thermo

Adv. Funct. Mater. 2012, 22, 835-841
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Scientific iCAP 6000). The detection limit was at the range of 10> mmol/L
for most cations with proper detection wavelength. Vibrational property
of samples was studied by Fourier transform infrared spectroscopy
(FTIR, NEXUS) and Raman spectroscopy (Renishaw, inVia). Thermal
gravimetric analysis (Pyris 1 TGA, Perkin-Elmer) was used to analyze the
water content. Surface area and pore size distributions were measured
using nitrogen as sorbate at 77K in a static volumetric apparatus (Tristar
113020 M, Micromeritics).

Supporting Information

Supporting Information is available from the Wiley Online Library or
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