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Abstract

Ni(II)/Ti(IV) carbonate layered double hydroxide with high crystallinity has been synthesized by high supersaturation method. The structure and
chemical composition of the compound have been characterized by PXRD, FT-IR, ICP-AES, SEM, N, adsorption—desorption isotherms, UV-vis,
TG-DTA, and in situ HT-XRD techniques. It is found that Ti(IV) ions are incorporated into the brucite-like layer and the high positive charge of
the layers has no obvious effect on the basal spacing. But the substitution of Ti(IV) for Ni(Il) in the layer decreases the thermal stability of the

resulting LDH materials.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Layered double hydroxides (LDHs), also called hydrotalcite-
like compounds, are a big family of promising materials that
can be used as catalysts,! catalyst supports,” ion exchangers’
and additives.* The general formula of these compounds is
M2+ _ M3* (OH),]A™ ,-vH,0, where M?** and M3* rep-
resent divalent and trivalent cations, respectively, and A"~ is
the charged balancing anions. The structure of these mate-
rials consists of brucite-like layer in which a part of M%*
is replaced isomorphously by M3*, so the excess positive
charge of the layer is compensate by anions between the lay-
ers, and water molecules may occupy the remaining space
of the interlayer region. In addition to divalent and trivalent
cations, a wide range of cations such as Li*, Sn**, Zr**
Ti*t, etc.58 may be accommodated in the octahedral sites of
close-packed configuration of OH™ ions in the layers of these
compounds.

Ti containing LDHs have received much attention for their
potential application for removal toxic anionic substances from
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industry wastewater,® and are supposed to be potential cata-
lysts for the transformation of organic molecules in liquid phase
reactions, similar to Ti containing zeolites.” Zn-Ti and Co-Ti
LDH have been synthesized by urea method.!%"'? Considering
nickel is a more important element for catalysis and electro-
chemistry than other transition metals,'> our group recently
is engaged in the synthesis of Ni—-Ti LDH.'* During the syn-
thesis process, decomposition of urea releases ammonia and
carbonate ions in a uniform fashion, resulting in a gradual and
uniform increase in the pH of the solution, and leading to a low
degree of supersaturation during precipitation and a decrease
in the nucleation rate. Usually, urea hydrolysis can be applied
to the preparation of well-crystallized LDHs. But, for Ni-Ti
LDH, poor crystallization was obtained which shows asym-
metric and broadening reflection on the high angle region of
XRD patterns.'* Since the decomposition of urea and nucle-
ation process for urea method needs a high temperature, urea
method is unfavorable for unstable metal hydroxide such as
titanium hydroxide and liable to produce materials with less
crystallinity. In this paper, high supersaturation method is chosen
to synthesize Ni-Ti—-CO3 LDH with high crystallinity in which
nucleation process is performed under ambient conditions.'
The structure, properties and the formation mechanism of the
Ni-Ti—-CO3 LDH have been investigated.
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2. Experimental
2.1. Preparation

The Ni-Ti—-CO3 LDH was prepared by high supersaturation
method similar to the synthesis of Mg—Al LDH. ' A solution of
NaOH [molar ratio: NaOH/(NiZ* + Ti**)=1.75] and NayCO3
(molar ratio: Na,CO3/Ti* =2.2) was added dropwise to a vig-
orous stirred solution of Ni(NO3);-6H,0O and Ti(SO4), with
different Ni/Ti ratios until the pH reached 9.5 under room
temperature. The resulting suspension was aged at a reflux-
ing temperature for 6 h. The mixture was filtered and the solid
washed thoroughly with deionized water and dried at 70 °C for
12 h.

The hydrothermal aging experiments were performed as fol-
lows. The suspension obtained after just completion of adding
NaOH and Na;CO3 mixture solution to Ni(NO3),-6H>O and
Ti(SO4), solution was placed in an autoclave, hydrothermally
treated at 100 or 150 °C for 6 h. The solid was collected by fil-
tration, washed with deionized water thoroughly, and dried at
70°C for 12 h.

For comparison, Ni-Ti LDH is also prepared by urea method
according to literature.'* A solution of TiCly prepared through
TiCly and HCI with volume ratio 1:1, Ni(NOj3),-6H»O and urea
were added to deionized water under vigorous stirring. The
resulting solution was stirred for 6 h at refluxing condition. The
filter cake was washed twice with deionized water, once with
anhydrous ethanol, and dried overnight at 60 °C.

2.2. Characterization

Powder XRD patterns of the samples were obtained using
a Shimadzu XRD-6000 diffractometer (Cu Ka radiation, step
size of 0.02°, scan speed of 5°/min). Elemental analysis for Ni
and Ti was carried out using inductively coupled plasma emis-
sion spectroscopy (Shimadzu ICPS-7500). Solid state UV-vis
diffuse reflectance spectra were recorded at room temperature
and in air by means of a UV-2501PC spectrometer equipped
with an integrating sphere attachment using BaSO4 as back-
ground. FT-IR spectra were recorded on a Bruker Vector 22
FT-IR spectrometer (resolution 4cm™!), the samples being
pressed into KBr discs with a weight ratio of sample to KBr of
1:100. The low-temperature N, adsorption—desorption exper-
iments were carried out using a Quantachrome Autosorb-1
system. The samples were degassed for 4h at 70°C before
the analysis. The specific surface area was calculated using
the BET method based on the absorption isotherm and pore
size distribution was calculated using the BJH method based
on the desorption isotherm. Scanning electron microscopy
(SEM) was performed with HITACHI S-4300. Thermal anal-
yses were carried out on a PCT-IA thermal analysis system
in air with a temperature increase of 10°C/min. In situ HT-
XRD measurements were performed on a Shimadzu XRD-6000
diffractometer in air, using Cu Ka radiation (A=0.154 nm).
The samples as un-oriented powders were scanned in steps
of 0.05° in the range 3-70° using a count time of 6s per
step.

3. Results and discussion
3.1. Structure and properties of Ni(I1l)/Ti(IV) LDH

Ni-Ti—-CO3 LDHs with various atomic ratios were synthe-
sized using high supersaturation method and the resulting solids
were characterized by PXRD, as shown in Fig. 1. Ni:Ti atomic
ratios are altered from 2:1 to 5:1 (denominated as samples A—D,
respectively) and sample B (Ni:Ti=3:1) exhibits higher crys-
talline LDH phase. Except the sample B, PXRD of other samples
show very weak diffraction peaks corresponding to (3-nickel
hydroxide. So, our study and presentation will be restricted to
the sample B.

The powder X-ray diffraction of the sample B shows basal
peaks corresponding to (00 3), (006) and (009) and non-basal
peaks attributed to (012), (015), (018), (110) and (112)
reflections, as shown in Fig. 1b. The peaks exhibit the common
features of layered materials such as narrow, symmetric and
strong peaks at low 26 (°) as well as weaker and less symmetric
peaks at high 26 values. The absence of the (% 0/) non-basal
peaks indicates the turbostratic effect on the sample caused
by the decease in the order along the stacking axis. The basal
interlayer spacing of Ni-Ti-CO3; LDH is 0.775 nm calculated
from (00 3) reflection, similar to that of Ni—~AI-CO3 LDH.!”
Although Ni-Ti—-CO3 LDH has higher charge density than
Ni—Al-COs3 LDH, the gallery height equals the carbonate anion
size because of the Van der Waals repulsion between hydroxide
of the layer and carbonate inhibits the decrease of the inter-
layer space. For the sample with the PXRD peaks intense and
sharp enough for accurate determination, the crystallographic
parameters are evaluated assuming rhombohedral symmetry
(space group R3m). The lattice parameters ‘a’ is 0.308 nm cal-
culated from (1 1 0) reflection, and the lattice parameters ‘c’ is
2.325 nm calculated from (0 0 3) reflection, respectively, for as-
synthesized sample B. The lattice parameters ‘a’ and ‘c’ were
reported to be 0.304 and 2.317 nm for Ni-Al-CO3 LDH.!” The
lattice parameters ‘a’ represents the distance of cations in the
layer, so the cation distance in the layer of Ni-Ti—-CO3 LDH is
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Fig. 1. Powder X-ray diffraction patterns of Ni—Ti LDH synthesized by high

supersaturation method with different Ni and Ti atomic ratio: (a) Ni/Ti=2, (b)
Ni/Ti=3, (c) Ni/Ti=4, and (d) Ni/Ti=5.
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larger than that of Ni-Al-CO3 LDH which could be attributed
to the larger ion radii of Ti** than that of AI>*(0.068 nm versus
0.054 nm). The lattice parameter ‘c’ corresponds to the triple
of the sum of the thickness of one brucite-like layer and one
gallery height. The lattice parameter ‘c’ of sample B is similar
to Ni-Al-COs LDH, but different from that of the Ni (II)/Ti(IV)
LDH synthesized by the urea method'* because their anions of
the LDH interlayer are carbonate and cyanate, respectively.

ICP-AES analysis for this sample shows that the Ni/Ti mole
ratio is 2.74, slightly lower than the molar ratio existing in
the starting solution. This phenomenon is rather common and
may be ascribed to a preferential precipitation of one cation as
hydroxide.'?

UV-vis diffuse reflectance spectroscopy only exhibits an
adsorption band near 537 nm attributed to charge transfer involv-
ing Ni** species, as shown in Fig. 2. No bands around 220 and
320 nm are observed, which are characteristic of pure TiOz,]8
clearly demonstrating the absence of any TiO, species. This also
indicates that Ti** ion has isomorphously substituted for Ni>*
in the brucite-like layer, although it has high valence and strong
electronegativity.

FT-IR spectroscopy is used to identify the nature and sym-
metry of interlayer anions. The FT-IR spectrum of Ni-Ti—CO3
LDH, illustrated in Fig. 3, shows a strong band centered
around 3442cm™! that is ascribed to a superposition of the
OH stretching mode of layer hydroxyl groups and hydrogen-
bonded interlayer water molecules. For Ni—-Al LDH, this band
appears around 3500 cm™'.!° The shift of OH stretching mode
of layer hydroxyl groups to low frequency is probably caused
by the electron density on the O-H bond modified by Ti*
electro-negativity. The extreme broadness of the OH band is
owed to the presence of hydrogen bonding between hydroxides
of layers, interlayer water and anions in the interlayer gap.!® A
low-resolution band around 1630 cm ™! ascribed to the bending
mode of water molecules indicates a small amount of interlayer
water in Ni—Ti LDH due to abundant anions compensated pos-
itive charge of the layer. For carbonate LDH which consists
of M(II) and M(III), interlayer carbonate anions are symmetri-
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Fig. 2. Solid state UV-vis diffuse reflectance spectrum of Ni-Ti-CO3 LDH
(Ni/Ti=3).
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Fig. 3. FT-IR spectrum of Ni-Ti-CO3 LDH (Ni/Ti=3).

cally hydrogen-bonded to water molecules. Only a single band is
observed at 1370 cm™!, which means that the symmetry of car-
bonate anions is close to free anions, i.e., D3, symmetry.”’ For
Ni-Ti—CO3 however, this band is splitted to two ones located
at 1509 and 1384 cm~!. The splitting is probably due to the
restricted symmetry in the interlayer space. Ti** cations incorpo-
rated in the brucite-like layer bring two valence positive charges,
so the electrostatic attraction between the layer and the interlayer
carbonate anions is stronger than that in Ni-Al-CO3; LDH, influ-
encing the symmetries of the interlayer anions. The symmetries
of the carbonate anions decreased from D3y, of free anions to Cay
due to the disordered nature of the interlayer space, as observed
previously.? The weak band at 1126 cm™! for Ni—Ti LDH can
be ascribed to the bending mode of carbonate ions. The band at
635 cm™ ! is attributed to the overlap of the asymmetric vibration
of CO32~ and M-O stretching vibrations.

Low temperature N, adsorption—desorption isotherm of
Ni—Ti—COg, illustrated in Fig. 4, shows a type Il isotherm due to
capillary condensation in mesopores where adsorption is limited
for high relative pressure.?! The isotherm is found to exhibit H3
type hysteresis loop characteristic of pores with narrow necks,
which is associated with aggregates of plate-like particles giv-
ing rise to slit-shaped pores. The specific surface area of the
Ni-Ti—-CO3 LDH determined by BET method is 37 m? g~ !, the
modal pore diameter is around 4 nm, and the total pore volume is
0.11cm?® g~!, similar to Mg—Al LDH by Yun and Pinnavaia,??
but smaller than Ni—Ti—cyanate LDH'# due to different prepa-
ration procedure. This means that the agglomeration of Ni-Ti
LDH obtained by high supersaturation method is more severe
than Ni-Ti LDH prepared by urea method. The specific surface
area of non-aged Ni-Ti—-CO3; LDH is ca. 2m? g~ !, due to severe
aggregation of the LDH microcrystals, as observed for Mg—Al
LDH.?

SEM image of Ni-Ti—~CO3 LDH, shown in Fig. 5, reveals that
Ni-Ti LDH shows no characteristic “sand-rose” morphology
while plate-like particles with irregular size are stacking with
each other. The Ni—-Ti LDH plates are below 100 nm in the lateral
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Fig. 4. N, adsorption—desorption isotherms and pore size distribution (inset) of Ni-Ti-CO3 LDH (Ni/Ti=3).

dimension, smaller than general observed LDH which are sized
in hundreds of nanometer. Small LDH plates agglomerate to
form large particle ca. several micrometer.

TG-DTA curve for Ni-Ti—CO3z LDH is shown in Fig. 6. The
TG curve exhibits two weight loss steps as well as two endother-
mic DTA peak and the total weight loss is 24.6%. The first one
(31-199°C, 7.5%) is due to the loss of both adsorbed and inter-
layer water, in the meantime the partial dehydroxylation of the
layer also occurs, corresponding to the endothermic DTA peak at
128 °C. The second step (199-700 °C, 17.1%) is a consequence
of complete dehydroxylation of the layer and loss of carbon-
ate in the interlayer region corresponding to the endothermic
DTA peak at 272 °C. The second one shifts to low temperature
in comparison with Ni—Al-CO3 which has the corresponding
endothermic DTA peak at 355 °C,?* indicating that Ni-Ti LDH
can be decomposed more easily upon thermal treatment due to

Fig. 5. SEM micrograph of Ni-Ti—-CO3 LDH (Ni/Ti=3).

the presence of Ti** in the host layers. Compared with AI**, the
high electronegative Ti** can easily accept the oxygen of both
water molecule and carbonate anion.

In situ HT-XRD patterns of Ni-Ti-CO3; LDH sample
recorded in the temperature range of 25-600 °C are shown in
Fig. 7. This technique gives substantial information on the dif-
ferent phases during decomposition process. Upon the heating
of the sample from 25 to 150 °C, the reflection of the dy (3 basal
spacing shifts slightly from 0.775 to 0.559 nm, corresponding
to the removal of interlayer water as observed in TG-DTA.
If the layer thickness is 0.48 nm similar to Zn—Al LDH,? the
gallery height is 0.179 nm calculated by the basal spacing sub-
tracted the layer thickness, which is smaller than the size of
carbonate anions (0.28 nm). This indicates that the carbonate has
been grafted to the layer. Similar behavior is already reported
for Ni-Fe—CO3 LDH.2® Meanwhile, the (1 1 3) reflection van-
ishes, while the intensity of the (110) reflection diminishes
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Fig. 6. TG and DTA curves of Ni-Ti—-CO3 LDH (Ni/Ti=3).
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Fig. 7. In situ HT-XRD patterns of Ni-Ti—CO3 LDH (Ni/Ti =3) in the temperature range 25-600 °C.

significantly, becoming broader. The diffraction peaks of layered
double hydroxide disappear above 250 °C due to the dehydrox-
ylation of the layer and remove of CO, from the interlayer, as
observed at 274 °C in TG-DTA, which means the layered double
hydroxide structure is collapsed. The reflection of the layered
double oxide (LDO) phase appears at 250 °C and becomes more
sharp and symmetric with increasing temperature, which is sim-
ilar to NiO Phase (JCPDS File No. 44-1159). No TiO; phase
observed shows that Ti** is dispersed in NiO rocksalt phase as a
solid solution. The formation of solid solution is also observed
during the thermal decomposition of Mg—Al LDH.?’

3.2. The influences factors of Ni—Ti LDH formation

As discussed above, the samples with various atomic ratios
were synthesized using high supersaturation method and the
resulting solids were characterized by PXRD. The high crys-
talline LDH phase is observed only for the sample with
Ni:Ti=3:1. Although most LDHs materials can be synthesized
in the range of metal ratio 5:1 to 2:1,10 the Ni-Ti-CO3; LDH
synthesized by high supersaturation method is an exception
in this case, because Ti** ion has higher valence and higher
polarization which is difficult for its substitution of Ni** in the
brucite-like layer. So the formation of Ni-Ti LDH is sensitive
to the preparation method applied.

It is worthwhile to note that Ni-Ti LDH could be synthe-
sized while the metal ratio ranges from 5:1 to 1.5:1 using TiCly
as Ti source by urea method.!* Usually, the urea method can
obtain LDH with higher crystallinity'> than high supersatuation
method, but for the synthesis of Ni-Ti LDH, low crystalline LDH
phase was obtained as showed in Fig. 8a which has a d-spacing
value of 0.73 nm corresponding to cyanate LDH, consistent with
reported previously by our group.14 When Ti(SO4), was used
as Ti source, the amorphous sediment was obtained as shown
in Fig. 8b. Obviously the Ti source has important effect on the

formation of the Ni—Ti LDH. In the urea method, the nucleation
temperature of Ni(II)/Ti(IV) LDH is 100 °C, so Ti** cation is
easily precipitated to amorphous oxide under high temperature
condition. The anions in the Ti source present in solution can
affect the solubility of the amorphous titanium oxide which is
critical to the formation of Ni(II)/Ti(IV) LDH. Chloride ions can
promote effectively the dissolve of Ti** ions because they form
stronger complex with Ti** than sulfate ions. In high supersatu-
ration method, however, the titanium oxide with higher soluble
ability is ready to form because the nucleation process occurred
at ambient temperature, lower than that in urea method, result-
ing in a higher crystallized Ni-Ti-CO3 (Fig. 1b) even using
Ti(SOy4); as Ti source. Therefore, both Ti(SOy4), and TiCly are
suitable for the formation Ni(II)/Ti(IV) LDH in this method.
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Fig. 8. Powder X-ray diffraction patterns of Ni—-Ti LDH (Ni/Ti = 3 in the synthe-
sis mixture) synthesized in different conditions: (a) urea method using TiCly as Ti
source, (b) urea method using Ti(SO4); as Ti source, and (c) high supersaturation
method with hydrothermal treatment, using Ti(SO4); as Ti source.
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Ti(SO4); is convenient compared with TiCly, so it is useful for
practical application.

Aging temperature also has important effects on the crys-
tallinity of the samples. The aging temperature suitable for the
formation of Ni—Ti LDH phase is 100 °C in refluxing condition.
On this aging temperature, the similar crystallinity is obtained
for the Ni-Ti LDH samples treated under refluxing condition
and in hydrothermal condition respectively. When the aging tem-
perature in hydrothermal condition is increased to 150 °C, only
B-Ni(OH), phase (Fig. 8c) is obtained, and no XRD peaks cor-
responding to TiO; phase are observed due to Ti** existing as
amorphous hydrous oxide materials. For Mg—Al LDH, the high
temperature is benefit to the crystallization process.!® But, for
the formation of the Ni-Ti LDH structure, the low synthetic
temperature is required. This indicates that Ni-Ti—-CO3 LDH
has low thermal stability, also observed in TG-DTA.

The study on the aging time shows that the preferable aging
time is 6 h under both refluxing and hydrothermal treatment, and
the low crystalline sample was obtained before 6h and phase
transformation occurred after 6 h.

3.3. Formation mechanism of Ni-Ti LDH

Although a large number of LDH materials have been synthe-
sized and studied, their formation mechanisms are still far from
clear.?8-33 Many formation mechanisms have been proposed,
such as the topotactical mechanism for reconstruction from cal-
cined Mg—Al LDH system,?8-39 dissolution-crystallization for
Mg—Al salt system,>! one-step formation mechanism for Zn-Cr
salt system,? and dissolution—deposition—diffusion mechanism
for Al,03-MgO system.?

To investigate Ni-Ti LDH formation process, a titration
behavior of Ni(NO3)3 (aq), Ti(SO4); (aq) and their mixed solu-
tion with a molar ratio of Ni2* to Ti** as 3:1 against alkaline
solution was investigated respectively, as shown in Fig. 9. Each
one single metal salt solution yields one pH plateau correspond-
ing to the precipitation of their respective hydroxides. However,
the mixed metal salt solution yields two pH plateau, the value of
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Fig. 9. Titration curves of (a) Ni(NO3), solutions, (b) Ti(SO4), solutions, and
(c) mixture solution of Ni(NO3), and Ti(SO4); in a Ni/Ti of 3:1.

the second plateau is different from that of corresponding single
metal salt solution. The first plateau at pH value of 1.8 is identi-
cal to that of single Ti(SO4)4 solution (Fig. 9b), corresponding to
the formation of titanium hydroxide. The second plateau at pH
value of 7.4 is obviously lower than that of only Ni** solution
(pH 7.7) (Fig. 9a).

According to the titration curves above, we suggest that the
Ti** ions precipitate as titanium hydroxide in preference to
Ni?* ions on the first plateau. When pH increases to the sec-
ond plateau, Ni-Ti LDH is formed by Ni%* ions and Ti** ions
in the solution. Ti ions can be continuously supplied by the dis-
solution of titanium hydroxide precipitated previously when the
Ti** ions in solution is depleted because of formation of Ni-Ti
LDH. The formation of Ni-Ti LDH is processed through the
solid dissolution, so this process is slower than a simple pre-
cipitation of solution. Due to this reason, it is observed during
titration process that a constant pH was reached within 10 min
after each addition of hydroxide in the second plateau but the
corresponding time in the first plateau is within half of minute.
This phenomenon is also attributed to the formation of Ni-Ti
LDH.

The process of formation of Ni-Ti LDH can be explained
by the complete precipitation of Ti(OH)4 firstly, followed by its
transformation to the layered double hydroxide with Ni** ions
and anions. Therefore, the whole reaction can be expressed as
this interpretation:

Ti(OH)4 + 3Ni** (4q) + 60H™ + CO3*~ = Ni3Ti(OH)3CO3(1)

The reverse process of the above reaction is the dissolution of
Ni-Ti LDH, so a nominal K, for Ni-Ti LDH may be inferred
from the expression:

. 3 _.6 _
Kop.Lon = KspTicom), [NiZT1 [OH™][CO3%7] 2)

From the titration curves, we can calculated solubility product
constants for the Ni-Ti LDH, Ni(OH), and Ti(OH)4. Then the
values of pKj, are 93.0, 13.5 and 50.3, respectively. For the
overall process, the formation of LDH can be expressed by the
reaction in which a mixture of simple hydroxides is converted
to LDH:

Ti(OH)4 + 3Ni(OH), + CO32~ = Ni3Ti(OH)sCO;3 + 20H™
3)

The equilibrium constant for this reaction is given by

PKconvertion = PKsp,LDH — PKsp, Tic0H), — 3PKsp, NiOH), (4)

So the value of pKconvertion 15 2.2, which indicates that the relative
stability of Ni—Ti LDH is higher than that of a simple mixture
of Ti(OH)4 and Ni(OH),.

Because the formation process of Ni—Ti LDH is combined
with Ti** ions dissolution from titanium hydroxide precipi-
tated in the first pH plateau, this process could be regarded
as dissolution-crystallization mechanism, similar mechanism is
proposed for Mg—Al LDH, Mn—Al LDH and Mg-Fe LDH.?!
The formation of the LDH structure takes place at a pH value
lower than that for Ni(OH), formation, meaning higher stability
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of Ni—Ti LDH in comparison with Ni(OH),. When the titration
was completed, a weak crystalline LDH phase was observed.
Then, through the subsequent aging process, it can be converted
to a well-crystallized LDH.

4. Conclusions

In this study, Ni-Ti—-CO3 LDH was prepared by high super-
saturation method. Ti (IV) ions are incorporated in the host
layers, and no extra-framework titanium species exist in the
Ni—Ti LDH. The formation of Ni—Ti LDH structure is explained
according to the dissolution-crystallization mechanism at this
condition. The interlayer carbonate anions display C2v symme-
try duo to interlayer confinement effect. The thermal stability of
Ni-Ti—-CO3 LDH is lower than the general LDH counterparts,
because Ti(IV) has strong electronegativity. A further aim is to
investigate the application of Ni—-Ti LDH in catalysis field.
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