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Hydrotalcite�type layered double hydroxides are
promising supports for metal catalysts. Introduction of
a metal significantly changes the properties of the
hydroxide phase and of the mixed oxide resulting from
heat treatment: it enhances the catalytic activity of the
hydroxide in a number of reactions [1, 2] and raises its
acid gas adsorption capacity [3–5].

Most studies in this field are devoted to the intro�
duction of nickel, which is capable of isomorphically
replacing part of the magnesium in the brucite layers of
the layered structure [6]. The main ways of introducing
nickel are the template method (coprecipitation of
magnesium and aluminum hydroxides and a nickel
compound) and ion exchange. In the ion exchange
method, nickel is introduced in cationic form via par�
tial substitution for magnesium or aluminum in the
brucite layers or in anionic form via replacement of
interlayer anions. Platinum metals are commonly sup�
ported by incipient�wetness impregnation using a
minimum possible amount of a solution, without con�
trolling the processes involved in the binding of the
metal [5, 7, 8]. These metals are also supported by
deposition of their hydrolyzed species [9]. Metal com�

plexes are often deposited from their toluene solu�
tions. This does not causes any restructuring support,
does not modify its acid–base properties, and mini�
mizes the interaction between the catalyst precursor
and the support [3, 7, 10]. The exchange of interlayer
anions is considered in a few works dealing with the
anion�exchange properties of hydrotalcite�like com�
pounds [8, 11]. However, this process has practically
not been investigated from the standpoint of introduc�
ing anionic species of the precursor of the active com�
ponent of the catalyst.

Here, we report the interaction of aqueous solu�
tions of anionic Pt(IV) chloro complexes with layered
double hydroxides during the synthesis of Pt/MgAlOx
catalysts. The precursors of the aluminum–magne�
sium oxide supports were layered hydroxides contain�
ing carbonate or hydroxide anions in their interlayer
space (HT�CO3 and HT�OH, respectively). Our
detailed study of these hydroxide supports [12] dem�
onstrated that the morphology of the layered particles
and the nature of the interlayer anion determine the
oxide support structure formation conditions and the
textural characteristics of the support. The purpose of
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this study is to see how strongly the location of the
metal complex in the structure of the layered material
and the properties of supported platinum in the result�
ing catalyst depend on the structure of the hydroxide
precursor of the support.

EXPERIMENTAL

Catalyst Synthesis

The synthesis of the double layered hydroxide HT�
СО3 by Mg2+ and Al3+ coprecipitation from dilute
nitrate solutions by reacting them with carbonate� and
hydroxide�containing solutions was described in detail in
our previous publication [12]. For obtaining HT�OH,
the HT�СО3 support was calcined at 600°С and was
rehydrated at 120°С for 2 h. Before being character�
ized by physicochemical methods and sorption mea�
surements, HT�СО3 and HT�OH were dried at 120°С
for 12 h.

Н2[PtCl6] was sorbed from aqueous solutions con�
taining an excess amount of the complex at room tem�
perature. The complex concentration in the solution
was varied between 2 and 40 mmol/l, depending on
the preset metal content of the catalyst. After the sorp�
tion of the metal complex, the pH of the remaining
solution was measured with a Seven Multi (Mettler
Toledo) pH/ion meter, platinum in this solution was
quantified spectrophotometrically [13], and the sup�
port components—Mg and Al—were determined by
atomic absorption spectroscopy on an AA6300 (Shi�
madzu) spectrometer [14]. The platinum sorption iso�
therm was obtained using separate samples with a con�
stant support�to�solution weight ratio of 1 : 25.

Catalyst Characterization

Diffuse reflectance spectroscopy (DRS). The dif�
fuse reflectance spectra of supported platinum com�
plexes were obtained on a UV�2501 PC (Shimadzu)
spectrophotometer with an ISR�240A diffuse reflec�
tance attachment. The spectra were recorded in the
11000–54000 cm–1 range using BaSO4 as the refer�
ence sample and were presented as the Kubelka–
Munk function versus wavenumber.

Thermal analysis coupled with mass spectrometry.
This method was used to investigate thermal decom�
position of pure and platinum�loaded hydrotalcite.
Intermediate compounds and decomposition products
were analyzed on an STA�449C Jupiter thermal ana�
lyzer connected by a heated capillary to a QMS�403C
Aeolos (Netzsch) quadrupole mass spectrometer.
Measurements were taken in an online mode (argon
atmosphere, heating rate of 10 K/min, sample weight
of 10–20 mg).

X�ray powder diffraction. X�ray diffraction patterns
were recorded on a D8 Advance (Bruker) diffractome�
ter using CuK

α
 radiation and parallel�beam geometry

(2θ = 5°–80°, 0.05° increments, counting time of 5 s

per point). High�temperature diffraction patterns
were obtained in the 30–900°С range using an HTK
16 (Anton Paar) camera. The measurement condi�
tions are specified in our previous paper [12]. Diffrac�
tion data were interpreted using the ICDD database.
Structure parameters were calculated using EVA and
TOPAS software packages.

Temperature�programmed reduction (TPR). The
TPR method was used to study the reduction dynam�
ics of adsorbed metal complexes. The effect of the sup�
port on the hydrogen uptake was taken into account by
examining chloroplatinate�free samples. Before mea�
surements (AutoChem 2920 instrument, Micromerit�
ics), the sample was purged with flowing helium for
30 min at 25°С and then with a 10 vol % H2 + Ar mix�
ture (flow rate of 50 ml/min). After the stabilization
of the baseline, the sample was reduced while heating
to 450°С at a rate of 10 K/min. The gases were
99.999 vol % pure.

Low�temperature nitrogen adsorption. Nitrogen
adsorption and desorption isotherms were obtained
using an ASAP 2020M (Micromeritics) surface area
and porosity analyzer in the equilibrium relative pres�
sure range from 10–3 to 0.996 P/P0.

The BET specific surface area (SBET) was derived
from the adsorption isotherm over the equilibrium
nitrogen vapor pressure range of Р/Р0 = 0.05–0.25. In
the calculation of the specific surface area, we
assumed that a nitrogen molecule occupies an area of
0.162 nm2 in the filled monolayer. The adsorption pore
volume (Vads) was determined the amount of nitrogen
adsorbed at Р/Р0 = 0.990 under the assumption that
the adsorbate density is equal to the normal liquid
density and is 0.808 g/cm3. The mean pore diameter
was estimated as D = 4Vads/SBET. The pore size distri�
bution was derived from the desorption isotherm using
the Barrett–Joyner–Halenda (BJH) method. The
disconnected cylindrical pore model was used in these
calculations.

High�resolution transmission electron microscopy
(HRTEM). HRTEM images were obtained on a JEM
2010 (JEOL) microscope at a lattice resolution of
0.14 nm and an accelerating voltage of 200 kV. Speci�
mens were prepared by applying ethanolic suspensions
onto standard copper grids.

RESULTS AND DISCUSSION

Interaction between H2[PtCl6] 
and Aluminum–Magnesium Layered Hydroxides

Sorption processes were investigated for the layered
double hydroxides HT�СО3 and HT�OH, which differed
in the nature of the interlayer anion. These hydroxides
were thoroughly characterized in our earlier work [12].
Sorption curves were obtained for aqueous H2[PtCl6]
solutions in the platinum concentration range of 2–
42 mmol/l. Figure 1 demonstrates the marked difference
between the chloroplatinate sorption properties of the
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supports. In the case of HT�OH, there is a concentration
range of strong chloroplatinate adsorption and the maxi�
mum amount of adsorbed platinum (18.1 wt %) is close
to the stoichiometric value (19.0 wt %) corresponding to
the well�known formula of hydrotalcite�like structures

(( (ОН)2)
х+(Ах/m)m– ⋅ nH2O) resulting from the

exchange of the interlayer anion Аm– for [PtCl6]
2–. Under

the same sorption conditions, the HT�СО3 support binds
a much smaller amount of platinum (Fig. 1).

Interacting with the hydroxide support, chloropla�
tinic acid solutions undergo neutralization to pH 5–10,
depending on the acidity of the initial solution. The

2
1 xM +

−

3
xM +

aluminum ion concentration in the solution after sorp�
tion is at the lower detection limit, while 2 to 7 wt % of
the magnesium ions present in the support pass into
solution. However, according to X�ray diffraction
data, this partial dissolution of magnesium does not
break the layered structure and does not cause any sig�
nificant change in the d110 value (1.534 Å), which
depends on the Mg : Al molar ratio.

DRS data demonstrated that the chemical compo�
sition of adsorbed platinum complexes depends
strongly on the nature of the initial hydroxide support.
Figure 2 presents the diffuse reflectance spectra of the
platinum complexes adsorbed in different amounts on
HT�СО3 and HT�OH. The UV region of the spectrum of
the platinum complexes adsorbed on HT�СО3 (Fig. 2a)
shows an intense absorption band at 48400 cm–1 and
weaker shoulders at 38000–40000 and 30000 cm–1.
These bands are assignable to deeply hydrolyzed plat�
inum species stabilized on the HT�CO3 surface [16].
The diffuse reflectance spectrum of the platinum com�
plexes adsorbed on HT�OH (Fig. 2b) exhibits three
well�resolved absorption bands at 21100, 26600, and
38600 cm–1, indicating that platinum is mainly stabi�
lized as the initial chloro complex [15–17]. Note that,
as the platinum content is raised to 10% and above
(Fig. 2b, curves 2–4), the 38600 cm–1 band, which is
due to the Cl → Pt charge transfer, shifts to a smaller
wavenumber of 34400 cm–1, which is possibly
explained by the coarsening of the adsorbed particles
[18].

An analysis of the data concerning the amount of
bound complex and its chemical composition suggests
that platinum binds to HT�СО3 and HT�OH in differ�
ent ways. According to the present understanding of
the structure and properties of aluminum–magnesium
hydroxides [19], the anionic platinum chloro com�
plexes can bind to the support by interacting with sur�
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face OH groups (reaction (I)) and by replacing inter�
layer anions (reaction (II):

(I)

(II)

Because of the high pH values in the subsurface
layer of the support, the chloro complexes can
undergo hydrolysis and platinum can bind as the
hydrolyzed species Al(Mg)�PtCl6 – х(ОН)х. It is quite
possible that insoluble platinum hydroxo complexes
also deposit on the surface.

In the case of HT�СО3, the exchange of interlayer
carbonate anions for chloroplatinate ions is likely
hampered. This can be due to the equal charges of the

С  and Pt  anions and, accordingly, similar
strengths of the interaction with the aluminum cations
of the aluminum–magnesium layers [11, 20]; another
possible reason is that this layered support has a more
ordered structure [12]. Therefore, the binding of the
metal complex to this support will more likely take
place via reaction (I), involving surface OH groups.

In the interaction between the chloroplatinate and
HT�OH, interlayer OH– anions are readily replaced
by the doubly charge complex anion [PtCl6]

2–. An
additional driving force of this interaction is the neu�
tralization of interlayer OH– anions by hydrogen ions
of chloroplatinic acid. When binding to the support in
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this way, the chloroplatinate ion does not hydrolyze to
any significant extent, and the diffuse reflectance
spectrum shows absorption bands characteristic of the
platinum(IV) chloro complex.

The finding that the platinum complexes existing
on the HT�СО3 and HT�OH surfaces differ in the way
they interact with the support is confirmed by the TPR
study of their reduction dynamics. The TPR profiles
(Fig. 3) show at least two distinct hydrogen uptake
regions, namely, a low�temperature region, with a
hydrogen uptake rate peak at 140–160°С, and a high�
temperature region, with a hydrogen uptake rate at
220–250°С. The proportions of the corresponding
reducible species depend on the nature of the interlayer
anion of the support. In the case of HT�СО3, the dom�
inant platinum species is the “low�temperature” one,
which interacts less strongly with the surface. In the case
of HT�OH, the reduction of most of the adsorbed plat�
inum occurs above 200°С. It is likely these conditions
that ensure the reduction of the platinum(IV) chloro
complexes that have been fixed in the interlayer space of
the layered support via reaction (II).

Effect of Adsorbed Metal Complexes on the Structure 
and Thermal Stability of the Layered Aluminum–

Magnesium Hydroxides

X�ray diffraction data demonstrate that, for both
HT�СО3 and HT�OH, the basal reflection d003 char�
acterizing the layered structure persists upon the bind�
ing of the platinum complexes. At the same time,
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Fig. 3. TPR profiles for the platinum complexes supported on (1) HT�СО3 (7.8 wt % Pt) and (2) HT�OH (10.2 wt % Pt).
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X�ray diffraction data indicate changes in some struc�
tural characteristics of the supports (Table 1). These
changes are more pronounced for HT�OH: diffraction
peaks become weaker and broader. The broadening of
the reflections indicates a decrease in the size of the
primary particles (crystallite size) from 11.0 to 7.2 nm.
The interplanar spacing d003 grows from 0.772 to
0.788 nm, thus increasing the unit cell parameter с
from 2.318 to 2.364 nm.

The thermal stabilities of HT�СО3 and HT�OH
loaded with platinum complexes were compared by
thermal analysis and high�temperature X�ray diffrac�
tion. As is clear from Fig. 4a, the supporting of chloro�
platinate on HT�СО3 does not cause any significant
changes in the thermal behavior of the support. The
changes in the composition and structure of the mate�
rial showed themselves as a slight shift of the high�
temperature weight loss peak from 420 to 400°С.
Investigation of phase transitions in the high�tempera�
ture camera of the diffractometer also demonstrated that
pure HT�СО3 and the same material loaded with plati�
num complexes decompose in similar ways (Figs. 5a,
5b). In both cases, as the temperature is raised, the
basal reflection d003 shifts from 0.784 to 0.671 nm and,
accordingly, the interlayer spacing decreases from
0.304 to 0.191 nm with the formation of the metastable
phase [Mg6Al2(OH)12O2(CO3)x(OH)y]

0 between 200
and 375°С [21]. Further heating of the sample yields a
periclase�like structure [19].

The binding of the platinum complexes in the
interlayer space of the layered structure of HT�OH
causes considerable changes in the thermal behavior
of the support. According to thermoanalytical data,
the amount of interlayer water released in the 200–
300°С range increases and the high�temperature DTG
peaks change their shapes and positions (Fig. 4b). An
appreciable decrease in weight loss is observed in the
340–430°С range, which is associated with the forma�
tion of a nonstoichiometric low�temperature spinel
phase [12]. The weight loss peak due to the decompo�
sition of the hydroxide phase shifts close to 700°С.

High�temperature X�ray diffraction studies also
indicated the effect of the introduction of the metal
complex into the HT�OH structure on the thermal
behavior of the support (Figs. 5c, 5d). Firstly, the for�
mation of the metastable phase [12] does not take

place in the platinum complex–loaded material, while
it is observed in the initial HT�OH, HT�СО3, and
[PtCl6]/HT�СО3 (Figs. 5a, 5b). Raising the tempera�
ture to 350°С causes only a slight shift of the reflection
from the basal plane (003) to larger angles. The corre�
sponding interplanar spacing decreases from 0.772 nm
for HT�OH to 0.764 nm for [PtCl6]/HT�OH because
of the elimination of interlayer water. In addition, as
distinct from the initial support, [PtCl6]/HT�OH does
not yield the nonstoichiometric spinel phase up to
900°С under our experimental conditions.

The formation of the platinum metal phase in both
[PtCl6]/HT�СО3 and [PtCl6]/HT�OH is observed
near 700°С (2θ = 39.764°, 46.244°, and 67.456°).

Effect of the Metal Complex on the Textural 
Characteristics of the MgAlOx Mixed Oxides

The textural characteristics of [PtCl6]/HT�СО3

and [PtCl6]/HT�OH and of the corresponding sup�
ports, all calcined at 600°С, are listed in Table 2.
Clearly, for both supports, the introduction of plati�
num causes a slight decrease in the specific surface
area and a slight increase in the mean pore diameter.

For HT�СО3, the introduction of platinum exerts
almost no effect on the pore size distribution. An anal�
ysis of the pore size distribution curve (Fig. 6a) dem�
onstrates that both oxide phase resulting from the cal�
cination of HT�СО3 and Pt/HT�СО3 at 600°С are
characterized by a broad pore size distribution with a
diffuse maximum. The volume of large pores >20 nm
in diameter (macropores and mesopores) is over 2/3 of
the entire pore volume.

In the case of HT�OH, the introduction of the plat�
inum complex causes a significant change in the shape
of the pore size distribution curve. The proportion of
6–15 nm pores decreases greatly, and mesopores
<6 nm in diameter become dominant, accounting for
more than 70% of the entire pore volume. Thus, the
heat treatment of [PtCl6]/HT�OH yields an oxide
phase with nearly monodisperse pores with a size dis�
tribution maximum at 5.5 nm (Fig. 6b).

Table 1. X�ray diffraction data (30°C)

Material d003, Å I (d003), count/s h, Å FWHM*, deg Crystallite size, Å a, Å c, Å 

HT�CO3 7.84 1484 3.04 0.39 240 3.064 23.54

[PtCl6]/HT�CO3 7.84 1187 3.04 0.38 250 3.058 23.52

HT�OH 7.72 288 2.92 0.86 110 3.075 23.18

[PtCl6]/HT�OH 7.88 173 3.08 1.32 72 3.062 23.64

* FWHM = full width at half�maximum of diffraction peaks.
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Effect of the Charge�Compensating Anion 
of the Layered Supports on the Morphology 

of Supported Platinum Particles

The platinum complexes in [PtCl6]/HT�СО3 and
[PtCl6]/HT�OH were reduced with flowing hydrogen

at 450°С for 2 h. Under these conditions, the reduc�
tion reaction was accompanied by the disruption of
the layered structure of the support with the formation
of an aluminum–magnesium oxide phase. The result�
ing platinum particles, supported on the mixed oxide,
were examined by HRTEM. It was demonstrated that
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Fig. 4. Thermoanalytical data for the (1) initial supports and (2) supported systems: (a) [PtCl6]/HT�СО3 and (b) [PtCl6]/HT�OH.
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Table 2. Most important textural characteristics of the ma�
terials from nitrogen adsorption data (77 K)

Material SBET, m2/g Vads, cm3/g D, nm

HT�CO3 229 0.554 9.7

2% Pt/HT�CO3 176 0.567 12.9

HT�OH 214 0.318 5.9

4% Pt/HT�OH 188 0.331 7.0

Note: Before measurements, all samples were calcined at 600°C.

heat treatment of the platinum complexes bound to
the hydroxide precursor HT�СО3 yields isometric 2�
to 4�nm platinum particles located on the aluminum–
magnesium oxide surface (Figs. 7a, 7b).

In the case of the hydroxide precursor HT�OH, the
greater part of platinum in the reduced samples forms

larger particles with planar morphology (Figs. 8a, 8b),
while the proportion of smaller, isometric particles is
insignificant. The extent of the planar particles is up to
50 nm, and their thickness is close to the interlayer
spacing d003 = 0.75 nm in their parent hydroxide HT�
OH (Fig. 8b). Platinum was identified as its character�
istic interplanar spacing d111 ≈ 0.23 nm. The electron
micrographs of the planar platinum particles provide
direct evidence for the localization of part of the metal
complex inside the layered matrix. An analysis of the
HRTEM images and their two�dimensional Fourier
transforms (Figs. 8c, 8d) suggests that the particles
have a microblock structure and are aggregates of 5� to
10�nm planar fragments. This structure of the particles
may result from their growth on several crystallization
sites upon the reduction of platinum complexes. The
change in the pore size distribution (decrease in the
proportion of large pores) that is caused by heat treat�
ment of the Pt�containing sample obtained using the
hydroxide precursor HT�OH is apparently due to plat�
inum filling extensive pores to form planar particles.
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(а) 10 nm (b) 10 nm

Fig. 7. Electron micrographs of Pt/MgAlOx (HT�СО3 precursor, metal content of 7.8%) after reductive treatment at 450°С for
2 h: (a) planar surface and (b) edges of particles.

A study of the interaction of aqueous H2[PtCl6]
solutions with layered aluminum–magnesium
hydroxides demonstrated that the structure of the
hydroxide precursor (nature of the interlayer anion) is
an important factor having an effect on the amount of
bound platinum, on the composition of the surface
platinum species, and on their location in the layered
structure of the material.

In the case of the hydroxide support with the car�
bonate counterion (HT�СО3), the introduction of the
metal complex exerts no significant effect on the
structural properties of the double hydroxide, on the

dynamics of its thermal decomposition, and on the
textural characteristics of the resulting oxide phase.
Here, the platinum is likely fixed as hydrolyzed species
interacting less strongly with the support. This results
in the formation of isometric particles 2–4 nm in size.

The binding of the platinum complexes to the alu�
minum–magnesium hydroxide with interlayer ОН–

anions (HT�OH) increases the interplanar spacing
and enhances the thermal stability of the layered struc�
ture. In addition, the platinum complexes markedly
change the textural characteristics of the support,
causing the formation of a nearly monodisperse phase
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of the mixed oxide. In the Pt/MgAlOx samples result�
ing from reductive treatment, a considerable propor�
tion of the platinum is in the form of planar particles.
These results are evidence that, at the supporting
stage, the metal complexes are largely localized in the
interlayer space of HT�OH. In this case, platinum
binds to the support as chloro complexes via rapid
anion exchange and needs a higher temperature to be
reduced.

Thus, the structural difference between the hydrox�
ide precursors enables one to vary the location of the
adsorbed metal complex. Accordingly, for a given
chemical composition of Pt/MgAlOx, it is possible to
obtain platinum particles differing radically in their
size and morphology. We are going to continue this
study by investigating the electronic state and catalytic
properties of the uncommon, planar platinum parti�
cles that form in the confined spaces of the layered
structure.
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