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Growth of Pd nanoparticles on layer silicates
hydrophobized with alkyl chains in ethanol-
tetrahydrofuran mixtures

Abstract The surface of montmo-
rillonite, a hydrophilic layer silicate,
was modified with alkylammonium
and alkylpyridinium cations with the
aim of producing Pd nanoparticles
within the hydrophobized interla-
mellar space. The structure and
interlamellar swelling of hexadec-
ylpyridinium and tetradodecylam-
monium montmorillonite were first
studied in tetrahydrofuran-ethanol
mixtures. It was established that
both hydrophobic montmorillonites
swell readily in tetrahydrofuran and
the interlamellar spaces may be

employed as nanoreactors for the
synthesis of Pd® particles. Ethanol
was adsorbed on the surface of the
hydrophobic support. After addition
of the precursor Pd-acetate, metallic
Pd was produced on the external and
internal surfaces of the support. The
diameter of the particles formed was
in the range of 2-5 nm as shown by
TEM.

Introduction

Several methods have been described for the preparation
of various semiconductor and transition metal nano-
particles. [1, 2]. The preparations utilizing polymers,
association colloids (micelles), microemulsions, Lang-
muir-Blodgett (LB) films [3], or other self-assembling
systems (SA) have been discussed in detail in the liter-
ature [4] in relation to the stabilization of particles and
the control of particle size. These methods include re-
actions performed in both organic and aqueous medi-
ums. Stabilizing agents protecting the newly formed
nanoparticles against aggregation play an important role
in these procedures. Their use makes feasible the gen-
eration of very small particles, with diameters of a few
nanometers. The most commonly used stabilizers are
polymers [5, 6, 7, 8, 9, 10], alkylammonium salts [11, 12],
and surfactants [13, 14, 15]. Colloid particles of con-
trolled size were also prepared within the internal space
of micelles [16, 17] and microemulsions [18].

In our earlier studies, the adsorption layer at the
solid/liquid interface was utilized as a nanophase reactor

for the preparation of nanocrystalline semiconductors
(CdS, ZnS, TiO,) and for their stabilization [19, 20]. CdS
and ZnS nanoparticles were prepared on the surface of
spherical silica supports (Aerosil 200) and minerals of
layered structure (hydrophobized montmorillonite, pil-
lared montmorillonite, double layer hydroxides) [21, 22,
23]. The main point of the procedure is to adsorb the
precursor ions in the adsorption layer on the surface of
the solid particles (i.e. clay mineral lamellae) dispersed in
a liquid medium and to carry out the synthesis within
the surface layer by delivering the appropriate reducing
agent (alcohols, hydrazine, borohidride etc.) to this
layer. A composition of the dispersion medium is se-
lected in which the precursor ions are practically insol-
uble. When the solubility in the liquid phase is poor,
precursor ions are preferentially adsorbed on the solid
surface and their concentration within the bulk phase is
close to zero. When a reducing agent is added to a sys-
tem that has attained adsorption equilibrium, particles
will be formed only in the surfacial adsorption layer and
grow to nanocrystals attached to the surface. Their size
and number can then be easily controlled [22, 24]. This
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controlled colloid synthesis is basically different from the
impregnation technique used for the preparation of
metal catalysts. Clay minerals (montmorillonite, hect-
orite, saponite etc.) are suitable for this purpose because
they swell readily in aqueous medium and provide a
large internal surface [25]. The silicate lamellae are
negatively charged and their surface is covered by
charge-compensating cations (e.g. Na*, Ca®") that can
be exchanged for the precious metal cations such as Pd
cations, which are reducing, by agents like alcohol or
hydrazine.

Preparation of Pd nanoparticles via ethanol reduc-
tion of Pd acetate in organic suspensions of hydro-
phobized montmorillonite was reported by Kiraly and
coworkers [26]. Montmorillonite modified by alky-
lammonium or alkylpyridinium cations was first swol-
len in toluene, then Pd acetate (a salt extensively
soluble in the organic medium) was adsorbed in the
interlamellar space and reduced by ethanol at room
temperature. Using a similar procedure, Pd*>* ions
were adsorbed on pillared montmorillonite and then
Pd nanoparticles of 4-10 nm diameter were prepared
by reduction [27].

In our previous publication, we described the pro-
duction of Pd® nanoparticles stabilized by a cationic
surfactant (tetradodecylammonium bromide). In the
present work, alkyl chains promoting stabilization are
immobilized on the surface of layered structure and Pd
nanoparticles are generated in situ within the hydro-
phobic interlamellar space. Thus, instead of preparation
within droplets of microemulsions (serving as nanore-
actors), the role of stabilization is assigned to the clay
mineral swollen in organic medium. One of the advan-
tages of this method is the immobilization of the nano-
particles at the supporting clay mineral.

Materials and methods

Materials

The following materials were used for the experiments: tetra-
hydrofurane (THF, C4HgO, 99,8%, Carlo Erba), ethanol (EtOH,
C,H¢0, 99.8%, Reanal), palladium acetate (Pd (OAc),, C4HsO4Pd,
99%, Merck), tetradodecylammonium bromide (TDOABEI,
CysH00BrN, 99%, Fluka), hexadecylpyridinium chloride (HDPCI,
C,1H;35CIN, 98%, Fluka).

Preparation of hydrophobic montmorillonites

The hydrophobized montmorillonites were prepared by cation ex-
change of Na-montmorillonite. The Na-montmorillonite for the
derivatization with hexadecylpyridinium (HDP™") cations was
prepared from bentonite from Mad (Northern Hungary, Tokaj
Mountain) by peptization with NaCOj;. The fine fraction (diameter
d <2 pum) was separated by sedimentation and the suspension was
stirred with 1 M NaCl solution. The dispersion was washed in
distilled water and centrifuged several times, evaporated, dried,

ground, and passed through a 60 mesh sieve. The purity of the Na-
montmorillonite was checked by X-ray powder diffraction. The
cation exchange capacity (c.e.c.) of the sample was 0.89 meq/g
montmorillonite (NH4 acetate method).

Tetradodecylammonium (TDOA ™) montmorillonite was ob-
tained by organophilization of Schwaiba montmorillonite
(SUDCHEMIE A.G., Germany). The c.e.c. value of this Na-
montmorillonite was 0.85 meq/g montmorillonite. The fine fraction
(d £ 2 um) was obtained by peptization with NaCOs.

The surfactant solutions for the exchange reactions were 1%
HDPCI solution in water and 0.2% TDOABr solution in eth-
anol/water mixture (1:1). An amount 1.5 times the c.e.c. value
was added to a 1% suspension of Na-montmorillonite, which
was coagulated by the hydrophobizing effect of the surfactant.
The hydrophobic organoclay complex was filtered, washed in
ethanol/water mixture (1:1), dried at 60°C, ground, and passed
through a 60 mesh sieve. The incorporation of the alkyl am-
monium ions in the interlamellar space was checked by X-ray
powder diffraction.

Synthesis of Pd° particles

Hydrophobic montmorillonites [HDP-montmorillonite; TDOA-
montmorillonite 50% c.e.c. (sample I); 100% c.e.c. (sample 1I)]
were dispersed in THF at 63% (w/v) concentration. Ethanol was
added to produce compositions corresponding to volume fractions
of x;=0.005, 0.01, and 0.02. Ethanol adsorption increases the in-
terlamellar expansion of the organophilic montmorillonite but also
reduces the Pd*>* ions. Pd-acetate (0.1, 0.15, or 0.20 mmol/l g
organoclay) dissolved in THF was next added to the dispersion,
which was stirred on a magnetic stirrer. Reduction was indicated by
the darkening color of the suspension. At higher Pd(OAc), con-
centrations the dispersion turned black after stirring for 24 h. The
metal content of the dispersion with respect to the support was
1.06, 1.6, and 2.12% (w/w), respectively. The scheme of the syn-
thesis is shown in Fig. 1.

Methods
X-ray powder diffraction

X-ray diffraction measurements were taken on a Philips PW 1820
diffractometer, CuK,, radiation (4=0.154 nm), 40 kV, 35 mA, 1°
< 20 < 50° The basal spacing d; was calculated from the first
(001) Bragg reflection by using the PW 1877 automated powder
diffraction software.

The mean diameter, D, of crystallites is related to the X-ray
diffraction broadening, f3, by the Scherrer equation: D =ka/f cos®,
where k is approximate (varying between 0.79 and 1.7) and related
to the crystallite shape and to the way in which f and D are defined.
The radiation wavelength is o and the Bragg angle ©.  must be
carefully distinguished from the breadth of diffraction line (B) as
actually observed under given experimental conditions, f =(B-
b)) 28]

Electron microscopy

Transmission electron microscopy (TEM) is suitable for the ex-
amination of colloids since its range of measurement covers par-
ticles of size 1-50 nm. Images were made in a Philips CM-10
transmission electron microscope with an accelerating voltage of
100 kV. Aliquots of ethanol dispersions of the samples were
dropped onto copper grids (diameter 2 mm) covered with Formwar
foil, left to stand for 3-40 s, and transferred into the microscope.
The particle size distribution was determined by using the UTS-
HCSA Image Tool program.
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Fig. 1. Interlamellar structure of HDP montmorillonite (a) bilayer
of parallel chains (b) expansion to a distance equal the length of the
alkyl chain (c¢) expansion to twice the length of the alkyl chain
(totally expanded state) (d) HDP-montmorillonite stabilized Pd°

Results and discussion

The structure of montmorillonites organophilized with
hexadecylpyridinium chloride has been known since the
nineteen-seventies from the works of Weiss, Stange, and
Lagaly [29, 30, 31, 32, 33]. In the present discussion,
measurement of the basal spacing in THF suspension
gains special importance because the precursor ions can
not only be bound on the external but also on the in-
ternal surface of the mineral, i.e. in the interlamellar
space. The scheme shown in Fig. 1 is based on XRD
measurements. The basal spacing of the dry sample is
dp =1.87 nm, a value corresponding to parallel bilayers
(Fig. 1a). HDP-montmorillonite swells readily in THF
and dp increases to 3.98 nm, i.e. the layers move apart
and the bilayer contains tilted alkyl chains with a tilting
angle of 35° (Fig. 1b, ¢). The basal spacing calculated for
n.=16 is dp =0.96 +[(ncx0.127 + 0.28)sin35°] =2.28 nm
when expansion proceeds to a distance that equals the
length of the alkyl chain (Fig. 1b) and d; =3.61 when
expansion proceeds to twice the length of the alkyl chain
(Fig. 1c, totally expanded state). (The average cross-
sectional area of straight-chain alkyl chains is 0.205 nm?
and the length of the terminal methyl group is 0.28 nm).

Comparison with the experimental data reveals that the
latter structure is realized. Knowing the experimental
value for d;, the free interlamellar volume available as a
“nanoreactor” for the particle growth is calculated. The
interlamellar  volume is Vi, =0.232(d;—0.96) nm?/
(SiAl)O4 formula unit. The volume of the HDP molecule
is  Vax=[(ncx0.127+0.28)x0.205]+0.12 nm® (where
0.12 nm® is the approximate volume of the pyridinium
ring). Taking into account the layer charge ({=0.32 for
montmorillonite), the liquid volume V; relative to one
formula unit of (SiAl)4Oq is calculated from V¢ =V~
{Vak. Based on d;, the observed values for HDP
montmorillonite V is 0.507 nm®/formula unit in THF
and 0.401 nm*/formula unit in ethanol. The basal
spacing in THF/ethanol mixtures containing small
amounts of ethanol (x;=0.005, 0.01, and 0.02) were
4.08, 4.25, and 4.39 nm, respectively. Thus, the interla-
mellar expansion was further enhanced in THF/ethanol
mixtures and V; is increased to 0.534, 0.574, and
0.601 nm?/(SiAl)40,, unit, respectively. The importance
of this swelling effect is stressed by the fact that it lies in
the composition range where Pd(OAc), is reduced in the
interfacial layer. Higher ethanol concentrations were not
tested. If the ethanol concentration is increased, reduc-
tion already takes place also in the bulk phase which
leads to the formation of microcrystalline Pd® particles
in the dispersion.

Based on our earlier liquid sorption experiments, it
was established that ethanol is preferentially adsorbed in
the surfacial layer at low ethanol concentrations
(x;=0.005-0.02), i.e. the composition in the interlam-
ellar space (the nanoreactor) corresponds to molar
fractions x,°=0.6-0.8. Thus, for the reduction of Pd*"
ions in the adsorption layer, the reducing agent con-
centrations are high (co=0.002-0.004 mmol/l, cys=0.1—
0.2 mmol/l), ensuring that nanoparticles are formed
only in the interlamellar volume Vg, a circumstance that
supports helps stabilization of the nanoparticles.

When the cationic surfactant with four alkyl chains is
used for hydrophobization, dy is considerably larger due
to steric reasons. At 50% cation exchange, the alkyl
chains still have enough room for a bilayer orientation
between the layers (Fig. 2a), corresponding to an in-
terlamellar distance of dp =4x0.46+0.96 (=2.8 nm).
The expanded spacing of the dried sample in good
agreement is dp =2.91 nm. Dry TDOA-montmorillonite
II prepared at 100% cation exchange appears to have a
similar orientation of the surfactant molecules
(dL =3.12 nm). When this sample is swollen in THF, the
d;. value becomes characteristic of a bilayer structure
with perpendicular chain orientation (dy =4.13 nm), in
good agreement with the calculated value,
dp. =2x(nx0.127+0.28) +0.96=4.36 (Fig. 2b). Again,
these d; values can be used for calculation of the free
interlamellar volume V= V,,—{ V. which is 0.356 nm?
for TDOA-montmorillonite (50% exchange) and
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Fig. 2. Interlamellar structure of TDOA montmorillonite (a) 2 x 2
bilayer structure (b) bilayer structure with perpendicular chain
orientation (¢) TDOA-montmorillonite stabilized Pd° nanoparti-
cles

3.64nm

0.262 nm> for TDOA-montmorillonite (100% ex-
change). The data clearly show that the volumes avail-
able for the nanoparticle formation are significantly
different for HDP- and TDOA montmorillonite in THF.

When a calculated amount of Pd(OAc), is added to
their dispersions (Pd1: 0.1 mmol/g; Pd2: 0.15 mmol/g;
Pd3: 0.2 mmol/g) and reduction by ethanol preferen-
tially adsorbed in the interfacial phase (Fig. 1d, 2c), the
doo; reflection indicates that the formation of Pd® par-
ticles in the dispersion is associated with an increase of
the basal spacing (Fig. 3, 4). It has to be noted that
unchanged d; values in suspension would not neces-
sarily indicate that Pd® particles have not been formed in
the interlamellar space. As calculated previously, and
also shown in Table 1, there is a sufficiently large volume
in the swollen state (Vy) with high ethanol content
(x,°=0.6-0.9) to allow the reduction to occur.

When for example, 0.1-0.2 mmol precursor
[Pd(OAC),]/g montmorillonite is added to HDP-mont-
morillonite suspended in an ethanol-THF mixture with
x;=0.02, dp varies between 4.05 and 6.57 nm. The
spacing of dp is 4.39 nm corresponding to the original
THF/EtOH mixture and d; is unchanged by the ad-
sorption of the precursor (Table 1). When the dispersion
is dried at 45 °C, dp is 2.17-2.19 nm and reaches the
value measured for dried HDP-montmorillonite. A new
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Fig. 3. XRD patterns of (a) HDP-montmorillonite swollen in
THF (b) HDP-montmorillonite with 1.6% Pd in suspension
(¢) HDP-montmorillonite with 2.12% Pd in suspension

Intensity (arb. unit)

20 (degree)

Fig. 4. XRD patterns of (a) dried HDP-montmorillonite (b) HDP-
montmorillonite with 1.6% Pd after drying (¢) HDP-montmorill-
onite with 2.12% Pd after drying
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Table 1. Basal spacings of hydrophobized montmorillonites (d;, in nm)

Hydrophobized montmorillomte samples HDP-montm. TDOA-montm. (50%) TDOA-montm. (100%)

calc. dy, dry 1.88 2.8 2.8
dp (I) 2.28 - -
dp (IT) 3.61 4.36 4.36

experimantal dy, dry 1.87 291 3.12
dp in THF 3.98 34 4.13
dp in EtOH 3.35 3.35 3.33
dt in EtOH/THF 4.39 3.79 3.87
dy Pdl, dry 2.18 29 3.14
dy, Pd2, dry 2.18 2.89 3.12
dy Pd3,dry 4.24;2.18 2.89 3.12
dy Pdl, in dispersion 4.05 3.6 3.64
dp. Pd2, in dispersion 4.75 3.65 3.7
dy Pd3, in dispersion 6.57; 4.12 3.06 3.73

dp. (I) partially expanded state, d; (II) totally expanded state

Pd1-1.06w/w% metal content, Pd2—-1.6w/w% metal content, Pd3-2.12w/w% metal content

reflection at a basal spacing of 6.57 nm appears in the
diffractogram of the sample with the highest metal
content (2.12% Pd), in suspension, which decreases to
4.24 nm after drying. In the case of samples with lower
metal content, this new peak probably coincides with the
first order basal reflection of HDP-montmorillonite, as
indicated by the broadening of the peaks (Fig. 4).
The calculated interlamellar distance is d=d;-0.96=
3.28 nm and is characteristic of the thickness of the
incorporated Pd particles.

The basal spacing of TDOA-montmorillonite (50%
c.e.c.) in the THF-ethanol mixture is 3.5-3.8 nm. The
formation of Pd°® particles between the alkyl chains
decreases the basal spacing by about 0.2 nm relative to
the value in THF, because the interlamellar swelling is
decreased by the reducing agent ethanol. After drying,
d;. =2.9 nm is measured, in good agreement with the
basal spacing of the dry derivative. This leads to the
conclusion that, as a result of drying, Pd° nanoparti-
cles are driven out of the interlamellar space and
adhere to the external surface. Thus, the XRD data
do not give information on the success of synthesis: it
can only be verified by TEM (see below). Similar re-
sults are obtained with TDOA-montmorillonite (100%
exchange). The basal spacing in the THF-ethanol
mixture — when Pd° particles are also present in the
course of reduction — varies between 3.64 and 3.73 nm
(Fig. 5). After drying, it corresponds to the spacing of
the original TDOA-montmorillonite (dp =3.12—
3.14 nm) (Fig. 6). Thus, it is probable that both or-
ganophilic montmorillonite supports act as templates
for the synthesis as the Pd particles are formed in the
interlamellar space, but are found on the external
surfaces after removal of the solvent (Fig. 2¢, 6b). The
primary reason for the displacement of the Pd°
nanoparticles from the interlamellar space is that,
due to contraction at very high alkyl chain densities
(there are four alkyl chains per ion exchange site), no
empty ‘“holes” or ‘“dead spaces” remain within the

organophilized mineral in which Pd® nanoparticles
could be withheld.

The samples were also examined by TEM. One of the
samples prepared on HDP-montmorillonite (Pd content
1.06%) is shown in Fig. 7. The average particle size is
d=2.42 nm and the surface coverage by Pd® is relatively
high, suggesting that particles are present on both the
internal and external surfaces of the support. The size
distribution of Pd® is nearly monodisperse, varying be-
tween 1 nm and 4 nm. The average particle diameter in
TDOA-montmorillonite (50% exchange, Pd=2.12%) is
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Fig. 5. XRD patterns of (a) TDOA-montmorillonite swollen in
THF (b) TDOA-montmorillonite (100% exchange, 2.12% Pd) in
suspension
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Fig. 6. XRD patterns of (a) dried TDOA-montmorillonite (b)
TDOA-montmorillonite (100% exchange, 2.12% Pd) after drying

Fig. 7. TEM image and
particle size distribution Pd°
nanoparticles (1.06%Pd)
stabilized by HDP-montmo-
rillonite

Fig. 8. TEM image and J
particle size distribution Pd° S
nanoparticles (2.12%Pd)

stabilized by TDOA-mont-
morillonite (50% exchange)

d=3.38 nm (Fig.8.) and in TDOA-montmorillonite
(100% exchange), d=2.96 nm. Thus, higher interla-
mellar surfactant content decreased the particle size. The
surface density of Pd® particles is lower, indicating that
they are indeed present only on the external surfaces of
the support. The particle size was also affected by the
concentration of the Pd** precursor. Analysis of TEM
pictures of HDP-montmorillonite revealed that d varies
between 2 and 5 nm for the concentration range 0.1—
0.2 mmol Pd(OAc),/g organophilic montmorillonite.

Conclusions

The surface and interlamellar volume of hydrophob-
ized clay minerals represent excellent sites for the
preparation of metallic palladium nanoparticles in
organic medium. A significant portion of Pd® prepared
on HDP-montmorillonite is retained between the sili-
cate layers. Calculations from XRD data indicate that
there is enough free interlamellar space for formation
of the particles. Pd° nanocolloids can also be prepared
on montmorillonite hydrophobized with tetraalkylam-
monium ions. Their size is smaller that that of the Pd®
particles prepared on HDP-montmorillonite. As the
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surface density of the alkyl chains is four times higher
than
during drying migrate from the interlamellar space to

in HDP-montmorillonite,

Pd°

nanoparticles

the external surface. Also, in this case, the hydropho-
bic montmorillonite acts as a template for the size-
controlled Pd® synthesis.
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