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Preparation of ultrathin membranes
by layer-by-layer (LBL) deposition
of oppositely charged inorganic colloids

Abstract Nanofilms were prepared
by alternating deposition of Mg—-Al
(2:1) NO3 layered double hydroxide
(LDH), hectorite and silica particles
present study. The charge density of
the oppositely charged materials
strongly affect film properties like
thickness and ordering. The specific
charge of the colloidal particles was
measured with the particle charge
detector. The sequential build up of
the thin films was followed by spec-
trophotometry and X-ray diffraction
(XRD). The surface morphology of
the formed multilayers was charac-
terized and film thickness determi-
nation was performed by atomic
force microscopy. The influence of

the charge density of hectorite and
silica particles on the LDH/hector-
ite, LDH/silica film thickness was
studied. The results reveal that the
LDH concentration has a significant
effect on the film thickness while the
hectorite and silica concentration
were not important. Films prepared
from the different types of negatively
charged inorganic particles in the
same concentration range (0.25—
1.0%) have similar thickness because
of the much higher surface charge
relative to the LDH lamellae.

Keywords Layered double
hydroxides - Membranes -
Multilayers - LBL method

Introduction

The sequential film preparation technique was devel-
oped by R. K. Iler in 1965 to form films of controlled,
uniform thickness from charged colloidal particles [1].
This universal method bases on the Coulomb attraction
between the oppositely charged particles and has gained
widespread application [2-10]. The deposition may be
carried out by at least three different ways, namely
solution dipping, spraying or spin coating. The appli-
cation of layers by spraying was introduced by Schlenoff
et al. [11] and the use of spin-coaters was demonstrated
by Hong and also Wang [12-14]. Preparation of ultra-
thin membranes formed from charged colloidal particles
by sequential solution dipping is used in this study.
Numerous studies have been published in the field of
nanofilm preparation with polymers [15-17]. Recent
work demonstrates film preparation by using inorganic

materials like LDH, hectorite, and silica particles. Films
prepared from these materials are potential gas separa-
tion systems while the size of discontinuities in nano-
structured materials make them able to separate
different particles by filtration [18-23]. Polymer/layered
silicate multilayer films were already prepared by the
layer-by-layer method [24-26]. The polymer layers order
the nanothin silicate lamellae at any plane surface (glass
or polymer) [24, 25]. Positively charged octahedral
sheets separated by exchangeable anions (Cl~, NO3,
CO3™, SOT") and water molecules constitute the layered
double hydrox1des The general formula of the LDHs

are: [M Mfﬁ(OH)Z]‘+ (A” V/n szo where M? " can
be Mg> ", Co’*, Ni?", Zn*" and M>" may be
APt Cr H H , Co B [27, 28]. The properties of

LDHs, particle size and specific area depend on the way
of preparation, type of consisting ions and the amount
of exchangeable anions [26]. These materials gain
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widespread applications such as air and water purifica-
tion, catalysts in the production of intermediates and
fine chemicals [29, 30], in various hydrogenating pro-
cessings. Surprising and promising experiments
were performed in applying LDH in photochemistry,
medicine and enviromental chemistry [31].

Materials and methods

The hydrotalcit type LDH (Mg:Al=2:1) was prepared
from alumina nonahydrate (AI(NO3);9H,0) and mag-
nesium nitrate hexahydrate (Mg(NOs),-6H,0). Two
solutions were prepared: Mg?" and AI’ ' -nitrate in
boiled off distilled water—solution A and NaNO; and
NaOH dissolved in boiled off distilled water—solution B.
Solution B was added to solution A dropwise and was
stirred for 5 h in N, atmosphere at 60 °C. After that the
dispersion was left at ambient temperature (under N,),
the LDH particles were separated by ultracentrifugation,
washed with distilled water and dried at 65 °C. The
powdered sample was characterized by X-ray diffraction.

Synthetic sodium hectorite (Siid-Chemie AG, Ger-
many) and colloidal silica particles of LUDOX silica sol
(Du Pont, d=15.6 nm measured by Malvern Zetasizer
dynamic light scattering method) were applied as the
negative component in film preparation. The LDH dis-
persion of 0.5 and 1% (g/100 cm?) and 0.25, 0.5 and 1%
of the hectorite dispersion or silica sol were used. The
nanofilms were prepared on cleaned Menzel Superfrost
glass (Fischer Sci. Co.) by layer-by-layer deposition
method.

The charge of the colloidal particles were determined
by measuring the potential in the particle charge detec-
tor (PCD) (Miitek Analytic GmbH, Germany). Hexa-
decylpyridinium chloride (HDPCl) was used to
determine the specific charge of the negatively charged

Fig. 1 Nanofilm preparation by
the layer-by-layer immersion
technique. a LDH films;

b LDH/hectorite; ¢ LDH/silica
films

glass slide

silica and hectorite particles. Light absorbance of the
films was followed by Uvikon 930 UV-Vis two-way
spectrophotometer. The absorbance after every dipping
cycles were recorded. For representation, the A =400 nm
data were used and the results were corrected by the
absorbance of cleaned glass slide. X-ray diffraction
measurements (XRD) were performed in a goniometer
(Philips PW 1820, CuK,, 40 kV, 30 mA, Ni grids as
filter). The basal spacing was derived from the basal
reflections (001).

The morphology of prepared films was characterized
by Atomic Force Microscope Nanoscope III type Digi-
tal Instruments, USA, scanner with a piezo (scanning
capability of 12.5 um in x- and y- direction and 3 um in
z-direction). A tapping type tip made of silicon was used
(Veeco Nanoprobe Tips RTESP modell, 125 um length,
300 kHz). The film thickness was evaluated by measur-
ing the difference between the mean height of the film
related to the glass surface revealed by a scratch [32].

The nanofilms were prepared on glass surfaces by the
layer-by-layer immersion technique. Prior to film prep-
aration the glass slides were cleaned in chromic acid for
hours to remove all the contamination, washed with
distilled water and dried. The glass surface is negatively
charged and forms thin films with positively charged
particles. The glass slides were immersed into the LDH-
dispersion for 10 min to form an LDH multilayer. This
procedure must be followed by rinsing with distilled
water in order to remove the weakly adhered particles
(Fig. la). Aggregate formation on the surface is thus
avoided. As a result, a thin LDH monolayer forms on
the surface (Fig. 1a). The positively charged surface of
the LDH film then binds negatively charged hectorite
particles when immersed into the hectorite dispersion
(Fig. 1b) or the silica sol (Fig. 1c¢). The immersion per-
iod took 10 min followed by half a minute rinsing with
distilled water and drying with N,.
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Results and discussion

LDH/hectorite and LDH/silica nanofilm series with
different composition were produced. The specific
charge of hectorite and silica particles was about
0.50 mequ/g and 0.12 mequ/g (Table 1) according to
charge titration with 0.1% cationic surfactant
(HDPCL) [33-35]. The HDPCl-hectorite and silica ra-
tios at the equivalence points are also drawn in Table 1.
The results of charge titration experiments of LDH
dispersions with the oppositely charged hectorite and
silica dispersion are also indicated in Table 1. Both
cases 10 cm® of 1% LDH was titrated with the disper-
sions. It is obvious from the charge compensation point
that 1.6 cm® of 0.1% hectorite dispersion is enough to
compensate the charges of 100 mg LDH. In the case of
silica—at the same concentration—2.66 cm® silica sol is
necessary to compensate the LDH charges. The specific
charge of LDH was obtained to 8.00x10™° for hectorite

and 7.98x10™* meq/g for silica because the accessibility
of the spherical silica nanoparticles and lamellar layer
silicates are nearly the same on the external surface of
LDH lamellae packages (Table 1).

In order to gain information about the interaction
between hectorite, LDH and silica, charge equivalent
amounts of hectorite dispersion and silica sol were ad-
ded to LDH dispersions. After coagulation, the precip-
itates were filtered, dried and characterized by XRD
(Fig. 2). The Bragg reflection at d=15.3 nm characteristic
of the composite and this peak indicates that aggregates
of LDH and hectorite layers have been formed in the
bulk suspension.

To prepare the LBL films from inorganic colloid
particles 10 cycles of LDH/hectorite and LDHj/silica
nanofilms were prepared with 0.5 and 1% concentra-
tions of LDH dispersions. The results of absorbance
measurements demonstrate the sequential build up of
the films from layer-to-layer (Fig. 3a—c). The absorbance

Table 1 Results of charge
titration and charge equivalent

Titration with cationic surfactant HDPCI

point (ch.e.p.) determination

Negatively charged m (mg) Myppcl ch.e.p. Specific charge
sample # (mg) (guppcLi/g) of hectorite
or silica (mequ/g)
Hectorite 15 2.677 0.178 0.50
Silica sol 15 1.626 0.108 0.30
Titration of LDH suspension with hectorite and silica
mp py (Mg) ch.e.p. Specific charge
in suspension (g8LpH/g) of LDH (mequ/g)
ch.e.p., charge equivalent amo-
unt of added coagulant/g silica  Hectorite 1.60 100 62.5 8.00x107?
“Calculated from charge titra-  Silica sol 2.66 100 37.6 7.98x107
tion volume of HDPCI
Fig. 2 XRD patterns of LDH, 1400 -
LDH/hectorite and LDH/silica 13004 |d; =5.3nm
composites
1200 - I
1100 A
1000 -
900 4
800 -
E 700 LDH-silica
600 4
500 -
400 - . _
300 /| LDH-hectorite /*
200 i P, e A B i iy i g
100 Mg-Al (2:1),LDH (N
0 ; : e : ; ; . )
0 5 10 15 20 25 30 35 40

20 (%)
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Fig. 3 Absorbance measure-
ments of LDH/hectorite films
(A=400 nm). a deposition of
1% LDH dispersion with (open
square) 0.5% and (filled circle)
1% hectorite dispersion;

b deposition of 0.5% LDH
dispersion with 0.5% hectorite
dispersion; ¢ deposition of (open
triangle) 1% LDH dispersion
and (filled diamond) 0.5% LDH
dispersion with 0.25% hectorite
dispersion

Fig. 4 XRD patterns of LDH/
hectorite nanofilms. a deposi-
tion of 0.5% LDH dispersion at
different hectorite concentra-
tions, 10 cycles; b deposition of
1% LDH dispersion at different
hectorite concentrations, 10 cy-
cles

varied between 0.0045 and 0.089 (A=400 nm). The
LDH-content has a significant effect on the absorbance
while the hectorite concentration does not influence it.
At given LDH concentration the absorbance curves do
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not show significant difference (Fig. 3a). The difference
in LDH-content significantly influences the absorption
at a given hectorite concentration (Fig. 3¢). The absor-
bance of films prepared from 0.5% of LDH increased
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Fig. 5. AFM images of LDH/hectorite multilayers. a 0.5% of LDH and 0.5% of hectorite at n=10; b, ¢ film thickness determination with
AFM
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Table 2 Absorbance and

specific deposited amount of Type of film A (at A=400 nm) Specific Calculated layer
different LBL films (at n=10 deposmon thickness (nm)
cycle) (mg/em?)
1% LDH-1% hectorite 0.0820 0.315 747
1% LDH—-0.5% hectorite 0.0897 0.345 817
1% LDH-0.25% hectorite 0.0846 0.326 771
0.5% LDH-0.5% hectorite 0.0384 0.188 349
0.5% LDH-0.25% hectorite 0.0436 0.214 397
1% LDH-1% silica sol 0.0898 0.346 822
1% LDH-0.5% silica sol 0.0866 0.333 792
1% LDH-0.25% silica sol 0.0823 0.317 753
0.5% LDH-0.5% silica sol 0.0469 0.181 430
0.5% LDH-0.25% silica sol 0.0472 0.181 431
Fig. 6 Absorbance measure- a 0.1- b 0.05-
ments of LDH/silica films 0.09 - 1% LDH 0.045 ] 0-5% LDH
(A=400 nm). a deposition of ’ ’
1% LDH dispersion with (filled 0.08 0.04
circle) 0.5% and (open triangle)
0.25% silica sol; b deposition of 0.07 1 0.035 1
0.5% LDH with (open square) 0.06 - 0.03
0.5% and (filled diamond)
0.25% silica sol < 0051 < 0.025 +
0.04 4 0.02 4
0.03 4 0.015 -
0.02 4 0.01 4
0.01 4 0.005 -
0 — T 0 — T T

cycle number (n)

linearly with cycle number. Due to the higher charge
density at higher LDH content the LDH lamellae are
capable to bind more hectorite lamellae and after a few
cycles the aggregated and the not well-ordinated hect-
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Fig. 7 XRD patterns of LDHj/silica nanofilms. a deposition of 1%
LDH dispersion at different silica concentrations, 10 cycles

2 3 45 6 7 8 9

10 11 01 2 3 4 56 7 8 9 10 11

cycle number (n)

orite particles ensure higher surface for the next posi-
tively charged layer. The adhesion forces are increasing
with increasing layer number in this composite structure.

The XRD patterns of LBL films prepared from 10
LDH/hectoliter cycles (Fig. 4) show a reflection of a
basal spacing of 1.45 nm. The observed spacing may be
related to the two-water layer structure of hectoliter
stabilized by some magnesium and aluminum ions of the
LDH or can be explained by the average d-space of
interstratified single LDH and hectoliter layer. The
reflection becomes more intensive for the dispersion of
LDH was more concentrated while an effect of hectoliter
concentration was not visible. The reflection intensities
were distinctly smaller than the corresponding polymer
films (as shown in our previous study).

The atomic force microscopy (AFM) images of 10
LDH/hectoliter cycles (1 pmx1 pm, Fig. 5a) illustrates
the lamellar structure of hectoliter built up with dis-
tances of about 40-100 nm distance that denotes pres-
ence of hectoliter aggregates. To determine film
thickness with AFM a new method was applied. The
structure of the film was interrupted by scratches. At the
area where the film is divided by the cutting line was
imaged and we see the layered structure of the LDH/



617

0 0.25

0.200 pm/div
Z 100.000 nm/div

.00 100.0 nu

0 0.25

Fig. 8 AFM images of silica layers. a 0.25% of silica sol at n=1; b 0.1% of silica sol at n=1

hectorite composite (Fig. 5b). This procedure is a
promising route to determine the film thickness and to
compare it with the data calculated by absorbance
measurements (Table 2). Figure 5¢ shows the cutting
profile of the film and the thickness determined from the
step height is 364 nm and this value shows good agree-
ment with the 349 nm calculated from absorbance (Ta-
ble 2).

Absorbance results of LDH/silicate films are similar
to films discussed earlier i.e. the LDH concentration has
a significant effect on the film thickness while it was
practically not influenced by the silica concentration
(Fig. 6a, b).

The presence of LDH was indicated by XRD by the
reflection d=0.76 nm (2®=11.7°). The intensity
was practically independent on the silica sol concentra-
tion (Fig.7). A broad maximum appeared at
about d=1.68 nm (2@ =4.5°). The basal spacing of
dp =1.68 nm is characteristic of the silica/LDH inter-

calation where the small silica particles (about 1 nm) as
pillars stick the LDH lamellae together.

AFM images (1 umx1 um) of LDH/silica films are
presented in Fig. 8. Silica sol of 0.25% was examined
after one cycle (Fig. 8a). The characteristic globular
shape of the silica particle is well illustrated, the particles
cover the surface completely. With the diluted (0.1%) sol
(Fig. 8b) the surface was not completely covered but
showed island-like arrangements of the particles.

To compare LDH/hectorite and LDH/silica films,
absorbance data were studied. The dependence on
the number of cycles are demonstrated in Fig. 9a. In the
case of hectorite, thicker films are obtained and the
curve is almost linear. The specific deposited amount in
Table 2 was calculated from the absorbance data with
the help of a calibration curve (see Appendix). The
dependence of this amount on the number of cycles in
case of silica at different LDH concentrations is shown
in Fig. 9b and that for silica at different LDH concen-



618

Fig. 9 a Absorbance measure- a ;.

ments of (filled triangle) 1% 1 1% LDH
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trations in Fig. 9c. The LDH concentration has a sig-
nificant effect on the thickness, while the type of the
negatively charged particle is not so important con-
cerning the film thickness.

Conclusions

Nanofilms composed of LDH particles combined with
hectorite and silica particles were prepared. Light
absorbance, X-ray diffraction and AFM measurements
were performed to obtain information about nanofilm
properties, structure and morphology. As the charge
density of hectorite is higher than that of silica, some-
what thicker films were formed in the presence of hect-
orite. The absorbance and thickness of the films
increased with the number of cycles. X-ray diffracto-
grams suggest that heterocoagulation occurs between
the two inorganic oppositely surface charged particles.
The film thickness data were calculated from absorbance

values and were also determined by AFM. The surface
profile of the cut film was imaged and the film thickness
values derived from the two different methods showed
good agreement.
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Appendix

The spectra of applied materials were recorded to sup-
port that only the LDH determines the light absorbance
of the films. The absorbance of hectorite dispersion and
silica sol is negligible according to Fig. 10.

In order to determine film thickness a calibration
curve of absorbance of LDH-dispersion with different
concentrations (1-3%) was recorded. The measurements
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Fig. 10 Absorbance versus wavelength spectra of LDH, silica and
hectorite dispersions

were performed at A=400 nm (Fig. 11). A calibration
curve of this kind is acceptable in case of dispersions. In
view of absorbance of films the amount of LDH on
the glass surface can be determined on the basis of the

0.9 -
y =0.259x

0.8 1 R2 = 0.9503

0.7 -
0.6 - *
0.5 -
0.4 -
0.3 1
0.2
0.1 1

0 T T
0 1 2 3 4

¢ (mg/cm?®)

Fig. 11 Absorbance as function of LDH concentration in aqueous
suspension

calibration curve. This calculated value is called specific
deposited amount and is in mg/m? dimension. The film
thickness was calculated from the deposited amount
divided by the density of the film.
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