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Abstract. Adsorption of nanoparticles from aqueous ferrofluids (FFs) on solid surface
(crystalline silicon) was studied by neutron reflectometry (NR). Two kinds of FFs were
considered. First kind was heavy water-based ferrofluids with magnetite nanoparticles coated
by double layer of sodium oleate. Second one FF was cobalt ferrite nanoparticles stabilized
by lauric acid/sodium n-dodecylsulphate layer and dispersed in water. It was obtained only a
single adsorption layer for two types of ferrofluids. The impact of the magnetic nanoparticles
concentration and geometry was considered in frame of the adsorption characteristic of FFs.

Introduction
Ferrofluids (FFs) or magnetic fluids (MFs) are unique systems combining magnetic properties
and fluidity. They consist of magnetic nanoparticles (with a characteristic size of about 10 nm)
placed in a liquid medium. To prevent aggregation, the particle surface is coated usually by a
surfactant layer. Study of MFs is of great practical and fundamental importance (e.g, [1, 2]).
Mainly papers devoted to the bulk structure of magnetic fluids, which is well observed by
small-angle X-ray (SAXS) and neutron (SANS) scattering (e.g, see review in [3, 4]). However,
ferrofluids have specific adsorption properties and the behavior of microstructure in MFs at
interfaces with solids can be different from that in bulk, which is also important in respect
of practical and fundamental point of view. are devoted The study structure organization of
magnetic nanoparticles (MNPs) assembling into layer were done in recent few papers [5–7]. Using
various methods it was shown that specific self-assembly of the nanoparticles occurs during the
solvent evaporation, therefore interaction between the film and a substrate plays an important
role in the ordering. Also an important point which should be considered is difference in the
stability of MFs in bulk and at interfaces. It should be taken into account in the requirements
for the stabilization of these systems with respect to their storage, namely to the interaction of
the FFs particles with container walls under different conditions.

Thus, some kind of ordering into layered structures at the interface with silicon was reported
[8] for a concentrated water-based MF (nanomagnetite coated by double layer of sodium oleate in
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heavy water) with magnetic volume fraction ϕm ∼ 10 %. Specular neutron reflectivity curve was
analyzed and layers formation was found at the silicon substrate. It was shown that this ordering
is strongly dependent on the particle concentration and sensitive to the external magnetic field.
In a similar way, less concentrated analogue of the water-based MF (ϕm ∼ 1 %) was compared
[9] with the highly stable MF based on organic non-polar liquid carrier (nanomagnetite coated
with oleic acid in deuterated benzene). In both cases, the formation of only one well-defined
adsorption layer of nanoparticles on silicon surface was concluded. An interesting question is
at what extent the bulk structure of MFs influences their adsorption properties. To clarify
this point, in the given work we have performed similar kind of NR experiments applied to
the various kinds water-based MFs. First kind of MFs was based on heavy water (D2O)
(nanomagnetite coated by double layer of sodium oleate) with concentration ϕm = 2.1 vol. %
and ϕm = 3.9 vol. %. Second kind FF was prepared on H2O with cobalt ferrite nanoparticles
(stabilization layer: lauric acid/sodium n-dodecylsulphate (DDS-Na)) with concentration of
nanoparticles ϕm ∼ 3 vol. %. Heavy water was added to initial FF of the second kind to
satisfy the condition of the total specular reflection of the neutron beam in the NR experiments.

Experimental
Preparation of first type aqueous magnetic fluid was based on the co-precipitation reaction to
produce nanomagnetite (Fe3O4). MF was synthesized at the Institute of Experimental Physics,
Slovak Academy of Sciences (IEP SAS), Slovakia, in accordance with the procedure described
in [10]. To avoid aggregation between magnetite particles they were covered by a double layer
of sodium oleate (C17H33COONa) with the following surfactant/magnetite mass ratio 0.73 to
1. Two ferrofluids with different volume of magnetite ϕm = 2.1 vol. % and ϕm = 3.9 vol. %
were prepared. Magnetite concentration in the magnetic fluids was determined by the static
magnetization analysis (MPMS SQUID magnetometer, IEP SAS).

Ferrofluid of the second kind was prepared at the Institute of Technical Chemistry (Perm)
[11, 12] by the co-precipitation of Fe(OH)3 and Co(OH)2, ferritisation of hydroxide mixture
in 1M alkali aqueous solution, adsorption of lauric acid on ferrite particles and peptisation of
hydrophobic precipitate in aqueous solution with sodium n-dodecyl sulphate.

Figure 1. Schematic view of the neutron reflectivity cell for solid/liquid interface study
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A principal scheme of the NR experiments with a solid-liquid interface was similar to that
in our previous works [9, 13].The NR experiments were performed at the at the GRAINS
reflectometer (Joint Institute for Nuclear Research, IBR2 reactor, Russia) with vertical
scattering plane. Experiments at the GRAINS reflectometer were conducted in TOF (time-of-
flight) mode with neutron wavelength range of 0.05−0.7 nm. For experimental with liquid/solid
interface special cell was build. Principal scheme is presented on Fig.1. It is some kind
modification of the extensively used liquid/solid cell from V6, BERII [14]. Here the neutron beam
passes the front facet of a monocrystalline 111 oriented silicon block (dimensions:80x50x15mm3).
Reflection of the neutrons takes place at solid/liquid interface, a polished Si-surface with
size80x50 mm2 and roughness σSi = 5 A in contact with the ferrofluid. The required volume
of liquid in a PTFE-trough is less than 10 ml. Holes in the edges of the trough allow changing
the liquid volume bubble free. After leaving the backside of the Si-block the neutrons (reflected
neutrons) are detected by the 2D position-sensitive detector. Before the measurements the
polished Si-surface was cleaned and hydrophobized by applying the RCA-1 protocol. During
the measurement a thermostat (Julabo F25-ME, JULABO GmbH, Germany) kept the sample
under investigation at a constant temperature (20oC).

Results and discussion
The experimental reflectivity, R, for magnetite/sodium oleate/heavy water MFs at the silicon
interfaces are represented at Fig.2a as R Q4

z to enhance the differences in the data from the
samples under study and demonstrate the quality of the fits. The deviations of the curves in
Fig.2 from Fresnel law (reflection from two semi-infinite homogeneous mediums) indicate that
there are some layer formations at the interface caused by adsorption of particles from MFs.
The curves were treated in the frame of the Parrat formalism [15] by using Motofit program [16].
For this type MFs the best fits (solid lines in Fig.2a) were obtained using a two layer model with
an effective SLD (corresponding to the momentum transfer vector values, seen in the curves)
on the silicon substrate. The corresponding SLD profiles along the surface normal are shown in
Fig.2b. These SLD profiles might be interpreted similar to previous works [9, 13]. The revealed
two layers with significantly different SLDs can be considered as two sub-layers of one layer of
colloidal core-shell particles adsorbed on the silicon substrate. The width (∼ 5 nm) and SLD
(∼ 0 nm−2) of the first sub-layer are close to the corresponding parameters of the surfactant
shell (sodium oleate) around magnetite in MFs, while the width of the second sub-layer is well
associated with the mean diameter of magnetite nanoparticles, D ∼ 6nm. The mean SLD of
this sub-layer is significantly lower than that of magnetite (ρ = 6.9 10−4 nm−2) because of the
large fraction of surfactant in it. In addition, it is found concentration dependence of the filling
of the adsorption layer. More concentrated magnetic fluid more clear and sharp border was
observed. This result is comparable with the paper [8] where multilayer adsorption structure
for concentrated MFs was observed. It should be noted that in this case we have to mention
that important parameter is the concentration of single magnetic particles as that individual
non-aggregated nanoparticles are preferably adsorbed [9].

The experimental curves together with best fits and Fresnel law for second type MFs are
presented on Fig.3a. This type of magnetic fluid was prepared in light water with MNPs consist
from cobalt ferrite/lauric acid/DDS-Na This liquid has a smaller SLD((ρ ∼ −0.52 10−4 nm−2)
than silicon (ρ = 2.07 10−4 nm−2) therefore we don’t have total reflection. On Fig.3a.
comparison of the experimental NR curve with Fresnel law are presented and additional
structural organization as in previous case is concluded. But it was difficult to analyze the data
in this case due to the high background from sample and small contrast between the solvent and
the stabilizer shell of the particles. Obtained reflectivity data for such system after the addition
of heavy water (about 50% D2O in final MF) was used for analysis of the adsorption. With
this contrast we have real critical momentum transfer vector (see Fig.3a) which was used to
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Figure 2. (a) Experimental reflectivity curves (points) together with fits (solid lines) for fist
type MFs with concentration: 2.1 % (red circles), 3.9 % (green triangles); black curve (dashed
line) is correspond with Fresnel law ( the curves for the two concentrations of MFs are shifted
over the reflectivity axis for the convenient representation); (b) found from experimental data
SLD profiles for two studied kinds of solid/liquid interfaces.

Figure 3. (a) Experimental reflectivity curves (points) together with fits (solid lines) for aqueous
MF after dilution by D2O (blue circles), initial aqueous magnetic fluids (magenta triangles);
black dashed line is correspond with Fresnel law; (b) found from experimental data SLD profile
for solid/liquid interface.

obtain bulk SLD. SLD profile which getting from best fit experimental data are show on Fig.3b.
Model using to approximation is similar to previous case. The resulting fit was got first sublayer
(consist of surfactant) has a size of about 2 nm. SLD of the second sublayer is 2.5 nm and the
thickness of about 8 nm with large roughness (about 3 nm). This result is corresponding with
bulk structure [17]. MNPs have ellipsoid forms with middle size about 8 nm. High roughness
of second sublayer and low thickness of first sublayer correspondingly might be explained by
disoriented ellipsoids of the MNPs.
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Conclusions
Similar structural organizations of MFs at interface with silicon were concluded from NR
experiments for two aqueous MFs with various bulk structures and chemical composition of
magnetic nanoparticles and stabilization agents. It was obtained that individual non-aggregated
nanoparticles are preferably adsorbed on the oxidized silicon surface from the aqueous MF to
form a single adsorption layer. Values of the structural parameters of the adsorption layer are
changed due to the different bulk structure of ferrofluids. Denser adsorption layer was observed
at the increasing of the monomer concentration of magnetic nanoparticles in bulk of magnetic
fluids.
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