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Spray-On Organic/Inorganic Films: A General Method for the
Formation of Functional Nano- to Microscale Coatings

Mathias Lefort, Gabriela Popa, Emek Seyrek, Rafael Szamocki, Olivier Felix, Joseph Hemmerlé,
Loic Vidal, Jean-Claude Voegel, Fouzia Boulmedais, Gero Decher,* and Pierre Schaaf*

Surface coatings are important in science and technology with
applications that span domains as diverse as biomaterials,
optical coatings, photovoltaic cells, or corrosion protec-
tion."™ Such applications were enabled by the development
of methods for the preparation of organic and inorganic thin
films that either involve transfer through the gas phase (e.g.,
physical vapor deposition (PVD), chemical vapor deposition
(CVD), sputtering)®°! or deposition from solution (e.g., sol-
gel methods, spin-coating, electrospraying, spray pyrolysis,
electroplating).’~ Many methods are also specific for a given
application and only a few are applicable to a wide range of
materials and surfaces. A potent and simple solution-based
method for the preparation of multicomposite nanoscale films
on surfaces of almost any kind and any shape is the well-
known layer-by-layer (LbL) method.'"”! The introduction of
spray-assisted deposition was an important improvement of
the LbL technique with respect to accelerating and scaling up
of the process.''1
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Herein we show that spray-assisted LbL deposition can be
further advanced to lead to a general method, the so-called
“simultaneous spray coating of interacting species” (SSCIS).
Instead of bringing two spontaneously interacting species into
contact step-by-step at an interface to form LbL films, SSCIS
is based on the simultaneous spraying of two or more
interacting components against a receiving surface. This
process results in a fast reaction between the complementary
components on a macroscopic surface, hence leading to a
continuous and gradual buildup of a coating, the thickness of
which is controlled by the spraying time, while the solvent and
excess material are removed by drainage. This one-step
deposition process is extremely user-friendly and allows the
preparation of very homogeneous films, which show optical
interference colors over large areas (Figure 1). This property
is a prerequisite for the fabrication of, for example, optical
devices. The uniform color of the films when exposed to white
light indicates a homogeneous refractive index and thickness,
which is of the order of a hundred nanometers with a variation
of a few nanometers over the entire surface (excluding some
edge effects). The film thickness can easily be tuned from a
few tens up to hundreds of nanometers and even micrometers
simply by varying the spraying time. The results and
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Figure 1. Left: Representation of the simultaneous spray coating
(SSCIS) setup. Right: Images of films deposited on silicon wafers

(40 mm x40 mm); the colors arise from optical interference. The
sprayed solutions are: a) NaF (2x107> molL™") and CaCl,-2H,0
(1072 mol L™, b) PAH (1 mgmL™", M,=15000 gmol™, in 0.6 mol L™
aq NaCl) and PSS (1 mgmL™", M,=15000 gmol~', in 0.6 molL™" aq
NaCl), c) PAH (1 mgmL™", M,=56000 gmol™') and sodium citrate
(0.02 molL™), d) PAH (1 mgmL™", M, =15000 gmol™') and gold
nanoparticles. The silicon wafers were slowly rotated to improve film
homogeneity. Note that some samples show slight edge effects.
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experimental details for all examples described below are
given in the Supporting Information.

For inorganic coatings, the general requirement is that the
solubility limit of the sprayed compounds (i.e., of the
complementary salts) is much larger than that of the resulting
solid deposit. We present herein calcium fluoride (CaF,) as a
model case [Eq. (1)], but other inorganic deposits have also

CaCl, (aq) +2NaF (aq) — CaF, (solid film) + 2NaCl (aq) 1)

successfully been prepared: calcium hydrogen phosphate
(CaHPO,), calcium oxalate (CaC,0O,), Prussian blue
(Fe,[Fe(CN)g]5), and silver chloride (AgCl; see the Support-
ing Information). The preparation of some noble metal films
(Au and Ag) and films of CdS and ZnS by similar methods
was previously reported.'>1®!

For CaF, layers, aqueous solutions of calcium chloride
(1072m) and sodium fluoride (2x107%m) were sprayed
simultaneously in a 1:1 v/v ratio against a vertically oriented
receiving surface. This procedure leads to solution concen-
trations higher than the solubility limit of CaF, (2 x 10~*m).[""
After drying, the film thickness and morphology were
determined by AFM and scanning electron microscopy
(SEM) at different stages of growth, and the images show a
good correlation between the thickness and the spraying time
(Figure 2). We observed ongoing nucleation and growth of
isolated monocrystalline particles, which eventually leads to
the formation of a dense layer of CaF,. The polycrystalline
nature of the resulting deposit was confirmed by transmission
electron diffraction (Figure 2a). The growth then continues
perpendicularly to the substrate and the film thickness
increases steadily with spraying time.

Figure 2. Micrographs of CaF, coatings obtained by spraying for: a) 1's
on a Formvar support, analyzed by TEM, scale bar 0.5 um (top) and
electron diffraction, scale bar 0.2 nm™' (bottom); b) 10 s and c) 40 s
on a silicon wafer, analyzed by AFM topography (top) and line profiles
(bottom). The scan areas for both b) and c) are 5 um x5 um, the z-axis
scale is 400 nm; d) 1 min, €) 5 min, and f) 10 min on a glass sub-
strate, analyzed by SEM, top views (top) and cross-section images
(bottom). The scale bars in (d) and (f) are 2 um.
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As in the case of inorganic layers, the general requirement
for polymer-based SSCIS films is a rapid reaction between the
components, which leads to complex formation. The strength
and versatility of electrostatic complex formation [Eq. (2)]

polyanion (aq) + polycation (aq) —
polyanion — polycation complex (solid film) + counterions (aq)

2)

renders it particularly well suited for SSCIS. In addition, as in
the case of electrostatic LbL. deposition, the polyanionic and
polycationic nature of the compounds leads to a wide choice
of different materials.”*?!)

Several pairs of strong and weak polyelectrolytes, for
which classic LbL assembly has already been reported, were
investigated for SSCIS film formation. Such film formation by
simultaneous spraying has only been reported once for a pair
of weak polyelectrolytes, namely poly(glutamic acid) (PGA)
and poly(allylamine hydrochloride) (PAH).”? All investi-
gated systems, that is, dextran sulfate/poly(L-lysine) (PLL),
poly(styrene sulfonate) (PSS)/poly(allylamine hydrochloride)
(PAH), poly(dimethyl diallyl ammonium chloride) (PDAD-
MAC)/poly(acrylic acid) (PAA), poly (ethylene imine) (PEI)/
PAA, and PAH/PAA, show a linear film growth as a function
of spraying time (Figure 3; the term spraying time represents
the cumulated spraying time). An interruption of the
deposition does not influence the growth rate of the films
(to within experimental error). The same film thicknesses are
obtained, regardless of whether the film is grown in a single
step or in multiple steps while the overall spraying time is kept
constant, and even if the film is dried after each step. This
behavior is observed for both polymer-based and inorganic
coatings and demonstrates that the SSCIS process is very
robust.

Another interaction that is sufficiently strong for the
preparation of SSCIS films is hydrogen bonding, as illustrated
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Figure 3. Ellipsometric film thickness as a function of the spraying
time for different polymeric systems; m: dextran sulfate (0.5 mgmL™")
and PLL (0.5 mgmL™") at pH 7.5; ¥: PEO (0.5 mgmL™") and PAA
(0.5 mgmL™") at pH 2; o, O, A: PSS (0.5 mgmL™") and PAH

(0.5 mgmL™") at pH 7.5 with 5s, 15 s, and 30 s spraying intervals
respectively; A: PDADMAC (0.5 mgmL™") and PAA (0.5 mgmL™") at
pH 7.5; @: PEI (0.5 mgmL™") and PAA (0.5 mgmL™") at pH 7.5; *:
PAH (0.5 mgmL™") and PAA (0.5 mgmL™") at pH 7.5. The error bars
represent the standard deviation.
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by the regular growth of the PAA/poly(ethylene oxide)
(PEO) system (Figure 3). In solution, this system shows
strong complexation below a pH value of approximately 3.5.
SSCIS films are built up by simultaneous spraying at pH 2,
and can easily be dissolved at pH values above 5, similar to
PAA/PEO LbL films.™!

One interesting aspect of polyanion/polycation complex
formation is its dependence on the relative degrees of
polymerization of both polyelectrolytes; these values are
typically highest when the lengths of both compounds
match.”! However, simultaneous spraying of a polyelectro-
Iyte with an oppositely multicharged small oligoion can
unexpectedly lead to film formation. For such systems, we
present PAH and sodium citrate as a model case, as these
compounds do not allow conventional LbL deposition. Films
of other components (PAH/K;[Fe(CN)¢], PAH/sodium oxa-
late, PAH/phytic acid sodium salt, PAA/spermine, and PAH/
sulfated o-cyclodextrin sodium salt) were also successfully
prepared by SSCIS (see the Supporting Information). In all
these cases, the film growth is regular with respect to the
spraying time. In the case of PAH and sodium citrate, the film
deposition could be followed by AFM, and the mechanism for
film formation was derived. At the initial stages of the
buildup, the layer is rather inhomogeneous and is constituted
of isolated droplet-like objects (Figure 4 a), which grow in size
and also increase in number. With further spraying, these
structures coalesce upon lateral contact, thus forming a film
with holes (Figure 4b) and finally a continuous and very
smooth coating (Figure 4 c and Figure 1c¢). A similar develop-
ment of morphologies as a function of spraying time was also

Figure 4. AFM topography (top) and line profiles (bottom) of SSCIS
films on silicon wafers of: a—c) PAH/citrate after spraying times of
30s, 75's, and 120 s of spraying time, respectively; d—f) PDADMAC/
PAA after spraying times of 70's, 120 s, and 180 s, respectively. Scan
areas are 12 pmx 12 um and the scale bars are 2.5 um. For a proper
determination of height profiles, that is, the film thickness, the films
were scratched. For line profiles, the y-axis scales from 0 to 120 nm
(a—c) and from 0 to 400 nm (d-f).
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observed for polyanion/polycation systems such as PDAD-
MAC/PAA (Figure 4d-f).

SSCIS films of PAH and sodium citrate rapidly dissolve
when immersed in aqueous solutions of NaCl at ionic
strengths above 0.15M, thus offering possibilities for use as
bioresponsive materials or triggered release applications. The
rapid degradation of such films can easily be prevented and
controlled by cross-linking, for example by heating at 130°C
for 18 hours in an oven or by heating with a heat gun for 2-3
minutes. This process leads to partial thermal cross-linking by
formation of amide bonds through reaction of the carboxylic
acid groups of citrate with the amino groups of PAH; this
behavior is similar to a case described for LbL films."

The SSCIS method also allows for in situ chemical cross-
linking of films by adding reactive components to the spraying
solutions. In the case of PAH/citrate films, the addition of
glutaraldehyde to the citrate solution leads to the formation
of a covalent network through Schiff base formation.”” Such
coatings do not dissolve in brine over a long period of time.
Interestingly, the simultaneous spraying of PAH and gluta-
raldehyde in the absence of citrate ions did not lead to the
formation of any films. Different functionalities in addition to
chemical reactivity can also be incorporated into SSCIS films
by spraying multicomponent solutions simultaneously. For
example, gold nanoparticles (1st component) stabilized with
citrate (2nd component), which are sprayed simultaneously
with PAH (3rd component) result in very smooth films
(Figure 1d) that display regular growth like all other systems
presented above. In addition, the presence of gold nano-
particles offers the advantage of monitoring film growth by
changes in the plasmon band (see the Supporting Informa-
tion).

The simplicity and broad applicability of the SSCIS
method is proved by the different systems described here,
even without detailed studies of the parameters and variables
involved in spraying technologies. The growth rates and
coating morphologies not only depend on spraying time, but
are expected to also be a function of solution concentration,
nozzle type, spraying rate, spraying distance, and other
factors. SSCIS is very flexible, yet robust, and the method
can be quickly adapted to different requirements through
further optimization of such parameters.

While LbL deposition methods have received consider-
able attention because of their widespread potential applica-
tions (e.g., biomaterial coatings,”® fuel cells,””*! and anti-
corrosion protection®), not all of them require a stratified
structure of the film at the nanometer scale. In such cases,
simultaneous spray coating offers a much faster option, which
is also applicable to larger surfaces. The SSCIS spray
technology with two nozzles described here can be extended
to multinozzle systems for the preparation of coatings with
gradients along the layer normal, including sandwich-like
films made from different materials through multisequence

spraying.
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