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ABSTRACT: Defined surface functionalities can control the
properties of a material. The layer-by-layer method is an
experimentally simple yet very versatile method to coat a surface
with nanoscale precision. The method is widely used to either
control the chemical properties of the surface via the introduction
of functional moieties bound to the polymer or create nanoscale
surface topographies if one polymeric species is replaced by a
colloidal dispersion. Such roughness can enhance the stability of a
liquid film on top of the surface by capillary adhesion. Here, we
investigate whether a similar effect allows an increased retention of liquid films within a porous surface and thus potentially increases
the stability of ionic liquid films infused within a porous matrix in the supported ionic liquid-phase catalysis. The complex geometry
of the porous material, long diffusion pathways, and small sizes of necks connecting individual pores all contribute to difficulties to
reliably coat the required porous materials. We optimize the coating process to ensure uniform surface functionalization via two
steps. Diffusion limitations are overcome by force-wetting the pores, which transports the functional species convectively into the
materials. Electrostatic repulsion, which can limit pore accessibility, is mitigated by the addition of electrolytes to screen charges. We
introduce nanoscale topography in microscale porous SiC monoliths to enhance the retention of an ionic liquid film. We use γ-Al2O3
to coat monoliths and test the retention of 1-butyl-2,3-dimethylimidazolium chloride under exposure to a continuous gas stream, a
setup commonly used in the water-gas shift reaction. Our study showcases that a hierarchical topography can improve the stability of
impregnated ionic liquid films, with a potential advantage of improved supported ionic liquid-phase catalysis.

1. INTRODUCTION

The layer-by-layer (LbL) technique is a simple yet very
versatile process to introduce functional coatings with
nanoscale dimensions in a wide range of materials.1,2 In this
method, pairs of polymers with mutually attractive properties
are iteratively allowed to adsorb to a surface, thus building up a
coating consisting of fuzzy, alternating layers. In the simplest
case, the polymeric species are oppositely charged, creating
electrostatic attractions between the alternating layers. The
deposition cycle can be repeated indefinitely, and because of
the ionic nature of the polymers, the process is self-limiting and
every immersion leads to absorption of a single layer, thus
providing an excellent control over film thickness.2−4 In
addition to electrostatic attraction, a range of other attractive
interactions including hydrogen bonds,5,6 covalent or step-by-
step reactions,7 host−guest interactions or biorecognition,8,9

and hybridization of DNA base pairs10 have been exploited to
create coatings via the LbL approach.
The LbL process provides a range of attractive features: it is

scalable and experimentally simple to apply, objects of any
shape can be coated, provided they can be brought in contact
with a liquid, and the film thickness and composition can be

readily adjusted, even at smallest length scales. In addition, a
broad range of functional groups can be introduced to the
coating via the polymers to tailor the resulting coating
properties.9,11,12 Therefore, LbL has shown to be a versatile
method for the formation of controlled thin films in a wide
range of applications, including optics, cell surface coatings,
protective coatings, catalysis, and medical devices.12−16

In addition to introducing chemical functionalities to a
surface, the LbL method allows the creation of nanoscale
surface topographies.4,11,17−19 To this end, one of the
polymeric species is replaced by a colloidal dispersion, which
is subsequently adsorbed to build up a particulate coating held
together by a polymeric “glue” provided by the oppositely
charged polymer. Upon calcination, a nanoporous coating
results. This process forms the basis to create structurally
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colored materials,11 superhydrophobic coatings,4 or liquid-
infused coatings.17 In the latter, the nanoscale topography
enhances the stability of the lubricant−solid interface via the
introduction of capillary forces,17 which help to mitigate the
depletion of the lubricant. For example, loss of lubricant during
frost formation over lubricated surfaces was lowest for
substrates with the smallest interstitial space.20 Enhanced
capillary effects generated by nanoscale roughness or
hierarchical features also improve the lubricant retention
during frost formation21 and condensation.22

Within the extensive field of porous materials, there are
other applications that require keeping an immobilized liquid
on a surface. As a particular example, the supported ionic liquid
phase (SILP) catalysis23 exploits the relatively good wettability
of ionic liquids on inorganic materials to form porous phases
with a thin, catalyst-containing ionic liquid film.24 Based on the
evidence of enhanced lubricant retention in the design of
repellent surfaces, we hypothesize that the presence of
nanoscale surface roughness may also stabilize the ionic liquid
film within a SILP support. An increased stability of this film,
in turn, would potentially reduce losses in a catalytic reactor,
where a continuous gas stream is pushed through the SILP
catalyst,25−27 and may potentially enhance the long-term
stability. In addition, enhancing the lubricant/surface inter-
actions may be the first step toward SILP operation in the
liquid phase, which is currently limited by a rapid loss of the
ionic liquid during operation.
In contrast to a lubricant-infused repellent coating, however,

increasing the affinity of the lubricant with the underlying solid
in such processes requires homogeneous functionalization of
all surface regions within a three-dimensional porous material.
Evidence in the literature shows that the LbL process can be
used to add polyelectrolytes28−30 or particle layers within the
surface of porous materials, such as micro- and nanopores31−34

with a cylindrical geometry, membranes,35 fibers,36 or
capillaries.37 Despite this body of available literature, the
successful coating of porous materials is less trivial compared
to flat surfaces because of the increased surface area, transport
limitations, or small geometric features preventing proper
access. Typically, studies in the literature either focus on very
sparse particle layers33,35−37 (i.e., for catalysis) or require
process modifications such as charge screening by the addition
of salts.28,38,39

As we focus on exploring the enhanced ionic liquid−support
interactions in a SILP system, we set out to coat macroscopic
silicon carbide specimens (approximate dimensions of 20 cm ×
2.5 cm) typically used in a SILP-based water-gas shift (WGS)
reaction to produce H2 from fossil fuels.40,41 These support
materials exhibit porosity at the micrometer scale, which is
much larger than the dimensions of the nanoparticles used in
this study (Ludox silica, d = 20 nm). As a second porous
material, we therefore investigated a porous material with a
much smaller pore size with dimensions in the range of the
particles to be deposited. To this end, we used inverse opals as
a model platform. These materials were prepared by backfilling
a polymer colloidal crystal with an inorganic precursor
material.42−44 Upon calcination, the templating particles were
combusted to give rise to a well-ordered, interconnected
porous structure. In our case, the pores had a dimension of 320
nm and the necks approximately 120 nm.
We found that for both types of samples, the typical coating

process did not allow functionalization of the interior of the
pore walls but merely created a coating on the outer surface of

the material. We therefore analyzed in detail the limiting
factors preventing accurate coating in our systems and then
redesigned a suitable LbL procedure according to the specific
requirements of the porous materials for successful coating of
the entire porous material.

2. EXPERIMENTAL METHODS
2.1. LbL Coating of Flat Surfaces. The LbL method was

applied following a protocol reported in the literature.17 Silicon
wafers were cleaned with ethanol and subjected to oxygen
plasma treatment for 5 min to oxidize the surface and
introduce negative charges. The LbL deposition was performed
by immersion of the substrates in a 0.1% w/w solution of
poly(diallyldimethylammonium) chloride (PDADMAC) for
10 min followed by rinsing in deionized (DI) water. A second
immersion was performed in a 0.1% w/w solution of Ludox
silica particles (diameter: 20 nm) for 10 min followed by
rinsing in water. The cycle was repeated five times to deposit
several layers. PDADMAC was removed by combustion at 500
°C for 2 h with a 5 h ramp time.

2.2. LbL Coating of Microscale Porous Materials.
Silicon carbide (SiC) monoliths with an average pore size of 3
μm were activated with oxygen plasma for 5 min. The LbL
deposition was performed similarly to the coating of flat
surfaces, with an additional drying step between each
immersion. The first immersion used a 0.1% w/w solution of
PDADMAC for 10 min followed by rinsing in DI water and
drying with nitrogen. The second immersion step used a 0.1%
w/w dispersion of Ludox silica particles for 10 min followed by
rinsing in water and drying with nitrogen. The cycle was
repeated five times, and PDADMAC was removed by
combustion at 500 °C for 2 h with a 5 h ramp time.
For infusion of the ionic liquid (IL) and the leaching test,

the coating solutions were exchanged as follows: after
activation of SiC monoliths with plasma, the first immersion
was in a 0.1% w/w dispersion of Al2O3 (average size: 50 nm,
Alfa Aesar), which has a zeta potential of 35 mV; this gave a
stable dispersion of positively charged particles. After the
rinsing and drying steps, the second immersion was in a 0.1%
w/w solution of poly(sodium 4-styrensesulfonate) (PSS). We
coated SiC monoliths in 5, 10, and 15 cycles. The PSS was
removed by combustion at 500 °C for 2 h.

2.3. Fabrication of Inverse Opals. The inverse opals
were prepared following a protocol reported in the literature.45

A solution of ethanol, tetraethyl orthosilicate (TEOS), and
hydrochloric acid (0.1 M) (1.5:1:1 by weight) was stirred for 1
h in order to prehydrolyze TEOS. A monodisperse suspension
(60 mL) of colloidal polystyrene (0.1% w/v, diameter: 320
nm) and prehydrolyzed TEOS solution (375 μL) was mixed
and poured in 12 mL vials. Substrates cleaned by ultra-
sonication in ethanol and oxygen plasma treatment were
vertically suspended in the vials containing the colloid/TEOS
suspension. The water was slowly evaporated in an oven at 65
°C to form a thin film on the surface of the substrate. Then,
the substrates were calcined at 500 °C for 2 h with a 5 h ramp
time to remove the polystyrene particles and sinter the SiO2
structure to form the inverse opals.

2.4. Coating Nanoscale Porous Materials (Inverse
Opals). The inverse opals were activated with oxygen plasma
for 5 min. The LbL deposition was performed similar to the
coating of microscale porous materials but using solutions
containing NaCl. The first immersion was into a 0.1% w/w
solution of PDADMAC with NaCl (1, 10, 30, 50, and 100
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mM) for 10 min followed by rinsing in DI water and drying
with N2. The second immersion was into a 0.1% w/w solution
of Ludox silica particles with NaCl (1, 10, 30, 50, and 100
mM) for 10 min followed by rinsing in water and drying with
N2. The cycle was repeated five times, and PDADMAC was
removed by combustion at 500 °C for 2 h with a 5 h ramp
time.
2.5. Infusion of IL in SiC Monoliths. Before infusing the

SiC monoliths, both the monoliths and the IL were dried. 1-
Butyl-2,3-dimethylimidazolium chloride [BMMIM][Cl] (99%,
solvent innovation) was placed in a desiccator together with
the silica gel in vacuum for 24 h. The SiC monoliths were dried
at 110 °C for 2 h just before the infusion. A 10% v/v solution
of dried [BMMIM][Cl] in dichloromethane was prepared. The
SiC monoliths were immersed in the solution for 5 min and
dried under vacuum for 24 h.
2.6. Leaching Test of SiC Monoliths. [BMMIM][Cl]-

infused SiC monoliths were weighed before and after every 5 h
of compressed air streaming. Noncoated and coated monoliths
with 5, 10, and 15 coating cycles were compared.
2.7. Scanning Electron Microscopy (SEM). A Zeiss

Gemini 500 SEM was used. Silicon wafer substrates coated
with a nanoparticle layer were used without further
modification. SiC monoliths were carefully broken to observe
the inner pores after coating. Cross-sectional samples of
inverse opals were fabricated by breaking the substrate along
the crystal plane of the wafer using a diamond cutter only in
the corners.
2.8. Zeta Potential. Zeta potential measurements were

performed with a Zetasizer Nano ZS, Malvern Instruments. All
samples were dispersed in a glass cuvette at a particle

concentration of 0.1 wt % and varying concentrations of
NaCl (0, 1, 10, 30, 50, and 100 mM).

2.9. Physisorption Analysis (Brunauer−Emmett−Tell-
er (BET) Surface Area). BET surface areas were measured by
gas sorption analysis with nitrogen using a Nova, Quantach-
rome. The samples were ground into pieces smaller than 5
mm. The pulverized samples (0.4 g) were analyzed in each
measurement.

3. RESULTS AND DISCUSSION

We employ the LbL process to create layers of SiO2
nanoparticles to enhance the nanoporosity of a surface.4,17−19

To this end, we created negative charges on the surface by
means of plasma treatment. Subsequently, the substrate was
immersed in a 0.1% w/w solution of PDADMAC as a
positively charged polyelectrolyte. Then, the sample was rinsed
with water and immersed in a 0.1% w/w solution of Ludox
silica colloidal particles (see Figure 1(a)). These steps were
then iterated to create a coating. After having completed five
cycles, the surface was calcined to completely remove the
organic components and leave a particulate coating on the
surface. Figure 1(b) shows a planar silicon wafer successfully
coated with five layers of 20 nm SiO2.
When coating a porous material with SiO2 following the

same procedure, the coating was exclusively deposited at the
outer surface of the material, whereas the inner pores remained
uncoated. The failure to coat the porous material persisted for
materials with different pore sizes. We first tried to coat SiC
monoliths with an average pore size of 3 μm as shown in
Figure 1(c) as an example of a material with a large porosity.
Such monoliths find applications in the SILP-catalyzed WGS
and hydroformylation reactions.41,46 The top SEM image (i)

Figure 1. LbL coating of different surfaces by SiO2 particles. (a) Schematic representation of the LbL process that consists of immersion of a
substrate (flat or porous) in the positively charged PDADMAC followed by rinsing in water to get rid of excess of polymer and then in a solution of
negatively charged SiO2 particles. A homogenous coating is obtained on flat surfaces, but in the porous material, the particles do not form a coating
in the inner pores. Resulting coating on (b) a flat Si wafer and (c) a porous SiC (3 μm average pore size) monolith (i) magnification of the outer
surface of the SiC monolith and (ii) magnification of the inner pore of the SiC monolith. (d) Resulting coating of SiO2 inverse opals (350 nm
average pore size). All scale bars of (b−d) equal 1 μm. Photograph of (e) SiC monolith and (f) inverse opal in a Si wafer.
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shows a high magnification image of the outer surface, which
was successfully coated with the SiO2 particles. The bottom
image (ii) shows an inner section of the same monolith after
breaking and shows a pristine, uncoated surface.
Similarly, an inverse opal coated with the same procedure

was only functionalized at the top layer (Figure 1(d)). This
structure was formed using an evaporative coassembly
approach, where colloidal particles formed a periodic structure
by convective assembly.45 Tetraethylorthosilicate as a silica
precursor was added to the reaction mixture and deposited in
the interstitial sites. Upon calcination, the inverse replica of the
colloidal crystal was formed, exhibiting a regular, intercon-
nected porosity with an average pore diameter of 320 nm.
To address the limitations of the LbL technique in coating

porous materials, we first investigated several parameters
during the coating of the SiC monoliths with micrometer-scale
porosity that may be affected by the nature of the porous
materials. As mentioned above, prior to the actual LbL process,
it is necessary to activate the surface to introduce negatively
charged hydroxyl groups via oxygen plasma.17 Here, taking into
account the tortuosity of the porous network, we increased the
treatment time to allow the plasma to diffuse further into the
porous network. Second, we considered the increased surface
area in porous materials and increased the concentration in
both coating solutions to ensure that all available surfaces can
be coated. A successfully coated flat surface needs only 0.1 wt
% solutions of either PDADMAC or colloidal SiO2.

17 For the
porous SiC, we increased the concentration to 1 wt %. Third,
we increased the immersion time of the porous materials in the
different coating solutions. Since the pores are filled with water,
after each rinsing step before immersion into the coating
solutions, either type of surface functionality to be attached

needs to diffuse into the porous system to coat the surface.
This diffusion time to reach the surface is greatly increased
compared to a flat surface. We therefore increased the
immersion time from 5 min used for flat surfaces to 60 min
for the porous surfaces.
We adapted the oxygen plasma treatment, the concentration

of the coating solutions, and the immersion times, first
separately, and in a second attempt, together. Even after
implementation of the three different aspects simultaneously,
the inner surface of the porous material was not coated. Since
there was a slight increase in the coating depth with increasing
time, we inferred that diffusion of PDADMAC and SiO2 into
the pores is the limiting step preventing efficient pore
functionalization. The difficulties in coating the porous SiC
monolith were surprising, given the large pore sizes in the
material (Figure 1) and the body of literature suggesting
successful LbL coatings on porous materials.31−34 Seemingly,
and in contrast to typical porous materials used in the
literature, the macroscopic dimensions (pore diameter = 3 μm)
of the monolith lead to transport limitations for the ionic
species involved in the LbL process.
Next, we therefore implemented an additional step to

circumvent the slow diffusion process of the particles and
polymer chains into the liquid-filled porous material. After
each immersion of the porous material in the coating solutions,
we rinsed it in water and subsequently dried the entire sample
with a flow of nitrogen. In this way, when the porous material
is immersed into the next coating solution, either PDADMAC
or the SiO2 particles are dragged along with the liquid filling
the pores. The coating process therefore becomes independent
of the diffusion limitations.

Figure 2. SiC monolith with micrometer-scale porosity coated with SiO2 particles via the LbL technique. Schematic representation of the LbL
coating process in two different scenarios. The top part depicts the conventional LbL process, while the bottom part shows the modified process
with an intermediate drying step in between each immersion. Panel (i) shows an inner pore immersed in PDADMAC solution, panel (ii) depicts
the diffusion of SiO2 particles inside a pore flooded from the previous coating step, panel (iii) shows the unsuccessful SiO2 coating with the
conventional coating process, and panel (iv) shows a representative SEM image of the surface of an actual pore in a SiC monolith unsuccessfully
coated. The bottom row shows the modified process. Panel (v) shows a dried inner pore coated with a layer of PDADMAC, panel (vi) shows the
introduction of the SiO2 dispersion by convective wetting into a dry pore, which created a uniform concentration profile and thus achieves a
homogeneous coating (vii). Panel (viii) shows a representative SEM image of a successfully coated pore.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c02405
ACS Omega 2021, 6, 20956−20965

20959

https://pubs.acs.org/doi/10.1021/acsomega.1c02405?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02405?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02405?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02405?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c02405?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 2 schematically shows the difference in the coating
process, illustrating the concentration profile of a species to be
coated (i.e., the silica particles) within a single pore. The top
part (i−iii) shows the conventional LbL process without the
intermediate drying step. The SiO2 particles enter the pores
from the top. Due to the slow diffusion and continuous
adsorption to the wall, the concentration decreases toward the
interior of the pore. Figure 2(iv) shows the absence of any
coated SiO2 particles on the surface of an inner pore treated
using this process. The bottom part (Figure 2(v−vii)) shows
the coating process with the intermediate drying step in
between each immersion. The dispersed SiO2 particles are
dragged into the porous network by a convective flow and
maintain a high concentration. This process modification
allowed reliable coating of the inner pore walls of the SiC
monolith, as shown in the SEM image of Figure 2(viii).
Next, we investigated the coating of the interior pore walls of

an inverse opal, which has an interconnected porous network
with pore dimensions of around 320 nm.
Figure 3 shows a schematic illustration of the coating

strategies to coat the pores of an inverse opal, following the
conventional LbL approach (Figure 3(a)). As expected, the
side-view SEM image showed that only the outermost pore
layer was coated with silica nanoparticles. Similar to the case of
the porous monolith, we first hypothesized that the 20 nm
SiO2 particles were not able to coat the inner pores because of
two reasons: the necks in the first row of pores are potentially
clogged with PDADMAC and SiO2 that attract each other and

the diffusion limitations,47,48 which are even more pronounced
because of the considerably smaller pores and the necks that
connect them. We then applied the developed coating strategy
toward the inverse opals in which we capitalize on convection
to enhance the mass transport of colloidal particles into the
pore network (Figure 3(b)). We used the structural coloration
of the inverse opal to monitor the process steps.18,42,49,50

Successful drying of the pores in between the deposition steps
could be seen by the presence of structural color, which is
caused by the high refractive index contrast between silica
matrix and air. In contrast, after immersion, the water-filled
pores exhibit a much lower refractive index contrast and thus
lose their coloration.18,50 Even though this structural color-
based monitoring indicated that the entire porous network was
dried in between all immersion steps, the developed method-
ology did not lead to a coating of the inner pore walls. Similar
to the abovementioned case, the side-view SEM image showed
that only the uppermost row of the inverse opal was decorated
with silica nanoparticles. Even though the SiO2 particles (d =
20 nm) were notably smaller than the necks of the pores (d =
119 ± 13 nm), the particles apparently could not be
transported through the pore network.
Based on reports in the literature that the addition of salt can

facilitate the coating efficiency in confinements,28,29,51 we
hypothesize that the inability of the colloidal SiO2 to penetrate
through the pore network may be related to the electrostatic
properties of the colloids in our system as well. The potential
of a charged surface penetrates into an electrolyte solution and

Figure 3. Inverse opals coated with SiO2 nanoparticles (20 nm) using the conventional LbL technique (a) and the modified LbL version with a
convective flow of solutions of PDADMAC and SiO2 colloidal particles (b).

Figure 4. Schematic illustration of the effect of the surface potential of adsorbed particles on pore accessibility. Three possible scenarios at the neck
of two pores of an inverse opal are compared. (a) The surface potential of two adsorbed particles extends into the neck region and therefore
restricts pore accessibility of like-charged particles. (b) With the addition of salt, the electrostatic double layer is screened, providing pore access for
a like-charged particle. (c) At a high salt concentration, the charge screening becomes pronounced enough to compromise the colloidal stability,
leading to adsorption of particle agglomerates, which physically block the pore.
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decays as counterions accumulating around the surface. The
extent of this penetration is described by the Debye length,
defined as the distance from the surface when the electrostatic
potential drops to 1/e.52 The decay of the potential is therefore
determined by the ion concentration in the solution.52 We
hypothesize that the electrostatic repulsion blocks pore access
of the silica particles as schematically illustrated in Figure 4.
During the LbL process, electrostatic adsorption of silica
particles will take place at the outer layer of the porous surface
upon contact, leading to particles being deposited close to the
pore opening as well. The surface potential of these adsorbed
silica particles, in turn, will extend into the neck region,
effectively reducing the available opening for an additional,
like-charged silica particle to pass through (Figure 4(a)). Since
the surface potential can be screened by charges, the addition
of salt should decrease the Debye length,52 and thereby

effectively increase the accessible pore area for a like-charged
particle (Figure 4(b)). With the increasing salt concentration,
however, the electrostatic repulsion of the colloidal silica
dispersion itself will be affected, leading to an onset of
agglomeration. Such agglomerated particles are larger in size
and when adsorbed onto the outer layer of the inverse opal,
they physically block pore access by covering the neck (Figure
4(c)).
To test this hypothesis, we carried out a parametric study on

the influence of NaCl addition on the colloidal stability and the
coating of inverse opals using the LbL technique. We prepared
0.1 wt % solutions of colloidal SiO2 with 1, 10, 30, 50, and 100
mM NaCl. We determined the zeta potential of the different
SiO2 dispersions as a function of salt concentration (Figure 5).
As expected, the zeta potential decreased with the increasing

Figure 5. (a) Zeta potential of the colloidal SiO2 in dispersions with different concentrations of NaCl. (b) Debye length in solutions with different
concentrations of NaCl.

Figure 6. Influence of salt concentration on the pore functionalization efficiency of inverse opals coated using the LbL method. (a) Representative
side-view SEM images of inverse opals coated using the LbL technique with dispersions of colloidal SiO2 with different NaCl concentrations
(columns) and different immersion times (rows), scale bars: 500 nm. (b, c) Statistical analysis of the pore functionalization efficiency showing the
ratio of coated pores as a function of salt concentration for immersion times of 1 h (b) and 1 day (c). Over 500 pores were analyzed for each
experiment.
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salt concentration, indicating an increased screening of charges
and thus a decrease in the range of the surface potential.53

Next, we tested the effect of the screened electrostatic
repulsion on pore accessibility (Figure 6). To this end, we used
our modified LbL process. After activation with oxygen plasma,
we immersed the inverse opal in a solution of positively
charged PDADMAC (0.1 wt %) with different NaCl
concentrations. We then rinsed the inverse opal thoroughly
with water and dried it completely using nitrogen gas.
Subsequently, we immersed the sample in a dispersion of
negatively charged colloidal SiO2 (0.1 wt %) with different
NaCl concentrations. In addition to the varying salt
concentration, we also varied the exposure time to account
for the slow diffusion within the porous network and exposed
the inverse opals to individual solutions for 1 h and 1 day,
respectively.
Figure 6(a) shows the representative side-view SEM images

of the different inverse opal samples coated using the LbL
technique with coating solutions containing different salt
concentrations and using the two immersion times. All samples
were coated with three layers using the previously described
procedure, calcined to remove the organic PDADMAC
polymer, and broken into two parts to reveal the pore interior
in the side-view images. Using image analysis, we determined
the fraction of functionalized pores for the different samples by
counting around 500 pores per sample (Figure 6(b,c)).
Without the addition of NaCl, no particles were deposited in

the interior pores, even for the extremely long immersion time
of 1 day, corroborating the inability of the particle to access the
pores. In contrast, the addition of 10 mM NaCl allowed at least
some silica particles to enter the porous network. For both
immersion times, we determined around 30% of the inner
pores coated. It is worth noting that at this salt concentration,
the extent of the surface potential surrounding the particle,
characterized by the Debye length (Figure 5(b)), is already
significantly smaller than the average neck size (d = 119 ± 13
nm), indicating that particles can already pass through the
opening. However, seemingly, the likelihood of diffusing
particles to penetrate the necks is not yet sufficient to reliably
coat the porous material. Using coating solutions with 30 mM
NaCl, we observed an increased pore coverage. Using a 1 h
deposition time, around 50% of all pores were coated. With an
immersion time of 1 day, the fraction of the coated pores
increased to 70%, indicating that the charge screening indeed
increased the pore accessibility. With the increasing salt
concentration (50 mM), the fraction of coated pores was
reduced again, which we interpret as an onset of agglomeration
that hinders pore access. For a salt concentration of 100 mM,
no particles were detected in the pore interior and a close
inspection of the surface structure revealed the presence of
agglomerates deposited on the topmost layer. Apparently, a salt
concentration of 30 mM provides a compromise between
sufficient colloidal stability and decreased Debye length, which
optimizes pore accessibility.
Having established a reliable protocol to introduce a

nanoscale topography in our porous materials, we tested its
effect on the stability and retention of an infused IL film. Based
on the fact that a liquid film can be efficiently infused into
nanoporous coatings on flat surfaces to design liquid-repellent
surfaces,18 we aimed to transfer this concept to a porous
material. We used the SiC monoliths with hierarchical porosity
and infused a layer of [BMMIM][Cl] as the IL. This
combination of support and IL is of interest in catalytic

applications, for example, for a SILP-based WGS reaction to
produce H2 from fossil fuels.54−56 In this SILP approach, a thin
layer of IL is confined in the pores of a porous material, such as
the SiC monoliths. This SILP further contains a dissolved
molecular catalyst and combines the high surface area and ease
of operation of heterogeneous catalysis with the selectivity of a
homogeneous catalyst.23,26,57,58

Recent studies showed that aluminum oxide (γ-Al2O3) is an
ideal support for the IL and the catalyst for the WGS
reaction.41,59 Here, we investigated whether nanoscale alumina
particles can be coated onto the porous SiC monolith to create
additional capillary forces acting through the nanoscale
porosity. With the coating, we anticipate a more stable
confinement of the IL within the SiC monolith. We subjected
the SiC monolith to our modified LbL protocol using a
dispersion of positively charged γ-Al2O3 particles (50 nm, 0.1
wt %) and negatively charged PSS (0.1 wt %). The SiC
monoliths have a surface area of 0.2 m2/g (LiqTech
International A/S). After five layers of coating, the SiC
monolith had a relative surface area of 1.43 m2/g and with 15
layers of coating, it had a relative surface area of 2.9 m2/g, such
areas were obtained using N2 physisorption, which indicates a
nonlinear increment of the surface area as a function of the
deposited layers of γ-Al2O3. Figure 7(a−c) shows the interior
of a monolith successfully coated with γ-Al2O3 nanoparticles at
different magnifications.

Finally, we compared the retention of the IL film infiltrated
in pristine and γ-Al2O3 nanoparticle-coated SiC monoliths. To
this end, we immersed the monoliths into 10 v/v% solution of
[BMMIM][Cl] in dichloromethane (DCM) and evaporated
the DCM to leave an impregnated IL film within the solid
support.41

We simulated the reaction conditions occurring in a
continuous gas-phase flow reactor by streaming a current of
compressed air through the monoliths. We evaluated the IL
retention by gravimetrically determining the loss of IL over
time (Figure 7(d)). All coated samples consistently showed a

Figure 7. Enhanced retention of IL films by nanoscale surface
roughness within a porous material. (a−c) SEM images of the inner
pores of a SiC monolith coated with 15 layers of γ-Al2O3
nanoparticles using the LbL method with a convective flow of
coating solutions. (d) Gravimetric evaluation of the retention of the
IL in coated and noncoated SiC monoliths.
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lower IL loss compared to the uncoated reference. After 42 h,
only 70% of the initial IL was retained in the reference sample,
while the coated monoliths held between 90 and 95% of the
initial IL. The loss of IL in this simulated reactor setup could
thus be decreased by a factor of 6, underlining the potential of
employing capillary forces by nanoscale surface roughness.

4. CONCLUSIONS
The LbL process is a simple yet powerful technique to create
defined surface coatings for a broad range of applications.
Here, we demonstrate that a nanoscale topography can
enhance the stability of an IL film infused in a porous solid
support. We first explore strategies to successfully coat the
inner pore walls of our porous materials of interest. We realize
that a combination of transport limitations and pore
accessibility is the main limitation hindering the coating
process. We overcome this limitation via two modifications of
the coating process. First, adding convective flows by
intermediate drying steps overcomes diffusive transport
limitations and allows coating of porous materials with
micrometer-scale porosity. Second, screening electrostatic
repulsion effects by the addition of salt overcomes the limited
accessibility for pores in the nanometer range.
In a proof of principle, we show how nanoscale surface

roughness created by LbL deposition of γ-Al2O3 nanoparticles
within a porous monolith can enhance capillary interactions
and thus increases the retention of an IL film infused into the
porous material.
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