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Metal nanoparticles (NPs) immobilized on molecularly modified supports
form versatile hybrid materials, offering extensive combinatorial flexibility and
synergistic interactions between the organic and inorganic components,
making them ideal for applications such as catalysis, and sensing. In
catalysis, e.g., NPs-ionic liquid combinations are shown to enhance activity,
selectivity, and recyclability compared to NPs alone systems, though typically
used powder-based supports often hinder a detailed nanoscale structural
analysis for an in-depth understanding due to undefined surfaces. Here, an
approach is developed to transfer such a system onto well-defined surfaces
for extended analysis, demonstrated on a model system composed of an
imidazolium/NTf,, ionic liquid and Ru NPs on Si. A comprehensive
characterization suite is applied to probe the material properties at the nano-
and macroscale including spatial arrangement, molecular orientation, surface
homogeneity, hydrophilicity, and work function. The efficacy of the utilized
approaches in obtaining a homogeneous ionic liquid monolayer decorated
with Ru NPs of controlled distribution is demonstrated. It is identified that the
particle deposition disturbs the conformational order of the molecular layer.
The presented versatile methodological approach can be broadly expanded to
multifunctional hybrid materials composed of metal NPs on molecularly
modified supports, unlocking numerous possibilities for knowledge-driven
and rational material design.

1. Introduction

Hybrid materials composed of metal
nanoparticles (NPs) immobilized on
molecularly modified surfaces (MMS)
represent complex multicomponent
systems where multiple functionalities
are combined.'! Among these, NPs in
combination with ionic liquids (ILs)
are highly interesting owing to the ver-
satile properties associated with both
the inorganic (NPs) and organic (IL)
components. In general, ILs possess
a variety of tunable properties such as
hydrophobicity/hydrophilicity, —melting
point, viscosity, and acidity/basicity,
which makes systems composed of ILs
highly attractive for specific applications,
such as catalysis, sensors, and corrosion
protection.'>) When chemisorbed on a
support, thereby forming a supported
ionic liquid phase (SILP) and interacting
with a catalytically active particle, the IL
can enable catalyst recycling, enhanced
stability, and facilitated product isolation.
In addition, the application of IL as SILPs
requires a significantly reduced amount
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of ILs while still exploiting their unique features in the desired
manner.[® SILPs are usually obtained by functionalizing a sup-
port material using an ionic liquid through chemisorption or ph-
ysisorption thus creating a mono-, or multi-layer.l’=]

One common strategy of using the SILP is as a matrix for
metal NPs immobilization, which opens a versatile molecular
approach toward adaptive and multifunctional catalytic systems
with tailor-made activity.’) In such combinations, the SILP is re-
ported to influence the sizel’®! and stability!*''?] of NPs formed
in their presence while bringing different types of functional
groups in close contact with the metal.®] NPs-modified SILP
(denoted from now on as NPs@SILP) systems have been al-
ready successfully applied to a variety of different catalytic re-
actions including hydrogenation/hydrodeoxygenation,!**5! the
Suzuki reaction,**) and hydroformylation.['”] The majority of the
NPs@SILP systems use hydroxylated silica as the support ma-
terial, which is cost-efficient and offers variable material proper-
ties such as pore size and shape.[*®! Although NPs@SILP sys-
tems based on powder supports have been widely studied and
applied in catalytic reactions, a fundamental insight into the spa-
tial arrangement of both SILP and NPs and the mutual influ-
ence on their spatial and electronic structure is still lacking. Such
information would be however highly beneficial in facilitating
a knowledge-based fine-tuning of their properties for targeted
applications. Addressing these aspects would require advanced
characterizations of the NPs@SILP systems, some of which are
incompatible with the powder materials mainly due to their un-
defined geometry. In contrast, the use of flat supports would
enable the application of additional analytical techniques to ac-
cess complementary information, such as layer analysis by el-
lipsometry, determination of molecular orientations by attenu-
ated total reflection infrared spectroscopy (ATR-IR), investiga-
tion of the local structure and reaction by sum frequency gener-
ation (SFG) spectroscopy,'?! and Kelvin probe force microscopy
(KPFM). The information gained from these studies on flat sur-
faces can ideally be transferred to better understand and fine-
tune similar powder-based systems as well as to enhance their
performance.

Herein, to close this knowledge gap by enabling a broader
range of characterization on the NPs@SILP (and NPs@MMS
in general), we used well-defined flat surfaces as supports. We
report a facile synthesis procedure to obtain a molecularly mod-
ified commercial Si-wafer surface with an imidazolium-based IL
through a chemical grafting approach and the subsequent deco-
ration of the surface with ruthenium (Ru) NPs by DC magnetron
sputtering. Characterization of the system is presented in detail
by the application of a number of complementary analytical tech-
niques which provide deeper insight into the spatial structure
and the mutual interaction between different components in the
NPs@SILP system.
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2. Results and Discussion

2.1. Preparation of Wafer-Based SILPs and Characterization

A crucial prerequisite for this study was the transfer of the
powder-based SILP synthesis approach to flat monocrystalline
Si wafer surfaces, which is required to perform the aforemen-
tioned multitude of characterization techniques for exploring the
component structure in NPs@ SILP systems. To this end, the ap-
proach that is commonly used for powder-based systems(!2021]
was adapted and optimized iteratively to produce a chemisorbed
well-defined, and stable SILP layer grafted onto the Si wafer
surface (see Experimental Section S1.3, Supporting informa-
tion for details). Modifying Si wafer surfaces by certain or-
ganic polymers, as well as shorter organic molecules in self-
assembled monolayers (SAMs), is a well-studied approach.[?223]
Also, the preparation of IL layers on flat surfaces obtained
via self-assembly!?*! or spin coating!®?% was previously re-
ported. In our study, we used single-side polished conduc-
tive p-type Si wafers with (100) orientation. First, to hydrox-
ylate the Si wafer surface that can enable covalent grafting
of the IL molecules, they were treated using piranha solu-
tion (1.5 mL H,0, and 3.5 mL H,SO,) at 90 °C for 1 h.
After thoroughly washing these wafers with deionized water
and drying them under an Ar flow, they were transferred
into a Schlenk flask containing 16 mm IL in toluene. The IL
used is composed of imidazolium-based cations, termed here
[C4(C5Si0,)im]*, and NTf,~ anions. The molecular grafting was
performed at 95 °C for 18 h under an Ar atmosphere after
which the wafers were ultrasonically washed three times us-
ing dichloromethane (DCM) to ensure the removal of any ph-
ysisorbed IL molecules from the wafer. A schematic of the syn-
thesis steps, alongside the resulting surface modification, is de-
picted in Figure 1a. The IL-modified Si wafer is hereafter denoted
as SILP|Si.

After the grafting process, the molecularly modified Si surface
was characterized in detail, to confirm the existence and homo-
geneity of the grafted IL as well as to determine the surface prop-
erties of the wafer without NPs. Due to the nature of the sample,
i.e., being a molecular monolayer, a set of complementary tech-
niques was utilized to obtain a comprehensive understanding of
the SILP|Si surface.

In the first control step, contact angle measurements were con-
ducted to confirm whether the modification approach led to the
expected changes in hydrophobicity. Figure 1b shows the mean
contact angles of the Si wafer in the pristine form without any
pre-treatment, after piranha treatment, and after the molecular
grafting of the IL with a representative image for each case in the
inset. While the contact angle of the water drop on the pristine
wafer is ~#90°, after piranha treatment, the contact angle reached
the lower limits of an unambiguous determination (<ca 10°).
This highly hydrophilic surface indicates a successful hydrox-
ylation of the wafer surface by the piranha treatment.”’] After
the modification of wafers by the IL, the contact angle again in-
creased to ~70°. This significant difference in the contact an-
gle before and after the IL grafting confirmed an efficient sur-
face modification, which is underlined by the hydrophobic na-
ture of the NTf,~ anion(?4-3%] present in the grafted IL molecules.
It is also worth noting that an increase in the hydrophobicity is
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Figure 1. a) Schematic representation of the experimental procedure applied for the synthesis of SILP on Si wafer surfaces. b) Representative contact
angle images of Si wafers in the pristine form, after piranha treatment, and IL grafting. Average contact angles from at least three independent mea-
surements are presented with the standard deviations as error bars. In the case of the piranha-treated wafer, the depicted data of 5° + 5° only serves as
visual guidance as the contact angles were not measurable by the in-built program due to the highly hydrophilic nature of the wafer surfaces.

expected from a well-ordered SAM in which all hydrophobic ter-
minal chains point upward.

The thickness of the IL layer was subsequently evaluated us-
ing spectroscopic ellipsometry (SE). The measured data were
fitted with optical models for the non-absorbing range of the
SILP (4 > 450 nm). SILP|Si data was modeled by a simpli-
fied three-layer model. Typical results of the determined IL layer
thicknesses for three samples measured on at least five differ-
ent spots equally distributed over the surface show an average
thickness of 1.59 + 0.4 nm (Figure S1, Supporting Information).
Within the accuracy of this method, this result corresponds with
the estimated length of the imidazolium-based cation of the IL
(~1.2 nm, Figure S2, Supporting Information). Thus, the for-
mation of monolayers with ordered molecules in a relatively up-
right orientation (i.e., the alkyl chain axis being perpendicular to
the substrate) is supported by these results. However, the data
in Figure S1 (Supporting Information) further indicates a cer-
tain sample-to-sample variation in the measured average layer
thicknesses.

Adv. Mater. Interfaces 2025, 2500073 2500073 (3 0f11)

SEM and EDX analyses can, in general, be used to characterize
supported ionic liquid membranes,?'*?] and to characterize dif-
ferent support materials modified by ILs**) when the loading of
the IL is high enough. In contrast, the monolayer-like nature of
the grafted IL molecules on Si supports, analyzed in this study,
is not expected to yield noticeable structures, as evidenced by the
high magnification SEM image on a SILP|Si sample shown in
Figure S3a (Supporting Information). Nevertheless, SEM/EDX
analysis can be applicable to detect any larger agglomerations
present on the surface. IL agglomerations were occasionally ob-
served on the surface as shown in Figure S3b (Supporting Infor-
mation) with the corresponding EDX analysis detecting a higher
abundance of the elements of the IL (Figure S3c—e, Supporting
Information). However, the vast majority of the surface appeared
smooth without any visual features or EDX signal of the IL el-
ements above the detection limit, which is expected for the low
material amount of a monolayer.

To confirm the formation and integrity of the IL layer on
the sample surface, XPS analysis was undertaken, having the
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Figure 2. XPS spectra of a) C 1s b) F 1s and c) N Ts excitations from the SILP|Si sample.

particular advantage of surface sensitivity as well as element se-
lectivity. Figure 2 shows 1s XPS core level spectra of C, F, and N
on the SILP|Si sample. The main C feature is located at a bind-
ing energy ~286.0 eV and can be deconvoluted into four indi-
vidual components including aliphatic, imidazolium, and link-
ing carbons, in agreement with previously reported XPS data on
a powder-based SILP for the same type of IL.['% An additional mi-
nor component can be detected at #293.0 eV, which corresponds
to the carbon in CF; present in the NTf,~ anion.**l The F1s fea-
ture at 690.0 eV possesses a significant shift from the elemen-
tal F (~685.0 eV)I*] as expected for fluorine in CF;,1** and the
N1s spectrum exhibits two major components located at ~400.0
and 402.9 eV, which can be assigned to N contributions from the
cationic and the anionic parts of the IL.**] Furthermore, in situ
XPS (100 °C, 1 mbar H,) studies confirmed the stability of the
IL layer under conditions mimicking those in catalytic reactions
(Figure S4, Supporting Information). Overall the XPS analysis
not only confirms the presence of the IL layer on the Si wafer sur-
face but also validates the desired chemical states of the cationic
and the anionic parts of the corresponding IL.

To further evaluate the spatial homogeneity of the IL on the
wafer surface, KPFM measurements were conducted. KPFM al-
lows verification of changes in the work function induced by
the covalently grafted IL molecules on the surface with a lateral
resolution in the sub-um scale.’”*8] Figure 3 shows the topog-

Adv. Mater. Interfaces 2025, 2500073 2500073 (4 of 11)

raphy and measured work functions of a pristine Si-wafer and
SILP|Si. The topography of the Si-wafer, illustrated in Figure 3a,
reveals a homogeneous surface without specific features as ex-
pected for a clean Si surface. In agreement with this, the simul-
taneously recorded work function (Figure 3b) is homogeneous
over the entire measured surface. In comparison, the appearance
of the topography obtained for the SILP|Si samples, shown in
Figure 3¢, is very similar. However, the work function, illustrated
in Figure 3d, clearly verifies that the surface is strongly differ-
ent in comparison with a pristine Si surface. Furthermore, the
work function map proves the uniform distribution of the surface
charge and thus, underlines the homogeneity of the IL grafting.
As there is no overlap between the individual work function of the
pristine Si surface and the SILP|Si (Figure 3e), the sample sur-
faces are clearly comprised of different chemical species. Small
spherical structures, appearing as small white dots in the topog-
raphy image, are present on the IL-modified surface in contrast
to the pristine Si surface. These circular features are assigned
to local aggregations of IL molecules as has been observed in
similar polar monolayer systems.[*] Figure S5a (Supporting In-
formation) shows a higher resolution of the IL-modified surface,
resolving the possible agglomerations in more detail. A line sec-
tion across a representative dot (Figure S5b, Supporting Informa-
tion) also reveals a height of ~3 nm, which is in the dimension
of molecular sizes of the IL.
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Figure 3. Kelvin probe force microscopy measurements. a) Topography and b) work function of pristine Si-wafer as well as after IL-modification (c and

d, respectively). e) provides histograms of the work functions.

As an interim summary, the combination of the applied com-
plementary techniques gives a comprehensive understanding
of the SILP|Si system. While contact angle measurements con-
firmed the successful modification of the Si wafer surfaces by the
IL molecules on the macro scale, the KPFM analysis proves full
coverage of the surface on the microscale as no unmodified sur-
face areas were identified. Further, SEM/EDX, and atomic force
microscopy (AFM) reveal two types of inhomogeneities. First, ar-
eas of several ym diameter were found, appearing dark in SEM
and yielding a strong EDX response of the elements present in
the IL. These areas, however, were found only occasionally and
probably originated from residual IL forming larger agglomer-
ates during the drying process of DCM. Second, AFM showed
small circular regions of height ~#3 nm indicating IL aggregation.
However, these areas constitute only a marginal fraction of the
overall surface as seen from Figure 3¢, and it has to be noted that
they were not found on all samples or sample regions. The for-
mation of a minor fraction of multi-layers is also in agreement
with the SILP layer thickness found slightly to be higher than the
molecular length of the imidazolium backbone by ellipsometry.
In agreement with the more hydrophobic character measured by
contact angle analysis, this indicates in total an upright formation
of the IL with the hydrophobic terminal chains pointing upward
of full coverage and predominantly monolayer nature. Finally, the
XPS analysis proves that both cations, as well as anions, stayed
chemically intact after the molecular modification.

2.2. Deposition and Characterization of Ru NPs on Wafer-Based
SILPs

To further functionalize the IL-modified Si wafers, e.g. to obtain
catalytic activity, the surface is decorated with metallic NPs. For

Adv. Mater. Interfaces 2025, 2500073 2500073 (5 0f11)

the herein analyzed system, the NPs-SILP combination has al-
ready been successfully used as an efficient and adaptive cata-
lyst for several hydrogenation reactions.['***] Such systems of-
ten show unique characteristics emerging from the synergistic
effect between the SILP and NPs in addition to enhanced cat-
alyst recyclability due to SILP-induced NP stabilization against
leaching.[*?! In our work, the NP material was chosen to be Ru,
which is a commonly reported metal, used in combination with
a variety of powder-based SILP systems due to its ability to dis-
sociate hydrogen on the surface.['?*3] Tt should be noted here
that a first NP synthesis attempt, adopting the metal-organic ap-
proach, usually used on powders,!!l was not successful on the
flat Si wafer surface, due to excessive agglomeration of particles
even after several iterative optimization attempts (Figure S6, Sup-
porting Information). The significant differences in the geometry
and surface roughness between the flat Si wafer surface and sil-
ica powder might be accounted for by the poor control over the
size and distribution of Ru NPs formed on the wafer through the
organometallic pathway. Hence, a magnetron sputtering deposi-
tion was applied as an alternative, as it was previously reported
as an efficient method.[**~¢] A sputtering approach possesses the
advantage that pure metal particles can be directly deposited in
contrast to organic synthesis where size-controlling ligands have
to be often used. In a recent work, Qadir et al. reported the syn-
thesis of so-called naked Ru nanoparticles and clusters by sput-
tering in ionic liquid cages on powder-based supports for CO,
hydrogenation.[*}] Alves et al. reported the synthesis of Ag NPs
via sputtering in imidazolium-NTf, IL films of different alkyl
chains yielding particles of sizes ~60 nm.[*’! Synthesis of Au NPs
was also reported by sputtering onto an IL-modified Si wafer ob-
taining 5-7 nm particles.®] The here obtained Ru NPs on the
SILP|Si are comparatively smaller (3 nm) in size and homoge-
neously distributed on the surface, as discussed below.

© 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 4. a) Schematic of the magnetron sputtering deposmon of Ru NPs onto SILP|Si substrates and the expected Ru@SILP|S| structure b) Low magni-
fication SEM image showing the surface of Ru@SILP|Si with the magnified area shown in the inset c) XPS Ru3p spectra taken on the Ru@SILP|S| sample.
d) High-angle annular dark-field STEM image showing the distribution of sputtered Ru particles on a SILP|Si substrate with average size distribution
fitted with a log-normal function in the inset. €) EDX maps for Ru, C, F, and O on the Ru@SILP|Si sample.

In our case, the Ru NPs deposition was realized via magnetron
sputtering in DC mode under mild conditions (i.e., at a power of
100 W for 2 s) onto the SILP|Si wafer surfaces. These sputter pa-
rameters were chosen after iterative testing (Table S1, Supporting
Information), showing that higher sputter durations lead to the
formation of a complete coverage of the SILP|Si surface by a Ru
layer (noted visually by a gradient color change and correspond-
ing EDX measurements as shown in Figure S7, Supporting In-
formation).

A schematic representation of the NP deposition on the
SILP|Si via magnetron sputtering is shown in Figure 4a. Accord-
ing to a similar approach described in the literature, the sput-
tering is expected to decorate the SILP|Si surface with <10 nm
Ru NPs.*8] Low magnification SEM images with low accelera-
tion voltage (1.0 kV) to increase surface sensitivity indicate no
larger agglomerates of Ru on the examined samples (represen-

Adv. Mater. Interfaces 2025, 2500073 2500073 (6 0f11)

tatively shown in Figure 4b) as well as in a magnified area on
the surface (inset of Figure 4b). To probe the presence of Ru on
the surface, EDX measurements were performed on several ran-
domly chosen spots. Indeed, the presence of small amounts of Ru
was detected on each analyzed spot (Figure S8, Supporting Infor-
mation) indicating a uniform Ru coverage on the entire surface.
XPS analysis on the Ru NPs-decorated SILP|Si (denoted here as
Ru@SILP|Si) samples corroborated the EDX results. As shown
in Figure 4c, the Ru3p spectrum exhibits two distinct features
corresponding to the spin-orbit split 3p;, and 3p; , core levels.
These features are comprised of each two peaks, one at ~484.2
and ~462.0 eV, respectively, from metallic Rul**! whereas those
located at ~464.4 and 487.1 eV are assigned to a slight contri-
bution of Ru(IV) as present in RuO,.[*] As for the SILP|Si sam-
ples, occasionally spherical structures of ~#15-20 nm size were
found on the surface when analyzed by SEM with enhanced

© 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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surface sensitivity as shown in Figure S9 (Supporting Informa-
tion). It should be noted that the white dots appearing on the SEM
images shown in Figure S8 and S9 (Supporting Information) re-
semble those identified in the AFM (Figure 3c) analysis of the
SILP|Si indicating random IL aggregations.

To characterize the deposited Ru NPs at a particle level, TEM
analysis was conducted. Since an electron transparent substrate
is needed for TEM, the SILP and NP synthesis procedure was
transferred onto TEM frames consisting of 30 nm thick Si-
membranes (see Experimental Section for details). The IL graft-
ing and Ru NPs sputtering procedures were kept identical with
the only difference being that ultrasonication was avoided in the
washing step in DCM after the SILP synthesis as it leads to the
immediate breaking of the thin Si window.

Figure 4d shows the STEM images taken in high-angle annu-
lar dark field (HAADF) mode on the NP-modified SILP|Si TEM
windows. Indeed, the results confirm a uniform distribution of
irregular particles with the size of most particles in the range of
2-4 nm with an estimated mean size of 2.8 + 0.9 nm (measured
manually for more than 100 particles using the Image] software
package), thus making them highly comparable to the typical NP
sizes achieved through organometallic synthesis when powder-
based supports are used.>*! Corresponding EDX maps of Ru, C,
F, and O confirm these particles to be Ru (Figure 4e). Notably,
the sputtering process applied here did not yield a completely
closed layer of Ru on the SILP and the estimated surface cov-
erage of Ru NPs is found to be ~#50-60%. EDX maps confirmed
that the observed bright-appearing structures stem from a Ru-
rich phase. The IL elements (e.g., F) could not be clearly detected,
which we attribute to the short plasma treatment that had to be
applied to the TEM samples before the high-resolution EDX anal-
ysis, due to an otherwise strong carbon accumulation during the
measurement.

To elucidate the effect of the SILP layer on the Ru particle for-
mation, Ru was also sputter-deposited onto a pristine Si window
(without the SILP layer, hereafter denoted as Ru@Si) as a refer-
ence. Under similar conditions, Ru sputtering onto a pristine Si
wafer resulted in the formation of more interconnected Ru NPs
(Figure S10, Supporting Information) in comparison with the
particles formed on a SILP|Si surface, resulting in an estimated
mean size of 5.1 + 3.2 nm. The differences in particle formation
are likely attributed to the absence of the IL layer, as a SILP can
enhance NP stabilization in powder-based supports, which even
can be tuned easily by varying the type of the IL.['% The stability of
imidazolium-based NPs@SILP materials under solution phase
catalytic conditions (e.g., organic solvents, 100-200 °C, 20-50 bar
H,) was investigated in many studies by our group and proved
excellent (no substantial leaching nor structural change) under
both batch and continuous flow conditions.!'%#>31] Further inter-
actions between the NP and SILP are discussed in the following
section.

2.3. Mutual Interaction Between SILP and Ru NPs

The interaction/mutual influence of the SILP layer and Ru NPs
is key information that can be used for designing NPs@ SILP sys-
tems with defined properties and is studied in the following. SE
was used to examine the Ru@SILP|Si, and Ru@Si samples to
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compare the change in layer thicknesses with that of SILP|Si.
An exemplary data set and the optical model fit are shown in
Figure 5a. Especially A(4) is very sensitive to thin films and de-
creases with increasing thin film thickness, as was observed for
Siand SILP|Si. The change of ¥(4) in the UV, especially recogniz-
able between 320 and 350 nm, indicates an extinction coefficient
k > 0 in this region®?] that is assigned to the UV absorbance in-
herent to imidazolium cations.>*!

Similar to the TEM analysis, alongside the Ru@SILP|Si, also
a corresponding Ru@Si reference system was measured. Ellip-
sometry is sensitive to a SILP interlayer as long as the sputtered
metal layer is thin enough to let light pass to the substrate.**
Optical model simulations (Figure S11, Supporting Informa-
tion) indicate that Ru layers below 40 nm thickness are translu-
cent and yield information on the SILP underneath. On Ru@S$i,
a thin metal layer absorbing in the whole spectral range was
formed, confirmed by the increase of ¥(4), the decrease in A(4),
and changes in slope compared to bare Si (Figure 5a). Exactly
the same trends are observed for Ru@SILP|Si with respect to
SILP|Si. Furthermore, A(4) of Ru@SILP|Si is significantly re-
duced with respect to Ru@Si, which confirms the presence of
the SILP interlayer between Ru and Si.

Due to the difficulties in the determination of the complex
refractive index Ny, (¢f supporting discussion), for Ru@SILP|Si
and Ru@$i, a self-consistent global model was devised that gives
access to the SILP thickness or N after sputtering (Figure 5a in-
set). The thickness of the SILP layer is slightly altered after Ru
sputtering. For the curves modeled with a constant ngj , shown
in Figure 5a, dg;; , apparently increases from 2.1 nm before sput-
tering to 2.4 nm after sputtering. However, it must be consid-
ered that thickness and refractive index are closely correlated for
such thin films (see Figures S12 and S13, Supporting Informa-
tion, and Experimental Section), hence an alternative and much
more likely interpretation of this experimental result is a con-
stant (or even decreased) dg;;p, with an increased ng;;, due to a
compression of the SILP and/or indentation of the metal into the
SILP. A clear distinction between these two models is currently
not possible due to the ambiguity of the Ru optical properties dis-
cussed in the Supporting information. Nevertheless, the analysis
of the SE data clearly shows that a continuous and intact inter-
mediate SILP layer is present between the Ru metal and Si/SiO,
after sputtering.

To corroborate the observation of the homogeneity of the Ru
NPs deposited via sputtering on the SILP|Si, KPFM was used. It
was found that Ru NPs on SILP|Si indeed show a homogenous
topography and work function map, depicted in Figure 5b—d. In
the topography image, the previously mentioned spherical struc-
tures of a very few 10 nm diameter are again visible as white
dots which is in line with the SEM images taken after the Ru
NPs deposition (Figure S9, Supporting Information). Because of
the lower KPFM resolution, individual Ru NPs structures are not
clearly detected, although indicated in the work function map, c¢f
Figure 5c. The histogram in Figure 5d shows a broader distribu-
tion of the work function in comparison to those of the pristine
Si wafer and the SILP|Si surface as provided in Figure 3e. These
work function differences further demonstrate the successful de-
position of Ru NPs by means of sputtering and the corresponding
alteration of the surface properties. Alongside the change in sur-
face work function, also a change in the surface wetting behavior
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Figure 5. a) Spectroscopic ellipsometry on Si, SILP|Si, Ru@Si, and Ru@SILP|Si. The inset depicts the global analysis model used. b) Topography of Ru
NPs deposited via sputtering under mild conditions (100 W, 2 s) on the SILP-modified Si-wafer sample exhibiting a smooth surface with some structures
on top. c) work function map of the Ru NPs modified SILP|Si surface showing a homogeneous distribution and some small structures, exhibiting an
enlarged work function. The histogram provided in d) shows a broader distribution in comparison to the SILP|Si and pristine Si surface as shown in

Figure 3e.

was observed after the NPs deposition. Contact angle measure-
ments were conducted on the Ru@Si and Ru@SILP|Si which
demonstrated similar contact angles (85° for Ru@Si and 86° for
Ru@ SILP|Si) indicating that the surface wettability is more dom-
inated by the Ru NPs than the SILP layer (Figure S14, Support-
ing Information). The obtained contact angle values are slightly
higher in comparison with the SILP|Si surface (70°) thus the sur-
face becomes slightly more hydrophobic after being decorated
with Ru NPs.

The influence of Ru NPs sputtering onto SILP|Si was further
investigated by ATR-IR (Figure 6a). In the lower wavenumber
range, strong baseline deviations were observed that are ascribed
to variations in SiO, thickness between the sample and the ref-
erence (piranha cleaned Si wafer). These make an analysis of
the spectra below 1800 cm™ very challenging, which is there-
fore omitted for ATR-IR analysis. In the range above 2700 cm™

Adv. Mater. Interfaces 2025, 2500073 2500073 (8 of 11)

typical patterns of overlapping bands were observed that can
be assigned to C—H stretching vibrations of the chemisorbed
[C4(C5Si0,)im]* cation. These bands are mainly assigned to two
groups, the first one from 3000 to 2800 cm™! is assigned to the
antisymmetric and symmetric C—H stretching modes (C—H v,,
C—H v,) of the alkyl chains (c¢f Table 1). The other peak in the
range of 3200-3000 cm™! corresponds to the C—H stretching
modes of the imidazolium ring. *°] The deposition of Ru has
a noticeable effect on both the positions and the peak width of
the aliphatic C—H stretching vibrations (Figure 6a and Table 1),
which are well known to reflect the order of chains in aliphatic
SAMs.¢l The positions of v, CH, and v, CH, at 2918 and
2849 cm™! conform with highly ordered aliphatic chains with
all-trans conformations. Upon Ru sputtering, both CH, stretch-
ing bands increase slightly in frequency and broaden, which
indicates a loss of conformational order due to an increasing
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Figure 6. a) ATR-IR spectra of SILP|Si and Ru@SILP|Si. SFG spectra in b)

C—F, and ¢) O—H stretching frequency regions for three different samples:

clean substrate (black squares), SILP|Si substrate (red circles), and Ru@SILP|Si (blue triangles). The solid lines are the fit to the experimental results

using a Lorentzian lineshape model.[®"]

population of gauche defects. Also, the antisymmetric C—H,
stretching vibration at 2965 cm™! is strongly influenced by sput-
tering, although the decrease in frequency is not well understood
yet. Furthermore, the position of the vy, C—H at #3152 cm™" in-
dicates that the imidazole ring is not strongly bound by the NTf,
anion.’”] Further, the position of this band is only weakly influ-
enced by Ru sputtering although it also broadens noticeably.

To obtain an even deeper insight into the NP-SILP inter-
actions in the Ru@SILP|Si system, we utilized SFG spec-
troscopy. Figure 6b,c shows the vibrational SFG spectra for
clean Si substrate (black squares), SILP|Si (red circles), and
NP@SILP|Si (blue triangles) in two different IR frequency re-
gions. In Figure 6b, the IR frequency was tuned to excite the
C—F stretching region. A clear resonant feature centered at
~1232 cm™ can be observed. This is known to be related to the

Table 1. Maxima of experimental C-H ATR-IR bands and assignments.

SILP|Si Ru@SILP|Si Assignment
3151 cm™! 3152 cm™! VRingC—H
2965 cm™! 2955 cm™! V,s CH;
2918 cm™! 2922 cm™! V,s CH,
2849 cm™! 2851 cm™! vg CH,

Adv. Mater. Interfaces 2025, 2500073 2500073 (9 of 1 1)

CF,; groups of the NTf, anions (note: different from FTIR mea-
surements, the resonant features in SFG can appear as peaks,
dips, or even bipolar. See our previous publication for more
information(®®)). Interestingly, after NPs deposition, the peak dis-
appears, suggesting that the molecular ordered structure has
been disturbed.

Figure 6¢ covers O—H stretching and shows only for the Si
substrate a narrow feature centered ~3735 cm™!, which can be
assigned to the surface O—H stretching of the hydroxy group af-
ter the piranha treatment. Such a feature has been observed on
many oxides under ambient conditions.[**! After the surface mod-
ification by the SILP and also after modification by Ru NPs, this
feature completely disappears (red curve in Figure 6¢), proving
the covalent bond formation during the SILP synthesis process.
In addition to the information about pure vibrational modes, the
line shape of vibrational SFG signals encompasses phase infor-
mation, enabling the determination of the relative orientation of
dipole moments in the moieties of interest, provided the nonres-
onant background is relatively large, as observed in the current
study. Generally, a peak-shaped signal (e.g., the O—H group in
Figure 6¢) indicates that the dipole moment of the vibrational
group is in phase with the electric dipole moment of the sur-
face. Conversely, a dip-like shape (e.g., CF; in Figure 6b) sug-
gests an opposite orientation of the vibrational group’s dipole
moment relative to the electric dipole moment of the surface.
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When the polarity direction of the surface is known, the abso-
lute orientation can be determined accordingly.¥l Here, if we
assume that the surface electronic dipole moment is oriented to-
ward the substrate because of the O-terminated surface, it follows
that the O—H is directed toward the air, while the C—F bond is ori-
ented toward the substrate. Additional vibrational SFG measure-
ments were performed in the C-H stretching region (see Figure
S15, Supporting Information). The observed general trend of red-
shifted peaks and the transition from structural order to disorder
upon deposition of Ru NPs is consistent with the findings from
the ATR-IR measurements. Unfortunately, a closer analysis by
XPS of the structural changes in the SILP after Ru particle de-
position was not possible because the coverage of the Ru NPs
hindered the detection of the SILP components. It is also worth
noting here that the SILP layer has no apparent influence on
the chemical behavior of sputter-deposited Ru NPs as the Ru3p
high-resolution XPS spectra obtained on the SILP|Si resembles
that obtained on a pristine Si wafer (Figure S16, Supporting
Information).

Altogether the ATR-IR and SFG measurements provide com-
prehensive insight into IL layer grafted onto the Si wafer as well
as changes induced by the Ru NPs deposition. Even though SFG
and XPS measurements could not prove the presence of the IL
layer after being decorated with Ru NPs, ATR-IR, and SE confirm
the existence of the molecular layer on the Ru@SILP|Si sam-
ple. Given the potential of these techniques and their surface
sensitivity, the approach presented herein with Si-wafer-based
NPs@SILP systems is found to be highly beneficial which would
otherwise not be applicable on powder-based NPs@SILP sys-
tems. The analysis of Ru@SILP|Si, Ru@Si, and SILP|Si samples
suggests that the interaction between SILP and Ru is primarily
structural. TEM reveals that the presence of SILP leads to smaller,
less interconnected Ru NPs. SE confirms the integrity of the IL
interlayer after sputtering, while ATR-IR and SFG indicate that
Ru distorts the conformational order of the SILP and increases
the amount of gauche defects. However, XPS analysis shows that
the chemical state of Ru remains unchanged when comparing
both configurations. Additionally, the hydrophobicity of the sys-
tem, at 50-60% Ru coverage, appears to be dominated by the
Ru NPs, with no significant influence from the SILP interlayer.
These findings provide an initial nanoscale view of NPs@SILP
systems on flat surfaces. While focused on a specific model sys-
tem, the approach can be extended to other NPs@SILP config-
urations, given that various types of ILs have been successfully
grafted onto powder-based silica supports,[1%2l and NP decora-
tion via sputtering is adaptable to different materials, as demon-
strated, e.g., for Au NPs.I*8] Since the sputtering method is in-
dependent of the modified support, it offers broad applicability.
However, each new system requires thorough analysis, with sys-
tematic parameter variation to distinguish individual and uni-
versal aspects of NP formation, molecular distortions, and NP-
molecule interactions.

3. Conclusion

In summary, we demonstrated a facile approach to modify Si
wafer surfaces with IL having a monolayer-like thickness which
was subsequently decorated by Ru NPs. This transfer of the
NP@SILP system from conventional powder-based supports
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onto flat surfaces enabled an extended in-depth characterization
of the individual nanoscale components thus providing insight
into the spatial distribution, surface properties, and molecular
orientations of the grafted SILP layer and the mutual interac-
tion with the Ru NPs and their formation. By utilizing a set
of complimentary characterization techniques, we first verified
the existence of the thin IL layer on the modified Si wafers.
In particular, we confirmed the monolayer-like thickness and
predominantly homogeneous surface coverage through ellip-
sometry and KPFM measurements, which are both techniques
not feasible on powder-based SILPs. By further transferring the
NP@SILP system to a TEM-compatible Si membrane, we iden-
tified that the imidazolium/NTf,~ IL influences the formation of
the magnetron-sputtered Ru NPs yielding smaller structures in
the presence of the SILP with no apparent chemical changes. Us-
ing ATR-IR and SFG spectroscopy, we identified a likely perpen-
dicular orientation relative to the substrate of parallelly aligned
alkyl chains, with the anions adopting an opposing orientation.
Upon NPs deposition, SE revealed a chemically intact IL layer
interlayed between the substrate and particles. However, the de-
position of NPs disturbed the ordered molecular arrangement,
leading to the loss of conformational order under the given con-
ditions. These results demonstrate that the approach presented
herein for transferring such systems from powder to flat Si
wafers opens new pathways toward a more detailed understand-
ing of such complex systems. In addition to the techniques pre-
sented herein, the arrangement of IL molecules on well defend
flat surfaces also enables further analysis techniques, such as
angle-resolved XPS (AR-XPS), as reported by Lockett et al.,[%]
which can provide even more information about the spatial ar-
rangement but was beyond the scope of this study. Furthermore,
structure-property-performance correlations might be also ob-
tained under in situ operando conditions. Finally, the versatile
approach and workflow showcased here for NPs@SILP systems
are easily transferrable to the large family of NPs@MMS materi-
als. This approach can be utilized for detailed studies on system-
atic variation in molecular modifiers, and NP materials, facili-
tating the fundamental understanding of such systems and en-
abling a knowledge-based design and optimization for technical
applications.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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