
 

 

 University of Groningen

Wetting of surfaces decorated by gas-phase synthesized silver nanoparticles
Ten Brink, Gert H.; Zhu, Xiaotian; Guo, Weiteng; Blauw, K.; Assink, L.; Svetovoy, V. B.; Kooi,
Bart J.; Palasantzas, George
Published in:
Journal of Chemical Physics

DOI:
10.1063/5.0070497

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2021

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Ten Brink, G. H., Zhu, X., Guo, W., Blauw, K., Assink, L., Svetovoy, V. B., Kooi, B. J., & Palasantzas, G.
(2021). Wetting of surfaces decorated by gas-phase synthesized silver nanoparticles: Effects of Ag
adatoms, nanoparticle aging, and surface mobility. Journal of Chemical Physics, 155(21), [214701].
https://doi.org/10.1063/5.0070497

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://doi.org/10.1063/5.0070497
https://research.rug.nl/en/publications/eda5c707-4f7d-4eb0-b817-98b217667669
https://doi.org/10.1063/5.0070497


J. Chem. Phys. 155, 214701 (2021); https://doi.org/10.1063/5.0070497 155, 214701

© 2021 Author(s).

Wetting of surfaces decorated by gas-
phase synthesized silver nanoparticles:
Effects of Ag adatoms, nanoparticle aging,
and surface mobility
Cite as: J. Chem. Phys. 155, 214701 (2021); https://doi.org/10.1063/5.0070497
Submitted: 07 September 2021 • Accepted: 09 November 2021 • Published Online: 03 December 2021

 Gert H. ten Brink, Xiaotian Zhu, Weiteng Guo, et al.

ARTICLES YOU MAY BE INTERESTED IN

Anomalous temperature dependence of the experimental x-ray structure factor of
supercooled water
The Journal of Chemical Physics 155, 214501 (2021); https://doi.org/10.1063/5.0075499

Dynamics of a single polyampholyte chain
The Journal of Chemical Physics 155, 214903 (2021); https://doi.org/10.1063/5.0066082

Fundamental insights into heterogeneous single-atom catalysis
The Journal of Chemical Physics 155, 210401 (2021); https://doi.org/10.1063/5.0073628

https://images.scitation.org/redirect.spark?MID=176720&plid=1689643&setID=533015&channelID=0&CID=616274&banID=520577610&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=9bae6abd127771db46248d5d7925570316299378&location=
https://doi.org/10.1063/5.0070497
https://doi.org/10.1063/5.0070497
http://orcid.org/0000-0002-7807-8831
https://aip.scitation.org/author/ten+Brink%2C+Gert+H
https://aip.scitation.org/author/Zhu%2C+Xiaotian
https://aip.scitation.org/author/Guo%2C+Weiteng
https://doi.org/10.1063/5.0070497
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0070497
http://crossmark.crossref.org/dialog/?doi=10.1063%2F5.0070497&domain=aip.scitation.org&date_stamp=2021-12-03
https://aip.scitation.org/doi/10.1063/5.0075499
https://aip.scitation.org/doi/10.1063/5.0075499
https://doi.org/10.1063/5.0075499
https://aip.scitation.org/doi/10.1063/5.0066082
https://doi.org/10.1063/5.0066082
https://aip.scitation.org/doi/10.1063/5.0073628
https://doi.org/10.1063/5.0073628


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

Wetting of surfaces decorated by gas-phase
synthesized silver nanoparticles: Effects of Ag
adatoms, nanoparticle aging, and surface mobility

Cite as: J. Chem. Phys. 155, 214701 (2021); doi: 10.1063/5.0070497
Submitted: 7 September 2021 • Accepted: 9 November 2021 •
Published Online: 3 December 2021

Gert H. ten Brink,1 Xiaotian Zhu,1 Weiteng Guo,1 K. Blauw,1 L. Assink,1 V. B. Svetovoy,2 Bart J. Kooi,1

and George Palasantzas1,a)

AFFILIATIONS
1 Zernike Institute for Advanced Materials, University of Groningen, Nijenborgh 4, 9747 AG Groningen, The Netherlands
2 A. N. Frumkin Institute of Physical Chemistry and Electrochemistry, Russian Academy of Sciences,

Leninsky Prospect 31 Bld. 4, 119071 Moscow, Russia

a)Author to whom correspondence should be addressed: g.palasantzas@rug.nl

ABSTRACT
The wetting state of surfaces can be rendered to a highly hydrophobic state by the deposition of hydrophilic gas phase synthesized Ag nanopar-
ticles (NPs). The aging of Ag NPs leads to an increase in their size, which is also associated with the presence of Ag adatoms on the surface
between the NPs that have a strong effect on the wetting processes. Furthermore, surface airborne hydrocarbons were removed by UV–ozone
treatment, providing deeper insight into the apparent mobility of the NPs on different surfaces and their subsequent ripening and aging. In
addition, the UV–ozone treatment revealed the presence of adatoms during the magnetron sputtering process. This surface treatment lowers
the initial contact angle of the substrates and facilitates the mobility of Ag NPs and adatoms on the surface of substrates. Adatoms co-deposited
on clean high surface energy substrates will nucleate on Ag NPs that will remain closely spherical and preserve the pinning effect due to the
water nanomeniscus. If the adatoms are co-deposited on a UV–ozone cleaned low surface energy substrate, their mobility is restricted, and
they will nucleate in two-dimensional islands and/or nanoclusters on the surface instead of connecting to existing Ag NPs. This growth results
in a rough surface without overhangs, where the wetting state is reversed from hydrophobic to hydrophilic. Finally, different material surfaces
of transmission electron microscopy grids revealed strong differences in the sticking coefficient for the Ag NPs, suggesting another factor that
can strongly affect their wetting properties.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0070497

I. INTRODUCTION

The wettability of nanostructured surfaces has attracted relent-
less interest from both the fundamental and technological points of
view to understand and control surface wetting.1–5 Surface wetting
has been a heavily studied topic for more than 200 years, dating back
to Young6 who showed the relationship between the contact angle
(CA) θ, the surface tension of the liquid σlg, the interfacial tension
σsl between the liquid and solid, and the surface free energy σsg of
the solid. In 1936, Wenzel2 and later Cassie and Baxter3 showed
the dependence of the water CA on real surfaces by incorporating
the influence of surface roughness. The equation by Young in com-
bination with the Wenzel and Cassie Baxter models suggests that
the wetting of a surface is controlled by both its chemical nature

and roughness. For rough surfaces, the Wenzel (W) model2 gives
the contact angle CAw = cos−1

[R∗ cos θ], with R∗ being the ratio
of the actual to normal projected area of the solid/liquid interface.
In this model, a hydrophilic/hydrophobic surface would be more
hydrophilic/hydrophobic with surface roughening (assuming com-
plete contact of the liquid with the surface). Compared with the
surface chemical composition, surface roughness can then play an
even more dominant role in wettability.7

In previous studies, it was shown that one can alter the wetting
behavior of an intrinsically hydrophilic material, e.g., Cu nanopar-
ticles (NPs)8,9 in combination with nanoscale roughness, leading
to superhydrophobic surfaces.10 On the other hand, it is known
that wetting phenomena are determined by molecular interactions
within the interfacial area between the liquid and the solid at the
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location of the triple line.1,4,5 In fact, it has been argued that the wet-
ting behavior on rough surfaces can be classified into four classes:
Wenzel, Cassie-Baxter, pinning, and hemiwicking state.11 From the-
oretical calculations, two special microstructures have been pro-
posed to produce super-hydrophobic states on hydrophilic sub-
strates, as is shown in Figs. 9(a) and 9(b) of the paper by Liu
et al.12 However, it is claimed that if the air beneath the water
droplet on a sinusoidal substrate is open to the atmosphere, then
the superhydrophobic state can exist only when the substrate is
hydrophobic.

Here, the NPs represent a state of matter that is intermediate
between atoms and the bulk solid-state, with properties that depend
strongly on their size, shape, and material, as well as on its envi-
ronment,13 offering wider possibilities for wetting and other surface
phenomenon investigations (e.g., catalysi14 and antibacterial appli-
cations as is the case for Ag15–18). The general aim of using NPs
is to modify the surface roughness and/or morphology and create
surfaces with different functionalities that are not present in bulk.
Individual NPs and porous structures made with NPs of sizes smaller
than 30 nm are rather difficult to image on a solid substrate.19 To
visualize the NP size distribution and surface coverage during sput-
tering, NPs can be deposited also on a TEM grid from the same
particle beam.10,20 The TEM grid can then be analyzed separately
with high enough magnification for characterization. However, as
it will be shown below, this method does not always lead to the
same NPs both in size and surface coverage. Moreover, the neces-
sity for pre-cleaning both the substrates and TEM-grids will also be
addressed.

Therefore, here, we will investigate the wetting properties of
various substrates that are covered up to various degrees with Ag
NPs to demonstrate water pinning nanostructures leading to near
super-hydrophobicity via control of roughness on a single nanome-
ter length scale. The Ag NPs were deposited on flat surfaces using
Inert Gas Condensation (IGC) magnetron sputtering from Ag tar-
gets on both hydrophilic and hydrophobic surfaces. Moreover, we
investigated the aging and ripening of the Ag NPs on various sub-
strates over time, taking into account their cleanness due to pollution
by airborne hydrocarbons. In fact, it will be shown that NP deco-
rated surfaces lead to a change in surface roughness by generating a
nano-porous network forming many nano-capillaries upon contact
with water during wetting studies. The change in the contact angle
(CA) is the result of the pinning of the triple line, leading to apparent
super-hydrophobicity of a hydrophilic surface, which can be associ-
ated with high pinning force due to nano-capillaries formed around
the NPs.20,21 Moreover, we will demonstrate that the wetting state
depends strongly on the choice of NPs, the substrate material, and
cleaning, as well as on the NPs’ surface dynamics due to aging and
ripening.21 In the case of Ag NPs, which are made from high surface
energy material, a substrate dependence is found in the sense that
the NPs behave differently when deposited on a relatively low22 (e.g.,
oxides and graphite/carbon) or a high surface energy material (clean
metal surfaces). The aging results of the Ag NPs are also of partic-
ular interest for their use in other applications, e.g., in catalysis and
medicine.23,24 In addition, the mechanisms that are responsible for
coarsening phenomena known as Ostwald and Smoluchowski ripen-
ing25 act and age NPs differently depending on the NP–substrate
system.

II. EXPERIMENTAL METHODS
To synthesize Ag NPs, several techniques are available.26–30

IGC with high-pressure magnetron sputtering is now recognized
as a mature method to produce a beam of monodispersed clean
metal NPs, which can be deposited on a variety of substrates to
produce porous thin films with both controlled coverage and size
of NPs.31–36 The initial Ag NPs have been produced with a home-
modified high-pressure magnetron sputtering source based on a
commercially available Mantis Nanogen-50© unit. The Ag NPs have
a monodisperse size distribution (FWHM <10%), with the operating
window set for NP sizes in the range of ∼10–40 nm. The size of the
NPs could be altered, e.g., by changing the aggregation length, pres-
sure, type of gas (argon and helium), and magnetron power.35,37–39

The Ag NPs were co-deposited on silicon wafers, polished graphite,
and polished Ag targets. To exclude the influence of substrate clean-
ness, all substrates received UV–ozone cleaning for 30 min before
the deposition of the NPs. The deposition of NPs was progressed as
quickly as possible on holey or continuous carbon-coated Cu grids
“HC/CC” (300 mesh), 5 nm thick high-resolution silicon TEM grids,
40 nm thick silicon oxide TEM grids, and 20 nm thick silicon nitride
TEM grids (all from TEM windows©). Careful TEM/EDX (Energy
Dispersive X-ray) and diffraction analysis were performed to address
the oxidation state and structure of the NPs (see Figs. 1 and 2).

The NPs were characterized with a JEOL 2010 TEM oper-
ating at 200 kV and an FEI Helios G4 CX dual beam system in
S(T)EM mode operating at 18 kV. The high resolution (S)TEM
images were taken with a monochromated and double aberration-
corrected Thermo Fisher Scientific Themis Z (S)TEM operating at
300 kV. The obtained (S)TEM images were statistically processed by
the Image-Pro Plus v.7 software39 to obtain the NP size distributions
(see the supplementary material, Fig. S1). The latter was fitted by the
log-normal size distribution,

fX(x; μ, σ) =
1

xσ
√

2π
e−

(ln x−μ)2

2σ2
(x > 0), (1)

using MATLAB and Origin routines.40 This is performed to ver-
ify that the typical NP growth process takes place during high-
pressure magnetron sputtering by condensation of a supersaturated
vapor, where the growth rate is independent of size. In Eq. (1), the
parameters μ and σ are the mean and standard deviation of ln(x),
respectively, with x being the particle size. The actual standard devi-
ation of the particle size Δσ as a function of μ and σ is given by
Δσ =

√

exp(σ2
) − 1 exp(μ + σ2

/2). The substrates were commer-
cially available Si wafers 2 in. in diameter and carefully polished
Ag(5N) and graphite(4N) substrates. The polishing procedure was
Method B taken from the Struers Metalog Guide, with the last pol-
ishing step using 0.25μm size diamonds. Finally, the contact angle
measurements were performed using a Dataphysics OCA25 sys-
tem. An automated syringe dropped ∼2 μl droplets of pure water
(MilliQ) on the sample, where a camera recorded the images for sev-
eral seconds (10) and fed them through the Dataphysics41 SCA202
v4.1.17 build 1024 image processing software. The values of the con-
tact angles were obtained via a direct fit to the interface region only
and a fit using the Young–Laplace (YL) equation based on the shape
analysis of a complete drop.42
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FIG. 1. (a) HR BF TEM image (taken with an FEI Themis Z) after aging. (b) Zoomed
in HR BF TEM image. (c) STEM HAADF image of the same area zoomed in on a
single Ag NP. (d) FFT No. 2 of two different areas of the same aged Ag NP showing
the ⟨311⟩ plane. (e) FFT No. 1 showing the ⟨220⟩ plane.

III. RESULTS AND DISCUSSION
A. Wetting behavior on various substrates
and different coverages of Ag NPs

In the pursuit for further research of super-hydrophobicity on
a single nanometer lengthscale,10 a series of Ag NP depositions were
performed on native Si oxide surfaces from Si ⟨100⟩ substrates and
polished Teflon surfaces. The Ag NPs were sputtered for 30, 60, 120,
and 360 min. Ag is less sensitive to oxide formation than Cu, as it is
shown in Figs. 1 and 2, and it revealed a slightly higher Static Contact
Angle (SCA) than Cu NPs with oxidized surfaces under the same
experimental conditions.10 The resulting coverages from analyzing
the co-deposited TEM grids, as can be seen in Fig. 3, were 12%,
28%, 58%, and 83%. The corresponding SCAs are given in Figs. 4
and 5. As shown in Fig. 5, the deposited Ag NPs transform the ini-
tial hydrophilic surface of Si oxide with an SCA of 52○ to a closely
superhydrophobic one (assigned to CA = 150○) with 143○. Interest-
ingly, a very similar SCA approaching 140○ is found for the high-
est Ag NP coverage on Teflon substrates. Hence, although the bare

FIG. 2. BF-TEM images for AG NPs. The inset shows the electron diffraction
pattern (SAD) and the corresponding intensity profile of the diffraction spots, con-
sistent with fcc Ag. ⟨111⟩ plane: k[1/nm] = 4.248 and d = 2.35 Å; ⟨200⟩ plane:
k[1/nm] = 4.845 and d = 2.06 Å; ⟨220⟩ plane: k[1/nm] = 6.957 and d = 1.44 Å;
⟨311⟩ plane: k[1/nm] = 8.219 and d = 1.22 Å.

surfaces can have clearly different CAs, the highly covered ones
become all similar, close to super-hydrophobicity.

The TEM images (see Figs. 2 and 3) and S(T)EM images (see
Figs. S2a–S4b) show individual NPs with monodisperse size distri-
bution and coverage that scale in proportion with the deposition
time (see Fig. S5), although the NPs even at low coverages tend to

FIG. 3. BF TEM images from deposited Ag NPs on HC TEM grids: (a)–(d) = 12%,
28%, 58%, and 83%, respectively. Coverage: 30, 60, 120, and 360 min deposition
time, respectively.
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FIG. 4. Static contact angles and side-view images of the water droplet for different
coverages of Ag NPs on a silicon wafer (left) and polished Teflon (right).

also land on top of each other (see also Figs. 1–3 in Ref. 44). The
resulting SCA is due to the pinning of the triple line by the NPs, par-
ticularly by the water nanomeniscus in the apex between the NP and
substrate, as was discussed in the previous studies.10,45,46

The same experiment was carried out on carefully polished
Ag and graphite substrates. The resulting surfaces and the effect of
UV–ozone cleaning46 for the SCA of water are shown in Table I
and Figs. 6(f)–6(i). The high-resolution SEM images in Figs. 6(d)
and 6(e) revealed two distinct surfaces. The graphite surface (a sys-
tem with low surface energy comparable with the also carbon-based
CC/HC TEM grids to be discussed below) showed individual Ag
NPs merging into “fluffy” aggregates and forming bigger objects,
but with most individual Ag NPs still visible. In contrast, the Ag
substrate with deposited Ag NPs revealed that almost all of the Ag
NPs coalesced into larger aggregates without preserving the individ-
ual character of the original Ag NPs. The resulting surface appeared
very similar to thermally evaporated Ag thin films of 1, 5, and 15 nm
thickness.29 The rapid coalescence of NPs is one of the reasons why
it is difficult to make nanoscale materials and to keep them dis-
tinct so that they maintain their individual character.39,48–50 On the
other hand, Cu NPs deposited on Teflon and Si substrates (as dis-
cussed earlier10) and the Ag NPs on polished graphite did not show
coalescence.

FIG. 5. Dependence of the static contact angle on the coverage of Ag NPs on
both Teflon and silicon, which are initially hydrophobic and hydrophilic surfaces,
respectively. Power functions have been fitted through both the datasets. Although
the effect of induced surface roughness is lower on silicon, the CA tends toward
the same value, indicating the predominant effect of the NP topology.

The obvious question that arises is why Ag NPs behave so dif-
ferently on the four different substrates. From MD calculations and
earlier experiments with Au NPs/clusters on different substrates, one
derives relatively mixed conclusions. Some works claim that Au clus-
ters are immobile on a surface,25,43,51,52 whereas others claim high
mobility and state for the mobility/cluster-diffusion speed to be as
high as those of individual (ad)atoms.51,54–56 These conclusions were
made by experiments using a scanning tunneling microscope with
an extremely clean substrate and under ultra-high vacuum condi-
tions. The main conclusion for the mobility of the Au NPs was the
influence of the substrate. On graphite, a low surface energy material
(HOPG 60 mJ/m2), the mobility of the Au NPs was high. For a sub-
strate of a crystalline high energy material (Ag56 1200 mJ/m2, Cu56

1600 mJ/m2, and Au56 1400 mJ/m2), the mobility was reduced, and
upon reaching the upper limit of epitaxy, the particles would stay
fixed.51,57 The data derived from MD calculations for clusters ≥200
atoms at 300 K indicate immobile NPs. In our case, the Ag NPs, soft-
landing on an amorphous native Si oxide layer, is much larger than
200 atoms. In fact, a 30 nm in size Ag NP contains about n = 73 8103

atoms58 [n = (rn/rW)3, where rn is the diameter in nm of the NP and
rw = 1.66 Å is the Wigner–Seitz radius of Ag]. An amorphous sub-
strate has no order, and therefore, there is no driving force for the

TABLE I. Static contact angles for two different substrates. The Ag NP coverage is
∼28% after 60 min of NP sputtering on polished graphite and Ag surfaces. The effect
of UV–ozone cleaning on the CA is also shown.

SCA in degrees
Before

UV–O3

After
UV–O3

After
10 days

Polished Ag (P–Ag) 59 ± 3 50 ± 1 87 ± 5
Polished graphite (P–C) 78 ± 1 46 ± 0.5 49 ± 2
P–Ag + 60 min Ag NPs 105 ± 4
P–C + 60 min Ag NPs 36 ± 2
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FIG. 6. HR-SEM images taken before
[(a) and (b)] and after the deposition
[(c) and (d)] to illustrate the nanoscale
rough surface at 400 K X mag. Image (c)
is the corresponding BF S(T)EM image
scaled to size. Images inset [(f)–(i)] are
the Static Water Contact Angles (SCAs)
from the corresponding surfaces.

NPs to realign.51 As a result, the force that remains is the van der
Waals interaction, which is strong enough for the NPs to stick to the
surface.

At higher coverages, the next layer of Ag NPs lands on top of
other Ag NPs, leading to rougher surfaces and creating even more
water nano-capillaries.13,57 The soft landing deposited Ag NPs can
react with the substrate in different ways. They can stick on the sur-
face and maintain their shape, and they can also (by aligning along
with the crystallographic orientation of the substrate) sink totally or
partly into the substrate, wetting the total or only a part of the sur-
face.59 If the Ag NPs upon mutual contact realign and coalesce into
bigger spherical NPs, the result is an apparent hydrophobic CA due
to pinning of the triple line as a consequence of the formation of the
nanomeniscus (underneath the particles). If the same Ag NPs land
on a clean Ag surface (UV–ozone cleaned to remove airborne hydro-
carbons), a situation different from non-cleaned surfaces arises. This
polished Ag surface is crystalline, and the d-spacing of the atoms
in Ag NPs closely matches the bulk d-spacing from the substrate.
The Ag NPs will align along the crystallographic orientation direc-
tion and wet the surface.60,61 Similar explanations for the observed
coalescence phenomena have been found by Grouchko et al.,60,61

which were to understand the mechanism of coalescence of Ag NPs,
a series of in situ high-resolution TEM experiments were performed
by imaging the contact of two individual NPs. They found that two
Ag NP particles with the same crystal structure result in a larger
particle with the original crystal structure.60 However, processes can
be complex because they also found that Ag NPs and Au NPs tend
to stay distinct in contact with each other whereas the Ag NPs in
contact with a gold rod would “merge and sink” and lose their
morphology.61

In our case, it is evident that the Ag NPs on the clean polished
Ag substrate coalesce [see Fig. 6(e)]. It is unfortunately unknown

if the nanomeniscus with the substrate is removed if the Ag NPs
coalesce and merge with the substrate. However, judging from the
current SCA measurements and the obtained hydrophobic CA, the
nanomeniscus must be present. In theory, with increasing rough-
ness, the surface should become more hydrophilic based on the
Wenzel model.8,9 However, here, the SCA evolves from 50○ for the
clean polished Ag surface to 105○ for a surface with only 28% Ag NP
coverage. The latter means that a part of the Ag NPs or the resulting
surface still has a high degree of pinning due to the nanomeniscus
formed between the NPs and the substrate surface.

Moreover, a Si wafer surface with the same amount of Ag NPs
also gives an SCA of roughly 105○. These identical results for the Ag
and Si-oxide surfaces are a clear indication that the Ag NPs and their
shape determine the SCA of the surface. The High-resolution (HR)-
SEM image in Fig. 6(d) shows the altered state of the Ag NPs on the
polished graphite surface as compared to the polished Ag surfaces
[see Fig. 6(e)]. The Ag NPs on the polished graphite surface show a
different morphology despite deposition under identical conditions.
On the polished graphite, the Ag NPs appear to be movable over the
surface because of the lower surface energy of the carbon, in agree-
ment with conclusions made by several authors.43,50,52,55 However,
regardless of the visible NP shapes that remain spherical, the SCA
for the graphite surface is much lower than the SCAs for the Ag and
Si-oxide surfaces. Judging from the SEM images, a thin coherent film
is made on the graphite from individual Ag NPs (since the coales-
cence into larger spheres is not observed). The resulting SCA of 36○

(Fig. 6 and Table I) for the NP covered graphite surface suggests a
slightly more hydrophilic state than the surface of the clean polished
graphite target (CA = 46○). This is also smaller than the 50○ CA of a
polished Ag target. The Ag NP layer on graphite, therefore, behaves
hydrophilic in a Wenzel state as it happens for a rough Ag thin film.
The latter can be seen in the HR-SEM images of Fig. 6(d). The rough
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surface appears to be constructed of Ag NPs, although judging from
the SCA, it lacks the many nanomenisci between the particles and
the substrate, which leads to water pinning.

To check if the loss of the water nanomeniscus (transition
from spheres into a rough layer) was the reason for this behavior,
a series of Ag NPs depositions were performed (see Secs. III B and
III C and Fig. S1 of the supplementary material). One of the con-
clusions of these experiments is that during the deposition, besides
NPs, adatoms are also being deposited. This phenomenon appears to
have been overlooked in other experiments/explanations.62,63 These
adatoms are very mobile on a graphite surface (HOPG) and sam-
ples covered with airborne hydrocarbons.21 The adatoms are co-
deposited and diffuse, leading to nucleation on the substrate and also
under the deposited NPs59 filling up the apexes underneath the NPs
and therefore preventing water pinning by the nanomeniscus.

In the case of sintering or coalescence of contacting spheres
of radius r, theoretical calculations59 have shown that the sinter-
ing kinetics are described by Xn

/rm
= A(T)t, where X is the neck

radius, A(T) is a temperature-dependent constant that varies with
the mass transport mechanism, n and m are constants, and t is
the time. From the several mechanisms available for mass trans-
port, the two most likely ones involve diffusion either through the
bulk or via the surface of the contacting islands. For bulk diffu-
sion, we have n = 5 and m = 2, whereas for surface diffusion,
n = 7 and m = 3; however, calculations show that surface diffusion
dominates sintering. Ostwald ripening, sintering, and cluster migra-
tion are different phenomena taking place and interfering at the
same time.59 Surface nucleation of adatoms on a substrate has been
described in great detail by Knauer64 based on Knudsen cell deposi-
tion, although the principles of surface nucleation of (ad)atoms are
still valid here. Although the Ag NPs on the Ag target are less mobile
than the graphite target,25,43,53–56,66–67 they appear to coalesce into
bigger spherical NPs where a reason could be again the overlooked
role of adatoms. The Ag NPs as a whole are too big to move around
and coalesce on the crystalline substrate. However, the individual
adatoms can migrate toward the bigger NPs and nucleate/sinter on
them as can be seen in HR-(S)TEM images (Fig. 1 and Figs. S2–S4 of
the supplementary material). A process that normally takes place is
Ostwald ripening, where traditionally larger NPs grow at the expense
of the smaller ones. This process occurs because the barriers for atom
diffusion are relatively low on a metal surface.25,68 The next logical
step would be that these atoms nucleate on the Ag NPs (achieving
a lower energy state) along with the crystal orientation of the Ag
NPs. The second ripening mechanism is the Smoluchowski ripening,
where particle migration and coalescence lead to larger clusters. The
same nucleation mechanism would occur on the graphite surface,
where, however, the graphite substrate does not aid the crystalliza-
tion step. Consequently, the resulting surface consists of individual
Ag NPs, where the apex under the particles is filled with adatoms,
resulting in a rough Ag decorated substrate being in a Wenzel state.
The resulting rough surface should be more hydrophilic than the
flat surface as the experiment confirms. Moreover, it is also a clear
indication that the high SCAs of NP covered Ag, Teflon, and Si-
oxide surfaces are caused by the shape of the Ag NPs in combination
with a flat substrate that allows us to create a water nanomeniscus
between the NP and substrate. If this condition is not fulfilled, then
the SCA will decrease as it has also been confirmed by Guo et al.,20,21

where it is shown that there is a linear relationship with the apex

under the Cu NPs and the measured SCA. Moreover, the findings are
in agreement with recent observations supporting that the asperity
shape is more important than the asperity height4,69 in determining
the wetting state.

B. Aging of Ag NPs on the surface
of various TEM grids

To analyze the behavior of Ag NPs on different substrates in
more detail and explain its influence on wetting, a series of exper-
iments was performed on TEM grids and analyzed using high-
resolution electron S(T)EM images. The Ag NP coverage should
be low enough to analyze the individual NPs but sufficiently high
for coalescence to take place. Furthermore, the effect of cleaning of
the substrate, in our case UV–ozone cleaning, should be addressed.
Since the TEM grids should be electron transparent and amorphous,
only a limited number of different TEM grids are available, which in
our case are Continuous Carbon (CC) grids, Holey Carbon (HC)
grids, and silicon nitride/oxide TEM grids. For each deposition con-
dition, there was always a comparison between deposition on a grid
without and one with UV–ozone treatment for 30 min. In total, three
sets of experiments were conducted (see the supplementary material,
Fig. 1). Each set was performed without interrupting the vacuum.
The TEM grids were labeled as follows: (i) ten CC grid (as is = N;
ozone cleaned = O) samples: 1-5NCC and 1-5OCC, (ii) ten HC grid
samples: 1-5NHC and 1-5OHC, and (iii) eight silicon nitride/oxide
TEM grids and two HC TEM grids.

Insets (i) and (ii) show the CC and HC TEM grids exposed
to Ag NP deposition for 3, 6, 12, 24, and 48 min, and therefore,
the sample numbers 1–5 appeared. After the deposition, S(T)EM
images were obtained as fast as possible in less than two days. The
S(T)EM images in Figs. S2a and S3a of the supplementary material
were analyzed with the image analysis protocol as explained in Fig.
S1 of the supplementary material. The data of Table S1 and S2 of the
supplementary material are also shown graphically in Fig. S5 of the
supplementary material. The cluster-source was set to a fixed current
of 0.15 Amp, and a Quartz Crystal Microbalance (QCM) recorded
the linear mass uptake during all depositions. The average size of the
Ag NPs deposited on the NCC and OCC grids was 27.6 and 28.2 nm,
respectively, and the FWHM after fitting the log-normal size distri-
butions was found to be 3 nm. The NHC and OHC grids showed
NP sizes of 28.0 and 28.5 nm, respectively. Taking the FWHM of
3 nm into account, the cluster-source thus produces, according to
the S(T)EM images, Ag NPs with a consistent size of 28 nm for a time
period of 186 min (93 min for each of the two sets). The coverage [by
counting all pixels from the Ag NPs covering the area in the S(T)EM
images] scales linearly with time (see Fig. S5), although judging from
the S(T)EM images, some NPs land on top of each other.

The average size of the Ag NPs after 11 weeks of aging [see the
S(T)EM images in Figs. S2b and S3b of the supplementary material]
increased (from 27.6) to 42.4 nm for the NCC grids, while for the
UV–ozone cleaned grid OCC, it increased (from 28.2) to 37.4 nm.
The FWHM increased to 4.2 nm for the CC grids and to 5.9 nm
for the UV–ozone cleaned grids. This is an increase in NP diameter
of 54% for the uncleaned grids and 33% for the UV–ozone cleaned
grids. All data are summarized in Tables S1–S3 of the supplemen-
tary material. The untreated HC grids showed an increase of 40% in
size after 11 weeks of aging, while the UV–ozone-treated HC grids
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showed an increase of 34% in size. From these numbers, it becomes
evident that Ag NPs ripen/age more on untreated CC-TEM grids
than on UV–ozone treated CC-TEM grids.

One explanation for the increased growth of the NPs on sam-
ples that were not UV–ozone treated can be attributed to the higher
mobility of atoms due to airborne hydrocarbons on these samples.
In contrast, on the UV–ozone cleaned surfaces, many new ultra-
small circular Ag nuclei are formed [see HR-S(T)EM in Figs. 1, S2b,
and S3b]. The overall growth of the NPs can be explained by Ost-
wald ripening69 or NP coalescence. Then, the NP number density
must decrease although this is not observed. A plausible explanation
for the observed phenomena here is the presence of many adatoms,
which are co-deposited during the sputtering process as a remnant
from the plasma in the cluster source and after aging contribute to
the NP growth.

Judging from the HR-S(T)EM images in Fig. 1, it is inconclu-
sive if the adatoms nucleate in 2D or 3D islands and diffuse over
the grid or coalesce into bigger spheres. The adatoms after deposi-
tion on the substrate start to nucleate to minimize their surface free
energy.59 The nucleation in the form of 2D islands is more likely
to take place because of the large increase in the covered area upon
aging. Such a large increase due to adatoms is possible in 2D islands,
but spherical Ag NPs would require an unrealistically high number
of adatoms during aging. The FFT measurements from the (S)TEM
data (see, e.g., Fig. 1), show that d-spacing is consistent with fcc
Ag. No other phase is observed, also after aging, but a major effect
that interferes with the observations is the continuous contamina-
tion/redeposition of hydrocarbons. Amorphous carbon is deposited
during image acquisition, and it results in a carbon blanket obscur-
ing everything underneath it.70 After 1.5 weeks, the effect of the
airborne hydrocarbon contamination and influence on the CA is at
its maximum, and when it reaches a plateau20,21 [see Fig. 6(b)], any
surface (and high-surface energy materials are even more suscepti-
ble to this effect) attract airborne hydrocarbons, which subsequently
are adsorbed on the surface and “shield” the polar surface sites, lead-
ing to a decrease in the overall surface energy. Therefore, the TEM
grids were analyzed both directly after deposition and after 11 weeks.
The images show a dynamic process, down to atomic resolution, in
which NP covered surfaces can change rather dramatically over time
due to NP growth, where adatoms probably play a major role,72–74

and due to airborne hydrocarbon contamination. Both processes
have a major effect on the wetting properties of the NP covered
surfaces, as was already shown in Sec. III A.

C. Mobility of adatoms and sticking coefficient of Ag
NPs on various substrate surfaces

A final series (iii) consisting of five untreated and five
UV–ozone cleaned TEM grids were prepared: Duplo series of 5 nm
thick silicon high-resolution TEM grids, 40 nm silicon oxide TEM
grids, 20 nm silicon nitride TEM grids (all from TEM windows),
and one HC grid. For comparison, all TEM grids received an iden-
tical 10 min Ag NPs deposition. The S(T)EM images in Figs. 4(a)
and 4(b) of the supplementary material have been analyzed with the
same image analysis protocol as explained in supplementary mate-
rial Fig. S1. The tabulated data in Tables S1 and S2 of the supple-
mentary material are graphically displayed in Figs. S5(e) and S5(f)
of the supplementary material, where the data points are connected

as a guide for the eye. The 10 min Ag NP deposition should show
the same size and coverage (ignoring the influence of the deepen-
ing of the Ag target racetrack during sputter deposition75,76) on the
different TEM grids. Then, the four lines in the two graphs should
be horizontal lines on top of each other. This is clearly not the case.
The experiment shows that there is a clear difference in the sticking
coefficient (and coverage) of the Ag NPs on the different TEM grids
and the effect is more pronounced after aging. For an equal amount
of time in the cluster beam of the Ag NPs, the NHC TEM grid gave
a 3%–4% coverage with an NP size of 26.5 nm, which is compara-
ble with the previous depositions. The 20 nm Si3N4 and 5 nm SiO2
grids showed an increased Ag NPs average size up to 30 nm. The
40 nm SiO2 TEM grid after S(T)EM imaging gave Ag NPs with an
average size of 40 nm, indicating a size increase of about 50% com-
pared to the NHC grid. Moreover, the difference in size and coverage
becomes more pronounced after aging (compared with the observa-
tions of the CC and HC TEM grids), as is shown in Table S3 of the
supplementary material.

For aged Ag NPs, the average NP size on the N–SiO2 grids is
9% taller than it is on the NHC grids. The Ag NP coverage on NHC
is 3.2%, again comparable to the previous deposition, but it is only
0.5% on the 40 nm SiO2 TEM grid. One possible reason could be the
effect of electrostatic repulsion.77–79 After aging, the NP coverage on
the SiO2 TEM grid increases up to 1.5% due to the large size increase
(growth) in a few Ag NPs. Moreover, another striking effect is the
absence of the ultra-small Ag (“2D”) nuclei on the nitride and oxide
surface, which is in sharp contrast to the UV–ozone treated CC and
HC grids. Therefore, it can be argued that due to the lack of mobility
on the CC and HC, the adatoms nucleate on the substrate instead
of migrating toward and nucleating on the Ag NPs, as is the case
for the nitride and oxide surfaces. Then, we have to explain why the
Si3N4/SiO2 substrates are different from the CC/HC.

To explain this, it is first instrumental to analyze the role of sur-
face hydrocarbons and their removal by the UV–ozone treatment.
As shown in Fig. 6(b), this process lowers the initial SCA of the
substrates by making them more hydrophilic. However, the abso-
lute change in the SCA differs for the different substrates shown
in Fig. 6(b). Unfortunately, the SCA change in the TEM grids can-
not be measured since the grids are too small in diameter to allow
macroscopic water drops for wetting measurements. During atmo-
spheric exposure, the airborne hydrocarbons re-contaminate the
substrate surface, and saturation is achieved after ∼1.5 weeks, which
is a reversible process.21 The hydrocarbons enhance the mobility of
both the Ag NPs and adatoms on the substrate, in the same way as
the difference in surface energy between the holey/continuous car-
bon TEM grids and the silicon nitride/oxide TEM grids is enhanced.
If the surface hydrocarbons are removed from the CC/HC TEM
grid/substrates, then the surface diffusion of adatoms is restricted
to smaller distances, and they nucleate to form ultra-small (“2D”)
nuclei that grow in size and number density over time. In contrast,
on the silicon nitride/oxide TEM grids, the adatoms always remain
more mobile, and they diffuse to the already existing NPs and do not
nucleate in the ultra-small nanoclusters.

The above-mentioned process is in contrast to the traditional
Ostwald and Smoluchowski ripening.80 The Ostwald ripening pro-
cess does not stop since the average size of the original Ag NPs
has increased by 30%–100% in the observed diameter. However, the
overall coverage of the surface with (smaller) NPs continues to grow
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without any new atoms being added to the surface except for the air-
borne hydrocarbons and oxygen. Hence, here, we do not have a case
where the bigger NPs grow at the expense of the smaller ones, but we
have growth due to nucleation of adatoms in islands on the surface
or due to their migration toward existing NPs.

Upon careful inspection of the SiO2 and Si3N4 TEM grids, there
is even a large difference in the coverage of the TEM windows in
comparison to the support frame, as can be seen in Figs. S7 and S7b
and Table S4 of the supplementary material. For the Si3N4 grids,
the ratio was 44/12, which is a factor of four higher on the win-
dows. The 5 nm non-porous SiO2 grids have a ratio of 35/9, which is
also close to a factor of four higher on the windows. For the 40 nm
SiO2 TEM grid, we have a factor of 10/5, which is a factor of two
although it has a factor of four less than Ag NPs overall. A sim-
ilar observation of the difference in the sticking coefficient from
NPs on supported and suspended graphene has been found, and
some explanation has been proposed in the work by Chen et al.81

Although further research is necessary, the fact is that in all cases of
the investigated TEM grids, the average size of the Ag NPs increased
over time, where aging, ripening, and/or coarsening is a continuous
process.

Finally, a surprising observation is thus the difference in the
sticking coefficient for Ag NPs on different TEM grids. For the same
flux of Ag NPs, the HC TEM grids compared to the CC TEM show
a higher number of NPs in the S(T)EM Bright field (BF) image (see
the supplementary material, Fig. S6) due to the additional Ag NPs
redeposited on the backside. These NPs are imaged in BF S(T)EM
mode, and they are counted as well in the BF TEM image. Since most
TEMs do not have SE-TLD imaging, they are overlooked. Calculat-
ing the yield using an HC-TEM grid and imaging in TEM mode,
the actual yield is overestimated (see the supplementary material,
Figs. S3a, S3b, S4a, and S4b the HC TEM grids). The Ag NPs on
the Si3N4 TEM grid show the same coverage and size as the NPs
on the CC TEM grid. In sharp contrast, the Ag NP deposition on
the 40 nm SiO2 grid shows by far the lowest sticking coefficient but
the highest increase in size and volume gain after aging. There is
a big difference after the UV–ozone treatment of the CC and HC
TEM grids, although the UV–ozone treatment has a less influence
on the oxide and nitride TEM grids except for the 40 nm SiO2
grid. After UV–ozone treatment, the sticking coefficient of the Ag
NPs increased to a comparable number as for the 5 nm SiO2 TEM
grids. Finally, the coalescence process appears different on differ-
ent substrates (SiO2 and Si3N4 vs HC and CC TEM grids), and a
large difference of approximately a factor of 1 exists in the cov-
erage between the transparent window and the supporting frame.
These extensive results demonstrate that the sticking coefficient of
NPs on different substrates, even when the top layer is identical,
can largely differ. Therefore, an NP coverage measured on a CC or
HC TEM grid cannot be used to determine the NP coverage on an
oxide-covered silicon wafer. Such detailed knowledge is indispens-
able when performing accurate wetting experiments on NP covered
surfaces.

IV. CONCLUSIONS
The wetting state of surfaces can be rendered to a highly

hydrophobic state by the deposition of gas-phase synthesized Ag
NPs, an intrinsic hydrophilic material, into a system that shows an

“apparent” hydrophobic behavior when it is scaled down to nano-
size. As such nano-sized Ag NPs do not obey the traditional Wenzel
and Cassie–Baxter models, to be even more specific, the spherical
nanoscale shape of the NPs must be taken into account. In fact, the
spherical shape of the Ag NPs results in the formation of apexes in
combination with a flat substrate. A beam of NPs deposited on a
flat substrate creates a porous network with many capillaries cru-
cial to achieve the (super) hydrophobic behavior. The aging of the
Ag NPs leads to an increase in their size, which is also associated
with the presence of Ag adatoms during the sputtering process that
has a strong effect on the wetting processes of surfaces decorated by
NPs. Therefore, this research can serve as a model system for the
wetting of nanostructured surfaces in an attempt to explain the rela-
tionship between the shape of the NPs, their curvature at the point of
contact with the substrate, and the influence of the adatoms. Fur-
thermore, since surface chemistry plays a crucial role in the wetting
state, surface airborne hydrocarbons were removed by UV–ozone
treatment, providing deeper insight into the apparent mobility of the
NPs on different surfaces and their subsequent ripening and aging.
In addition, the UV–ozone treatment in combination with aging
revealed the presence of adatoms during the magnetron sputtering
process.

The UV–ozone surface treatment lowers the initial contact
angle (CA) of the substrates and facilitates the mobility of Ag NPs
and adatoms on the surface of the substrates. Adatoms co-deposited
on clean high surface energy substrates will nucleate on the Ag
NPs, which will remain closely spherical in shape and preserve
the pinning effect due to the water nanomeniscus. If the adatoms
are co-deposited on a UV–ozone cleaned low surface energy sub-
strate, their mobility is restricted, and they will nucleate in two-
dimensional islands and/or nanoclusters on the surface instead of on
the existing Ag NPs. This growth results in a rough surface, where
the nanomeniscus is filled and/or removed and the wetting state is
reversed from hydrophobic to hydrophilic. There is a clear differ-
ence in Ag adatom diffusion on a silver substrate as compared to the
graphite substrate and the amorphous CC and HC TEM grid.82 The
surface-diffusion difference can be an explanation for the nucleation
of 2D island growth on the graphite substrate and CC and HC TEM
grids in comparison to the 3D growth on the silver substrate. Finally,
extensive measurements on different material surfaces of transmis-
sion electron microscopy (TEM) grids revealed strong differences in
the sticking coefficient for the Ag NPs, suggesting another factor that
can strongly affect the wetting properties of NP decorated surfaces.

SUPPLEMENTARY MATERIAL

See the supplementary material for SEM images of nanoparticle
assemblies and the nanoparticle deposition system.

ACKNOWLEDGMENTS
We would like to acknowledge the support from the

Zernike Institute for Advanced Materials, University of Groningen,
Netherlands.

AUTHOR DECLARATIONS
Conflict of Interest

The authors declare no conflicts of interest.

J. Chem. Phys. 155, 214701 (2021); doi: 10.1063/5.0070497 155, 214701-8

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/jcp
https://www.scitation.org/doi/suppl/10.1063/5.0070497
https://www.scitation.org/doi/suppl/10.1063/5.0070497
https://www.scitation.org/doi/suppl/10.1063/5.0070497
https://www.scitation.org/doi/suppl/10.1063/5.0070497


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

REFERENCES
1P. G. de Gennes, Rev. Mod. Phys. 57, 827 (1985).
2R. N. Wenzel, Ind. Eng. Chem. 28, 988 (1936).
3A. B. D. Cassie and S. Baxter, Trans. Faraday Soc. 40, 546 (1944).
4C. W. Extrand, Langmuir 32, 7697 (2016).
5H. Wang, Langmuir 35, 10233 (2019).
6T. Young, Philos. Trans. R. Soc. London 95, 65 (1805).
7Q. Wang, M. Safdar, X. Zhan, and J. He, CrystEngComm 15, 8475 (2013).
8M. E. Schrader, J. Colloid Interface Sci. 100, 372 (1984).
9K. W. Bewig and W. A. Zisman, J. Phys. Chem. 69, 4238 (1965).
10G. H. ten Brink, N. Foley, D. Zwaan, B. J. Kooi, and G. Palasantzas, RSC Adv. 5,
28696 (2015).
11Y. Katasho, Y. Liang, S. Murata, Y. Fukunaka, T. Matsuoka, and S. Takahashi,
Sci. Rep. 5, 13790 (2015).
12J.-L. Liu, X.-Q. Feng, G. Wang, and S.-W. Yu, J. Phys.: Condens. Matter 19,
356002 (2007).
13C. Binns, Surf. Sci. Rep. 44, 1 (2001).
14S. Zhang, X. Zhang, G. Jiang, H. Zhu, S. Guo, D. Su, G. Lu, and S. Sun, J. Am.
Chem. Soc. 136, 7734 (2014).
15H. Barani, M. Montazer, A. Calvimontes, and V. Dutschk, Text. Res. J. 83, 1310
(2013).
16K. Nomiya, A. Yoshizawa, K. Tsukagoshi, N. C. Kasuga, S. Hirakawa, and J.
Watanabe, J. Inorg. Biochem. 98, 46 (2004).
17A. Gupta and S. Silver, Nat. Biotechnol. 16, 888 (1998).
18S. Y. Liau, D. C. Read, W. J. Pugh, J. R. Furr, and A. D. Russell, Lett. Appl.
Microbiol. 25, 279 (1997).
19G. L. Hornyak, St. Peschel, Th. Sawitowski, and G. Schmid, Micron 29, 183
(1988).
20W. Guo, C. Ye, G. H. ten Brink, K. Loos, V. B. Svetovoy, and G. Palasantzas,
Phys. Rev. Materials 5, 015604 (2021).
21W. Guo, B. Chen, V. L. Do, G. H. ten Brink, B. J. Kooi, V. B. Svetovoy, and G.
Palasantzas, ACS Nano 13, 13430 (2019).
22C. H. F. Peden, K. B. Kidd, and N. D. Shinn, J. Vac. Sci. Technol. A 9, 1518
(1991).
23I. De Leersnyder, L. De Gelder, I. Van Driessche, and P. Vermeir, Nanomaterials
9, 1684 (2019).
24See https://en.wikipedia.org/wiki/Homogeneous_catalysis for more info about
Homogeneous catalysis.
25Y. Fukamori, M. König, B. Yoon, B. Wang, F. Esch, U. Heiz, and U. Landman,
ChemCatChem 5, 3330 (2013).
26A. Kuzminova, J. Beranová, O. Polonskyi, A. Shelemin, O. Kylián, A.
Choukourov, D. Slavínská, and H. Biederman, Surf. Coat. Technol. 294, 225
(2016).
27S. Yan, D. Sun, Y. Gong, Y. Tan, X. Xing, G. Mo, Z. Chen, Q. Cai, Z. Li, H. Yu,
and Z. Wu, J. Synchrotron Radiat. 23, 718 (2016).
28I. Shyjumon, M. Gopinadhan, O. Ivanova, M. Quaas, H. Wulff, C. A. Helm, and
R. Hippler, Eur. Phys. J. 37, 409 (2006).
29P. L. Redmond, A. J. Hallock, and L. E. Brus, Nano Lett. 5, 131 (2005).
30D. Paramelle, A. Sadovoy, S. Gorelik, P. Free, J. Hobley, and D. G. Fernig,
Analyst 139, 4855 (2014).
31Dr. Yves Huttel, Gas-Phase Synthesis of Nanoparticles (Wiley-VCH, 2017),
ISBN: 978-3-527-34060-6.
32Nanomaterials: Synthesis, Properties and Applications, 2nd ed., edited by A. S.
Edelstein and R. C. Cammaratra (Taylor & Francis, 1998).
33H. Haberland, J. Vac. Sci. Technol. Vac. A 10, 3266 (1992).
34P. Grammatikopoulos, S. Steinhauer, J. Vernieres, V. Singh, and M. Sowwan,
Adv. Phys. X 1, 81 (2016).

35L. Martínez, M. Díaz, E. Román, M. Ruano, D. Llamosa P., and Y. Huttel,
Langmuir 28, 11241 (2012).
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