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ABSTRACT

Affordable silver-polymer core-shell nanoparticles are prepared using the layer-by-layer (LbL)
technique. The metallic silver core is encapsulated with an ultra-thin protective shell that prevents
oxidation and clustering without compromising the plasmonic properties. The core-shell
nanoparticles retain their plasmonic near field enhancement effect, as studied from finite element
numerical simulations. Control over the shell thickness up to the sub-nanometer level is there for
key. The particles are used to prepare a plasmonic Ag-TiO> photocatalyst of which the gas phase
photocatalytic activity is monitored over a period of four months. The described system
outperforms pristine TiO; and retains its plasmonic enhancement in contrast to TiO, modified with
bare silver nanoparticles. With this an important step is made toward the development of long-

term stable plasmonic (photocatalytic) applications.
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1. Introduction

The application of plasmonic nanoparticles has found its way in different areas of research
such as solar cells [1], plasmonic photocatalysis [2—7], surface-enhanced Raman scattering (SERS)
[8] and biophotonics [9]. Among those noble metals that exhibit surface plasmon resonance (SPR),
gold and silver are most commonly investigated as they display SPR over a wide wavelength range
and their SPR properties can easily be tuned through their size, shape and (alloy) composition
[3,10]. The synthesis of stable (functionalized) plasmonic nanoparticles is of high importance as
they carry unique surface properties with applications in various research domains, e.g.
encapsulation of plasmonic nanoparticles is of particular interest to biomedical science with
applications in drug delivery [11] and imaging [12]. Overall, gold nanoparticles are more stable
and easy to functionalize, explaining the major literature focus on this type of metal.
Functionalization of gold nanoparticles using thiols and ligands capping the nanoparticles [13], as
well as encapsulation using polyelectrolytes has been documented well [14—-16]. In contrast,
functionalization of silver nanoparticles is less obvious, as it is challenging with respect to stability,
aggregation and size control. Also, silver nanoparticles are prone to oxidation when left over
prolonged periods, which hinders functionalizing the surface. A solution to these challenges is the
preparation of stable silver nanoparticles with a core-shell structure consisting of a silver core
surrounded by a thin protective shell that prevents oxidation of the silver nanoparticle. In the
context of silver encapsulation, the use of organic linkers (e.g. thiol-derivatives, xanthate, etc.)
[17—19] has been reported as well as various (mostly one-pot) synthesis strategies for capping with
inorganic shells (e.g. silica, inorganic carbon) [20-23]. The main drawback in all of these
aforementioned methods is that they do not present complete freedom to accurately control the

shell thickness, though this is one of the most crucial parameters in many plasmonic applications



such as SERS [12], where slight changes in shell thickness can alter the near field enhancement to
a large extent. The Layer-by-Layer (LbL) method is a simple yet powerful technique to apply ultra-
thin shells on colloidal templates [15,24]. Fabrication of silver core-shell nanoparticles using the
LbL method has only been reported on silver nanocubes by prior functionalization of the surface
using surfactants and washing with buffers during the layer deposition process [25]. In this work,
the LbL method is directly applied to as-prepared spherical silver nanoparticles without the use of
any additional surfactants or supporting layers, this way avoiding supplementary washing steps
with buffers. Preparing silver-core polymer-shell nanoparticles in such fashion is a facile and
versatile strategy with the freedom to control the shell thickness at the nanoscale, typically even
less than one nanometer. Furthermore, we succeeded in performing the synthesis with the less
expensive negatively charged polyelectrolyte, polyacrylic acid (PAA), in contrast to the more
expensive poly(styrene sulfonate) (PSS) which is traditionally used for nanoscale colloidal
systems, in combination with the positively charged polyelectrolyte poly(allylamine
hydrochloride) (PAH). The main objectives of this work are to study (i) the effect of the polymer
shell on the plasmonic field enhancement properties and (ii) the stability of the resulting capped
silver nanoparticles when deposited on TiO for photocatalytic environmental remediation. More
in particular the plasmon-enhanced photocatalytic degradation of acetaldehyde, a common
hazardous indoor air pollutant, is studied. In such systems the silver core-shell nanoparticles serve
a dual purpose: (i) the polymer shell protects the silver nanoparticle from oxidation and clustering
and (ii) the SPR properties of silver create intense local electric fields that enhance the charge

carrier generation and thus improve the photocatalytic acetaldehyde degradation reaction.



2. Experimental Section
2.1 Synthesis of silver-polymer core shell nanoparticles

Stock solutions of polyelectrolytes polyallylamine hydrochloride (PAH, MW 17.5 KDa
Sigma-Aldrich), polyacrylic acid (PAA, MW 2 KDa Sigma-Aldrich) and poly(styrene sulfonate)
sodium salt (PSS, MW 15 KDa Polymer Standard Services GmbH) were prepared in Milli-Q water
by sonication for 30 min and used as required. 12 mL of the as prepared silver colloidal solution
(procedure reported elsewhere [26]) was centrifuged at 8000 rpm for 100 min and redispersed in
Milli-Q water. This was done to remove most of the citrate in the colloidal silver solution, in order
to reduce the interference of charge on the citrate molecule and to have optimal deposition of the
first polycation layer (PAH). 12 mL of this centrifuged silver colloidal solution was added
dropwise to 6 mL of 5 g/L. PAH solution under vigorous stirring in a glass vial. The stirring was
continued at room temperature for 20 minutes in dark. The resulting colloidal solution was
centrifuged in 1.5 mL Eppendorf tubes to remove the excess polyelectrolyte. Around 1460-1480 ul
of supernatant was discarded and the remaining dark-brownish gel-like pellet was redispersed in
Milli-Q water. The centrifuge process was repeated one more time as a washing step and the final
redispersion in Milli-Q water was adapted to obtain 12 mL of colloid. A small aliquot of this PAH
coated silver colloid sample was stored for characterization purposes and the deposition of the
second layer i.e. polyanion PAA (10 g/l) was continued using the same procedure as described
above. The centrifuge speed was slightly adapted after each deposition step to avoid formation of

hard pellets that cannot be redispersed.



2.2 Photocatalytic Activity Tests

The Ag-TiO2 plasmonic photocatalytic system was prepared with a 5 wt.% suspension of
commercial TiO2 (P25, Evonik) nanoparticles in ethanol and stirred ultrasonically. 100 pL of the
suspension was spin coated at 1500 rpm for 60 seconds onto several piranha cleaned glass slides
of 1.5 cm x 2.5 cm. The substrates were dried overnight at 100°C followed by spin coating with
75 uL of the colloidal solution of bare silver or silver-polymer core-shell nanoparticles at 1500 rpm
and finally air dried at 80 °C for 6 hours. Two identical slides were used to perform one
photocatalytic test. As such, three different samples were prepared: a pristine P25 reference film;
a P25 film coated with bare silver nanoparticles, denoted P25_Ag; and a P25 film coated with four
layered core-shell silver nanoparticles, denoted P25_Ag_1.4.The photocatalytic activity of above
prepared films is measured online by monitoring the gas phase degradation of acetaldehyde under
UVA irradiation in a glass slit reactor using FTIR detection. Measurements are repeated over a
period of 16 weeks in order to study the stabilizing effect offered by the protective shell. The
reactor design, set-up and operation is explained in detail in previous work of our research group

[27-32].

2.3 Characterization

Spectroscopy measurements were performed with a Shimazdu 2501 spectrophotometer in
a UV-cuvette of 10 mm path length to locate the SPR peak. Scans were performed in the spectral
range of 300-800 nm with a resolution of 0.2 nm and an average of three measurements was taken.
Zeta potential measurements were done using Brookhaven’s ZetaPlus zeta potential analyzer to
monitor the surface charge on the core-shell nanoparticles. A FEI Tecnai Transmission Electron

Microscope (TEM) operated at 200 kV was used to visualize the core-shell structure of



nanoparticles. In a typical procedure 20 pL of the colloidal solution was absorbed during 5 min on
a quantifoil copper grid coated with a 3.19 nm carbon film. For HAADF-STEM measurements,
spin coated material (as described in 2.2) was scraped off the glass substrate and dispersed in

ethanol before sampling.

3. Results and Discussions
3.1 Silver-Polymer core-shell Nanoparticles through LbL

Silver nanoparticles with diameter around 18 nm were synthesized by reduction of silver
nitrate with tannic acid and trisodium citrate as described elsewhere [26]. Silver-polymer core shell
nanoparticles are prepared by the LbL method, i.e. sequential cycles of adsorption and washing of
alternatively charged polyelectrolytes. The alternate deposition of polycation and polyanion chains
was continued until the desired number of layers was obtained that results in the encapsulation of
the silver core by a thin polymer shell. Zeta potential measurements after each adsorption cycle
show the inversion of surface charge on the core-shell nanoparticles with the deposition of
alternatingly charged polyelectrolytes, evidencing the success of the LbL strategy (Figure 1a). The
UV-vis absorption spectrum of the core-shell nanoparticles was also recorded after each deposition
step (Figure 1b). By measuring the absorption intensity, it could be determined that on average
85% of silver nanoparticles was retained after each deposition cycle, which is in line with an
optimized LbL procedure on gold nanoparticles [16]. A clear red shift of the SPR peak with
increasing number of adsorbed layers can also be observed in Figure 2a, which indicates the
gradual increase in particle size as more LbL layers are added. Traditionally, the strong — yet
expensive — polyelectrolyte PSS is used as the polyanion in the LbL synthesis. At the beginning

of our study, we have investigated the possibility of replacing PSS by the weaker but cheaper low-



molecular weight PAA polyanion. For comparison purposes, two sets of silver-polyelectrolyte
systems were prepared, i.e. with PAH/PAA and PAH/PSS. As seen from Figure 2b, the SPR peak
red shift for silver nanoparticles using the polyelectrolyte system of PAH/PSS shows similar
behavior when compared to the PAH/PAA polyelectrolyte system. Also the corresponding shell
thicknesses are similar (Figure 3), confirming the feasibility of using PAA as the polyanion for the
LbL synthesis as a cost-effective alternative to PSS. From the UV-vis spectrophotometric
measurements, it may be inferred that the red shift of the SPR peak after the first four layers is
comparatively less significant, though an increase in shell thickness is confirmed by the TEM
images in Figure 3. As seen from these images (Figure 3a and 3b), the four- and eight-layered
core-shell nanoparticles, denoted as Ag_ 1.4 and Ag_LS8, are encapsulated by a thin shell of
thickness (1.4 £ 0.4) nm and (2.4 + 0.7) nm respectively, as derived from 100 shell thickness
measurements in TEM. This demonstrates the continuous growth of the shell with increasing
number of polyelectrolyte layers. During TEM analysis the particles were also tilted over a series
of different angles. The shell can be clearly observed from every projection, evidencing the silver
particles are completely and homogeneously covered by the polyelectrolytes (Figure 3d).

As previously mentioned, our intention is to use these plasmonic nanoparticles in a gas
phase photocatalytic system in an oxidative atmosphere (acetaldehyde in air). It is therefore crucial
to a priori evaluate the stability of the prepared nanoparticles in order for this approach to succeed.
Also other plasmon-based application such as SERS and most of bio-sensing applications heavily
depend on the stability of the nanoparticle system in stressful conditions. The latter application,
for instance, requires colloidal stability in the presence of salt buffers. Hence, as a first test, the
stability of the as-prepared silver and silver-polymer core-shell colloidal nanoparticles was studied

upon addition of sodium chloride salt. To 1.5 mL of colloidal solution of unprotected Ag and



protected Ag_L4 nanoparticles, 150 uL of 1 M NaCl solution was added and an immediate color
change was observed for bare Ag nanoparticles whereas the core-shell nanoaprticles retained their
bright yellow color showcasing the stability and resistance of the polymer shell to the permeation
of chloride ions as seen from Figure 4a. For the bare silver colloidal solution, dark precipitates are
observed at the bottom of the test vial after the solutions were aspirated and allowed to stand
overnight.

A second stability test consisted of subjecting the colloidal nanoparticles to a harsh hot-air
treatment. Keeping in mind the photocatalytic application of acetaldehyde degradation, this test
will already reveal the potential of the nanoparticles to resists harsh oxidative conditions. For this
test colloidal solutions of unprotected Ag and protected Ag_L4 nanoparticles were concentrated
by centrifugation and drop casted on cleaned quartz substrates. Initially both the concentrated
unprotected Ag and Ag_l.4 nanoparticles have a similar orange-like color as seen from figure 4b.
After the heat treatment at 105 °C overnight in the presence of air, a drastic color change from to
greyish black is observed for unprotected silver nanoparticles, which is characteristic of silver
oxide. On the other hand the silver-polymer core-shell nanoparticles Ag_L 4 retain the orange color
showcasing their ultrastable nature. This proves that the polymer shell is acting as a protective

barrier for silver nanoparticles against oxidation and will help retaining the plasmonic properties.

3.2 Near-Field Enhancement Studies

The effect of the polymer shell on the plasmonic near field enhancement of the silver
nanoparticles is studied by a finite element analysis using wave optics physics in COMSOL
Multiphysics (version 5.1). To represent the bare silver nanoparticle, a 3D sphere of 18 nm in

diameter was built and a shell was added on the silver core with varying thickness to represent the



polymer shell. The optical data for silver was taken from Johnson and Christy [33] and the
refractive index of the polymer shell system (n = 1.48) was taken from literature [34]. The polymer
domain was meshed using a custom setting for a maximum element size of 1 nm and all the models
had at least 105 tetrahedral elements with mesh quality varying from 0.7-0.75. Air is taken as the
surrounding medium and a plane wave polarized in the Z-axis direction and propagating along the
X-axis direction was used for solving the scattered field of Maxwell’s wave equations in a
wavelength domain study. Figure 5 shows the normalized electric field enhancement (|EJ/|Eo|)>
emanating from the surface of a 18 nm bare silver nanoparticle, this silver particle encapsulated
by a polymer shell of thickness 1.4 nm (alike Ag_L.4) and finally the silver particle encapsulated
by a polymer shell of thickness 2.4 nm (alike Ag_LS8). The color map represents the normalized
electric field intensity distribution visualized on the ZX plane. An incident monochromatic plane
wave propagating along the X-axis and polarized along the Z-axis with Amcident = Aspr (taking into
account the red shift with increasing layer thickness) for each nanoparticle system is used for the
numerical simulations. This means the incident excitation wavelength of the monochromatic plane
wave was always kept the same as the surface plasmon resonance wavelength of the respective
core-shell nanoparticle system. So for each system the maximal field enhancement is simulated
after excitation at the SPR maximum with air as the surrounding medium. The numerical values
of field enhancement near the vicinity of the nanoparticles along the Z-axis, i.e. in the direction of
polarization, are on display below the corresponding field maps. It can be observed that the bare
Ag nanoparticle and the Ag_L4 core-shell nanoparticle have similar field intensities propagating
from the exterior particle surface, but Ag_L8 exhibits a much stronger field within the shell. This
is an indication that as the polymer shell thickens, the field becomes localized within the shell,

which will result in a drastic loss of the plasmonic enhancement effect near the particle surface.
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We investigated that the emanating field intensity is not much affected up to a shell thickness of

3 nm, but already drops by ca. 50% for a shell thickness of 5 nm as shown in Figure 6.

3.3 Long Term Photocatalytic Activity Tests

As mentioned before, the main goal of developing these silver core - thin polymer shell
nanostructures was to protect the silver nanoparticles against oxidation and clustering when
applied on a photocatalytic substrate to be used in an oxygen-rich environment. Silver-modified
TiO> substrates were prepared by spin coating 75 uL of the colloidal nanoparticle suspensions onto
glass substrates pre-coated with TiO, P25 (see experimental section for details). The presence of
Ag on the TiO> surface was confirmed by HAADF-STEM (EDAX) analysis (Figure 7). In EDAX
measurements a peak at energy 2.983 keV is expected in the presence of Ag. (Ag La=2.983 keV).
At different positions in the sample, a peak for Ag could be observed in de EDX spectrum but
unfortunately the amount of Ag deposited was too low for accurate and reliable quantification.

To verify the success of the strategy of silver plasmon-enhanced semiconductor
photocatalysis, a long-term time study was conducted on the photocatalytic activity of the Ag-
TiO> plasmonic systems toward the degradation of acetaldehyde in air (Figure 8). This demanding
environmental application was deliberately selected to subject the samples to a stringent oxidative
atmosphere in order to verify the effect of the absence and presence of a protective LbL shell, also
in the long term. Therefore, a comparison was made between pristine TiO> (P25, Evonik), TiO>
modified with bare Ag nanoparticles and TiO> modified with core-shell Ag_I.4 nanoparticles.
Ag_14 core-shell nanoparticles were selected as they present the best overlap of the plasmon band
and the peak wavelength of the irradiation source used in the photocatalytic experiment (365 nm).

This results in a more intense near-field compared to e.g. eight-layered Ag nanoparticles Ag_L8

11



(Supporting Information Figure S1) and should consequently result in better plasmonic
enhancement [35]. The pristine TiO2 films retained their activity well over the entire experimental
period of 16 weeks, as expected. For TiO: films loaded with bare silver nanoparticles (P25_Ag),
initially at time t = O (i.e. freshly prepared), a considerable activity enhancement was observed,
which can be ascribed to plasmonic enhancement induced by the metallic Ag nanoparticles present
on the surface. After three weeks, however, a significant drop in the activity enhancement was
observed and no enhancement at all remained after 16 weeks. This effect is attributed to
progressive oxidation of the bare Ag nanoparticles, with resulting loss of their plasmonic
properties. It has in fact been observed that upon ageing of such systems, a thin diffuse silver oxide
(Ag20) shell of approximately 2 nm is formed at the nanoparticle surface [36,37]. Its effect on the
near field enhancement of the silver nanoparticles is studied by building a finite element model.
The simulation demonstrated a 60-fold decrease of the emanating field enhancement for the
oxidized silver nanoparticle (supporting Information Figure S2). This clearly supports the
hypothesis that the near-field enhancement drops for oxidized silver nanoparticles resulting in a
detrimental loss in plasmonic enhancement of the P25_Ag photocatalyst. In contrast, the system
involving Ag nanoparticles protected by a thin polymer shell on TiO2 (P25_Ag_L4) retained its
activity enhancement (15% increase) even after 16 weeks of ageing in air. It should be noted that
this plasmonic catalyst has not been optimized towards parameters such as particle size and silver
loading. A given set of experimental conditions was arbitrarily chosen and kept fixed for accurate
comparative analysis. Therefore the observed increase of 15% is probably not what is maximally
attainable and not the goal of this study. Still, the data clearly prove that the thin polymer shell
stabilizes the Ag nanoparticles without compromising the plasmonic properties, making them

particularly suited for such demanding applications, even in the long-term.
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4. Conclusion

It is shown that the LbL technique is a versatile and highly controllable strategy to prepare
core-shell silver nanoparticles encapsulated by a thin layer of polymer with control up to the sub-
nanometer level. Furthermore it is demonstrated that PAA can be used as a cost-effective
alternative to PSS in this synthesis method with equally good results. The polymer encapsulation
protects the Ag nanoparticles from oxidation and clustering, without compromising the plasmon-
induced enhancement of the near-field. This was demonstrated by means of finite element
simulations and a long-term photocatalytic environmental experiment toward the degradation of
acetaldehyde in air. The plasmonic TiO> photocatalyst modified with protected Ag nanoparticles
retained its activity enhancement of 15% even after 16 weeks of ageing in air, whereas a similar
system fabricated with bare Ag nanoparticles lost all of its activity enhancement over this same
time period. With this we provide an important step in the development of reliable and durable

silver-based plasmonic systems.
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Figure 1. a) Zeta potential of core-shell silver nanoparticles Ag/(PAH/PAA), as a function of
adsorbed polyelectrolyte layer. b) UV-vis absorption spectra of core-shell silver nanoparticles as
a function of adsorbed polyelectrolyte layer. The red arrow indicates the red shift in SPR peak

position.
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Figure 3. Silver core-shell nanoparticles with silver core and an ultrathin shell composed of a)
four polyelectrolyte layers (Ag_L4) Ag/(PAH/PAA); of thickness 1.4 + 0.4 nm, b) eight
polyelectrolyte layers (Ag_L8) Ag/(PAH/PAA)4of thickness 2.4 + 0.6 nm, c) four polyelectrolyte
layers (Ag_L4) Ag/(PAH/PSS): of thickness 1.6 £ 0.4 nm, d) TEM tilt series of Ag_L.8 core-shell
nanoparticles. All the inset bars represent a scale of 10 nm. The shell thickness distribution is based

on 100 measurements.
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Figure 4. a) Photographic images showing the effect of salt addition on unprotected Ag versus
protected Ag_1.4 colloidal nanoparticles and b) Photographic images showing the effect of hot air

treatment on unprotected Ag versus protected Ag_L4 nanoparticles.
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Figure 5. Electric field distribution maps (|EJ/|Eo|)? for a) bare silver nanoparticle, b) silver
encapsulated by a polymer shell of thickness 1.4 nm, alike Ag_L4 and c) silver encapsulated by a
polymer shell of thickness 2.4 nm, alike Ag_L8. The field enhancement along the Z-axis, i.e. in

the direction of polarization, is plotted below the corresponding field maps.
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spectra (bottom) of P25_Ag (left) and P25_Ag_L4 (right) samples. The elemental maps show the

presence of the Ag nanoparticles on the surface of TiO-.
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Figure 8. Long-term photocatalytic activity test. The photocatalytic degradation of gaseous
acetaldehyde is evaluated at t =0 (i.e. freshly prepared, black), after three weeks (red) and after 16

weeks (blue) of ageing in air.
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