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lectrocatalytic Pt-metal networks
by plasma treatment of nanoparticle-peptide fibril
assemblies

J. Bandak,a J. Petzold,a H. Hatahet,a A. Prager,a B. Kersting, b Ch. Elsnera

and B. Abel *ac

Noble metal catalysts possess outstanding catalytic behaviors in organic reactions, photocatalysis,

electrocatalysis and many other applications. Peptide fibrils are used for the controllable nanostructuring

of metal nanoparticles with specific sizes, shapes and high-surface area structures. The degradation of

these fibrils with O2-plasma yields interconnected networks of nanoparticles, similar to metallic

nanowires. Herein, platinum nanoparticles (Pt-NPs) were synthesized by reduction using VUV excimer

radiation. The particle size was characterized by dynamic light scattering (DLS). Due to agglomeration,

the metal nanoparticles were stabilized using poly(vinyl pyrrolidone) (PVP) and the same synthesis

procedure. The influence of the polymer PVP molecular weight (Mwt), PVP concentration (Cp) and VUV

irradiation time on platinum nanoparticle size was investigated. Small (2–3 nm) Pt-NPs are formed in the

case of PVP with Mwt ¼ 10 000 g mol�1. With increasing PVP Mwt, decreasing PVP concentration and

shorter irradiation times, larger sized nanoparticles appear. The applicability of templated platinum

nanoparticles, both the PVP-stabilized and non-stabilized Pt-NPs, immobilized via electrostatic

interactions on the solid phase-synthesized aniline-GGAAKLVFF (AFP) peptide fibrils was investigated to

serve as possible electrode material. The plasma treatment of the nanoparticle-fibril-assemblies was also

studied as a novel technique. The Pt-NPs-AFP fibrils and the PVP-stabilized-Pt-NPs-AFP fibrils

nanohybrids were employed to modify electrodes and then subjected to O2-plasma treatment. These

O2-plasma treated/modified electrodes exhibited high electrocatalytic activities towards oxygen

reduction in cyclic voltammetry measurements. Thus, the aforementioned nanocomposites hold great

potential for polymer electrolyte fuel cells and other electrochemical applications in miniature devices

and microfluidic chips.
Introduction

Transition metal nanoparticles have generated a growing interest
in the last decades due to their potential applications in catalysis,1,2

nanoelectronics,3 optoelectronics,4 sensors and magnetic5 or other
advanced materials.6–8 Successful use of metal nanoparticles in
various applications depends on their quantum size effect,9–12

which is a consequence of the increased connement of the
movement of electrons in nanoparticles, as evidenced by the size-
dependent catalytic, optical, electronic and magnetic properties.
These nanoparticles also oen agglomerate to minimize the total
surface energy of the system. Thus, it is imperative to control the
nanoparticle size and stabilize it against irreversible aggregation.
IOM), Department Functional Surfaces,

. E-mail: bernd.abel@iom-leipzig.de

ity Leipzig, Johannisallee 29, D-04103

heoretical Chemistry, University Leipzig,
Platinum nanoparticles (Pt-NPs) are of particular interest
since they are used extensively as catalyst-electrode coatings, for
example in the electro-oxidation of alcohols in fuel cell tech-
nology.13,14 Pt-NPs have also been used as sensors,15 electronic
devices,16 llers and active components in composite mate-
rials,17 and other applications. Therefore, it is crucial to stabilize
the developed nanoparticles with a well-controlled mean size in
order to prevent their aggregation, which reduces the specic
surface area and the interfacial free energy, and by this means
lessens the nanoparticles' reactivity.18 Various stabilizing agents
have been used as capping agents for stabilizing nanoparticles,
including polymers such as poly(vinyl alcohol) (PVA)19 and
poly(vinyl pyrrolidone) (PVP),20,21 ligands such as sodium
citrate,22 and surfactants such as tetraalkylammonium
halides.23,24 It is well-acknowledged that the type of stabilizer
that is used affects the nanoparticles' stability and therefore
their catalytic activity.25,26

Different methods have been developed for the synthesis of
transition metal nanoparticles, including microemulsion,27

sonochemical,28 polyol,29 solvent reduction,30 reverse micelle,31
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 X-ray crystallography (XRD) pattern of Pt-NPs on Si-wafer.

Scheme 1 Preparation of an interconnected network of Pt-NPs via self-assembled peptide fibrils and after O2-plasma treatment.
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and ionic liquid,32 among other methods. However, metal
nanoparticles synthesized by reduction using VUV-excimer
radiation represents one of the most interesting techniques in
terms of safety, controlling the synthetic parameters, cost and
potential for high volume production as opposed to other
radiation based ionization techniques. The radiolytic genera-
tion of elemental metal nanoparticles viametal ion reduction is
based on the investigation of Kurihara et al.33 Chemical bond
dissociation, ionization and radical formation are the most
prominent results of high-energy photon interaction with
molecules besides excitation.

Amyloid peptides readily self-assemble into brils in
aqueous solutions and platinum nanoparticles (Pt-NPs) can be
immobilized onto their surface via electrostatic interaction.34

Compared to other currently available techniques for the
fabrication of metal-peptide brils, the noncovalent function-
alization strategy is able to deposit nanoparticles on peptide
brils with a network-like distribution and high metal loading,
which is important for applications in catalysis, electronic
materials and other corresponding elds. Zhou et al.34 managed
to immobilize negatively charged Pt-NPs onto the positively
charged AFP (aniline-GGAAKLVFF) brils, such that the
morphology and dispersion of Pt-NPs were strictly controlled
and the catalytic performance was improved consequently for
the oxygen reduction reaction. However, the peptide brils were
not removed and had a certain inuence on the cyclic voltam-
metry measurement. To eliminate the inuence of the brils,
plasma treatment of the nanoparticles-brils-assemblies was
investigated in this work.

The aim of this investigation is to study the inuence of
synthesis conditions of Pt-NPs, in the presence of the stabilizing
agent PVP, on the particle size based on a novel, simple, cost
effective and environmentally friendly manufacturing process
of the Pt-NPs via VUV excimer lamp irradiation. In addition, the
This journal is © The Royal Society of Chemistry 2019
objective includes the investigation of the feasibility of the
deposition of metal nanoparticles as a porous net-like structure
on peptide brils, as well as O2-plasma treatment of the
nanoparticle-bril construct (Scheme 1).
Methods section
Reagents

Chemicals were ordered from commercial sources as follows:
Fmoc-Phe-Wang, Fmoc-Phe-OH, Fmoc-Val-OH, Fmoc-Leu-OH,
Fmoc-Lys(Boc)-OH, Fmoc-Ala-OH, Fmoc-Gly-OH, 4-amino-
phenylacetic acid, DMF, DCM, TIPS, piperidine (Sigma Aldrich,
Germany); chloroplatinic acid (8 wt% in water), HOBT, TBTU,
RSC Adv., 2019, 9, 5558–5569 | 5559
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Fig. 2 Photograph of (A) colorless precursor solution of dissolved
H2PtCl6 (4 ml) in H2O (2400 ml) and 2-propanol (200 ml) (B) Pt-NPs #5 (4
ml/14 000 ml solution) (C) Pt-NPs #4 (4 ml/10 200 ml solution) (D) Pt-
NPs #3 (4 ml/6400 ml solution) (E) Pt-NPs #2 (8 ml/6400 ml solution) (F)
Pt-NPs #1 (4 ml/2600 ml solution).
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diethyl ether (Fluka, Buchs, Switzerland); 2-propanol, DMSO
(VWR, Leuven, Netherlands); TFA (Merck, KGaA, Darmstadt,
Germany); DIEA (Roth, Karlsruhe, Germany); water (Millipore
grade) (laboratory purication system).
Peptide synthesis

AFP (aniline-GGAAKLVFF) was synthesized by microwave-
assisted solid-phase peptide synthesis using the Fmoc strategy
on a semi-automatic peptide synthesizer (Biotage, Uppsala,
Sweden). Briey, Fmoc-protected amino acids (2.9 eq.) were
coupled by TBTU/HOBT (3 eq.) in DMF, and the Fmoc group was
then removed using 20% piperidine in DMF. Finally, the
peptide was cleaved from the resin using TFA : TIPS : water 95/
2.5/2.5 (v/v/v) and precipitated aer solvent evaporation in ice
cold diethyl ether. The peptide was used without further HPLC
purication due to the immediate formation of brils in
aqueous systems and HPLC system clogging. For purication
purposes, brils were formed in aqueous solutions and then
precipitated by centrifugation. The supernatant liquid was
discarded and the precipitated brils were dissolved in hexa-
uoroisopropanol (HFIP). Aer evaporation of the solvent,
lyophilization of the remonomerized peptide occurred. The
peptide was analyzed by MALDI-TOF-MS.
Fibrillation assays

Fibrillation of the lyophilized AFP peptide was induced by dis-
solving the peptide in DMSO at a concentration of 1 mg peptide/
10 ml DMSO. Then, bril formation was prompted by diluting
Table 1 Precursor mixing volumes, the z potential and size of the synth

Suspension number H2PtCl6 [ml] H2O [ml] C3H8O [ml]

Pt-NPs #1 4 2400 200
Pt-NPs #2 8 6000 400
Pt-NPs #3 4 6000 400
Pt-NPs #4 4 9600 600
Pt-NPs #5 4 13 200 800

a Apparent size of particles may indicate aggregates.

5560 | RSC Adv., 2019, 9, 5558–5569
the sample with Millipore water to achieve a nal concentration
of the peptide of 1 mg ml�1. The sample was then shaken at
200 rpm and 25 �C during bril formation.
Platinum nanoparticle synthesis

The synthesis of Pt-NPs is based on the reduction of chlor-
oplatinic acid (H2PtCl6) via VUV excimer lamp irradiation in the
presence of 2-propanol radicals. Briey, the procedure is as
follows: a precursor solution of H2PtCl6 (8 wt% in water), Mil-
lipore water and 2-propanol was prepared, and then sonicated
for 15 min. Depending on the low photon penetration depth
into the material, only 50 ml of the precursor solution were
distributed into the 96 wells of a microtiter plate, and then
irradiated via a VUV excimer lamp (l ¼ 172 nm, Power: 100%)
for 5 min. Spherical nanoparticles were obtained with different
diameters depending on the concentration of H2PtCl6 used. The
production of the Pt-NPs was conrmed by XRD, as in Fig. 1.
Stabilized-platinum nanoparticle synthesis

Stabilized Pt-NPs were prepared by reducing H2PtCl6 with 2-
propanol and VUV excimer lamp irradiation (172 nm) in the
presence of the stabilizing agent PVP (see platinum nano-
particle synthesis above). Polymer molecular weight (Mwt),
polymer concentration (Cp) and VUV irradiation time were
varied, and their inuence on the nanoparticle size studied.
Immobilization of Pt-NPs on the peptide brils

Both the Pt-NPs and the PVP-stabilized Pt-NPs were incubated
with the AFP bril solution (see above) in a 1 : 1 (v/v) ratio for
24 h at 25 �C with shaking at 200 rpm. The mixing ratio was
used to immobilize as many Pt-NPs as possible on the surface of
the peptide brils.
O2-plasma cleaning

Aer the irreversible immobilization of the Pt-NPs on the
surface of the AFP peptide brils was complete, the
nanoparticles-brils-assemblies were subjected to O2-plasma
treatment for 5 min at P ¼ 300 W (Europlasma®, Junior
Advanced) and 168 mTorr to remove the peptide brils and the
PVP present when the PVP-stabilized Pt-NPs were employed,
and nally obtain Pt-NPs in a network-like structure.
esized Pt-NPs after 5 min irradiation time

z-Potential [mV] B sizea [nm]

5 min
irradiation time 5 min irradiation time

�2 � 10 249 (78%) 1167 (21%) 4333 (1%)
�17 � 6 222 (81%) 1024 (19%) —
�21 � 7 71 (32%) 546 (68%) —
�28 � 11 32 (32%) 65 (68%) —
�32 � 11 19 (100%) — —

This journal is © The Royal Society of Chemistry 2019
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Scanning electron microscopy

Structure and morphology of nanoparticles and peptide aggre-
gates were studied using an Ultra 55 SEM (Carl Zeiss Ltd.,
Göttingen, Germany). All samples were immobilized on silicon
wafers (Plano, agar scientic, #G3390, Germany) by dry droplet
method and investigated without prior metal coating.

Zeta potential and DLS measurements

The z-potential was determined via electrophoretic light scat-
tering (ELS) at l¼ 633 nmwith aMalvern® (Zetasizer Nano ZSP)
instrument, using 1 ml of the platinum nanoparticle dispersion
(pH between 2.55 and 3.18) or of the PVP-stabilized one (pH
between 2.56 and 2.87). Typically, 1 mg ml�1 of the peptide
(AFP) has been dissolved in DMSO (1%) and then brillated
with the addition of 990 ml water. The solution was nally
incubated for 24 h on a shaking plate at 25 �C and 200 rpm, and
then measured in three z-potential scans at a pH ¼ 2.58. The
Malvern® (Zetasizer Nano ZSP) instrument was also used to
determine the particle size, using also 1 ml of the various
platinum nanoparticle suspensions, whether they are PVP-
stabilized or not. The suspension is inserted into the device
and allowed to temper for 2 min at 25 �C. Parameters: scattering
angle ¼ 173�, measurement duration ¼ 300 min.

Atomic force microscopy

The AFM samples were prepared by dry droplet method of 1 ml
of sample solutions on silicon wafers (Plano, agar scientic,
#G3390, Germany). Morphological analysis was carried out with
a Bruker Dimension Icon atomic force microscope (Bruker,
Fig. 3 Scanning electron micrographs of the synthesized (A) Pt-NPs
#1 agglomerates (4 ml/2600 ml solution) (B) Pt-NPs #2 agglomerates (8
ml/6400 ml solution) (C) Pt-NPs #3 agglomerates (4 ml/6400 ml solu-
tion) (D) Pt-NPs #4 agglomerates (4 ml/10 200 ml solution) (E) Pt-NPs
#5 agglomerates (4 ml/14 000 ml solution).

This journal is © The Royal Society of Chemistry 2019
Karlsruhe, Germany) in tapping mode, in air, under the
following conditions: scan rate 0.50 Hz, OTESPA-R3 aluminum
sputtered silicon probes (Bruker, Karlsruhe, Germany) with tip
apex radius of 10 nm, resonant frequency range of AFM canti-
lever 200–400 Hz, and number of pixels 512 � 512. Represen-
tative images were obtained by scanning different samples at
ve or more randomly selected positions over the entire
template. The resulting images were processed off-line with
Gwyddion 2.49 soware (http://gwyddion.net) by applying
a attening algorithm to remove the background slope.
X-ray photoelectron spectroscopy

The chemical surface composition of nanoparticle-bril-
assemblies before and aer being subjected to O2-plasma
treatment was determined on a Kratos AXIS Ultra Spectrometer
(Kratos Analytical Ltd., Manchester; UK) equipped with
a monochromatic Al Ka excitation source and was operated at
150 W (15 kV, 10 mA). Binding energies were corrected by
referring them to the C (1s) signal at a binding energy of
285.0 eV.
Cyclic voltammetry

A three-electrode system (ED-SE1-Pt), which was purchased
from Micrux Technologies (Ovideo, Spain), was used in this
study.35 The system consists of three electrodes – a circular
working Pt electrode (WE) with 1 mm diameter, a Pt reference
electrode (RE), and an auxiliary Pt electrode (AE). Before any
modication of electrodes, they were electrochemically cleaned
by scanning 10 cycles of cyclic voltammetry (CV) in the � 1.5 V
Scheme 2 (A) The three-electrode system used for CV measure-
ments. All electrodes are made of platinum. The three-electrode
system has the dimensions 10mm by 6mm, and the WE's diameter is 1
mm. (B) Setup of cyclic voltammetry.

Table 2 The z potential and size of the synthesized Pt-NPs #1 (4 ml/
2600 ml solution) at different irradiation times

Irradiation
time [min]

z-Potential
[mV] B sizea [nm]

0.5 12 � 6 1495 (50%) 303 (50%) —
1 13 � 6 1448 (100%) — —
1.5 �19 � 5 180 (100%) — —
2 �23 � 6 57 (99%) 375 (1%) —
3 �18 � 4 233 (68%) 97 (32%) —
5 �2 � 10 249 (78%) 1167 (21%) 4333 (1%)

a Apparent size of particles may indicate aggregates.

RSC Adv., 2019, 9, 5558–5569 | 5561
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Fig. 4 Atomic force microscopy images of (A) AFP fibrils (B) Immo-
bilized Pt-NPs #5 on the surface of AFP fibrils.

Fig. 6 Scanning electron micrographs of (A) immobilized Pt-NPs #5
on the surface of AFP fibrils (backscatter mode) (B) network-like Pt-
NPs #5 structure after 5 min O2-plasma treatment at P ¼ 300W of the
Pt-NP-fibril-composites in A (backscatter mode).
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range at 100 mV s�1 in 0.1 M KCL solution. A volume of 5 ml of
the Pt-NPs-AFP brils and the PVP-stabilized Pt-NPs-AFP brils
nanocomposites (see immobilization of Pt-NPs on the peptide
brils) were dispersed on the WE and dried in air. Duplicate
samples of the modied electrodes were prepared and then
subjected to O2-plasma treatment for 5 min at P ¼ 300 W
(Europlasma®, Junior Advanced) and 168 mTorr to degrade the
peptide brils and the PVP present. Amultichannel potentiostat
(VSP 300, Bio-logic Science Instruments, France) was used for
all electrochemical measurements. The electrode system was
inserted into the adapter (ED-DROP-CELL, Micrux Fluidic) and
connected to the potentiostat. A Pasteur pipette, containing the
electrolyte solution, is mounted on a tripod attachment and
Fig. 5 XPS spectra of the Pt-NPs-AFP fibrils assemblies (A) C 1s spectra. (
of amide groups and amino groups (C) O 1s spectra (D) Pt 4f spectra.

5562 | RSC Adv., 2019, 9, 5558–5569
positioned directly above the electrode system connecting all
the electrodes. A polytetrauoroethylene (PTFE) lm is used to
seal the connection. CV was performed in O2-saturated 0.1 M
H2SO4 solution at a scan rate of 50 mV s�1 ranging from �0.65
to 0.05 V.
Results and discussion
Synthesis of platinum nanoparticles

VUV-irradiation of aqueous precursor solutions was used for the
synthesis of the platinum nanoparticles (Pt-NPs), which is
a method that has already been used successfully for the
preparation of gold nanoparticles (Au-NPs).36 172 nm photons
B) N 1s spectra, the spectra of N 1s are deconvoluted into components

This journal is © The Royal Society of Chemistry 2019
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Table 3 Atomic element percentages of the Pt-NPs-AFP peptide fibril-assemblies on Si-wafer before and after O2-plasma treatment for 5min at
300 W by XPS

Sample

Surface atomic content (at%) Atomic ratios

C 1s N 1s Pt 4f Pt/C Pt/N

Pt-NPs-AFP bril-assemblies before O2-
plasma treatment

32.33 5.15 0.12 0.004 0.023

Pt-NPs-AFP bril-assemblies aer O2-
plasma treatment

18.52 1.69 1.43 0.077 0.846

Fig. 7 XPS spectra of the Pt-NPs-AFP fibrils assemblies before O2-
plasma treatment (red), and the Pt-NPs-AFP fibrils composites after
5 min O2-plasma treatment at P ¼ 300 W (green).

Fig. 8 Photograph of (A) colorless precursor solution of dissolved
H2PtCl6 (4 ml) and PVP (Cp ¼ 0.44%) in H2O (2400 ml) and 2-propanol
(200 ml) (B) Pt-NPs #1 + PVP-10 kDa, Cp¼ 0.44% (C) Pt-NPs #1 + PVP-
40 kDa, Cp ¼ 0.44% (D) Pt-NPs #1 + PVP-58 kDa, Cp ¼ 0.44% (E) Pt-
NPs #1 + PVP-360 kDa, Cp ¼ 0.44% (F) Pt-NPs #1 + PVP-1300 kDa g
mol�1, Cp ¼ 0.44%.
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from Xe*2 excimers are utilized for the production of the nano-
particles. Via this method, the density of the nanoparticles is
controlled by the concentration of the precursor H2PtCl6. The
fabrication of the Pt-NPs was evidenced by a color change
(colorless to black or dark brown) observable aer the 5 min
irradiation of the Pt precursor solution by the VUV excimer
lamp (Fig. 2). The black or dark brown color became more
intense with the increase of the concentration of H2PtCl6 used.
The inuence of the precursor H2PtCl6 concentration on the
platinum nanoparticle size and z-potential was studied using
the Malvern® (Zetasizer Nano ZSP) instrument. The results are
shown in (Table 1). The shape of the particles was assumed to
be spherical).

It is shown that the precursor (H2PtCl6) concentration
remarkably inuences the size and structure of platinum
nanoparticles. The size distribution indicates an increase in the
agglomeration of the resulting nanoparticles with the increase
of the H2PtCl6 concentration, as can also be shown in the
scanning electron microscope (SEM) images in Fig. 3.

The zeta potential (z-potential) is an indicator of the stability
of particles. In pure aqueous solutions, the overlap between the
diffuse double layers of two approaching particles results in
a repulsive double layer interaction potential, which leads to
particle stabilization.37–39 Thusly, particles without or with low
surface charges, i.e. low z-potentials, start to agglomerate by van
der Waals forces.40 It was observed that a zeta potential of
|30| mV decreases the probability for agglomeration of the Pt-
This journal is © The Royal Society of Chemistry 2019
NPs in an aqueous solution by electrostatic repulsion (Scheme
2).

The values in Table 1 and the SEM images in Fig. 3 show
particles in the fast aggregation regime, where they start
aggregating immediately aer irradiation. Pt-NPs #5 suspen-
sion (4 ml/14 000 ml solution) displays minimal size of the Pt-
NPs, with a constant single nanoparticle size of B ¼ 19 nm.
This suspension also contains the lowest precursor concentra-
tion (4 ml/14 000 ml solution), and therefore a high z-potential of
�32 mV, which indicates the stability and improbability of its
Pt-NPs to agglomerate. A low precursor concentration and thus
larger distances between the nanoparticles leads to a minimi-
zation of the van der Waals attraction forces between the
particles, which slow their aggregation.41,42

The VUV irradiation time displayed in (Table 2) has impor-
tant effects on the particle size and its z-potential, but does not
show a specic trend. Short irradiation times of 0.5 and 1 min
exhibit Pt-NPs with positive zeta potentials of 12 and 13 mV,
respectively. These nanoparticles also demonstrate a high
propensity to agglomerate as depicted by their large particle
sizes. VUV irradiation time of 2 min shows the smallest size of
Pt-NPs (�57 nm). This suspension has the highest z-potential of
�23 mV, which reduces the nanoparticles' proclivity to
agglomerate. Aer 2 min, the increase of the irradiation time to
3 and 5 min causes the decrease of the z-potential, thusly
increasing the agglomeration of the particles and their apparent
average sizes. It is also worth mentioning that the color inten-
sity of the nanoparticle suspensions (black or dark brown)
increases when the VUV irradiation time was increased from
0.5 min to 5 min.
RSC Adv., 2019, 9, 5558–5569 | 5563
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Table 4 The z potential and size of the synthesized PVP-stabilized Pt-NPs after 5 min irradiation time at different PVP molecular weights (Mwt)
and Cp ¼ 0.44%

Suspension name H2PtCl6 [ml] H2O [ml] C3H8O [ml] PVP [mg]

B size [nm]

5 min irradiation time

Pt-NPs #1 4 2400 200 — 249a (78%) 1167a (21%) 4333a (1%)
Pt-NPs #1 + PVP-10 kDa 4 2400 200 11.5 3 (100%) — —
Pt-NPs #1 + PVP-40 kDa 4 2400 200 11.5 5 (100%) — —
Pt-NPs #1 + PVP-58 kDa 4 2400 200 11.5 6 (100%) — —
Pt-NPs #1 + PVP-360 kDa 4 2400 200 11.5 9 (100%) — —
Pt-NPs #1 + PVP-1300 kDa 4 2400 200 11.5 11 (75%) 6 (25%) —

a Apparent size of particles indicates aggregates.

Fig. 9 Atomic forcemicroscopy images of (A) a blank Si-wafer surface
(B) the synthesized Pt-NPs #1 + PVP (10 000 g mol�1, Cp ¼ 0.44%).
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Immobilization of Pt-NPs on peptide brils

Amyloid brils are generally formed through the generation of
b-sheets, which run perpendicular to the bril axis, by hydrogen
bonding. The formation of a steric zipper is then achieved from
the interlocking of two sheets with each other. Finally, these
pairs of sheets interact to form brils.43,44 As such, the AFP
(aniline-GGAAKLVFF) self assembles into positively charged
brils. Fig. 4A shows the AFM image of the AFP brils, where it
is obvious that these brils tend to aggregate in a net-like
formation, with a diameter of about 1–5 nm and a length of
200 nm to several micrometers acquired from AFM measure-
ments.34 The z-potential of the synthesized AFP brils was
measured to be 34.0 mV at pH¼ 2.58. Hence, the AFP brils are
positively charged and can readily immobilize the negatively
charged Pt-NPs onto their surfaces by electrostatic attraction.
According to Coulomb's law, the attraction forces between
brils and nanoparticles are proportional to their surface
charges. Thus, peptides with higher z-potential will allow
a higher immobilization rate. Fig. 4B shows an AFM image of
the immobilization of Pt-NPs on the surface of AFP brils. The
AFM image conrmed that the Pt-NPs are strongly attached to
the AFP brils' surfaces with high metal loading and different
shapes, creating a deposition strategy that is both efficient and
effective for the construction of hybrid nanostructures.45,46

Fig. 5 displays a representative XPS spectrum of Pt-NPs-AFP
brils composites. The C 1s peak in Fig. 5A can be resolved
into two components, the peak at 284.8 eV revealing the
hydrocarbon and the peak at 288.1 eV exhibiting a carboxyl and
amine carbon peak. Deconvolution of the N 1s spectrum
(Fig. 5B) gives two components that represent amino groups
and amide groups in AFP brils, at 401.6 and 399.8 eV,
respectively. The O 1s peak, corresponding to the carboxyl
oxygen atoms in AFP brils, appears at 531.5 eV.

The Pt (4f7/2) and Pt (4f5/2) peaks materialize at 71 and 74.3
eV, respectively. All of these results conrm the deposition of Pt-
NPs onto the surface of the AFP brils.

O2-plasma treatment of the nanoparticle-bril-composites

To prepare a network of connected Pt-NPs over a wide range on
a surface, O2-plasma treatment was employed on the
nanoparticles-brils-assemblies to eliminate the inuence of
the peptide brils, while at the same time maintain the optimal
5564 | RSC Adv., 2019, 9, 5558–5569
structure of crosslinked, evenly distributed Pt-NPs with a very
large active surface area provided initially by immobilizing said
nanoparticles on the brils' surface. The radiation of the O2-
plasma cleaves the peptide bonds isotopically. Oxygen radicals
immediately occupy the liberated bonds and prevent a recom-
bination. Increasingly, short chain volatile substances are
formed from the macromolecules and removed in the
vacuum,47 leaving the nanoparticles in a network-like distribu-
tion and high metal loading – minus the inuence of the
peptide brils – to be used optimally for applications in catal-
ysis, electronic materials and other corresponding elds. The
SEM images in Fig. 6 show the effect of the O2-plasma cleaning
procedure on the Pt-NPs-AFP brils-constructs with P ¼ 300 W
and 5 min treatment time. Fig. 6B conrms the elimination of
the AFP brils aer 5 min O2-plasma treatment. The image also
shows the nanoparticles in an intermittent distribution with
disconnected areas, indicating a highmetal loading in areas the
sample previously had high bril densities, and lower metal
loading in areas of the sample with lower bril densities. Ulti-
mately, a network of interconnected Pt-NPs has been arranged,
which holds great potential for various applications.

X-ray photoelectron spectroscopy (XPS) data were collected
to further conrm the degradation of brils from the Pt-NPs-
peptide bril composites aer O2-plasma treatment. As
evident in (Table 3) and (Fig. 7), the peptide relevant elements,
carbon and nitrogen, decline aer the plasma procedure. The
measured atomic percentage of elementary platinum amplies
comparatively by the elimination of the peptide brils to 1.43%.

Finally, the revelation of a larger amount of platinum, due to
the degradation of the peptide brils, increases the Pt/C and Pt/
This journal is © The Royal Society of Chemistry 2019
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Table 5 The z potential and size of the synthesized PVP-stabilized Pt-NPs after 5 min irradiation time at different PVP concentrations (Cp)

Suspension name H2PtCl6 [ml] H2O [ml] C3H8O [ml] PVP [mg]

B size [nm]

5 min irradiation time

Pt-NPs #1 4 2400 200 — 249a (78%) 1167a (21%) 4333a (1%)
Pt-NPs #1 + PVP-10 kDa, Cp ¼ 0.44% 4 2400 200 11.5 3 (100%) — —
Pt-NPs #1 + PVP-10 kDa, Cp ¼ 1.77% 4 2400 200 46 2 (100%) — —
Pt-NPs #1 + PVP-40 kDa, Cp ¼ 0.44% 4 2400 200 11.5 5 (100%) — —
Pt-NPs #1 + PVP-58 kDa, Cp ¼ 0.44% 4 2400 200 11.5 6 (100%) — —
Pt-NPs #1 + PVP-58 kDa, Cp ¼ 0.30% 4 2400 200 7.9 6 (100%) — —
Pt-NPs #1 + PVP-360 kDa, Cp ¼ 0.44% 4 2400 200 11.5 9 (100%) — —
Pt-NPs #1 + PVP-360 kDa, Cp ¼ 0.05% 4 2400 200 1.3 23 (71%) 11 (29%) —
Pt-NPs #1 + PVP-1300 kDa, Cp ¼ 0.44% 4 2400 200 11.5 11 (75%) 6 (25%) —
Pt-NPs #1 + PVP-1300 kDa, Cp ¼ 0.013% 4 2400 200 0.35 21 (100%) — —

a Apparent size of particles indicates aggregates.
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N ratios aer 5 min of 300WO2-plasma radiation. Therefore, all
of these results conrm the elimination of the AFP brils and
the assembly of Pt-NPs as an interconnected network (see
Scheme 1).
Fig. 10 Scanning electron micrographs of immobilized PVP-40 kDa
(Cp ¼ 0.44%)-stabilized Pt-NPs on the surface of AFP fibrils (back-
scatter mode).

Table 6 The z potential and size of the synthesized PVP-40 kDa-
stabilized Pt-NPs at different irradiation times and Cp ¼ 0.44%

Irradiation
time [min] B size [nm]

0.5 13 (40%) 8 (33%) 4 (27%)
1 11 (67%) 6 (33%)
1.5 9 (60%) 6 (40%) —
2 8 (100%) — —
3 7 (66%) 11 (34%) —
5 5 (100%) — —
Synthesis of PVP-stabilized platinum nanoparticles

As demonstrated in (Table 1), Pt-NPs #1 (4 ml H2PtCl6/2600 ml
solution) exhibited the highest agglomeration of nanoparticles
due to possessing the highest concentration of H2PtCl6
precursor. As such, it was imperative to control the nanoparticle
size of these Pt-NPs #1 and stabilize them against aggregation in
order to make them better suited to be used in various appli-
cations. Herein, poly(vinyl pyrrolidone) (PVP) was used as the
stabilizing agent, and the same novel method of VUV excimer
lamp irradiation used above for the synthesis of Pt-NPs (see
synthesis of platinum nanoparticles) was also used for the
production of the PVP-stabilized Pt-NPs. The fabrication of the
PVP-stabilized Pt-NPs was evidenced by a color change from
colorless to black or dark brown (Fig. 8). The inuence of
polymer molecular weight (Mwt) on the platinum nanoparticle
size was studied. The results are shown in Table 4.

It is revealed that at a constant polymer concentration (Cp ¼
0.44%), the PVP polymer molecular weight remarkably inu-
ences the size of the Pt-NPs. Stabilization by PVP with Mwt ¼
10 000 g mol�1 leads to the formation of very small particles (3
nm) of similar sizes. With increasing Mwt up to 40 000 g mol�1,
the size of Pt-NPs increases to 5 nm. The augmentation of PVP
Mwt results in an increase in nanoparticle size up to 6–11 nm,
a part of which has a spherical or chain shape. The number of
these nanoparticles also increases with increasing PVP Mwt.
Under these conditions, nanoparticle agglomeration was not
observed, as opposed to the non-stabilized Pt-NPs. This can also
be seen in the AFM images in Fig. 9A and B.

Another direct inuence on the nanoparticle size is the
polymer concentration (Cp) (Table 5). In the presence of PVP
with Mwt ¼ 58 000 g mol�1 and low PVP concentrations Cp ¼
0.30% and 0.44%, the sizes of the nanoparticles are, in both
cases, �6 nm with no signicant size differences apparent.
However, for more concentrated PVP solutions, a slight size
This journal is © The Royal Society of Chemistry 2019
difference occurs. With PVP of Mwt ¼ 10 000 g mol�1 and
concentrations Cp¼ 0.44% and 1.77%, there is a slight decrease
of nanoparticle size from 3 nm to 2 nm for the higher concen-
trated PVP solution (Cp ¼ 1.77%). Decreasing the PVP polymer
concentration by a factor of 10 for the PVP withMwt ¼ 360 000 g
mol�1 displays a more signicant increase in size. At Cp ¼
0.44%, the nanoparticle size is 9 nm; at Cp ¼ 0.05%, most Pt-
NPs have a size of 23 nm. Further decreasing PVP (Mwt ¼
1 300 000 gmol�1) concentration to Cp¼ 0.013%, demonstrates
another similar increase of nanoparticle size.

It is believed that the z-potential of the various PVP-stabilized
platinum nanoparticle suspensions has been affected by the
RSC Adv., 2019, 9, 5558–5569 | 5565
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Fig. 12 Scanning electron micrographs of (A) immobilized PVP-40
kDa (Cp ¼ 0.44%)-stabilized Pt-NPs on the surface of AFP fibrils
(backscatter mode) (B) network-like stabilized Pt-NPs structure
after 5 min O2-plasma treatment at P ¼ 300 W (backscatter mode).

Fig. 11 XPS spectra of the PVP-Pt-NPs-AFP fibrils assemblies (A) C 1s spectra. (B) N 1s spectra, the spectra of N 1s are deconvoluted into
components of amide groups and amino groups (C) O 1s spectra (D) Pt 4f spectra.
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polymer presence, and thus does not show any signicant
differences with the variation of the nanoparticle sizes.

The average size of the PVP-stabilized Pt-NPs, listed in (Table
6), was slightly decreased from �11 to 5 nm when the VUV
irradiation time was increased from 0.5 min to 5 min in this
process. A more visible inuence can be seen in the color
intensity. With the increase of the VUV irradiation time, the
intensity of the black color, which is characteristic of platinum
nanoparticles, also increases. Zeta potential, however, does not
exhibit any signicant differences with the variation of the
irradiation time due to PVP coating present.

Immobilization of PVP-stabilized Pt-NPs on peptide brils

As established above (see synthesis of PVP-stabilized platinum
nanoparticles), the PVP-stabilized Pt-NPs possess small sizes
and no aggregates in their suspensions, hence making these
stabilized nanoparticles better suited for the immobilization on
peptide brils. Fig. 10 displays a SEM image of the immobili-
zation of PVP-stabilized Pt-NPs on the surface of AFP brils via
electrostatic attraction. It is necessary to note that at such
polymer concentrations it is difficult to observe the nano-
particles or the brils due to the formation of very dense poly-
mer lms. The SEM image conrmed the attachment of copious
amounts of Pt-NPs to the AFP brils' surfaces with a network-
5566 | RSC Adv., 2019, 9, 5558–5569
like morphology, where the Pt-NPs are lighting among a dark
eld of the PVP lm.

X-ray photoelectron spectroscopy (XPS) further conrmed
the immobilization of PVP-Pt-NPs onto the AFP peptide brils.
Fig. 11 presents the XPS spectrum of PVP-Pt-NPs-AFP brils
nanocomposites.
O2-plasma treatment of the PVP-stabilized nanoparticle-bril-
composites

To construct a network of interconnected, smaller sized Pt-NPs
stabilized by PVP, O2-plasma treatment was applied on PVP-
This journal is © The Royal Society of Chemistry 2019
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Table 7 Atomic element percentages of the PVP-stabilized Pt-NPs-AFP peptide fibril-assemblies on Si-wafer before and after O2-plasma
treatment for 5 min at 300 W by XPS

Sample

Surface atomic content (at%) Atomic ratio

C 1s N 1s Pt 4f Pt/C Pt/N

PVP-stabilized Pt-NPs-AFP bril-
assemblies before O2-plasma treatment

74.23 10.95 0.05 0.001 0.005

PVP-stabilized Pt-NPs-AFP bril-
assemblies aer O2-plasma treatment

32.36 4.03 1.1 0.034 0.273
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stabilized nanoparticles-brils-composites to eradicate the
inuence of both the peptide brils and PVP lm discussed
above (see immobilization of PVP-stabilized Pt-NPs on peptide
brils). This technique yields a crosslinked, connected
assembly of stabilized, smaller sized Pt-NPs, which are better
equipped with a large active surface area to be used ideally in
catalysis, electronic materials and other elds, excluding any
effects the PVP lm or the peptide brils might have regarding
the efficiency of operation.

The SEM images in Fig. 12 illustrate the effect of the O2-
plasma treatment on the PVP-stabilized Pt-NPs-AFP brils-
assemblies with P ¼ 300 W and 5 min treatment time.
Fig. 12B conrms the removal of the AFP brils and PVP lm
aer 5 min O2-plasma treatment. The images display the
stabilized Pt-NPs in an interlocked arrangement, similar to
nanowires, with the nanoparticles concentrated in areas of the
sample that have previously had a high congregation of peptide
brils.

XPS data also asserts the degradation of the peptide
brils and the PVP lm leading to the exposure of lager
amounts of elementary platinum, as manifested in the
increase of the Pt/C and Pt/N ratios aer the application of
O2-plasma for 5 min at 300 W. The data is presented in Table
7 and Fig. 13.
Fig. 13 XPS spectra of the PVP-Pt-NPs-AFP fibrils assemblies before
O2-plasma treatment (red), and the PVP-Pt-NPs-AFP fibrils compos-
ites after 5 min O2-plasma treatment at P ¼ 300 W (green).
Electrochemical behaviour of modied electrodes

The Pt-NP and PVP-Pt-NP-AFP peptide bril-composites and
their O2-plasma treated assemblies possess interconnected,
nanowire-resembling platinum structures. These network-like
structures should provide an enhancement in the activity and
catalytic performance. Cyclic voltammetry (CV) was used to
investigate the electrocatalytic activity of the nanoparticle-
bril constructs for oxygen reduction. The obtained Pt-NPs-
AFP brils and the PVP-Pt-NPs-AFP brils were supported on
a platinum electrode, which is part of a three platinum-
electrode system called ED-SE1-Pt (purchased from Micrux
Technologies, Oviedo, Spain). Recent literature indicated that
Pt can be used as a reference electrode under specic condi-
tions in which traditional reference electrodes cannot be
used.48 Fig. 14A displays CVs of the Pt-NPs-AFP brils-modied
electrodes in O2-saturated 0.1 M H2SO4 solution. The O2-
plasma treated Pt-NPs-AFP brils-modied electrode showed
higher electrocatalytic activity compared to the non-O2-plasma
treated modied electrode and the unmodied electrode, as
This journal is © The Royal Society of Chemistry 2019
judged from the increase in the current density, suggesting
a pronounced electrocatalytic activity of the O2-plasma treated
Pt-NPs-AFP brils toward oxygen reduction reaction (ORR).
Fig. 14B displays CVs of the PVP-stabilized Pt-NPs-AFP brils-
modied electrodes in saturated 0.1 M H2SO4 solution. The
O2-plasma treated PVP-stabilized Pt-NPs-AFP brils-modied
electrode also exhibited higher electrocatalytic activity
compared to the unmodied electrode, manifesting as an
increase in the current density. The non-O2-plasma treated
PVP-stabilized Pt-NPs-AFP brils-modied electrode does not
show a distinguished ORR peak. This is because the surface of
the electrode is completely covered with the stabilizing agent
PVP; it blocks the catalytic surface from the electrolyte and the
faradic reactions will not take place, only the non-faradic
double layer charging can be observed. The slight cathodic
shis (by �0.15–0.25 V) are consistent with this view. In other
words, O2 reduction becomes more difficult at the covered
electrode. O2-plasma treatment of the catalyst removes some
amount of the PVP and brils from the surface of the elec-
trode, exposing the Pt-NPs; this is evident from the CVs. A clear
peak of ORR can be observed from the sample treated with O2-
plasma and the overall voltammetric features suggest that it
effectively removes both PVP and brils, indicating a notice-
able electrocatalytic activity of the O2-plasma treated PVP-
stabilized Pt-NPs-AFP brils toward ORR.
RSC Adv., 2019, 9, 5558–5569 | 5567
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Fig. 14 (A) Cyclic voltammograms of oxygen reduction at the unmodified electrode (black line) Pt-NPs-AFP modified electrode (red line) and
O2-plasma treated Pt-NPs-AFP modified electrode (blue line). (B) CVs of oxygen reduction at the unmodified electrode (black line) PVP-Pt-NPs-
AFP modified electrode (red line) and O2-plasma treated PVP-Pt-NPs-AFP modified electrode (blue line). Supporting electrolyte, O2-saturated
0.1 M H2SO4 solution; scan rate, 50 mV s�1.
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Summary and conclusions

Herein, the viability of the immobilization of metal nano-
particles on peptide brils was demonstrated. The peptide AFP
(aniline-GGAAKLVFF) was produced with a semi-automatic
peptide synthesizer and analysed with MALDI-TOF. VUV irra-
diation was employed as a novel, simple, cost effective and
environmentally friendly production process of both platinum
nanoparticles (Pt-NPs) with different concentrations, and PVP-
stabilized Pt-NPs with various polymer concentrations, molec-
ular weights and irradiation times. A determination of the
particle size of the PVP-stabilized Pt-NPs by dynamic light
scattering (DLS) showed no agglomeration and smaller sized
particles in comparison to the non-stabilized Pt-NPs. An anal-
ysis of the Pt-NPs by SEM exhibited a direct relationship
between the platinum precursor concentration (H2PtCl6) and
the aggregation of the particles. The examination of the PVP-
stabilized Pt-NPs displayed a direct connection between the
PVP polymer molecular weight (Mwt), its concentration (Cp) or
the VUV irradiation time and the size of the synthesized
particles.

Immobilization of Pt-NPs onto the peptide brils via elec-
trostatic interaction represents an appealing method for the
formation of novel Pt-NPs-peptide bril-composites, and is able
to deposit nanoparticles on brils with different morphologies
and high metal loading. To optimize the efficiency of this
immobilization technique further, the peptide brils and the
PVP lm were both removed with O2-plasma treatment, leaving
behind an interconnected network of Pt-NPs, resembling
nanowires, exhibiting excellent electrocatalytic activities toward
oxygen reduction, which is of special interest for polymer elec-
trolyte fuel cells (PEFCS), batteries and many other miniature
electrode applications. Further investigations are required to
test the feasibility of this construct for PEFCS applications.
Moreover, different amyloid brils could also be used as the
5568 | RSC Adv., 2019, 9, 5558–5569
support for the deposit of other metal nanoparticles (Au, Ag, Ni
and others) via electrostatic association. Finally, the platinum
loading on the peptide brils should be conrmed and the
maximum load determined to make optimal use of the cost-
intensive peptides.
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B. Rodŕıguez-González, R. A. Álvarez-Puebla, P. Hervés and
L. M. Liz-Marzán, Chem. Mater., 2009, 21, 1531–1535.

14 N. Tian, Z. Y. Zhou, S. G. Sun, Y. Ding and Z. L. Wang,
Science, 2007, 316, 732–735.

15 N. Krasteva, I. Besnard, B. Guse, R. E. Bauer, K. Müllen,
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