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Abstract
Atmospheric pressure plasma jet is used as a tool to design polymer/nanoparticle composite materials for various applications.
The aim of this research is to get a cheap and green method for nanoparticle impregnation into polymer surfaces. The proposed
route consists of nanoparticle synthesis by laser ablation in water and their impregnation into polymers assisted by atmospheric
pressure plasma jet. The impregnation is achieved by increased roughness of treated samples containing nanoparticles which are
embedded into such rough structures. This proof-of-concept method is based on pre- or post-treatment of PVC polymer dropcoated with Au nanoparticles by helium atmospheric pressure plasma jet.
Keywords Atmospheric pressure plasma jet . Polymer nanocomposites . Nanoparticles impregnation . Polymer treatments .
Poly(vinyl chloride) (PVC)

1 Introduction
Polymers are relatively inexpensive materials with good bulk
properties for a wide range of applications. However, the
physical and chemical properties of polymer bulk material
may be modified, improved, and tailored either by changing
their surface properties (like wettability, adhesion,
functionalization) or by impregnation of some metal nanoparticles making a new class of polymer composite materials [1,
2]. Such polymer/nanoparticle hybrid materials have drawn
much attention having excellent properties for many applications in nanobiotechnology, nanobiomedicine, nanochemistry,
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optoelectronics, and food industry. Those applications include
gold nanoparticles (AuNPs) impregnated into bulk polymers
or polymer particles for development of anti-bacterial substrates (anti-biofilms) [3], nanoplasmonic sensing devices
[4], improved radiation dose measurements [5], catalysis [6],
immunoassay systems [7], photovoltaic devices [8], polymeri c n a n o c o m p o s i t e m e m b r a n e s [ 9 ] , a n d fu e l c e l l
electrocatalysis [10].
PVC (polyvinyl chloride) polymer is biocompatible for
wide variety of applications in nanobiomedicine for blood
contact–related supplies like blood bags and drug delivery
systems [11, 12]. Plasma treatment of PVC polymers is widely
used for achieving anti-microbial polymer properties for various applications in biomedicine or in medical devices
[13–16]. Moreover, AuNP-modified PVC is used for development of biosensors for detection of phenols [17] or glucose
[18], amperometric [19, 20] and colorimetric [21] sensors, and
as a multi-functional flexible sensor [22].
In this paper, we introduce a new proof-of-concept method
for atmospheric pressure plasma jet (APPJ)-assisted impregnation of AuNPs into PVC surfaces in order to fabricate
polymer/nanoparticle composites. APPJ, as a cold (nonthermal) plasma, is ideal for treatment of surfaces of thermally
sensitive materials such as polymers. It operates at the ambient
pressure, and it is highly reactive due to a presence of various
reactive species [23–25]. We propose a route of polymer
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surface modification which is based on a combination of
APPJ and AuNPs synthesized ex situ by laser ablation of gold
in water. Laser synthesis of nanoparticles in liquids is based on
the process of pulsed laser ablation of metallic target immersed in liquid (laser ablation in liquids (LAL)) [26–28].
This technique is known as one of “green synthesis” techniques as it provides not inhalable colloidal nanoparticles with
no residues or by-products, while often no further purification
is required [29]. LAL technique is capable of nanoparticle
synthesis from a wide variety of materials [30–34].
With this method, AuNPs are impregnated into the surface
of the polymer keeping the bulk material unchanged. It is a
rapid, energy-efficient, non-toxic, and low-cost route for the
impregnation that needs only a small amount of nanoparticles
due to 2D dispersion and impregnation into the polymer surface. PVC polymer appeared as a representative candidate for
this case study of AuNP impregnation because of its huge
roughness increase under the influence of APPJ which would
appear as positive repercussion for AuNP impregnation.

2 Experimental section
2.1 Nanoparticle synthesis route
A colloidal solution of AuNPs was synthesized through the
process of pulsed laser ablation in deionized water using
Nd:YAG laser (Quantel, Brilliant). Laser specifications are
as follows: pulse duration 5 ns, wavelength 1064 nm, output
energy 290 mJ, repetition rate 5 Hz, and total number of applied laser pulses 2000. The target was a gold plate (purity
99.99%) with a thickness of 0.1 mm. Target was fixed on the
target holder and immersed in a quartz cuvette (2 × 4 × 4 cm3)
filled with 30 ml of deionized water. Laser beam was directed
by a system of prisms and focused by a lens (with focal length
of 10 cm) onto the target surface. Laser pulse energy in front
of the target was 210 mJ while a diameter of a focused pulse
on the target surface was 1 mm which yields a laser fluence of
27 J/cm2. The thickness of a water layer above the target was
kept constant at 1.5 cm during the experiment in order to keep
the ablation efficiency, and thus nanoparticle properties, constant [35]. A scheme of experimental setup for LAL is
depicted in details in recent work [36]. The target was moved
every 500 pulses by 2 mm relative to the incident laser beam
to avoid drilling of a crater through whole sample. Instead,
four craters were produced for further analysis. The obtained
AuNP colloidal concentration is estimated to be of order or
4 × 108 ml−1 while the calculation procedure is described in
[37, 38].
A colloidal solution of laser-synthesized AuNPs was analyzed using a spectrophotometer (Perkin Elmer, Lambda 25)
to assess the UV-Vis absorption spectrum. Zeta potential
(Malvern Zetasizer) of Au colloidal solution is measured to
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be − 18 mV which makes a colloidal solution of moderate
stability. The photoabsorption peak at 526 nm decreases for
15% after 10 days due to precipitation and agglomeration of
colloidal AuNPs.

2.2 PVC treatment with atmospheric pressure plasma
jet
The experimental scheme of APPJ used for treatment of PVC
is presented in Fig. S1. It is a type of single-electrode plasma
jet operating with the power source with the sinusoidal output
signal whose peak-to-peak voltage and frequency are 7 kVand
20 kHz, respectively [39]. Power electrode was a copper wire
with a diameter of 0.15 mm. The wire was inserted inside of
the borosilicate glass capillary tube and ended near the orifice
of the tube. The capillary tube was 75 mm long with 1.2-mm
inner diameter and 1.5-mm outer diameter. Working gas was
He 4.6 (purity 99.996%). Gas flow was measured and controlled using a digital flow meter (Cole-Parmer). The gas flow
was 2 slm while the visible length of the jet was 1.2 cm. All
samples were positioned at 1 cm from the end of capillary
orifice intersecting the visible end of jet and then exposed to
an APPJ for 2 min. Sample holder was made of glass to avoid
the effect of second electrode or grounding of single-electrode
jet. Plasma jet was monitored by optical emission spectroscopy (OES). For this purpose, 16-bit Avantes Sens CCD spectrometer was used and it recorded spectra in the wavelength
range from 200 to 750 nm with spectral resolution of 0.5 nm.
Spectra were not corrected to spectral response as they were
used qualitatively for species identification only. PVC samples’ dimension was 1 × 1 cm2. Imaging was performed from
the 0.5 × 0.5-cm2 area around the center of the PVC. During
APPJ treatment of PVC, a temperature measurement of samples was performed using infrared thermometer (ColeParmer). Also, voltage and current waveforms of APPJ were
acquired using voltage (Tektronix P6015A) and current
(Pearson current monitor model 2877) probes.
The inset in Fig. S1 presents a photograph of a helium
atmospheric pressure plasma jet in contact with PVC polymer.
Optical emission spectra were recorded at the point of interaction of the jet and the polymer, while optical fiber was
inclined by 45° with respect to the target surface to collect
the signal from plasma jet affected area, and at the same point
but without polymer sample for comparison (free jet).
There are generally two standard routes to impregnate
nanoparticles into polymers: the first is based on addition of
nanoparticles into the polymer as a dispersion/reaction medium, and the second is based on deposition of nanoparticles
onto the pre-synthesized polymer (onto the surface or into the
bulk; in that case polymer acts as a dispersion medium). In
both cases, nanoparticles can be synthesized ex situ by a variety of chemical methods and in situ particularly by chemical
reduction, ion exchange, and sol-gel methods [40, 41].
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In Fig. S2 , general nanoparticles impregnation/
incorporation routes into polymers are sketched including
standard techniques (a) and (b) and a method proposed in this
work (c):
(a) In situ synthesis/impregnation of nanoparticles into polymers matrix with various chemical methods (3D
impregnation)
(b) Ex situ synthesis of nanoparticles and impregnation/
dispersion into polymers by deposition where polymers
as dispersion medium are in liquid phase or in form of a
casting solution (it usually yields 3D impregnation, but
rarely 2D is also possible)
(c) Ex situ synthesis of nanoparticles by LAL and further
APPJ-assisted surface impregnation of nanoparticles before or after the drop-coating of colloidal nanoparticle
solution onto the polymer surface (2D impregnation).
This method is described with steps (iv) and (v) of treatment cases presented in Fig. 1.

In Fig. 1, AuNP impregnation scheme is presented: (i) untreated sample (control sample), (ii) AuNPs deposited onto
polymer surface by drop-coating method (drop of colloidal
AuNPs left at the polymer surface until the water evaporates),
(iii) polymer surface treated by APPJ (without AuNPs addition), (iv) polymer surface pre-treated with APPJ and then

Fig. 1 APPJ treatment cases: (i) untreated sample, (ii) AuNPs colloid
drop-coating, (iii) APPJ treatment, (iv) AuNPs colloid drop-coating
onto APPJ pre-treated surface, and (v) APPJ treatment of polymer
surface containing AuNPs

drop-coated with AuNP colloidal solution, and (v) AuNPs
deposited by drop-coating onto the polymer surface and subsequently post-treated by APPJ. In case (iii), polymer surface
roughness increased solely due to APPJ treatment, the roughness of samples in cases (iv) and (v) changed due to combination of APPJ treatment and AuNP presence, while in case
(ii), roughness may be changed only due to a presence of
AuNPs. Note that the first two steps in case (iv) correspond
to case (iii) while the first two steps in case (v) correspond to
case (ii).
The contact angle was measured using an optical microscope and determined by image editing program GIMP. The
contact angle was measured for drop of deionized water and
colloidal solution of AuNP at PVC surface before and after the
APPJ treatment.

2.3 PVC and AuNP characterization
PVC was characterized with atomic force microscopy (AFM),
scanning electron microscopy (SEM), and X-ray photoelectron spectroscopy (XPS).
AFM measurements were carried out with Nanosurf
FlexAFM in a dynamic force mode in air using AppNano
silicon tips (nominal spring constant of 36–90 N/m, a tip radius less than 10 nm, and nominal resonant frequency of 160–
225 kHz). AFM images were analyzed using WSxM 5.0 program in order to quantify the roughness of the samples [42].
The size distribution of AuNPs was obtained using AFM
imaging where a drop of colloidal solution was placed onto
the Si substrate. The AFM imaging was performed after the
water evaporates by measuring the height of AuNPs
(diameter) with the assumption that the AuNPs are not deformed due to the applied force of a tip [43].
The SEM analysis was done on a field emission Jeol JSM7600F microscope. The electron accelerating voltage was
10 kV. Before the observations, samples were coated with a
thin layer of amorphous carbon (PECS 682) to prevent charge
accumulation on the surface. Observation mode was set to
low-energy secondary electron detection.
The XPS analyses were carried out on the PHI-TFA XPS
spectrometer produced by Physical Electronics Inc. Samples
were mounted on the metallic sample holder. The analyzed
area was 0.4 mm in diameter, and the analyzed depth was
about 3–5 nm. Sample surfaces were excited by X-ray radiation from monochromatic Al source at a photon energy of
1486.6 eV. The high-energy resolution spectra were acquired
with energy analyzer operating at the resolution of about
0.6 eV and pass energy of 29 eV. During data processing,
the spectra were aligned by setting the C 1s peak at 285 eV,
characteristic for C-C/C-H bonds in polymers. The accuracy
of binding energies was about ± 0.3 eV. Quantification of surface composition was performed from XPS peak intensities
taking into account relative sensitivity factors provided by
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instrument manufacturer [44]. We estimate that the relative
error of calculated concentrations is about 20% of reported
values. XPS spectra were analyzed by a Multipak software
(version 8.0, Physical Electronics Inc.).

3 Results and discussion
In order to analyze the optical emission content of APPJ and to
monitor the interaction process with PVC, the OES was used
as it is a versatile technique to monitor plasma-material interaction processes and related energetically excited volatile degradation products [45–48].
Optical emission spectra of free-standing He APPJ and
APPJ in interaction with PVC are presented in Fig. 2a. Both
spectra show the same emission content with the only difference in intensity. OES spectrum of APPJ during treatment of
PVC containing AuNPs was the same as in the case of pure
PVC and was omitted from the graph for better clarity. The

Fig. 2 a Optical emission spectra of He APPJ: free jet and jet in contact
with PVC. b Temporal evolution of selected emission lines (left axis) and
PVC temperature dependence on treatment time (right axis). Temporal
evolution of selected optical emission lines in free jet is shown with full
symbols and full line while of jet in contact with the PVC with empty
symbols and dotted line
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identified emission lines are as follows: He, O, and Hα
(Balmer series) atomic lines, OH band (A2Σ-X2Π), N2 2nd
positive band (C 3Πu-B3Πg), and N2+ 1st negative band
(B2Σu+-X2Σg+). Temporal evolution of emission line intensities of OH at 309 nm, O at 777 nm, He at 706 nm, Hα at
656 nm, N2 at 315 nm, and N2+ at 428 nm was performed
and shown in Fig. 2b for free APPJ (full line and full symbols).
Corresponding emission line intensities when APPJ interacts
with PVC are also shown for comparison (dotted line, empty
symbols). It can be seen that all lines show 2-fold enhancement
in emission when APPJ interact with PVC, except for N2 when
the enhancement is three times higher. The intensity of nitrogen
molecules dominates in both cases which is due to a diffusion
of a surrounding air into the plasma jet. In the case of interaction of plasma jet with the polymer, plasma is dispersed and
accumulated outside the region of intersection of jet and surface
what yields increased N2 diffusion rate (increased plasma affected area) resulting in 3-fold emission signal enhancement.
The N2+ does not follow the same 3-fold enhancement as it
appears through the Penning ionization involving N2 molecules
and He metastable atoms while an amount of He is insufficient
(observed is a 2-fold enhancement) to make 3-fold enhancement of N2+ [49, 50]. It is expected that He metastable atoms
around 389 nm also exist in APPJ, but they are either of low
density (low emission signal) or overlap with N2+ broad line at
391 nm [51, 52]. However, emission intensities from APPJ
interacting with the PVC are stable in time showing no alteration in intensities. It implies that the performed treatment is
uniform and stable in time but energetically soft as there are no
volatile compounds in energetically excited states which can be
detected by OES. Anyway, such compounds in ground energetic state are expected as APPJ interacts with PVC mainly
through etching processes (described later). These observations
are expected as temperature of the sample does not reach high
values which can be seen from temperature dependence on
treatment time which is shown on the right y-axis in Fig. 2b.
It is shown that temperature of PVC sample is increasing rapidly in the first 30 s from initial 23 to 40 °C reaching a final
temperature of 42 °C at the end of treatment. Temperature
increase obviously did not affect the OES signal which confirms that APPJ interact softly with PVC. The temperature
dependence was not changed when PVC containing AuNP
was used instead of control PVC. Also, voltage and current
waveforms were identical both during the treatment of PVC
with and without AuNPs (results not shown here). Typically,
the change in discharge current is accompanied with a change
in OES signal [53], none of which was observed in our experiments. Therefore, the presence of AuNPs does not lead to a
stronger OES signal of APPJ interacting with PVC samples.
That is because either single AuNPs or agglomerates (if exist)
are scattered onto the polymer surface with no contact to each
other. Thus, they cannot act as a second electrode which will
certainly increase the OES signal. UV-Vis absorption spectrum
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of the colloidal solution of AuNPs synthesized by LAL and the
size distribution of colloidal AuNPs is presented in Fig. 3a, b,
respectively. Orthogonal blue lines correspond to root mean
square (RMS) roughness of PVC (shown afterwards in
Fig. 5) obtained by a procedure depicted in Fig. 1(i)–(v). The
size of roughness could be directly compared to the size of
AuNPs to get insight into the impregnation mechanism. The
absorbance exhibit distinct maximum at 526 nm typically for
AuNPs sized of few tens of nanometers while the shape of the
absorbance curve indicates that the AuNPs in the solution are
spherical [54–57]. From Fig. 3b, it can be seen that the average
AuNP diameter is 30 nm.
Representative AFM images of PVC polymer samples are
presented in Fig. 4. Samples (i)–(v) correspond to the treatment
cases presented in Fig. 1. It is evident that the surface morphology and AuNP distribution is highly influenced by the treatment procedure. This can be further corroborated by RMS
roughness of PVC surface and by SEM imaging. The RMS
roughness of polymer surface for different cases of APPJ treatment and AuNP impregnation is presented in Fig. 5. It is obvious that RMS roughness increases dramatically when APPJ
treatment is applied in any form. It is reflected on the contact
angle and consequently on AuNP distribution on the PVC surface. Measured water contact angle for untreated PVC (case (i),
roughness is 12 nm) is 78° while for APPJ-treated PVC (case
(iii), roughness is 131 nm) is 61°. Contact angle for drop of
AuNPs decreases from 81° to 69° for cases (i) and (iii), respectively. The decrease in contact angles after APPJ treatment
indicates that hydrophilicity (wettability) of the polymer increases due to increased roughness. It is worth to note that the
contact angle for both liquids of the untreated surface of sample
(iii) was the same as for sample (i) which means that APPJ
treatment did not affect the lower surface of the sample but just
upper (exposed) one. Moreover, the roughness of untreated
Fig. 3 a UV-Vis absorbance
spectrum of colloidal AuNPs. b
Size distribution of AuNPs
(column bars) and LogN fit (black
curve). Vertical blue lines
represent RMS roughness of
samples (i)–(v)
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surface of sample (iii) was the same as for sample (i). The other
effect of APPJ treatment is that drop of either deionized water
or AuNP colloid stays still on an untreated sample for approximately 2 h, while in APPJ-treated samples, it spreads onto the
sample surface immediately giving better homogeneity and
dispersion of AuNPs over the sample surface. AuNP dispersion
onto the PVC ((ii) case) shows low distribution homogeneity
due to a higher hydrophobicity of flat polymer surface than in
APPJ-treated rough surfaces. Namely, during slow-drying process (evaporation of water) of drop of AuNPs, smaller and
unevenly distributed drops were formed leaving zones of
AuNP agglomerates or larger islands on the polymer surface
behind. That promotes the final formation of unevenly distributed irregular agglomerations as is shown in Fig. 4(ii). Single
AuNPs can also be observed. Unlike in case (ii), drop of
AuNPs during drying on APPJ-treated polymer surface (lower
hydrophobicity) is immediately distributed when applied onto
the surface leaving evenly distributed single AuNPs with no
agglomerates. PVC treated with APPJ (case (iii)) shows
homogenously distributed ripples and rough structures which
is important for further AuNP distribution and impregnation.
Thus, one can expect for PVC pre-treated with APPJ and impregnated with AuNPs (case (iv)) to have a more uniform and
smoother distribution with respect to case (ii). In case (iv) in
Fig. 4, a sparse concentration of single AuNPs settled among
ripples and forming relatively homogeneous distribution without dominating agglomerations. The dispersion is evidently
more homogeneous than in case (ii). That is due to increase
in surface roughness (or decrease in contact angle) allowing
colloidal AuNP drop of solution to even and rapid spread onto
the surface during drying without formation of agglomerations.
In case (v) in Fig. 4, AuNPs cannot be easily identified as
dimension of ripples (roughness is order of magnitude higher
than AuNP size) far prevail their size. Possible agglomerates
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Fig. 4 AFM images of PVC
polymer: (i) untreated sample, (ii)
Au colloid drop-coating, (iii)
APPJ treatment, (iv) Au colloid
drop-coating onto APPJ pretreated surface, and (v) APPJ
treatment of polymer surface
containing AuNPs

are also not identified. In that case, AuNPs were drop-coated
onto the PVC surface forming case (ii) with uneven AuNP
distribution. After dropping and evaporation, sample (ii) was
treated with APPJ inducing redistribution of AuNPs together
with formation of rough structure on the PVC surface and
leading to a formation of AuNP impregnated surfaces. As the
AuNP redistribution and formation of high ripples (and rough
structure) is happening together in time, one can assume that
AuNPs are impregnated into the polymer chains of newly
formed ripples and rough structures.
In Fig. 3b, a size distribution of AuNPs is shown together
with RMS roughness for cases (i)–(v) for comparison. The
average size AuNPs (30 nm) is larger but comparable to the
surface roughness of untreated PVC sample (which is 12 nm),
case (i). When PVC was treated with APPJ, an RMS roughness
increases dramatically making the roughness far larger than the
size of AuNPs (cases (iii)–(v)). In cases when roughness is

Fig. 5 The RMS roughness of PVC polymer samples (i)–(v)
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smaller and comparable to AuNP size, the contact area between
the AuNPs and polymer is small and they can easily drift on the
polymer surface upon drying process which yields to formation
of agglomerations. As the roughness becomes higher than the
AuNPs size, the contact area is higher and the AuNPs are more
readily impregnated and trapped into the elevated polymer ripples. In that case, it is hard to de-attach them from the polymer.
For example, roughness for case (v) is 282 nm which is ten
times higher than AuNP mean diameter, making AuNPs to
settle among the rough structures. Therefore, the higher the
roughness, the better the distribution of impregnated AuNPs
into PVC surfaces, and the better the mechanical resistivity
and the AuNP dispersion. Mechanical resistivity was provisionally tested by scratching the PVC with impregnated
AuNPs. However, high roughness increases the attachment
sites for nanoparticles or generally for any other coatings
[58]. It was found that the stability of entrapped nanoparticles
deposited onto the polymer matrix of filtration membranes is
very high (mitigation test of sludge filtration) due to entrapment
of nanoparticles in polymer matrix of membrane, especially as
compared with other methods [59–61].
SEM morphology of PVC impregnated with AuNPs is
shown in Fig. 6 for cases (ii), (iv), and (v) at two magnifications. SEM images reveal similar findings which are obtained

Fig. 6 SEM images of PVC (ii),
(iv), and (v) samples. Scale bar is
10 μm in the first column and
1 μm in the second. Arrows are
pointed to identified AuNPs
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from AFM imaging. Again, it can be seen that the morphology
of PVC surface significantly depends on the treatment procedure. Drop-coated PVC in (a) and (b) images shows distinct
AuNPs on top of irregular agglomerations which were agglomerated during drying. Visually, the surface is much dimmer than
that of the control sample. APPJ-treated PVC surface in Fig. 6c
has more regularly distributed elevated ripples and structures
than that in Fig. 6a. Note that white spots in Fig. 6c, d are
elevated ripples and structures formed upon (iv) APPJ treatment. Here, single AuNPs are difficult to identify due to high
roughness. Therefore, the APPJ pre-treated PVC impregnated
with AuNPs by drop-coating shows even and regular distribution of elevated ripples while single AuNPs are settled among
them avoiding formation of agglomerates. The similar findings
apply to the case (v) shown in Fig. 6e, f.
We assume that the AgNPs are incorporated in the surface
of the polymers as they can penetrate into the polymer material only through voids in polymer chains. SEM images obtained with higher energies (not shown here) show either the
same nanoparticles imaged with low energies or absence of
nanoparticles which implies that AuNPs did not penetrate
deep into the bulk polymer.
Elemental composition obtained with XPS of PVC polymer treated with APPJ and AuNPs is shown in Table 1 for all
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Table 1 XPS elemental composition of PVC polymer treated with
different treatment cases
APPJ treatment case
Element

(i)
(ii)
(iii)
Concentration (at%)

(iv)

(v)

C

81

69

61.7

59.8

59.7

O

13

22

23

30

27

Cl
Au

6
0

8.8
0.2

12.3
0

9.6
0.2

11.3
0.5

N

0

0

3

0.4

1.5

treatment cases (i)–(v). It can be seen that composition depends on treatment case. Results shows that samples (ii),
(iv), and (v) contain AuNPs as expected, while sample (v)
reveal the highest relative concentration of AuNPs. One can
observe that the C concentration in case (i) is high with respect
to Cl as it would not be expected for clean PVC sample. This
is probably partially related with atmospheric contamination
of PVC foil with CH.
In Fig. 7, ratios O/C, Cl/O, and Cl/O are presented. APPJ
interaction with sample surface induces also some kind of
surface oxidation recognized by increase of oxygen surface
concentration for samples (iii), (iv), and (v), in particular with
respect to carbon concentration. Similar to the surface oxidation, an increase of chlorine concentration was observed for
APPJ-treated samples (iii), (iv), and (v). This can be partially
explained by APPJ cleaning/etching process of the polymer
surface. Cl/O ratio is varying depending on the oxidation/
etching rate.
Carbon XPS C 1s spectra from all samples are shown in
Fig. 9. Carbon C 1s was reported in literature to have four

Fig. 7 The elemental ratio of
PVC samples obtained by XPS
method

peaks: at 284.6 eV assigned to C-C and C-H groups, at
285.8 eV assigned to C-O and C-Cl groups, at 287.5 eV
assigned to N-C=O and C=O groups and at 289 eV assigned
to O-C=O groups [16, 62]. Peaks were deconvoluted into
different peaks marked as C1, C2, C3, and C4 as is shown
in Fig. 8(i). The results of fitting of carbon spectra C 1s are
given in Table 2 where binding energies, relative concentrations of fitted peaks, and assignment of carbon bonds are
shown. We should note that some charging effect might take
place during XPS analyses resulting in small shifts of binding
energies of acquired spectra and fitted peaks.
From Fig. 8 and Table 2, it can be seen that carbon C 1s
spectrum from sample (i) is characterized by a strong C1 peak
which is probably related with surface contamination layer
consisting mainly of C-C/C-H bonds. Part of the peaks C2
and C3 recognized in C 1s spectrum originate from PVC
structure. From Fig. 8, one can observe similarity of shape
of carbon C 1s spectra from samples (ii) and (iv) on one side
and from sample (iii) and (v) on another side. Samples (ii) and
(iv) have similar strong C2 peaks and similar relative intensity
of C1 peaks, which are lower than C2 peaks. These features
are mainly related with a deposition of the AuNPs on surfaces
as being the last step in treatment of samples (ii) and (iv).
Probably, a strong peak C2 (C-O/C-Cl) from these samples
reflects that AuNPs are embedded in an oxidized carbon polymer surface.
As mentioned before, carbon C 1s spectra from samples
(iii) and (v) have also similar shape reflecting a high relative
concentration of the C1 peaks (C-C/C-H) and lower concentration of C2 peaks (C-O/C-Cl). It is explained as APPJ plasma treatment being the last step of treatment of these samples,
which gives the most significant feature to the surface. We
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Fig. 8 Carbon XPS C 1s spectra
deconvoluted into C1, C2, C3,
and C4 peaks

assume that APPJ plasma treatment first induces a chain session in the PVC matrix and afterwards a cross-linking of the
chains. The last process is reflected by increase of C-C/C-H
bonds observed in C 1s spectra and relative concentrations of
C1 peaks are higher for samples (iii) and (v) than for (ii) and
(iv).
Table 2 Binding energies (eV) of
peaks fitted in C 1s spectra, their
relative concentrations in %, and
assignments of chemical bonds of
carbon atoms

Au 4f spectra from samples (ii), (iv), and (v) are shown in
Fig. 9. The Au 4f spectrum consists of a double peaks Au 4f7/2
and 4f5/2 separated by 3.67 eV. The XPS spectra shown in Fig.
7 of Au 4f from samples (ii) and (iv) show only the metallic
Au 4f7/2 peak at binding energy of 84.0 eV, which indicates
that AuNPs do not react with the PVC surface. APPJ

APPJ treatment case

(i)

(ii)

(iii)

C1s component

Functional groups (bonds)

Binding energy (eV)

Concentration (at%)

C1
C2
C3
C4

C-C/C-H
C-O/C-Cl
N-C=O/C=O
O-C=O

284.6
285.8
287.5
289.0

87
10
0
3

±
±
±
±

0.5
0.5
0.5
0.5

33
59
4
4

43
36
12
9

(iv)

(v)

21
62
7
10

42
39
12
8
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Fig. 9 XPS spectra of Au 4f of samples (ii), (iv), and (v)

treatment of sample (v) presumably yields interaction of
AuNPs with APPJ resulting in new type of the Au bond
(4f7/2 peak at 84.8 eV) in addition to metallic Au bonds
(4f7/2 peak 84.0 eV). It is possible that Au-oxide like or some
other Au-C species are formed on the Au-core nanoparticles.
Note that in case (v), APPJ interact with AuNPs and PVC
samples in the same time together promoting the interaction
between AuNPs and activated PVC surface. APPJ interaction
with the sample was also reflected by nitrogen signal N 1s in
XPS spectra of samples (iii), (iv), and (v). Evidently, N2 molecules are present in (or close to) the APPJ and they interact
with activated PVC surface. The relative N concentration is
the highest for sample (iii) which can be explained by stronger
plasma–surface interaction. It can be seen from Fig. 2 that
OES signal from N2 molecules is significantly intensified with
respect to all other observed lines when APPJ interacts with
the PVC. The presence of nitrogen in PVC APPJ-treated surfaces indicates a surface grafting of reactive species [63, 64].
The surface roughness of polymers treated with lowtemperature plasma is generally increased due to a compositional change of the surface induced via two mechanisms
of etching [65–67]. The first mechanism is etching induced
by oxidation, and it can be ascribed to cases (iii)–(v) as in
all those cases increased concentration of oxygen is
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observed by XPS. The other mechanism is etching via
oxidation of AuNPs, and it can be ascribed to (v) case
only. That can explain why roughness is extremely increased in (v) case where contribution of those two mechanisms combines. It is supported with XPS results where
certain oxidation level of AuNPs is revealed (formation of
Au-oxide-like species).
Generally, when PVC is treated by APPJ, the sample surface becomes rich in C-O (C2 peak), C=O, and N-C=O groups
(peak C3) with respect to untreated sample (i) [68]. The surface of PVC is oxidized, i.e., functionalized with oxygen-rich
functional groups due to incorporation of oxygen atoms onto
the PVC surface. It was found that as long as the temperature
of polymer is low, the concentration of oxygen-rich functional
group is constant but when oxidation became severe and the
heating of the sample increases, the oxygen-rich functional
group concentration decreases [69]. In our case, a heating of
material is well below glass transition temperature (which is
85 °C) and significantly below degradation (240 °C) and melting temperatures (280 °C) (as can be seen from Fig. 2b) [70].
There was no effect of heating on untreated sample surface as
well as no change in contact angle of untreated sample surface
which would be expected if heating plays a role. Therefore,
the role of thermal effects on the APPJ-treated PVC surface
properties are neglected and morphological change may be
ascribed solely to etching via mentioned oxidation
mechanisms.

4 Conclusion
A novel method to impregnate AuNPs onto the PVC surface is
proposed. It is based on either APPJ pre-treatment of PVC
surface and then drop-coated with AuNPs or on APPJ posttreatment of AuNPs colloidal drop-coated PVC surface. In
both cases, surface roughness significantly increases while
roughness value far prevail the size of applied AuNPs making
them mechanically tightly confined within the ripples of the
rough surface. APPJ-assisted PVC impregnated with AuNPs
synthesized by LAL technique is mechanically stable and resistive while the AuNP distribution onto the PVC surface is
relatively homogeneous at microsized scale due to increased
hydrophilicity (roughness).
The proposed method should further allow wide variety of
polymers to be impregnated with different types of nanoparticles as no thermal damage occur using APPJ. It makes proposed method a versatile tool for nanoparticle impregnation
into the polymer surfaces for various applications. Further
mitigation, scratch, and tribological testings are planned.
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