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By using DBD-type atmospheric pressure plasmas and a dopamine solution mist formed by a piezoelectric
module, the possibility of depositing functional polymer films showing the physical and chemical
characteristics of polydopamine without breaking the functional group of the dopamine has been
investigated for different plasma voltages. The higher DBD voltages up to 3.0 kV decreased the
functional groups such as catechol and amine (N/C ratio) relative to dopamine in the deposited polymer
by increasing the dissociation of dopamine into atoms and small molecules due to higher electron
energies. In contrast, the lower DBD voltages up to 1.5 kV increased the functional group and N/C ratio
of dopamine in the deposited polymer by keeping the molecular structures of the dopamine due to
lower electron energies. Therefore, the polymer deposited at the lower DBD voltages showed lower
contact angles and higher metal absorption properties which are some of the surface modification
characteristics of polydopamine. When the metal absorption properties of the polydopamine-like film
deposited using the atmospheric pressure plasma of a low DBD voltage with a dopamine solution mist
were compared with other metal absorbers for Cu, As, and Cr, the polydopamine-like film exhibited
superior metal absorption properties. It is believed that this atmospheric pressure plasma process can be
also applied to the plasma polymerization of other monomers without breaking the functional groups of
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1. Introduction

Dopamine, known as a neurotransmitter, is a catecholamine
that contains functional groups of both catechol and amine.
Under alkaline and oxidant conditions, the catechol functional
group of the dopamine undergoes self-polymerization and
forms polydopamine which is known to be a mussel-inspired
adhesive polymer which has excellent adhesion to virtually all
organic and inorganic surfaces.' Due to the excellent proper-
ties of polydopamine, it has been investigated for surface
modification of various materials such as nanoparticles, battery
materials, biomaterials, etc.*®

Polydopamine is generally coated on the surface of materials
by a wet coating method, and the material surface coated with
polydopamine by the wet coating method is generally applied to
the segregation of metals, cell adhesion, etc.>™ However, the
wet coating method takes a long time (more than a day) and the
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materials need to be immersed in the polydopamine solution
for the self-polymerization of dopamine. To improve the coating
speed, research using CuSO,/H,0,, ultraviolet (UV) light, and
solution plasma (remote touching type) during the wet coating
have been investigated.*** The use of CuSO,4/H,0, and solution
plasma improved the deposition rates about 20 times, but it
took 40 min to deposit 30 nm.>"* For the deposition of poly-
dopamine using a UV light, 2 hours were required to deposit
5 nm." Even though significant improvements in deposition
rates were obtained by using the above methods, it will be easier
and more applicable to various areas if the polydopamine can
be coated by a dry method and in a shorter time. However, it is
known that the coating of polydopamine using dopamine by dry
methods such as plasma enhance chemical vapor deposition,
chemical vapor deposition, molecular layer deposition, etc. are
very difficult because the dopamine itself is a solid at room
temperature with a very low vapor pressure and, if it is heated,
the molecular structure is dissociated at the temperature of
250 °C.*”* Previously, a study on the dry coating utilizing
a plasma polymerization method with chemicals which have
high vapor pressures in addition to composition and structure
similar to the functional groups of dopamine has been inves-
tigated to synthesize the polydopamine on the materials
surface. But, the properties of the material coated on the surface

This journal is © The Royal Society of Chemistry 2019
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by the plasma polymerization method were not similar to those
of polydopamine coated with the wet methods.™

In the plasma polymerization, there are two main different
mechanisms named as Yasuda's atomic polymerization mech-
anism and Stille polymerization mechanism.**"” In the case of
Yasuda's atomic polymerization mechanism, the monomer
molecules in the process chamber are extensively fragmented by
the plasma into atoms or small molecules. These fragmented
atoms and small molecules go through recombination and
rearrangement in the vacuum chamber and form a polymer
finally on the surface. The composition and structure of the
final monomer in the polymer on the surface are significantly
different from the composition and structure of the original
monomer.'" In the case of Stille polymerization mechanism,
the monomer is not dissociated into atoms or molecules but
only one or two atoms on the monomer are removed in the
plasma, therefore, the functional groups of the monomer
remain undissociated and form a polymer on the surface. The
structure and composition of the final monomer in the polymer
can be very similar to those of the original monomer."*¢
Whether the polymer is deposited on the surface by Yasuda's
atomic polymerization mechanism or Stille polymerization
mechanism is dependent on the kinetic energy of electrons in
the plasma.**” If the kinetic energy of the electrons in the
plasma is high, then, the monomers in the plasma can be fully
dissociated and the polymer deposited on the surface will be
significantly different from the original monomers. However, if
the kinetic energy of the electrons in the plasma is very low, only
the bonds in the monomers with low binding energy will be
dissociated without dissociating the high energy bonds in the
functional groups, and the polymer deposited on the surface
can contain the characteristics of the functional groups of the
original monomers.

The plasma polymerization is generally performed at a low
pressure in vacuum, and the kinetic energy is generally high due
to the high electron acceleration in the electric field with a high
mean free path in vacuum, that is, by high E/N (electric field/
particle density), therefore, it is difficult to maintain the orig-
inal functional groups of the monomer even though the
monomer is not fully dissociated into atoms as in the Yasuda's
atomic polymerization mechanism. For the plasma polymeri-
zation, in addition to conventional plasmas generated at a low
pressure in vacuum, the plasma generated at the atmospheric
pressure can be utilized. The plasma generated in the atmo-
spheric pressure tends to have a low kinetic energy due to the
low electron acceleration in the electric field by the low mean
free path of electron, that is, by the extremely low E/N, therefore,
it could be possible to maintain the functional groups in the
monomer after the polymerization on the surface.*>*

In this study, polymer thin films were deposited using
atmospheric pressure plasmas with a dopamine solution and
their physical and chemical characteristics were investigated to
study the possibility to deposit polydopamine-like polymer on
the material surface without breaking the functional groups of
dopamine. Also, as an evidence of the depositing polymer film
without breaking the functional groups of dopamine, metal
absorption properties of the polydopamine-like polymer film in
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the metal containing solutions were investigated. Atmospheric
pressure plasmas were used to preserve the catechol functional
group of the dopamine in the deposited polymer because it is
known that the catechol group of the dopamine is responsible
for the adhesion property of the polydopamine.'®2%**?* Using
the atmospheric pressure plasma, the polydopamine-like poly-
mer thin film with the characteristics of functional groups of
dopamine was successfully deposited, therefore, it is believed
that this dry method can be applied to various areas which
require surface modifications by forming polydopamine on the
surface similar to the wet methods but instantly without waiting
for a long time and in the air environment without immersing
in the water. The atmospheric pressure plasma processing also
can be applied to deposit the polydopamine-like polymer film
by in-line and roll-to-roll process without using vacuum system,
and which are more productive and economical compared to

vacuum processing.**?*

2. Experimental
2.1 Atmospheric pressure plasma coating module

The atmospheric pressure plasma system used in the deposi-
tion of polydopamine-like thin film is shown in Fig. 1. Fig. 1(a)
shows the dielectric barrier discharge (DBD)-type plasma source
composed of two anodized aluminum electrodes. 400 pm thick
Al,O; was coated on the aluminum electrode surface using
a thermal spray method and the bottom electrode was con-
nected to the 60 kHz frequency power supply while the top
electrode was grounded. The distance between the two elec-
trodes was adjusted with a leveling shaft and was set at 2 mm.

Fig. 1(b) shows the piezoelectric module for the supply of
dopamine and He to the plasma chamber in Fig. 1(a). As
mentioned earlier, the dopamine itself has an extremely low
vapor pressure at room temperature and easily dissociated at
the temperature of 250 °C, therefore, it is impossible to supply
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Fig. 1 Schematic drawing of the polydopamine-like coating module
composed of a plasma module and a gas mixture module. (a) DBD-
type atmospheric pressure plasma module, (b) dopamine solution gas
mixture module, (c) cross section of the gas mixture module.
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dopamine vapor as the precursor to the deposition chamber for
polymerization in Fig. 1(a). Instead, the dopamine is easily
dissolved in water like sugar or salt. Therefore, to inject dopa-
mine in the plasma, a dopamine solution was injected to the
plasma as a mist using a piezoelectric spray method as shown in
Fig. 1(c). For the supply of a solution into the plasma, a mist
sprayed by a spray gun has been used by previous researchers.”
However, in this study, to decrease the mist size and to supply
the mist more uniformly, a piezoelectric spray (ultrasonic
atomization) method has been applied for the supply of the
dopamine solution mist into the atmospheric pressure plasma
system.”® Differently from an air spray gun.?>*® which uses air
pressure for the generation of a mist, the piezoelectric spray
method uses a piezoelectric module vibrating 60-110 kHz for
generating a mist from a solution and it tend to generate
smaller size mist and use smaller material in generating the
mist. As shown in Fig. 1(b), to induce the dopamine mist into
the atmospheric pressure module, 9 piezoelectric devices
(MANORSHI, MNSE2517B-W) were installed in the piezoelectric
module and the dopamine solution was fed from the edge of the
piezoelectric devices in the module to form a mist in the gas
mixing chamber as shown in Fig. 1(c) (see the details of the
piezoelectric device in ESI Fig. S1}). Helium (He) was fed from
the side of the gas mixing chamber as shown in Fig. 1(b) and (c)
to form a gas mixture composed of dopamine solution mist and
He as a carrier gas and plasma generation gas.

2.2 Atmospheric pressure plasma coating module

2 gram of dopamine powder (Sigma Aldrich, H8502) was mixed
in a beaker with 100 ml of deionized (DI) water and was
dispersed by a sonicator for 5 min to form a dopamine solution.
Polydopamine-like polymer film coating process steps are as
shown in Fig. 2.

As the silicon substrate was loaded in the atmospheric
pressure plasma process chamber, 15 SLM of He is flowed in the
process chamber through the gas mixing chamber, and the
plasma is turned on by operating the DBD source with He only.
After ~5 s later, the piezoelectric module is turned on to induce
a gas mixture composed of He and the dopamine solution mist
for 60 s into the plasma process chamber for the deposition of
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Fig. 2 Process sequence for polydopamine-like polymer thin film
coating.
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the polydopamine-line film on the substrate. After ~5 s later
after the piezoelectric module was turned off, the plasma is
turned off and He flow is also turned off after 5 s more to remove
all the dopamine mist from the chamber. As the power to the
DBD source, different voltages of 1.5, 2.0, 2.5, and 3.0 kV were
used to investigate the possibility of polymer deposition with
the Stille mechanism.

2.3 Analysis and measurements

Chemical and physical properties of the polymer deposited by
the atmospheric pressure plasma using the dopamine solution
mist and He were investigated. The surface energy of the
deposited polymer films was investigated using a contact angle
analyzer (SEO, Phoenix 450). The surface roughness of the
polymer deposited on the silicon wafer was measured using an
atomic force microscope (AFM, XE150-PSIA). The surface
morphologies of the deposited polymer films and metals
adsorbed on the polymer surface during the metal absorption
test (described in the next section) were observed with a field
emission scanning electron microscope (FE-SEM, HITACHI, S-
4700). The thickness of the polymer thin film deposited on
the silicon wafer was measured using the cross-sectional SEM
after the cutting of the polymer deposited silicon wafer in the
liquid nitrogen. The binding states and chemical composition
of the polymer surface after the metal absorption test shown
below were measured using X-ray photoelectron spectroscopy
(XPS, Thermo VG SIGMA PROBE). The functional groups of
dopamine in the deposited polymer thin film were investigated
using Fourier-Transform infrared spectroscopy (FT-IR, Bruker,
IFS-66/S).

2.4 Metal absorption test

Metal absorption properties of the polydopamine-like polymer
film deposited on the silicon substrate were investigated by
immersing the substrate in a 0.01 mole chromium chloride
solution and a 0.01 mole silver nitrate solution for 6 h. The 0.01
mole chromium chloride solution and 0.01 mole silver nitrate
solution were made by mixing 2.66 g of chromium chloride
hexahydrate (Avention, c100293) and 1.69 g of silver nitrate
(Daejung, 7761-88-8) in 1.0 1 of DI water, respectively. The 10 mm
x 10 mm substrates coated with the polymer were immersed in
100 ml of the solutions for 6 h and the surface characteristics
were measured using SEM and XPS.

The metal absorption property of the polydopamine-like film
was compared with other commercial metal absorption mate-
rials for waste water treatment such as two ion exchange resin
bead materials (IR120 and HCR-S by DOW) and one arsenic/
metal removal filter bead material (A600 by DOW). Due to the
differences in surface area of the materials, the actual surface
areas of the materials in contact with the metal containing
solution were calculated and the same surface area of 10 mm X
10 mm was used for the accurate test. For the metal absorption
test, metal solutions containing 100 ppm of metal such as
copper nitrate trihydrate (Junsei, 37510s0401), arsenic standard
solution (Kanto chemical, 01805-1b), and chromium chloride
hexahydrate (Avention, ¢100293) were prepared and IR120,

This journal is © The Royal Society of Chemistry 2019
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HCR-S, and A600 were immersed in the solution together with
the substrate coated with the polydopamine-like film for 24 h
(for saturation absorption) and the metal residue remaining in
the solution was measured using inductively couple plasma-
optical emission spectrometry (ICP-OES, Varian) for the calcu-
lation of metal removed by the materials (absorption weight per
area).

3. Results and discussion

Using the DBD-type atmospheric pressure plasma source and
with a piezoelectric spray supplying a dopamine solution mist
and He, polymer thin films were deposited on the silicon wafer
for 60 s as shown in Fig. 2 and the surfaces of silicon wafer
before and after the thin film coating are shown in Fig. 3. As
shown in Fig. 3(a) and (b), after the plasma processing for 60 s
with 1.5 kV of DBD voltage, a material was deposited on the
silicon surface even though somewhat non-uniform coating was
observed on the silicon surface possibly due to the scattering of
the mist on the silicon surface. Also, for the other DBD voltages
of 2.0, 2.5, and 3.0 kV, as shown in Fig. 3(c)-(e), thin films were
also coated on the surface, however, as the voltage to the DBD
electrode is increased, a thin film morphology with blisters was
observed and the blister density was increased. It is believed
that the blister is related to damage to the polymer at the high
operation DBD voltage. Dopamine contains nitrogen in its
molecular structure (CgHy;NO,) as an amine functional group
and the ratio of N/C related to the amine group in the dopamine
and polydopamine is known to be ~10%." Therefore, using XPS,
Ni1s XPS narrow scan data were measured for the
polydopamine-like polymer thin films deposited as a function
of DBD voltages from 1.5 to 3.0 kV and the results are shown in
Fig. 4. As shown, for the As-is silicon wafer, no nitrogen peak
was detected but, after the deposition of the polymer thin films,
nitrogen peak intensity at the binding energy of about 398-
400 eV which is related to the R-NH could be observed.** As
shown in Fig. 4, with the decrease of DBD voltage, the nitrogen
peak in the polymer thin film was increased and, when the ratio
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Fig.4 XPS nitrogen (N1s) peak intensity and the ratio of N/C measured
on the silicon substrate before and after deposition of polydopamine-
like film as a function of DBD voltage for 60 s.

of N/C was measured, the ratio was also increased from 2.6 to
6.8% as the DBD voltage is decreased from 3.0 to 1.5 kV possibly
indicating increased percentage of dopamine monomer depo-
sition without breaking the functional groups by Stille
mechanism."*°

To investigate the possibility of preserving the other func-
tional groups of dopamine in the deposited polymer further, the
characteristics of deposited polymer films were investigated
using FTIR and the results are shown in Fig. 5 for the polymer
film deposited with the DBD voltage from 1.5 to 3.0 kV. As
shown in Fig. 5, the absorption peaks related to benzene ring
peak (1600-1580 cm ' and 1510-1500 cm™ ', catechol func-
tional group of dopamine) and hydroxyl group peak (3400-

Fig. 3 SEM images before and after the polydopamine-like polymer coating for different DBD power voltages. (a) As-is (silicon wafer), (b) 1.5 kV,

(c) 2.0 kV, (d) 2.5 kV, and (e) 3.0 kV of DBD voltages.
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Fig. 5 FT-IR absorption peak intensity of polydopamine-like films
deposited at different DBD voltages. (a) 1.5 kV, (b) 2.0 kV, (c) 2.5 kV, and
(d) 3.0 kV.
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3000 cm ') which are the functional groups of dopamine could
be observed on the deposited polymer films.**** The decrease of
DBD voltage from 3.0 to 1.5 kV increased the absorption peak
intensity related to the benzene ring while decreasing the
absorption peak intensity related to hydroxyl group. The
hydroxyl group in the deposited films can also originate from
the dissociated H,O in the dopamine solution mist, therefore,
the change of the benzene ring peak intensity not the hydroxyl
group peak intensity can indicate the degree of functional group
preservation in the deposited polymer film without breaking the
functional groups of dopamine. From the results of Fig. 4 and 5,
it is found that, by using the lower DBD voltage, more
polydopamine-like thin film which has more functional groups
of dopamine could be deposited. The adhesive properties of
polydopamine deposited on the substrate can be indirectly
measured by water contact angle on the surface and the lower
the contact angle indicates higher the adhesion to the other
materials.’**

Fig. 6 shows the water contact angles measured on the
silicon substrates exposed to the plasmas of different DBD
voltages for the deposition of polydopamine-like polymer films.

As the gas conditions for the plasma exposure, in addition to
the gas mixture condition for the deposition of polydopamine-
like thin films which is composed of He/dopamine mist (H,O
+ dopamine), the gas conditions of He only and He/H,O mist
without dopamine were investigated. The exposure times was
60 s. As shown in Fig. 6, for the As-is silicon substrate, the water
contact angle was 53-64°, and when the silicon substrate was
exposed to He plasma (red square), the contact angle was
decreased to 26-27° possibly due to the surface cleaning,*
however, no noticeable change with increasing the DBD voltage
was observed. When the substrate was exposed to He + H,O
(green circle) plasma, the contact angle was continuously

70
[l He Plasma
60 —
- @ He+H,0 Plasma
50 A\ He+H,0+dopamine Plasma

Contact angle (°)

2.0]kV
Power (kV)

T T
As-is 1.5kV

Fig. 6 Water contact angles on the silicon substrates measured at
different DBD voltages for the deposition of polydopamine-like
polymer films. In addition to the gas mixture condition for the depo-
sition of polydopamine-like thin films which is composed of He/
dopamine mist (H,O + dopamine), the gas conditions of He only and
He/H,O mist without dopamine were also investigated.

This journal is © The Royal Society of Chemistry 2019
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decreased with increasing the DBD voltage from 12° (at 1.5 kV)
to 5-6° (at 3.0 kV) and the continuous decrease of contact angle
with increasing the DBD voltage is believed to be related to the
surface modification of silicon surface by the formation of
hydroxyl group.”® However, in the case of silicon exposed to the
He + H,0 + dopamine plasma (blue triangle) which is the gas
mixture for the polydopamine-like film deposition, the contact
angle was suddenly decreased to the minimum of 5-6° at 1.5 kV
and was remained similar to 3.0 kV, and which indicates the
lowest contact angle at 1.5 kV with He + H,O + dopamine
plasma due to the formation of functional groups of dopamine
in the polydopamine-like polymer film deposited on the silicon
surface.

To investigate the actual metal absorption characteristics of
the polydopamine-like polymer films, the polymer thin films
deposited on silicon substrates were immersed in 0.01 M silver
nitrate solution and 0.01 chromium chloride solution for 6 h
and their metal absorption characteristics were investigated.
Fig. 7 and 8 show the SEM images of the polymer film surfaces
deposited at different DBD voltages after the exposure in 0.01 M
silver nitrate solution and 0.01 chromium chloride solution,
respectively, for 6 h. As shown in Fig. 7 and 8, the absorption of
metal particles on the polydopamine-like polymer surfaces
could be identified and the polymer film deposited at lower
DBD voltage exhibited smaller particles shapes and larger area
coverage of absorbed metal compared to that deposited at
higher DBD voltages. In fact, for the condition of 1.5 kV of Fig. 7
(a) and 8(a), the due to the high coverage of metal on the
surface, almost metal thin film was formed in addition to the
particles on the polymer surface.

The polymer thin films exposed to the 0.01 M silver nitrate
solution and 0.01 chromium chloride solution for 6 h in Fig. 7
and 8 were also investigated using XPS to measure the degree of
metal absorption more quantitatively and the results are in
Fig. 9(a) for Ag and (b) for Cr. As shown in Fig. 9 (a) and (b), the
Ag peak intensities at 3ds, (368 eV) and 3d;, (374 eV) and Cr
peak intensities at 2P/, (577 eV) and 2Py, (587 eV).>*** could be
observed while no such peak intensities were observed for As-is

(a) 1.5kV (b) 2.0kV

C

e

-

(c) 2.5kV

(d) 3.0kv

Q)

2l

Fig. 7 SEM images of polydopamine-like films deposited at different
DBD voltages after absorption of silver by exposing to 0.01 M silver
nitrate solution for 6 h. (a) 1.5 kV, (b) 2.0 kV, (c) 2.5 kV, and (d) 3.0 kV.
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Fig. 8 SEM images of polydopamine-like films deposited at different
DBD voltages after absorption of silver by exposing to 0.01 M chro-
mium chloride solution for 6 h. (a) 1.5 kV, (b) 2.0 kV, (c) 2.5 kV, and (d)
3.0 kv.

silicon substrate, and the peak intensities of Ag and Cr were
increased with the decrease of DBD voltage due to the increased
metal absorption on the polymer surface during the immersion
in the metal solution. The percentages of Ag and Cr on the
polymer surfaces after the immersion in the silver nitrate
solution and chromium chloride solution for 6 h were
measured by XPS and the results are shown in Table 1. As shown
in Table 1, the decrease of DBD voltage from 3.0 kV to 1.5 kv
increased the percentages of Ag from 2.66% to 7.63% and that
of Cr from 3.24% to 11.68%.

As can be seen in Fig. 4 and 5, more functional groups of
dopamine can remain unbroken by using a plasma polymeri-
zation with a lower electron energy and, it is found that the
characteristic of polydopamine as the metal absorber remain
more on the deposited polydopamine-like polymer film when
more functional groups of dopamine remain in the polymer
film by measuring the contact angle, metal absorption
percentages, etc. as shown in Fig. 6-9.

A

M

1.5kv

/,/\\ /’/ \ ) 3
200v " V// \txw"dg/l\\\\“w'- 2000 ) M\'(f\wluv"“w\"”fdv\(h‘){u\/\ “\VN‘\\
SR .A/ \\[\k /“f( ‘ /\M\\W 2.5kv [\/IW/ P | WM
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Binding Energy (eV) Binding Energy (eV)

Fig. 9 XPS narrow scan peak intensities of (a) Ag and (b) Cr on the
polydopamine-like polymer deposited at different DBD voltages after
exposure to 0.01 M silver nitrate solution and 0.01 chromium chloride
solution for 6 h.
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Table1 Percentages of Ag and Cr on the polydopamine-like polymer
deposited at different DBD voltages after exposure to 0.01 M silver
nitrate solution and 0.01 chromium chloride solution for 6 h

Power Ag% Cr%
1.5 kv 7.63 11.68
2.0 kv 4.37 5.5
2.5 kv 3.29 4.8
3.0 kv 2.66 3.24

To study the characteristics of the polydopamine-like poly-
mer thin film as metal absorbers further, the polydopamine-like
polymer thin film deposited at DBD voltage of 1.5 kV for 60 s
was immersed in various metal containing solutions such as
copper nitrate trihydrate, arsenic standard solution, and chro-
mium chloride hexahydrate and its metal absorption charac-
teristics were compared with other commercial metal
absorption materials such as two ion exchange resin bead
materials (IR120 and HCR-S) and one arsenic/metal removal
filter bead material (A600) in addition to As-is silicon substrate
as the reference. For the accurate comparison of metal
absorption, the materials with the same surface area of 100
mm? were immersed for 24 h in the three different metal con-
taining solutions and the remaining metal contents in the
metal containing solutions were measured by ICP-OES for the
calculation of absorption weight/unit area, and the results are
shown in Fig. 10. As shown in Fig. 10, the metal absorption
characteristics of As-is silicon substrate were generally low for
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all metals while IR 120 showed the highest Cr absorption
characteristics and HCR-S showed the next highest Cr absorp-
tion characteristics because they are Cr-targeted metal
absorbers. In the case of the polydopamine-like polymer film, it
generally exhibited superior metal absorption characteristics
for all metals by showing similar Cr absorption as HCR-S, 113%
higher for As absorption compared to A600 (As-targeted mate-
rial), and 216% higher than IR 120 for Cu absorption.

Therefore, by depositing polydopamine-like polymer film
without breaking the functional groups of dopamine by using
the low energy atmospheric pressure plasma and with a dopa-
mine solution mist, the superior metal absorption characteris-
tics similar to polydopamine itself deposited by the wet method
could be obtained.

Finally, for the DBD voltage of 1.5 kV, the thickness and
surface roughness of polydopamine-like thin film were
measured with increasing deposition time to 60 s and the
results are shown in Fig. 11 and 12, respectively. As shown in
Fig. 11, the film thickness increased almost linearly with
increasing deposition time but, there appears to be an incuba-
tion time for deposition of about 15 s. The thickness deviation
was also increased with increasing thickness (details are in
Fig. S21). In the case of surface roughness, as shown in Fig. 8,
the surface roughness was increased with the increasing poly-
dopamine thickness. For the 15 s deposition, and the surface
roughness was ~2 nm (the thickness of polydopamine-like film
was ~30 nm) and, for the 60 s deposition, the surface roughness
was increased to 84 nm (the thickness of polydopamine-like
film was ~536 nm), therefore, the roughness was increased

50
{ W Si Wafer
B Polydopamine-like

© 40
g B A 600
- =
T E B HCR-S
2 S 304 HIR120
Lm x
' E i
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c — 20—
O~
52
8 ~—
’2 10

0 -
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Cr Cu

Fig. 10 Metal absorption weight/unit area for different metal absorption materials. As the metal absorption materials, commercial materials such
as ion exchange resin bead materials (IR120 and HCR-S) and one arsenic/metal removal filter bead material (AS600) in addition to the silicon
wafer deposited with the polydopamine-like thin film at 1.5 kV for 60 s were included. The materials with the same surface area of 100 mm? were
immersed for 24 h in the three different metal containing solutions of copper nitrate trihydrate, arsenic standard solution, and chromium chloride
hexahydrate. After the immersion of materials for 24 h, the remaining metal content was measured by ICP-OES for the calculation of absorption

weight/unit area.
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Fig. 11 Polydopamine-like thin film thickness measured as a function
of deposition time at the DBD voltage of 1.5 kV.
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Fig. 12 Surface roughness of the polydopamine-like thin film
deposited on silicon wafers measured as a function of deposition time.
(@) 15s, (b) 30's, (c) 45 s, and (d) 60 s at the DBD voltage of 1.5 kV.

with the increased polydopamine-like film thickness, and the
surface roughness was <15% of the thickness.

4. Conclusions

Polydopamine is generally coated on the surface of materials by
a wet coating method, and the wet coating method takes more
than a day for the self-polymerization of dopamine. In this
study, by using atmospheric pressure plasmas with a low elec-
tron energy and a dopamine solution mist formed by piezo-
electric module, polymer films showing the physical and
chemical characteristics of polydopamine could be deposited in
60 s on the material surface. By using the atmospheric pressure
plasma with the lower DBD voltage of 1.5 kV, the partial
dissociation of dopamine molecule for polymerization without
breaking the catechol/amine functional groups of dopamine
suggested by Stille mechanism could be achieved while the use
of the higher DBD voltage to 3.0 kV tends to break more

This journal is © The Royal Society of Chemistry 2019
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functional groups of dopamine into atoms as suggested by
Yasuda's atomic polymerization mechanism which leads to the
decreased physical and chemical characteristics of polydop-
amine. It is believed that this atmospheric pressure plasma
polymerization method of dopamine can be applied to various
areas which require surface modifications instantly by forming
a polydopamine film similar to the wet methods and by
enabling in-line and roll-to-roll processes in the atmospheric
pressure without using vacuum system. Also, it is believed that
this process can be applied to the plasma polymerization of
various other monomers without breaking functional groups of
the monomers.
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