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Graphical Abstract

Abstract

We report here the dry, one-step, and low-temperature modification of FTO surfaces
using pulsed plasma polymerization of allylamine (PPAAm). PPAAmM/FTO surfaces were
characterized by X-ray photoelectron spectroscopy, spectroscopic ellipsometry, and contact
angles to understand the morphological, structural, and optical properties. FTO were coated
with a very thin layer of adherent cross-linked, pinhole-, and additive-free allylamine plasma
polymer resistant to hydrolysis and delamination, and characterized by a high density of
positively charged amino groups. Electrochemical studies revealed that PPAAmM/FTO
electrodes show wide range pH stability and reaction rates tuned by the duration of plasma
treatment. We show how the modification of plasma treatment duration between 72 s and 288
s affects the chemical structure and thickness of the obtained modification, having a strong
influence on the charge transfer kinetics. In particular, XPS revealed the occurrence of the
reduction processes under long-term plasma exposure proving the need for monitoring of this
key factor. This covalent immobilization of amine compounds on FTO surface using rapid
process in microwave pulsed-plasma makes it a promising electrode for future applications in

electrochemical biosensors and optoelectronic devices.
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1. INTRODUCTION

In recent years, there has been a rapid growth of interest in functional organic polymers.
Plasma polymerization is an attractive method for the synthesis of thin organic layers often
referred to as "plasma polymer films" (PPF).[1-4] A special feature of this process is that the
films can be deposited on any substrate (e.g. polymers, metals, glass, ceramics, silica) with the
good adhesion to the substrate. These layers are characterized by the unique physicochemical
properties (high thermal and chemical resistance) and are generally highly cross-linked and free
from pores.[5] Their most desirable form are homogeneous, defect-free layers. In addition, this
technique is more favorable due to the reduced time requirements. Coatings obtained by plasma
polymerization find a wide range of applications in the production of biomedical materials or

in microelectronics.[6]

Over the past few years, this technique has shown a strong potential to modify the
surface properties of various electrode materials.[7—10] The fluorine-doped tin oxide (FTO)
electrodes have been recognized as a very promising material due to the stability under
atmospheric conditions and the resistance to high temperature. Moreover, this material is
chemically inert, mechanically resistant, and has high tolerance to physical abrasion. FTO glass
plate is used as a platform (starting material) for the development of electrodes which can act

as chemical sensors, due to unique electrochemical and optical properties of the material.[11]

There are only few reports in the literature about obtaining of such structures on the
surface of functionalized glass electrodes.[12,13] Optical glasses coated with a layer of
conductive inorganic materials (In,03/SnO,, SnO,/F) are an ideal substrate for the modification
of their surface properties. A key feature of this type of electrodes is the combination of their
optical and electrochemical properties.[14,15] This dualistic nature makes them a potential
substrate for the development of optoelectronic sensors. The organic layer present on the
surface of the electrode is a precursor for further incorporation of other molecules into the
surface structure. Additionally, these molecules contain functional moieties capable of highly
specific interactions. The aim of the research is to present the capability concerning obtainment
of the allylamine on the surface of FTO using CVD method. In addition, we want to present the
modification method for FTO glass electrodes, allowing to record processes of redox-active
species, a basis for the molecular recognition systems construction. In our case, different
PPAAm film thicknesses were tested and their influence on the electrochemical properties had

to be analyzed. Furthermore, we were interested in the following aspects: physico- and
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electrochemical properties of the deposited film and the influence of various film thicknesses,

hydrophilic/hydrophobic properties, acid-base properties, and the ability to carry electrons.

2. EXPERIMENTAL METHODS

2.1. Cleaning and Pre-treatment Procedures of FTO Electrodes

An important precondition for the subsequent modification steps is a homogeneous chemical
clean FTO electrode. Electrodes used as substrates were sequentially sonicated in acetone,
ethanol, and ultrapure water for 5 min and dried for 60 min at 70°C prior to immersion in the
alkaline piranha solution (RCA solution).[16] After this pre-cleaning step, the substrates were
dipped into aqueous RCA solution consisting of hydrogen peroxide, liquid ammonia, and water
in the ratio of 1:1:5 for about two hours at 60°C. Afterwards, the electrode was washed with
copious amounts of deionized (DI) water and dried at 70°C for 30 min. This preparation
procedure of the electrodes ensures the removal of organic surface impurities, and
simultaneously the formation of surface functional groups, in our case the hydroxyl groups are
necessary as coupling points for binding with various functional groups of different

compounds.[17-21]

2.2. Plasma Polymerization of PPAAm at FTO Electrodes

In order to obtain selective sensors dedicated to various organic or inorganic compounds, the
surface of FTO glass was modified by plasma polymerized allylamine to obtain positively
charged amino groups (Figure 1). The functionalization of the FTO electrode were carried out
using the commercial microwave plasma reactor V55G (Plasma Finish, Germany; V =60 L,
2.45 GHz) for the deposition of PPAAm films with different thicknesses as a function of the
effective treatment time of 72 s, 144 s, 288 s (sum of the plasma on times).[22] The substrates
were positioned downstream, 9 cm under the coupling window. First, the specimens were
activated by a continuous wave (cw) Ar-plasma (800 W, 50 Pa, 100 mL Ar, 30 s cw), and
without breaking the vacuum, coated with the thin layer of PPAAm using a pulsed low pressure
microwave discharge plasma (500 W, 50 Pa, duty cycle DC 0.15, total pulse length 2 s,
excitation pulse length 300 ms) with the monomer allylamine (H,C=CH-CH,-NH,) (VWR
International GmbH, Germany) and Ar as a carrier gas (50 sccm). A liquid handling system

allowed exact dosing of allylamine by a calibrated needle valve (0.125 + 0.009 mL/min).


http://mostwiedzy.pl

Downloaded from mostwiedzy.pl

A\ MOST

Plasma Polymerized
Allylamine (PPAAm)

» £
O

allylamine

Plasma
polymerization -
(72,144, and 2885s) FTQ/PPAAm

FTO on glass

Figure 1. Scheme of the plasma-polymerized allylamine (PPAAm) functionalization on the FTO
electrode surface.

2.3. Instrumentation

2.3.1. X-Ray Photoelectron Spectroscopy (XPS)

High-resolution X-Ray Photoelectron Spectroscopy (XPS) analyses were carried out ex-sifu on
FTO functionalized PPAAm samples to evaluate the influence of the plasma polymerization
duration on the chemistry of the functionalized film. The spectral analysis was carried out in
the binding energy (BE) range characteristic for Cls, Ols, and Nls photopeaks. The studies
were carried out using Escalab 250 Xi spectroscope (ThermoFisher, UK) equipped with the
monochromatic Al-Ka X-Ray source. The operating parameters were as follows: pass energy
10 eV, energy step size 0.1 eV, X-Ray spot size 250 um. Charge compensation was controlled
by low-energy electron and low-energy Ar* ions emission using the flood gun (emission current
150 pA, beam voltage 2.1 V, filament current 3.5 A). Spectral deconvolution was performed

using Avantage software provided by the manufacturer.

2.3.2. Cyclic Voltammetry (CV)

Cyclic voltammetry (CV) measurements were carried out in aqueous solution of Na,SOy,
(0.5 M) containing reference redox system of [Fe(CN)¢]*’* (5 mM) and in non-aqueous
solution (DMF) containing ferrocene/ferrocenium (5 mM) in 0.1 M tetrabutylammonium
perchlorate (TBAP) (Supporting information). Measurements performed in the aqueous
solution were recorded in phosphate buffer solutions (pH =2.15, 3.61, 7.43, 9.17) in a
three-electrode system. The buffered solutions were prepared according to the procedure

described in European Pharmacopeia 7.0. In addition, the pH of the prepared solutions was


http://mostwiedzy.pl

A\ MOST

measured each time using a Schott Blue line N16 pH electrode.[23] FTO electrode (modified
or unmodified) were used as the working electrode. An Ag/AgCl (0.1M KCIl) and platinum
wires were used as the reference and counter electrodes, respectively. The area of the working
electrode exposed to the electrolyte was approximately 0.5 cm?. All cyclic voltammograms
were scanned at 100 mV/s. The electrochemical experiments were performed using Autolab

potentiostat/galvanostat PGSTAT30 and Nova 1.11 (Metrohm Autolab B.V) software.

2.3.3. Electrochemical Impedance Spectroscopy (EIS)

The electrochemical impedance spectroscopy (EIS) measurements were performed at the rate
of 40 points per decade between 10 kHz to 100 mHz with a 10 mV amplitude of the AC signal.
Measurements were performed at the open circuit potential (OCP values = 0.140 V) using the

same aqueous solution of CVs measurement.

2.3.4. Contact Angle Measurements (CA)

Wetting properties of FTO modified and unmodified electrodes were studied using the contact
angle measurement and were carried out at room temperature using water based on the static
sessile drop method. The reported contact angle values were the average values measured at
five different positions of the electrode surfaces. The drop shape analysis was conducted using
circle and Young-Laplace method with 2 ul of water.[24-26] These measurements were

performed using KRUSS Drop Shape Analyzer — DSA100 equipment.

2.3.5. Spectroscopic Ellipsometry

Spectroscopic ellipsometry investigations were carried out with a phase-modulated
ellipsometer Jobin-Yvon UVISEL (HORIBA Jobin-Yvon Inc., Edison, USA) to estimate the
PPAAm film thickness and quantify its structure. As ellipsometry is sensitive to differences in
the optical density between the adsorbate and the bulk solution, it essentially senses the
adsorbate mass.[27] The PPAAm were simultaneously deposited on the reference Si wafers to
simplify the optical model and avoid depolarization effects. Nevertheless, the reference Si
samples undergo the same pre-treatment and growth procedure as FTO ones. The SE was
carried out at the wavelength region of 250-800 nm with a step of less than 0.5 nm.
The experiments were performed at the room temperature using an angle of incidence fixed at
70° and the compensator was set at 45°. DeltaPsi software (v. 2.4.3) was employed to determine

the thickness and optical constants of the PPAAm films. A four-layer structural model
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(ambient/PPA Am/native oxide/Si-wafer) was applied to the samples to determine the thickness
of PPAAm film and its optical constants, respectively. We have conducted three independent
measurements in the three different points at the middle area of samples to avoid edge effects.
The optioned ellipsometric angles were averaged. Next, the thickness of the deposited plasma
polymer film was measured with the surface profiler Dektak3ST’ (Veeco, USA). These values
were applied for the ellipsometric studies as a starting point in the fitting process resulting in
the low mean square error. The PPAAm film was simulated as a transparent and homogeneous
material and its dispersion was fitted to the single classical oscillator model with Drude
component.[28] The optical model was fitted to the experimental data using the non-linear
Levenberg-Marquardt regression method and the mean-square error of minimization

(MSE).[29]

3. RESULTS AND DISCUSSION
3.1. Electrochemical Performance of FTO/PPAAm Electrodes

Firstly, our goal was to distinguish whether the modification with the chemical vapor deposition
method occurred and to describe the properties of the obtained layer. A clear evidence of the
modification process effectiveness is particularly the change in the electrochemical properties
of the electrode: the observed resistance in the charge transfer at the surface of the electrode.

We used the electrochemical impedance spectroscopy (EIS) for this purpose.
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Figure 2. Nyquist plots obtained for unmodified FTO glass and FTO glass electrode after direct
surface amination (72 s) in 0.5 M KCI solution containing 5 mM [Fe(CN)s]>/*.

EIS spectra shown on (Figure 2) reveal how modification with PPAAm film affects the charge
transfer process on FTO electrode. The unmodified electrode is characterized by high kinetics,
charge transfer resistance Rcr value was approximated based on a spectra shape as ~45 Q.[30]
The inclined line at low frequencies indicates diffusion control of the electrochemical
process.[31-33] On the other hand, the modification with PPAAm leads to the decrease in the
kinetics of the electron transfer, which lowers the reversibility of the charge transfer process.
The Rcr of FTO/PPAAmM (72 s) electrode was ~20.2 kQ. Due to the significant differences in
the shape of the impedance spectra, the electric equivalent circuits were not used for the direct

comparison of the impedance results.

Both the impedance spectroscopy and the cyclic voltammetry are the techniques that enable the
characterization of the conductive material surface properties. Furthermore, it is possible to
control the modification process based on the observation of changes in the charge transfer
processes — resistance and conductivity reflect the changes in the character of the surface

structure. As a result of the modification, a significant increase in the charge transfer resistance
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was observed, what indicates a difficulties in the electron transport within the modified FTO
electrode surface. These results are compatible with the measurements obtained for the cyclic

voltammetry.

Both KCI and Na,SO,4 were used as a supporting electrolyte. The figures 2—7 were selected to
illustrate the phenomena presented in this work, to highlight the discussed changes, and to

clarify the given problem.

The deposited PPAAm layer on the surface of the FTO electrode is a barrier to the
[Fe(CN)g]>/# system — the electron transfer is difficult. We observe a significant reduction in
the value of current responses and the lack of the redox process reversibility for the amine-
containing structure of FTO electrode in an aqueous solution. In the case of the modified
electrode, the potential of the redox process changed to 0.074 V from 0.158 V. Therefore, we
can conclude that the reversibility of the process is improved after modification. The cathodic
current decreased from -52.2 pA to -8.62 nA compared to unmodified FTO — similar behavior
was observed for the anodic current. The PPAAm layer formed as a result of allylamine
deposition on the surface of the electrode should exhibit hydrophobic properties which can

cause poor electron and ion penetration in the case of an aqueous solution.
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aqueous (Na,SO,) solution on the unmodified and modified FTO glass electrode.
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Type of Redox
ele)gt)rode system E.(V) E. (V) AE(Y) EA(Y) Li(pA) I.(nA) /L
0.221 0.063 66.7 -52.2
FTO [Fe(CN)g]> 7+ 0.158 0.142 0.78
(£0.002) (£0.002) (£0.25) (x1.05)
FTO/PPAAmM 0.165 0.091 22.4 -8.62
[Fe(CN)g]>7*+ 0.074 0.128 0.38
(72 s) (£0.002) (£0.038) (£0.17)  (20.88)
2 E= (B, + Eo)/2.
8041 ——FTO
| ——FTO/PPAAM (725)
60 -
40
<
= 20
s ]
E o
O ]
-20 4
40
_60_

T T T T T
-0,5 0,0 0,5

Potential vs. Ag/AgCI (V)

Figure 3. Cyclic voltammograms of unmodified FTO glass and the FTO glass electrode after direct
surface amination (72 s) in the aqueous solution of 5 mM [Fe(CN)s]**~ in 0.5 M Na,SO,; scan rate
100 mVs-.

It is known that the acid-base reactions are crucial for both organic and inorganic chemistry.
Ferri-/ferrocyanide redox probe is recognized as a pH-sensitive redox couple. In strong alkaline
pH, where the concentration of OH- ions is high. Hydroxyl ion can act as a strong nucleophile
and attack the electrophilic redox active species, which can lead to an irreversible chemical
decomposition.[34] Therefore, this redox couple exhibits the weakest electrochemical
performance under strong alkaline conditions and under weak alkaline conditions. Additionally,
this performance is altered by the properties of the surface (due to the changes after

modification). This phenomenon is observed in the case of the unmodified FTO electrode over

10
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pH 7 (Figure 4a). For a modified FTO electrode, both the reversibility and the currents of the
redox processes are already decreasing at pH 3.61. No anodic response was recorded for neutral

and alkaline pH.

Ferri-/ferrocyanide is a quasi-ideal inner sphere redox couple and its kinetics are sensitive to
many factors, such as surface pretreatment. The pH change of the water solution has a
significant impact on the redox processes. The presence of positively charged groups on the
surface of the electrode may alter the electrochemical performance of this negatively charged
redox probe. The protonation of amino groups occurs in the acidic environment — the surface
is positively charged and thus electrostatic interactions with negatively charged redox species
([Fe(CN)s]**) occur. Hence, the efficiency of the electron transfer increases. The transfer of
electrons through the double layer is enhanced and we obtain a better current response while
improving the peak-to-peak separation. Moreover, the unequal cathodic and anodic peak
currents are the further confirmation of the quasi-reversibility/irreversibility of the redox

process.

80 - FTO FTO/PPAAM (72s)
——pH=2.15
—— pH=3.61
——pH=7.43
——pH=9.17

Current (uA)

(b)
T T T T T T T
-0.4 0.0 0.4 08 -04 0.0 0.4 0.8
Potential vs. Ag/AgClI (V)

Figure 4 Cyclic voltammograms of 5 mM [Fe(CN)s]** recorded at various pH values for: (a)
unmodified FTO glass electrode and (b) the FTO glass electrode after direct surface amination (72 s)
in 0.5 M Na,SO,, scan rate 100 mVs.
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3.2. Studies on the Composition of PPAAm Films Grown at FTO

If the electrode surface is covered with an PPAAm layer, it should be more hydrophobic than
the FTO oxide layer. The contact angle measurements of the modified electrodes were made to
confirm the effectiveness of the modification. The plasma deposition of allylamine on the
surface significantly changes the contact angle. The oxidized FTO electrode is highly
hydrophilic and reaches the angles of 45.25°.[35,36] The obtained modified FTO/PPAAm
(72 s) electrodes are characterized by a wetting angle of 90.97° (Figure 8, Table 3). These
results confirm the hydrophobicity of the surface and thus support the effectiveness of the

modification.

The XPS analysis of the unmodified FTO sample reveal the chemical composition often
reported in similar materials. Detailed analysis of O/s energy range reveals three primary types
of oxygen chemical states (Figure 5). The peak deconvoluted as Opro owing the lowest binding
energy corresponds to the O* state forming [SnOg] octahedrons with adjacent Sn*" in the SnO,
lattice, while the second component, marked as Opro™ and shifted by +1.1 eV, corresponds to
non-stoichiometric oxygen which fails to form [SnOg] octahedrons. The third and least
significant component is related to the hydroxyl groups or adsorbed oxygen on the particle
surface.[37-39] The amount of carbon contribution observed as C1s photopeak does not exceed
10 at.% and originates from the storage in the atmospheric air. The adventitious carbon is

typically observed at 284.6 eV, asin this case.[40,41]

C1s N1s

FTO FTO

[e](¢]

C,

. CH
%

e "\"l»m.

FTO/PPAAM (725) FTO/PPAAM (725)

e .,-wur-ur.w."_,-_‘--v H.,.Ammwr.._m_w'-mum-..

Photoelectron intensity / arb.units

7 ’ 3
frstnnsrenieS oy TR —"

i T ' T y J T i T g i T i T T
292 288 284 280 406 402 398 394 538 534 530 526
Binding Energy / eV Binding Energy / eV Binding Energy / eV

Figure 5. High-resolution XPS spectra in the energy range of Cls, Nls, and Ols photopeaks with
spectral deconvolution for FTO (top) and FTO/PPAAm (72 s, below).
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XPS deconvolution conducted to determine the surface chemical composition of the PPAAmM
coating revealed greatly enhanced surface chemistry. There are numerous carbon chemical
states overlapping on the XPS spectra, thus a simplified deconvolution model has been
proposed. Spectra recorded in C/s energy range reveal the dominant presence of the component
at approx. 284.6 eV, which corresponds to the aliphatic C-C and C-H bonds in the plasma-
polymerized film. The second, most notable component, shifted approx. +1.4 eV should be
ascribed to C-O bonds but also C-N bonds in both amine and imine functional groups
[10,42,43]. More positive energy shift, between +3.1 to even +4.0 eV, is the characteristic

feature for carbonyl and carboxyl groups.

The N1s photopeak was fitted as a combination of two primary components. The most notable
is the component present at 400.0 eV and related with O=C-N and C=N bonds, while second
component shifted to more negative BE values represents primary and secondary amine

groups.[42—45]

XPS analysis also revealed oxygen incorporation into the coating due to the non-ultra-high-
vacuum conditions. The oxygen chemistry was confirmed by fitted O/s peaks. The broad and
prominent peak located at 532.6 eV most likely corresponds to the previously reported amide
and carbonyl groups. The second notable component at 531.3 eV derives from hydroxyl and
ester bonds, resulting from the air contamination among other things. The last and small
contribution comes from the FTO base due to the small thickness of the analyzed PPAAm film.
Thus, it is possible to estimate its diverse thickness, which does not exceed 10 nm for modified

FTO sample (72 s).

3.3. Tuning Properties of FTO/PPAAm Electrodes by Polymerization Time

As it has been shown in the literature,[9,10] an important factor in the plasma modification
process is the duration of the deposition process. In order to optimize this factor, the FTO
electrodes were modified using three times: 72 s, 144 s, 288 s. Physicochemical studies showed
differences in the properties, film thickness, and structure of the resulting layers.

It would seem that the prolongation of the allylamine deposition time will increase the thickness
of the modified layer, thus hindering the electrode processes. However, analysis of Nyquist

plots showed that the greatest resistance is observed in the case of the 144 s electrode (Figure

13
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6), i.e. the electrode with the intermediate deposition time. Similarly, the results obtained by
the cyclic voltammetry method were not predictable. Extending the deposition process reduced
the peak currents and kinetics of the processes occurring on the electrode 144 s to 72 s in
contrast to the 288 s electrode, for which these parameters (peak currents and kinetics of redox

process) were more favorable than the previous ones.

25,0
./. .\.
20,0 ./
] /./
15,0 .
g /
el / oo —e—FTO
N 004 ¢ ot —e— FTO/PPAAM (72s)
: /S —e— FTO/PPAAM (144s)
Iy - —e— FTO/PPAAM (288s)
° //s/. \.\.
./ » o
5,0 ,‘/ .,. )
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Figure 6. Nyquist plots obtained for unmodified FTO glass and the FTO glass electrode after direct
surface amination with various deposition times (72 s, 144 s, 288 s) in 0.5 M KCI solution containing
5mM [Fe(CN)gsJ? .

In order to provide more detailed information on the base of EIS studies, it is essential to
propose an electric equivalent circuit (EEC), efficiently representing the electrode-electrolyte
interface. A Randless circuit was selected for this purpose, since the impedance spectra
composed of a singular time constant. Furthermore, the capacitor was replaced with the constant
phase element (CPE) to take into consideration the normal distribution of the time constants
due to heterogeneous electric properties from various parts of PPAAm layer. The CPE
impedance Zcpg = (Q(jw)")!, where Q represents quasi-capacitance in case of time-constant

dispersion and n is the heterogeneity factor. For homogeneous surface n=1 and CPE represents

14
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a capacitor with capacitance 1/Q.[40,46—48] Aforementioned solution was proposed to take
into account the significantly altered chemical composition between the polymerized
electrodes, as demonstrated further in the manuscript based on the XPS studies. The effective
capacitance of the double-layer C.¢ can be calculated based on CPE using an algorithm
proposed by Hirshorn et al.[49] The results of EIS analysis using proposed R(QR) EEC are
presented in Table 2.

Table 2. Electric parameters obtained based on EIS studies from Fig. 7 analyzed using R(OR) EEC and
Hirschorn's algorithm for normal distribution of time constants.

Rct / kQ Q/ uSs" n/- Cerr/ UF
FTO/PPAAm (72 s) 20.24 26.69 0.82 21.29
FTO/PPAAm (144 s) 57.02 16.77 0.84 16.63
FTO/PPAAm (288 s) 29.95 27.94 0.77 26.55

Rer analysis confirm the previously stated hypothesis that the highest film thickness was
observed after 144 s of FTO polymerization while increased polymerization durations lead to
secondary thickness reduction. At the same time, the drop of CPE exponent n reveals a
significant increase of PPAAm film heterogeneity as a result of prolonged polymerization time

and possible etching effects by plasma. The thickness of the polymerized layer dppyvma 1S

goeA

reversely proportional to the C.¢ parameter, using the relationship dppy Am=g_ where g is the

vacuum permittivity, € is PPAAm dielectric permittivity, A is the electrode surface area, and d
is the film thickness. The same value of € was assumed for each polymerized film, based on
their negligible differences in the -ellipsometric studies. Increased time of plasma
polymerization effects in higher PPAAm film thickness, manifested by the decrease of C
value. In the case of FTO/PPAAm (288 s), the high C.¢ value results from the combined effects
of dppaam decreased and confirmed electrochemically active surface area A growth, both due to
the aforementioned etching effects.

In voltammetric measurements, analogously to the impedimetric measurements, the values of
peak currents for the reduction and oxidation reactions of the [Fe(CN)q]* 7 system showed a
disproportionate dependence on the length of polymerization time (Figure 7). The lowest value
of the current was observed in the Na,SO, solution for the electrode (144 s). This result indicates
the inhibition of the electron transfer process and shows an impact of the modified layer
structure on the hindering of the redox process of the ferri-/ferrocyanide couple. Surprisingly

high currents are observed for the electrode at 288 s. Based on this finding, we assume that the

15
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prolonged polymerization lead to the modification of the outer part of the polymer resulting

with such specific properties.
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Figure 7. Cyclic voltammograms of unmodified FTO glass and the FTO glass electrode after direct
surface amination (72 s, 144 s, 288 s) in an aqueous solution of 5 mM [Fe(CN)s]*# in 0.5 M Na,SO,.

An increase in the carbon content in the organic layer of the electrode is also visible in the
values of the contact angle (Figure 8, Table 3). The most hydrophobic layer was obtained after
the modification time of 144 s. The contact angle values for this layer is 92.90°, which is greater

than for 288 s (CA= 67.26°), and 72 s (CA= 90.97°). One should remember that these
differences are small.

Table 3. Contact angle measurements of unmodified and modified FTO electrodes.

o FTO/PPAAmM FTO/PPAAmM FTO/PPAAmM
(72 s) (144 5) (288 5)

CAvalue  45.25°(x0.49) 90.97° (£0.66)  92.90°(x0.67) 67.26°(0.32)
|—
wn
@)
=
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Figure 8. Contact angle measurement images of (a) unmodified FTO; (b) FTO/PPAAm (72 s), (c)
FTO/PPAAm (144 s); (d) FTO/PPAAm (288 s).

These parameters indicate the diverse structure of the layers. Differences in the hydrophobicity
as well as the number and type of nitrogen groups suggest that the deposition-related processes
depend on time. An increase in the carbon content and hydrophobicity of the 144 s layer
indicates that the elongation of time causes the polymerization with a greater share of allylic
radicals. Further prolongation of the deposition time can lead to the etching of the plasma layer
which reveals the internal structure of the layer richer in amino groups, thus improving the

electrochemical parameters, as well as the wettability of the surface.

High-resolution XPS spectroscopy carried out for electrodes characterized with different
durations of PPAAm polymerization are shown in Figure 9. Detailed chemical analysis was

carried out using previously proposed deconvolution model — detailed results are summarized

in Table 4.
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Figure 9. High-resolution XPS spectra in the energy range of Cls, Nls, and Ols photopeaks for
FTO/PPAAm electrodes; modification at various polymerization duration.

The chemical structure of PPAAm film differs significantly between the electrodes that are

characterized by different polymerization durations.

While the most notable N/s spectra component for short-time modified FTO samples (72 s,
144 s) is related with O=C-N and C=N bonds, the increase in the polymerization time results in
the higher amount of observed amine groups. The relationship between N/s peaks intensity
suggests the occurrence of the reduction processes under the long-time plasma influence. The
above statement finds confirmation in the Cls peak analysis, where the highest share of
oxidized carbon components is visible for the lowest modification time (Cox:Ceq = 1.1:1, 0.5:1,
and 0.6:1, respectively with the increase of the polymerization time). Finally, the surface
chemistry after 288 s is highly resembling analogous layers reported for the modification of

BDD electrodes.[9]

As expected, the thinnest layer is obtained after 72 s-long PPAAm polymerization process.
Here, the Opro share reaching 15% of O1s signal was observed suggesting that the overall layer
thickness does not exceed 10 nm. Prolonged polymerization time reduce Opro signal within
deconvoluted spectra to minimum, where it is no longer possible to distinguish the thickness of

polymerized film based on the XPS results.
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Table 4. Results of the high-resolution XPS spectra deconvolution.

Binding FTO FTO/PPAAmM FTO/PPAAm FTO/PPAAm
Chemical state Energy (72 s) (144 s) (288 s)

eV at. % at. % at. % at. %

C-C,C-H 284.8 9.9 32.1 50.6 43.1

Cls C-0O,C-N, C=N 286.2 0.4 24.1 20.1 20.8
C=0, COOH 287.9 - 10.7 7.3 7.9

Orto 530.2 45.2 23 0.4 0.9

Ols  Ogro™*, CO, OH 531.3 40.3 8.0 3.9 5.8
NC=0, C=0 532.6 4.2 7.5 7.3 3.7

Nls C-NH,, >NH 399.1 - 6.5 24 11.7
NC=0, C=N 400.0 - 8.8 8.0 6.1

Figure 10 presents the measured ellipsometric psi ( ¥) and delta (A) angles versus wavelength.
The shape of recorded distribution of ellipsometric angles shows standard Si-wafer-like trend
in agreement with the nanometre scale of PPAAm thickness and low optical absorption of
deposited polymer. The standard Si-wafer reference samples were applied to minimize the
influence of FTO on the optical analysis and depolarization effect, while the growth process is
not substrate-sensitive in the principle. Both ellipsometric angles are dependent on the
properties of analysed PPAAm samples. Nevertheless, 4 is more sensitive to the thin PPAAm
thickness.[29] The lowest 4 values were recorded for Si(144 s) sample (see Inset: Figure 10B),
what is attributed to the highest PPAAm film thickness. The thickness estimated by
ellipsometry PPAAm are 1.8+0.1 nm, 12.9£0.4 nm, and 8.3+0.9 nm for 72, 144, and 288
seconds of deposition, respectively. The Si(144 s) sample results also in the highest growth rate
of 5.4 nm min’!, which is comparable with the previous work of Lejeune et al.[50] The 72 and
288 seconds of deposition results in much lower thickness along with growth rates. The
nonlinear trend of growth kinetics is attributed first to the polymer nucleation stage of growth

(72 seconds) and next to the densification and etching effects for longer times (288 seconds).
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Figure 10. Spectral dependences of ellipsometric angles A(4) and ¥(A) for PPAAm-modified Si
reference samples, modification at various polymerization duration. Insets: Variation of A(4) and (1)
at 2.25 eV (550 nm) and 3.55 eV (350 nm) vs the polymerization time.

The 288 seconds of deposition delivers the highest refractive index of 1.52 @ 550 nm, when
compared with 144 seconds (1.43 @ 550 nm). This effect was manifested in ¥ values. The
inset in Figure 10A illustrates the lowest ¥ angles for Si (288 s) sample. The refractive index
changes are usually directly related to the amount of molecules present in the deposited layer,
though these values could be used for the indirect density assessment. Summarizing, the 144
seconds sample shows the highest thickness, while the 288 seconds results in the highest
density. Low optical absorption of samples effects in a similar extinction coefficient of approx.
0.02 @ 550 nm for all the samples. The optical constants estimated herein are in agreement
with the previous works of Elzbieciak et al.[51] and Schlenoff et al.[47] revealing the possible
effective utilization of SE for the plasma polymerization process investigation and revealing its

dependency to the duration of the deposition.
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4. CONCLUSIONS

Our study confirmed the effectiveness of FTO electrodes modification by means of plasma
polymerization. The polymerized allylamine layer changes the electrochemical properties of
the electrode. The consequence of embedding is the increased resistance of the layer and the
decrease in the peak currents of the reduction and oxidation currents of the [Fe(CN)g]>*
system. In an aqueous solution, this system depends on the pH of the solution. Protonation of
the amino groups present in the PPAAm film enhances the transfer of electrons through the
double layer. Covering the oxide layer with an allylamine polymerization product results in a
significant increase in the surface hydrophobicity. XPS showed the presence of C-C and C-H
bonds and bonds with nitrogen atoms typical of organic layers. Prolongation of the
polymerization changes the layer structure. The increase in the layer thickness occurs only up
to 144 s of the deposition. Further plasma exposure results in the decreased thickness associated
with the plasma etching. Both electrochemical parameters and wettability of the surface confirm
this thesis. At the longest polymerization time, the water contact angle is close to that for the
shortest time, as well as the resistance of the layer is similar to that obtained for 72 seconds.
XPS measurements also confirm that the chemical structure of the PPAAm film significantly
varies between the electrodes with different polymerization time. The relationship between N1s
peaks intensity suggests the occurrence of the reduction processes under long-time plasma
influence. Ellipsometry indicated that the 144 seconds sample showed the highest thickness,
while the 288 seconds deposition results in the highest density.
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