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Polydopamine (PDA) films, when combined with model nanometric semiconductor substrates like titanium di-
oxide (TiO3) and zinc oxide (ZnO), enhance photocatalytic performance, generating a unique ex-situ functional
heterojunction. We investigate PDA air/water films transferred onto large surfaces, revealing Janus-like films
with strong chemical attachment. Spectroscopic methods confirm a functional hybrid heterojunction, while
electrochemical studies show significant improvements with transfer resistance enhancement of ~2250 %. This
opens doors to various practical applications for hybrid heterojunctions.

1. Introduction

Polydopamine (PDA) is a biomimetic material of constantly
increasing interest since its discovery in 2007 [1]. Its biomimetic char-
acter comes from imitating the eumelanin-based biopolymer responsible
for marine mussel adhesive properties [1-4]. One of the main advan-
tages of this material is its straightforward production pathway, namely
the autooxidation of dopamine in a solution of slightly basic pH [1,5] or
electrodeposition of the PDA from the dopamine solution [6]. These are
typical procedures for generating PDA nanoparticles [7,8] or functional
PDA coating on various materials, resulting in all types of composites:
0D (0 dimensional) [9-12], 1D [13-18], 2D [19] and 3D [20,21]. It is
worth noting that in the case of in-situ growth, the structure of the
polymer depends on the substrate [22]. However, a breakthrough dis-
covery was the observation of a free-standing polydopamine film
generated at the air/water (a/w) interface during the autooxidation
process [23]. [24,25]. Moreover, structures with 2D or 2D-like laminar
features in these PDA a/w films were observed in a recent study [26].
Apparent similarities to graphite or graphene oxide materials have been
shown using X-ray diffractometry (XRD) and Raman spectroscopy. Since
no known synthetic pathway leads to such materials from dopamine
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solution, the hypothesis of a 2D-like supramolecular ordering of PDA is
the most plausible scenario. Further studies have attempted to control
the synthesis of the a/w films, aiming to produce thin, homogeneous and
chemically pure films. As a result, high-quality material on a centimetre
scale was obtained [27], and the production process seems to be easily
scalable. Importantly, we have shown their superior mechanical
strength and stability, allowing them to act easily as transferable free-
standing films [28]. An additional fascinating aspect of the a/w films
is the possible difference between the water and air-exposed surfaces,
resembling Janus films or Janus membranes, as observed by Hong et al.
in catecholamine microfilms from the air/water interface [29], howev-
er, no such studies have been performed for a/w PDA films so far,
despite growing interest in the field of Janus films [30].

Another interesting aspect to investigate is the application potential
of the a/w films in energy and remediation-related fields. For example, a
recent review article discussed the application and perspectives of
polydopamine-based composites for photocatalytic processes [31]. One
of the most exciting applications in this field is the solar-driven photo-
catalytic decomposition of dyes and other chemical reagents for water
remediation [32]. It has been shown that several disadvantages char-
acterizing pure TiO3, ZnO and other wide bandgap semiconductors e.g.
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ZnS composites, could often be minimized or eliminated by modifying
their surface with polydopamine, e.g. reduction of photoluminescence
[33] decrease of the bandgap [34], increased effectiveness of transport
and tunneling of charge carriers [14]an enhancement of the light ab-
sorption in vis range (redshift), and efficient separation of photo-
generated charge carriers [35]. Finally- it was previously shown that the
charge-discharge property of polydopamine induces electron backflow
following the S-scheme heterojunction mechanism between TiO, and
PDA. Briefly, the interfacial electron transfer (electron charge) occurs
when the light is on, while the backflow of accumulated electrons from
PDA to TiO5 (electron discharge) happens when the light is turned off
[36]. Nevertheless, these nanocomposites were obtained by direct
polymerization of PDA in solution, and the effect of enhanced photo-
catalytic properties was mainly observed in nanoparticles, porous
meshes and nanorods. No similar effect has been described for laminar
nanocomposites based on PDA transferable films deposited on the
photocatalyst surface. In general, the electronic properties of PDA
nanomaterials are quite different from those of PDA/semiconductor
interfaces, and the observed enhancement is often attributed to the in-
situ polymerization and, possibly, to the quasi-ordinated growth of PDA
on crystalline materials. Thus, the ex-situ growth of PDA films and the
transfer of ready products on functional substrates might allow the
exploitation of the properties of PDA/semiconductor interfaces in many
fields. In this sense, there are many questions to be answered. For
example, thin films of PDA grown in-situ (<5 nm) typically exhibit
higher performance than thicker ones. Whereas PDA films from a/w, are
an order of magnitude thicker (>15 nm) than their in-situ counterparts.
Therefore, it is important to answer whether ex-situ transferring of fully
polymerized PDA films onto functional substrates also results in pho-
tocatalytic enhancement. If so, How does it scale with achievable film
thickness (>15 nm)? This would ultimately allow the proposal of a
model for the light interaction at the polydopamine-inorganic semi-
conductor interface.

Taking it all into account, here we provide a comprehensive study of
the following aspects: i) the differences between the chemical and
physical properties of the upper and bottom surfaces of the laminar 2D-
like thin PDA films from the air/water interface and their different
application potential, ii) thickness dependence to evaluate its influence
onto physicochemical and electrochemical properties and determine the
most promising candidate for ex-situ transferring towards electro-
chemical experiments, iii) whether ex-situ transferred PDA films carry
with them the previously observed photocatalytic enhancement,
boosting the efficiency of photocatalytic degradation of the methylene
blue (MB) in comparison to the TiO, thin films on a centimetre-scale.
The latter is also an important application aspect because MB is a
widely used dye in the textile industry. It is toxic, carcinogenic, and non-
biodegradable and thus poses a health threat to living organisms [37].
Our results bring us closer to the practical application of relatively cheap
and easy-to-obtain large-size materials for photocatalytic applications,
e.g. organic pollutants degradation, an emerging topic [38-41].

2. Materials and methods
2.1. Chemical reagents

Materials of analytical purity level were used in all synthesis pro-
cedures without any further purifications. Dopamine hydrochloride
(CAS: 62-31-7, s, >98 %), Trizma® base (CAS: 77-86-1, s, >99 %),
Hydrochloric acid (CAS: 7647-01-0, 1, 25 %), Diethylzinc (CAS: 557-20-
0), Titanium tetrachloride (CAS: 7550-45-0), Sodium sulfate (CAS:
7757-82-6, s), Methylene Blue hydrate (CAS: 122965-43-9), Silicon
wafer (Si 100, CAS: 7440-21-3, s), Quartz (fused, thickness: 1.0 mm)
from Sigma-Aldrich and ultrapure deionized water from a Hydrolab
Ultra UV system were used.
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2.2. Synthesis of the polydopamine films

The synthesis of films was carried out in the optimised conditions
determined in our previous work [27]. Dopamine (0.5 mg ml™') in the
form of dopamine hydrochloride was added to a Petri dish (7.5 cm in
diameter, 2 cm in height) containing Tris buffer solution (10 mmol, 45
mL). Stirring (300 RPM) took place on a magnetic plate throughout the
whole synthesis time (10 and 24 h), and a glass lid covered the vessel
with a small gap to allow air exchange. The purpose of using two
different synthesis times was to obtain PDA a/w films of various
thicknesses.

2.3. Transfer of the films

Two different transferring methods were applied to investigate both
sides (surfaces) of the obtained films. By the use of the first procedure
(scooping), the bottom surface of the film was in contact with a sub-
strate, and the upper surface was exposed. Scooping is a simple pro-
cedure of immersing the substrate under the previously cut fragment of
the floating film at a low angle (~30°) and withdrawing the substrate,
utilizing gravity force to attach the film to the substrate, shown sche-
matically in Fig. la. Although much less known than the Langmuir-
blodgett technique, this method has several advantages, such as
simplicity and lack of influence on the structure of the material [42].
Films transferred by employing this method will be denoted with the
“sc” abbreviation. The stamping procedure seems much more elusive,
and to the best of our knowledge, we applied it for the first time to
transfer films from the water surface. Again, a fragment of the floating
film is being cut, but the substrate is reversed upside down and slowly
touches the film’s upper surface. The film is adhesively attached to the
substrate and can be detached from the water surface by lifting the
“stamp”. As shown in Fig. 1b, it is the bottom surface of the film that is
exposed by using the stamping procedure. Films transferred by
employing the stamping procedure will be denoted with the “st”
abbreviation.

2.4. Substrates and coatings

Depending on the characterization method, different substrates were
prepared, such as: bare Silicon (1 00) wafers, Si wafers covered by a thin
(<100 nm) coating of TiOy or ZnO (denoted as Si/TiO and Si/ZnO,
respectively) and quartz glass covered by a thin (<100 nm) coating of
TiO5 (denoted as Q/TiO3). TiO5 and ZnO layers were deposited by the
atomic layer deposition (ALD) method, which is described in detail
elsewhere [43-45]. Thin amorphous films were deposited to obtain a
continuous layer with low roughness [45]. For clarity, the differentia-
tion and naming of the samples are summarised in Table S1.

2.5. Physico-chemical characterization

Water contact angle (6) measurements were performed using SEO —
Phoenix 300 Touch Automatic Contact Angle Analyzer equipped with
the industrial zoom lens Navitar TV zoom 7000 and SurfaceWare soft-
ware. The test was performed two times for each sample (for each group,
there were four samples, so x8 tests for each group) by using 50 uL of
deionized water. The result of each measurement is the average of 10
automatically determined values of the 6 angle after t = 5 and 300 s. All
structural characterization studies were performed on the polydopamine
films obtained after 10 h and 24 h of oxidation, deposited on silicon Si
(100) substrate using both transferring techniques and coded Si/PDA/
10sc, Si/PDA/10st, Si/PDA/24sc and Si/PDA/24st, respectively. Graz-
ing Incidence X-ray diffraction (GIXRD) characterization was executed
with the use of an MRD-X’pert® diffractometer (PANalytical), operating
at 45 kV and 40 mA with a Cu Ka radiation source (wavelength of 1.54
A). Films were transferred via scooping or stamping onto clean Si wafers,
dried and placed in the appropriate holders. Atomic Force Microscopy
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Fig. 1. Scheme of the (a) scooping (b) stamping transferring procedure.

measurements (AFM) were performed using an ICON-Bruker micro-
scope. Complementary Gwyddion software was used for general height
field and image processing, specifically for the analysis of profilometry
data and thickness [46]. The thickness of films was determined from the
average of 10 measurements on randomly selected sections crossing the
crack in the film on which the substrate was exposed. The roughness was
determined from the average of ten measurements of the root mean
square (RMS) value in the area of 2 x 2 um of the films. The roughness
factor (r’), defined as the ratio between the actual and projected surface
area, was appointed as the average of 10 measurements for each sample
with the implemented functions of Gwyddion software. Raman Spec-
troscopy was performed using a Renishaw instrument equipped with
microscope enclosure REO4, 633 nm laser source and Leica objective
lens x 50. Exposure time was set to 1 s with 0.1 % of the power of the
laser source (corresponding to 60 mW), and the number of accumula-
tions was 10. Raman spectra of each sample are an average from 5
measurements in different areas. X-ray photoelectron spectroscopy
(XPS) was performed using KRATOS:AXIS Ultra DLD, X-ray source: Al-
Kalpha, 1486.6 eV - FWHM resolution 0.45 eV, acquisition time 0.1 s.
High-resolution spectra of the regions corresponding to Si2p (112-92
eV), Cls (290-274 eV), Ols (540-520 eV) and N1s (408-390 eV) were
investigated.

2.6. Spectroscopy and electrochemical studies

The room temperature stationary Photoluminescence (PL) properties
of the bare and PDA-modified Si/ZnO were measured after excitation by
IK Series Helium-Cadmium HeCd Laser Systems (325 nm) and collected
by spectrometer Ocean Optics QE65 Pro. Stationary transmission
UV-Vis spectroscopy was applied to investigate the bare and PDA-
modified glass/TiO, bandgap using Ocean Optics DH-2000 Deuterium-
Halogen lamp as a light source and Ocean Optics QE65 Pro Scientific-
grade spectrometer. Obtained spectra of TiOy (an indirect band gap
semiconductor) and ZnO (a direct band gap semiconductor) were
transformed according to [47] and plotted against the photon energy.
For transient absorption spectroscopic analysis of the bare and PDA-
modified quartz/TiOy samples, a Helios spectrometer (Ultrafast Sys-
tems) and Spectra-Physics fs laser system were used. Measurements
were performed in the spectral ranges of 300-900 nm and in the time
range of up to 3 ns. Time evolution curves (kinetics) of differential ab-
sorption spectra were obtained. The excitation beam fell on the sample
from the TiO; or PDA side. The pump pulses were set at 310 nm, and the
pump pulse energy was 0.2, 1 and 5 pJ, corresponding to low, medium
and high energy levels, respectively. Those energies correspond to en-
ergy densities between 100 and 2500 pJ cm™2. To assign individual
components of the decay signal, a mathematical fit was made, using the
following function for the mixed first and second-order decay [48]

AA(t) where ng is a dimensionless

_ Angk;
 kiexp(ki (t—to))+nokz (exp(ki (t—t0))—1)

quantity proportional to the pump pulse energy, A is relative absor-
bance, ty is the time of maximum A, and k1, k are first and second order
decay rate constants, respectively. The superior or satisfactory fit was
obtained for all presented kinetic curves, which is summarized in
Table S3. The global analysis was performed to obtain wavelength-
dependent amplitudes of the indicated time constants using Surface
Explorer software from Ultrafast Systems, described in detail elsewhere
[49]. All electrochemical studies were carried out using Autolab PGStat
302 N potentiostat-galvanostat systems (Metrohm, Autolab) in a three-
electrode system where the investigated sample served as a working
electrode, Pt-mesh as a counter electrode and Ag/AgCl/0.1 M KCl as a
reference electrode in 0.5 M Na3SOy4 electrolyte solution. Light sweep
voltammetry (LSV) experiments were developed in a potential range
from —0.7 to +1 V where the linear increase of potential was equal 10
mV/s, and the light/dark cycle length was 5 s. Two types of irradiation
were used UV-vis and Vis. Cyclic amperometry (CA) experiments were
developed during 300 s when the light/dark cycle length was equal to 5
s. Cyclic voltammetry (CV) experiments were developed from —1 to +1
V, where the increased potential speed was 50 mV/s. Electrochemical
impedance spectroscopy (EIS) measurements were carried out in the
range from 20 kHz to 0.1 Hz, where the amplitude was 10 mA. Before
each measurement, 2 min conditioning time was ensured. The experi-
ment was carried out in conditions without irradiation (dark) and when
the working electrode was exposed to UV-vis and Vis radiation. The LV
curves and EIS spectra were recorded in different light conditions using
the solar simulator (Oriel), which was equipped with the optical filter to
eliminate the radiation < 420 nm.

2.7. Photocatalytic performance

To evaluate the beneficial effect of the PDA a/w films deposition on
the photocatalytic performance of the TiO2 nanofilms, the experiment
on the photocatalytic degradation of the methylene blue (MB) was
planned. The concentrations of the MB solution were 2, 3 and 5 ppm,
and it was stored in a Quartz cuvette of the volume 3 cm® it was placed
on a stirrer to allow the solution to mix during the experiment. The
surface size of the catalyst was 1 cm?. The photodegradation light source
used in the experiment was a 300 W Xe arc lamp of Sciencetech’s
Tunable Light Source with 0.01 W cm™? intensity and a spectral range
300-1800 nm. A filter was set to cut out the infrared radiation - a quartz
cuvette filled with distilled water. The experiments were run for 1 h, for
the stability test experiment was run 4 times, including changing the
solution with a new one every hour and using the same photocatalyst
sample. A spectrum of the solution illuminated with Ocean Optics DH-
2000 Halogen lamp was measured every 5 min and the decrease in
the maximum absorbance of the UV-Vis spectra of the methylene blue
(658 nm) was measured via Ocean Optics QE65 Pro Scientific-grade
spectrometer. A photo of the cuvette with the photocatalyst placed in
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it, the beam of light falling on its surface for driving photocatalytic
degradation, and the perpendicularly mounted optical fiber directed to
the spectrometer for recording the spectrum of the solution were shown
in Fig. S1. Before and after the photodegradation experiment, the sur-
face of the catalyst was examined via an optical microscope Keyence
VHX 7100. The photograph of the MB solution before and after the
photodegradation experiment was taken with a digital Xiaomi 50MP Al
Quad Camera.

Additionally, methylene blue filtration efficiency was investigated
on PVDF membrane filters (0.1 pm) and PDA/PVDF modified filters. The
test was performed in a 10 mL omicon 8010 closed system under an
applied pressure of 0.2 bar. Filtration efficiency was measured in the
same manner as photodegradation efficiency.

3. Results and discussion

As indicated in Fig. 2, the work was divided into three steps. Firstly,
polydopamine films were synthesized at the air/water interface using a
previously optimized procedure (see section 2.2), and different pro-
cedures were applied to transfer films from the a/w interface on the
surface of the Si(1 00) wafer, Si/TiO- and Si/ZnO (see section 2.3). The
morphological, chemical and structural divergence resulting from
varying dopamine oxidation time and transferring techniques were
investigated with the use of the AFM, water contact angle measure-
ments, XRD, Raman Spectroscopy, FTIR and XPS (see section 3.1). Next,
within step II, thin TiO3 and ZnO coatings were deposited on the Silicon
substrate via ALD method, and the polymer was deposited on top using
the most promising PDA transferring procedure. Finally, in the last step,
we investigated the effect of the PDA/semiconductor interface on the
optical and electrochemical properties and photocatalytic MB degra-
dation efficiency (see section 3.2).

3.1. Morphological, chemical and structural properties

To investigate the influence of the transferring procedure and syn-
thesis time on the thickness and roughness of the transferred PDA a/w
films, Atomic force microscopy was applied. In Fig. 3a the box chart
shows the results of film thickness obtained for the films transferred on
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three types of substrates- Si, Si/ZnO and Si/TiO,. Regardless of the
substrate type, the mean thickness of the films transferred after 10 and
24 h of the synthesis was ~17.5 and ~30 nm, respectively. Certainly,
this is not a linear increment, which is consistent with the former studies
suggesting a faster thickness increase in the first hours of synthesis
[25,27]. Notably, the transferring procedure had a negligible influence
on the film thickness obtained after 10 h growth (random variations),
but after 24 h all the films transferred with the stamping procedure were
significantly thicker than the scooping ones. We speculate that capillary
forces and stretching of the films, which are more effective in the
scooping procedure, might compress the films. Moreover, the chemical
environment of both surfaces could play a role in their attachment and,
therefore, their compression. In turn, the roughness (RMS) of the ob-
tained composite surfaces clearly depends on the transferring procedure
regardless of the growth time (Fig. 3b). For Si/ZnO and Si/TiO, samples,
stamping resulted in higher roughness compared to scooping, in contrast
to Si/PDA sample, where a reverse effect was found. We think the degree
of hydrophobicity determines this ¢ because the water contact angle on
the bare Si is around 10° lower than on Si/ZnO and Si/TiO,. That leads
to the conclusion that the scooping technique is the best choice to
maintain low film roughness after its transfer onto a more hydrophobic
substrate. As previously reported, using the optimised synthesis condi-
tions (stirring speed, pH, dopamine concentration) provides minimum
achievable roughness of the PDA a/w film before transfer [27]. Inter-
estingly, there is no significant influence of the thickness of the film on
its roughness after transfer.

Water contact angle measurements estimated the wettability of the
samples. Due to finite samples’ surface roughness, the measured angles
had to be corrected using the Wenzels equation with the ¥ roughness
parameter values taken from AFM results (see Supplementary Infor-
mation for details). The results of direct measurements and the correc-
tion effects are shown in Table S2 of Supplementary Information. The
final (true) values of water contact angles for all samples are shown in
Fig. 3c-e. They are only slightly higher than the directly measured
values, resulting from relatively small surface roughness and the
respective correction. Three main observations can be made from the
results of contact angle measurements: i) the same PDA film transferred
on different substrates may reveal different hydrophilicity, ii)

[ Step1 ~ XRD
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Optical and
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Fig. 2. Scheme of the workflow. We start with production and transfer of the PDA thin films, followed by their morphological, structural and chemical investigation
before executing optical, electrochemical and photocatalytic experiments to investigate composites properties.
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hydrophilicity of transferred films depends on film growth time, and iii)
scooping and stamping identical films transferred onto identical sup-
ports have different water contact angles (scooping always higher). All
these findings are very interesting. The first one confirms that the
interaction of the substrate surface with the PDA film modifies the film
properties. Si/PDA and TiOy/PDA samples seem to be quite similar,
especially for the film grown for 24 h, but the ZnO/PDA samples are
much more hydrophobic. The hydrophilicity of polymers is complex, but
one of the most important factors is surface energy [50]. The question
arises: what is the reason for the lower surface energy of the PDA/ZnO
interface? All substrates- acidic SiO, amphiphilic TiO5 and ZnO- can
accept electrons from electron-donating PDA catechol groups at the
interface [51,52]. Probably due to the fewer adsorption sites on the ZnO
surface, less electron-donor interaction occurs, affecting electron
transfer through the interface [53]. This will be investigated later in the
article. The second finding suggests that either the films change with the
growth time or their interaction with the substrates depends on the film
thickness or roughness. The third finding is very interesting because it
provides a strong argument that the film is strongly asymmetric with
regard to the chemical or structural composition of the bottom and top
surfaces. During the self-assembly at the air/water interface, the hy-
drophilic parts of structural units building PDA films are directed toward
the water to minimize the creation of a new interface and stabilize the
structure [50,54,55]. Therefore, the stamping transferring method leads

to more hydrophilic composites’ surfaces (smaller water contact angle
on the bottom surface). From Table S2 in the Supporting Information,
we read that the difference between contact angles of the scooping and
stamping samples equals 7.8° for Si/TiOy/PDA/10, 14.3° for Si/TiO/
PDA/24,11.1° for Si/ZnO/PDA/10, 17.1° for Si/ZnO/PDA/24, 21.7° for
Si/PDA/10, and 18.1° for Si/PDA/24. The AFM thickness and roughness
data suggest that the bottom side of the PDA thin films is characterised
by different chemical or structural arrangements, leading to a more
hydrophilic character than the upper side, which was revealed by the
water contact angle measurements. These chemical and structural di-
vergences were investigated and described below. They show a clear
picture, which, together with different hydrophilicity of the upper and
lower side, suggest that we have obtained Janus PDA free-standing
films.

Thanks to the discrete form of XRD spectra from crystalline sub-
strates, the presence of a thin layer of the substrates can be detected and
analyzed from XRD measurements. Especially if their characteristic
peaks appear at angles different from those from the substrate and their
crystalline phases are out-of-plane. We focus on the 2D-like structure of
the films in different samples by evaluating their XRD data compared
with the spectra from pure substrates (Fig. S2 of the Supplementary
information).

Fig. 4a shows the results of such an experiment performed on the Si/
PDA/24 samples (scooping and stamping). The peak at ~33.1° can be
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Fig. 4. (a) X-ray diffractogram of Si/PDA/24sc and Si/PDA/24st samples. (b) Raman spectra of Si/PDA/10sc, Si/PDA/10st, Si/PDA/24sc and Si/PDA/24st. The lines
are shifted vertically for clarity. (c) X-ray photoelectron spectra for Cl1s region of the Si/PDA/24sc sample (upper) and Si/PDA/24st (lower), (d) N1s region of the Si/
PDA/24sc sample (upper) and Si/PDA/24st (lower). (e) Transmission UV-Vis Tauc Plot of Quartz/TiO,, Quartz/TiO,/PDA/10sc, Quartz/TiO/PDA/24sc and
samples, inset: zoom to photon energy 2.95-3.15 range. (f) Transmission UV-Vis Tauc Plot of Quartz/ZnO, Quartz/ZnO/PDA/10sc, Quartz/ZnO/PDA/24sc and

samples, inset: zoom to photon energy 3.20-3.30 range.

assigned to both the substrate-silicon wafer [56] and part of the in-plane
periodicity of PDA [57]. Therefore, it will be omitted from the analysis.
In addition, the diffractograms for ZnO and TiO coatings do not show
any additional peaks, which confirms their assumed amorphous char-
acter (Fig. S2). The presence and positions of XRD peaks for Si/PDA/24
samples (Fig. 4a) suggest the presence of structural order resembling the
ones found in 2D carbon-based materials, graphene oxide (~11°) and
reduced graphene oxide (~22°) [58-61]. Moreover, the weak but
noticeable diffraction peaks located near 47° may resemble peaks pre-
viously assigned to the (101) planes of graphite carbon [62-64], how-
ever, a similar peak is present in the spectrum of the pure Si substrate.
Finally, there is a peak close to ~28° only in the scooping sample,
originating most probably from the ordering similar to (002) face of
graphitic crystals [65], indicating a more 2D-resembling structure.

The presence of certain chemical groups in Si/PDA samples was
verified by means of Raman spectroscopy experiments (Fig. 4b). In all
samples, the characteristic for carbonaceous materials peaks sp> can be
observed: the D peak (~1410 cm’l), which is attributed to structural
defects in the hexagonal carbon lattice, and the G peak (~1570 em™ D)
linked with the in-plane vibration of the sp2 carbon atoms [66-69].
There is a clear increase in these peaks intensity as the thickness of
polydopamine films increases with the growth time, which is an ex-
pected observation and confirms the thickness differences as shown by
the AFM method. Moreover, their intensity also slightly depends on the
transferring method: it is lower for stamping. As the scattering signal

comes from the whole membrane thickness present in the microscope
confocal volume, this difference may originate either from membrane
compression/expansion specific for its orientation-dependent interac-
tion with the substrate or from the reduction of the number of freely
oscillating carbon bonds due to the contact of the upper PDA surface
with the silicon substrate. The Ip/Ig ratio was also calculated, which was
used to assess the disorder level of the graphene-like structure. The
slight differences 0.916 for Si/PDA/10sc, 0.922 for Si/PDA/10st, 0.914
for Si/PDA/24sc, and 0.913 for Si/PDA/24st do not indicate any trend.
However, thanks to the appropriate laser wavelength (633 nm) and
relatively high energy used, the lower part of the spectrum (below 1000
em™!) can provide more information about the structural disorder
employing the double-resonance (DR) Raman scattering mechanism
[70,71]. Weak yet significant characteristic bands assigned to layer
breathing vibrations (~825 cm_l) were revealed [72], resembling the
ones characteristic of defective and twisted carbons [71-73]. The peak
at the wavenumber ~940 cm ™! indicates that the C-H and/or O-H out-
of-plane deformations [60] are significantly stronger compared to pre-
vious studies [27].

Similarly to the band around 302 cm™, it can be observed in the
spectrum of pure Si subjected to the cleaning procedure in acetone and
ethanol (Fig. S3), so they probably come from Si-H and Si-O bonds on
the silicon surface. Another important observation is the presence of the
~1180 cm ™! band, which is assigned to the NH in-plane deformation
mode originating from the pyrrole ring in PDA structure [74], but it is
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only visible for samples from the 24-hour series. The peak located at 674
em™! originates from the stretching and deformation of aromatic rings
[70] and remains visible in all samples, as these rings are the basic
building blocks of PDA [75].

The position of 2D (G') peak (for Si/PDA/24sc and Si/PDA/24st
samples) is shifted towards higher wavenumbers in comparison to pre-
vious studies of thicker PDA a/w films [27]. As this type of shift is
characteristic of PDA-based samples with lower oxygen content [76], it
should be concluded that this is related to the oxidation time of dopa-
mine. For much thinner Si/PDA/10 samples, 2D peak is very weak due
to the much smaller scattering volume of these films and presumably, it
is further shifting towards higher wavenumbers.

FTIR spectroscopy of the Si/PDA/24sc sample was performed to
further confirm the chemical nature of the obtained polymer (Fig. S4).
The broad band at 3190 cm ™! indicates the presence of the hydroxyl and
N-H groups [77]. At 1640 cm™ - The bending vibration peak of N-H
[77] overlaps with C=0 band [78]. Bands at 1300 em ! and 1500 cm !
were assigned to C-O bonds and C=C ring stretching, respectively
[77,78]. Finally, the strong absorption band at 1105 cm™! originates
from Si-O bonds (PDA-substrate through catechol groups or native SiO5
on Si substrate surface) [79].

To fully understand the difference between the top/and bottom faces
of the PDA films, we performed XPS measurements, as shown in Fig. 4c
and d. To properly understand the XPS results, it is important to remark
that native oxide was not removed from the Si substrates (Fig. S3).
Furthermore, it is important to keep in mind that other peaks originating
from Silicon are visible at the Si2p spectrum of all PDA-deposited
samples (Si-O), indicating the presence of the silane moieties (Figs. S5,
S6, S7 and S8) [80], which proves the fact of binding of functional
groups present in polydopamine to the silicon substrate. Importantly,
the Si-O component has the largest share of the spectrum for the Si/
PDA/10sc sample, followed by the Si/PDA/24sc. The stamping samples
have a lower share of this component, which may indicate a weaker
bond to the Si substrate. Due to the low penetration depth of the coating
in the XPS test, the Si-O component is higher for thinner PDA layers in
Si/PDA/10sc than for thicker one in Si/PDA/24sc. Furthermore,
considering the Cls spectrum (Fig. 4c), there is a minor yet significant
advantage in the sp? bonded carbons (C=C) subpeak area for scooping
samples compared to the stamping, suggesting a more significant pro-
portion of sp? hybridization rings in the structure of the obtained ma-
terial. Nevertheless, the C-C and C-H bonds are related to sp3 carbon,
implying the presence of branched chains not subjected to pure 2D
symmetry [81]. The presence of C-O and C=0 subpeaks suggests that
both catechol and quinone functional groups are formed, thus con-
firming the obtained PDA structure [82].

The C-NH and C-NH; peaks in the N1s spectrum (Fig. 4d), repre-
senting the final and intermediate dopamine oxidation products, are
slightly stronger for the scooping samples. In turn, C-NH3 most probably
represents the protonated amino group (-NH3$) which is expected in
basic pH as side chains contain nitrogen and resemble ammonia [81].
This component level is higher for stamping samples, which may be a
result of the impurities contribution. The Cls, N1s and O1s spectra for
the pure Si substrate and the Si/PDA/10 samples are presented in sup-
plementary info (Figs. S3-S7).

3.2. Optical, photocatalytic and electrochemical properties

To investigate the influence of PDA films (particularly the method of
transferring) on the semiconductor’s optical properties, especially the
bandgap value, UV-vis transmission spectroscopic measurements were
carried out. Fig. 4e and 4f show Tauc Plots for TiO, and ZnO, respec-
tively. The plots are compared with bare metal oxides and PDA samples
of different thicknesses. For both experiments, the introduction of
PDA24sc film showed a greater impact on the bandgap value, shifting it
by 0.14 eV (TiO) and 0.03 eV (ZnO) towards lower photon energy. This
effect is of minor importance for ZnO, because such a small shift cannot
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significantly affect the optical and photocatalytic properties of the ma-
terial, although it remains consistent with the effect observed in ZnO
NWs (~0.1 eV) [34]. However, thanks to a significant shift after depo-
sition of the PDA, TiO, can exploit a part of the Vis spectrum (blue re-
gion of irradiation) for photocatalytic reactions. The presence of
PDA10sc film also induces a smaller value shift, around 0.08 eV.
Nevertheless, the possible mechanism was investigated using the tran-
sient absorption spectroscopy method described later in this section. To
confirm whether the observed change in the bandgap energy value is not
a result of the stationary absorption effect, Fig. S9 shows the measured
absorbance spectra for the samples with TiO and PDA. As it can be seen,
a thin PDA film does not dramatically increase the absorption of radi-
ation in the investigated spectrum, which is advantageous because most
of the radiation can reach the surface of the semiconductor/PDA
interface.

Fig. 5a presents the photoluminescence spectrum for bare Si/ZnO
substrate and samples of different thicknesses and transferring tech-
niques of the PDA films onto Si/ZnO. This substrate was selected
because ZnO-based nanostructures are known for their photo-
luminescent properties [83], which reduces their suitability as photo-
catalysts [34]. The ZnO bright UV emission (near-band emission, NBE) is
close to its absorption edge and produced by excitonic or band-band
recombination [84]. Focusing on the literature reports, the room-
temperature PL spectrum of ZnO is dominated by the free-exciton lon-
gitudinal optical (LO) phonon replica emissions [83,85]. This effect —
exciton-phonon coupling - affects the stability of excitons [86]. In
Fig. 5a, the position and intensity of the single NBE peak differ for
various samples. As PDA shows significant light absorption in the UV
region, the bands’ intensity was normalized to compare their maximum
positions (inset in Fig. 5a) [87]. A significant shift of the maximum of the
peak towards higher photon-energy should be noted. It is ~0.03 and
~0.06 eV for thinner (10 h) and thicker (24 h) PDA films, respectively.
Although it was found that the crystalline size (dsjze) of the ZnO nano-
structures greatly influences the photon energy of the emission peak
[86], this cannot explain the shift observed in our experiment since the
deposition of the PDA film could not affect the crystalline size of the
ZnO. Instead, we postulate that the PDA coating increases energy
required for electron-phonon recombination, which positively affects
the stability of excitons in ZnO nanostructures.

In turn, deep-level emissions (DLE) in the visible-NIR range (from
3.1 eV to 1.653 eV) originate from crystalline defects and different film
stoichiometry (Fig. 5 b and c), indicating the low ZnO’s surface ther-
modynamic stability [88]. Three major types of emission can be
distinguished, namely: green (2.19-2.48 eV), yellow-orange (1.98-2.19
eV), and red (1.65-1.98 eV) [84,89]. The differences in emission en-
ergies originate from different defect-related transitions. Orange and red
luminescence bands that were observed in our experiment are assigned
to oxygen interstitials (O;) [90-93]. Deconvolution of the spectra
showed that the functionalization of the surface with PDA film,
compared to ZnO itself, must have influenced the concentration of de-
fects, as it significantly quenched the appearance of bands close to 1.70
and 1.91 eV. Note that in the Fig. 5 b-c, the area under the peaks (a.u.)
was embedded at each peak. It can also be concluded that the thicker the
PDA coating (and thus the longer oxidation time), the stronger the ef-
fect. In turn, the band at ~2.15 eV is ascribed to the transition of an
electron from the conduction band to deeply trapped holes in the oxygen
interstitials [93-95]. The surface functionalization with a thin film of
PDA did not significantly affect this type of emission. In short, poly-
dopamine, with a high degree of oxidation by bonding through func-
tional groups, had a positive effect on stoichiometry and the reduction of
ZnO surface defects, contributing to the increase of its stability.

To measure the excitation’s photogenerated excited state absorption
energies and associated lifetimes, the time evolutions of differential
absorption changes (kinetics) were obtained (Fig. 6a—c). Transient ab-
sorption changes were measured upon excitation at 310 nm for the
samples with TiO5 on quartz (to avoid direct excitation of the substrate
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with UV irradiation). Kinetics at 590 nm (Fig. 6a-c) represent the decay
of the population of holes in TiOy [48]. No signals from PDA alone or
quartz alone were observed. The excitation from either the coating or
the quartz side allows selective probing of different interfaces due to the
small penetration depth of TiO, at the excitation wavelength of 310 nm.
The kinetics were fitted with mixed first and second-order decay func-
tions (Table S3). This model does not take into account the charge
diffusion component, but high R? values and more or less constant
values of A for different pump pulse energies are strong evidence of a
good fit of the model (Table S3). For all samples and both excitation
sides, a dominant share is of the second-order decay, even for the lowest
pump pulse energies. The values of the first-order rate constant (k1) are
either very small compared to the temporal range of the experiment or
fitted with high relative error (reaching 100 %) for all samples; there-
fore, no conclusions can be drawn. When excited from the quartz side,
similar radiative, second-order recombination rate constant (k) values
are observed for the samples with and without PDA. On the contrary,
when excited from the coating side, the constant rate kj is higher for
samples with PDA sc and PDA st of about 35 % and 37 %, respectively

(Table S3 and Fig. 6a—c), than that for the control samples with only
TiOs. This proves that PDA indeed affects the properties of TiO close to
its interface. Possible reasons for these significant differences will be
discussed later in this paragraph. Importantly, a shorter excitation life-
time does not necessarily mean inferior photocatalytic properties. It was
previously shown that despite the almost 10 times slower recombination
kinetics of rutile than anatase, the photoactivity and catalytic properties
of rutile were lower due to the deficit of surface electron holes [96]. It
can also be noted that strong second-order recombination conditions are
usually not fulfilled at typical sunlight intensities for photocatalysis but
rather observed only with laser pulses.

For easy comparison, the spectrum at 10 ps after excitation was
plotted to investigate trapped species contribution, and for clarity,
spectra were presented in the range 320-600 nm in Fig. 6 d-f. It was
previously reported that due to relaxation through deep sites, absorption
bands in the transient absorption spectra of TiO shift towards blue as
deeply trapped carriers absorb photons of shorter wavelengths [97-99].
Oxygen vacancies (Vox) can induce shallow defects when the thermo-
dynamic effects of the structural relaxation are taken into account
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[100-102]. Perhaps PDA passivates oxygen deficiency, which may affect
the surface charge properties of the TiO [103].

For a deeper analysis of the previously described kinetic differences,
global fitting was performed using the approximation of the two-
exponential plus constant offset function. Pre-exponential factor
spectra of the components t; and Ty, that is, the amplitude spectra
associated with the individual fitted time constants, were plotted along
with the constant offset (const. offset), which stands for constant
component, i.e. the final spectrum after 3 ns (Fig. S10). On the one hand,
it was found that each decay curve has a fast component of a time
constant between 0.86 and 6.1 ps standing for quenching of the pho-
togenerated electrons (e.g. transfer, recombination or trapping). Note
that for samples illuminated from the coating side, regardless of the
energy used, this component is always faster for PDA-coated samples, as
the heterojunction boosts the transfer of electrons from TiO5 conduction
band to PDA through the n-conjugated structure and functional groups.
A slow component with a time constant between 14 and 230 ps is
standing for the relaxation of trapped electrons. Further analyzing the
spectra, we notice that samples with PDA (measured from the PDA side)
show a smaller and shorter-wave share of the negative signal, which in
samples with TiO5 alone stretches up to ~500 nm. This signal may come
from the steady-state absorption of the trap states in TiO, [104-106].
The method of PDA deposition is of little importance for this effect. In
turn, the strong signal with a maximum of 340-350 nm, originating
most probably from the direct hot transition in TiOy [48], is decreased
for PDA- coated samples, which may indicate that local heating at the
interface is lowered due to heterojunction. This is most probably caused
by the difference in trapped holes (O7) concentration, as postulated
above [104]. The above differences around 350 nm for the TiO5 samples
with and without PDA can also be noticed in the transient absorption
spectra at 10 ps (Fig. 6 d-f).

Considering all the previously obtained results, PDA films from
group 24sc were selected as the most promising and they were subjected
to electrochemical tests after deposition onto Si/TiO and Si/ZnO. Cyclic
Voltammograms of Si/ZnO/PDA (Fig. 7a) and Si/TiO2/PDA (Fig. S11)
indicate an increase in reduction peak in the cathodic regime; this is a
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promising indicator of the positive performance impact of PDA-modified
composites compared to pure inorganic semiconductors. Next, the linear
sweep voltammograms were generated by measurements under chop-
ped illumination of visible (Fig. 7b) and UV-vis (Fig. S12a) light,
showing higher photocurrent density (PD) for the TiO5 samples with
deposited PDA films in negative and positive potentials range. For ZnO,
a positive effect can be seen for the VIS light illumination (Fig. S12b)
and, partially, for the UV-vis illumination experiment (Fig. S12c). This
experiment provides information on the photoelectrochemical activity
of samples and shows that PDA enhances efficient charge separation,
generating functional heterojunction, thus reducing electron-hole
recombination.

The results of the EIS measurements are presented in Fig. 7c and d,
where the significant influence of PDA on the curves can be seen. To
analyze this effect, a fitting procedure (Table S4) and equivalent electric
circuits (Fig.s S13 and S14) have been proposed and described in detail
in the supplementary information (see pages S16-S21). Firstly, the
models show that the real part of the impedance is higher for both TiO,
and ZnO without irradiation (dark) and under the influence of light in
the visible range. On the other hand, it decreases under the influence of
UV-vis radiation. This indicates the correctness of the models and is
fully in line with the theoretical assumptions, as both TiO, and ZnO are
active in the UV range and not active in the visible range. More
importantly, PDA greatly impacts the decrease in the real impedance
component, representing charge transfer resistance. The mentioned
decrease is reaching an extremely high value, especially for TiOo, i.e.
~1920 % (dark), ~1080 % (UV-vis) and ~2250 % (Vis) in comparison
to bare TiOz. This is a higher result than previously described in the
literature ~613 % (dark) for in-situ deposited PDA on TiO, nanorods
[107]. Simultaneously, the results obtained for ZnO/PDA are also very
promising. It is a 310 % (dark), 215 % (UV-Vis) and 216 % (Vis)
decrease in comparison to bare ZnO. The most important result obtained
in the present experiment proves that thin PDA films have particularly
favorable photoactive properties (in a wide range from UV to Vis), but
are also electrochemical (dark- no irradiation), positively influencing
the electrochemical performance of inorganic semiconductor materials.
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However, the model of TiO5/PDA taking into account charge transfer
resistance at the PDA/electrolyte interphase (Fig. S12) indicates that the
irradiation (vis and UV-Vis range) reduces impedance by ~60 % in
comparison to dark conditions. In this case, a significant influence of
irradiation is of great importance.

The j-t graphs for TiOy (Fig. 7e) and ZnO (Fig. 7f) show the amper-
ometric response for the visible light on/off cycles. A significant
contribution from the pyroelectric potential indicated by the sharp
peaks (spikes) is visible. The pyro-phototronic effect was described in
detail elsewhere [108-110]. It originates from the nanosecond-scale
process of vis light-induced rapid temperature increase [109], as it
was previously described that coupling of light and cooling of the device
could enhance photocurrent stability [111]. Within this process, a
charge carrier transport across the heterojunction is enhanced; hence,
numerous recombinations occur, and a transient high output current is
observed. After a short time, the photocurrent is stabilized due to the
relatively slow photoexcitation process in comparison to trap states
induced leakage current [109,112]. PDA caused a significant reduction
in the intensity of these spikes, flattening the photocurrent density chart,
which is further evidence of its positive effect on reducing the charge
carrier’s recombination rate [111]. Oxygen vacancy in amorphous TiO,
could promote hole conduction by providing a “leaky” channel [113].
The oxygen vacancy defects in the amorphous ZnO films and their
contribution to hole conduction were also reported [114]. Therefore,
considering the amperometric responses of TiOo/PDA and ZnO/PDA, we
postulate that oxygen deficiency at the surface was modified by PDA
film. The low photocurrent density was caused by the poor contact
electrical contact with TiO2 or ZnO, but in consistency with literature
reports, polydopamine modification contributed to an increase in its
value through efficient electron extraction [115].

Finally, the photocatalytic degradation of the methylene blue effi-
ciency was investigated, and the mechanism was drawn as follows.
Light-induced generation of the electron (e) hole ") pairs (1). Gen-
eration of the hydroxyl radical through the hole (2). The reaction of the
MB with the hydroxyl radical, degradation of the methylene blue (2b).
Alternatively, the generation of the superoxide radical (3) and the re-
action of the MB with the superoxide radical, thus, degradation of the
methylene blue (3b).

TiOy + hv = h™ + e (1)

h* + OH™ - OH®(2a)

OH® + MB — CO, + H,0(2b)
0, +e - 05 (3a)

03~ 4+ MB — CO, + H,O(3b)

The results of the photodegradation test are shown in Fig. 8a (pho-
todegradation efficiency) and Fig. S16 (optical digital photographs).
After the deposition of the PDA a/w films, the photocatalytic
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performance of the TiO5 was significantly enhanced beyond 14 % after
1 h. Moreover, this trend was maintained during the four stability test
cycles (Fig. 8b). In subsequent cycles, the increase in efficiency was
lower yet significant. In addition, the stability of the composites was
evaluated by providing optical microscopy photographs of the surface of
the samples before and after the test (after drying under normal condi-
tions) presented in Fig. S17. An important factor is the kinetics of pho-
todegradation, here, we determined the rate constants by fitting the
results to the first-order mechanism (Fig. S18). For MB solution with a
concentration of 2 ppm, the constant k was equal 9.2 x 107> + 5x 10™*
and 5.2 x 107 + 4 x 10~ for Si/TiO5/PDA and Si/TiO5 respectively.
This corresponds to degradation rates (DR) 3.31 and 1.87 (ug h~'em™?),
confirming significant TiO, photocatalytic performance improvement
by ex-situ transfer of the polydopamine film. We developed additional
tests to exclude the major influence of other effects like heat and MB
adsorption on the PDA film. As can be seen in Fig. S19a, the photo-
degradation of the MB for the reference Si sample was 12.22 % after 1 h
under UV-Vis. In turn, a filtration test was performed to investigate the
possible adsorption of MB on PDA film (Fig. S19b). The filtration effi-
ciency of the PVDF filter was slightly increased by modification with
polydopamine by 12.45 %. Therefore, taking into account the large
surface area of the filter (4.9 cm?) and pressure-forced flux of molecules,
the adsorption of MB at the PDA surface is a relatively minor effect.
Next, we performed tests with scavengers to investigate the contribution
of photogenerated electrons and electron holes in the photocatalytic
decomposition of MB. The ethylenediaminetetraacetic acid (EDTA), p-
benzoquinone (BQ) and isopropyl alcohol (IPA) were applied as h+,
superoxide radicals and hydroxyl radicals scavengers, respectively. A
significant decrease in process efficiency was noted for EDTA and BQ.
Indicating a slight advantage of the share of electron holes over electrons
(Fig. S20). A moderate decrease was noted for IPA since hydroxyl rad-
icals are produced indirectly by TiO» and directly by PDA [116]. Small
but noticeable degradation efficiency for the reference sample (Si sub-
strate) is related to the absorption of the IR spectrum in the range of
which Si(100) exhibits low photoactivity [117]. Ex-situ transfer of the
polydopamine film onto TiO, surface enhances photocatalytic MB
degradation efficiency. First, a bandgap energy value is lowered, leading
to the broader light spectrum utilization in a photocatalytic reaction.
Secondly, oxygen deficiency at the semiconductor materials surface is
modified by PDA film, and shallow defects concentration is decreased,
resulting in less probable electron-hole recombinations on the trap
states. Generated heterojunction promotes charge transfer and separa-
tion. Finally, when presented to the water, the composite shows a more
hydrophilic character in comparison to the bare TiO; surface, enabling
more water molecules to reach the surface and undergo reactions of the
hydroxyl radicals generation.

a) MB 2ppm photodegradation under UV-vis b) MB 2ppm photodegradation stability
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Fig. 8. (a) Graph of the photocatalytic degradation of the Methylene blue efficiency under UV-Vis light illumination. (b) Photocatalysts stability evaluation during 4

photocatalytic MB degradation cycles.
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4. Conclusions

In summary, we successfully enhanced the ZnO and TiO, photo-
catalytic and photocatalytic-related properties using easy-transferable
and centimetre-scale polydopamine films from the air/water interface.
Starting from the previously developed optimised strategy, we prepared
films of different thicknesses it is ~17.5 nm and ~30 nm. Next, have
conclusively shown that PDA free-standing films can be successfully
transferred on multiple functional substrates and resemble Janus
structure with two distinct surfaces without losing the exceptional
electronic properties observed in PDA/semiconductor interface in
nanoparticles.

UV-Vis spectroscopy has shown a 0.14 eV bandgap value shift to-
ward lower photon energies in TiO» thin coating using ~30 nm scooping
PDA thin film. Photoluminescence spectroscopy has shown that PDA
thin films are quenching the photoluminescence bands assigned to the
oxygen defect-assisted recombinations in ZnO. Transient absorption
spectroscopy in the femtosecond range provided insights into the
mechanism of the enhancement of the electrical properties of the com-
posites after PDA deposition by passivating the shallow defect states,
boosting the electron transfer at the interface and lowering the local-
heating effect in TiO5 nanofilms. Finally, electrochemical studies were
carried out. Most importantly, Electrochemical impedance spectroscopy
revealed that PDA films have particularly favorable photoactive prop-
erties (in a wide range from UV to Vis), but are also purely electro-
chemical (dark- no irradiation). The postulated equivalent
electrochemical circuit poses an exceptional drop in the charge transfer
resistance component at the electrode/electrolyte interface after PDA
deposition, reaching a ~2250 % drop for TiO in Vis irradiation and
~310 % without irradiation for ZnO. Moreover, cyclic light sweep
amperometry revealed a significant quenching of the pyro-phototronic
effect, which in bare TiO2 and ZnO originates from photogenerated
electron-hole recombination. Further, the photocatalytic degradation of
the methylene blue efficiency was investigated, and remarkable effi-
ciency enhancement for the Si/TiO/PDA composite was noted, 14 %
after 1 h in comparison to Si/TiO,. Higher efficiency was also obtained
in the subsequent four cycles. These benefits result from the creation of a
functional organic/inorganic heterojunction.

Finally, although we have focused mainly on the photocatalytic as-
pects of such composites as a benchmarking of the transferring method,
our findings can be easily applied to biomedicine, electronics and water
remediation.
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