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sation of transition metal-loaded polydopamine (PDA) electropolymerised on
the surface of titania nanotubes. The structural studies via X-ray photoelectron
spectroscopy and electron microscopy confirmed the catalytic effect of d-metal
salts on the formation of the PDA layer during electropolymerisation. Cu and Ni
loading leads to a significant enhancement of the visible absorption compared to
that of the pristine PDA, also confirmed by the density functional theory calcula-
tions. Although the boost is greater for the thickest coatings, an excess amount
of polymer suppresses the charge transfer and thus photocurrent generation.
Synthesis in acidic conditions—optimal for photosensitisation—provides struc-
tures with a strong increase in the photocurrent quantum efficiency in the visible
range, equal to 20% at 400 nm.
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Introduction

Polydopamine (PDA) is a bioinspired melanin-like
polymer formed by the oxidative polymerisation of
dopamine [1]. It can be obtained via several synthesis
protocols. In the most general approach, the reaction
of PDA formation occurs in an alkaline environment
(pH>7.5), during which dopamine is oxidised with
oxygen from the air [2]. The alkaline pH during PDA
formation is crucial for the Michael addition reaction
to occur, which is important for further polymer for-
mation [3, 4]. This is followed by mutual autopolymer-
isation of reduced and oxidised monomer molecules,
leading to a polymer film with a variety of structures
[5]. The presence of catechol groups on the surface of
PDA is associated with high adhesion to all types of
materials, both organic and inorganic [6]. This allows
PDA to be used in numerous processes for coating a
variety of materials [3, 7, 8]. However, high adhesion
is not the only interesting property of polydopamine,
as it is also characterised by high biocompatibility [2],
a complex mechanism of electrical conductivity [9]
and the ability to absorb light in both the ultraviolet,
visible and IR light ranges [10]. In addition, PDA can
be easily obtained by an electropolymerisation reac-
tion. This process, compared to oxidative polymerisa-
tion methods, not only produces a more homogene-
ous and thicker polymer layer but also reduces the
time consumed to prepare the samples [1, 11]. Given
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the properties mentioned above, PDA has important
applications as, e.g. photodegradation of pollutants
[6], absorption of heavy metals, dyes and pathogens
[3], drug delivery [2], membranes for oil/water sepa-
ration [12], elements of composites for energy stor-
age [13], or as nanomaterials for Zn battery electrodes
[14].”

The presence of catechol functional groups in the
PDA structure also enables the formation of coordi-
nation bonds with metal ions, transition metal ions
included [15]. The ability to form this type of bonds
has also been used for the binding of heavy metals by
PDA [6, 16]. However, these are not the only examples
of the use of metal-PDA bonding. Wang et al. used
a PDA layer as a matrix to deposit copper ions. The
resulting material was able to catalytically remove
dyes from aqueous solutions [17]. Similar Cu/PDA
complexes were also used by Xu et al. to modify the
surface of hydrogels. The copper ions thus delivered
exhibited antimicrobial properties [18]. Li et al., in
turn, used PDA and its adhesive properties as well
as its ability to form coordination bonds with met-
als to synthesise Cu and Ni nanoparticles [15]. The
addition of d-block metal ions also has a significant
effect on the polymer formation reaction itself. This is
because transition metal ions such as Lewis acids are
catalysts for the Michael addition reaction [19]. Both
salts and complex compounds of metals such as Cu,
Ni, Fe, Co and Cr have been used for this purpose [20,



21]. Overall, PDA can be considered as a matrix for
the metal loading similar to the metal organic frame-
works, where metal ions are also coordinated by the
organic compounds. Such an approach can be benefi-
cial in energy storage as components of supercapaci-
tors and batteries [22-24].

Transition metal salts have also been used in PDA
synthesis. Zhang et al. reported that the addition of
CuSO,/H,0, leads to faster polymer deposition [25].
Yang et al. also indicated the catalytic effect of transi-
tion metals on PDA deposition, with the difference
that they used Ni, Co, and Mn salts. The use of such
catalysts also made it possible to incorporate Ni** ions
into the PDA structure [26].

“Titania-based materials such as titanium diox-
ide nanotubes (TNT) are thoroughly studied
n-type semiconductor materials that can be eas-
ily fabricated with desired geometries via, e.g.
anodisation. Unfortunately, due to the large
band gap (3.2 eV), radiation absorption by TiO, is
mainly limited to the ultraviolet light range [27,
28]. Applications of titania-based materials range
from photodetectors [29], antifouling [30] —due
to its high hydrophilicity, light-driven reactions
[31], in particular water splitting [32, 33] —typi-
cally with dopants, and separation processes
[12] —as a component of a membrane.”

The presence of metals itself is important, from the
point of view of improving the photoactivity of the
TiO, NTs. Numerous sources in the literature describe
metal doping or decoration with metal nanoparticles,
leading to enhancement the photoelectrochemical and
photocatalytic activity of semiconductors [34-37]. An
example of such modifications is the doping of TiO,
nanotubes with chromium, which led to an increase
in the recorded photocurrent [35, 38]. A similar phe-
nomenon has been observed with doping with copper
[39] and nickel [40].

Semiconductive inorganic-organic interfaces with
the ability of photocurrent generation have a broad
scope of photoelectrochemical and photovoltaic appli-
cations. Among them, photoelectrocatalysis of water
splitting [41, 42], photodegradation of pollutants [43,
44], and photoelectrochemical synthesis [45] are of
utmost importance in various subfields of engineer-
ing and environmental sciences. These processes are
based on the light absorption by the semiconductor
electrode leading to the formation of excited electrons.
Then, in the electric field of the space-charge region on

the semiconductor-liquid interface, a separation of the
electron-hole pars occurs, so that they can be trans-
ported towards the contacts and drive the reaction in
the liquid. Inorganic-organic interfaces can lead to
enhanced optical absorption and separation, thus they
are important in practical applications. Those catalytic
processes require both strong visible light absorption
and fast charge transfer to speed up the desired reac-
tion, and preferably cheap, scalable and sustainable
production [46]. Such a feature is a marker of efficient
photosensitisation and can be useful, e.g. in (photo)
electrochemical sensing and degradation, where the
same material can be used for both purposes [47].
Therefore, exploration of new synthetic routes for
semiconductor modifications is relevant.

Quantum chemistry methods such as density func-
tional theory (DFT) can be helpful tools to explain
experimentally observed phenomena in electrochemi-
cal studies. Specifically, interaction energies between
molecules [48] or surfaces [49] can be estimated to
understand adsorption and bond formation. Density
of states analyses [48, [50] can be helpful for elucida-
tion of elect of dopant on the electronic structure and
the band gap.

In the previous work [51], we reported the superior
enhancement of photocurrent generation in TNT_PDA
heterostructures caused by changes introduced in
the electronic structure. We also observed a parallel
change in the electrochemical response to the redox
marker, i.e. after PDA modification, an oxidation peak
emerged.

In the abovementioned framework, the main goal of
the paper is to show the possibilities of modifying TiO,
nanotubes with electropolymerised PDA with embed-
ded transition metal ions: Cu, Ni and Cr. The main
source of this research motivation is that incorporating
such metals would further enhance the reversibility
of the redox marker reaction, imposing faster charge
transfer. To the authors’ best knowledge, such com-
posites are investigated for the first time. Exploration
of the synthesis parameter space shows the significant
influence of both the metal type and electropolymeri-
sation pH on the structure and photoelectrochemical
properties. Moreover, DFT calculations strongly sup-
port the experimental result that the visible absorption
is enhanced in the case of Cu and Ni loading, while
it is suppressed in the case of Cr. Finally, reactive
molecular dynamics simulations of the complexation
dynamics suggest catalytic activity of copper salts to
the PDA growth via Lewis acid catalysis.
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Experimental

Sections devoted to the reagents used in experiments,
details of the anodisation, computational details and
basic theory behind DFT calculations are given in SI
file.

Hydrogenation of nanotubes
and electropolymerisation of dopamine
in the presence of transition-metal ions

Because bare titania is an n-type semiconductor and
exhibits low conductivity, electrodeposition of the
conducting polymer is hampered. Therefore, we
applied the electrochemical hydrogenation method
to change the electric properties, allowing polymer
deposition [52].

Hydrogenation was carried out in a two-electrode
system with the TNT sample as the cathode and a
platinum net as the anode. The reaction was carried
out for three minutes in the solution containing 1 x Tris
buffer in 0.5 M sodium sulphate and a voltage of 5 V
between the electrodes.

The polydopamine film on the HNTs surface was
prepared 20 min after electrochemical hydrogena-
tion (during this time, the sample was immersed in
a 0.5 M Na,SO, solution) using the cyclic voltam-
metry method. The process was realised in a three-
electrode system with HNTs as the working elec-
trode, a platinum net as the counter electrode, and
AglAgCl13 M KCl as the reference electrode. This

setup is preserved throughout the study. Electropol-
ymerisation experiments were carried out potentio-
dynamically, and 50 cycles of cyclic voltammetry
were recorded with a 20 mV/s scan rate at the poten-
tial range from -0.5 to + 1.0 V using a BioLogic SP-150
potentiostat-galvanostat. The solution contained of
5 mM of dopamine hydrochloride and 25 mM of
different transition metals salts: Cu(NO;),,3H,0,
Cu(CH;C00),,H,0, CuSO,, Ni(NO;), x 6H,0,
Ni(CH;COO), x 4H,0, Cr(NO;); x 9H,O dissolved
in 1 x Tris—0.5 M Na,SO,4 (10: 90% v/v) and deaer-
ated with Argon for 20 min before starting the
deposition. Considering the metal ion that was pre-
sent in the electrolyte and its pH, the samples were
labelled according to the information provided in
Table 1. The following labelling was proposed for
the obtained samples:

The pH value (below 7.5) of the prepared solutions
was the innate/default value obtained as a result of
adding different transition metal salts to the 1 x Tris:
0.5 M Na,SO, solution. The reaction carried out at
pH 7.5 was based on the previous experience of our
group, which showed the highest photocurrent and
high conductivity of the obtained polydopamine
layer for those electropolymerisation conditions [36].
For those solutions, the pH value was established
by adding 1 M NaOH and controlled by a pH meter
(EZDO portable pH meter MP-103). For the prepara-
tion of the reference sample, an electropolymerisa-
tion reaction was carried out in a 0.5 M Na,SO, solu-
tion consisting of 1 x Tris buffer and 5 mM dopamine
(pH 7.5) without transition metal salts.

Table 1 Set of samples obtained after dopamine polymerisation was carried out in the presence of different transition metal ion precur-

sors and using hydrogenated titania nanotubes as a substrate

pH Precursor
Cu(NO;) Cu(CH;CO00), CuSO,, Ni(NO;), X 6H,0 Ni(CH;COO0), Cr(NOy),
x3H,0 xH,0 x4H,0 x9H,0
4.2 Cr/PDA, ,HNTs
5.5 Cu/PDA; ;HNTSs Cr/PDA; sHNTs
59 Ni/PDA4 (HNTSs
6.5 Cu/PDA sHNTSs
6.7 Ni/PDA¢ ;HNTs
7.5 Cu/PDA; sHNTSs Ni/PDA, sHNTs Cr/PDA, sHNTs

Me/PDA ,;HNTs

where Me—types of metal ions precursor presented during the electropolymerisation reaction, PDA—polydopamine layer, pH—value

during the reaction, and HNTs—Ilayer of hydrogenated titanium dioxide nanotubes.
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Characteristics of structure, morphology
and optical properties

The surface morphology of the electrodes was inves-
tigated by means of a Quanta FEG 250 (FEI) Schottky
field-emission scanning electron microscope (SEM)
equipped with a secondary ET electron detector with
a beam accelerating voltage of 10 kV.

UV-Vis spectra were registered using a Perki-
nElmer Lambda 35 dual-beam spectrophotometer in
reflectance mode in the range of 200-1100 nm and a
scanning speed of 120 nm/min. The integration sphere
was used to collect the light scattered from the sample
during illumination and to obtain diffuse reflectance
R. Reflective mode was used due to the non-transpar-
ency of the samples. Optical properties are presented
as 1-R in the main paper, in contrast to Kubelka—-Munk
[53], a representation of which can be found in the SI
file (Fig. S12).

Raman spectra were collected using a confocal
micro-Raman spectrometer (InVia Renishaw) with
sample excitation by an argon ion laser emitting at
514 nm and operating at 10% of its total power. Spec-
tra were recorded in the wavelength range from 100 to
3200 cm ™ with a 1-s sample exposure and 3 accumula-
tions for each measurement. For each sample, Raman
spectra were recorded in two different areas and pre-
sented as the average of the measurements.

X-ray photoelectron spectroscopy (XPS) meas-
urements were taken using a Thermo Scientific™
K-Alpha™ X-ray Photoelectron Spectrometer. The
samples were irradiated with low-energy X-ray radi-
ation (Al Ka=1486.7 eV). Measurements were taken
under a pressure of 107 to 10® mbar. Survey spectra
were registered using a pass energy of 150 eV and a
step size of 1 eV. The equipment was calibrated using
Cls (284.5 eV). In turn, high-resolution spectra were
recorded in the oxygen O 1 s, titanium Ti 2p, and car-
bon C 1 s binding energy ranges using a pass energy
of 20 eV and step size of 0.1 eV.

Electrochemical and photoelectrochemical
characterisation

Cyclic voltammetry (CV) measurements were taken
using a BioLogic SP-150 potentiostat-galvanostat in
a three-electrode system with the prepared NTs sam-
ple as the working electrode (area=1 cm?), a plati-
num net as the counter electrode and Agl AgClI13 M

KCl as the reference electrode. Measurements were
taken in a 5 mM solution of potassium ferrocyanide
and potassium ferricyanide in potassium chloride
1M (pH 7.0) in the potential range of 0.5V to+1.0 V
with a scan rate of 20 mV/s.

Photoelectrochemical measurements were taken
using an Autolab PGSTAT 302N potentiostat-gal-
vanostat in a three-electrode system with the pre-
pared sample as the working electrode (area=1
cm?), a platinum net as the counter electrode and
AglAgClI3 M KCI as the reference electrode. The
prepared samples were tested in a 0.5 M Na,SO,
(pH 7) solution in an electrochemical cell with a high
transmittance quartz window that allowed sample
irradiation within the full UV-Vis range. Before the
electrochemical measurements, the electrolyte was
deaerated using Argon (5.0), and then during the
measurements, the flow of Argon was maintained
above the electrolyte to avoid introducing oxygen
to the system. The measurement was started with 5
cycles of cyclic voltammetry in the potential range
of 0.4 V to + 0.8 V with a scan rate of 50 mV/s. Then
the sample was illuminated by a solar light simula-
tor (XE lamp 150W, LOT-Oriel) for 3 min. The irra-
diation intensity was set to 100 mW cm™ and the
calibration was carried out using a silicon solar cell
(Rera). The optical system was equipped with an
AM 1.5 air mass filter and an additional optical filter
(GG-420 Shott). Photocurrents were measured via
two linear voltammetry scans in the potential range
of —0.4 V to 0.8 V, with a scan rate of 10 mV/s. During
the first measurement, photocurrents were registered
in the presence of visible light, while during the sec-
ond measurement route, the samples were exposed
to the whole light spectrum generated by the xenon
lamp. Sample irradiation was controlled by an auto-
mated shutter with 1 s light and dark periods. Both
electrochemical measurements and the operation of
the shutter were controlled by the dedicated software
associated with Autolab (Nova).

The stability of the samples was measured by per-
forming 100 subsequent voltammetry cycles (Bio-
Logic SP-150 potentiostat—galvanostat) in a three-
electrode system with the prepared sample as the
working electrode (geometrical area =1 cm?), a plati-
num net as the counter electrode and AglAgClI13 M
KCl as the reference electrode. The experiments were
carried out in 0.5 M Na,SO, in the potential range of
—0.5 V to+1.0 V with a scan rate of 20 mV/s.
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Incident photocurrent conversion efficiency
(IPCE)

Quantum efficiency maps were measured with a pho-
toelectric spectrometer designed for quantum effi-
ciency measurements (Instytut Fotonowy, Poland)
equipped with a monochromator. All IPCE measure-
ments were taken in a 0.5 M Na,SO, solution with the
prepared samples as the working electrode, a plati-
num counter electrode and AglAgCl13 M KCl as the
reference electrode. The wavelength range was set
from 200 to 550 nm with a 25 nm step and the poten-
tial range between 0 and 800 mV with a 200 mV step.
Therefore, as a result, the map was plotted against the
applied potential and wavelength. The illumination
source was calibrated with a Xe lamp using the silicon
reference cell.

Monochromator with two diffraction gratings and
maximum efficiencies at 300 nm and 500 nm is applied
in IPCE spectrometer. The highest possible output
light power density equals to 4 mW cm™ nm™, which
corresponds to 10-50 uW cm? light intensities reach-
ing the sample mounted in the cuvette. Wavelengths
ranges available are between 200 and 1200 nm with
resolution on the level of 1 nm. In the presented work,
this range was narrowed to 200-600 nm due to negli-
gible photocurrent produced by the samples during
illumination above 600 nm. It is understandable also
because to generate photocurrent from such photons,
the sample should have had less than 2 eV band gap.

ReaxFF calculations of the complexation

The molecular structures of the PDA and its units were
built in the tool provided by Atomistix ToolKit Quan-
tumWise (ATK, Synopsys, USA), as reported in [54].
Density functional theory (DFT) computations were
used to calculate density of states (DOS) spectra for
the metal-complexed PDA molecules to investigate
the influence of the complexation on the electronic
structure. Moreover, ReaxFF molecular dynamics
(MD) simulations of the crosslinking were performed
for pristine PDA and Cu-loaded PDA according to the
NVT Nose-Hoover method. The system consisted of
16 PDA dopaminechrome units placed inside a simu-
lation box of 3 nm x 3 nm x 3 nm with periodic bound-
ary conditions. The time step for the ReaxFF MD simu-
lations was equal to 0.5 fs, with the total time of the
simulation being equal to 1 ns with 3 elements of the
Noose-Hoover chain, a 300 K thermostat temperature
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and a 50 fs thermostat timescale. MD trajectories were
analysed via radial distribution functions (RDF), near-
est neighbour, void-size distribution, mass distribu-
tion and coordination number evolution methods
implemented in the Quantum ATK package.

Results and discussion

Electropolymerisation of dopamine
in presence of transition metal ions

The deposition of the metal-loaded PDA on hydro-
genated titania nanotubes was performed via several
CV in the solution containing dopamine and metal
ions. The main purpose of using electropolymerisa-
tion instead of standard oxygen-induced self-polymer-
isation is the uniformity of the coating. Justification
of this issue is given in Fig. S1, which compares the
SEM images of the loosely spaced titania nanotubes
covered with electropolymerised PDA (upper row)
and self-polymerisation (lower row). In the former
case, the PDA covers both the inner and outer walls
of the nanotubes having several nm thickness, which is
roughly uniform for the whole set of tubes. The cross-
sectional view depicts some aggregations on the sur-
face, although they constitute only a minor part of the
image. In the latter case, the PDA resides mostly at the
bottom of the sample, filling the space between the
tubes. Almost all the surface is cluttered by the PDA
aggregates and the approach to most of the tubes is
blocked by the non-uniform layer. Another argument
supporting the choice of electropolymerisation is the
controllability of the thickness using the number of
CV cycles, which was shown in our previous work
[51]. Although this is also possible in the standard self-
polymerisation approach, especially for less porous
surfaces, or even titania nanotubes [55], it could not be
straightforwardly replicated at nanotube substrates in
our cases (see the SEM figures).

CV curves registered during PDA electropoly-
merisation in the presence of Cu (II) ions are shown
in Fig. 1a—c. For clarity, the second, and every tenth
cycle have been placed on the graph. The red curve
corresponding to the analogous pristine PDA pol-
ymerisation is given for comparison. During elec-
tropolymerisation of pure dopamine, CV curves
exhibit an anodic peak at+ 0.6 V (Dg) and cathodic
peak at+0.1 V (Dy), attributed to the redox couple of
dopamine/dopamine quinone [1]. The shape of the
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Figure 1 Selected curves of the polydopamine electrodepo-
sition reaction in the presence of: Cu®* jons (25 mM) (blue
plots) performed at different pHs (a) 5.5 (Cu/PDA;sHNTs),
(b) 6.5 (Cu/PDA¢sHNTs), (¢) 7.5 (Cu/PDA;sHNTs); NiZ*
ions (25 mM) (green plots) performed at different pHs (d)
5.9 (Ni/PDA; HNTs), (e) 6.7 (Ni/PDA¢,HNTs), (f) 7.5

recorded curves does not change throughout cycling
in this reference case. However, the shape of the vol-
tamperograms and the value of the recorded current
changed substantially after introducing copper ions
into the electrolyte. During the electropolymerisation
at pH=5.5 (Fig. 1a), two cathodic peaks emerged at
potential values of 0.0 V and -0.4 V, corresponding
to the reduction of copper ions: Cu®*" +e” — Cu* (C1)
and Cu’+e” — Cu'(C2), respectively. When polari-
sation was carried out in the anodic direction, two
oxidation peaks were found at potential values of
0.0 V and + 0.3 V, originating from the reactions
Cu’ - Cu*+e (Al) and Cu* — Cu®" +e” (A2) [56].
The faradaic reactions resulting from the change
in the copper oxidation state completely overshad-
owed the signals characteristic of dopamine during

(Ni/PDA,; sHNTS); Cr** jons (25 mM) (yellow plots) per-
formed at different pHs (g) 4.2 (Ct/PDA,,HNTs), (h) 5.5 (Cr/
PDA; ;HNTs), (i) 7.5 (Cr/PDA,HNTs) of monomer solution
(dopamine concentration 5 mM). The CV curves (50 cycles)
were recorded with a 20 mV/s scan rate.

its electrodeposition process. As the polymer film is
growing, the shift of the oxidation peak from + 0.3
to+0.4 V (Fig. 1 a (A2)) and the reduction peak from
-0.3 Vto-0.4V (Fig. 1 a (A2)) can be observed. This
behaviour suggests a decrease in the working elec-
trode conductivity caused by the electrodeposition
of the polymer [57] or copper complexes, which
inhibits the charge transfer (described further in the
XPS analysis) [58]. Comparing the loci of the peaks
between the CV graphs shown in Fig. la—c, one can
observe that the increase in the pH of the solution
results in a shift of the oxidation peaks towards
higher potential values and the reduction peaks
towards lower potential values (Fig. 1b, c). Such
behaviour strongly suggests a further reduction in
the conductivity characteristic for the alkaline-based
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PDA. A more alkaline solution also results in lower
current values of the recorded oxidation and reduc-
tion peak, as well as faster current drops between
successive CV cycles during the electropolymerisa-
tion process. The largest current decreases in the
given pH range (Fig. la—c) were noted for the Cu’
to Cu*! (A1) oxidation and for the Cu*? to Cu*! (C1)
reduction peak. During electropolymerisation in
pH=7.5 (Fig. 1c), the C1 cathodic peak disappeared,
indicating that the Cu'! oxidation state is stabilised,
and metallic Cu is not restored with cycling.

When the electrodeposition was performed in
the presence of nickel (II) ions, the shape of the CV
curves was quite similar to those registered for the
pristine PDA (Fig. 1d). Additionally, no significant
changes in the current were observed during the
reaction, suggesting a lesser amount of the depos-
ited PDA in the acidic pH. With an increase of
the pH value up to 6.7 (Fig. 1le), the peaks on the
CV —characteristic to the PDA units redox cou-
ples—do not change their positions. However, dur-
ing the formation of polymeric film, an increase in
the current density was recorded across the whole
potential range, both for the faradaic and capaci-
tive components, which is related to the polymer
deposition on the electrode surface and formation
of the conductive film — contrary to the Cu case [59].
It may also be a consequence of coordination con-
nections forming between PDA and Ni(II) ions in a
different geometry or electronic alignment in com-
parison with the Cu-loaded PDA [60]. For a peak
at a potential of + 0.6 V (Dg), an increase of oxida-
tion currents can be observed. The same trend was
noted for the reduction current at +0.1 V (Dy). Apart
from those changes, an increase in the current value
was noted for the reduction peak at the potential of
-0.4 V, ascribed to a reduction reaction of dopami-
nechrome to leukodopaminechrome (Fig. 1e (Dg,))
[1]. The increasing current for the reduction reac-
tion suggests the catalytic influence of nickel ions
on the formation of leukodopaminechrome [20].
Electropolymerisation at pH 7.5 (1 f) is also charac-
terised by an initial increase in oxidation current at a
potential of + 0.5 V (Dg). Then, after 10 cycles of elec-
tropolymerisation, a current decrease for this peak
occurs. Similar to the curves recorded at pH 6.7, a
visible reduction peak at —0.4 V (Fig. 1f (Dg,)) is also
present. Moreover, it is characterised by a signifi-
cant increase in the current for this range and shifts
towards a lower potential, suggesting a plummeting
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conductivity, analogously to the Cu case. In other
words, the high pH of the PDA deposition led to
hindered charge transfer, regardless of the metal
influence (Fig. S2 and Table S1 and corresponding
subsection in SI file).

In the third case, the electropolymerisation pro-
cess was carried out in the presence of the chromium
(IIT) ions. The shape of the recorded CV is similar
to those recorded for electropolymerisation of pure
dopamine, although the current magnitudes are nota-
bly reduced (Fig. 1 g, h, i). Moreover, the oxidation
peak (Dg) is shifted towards higher potential val-
ues (+0.5 V— +0.6 V) and the reduction peak (Dg)
towards lower potential values (+0.1 V— 0.0 V),
which is related to a slower charge transfer, inhibited
even more for higher synthesis pH values. Moreo-
ver, with an increase in the solution pH used during
electropolymerisation (Fig. 1i), the oxidation current
at+1.0 V increases, which is described as either shifted
oxidation of PDA units, or Cr(III) oxidation to higher
oxidation states [60]. Similarly, the reduction current
at -0.5 V presumably indicates Cr(III) ion reduction
Cr’*+e” — Cr*" [61]. Comparing the electropolymeri-
sation reaction in the presence of Cr(III) with those
performed in the presence of other metal ions, there is
a less intense current drop during subsequent cycles
of electropolymerisation. Considering that the drop
is the result of a decrease in the monomer concentra-
tion caused by polymer deposition near the electrode
surface, the amount of the formed PDA is supposedly
less than in other cases. Although characteristic peaks
of dopamine oxidation (Dg) and reduction (Dy) are
observed, the PDA layer is thinner than that obtained
under other conditions, which is discussed in the fol-
lowing section.

Overall reproducibility of the electropolymerisa-
tion syntheses has been verified. CV curves from
electropolymerisation of three samples for each metal
modifications are presented in Fig. S3. In general, the
shape is qualitatively the same in all cases. Minor dif-
ferences include the spread of current magnitudes
resulting from varying sample surface area and vari-
able sample resistance. The latter can be noted for the
sample 2 of the Cr modification. Uncertainty of the
current originates from the uncertainty of the meas-
urement of the area wettable by the electrolyte —there
is intrinsic randomness there. Uncertainty of the
resistance originates from the quality of the electri-
cal contacts between the components of the composite
material.



Morphology of the modified nanotubes

The SEM images shown in Fig. 2 depict an aligned
and highly ordered layer of titanium dioxide nano-
tubes, confirming the effectiveness and repeatabil-
ity of the anodisation protocol. The bare nanotubes
(Fig. 2a) developed an outer diameter of 136.2 + 15 nm
and a length of 4.9 + 0.46 um. After modification, an
increase in wall thickness is observed, which is due
to the deposition of a polydopamine film on the tubu-
lar surface. The thickness of the obtained layer (tpp,)
was estimated taking into account the diameter of the
modified nanotubes (dyje/ppaprnnTs) and the diameter
of the unmodified ones (dy,) according to the follow-
ing equation:

dMe/PDAPHHNTS — dns
tppa = 2

The thicknesses for the series of materials contain-
ing the PDA layer were calculated as averages of at
least 100 points, and those values are provided in
Table 2.

These results indicate that a higher pH favours the
dopamine electropolymerisation reaction, resulting in
a thicker polymer layer [62, 63]. This is particularly evi-
dent for samples fabricated at pH 7.5 in the presence
of copper (Fig. 1d) and nickel (Fig. 1f) ions, suggest-
ing that metal ions increase the stability of the PDA

Table 2 Thicknesses of PDA film in the obtained samples

Sample label Thickness of
PDA layer [nm]
PDA; sHNTs 8.60+1.1
Cu/PDA; sHNTs 7.21+2.7
Cu/PDAg sHNTs 9.61+1.8
Cu/PDA, sHNTs 11.53+4.6
Ni/PDA; (HNTs 597+1.1
Ni/PDA4 ;HNTSs 10.42+3.9
Ni/PDA; sHNTs 11.27+1.3
Cr/PDA, ,HNTSs 336+1.0
Cr/PDA; sHNTSs 4.68+1.7
Cr/PDA; sHNTs 8.89+2.1

coating, e.g. through coordination bond crosslinking
[64]. This is also in line with the fact that a thicker
PDA hinders the charge transfer to a higher extent
(Fig. S1). As the synthesis pH increases, so does the
thickness, while the surface conductivity plummets.
Importantly, the metal-loaded PDA layer is amor-
phous, as the XRD signals of the modified nanotubes
are identical to the pristine ones (Fig. S4). Despite the
crystallinity of titania is important for electrochemi-
cal applications [65], such an outcome is expected
because of the small amount of the deposited material
and the fact that the PDA —which is amorphous—is a
dominant component of the coating. Furthermore, the

Figure 2 SEM images of (a) bare nanotubes, (b) PDA; sHNTs, (¢) Cu/PDA4 ;HNTs, (d) Cu/PDA, sHNTs, (e) Ni/PDA (HNTs, (f) Ni/

PDA, sHNTS, (g) Cr/PDA, ,HNTS, (h) Cr/PDA, sHNTS.
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calculated thickness values are in agreement with the
results obtained from the XPS analysis (and UV-Vis
spectroscopy, illustrating strong structure—property
relationships within the metal-loaded PDA.

The specific surface area of the electrodes has been
estimated through a series of CV measurements with
variable scan rates in 1 M KCl electrolyte in small elec-
trochemical windows, where the response is primarily
capacitive. The results and elaboration on the applied
methodology are given in Fig. S5, S6, and Table S2. In
general, the specific surface area is 10-30 times greater
than the geometric area, which is reasonable consid-
ering SEM results. Cu-containing sample fabricated
at the pH = 7.5 results in the highest area, while Ni
samples tend to yield smallest. Overall, smaller syn-
thesis pH leads to smaller total surface area, also in
agreement with SEM inspections.

X-ray photoelectron spectroscopy investigation
of the PDA chemistry and transition metal
valence states

An XPS analysis was performed to obtain informa-
tion on the chemistry of titania and organic materi-
als without and with embedded metal species. The
high-resolution XPS spectrum for the reference PDA
sample (Fig. 3) shows characteristic peaks for tita-
nium and oxygen, as well as carbon and nitrogen,
present exclusively in polydopamine. In the binding
energy range typical for carbon, three peaks were

distinguished. They correspond to sp? and sp’ carbon
hybridisation: C=C and C-C (284 eV), single bonds
between carbon and oxygen or nitrogen (285.7 eV),
and the C =0 double bond (287.7 eV). Such carbon
species are present in a polymeric chain [66] and can
be partially attributed to the carbon-containing spe-
cies remaining after calcination and from the XPS
instrument itself. The 1 s carbon spectrum of pure
PDA is representative of all the inorganic/organic
junctions obtained in the presence of different metal
ions. Therefore, the chemical structure of the metal-
loaded PDA carbon backbone is presumably unal-
tered by the metal and all the property changes
result mostly from complexation. The share of indi-
vidual carbon species for all the investigated sam-
ples is collected in Table S3. The nitrogen spectrum
for the pure polydopamine represents N-C bonding
(399 eV), characteristic of secondary amines [67]. The
oxygen region was deconvoluted into three signals:
one originating from the O-Ti bonding (529.5 eV)
present in TiO, nanotubes, a peak (530.9 eV) asso-
ciated with both O-H and quinone C =0 catechol
groups [66, 67], and the one attributed to O-C. The
spectrum of Ti (see Fig. 3c) shows a doublet charac-
teristic of TiO, without Ti*" signals [38].

Figure 4 presents the XPS spectra regions corre-
sponding to the metals in the presence of which the
dopamine electropolymerisation reaction was car-
ried out. The copper spectrum (Fig. 4a, blue plots)

Figure 3 High-resolution
XPS spectra for refer-

ence PDA; sHNTSs sample
recorded in the binding
energy region characteristic
for carbon, titanium, oxygen
and nitrogen.
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Figure 4 High-resolution
e Fitted

XPS spectra for binding
I cu()

energy spectrum of (a) Cu2p,
(b) Ni2p and (c¢) Cr2p present
in various titania/polydopa-
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shows the presence of this metal in two oxidation
states in all prepared samples. The peak at 932.4 eV
is described as the copper in the first oxidation state
(metallic copper) [68], while the peak at 934 eV cor-
responds to copper (II) [68].

Samples prepared in the presence of nickel ions
(4 b, green plots) at a lower pH contain nickel(Il), as
indicated by the peak at 855.5 eV [69]. However, when
prepared at a higher pH, an additional peak appears
at 858.5 eV, described as nickel(III) [70].

For the chromium-containing materials (Fig. 4c,
yellow plots), a peak is visible for Cr(III) at the lower
pH (576.8 eV), while at pH 7.5, an additional peak is
observed at (577.6 eV), which is described as origi-
nating from Cr(OH);, although some literature data
suggest the presence of a peak from Cr(VI) at that
position [71]. This indicates that at higher pHs, part of
the precursor used during electropolymerisation can
undergo further oxidation. However, the ratio of the
area of the metal-derived peaks to the PDA-derived
is similar for samples with the same metal, indicat-
ing that its increasing percentage content is a result
of the increasing thickness of the polymer layer. An
exception is observed for samples prepared with the
addition of acetates (both copper and nickel), where
the percentage of metals is lower compared to the case
when other precursors were applied. This is due to the

Binding energy (eV)

lower solubility of acetates in water [72]. However,
the lower availability of metal ions does not affect the
thickness of the polymer layer, which grows with the
increasing pH for all precursors used. This indicates
that the presence of metal ions—as a Lewis acid —has
catalytic properties on the ongoing Michael addition
reaction and the formation of the PDA layer, regard-
less of its solubility or dissociation [21]. Additionally,
an increase in the pH of the solution promotes the oxi-
dation of metals, as evidenced by the increased pro-
portion of more oxidised forms, such as copper: 0.51%
for pH 5.5 and 0.99% for pH 7.5 [73]. It can also affect
the appearance of more oxidised forms, such as Ni(III).

Due to the presence of numerous peaks from PDA
in the oxygen region and the ambiguity of the fitting
procedure (Fig. 5a-b), it is challenging to determine
precisely the types of compounds formed by the met-
als on this basis. Thus, the XPS spectra resolved at each
metal characteristic region (Fig. 4) remain the only key
to access the information on the oxidation state of met-
als embedded into the PDA.

The nitrogen spectrum for the reference
PDA, sHNTs sample shown in Fig. 3 is representative
of those recorded for the copper samples, where one
peak is present corresponding to N-C bonds derived
from the aliphatic imine. For the Ni/PDA, HNTs
(Fig. 5d) as well as the Ni/PDA; ;HNTs sample (not
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Figure 5 High-resolution XPS spectra of characteristic PDA elements for Me/PDA ;yHNTs sample. Spectra were recorded in the bind-

ing energy range typical of oxygen, nitrogen and titanium.

shown), the N1s spectrum shows the presence of two
peaks. The first (399 eV) corresponds to the already-
described N-C bonds, while the second with the
maxima at 402 eV originates from the primary amine
group [57]. In the spectrum for Cr/PDA;;HNTs
(Fig. 5c), a peak at 401 eV indicates the presence of
one corresponding to the quaternary amino group
[74], whose presence may be due to the formation of
chromium(IIl) PDA coordination bonds reported for
various Schiff base compounds|75, 76].

In Fig. 5e, the oxygen part of the XPS spectrums
for different Cu/PDAHNTs junctions is presented.
For the Cu/PDA;;HNTs materials, the spectrum
exhibits peaks matching the pure polydopamine
film. With the increase of the electrolyte’s pH, i.e.
for Cu/PDA, ;HNTs and Cu/PDA,;HNTs, an addi-
tional peak appears at 531.9 eV, corresponding to
OH™ groups derived from the metal hydroxide,
and its area further increases with the increasing
pH [39, 77]. This signal is also visible in the oxy-
gen spectra deconvoluted for the Ni- (Fig. 5b) and
Cr-containing (Fig. 5a) samples. However, those
peaks can be attributed to the O-C bond, but shifted
towards lower binding energies resulting from the
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formation of a coordination bond between the metal
and the dopamine unit [26]. On the Cu/PDAsHNTs
Ols spectrum, a peak at 535.6 eV most presumably
corresponds to a NaKLL signal from Na salt in the
electrolyte taken during electropolymerisation [78]
or absorbed water [79].

Figure 5f shows the changes in the intensity of the
titanium doublet for three Ni/PDA junctions depend-
ing on the synthesis conditions. Since XPS provided
information about the material from its surface
region (several monolayers) [80], the decreased
intensity for Ti is associated with an increased
thickness of the PDA layer covering the nanotube
surfaces. In general, as the pH during electropoly-
merisation increases, so does the PDA thickness. A
similar effect is observed when other metal ions were
present in the electrolyte, which is further consistent
with the results of the SEM analysis (see Table 2 in
the Morphology section). The changes in the percent-
age contribution of individual elements are shown
in Table S1. An increase in the carbon and metallic
content with the pH during electropolymerisation is
noted and has significant consequences for the opti-
cal and photoelectrochemical properties.



ReaxFF molecular dynamics of the PDA
complexation

An attempt to reproduce the complexation dynam-
ics of the PDA by the Cu(I/Il) cations was performed
via ReaxFF MD (Fig. 6). PDA loaded with Cu cat-
ion was chosen due to its largest propensity for the

—
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N
—~
N

photosensitisation described in further sections. In
general, 16 single-ringed monomers were put into a
simulation box with 4 Cu atoms and an NVT protocol
was carried out for 1 ns at a temperature of 300 K. The
majority of changes occur during the first 50 ps of the
simulation; therefore, trajectory analysis is presented
for this short period.
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Figure 6 Analysis of the molecular dynamics trajectory of the
Cu complexation by the PDA units; (a—b) time evolution of the
Cu coordinated with 4 O atoms (yellow), with a single N atom
(nave blue) and 2 N atoms (green); (c—d) distribution of the
Cu-O (yellow) and Cu—N (red) coordination numbers at the final
stage of the trajectory; (e) time evolution of the O atoms’ nearest

© Copper

neighbours with 3 Ang cutoff for the Cu-complexed PDA (blue)
and pristine PDA (dark red); (f) radial distribution function of
the O-O interactions for the complexed (blue) and pristine PDA
(dark red); (g-h) last frame of the 1 ns trajectory of the pristine
and Cu-complexed PDA (hydrogens are omitted for clarity).
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In general, the number of Cu-O bonds rapidly
increases overtime. After 10 ps, the number of O atoms
coordinating all Cu atoms in the system is equal to 3
or 4 and such a situation is preserved across the whole
trajectory later (Fig. 6a). Moreover, there is also a via-
ble complexation via N atoms in the amine group. On
average, 3 of the 4 Cu atoms in the box exhibit single
coordination with N and for some period, there is dou-
ble coordination with N (Fig. 6b). This behaviour is
also captured on the coordination number histograms,
where across the whole trajectory, the Cu atom has 4
O neighbours and a single N neighbour (Fig. 6c, d).
Compared to the folding dynamics of the monomer
ensemble without added Cu atoms, the number of O
neighbours (all atom types) increases from 4 to 5 on
average. In other words, the introduction of the Cu
atoms to the simulation box leads to one additional
neighbour for every O atom in the cell (Fig. 6e). The
last result reflecting the complexation is an increased
value of the O-O bonds’ radial distribution (Fig. 6f).
There is a markedly higher magnitude of O-O bonds
with a 2 Ang length (primary complexation) and with
a 3—4 Ang length, suggesting crosstalk between compl-
exation centres. Overall, there is evidence of a pseudo-
octahedral environment of the Cu atom with fivefold
coordination, which is in agreement with the majority
of the literature data on Cu(ll) complexes with various
ligands [81, 82]. The last frames of the trajectory for the
pristine and Cu-loaded PDA can be seen in Fig. 6g, h,
respectively. The initial frame used for the NVT propa-
gation is contained in the SI (Fig. 57).

A secondary observation from the same complexa-
tion trajectory is the higher compactness of the Cu-
loaded PDA (Fig. S8). Although there are no major
changes in the C—C distribution function after intro-
duction of the Cu (which is in line with XPS obser-
vations in the C 1 s region), there is a slight but sig-
nificant shift of the dominant C-N bond length from
2.6 Ang to 2.4 Ang. This outcome suggests a greater
probability of contact between the amine group and
other carbon when the PDA is enriched by copper.
Moreover, there is an elevated magnitude of the C-N
interactions with the higher distance and additional
small maxima for 2.8 Ang and 3.0 Ang, indicating
non-covalent bonds between PDA units is enhanced
as well. Presumably, as a result of Cu complexation,
a facilitated geometry for the Michael cyclisation and
crosslinking is created via closer C-N contact. As a
result of those two factors (stronger non-covalent
interactions and higher propensity for crosslinking)
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the Cu-loaded PDA is expected to be thicker than
the pristine PDA, which was reported on the SEM
images and XPS spectra beforehand. Additional
arguments for higher compactness are the slightly
higher number of C-C neighbours (with a 4-Ang cut-
off) emerging after 10 ps of the simulation (Fig. S8b),
increased mass density and reduced void size distri-
bution in the cell (Figs. S8b—d, respectively).

ReaxFF simulations were performed for vari-
ous parametrisations available in the literature for
benchmarking purposes (Figs. S9-513). The para-
metrisation taken initially for the ReaxFF model
was ReaxFF_CHONSMgPNaCuCl_2013_2 [83]. It
was chosen because the results of the complexation
simulations gave the results of the highest agreement
with the chemical intuition. In particular, most of
the available parametrisation result in a seemingly
strange description of the Cu—Cu interactions lead-
ing to creation of the Cu—Cu dimers. In fact, the coor-
dination environment of the Cu atoms has a notable
dependence on the chosen parametrisation (see dis-
cussion in the SI file).

Per analogy, simulations with varying sizes of
the box with fixed number of atoms have been per-
formed to investigate the effect of the periodic bound-
ary conditions on the result (Figs. S14-515). The box
used in the first version of the paper had dimensions:
3.0 nm x 3.0 nm x 3.0 nm with the density of 0.15 g/cm?
and 323 atoms in total. This was designed as spare box,
so that the periodic images of the molecules do not see
each other and the process of Cu complexation is cap-
tured in isolation. Effectively, this setup corresponds to
the conditions where the metal-coordinated polymer
floats in the vacuum. We have performed analogous
simulation in smaller boxes to verify the influence of
the periodic images on the complexation process. In
the first case with dimensions 2.5 nm x2.3 nm x 2.2 nm
(density 0.35 g/cm3), copper atoms results in a small
cluster surrounded by the dopamine molecules. In
the latter case with 2.5 nm x 2.0 nm x 1.8 nm (density
0.5 g/cm3), the cluster did not emerge. Per analogy
to the sparse box, there is one amine group per cop-
per atom on average and other ligands are oxygens.
However, due to the steric hindrance (induced by the
presence of periodic images), coordination number
of the Cu exceeded 5 and could range even to 8 for
some frames in the trajectory (3 Angstrom cutoff for
the Cu-O and Cu-N bonds). The overall geometry and
the m—m interactions within the dopamine units are
preserved, though.
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Finally, simulations for a 4 x larger and 16 x larger
system have been also performed (Figs. S16-517). In
the enlarged system with ca. 2600 atoms and box size
6 nm x 6 nm x 6 nm the coordination profile is simi-
lar compared to the simulation in the smaller system
(Fig. S16). Most of the copper atoms are surrounded
by 4+ 1 oxygens from quinones and 1+ 1 nitrogen
from amine groups (on average, throughout the tra-
jectory). Of course, as the system is larger, higher and
lower coordination numbers become also possible. The
structure after 100 ps is also compact, and Cu atoms
are embedded inside. Actually, this size of the system
is on the similar order as in the experiment (typically
several nm thickness of the coating).

However, when the system is further enlarged to
12 nm x 12 nm x 12 nm box, there is a major divergence
of the result compared to other (Fig. S17). Namely, the
structure is partially destroyed during the 300 KNVT
trajectory with molecules such as acetylene, CO and
CH, being produced. Additionally, some of the Cu
atoms with unsaturated valency are formed outside

the main polymer ball. Regardless of the destruction,
the coordination structure of the Cu atoms in the
whole system (on average) seems to be similar to the
previous cases.”

Optical properties of the transition
metal-loaded PDA

The Raman spectra of TiO, nanotubes presented in
Fig. 7a—c (black plots) are typical for anatase phase sig-
nals corresponding to Eg ;) (143 cm™), Eg ) (197 cm™),
Bj, (394 cm™), Aj, (514 cm™) and Eg 5 (634 cm™) [84].
Those peaks are also observed for modified samples
with lower intensity, indicating that the polymer
film covers the titania substrate, weakening the sig-
nals. After the deposition of PDA onto the HNTs, two
additional strong bands at 1350 cm™! and 1580 cm™
appear. Their presence is attributed to the vibration
of aromatic rings and aliphatic C-C and C-O stretch-
ing [85] or to pyrrole-ring stretching and C=C back-
bone stretching [86]. Notably, there is also a baseline

(a) b) ()
1580 . 1350 B0 1350 1580
oy CulPDA, HNTs 1350 ——Ni/PDA; HNTs =1 |~ CrlPDA; HNTs v
. n i I A e e 1
.g | —— CulPDA HNTs_A i = NiPDAHNTs 1} CrPDAsHNTs | |
1 ) (] ]
= CulPDA; HNTs ' | A !
@ o fomr) NilPDA,GHNTs | ! .,
— 1 ) H
g i PDA, HNTs . PDA, HNTS : E | ——PDA, ;HNTs ! i
1 T
= [\—Tio,NTs [ [—Tio,NTs ] — TiO,NTs i
400 800 1200 1600 2000 400 800 1200 1600 2000 400 800 1200 1600 200
= -1
(d) (e) Raman shift [cm™'] )
28 TiO, NTs pure— Cu/PDA, HNTs | [—— TiO, NTs pure Ni/PDAg ;HNTs| |—— TiO, NTs pure Cr/PDA; ;HNT:
——PDA, ;HNTs CulPDA, HNTs,| [—PDA;HNTs Ni/PDA; ;HNTs{ |——PDA, ;HNTs Cr/PDA; sHNT,
21 CulPDA, HNTs ——— Ni/PDA, HNTs CriPDA,,HNTs
14
Rl !
© N
\ \ %ﬁ_

(h) (i)

=

i,/\,\i;\ By
i ‘Q-/_
—— TiO, NTs pure [—— TiO, NTs pure Tim
——PDA,;HNTs ——Cu/PDA,;HNT§ |——PDA,;HNTs ——Ni/PDA, HNTSs] PDA; HNTs Cr/PDA;;HNTs
0.7 CulPDA, HNTs—— Cu/PDA, ;HNTS Ni/PDA ; ;HNTs—— Ni/lPDA, HNTS| CriPDA,,HNTs CriPDA, ;HNTs
200 400 600 800 1000 200 400 600 800 1000 200 400 600 800 1000
Wavelength (nm)

Figure 7 Raman spectra of nanotubes with polydopamine elec-
tropolymerised in the presence of (a) Cu**, (b) Ni*¥, (¢) Cr**
ions in the electrolyte, UV—-Vis spectra of nanotubes with poly-

dopamine electrodeposited in the presence of (d) Cu®*, (e) Ni**,
() Cr** ions, 1-R plots of nanotubes with polydopamine elec-
trodeposited in the presence of (g) Cu**, (h) Ni**, (i) Cr** ions.
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increasing trend associated with fluorescence of the
PDA [87], which varies depending on the synthesis
pH and the metal type. Differences in the 1350 cm™
and 1580 cm™ bands intensity and the magnitude of
fluorescence result from the variable thickness of the
deposited PDA film [55]. This effect is particularly vis-
ible for samples containing chromium species (Fig. 7c
yellow lines). In case of the materials containing Cu
(Fig. 7a blue lines) and Ni (Fig. 7b green lines), the
intensity of the described peaks at 1350 cm™' and
1580 cm™ is much higher than the value recorded for
the reference PDA sample. The intensity of the fluo-
rescence recorded in the Raman spectra is not pro-
portional to the increase in the pH solution used for
electropolymerisation. This indicates that the fluores-
cence intensity depends less on the thickness of the
layer itself and more on the structural differences of
the PDA layers in the composite materials and effec-
tively on the fabrication conditions. In particular, the
content of the indole-5,6-quinone, as a PDA structural
unit, results in a highly fluorescent structure [88]. XPS
analysis (see X-ray photoelectron spectroscopy results)
confirmed the presence of this structure as dominant
for the samples with higher fluorescence.

Reproducibility of Raman spectra has been verified
by measuring of 6 samples for each metal-modified
electrodes (Fig. S18). In the case of Cr-based modifi-
cations, there are no differences, and signal from the
PDA is smallest. This results from the small thick-
ness of the PDA for those modifications. In the case
of Cu-based and Ni-based modifications, the shape is
qualitatively the same for all samples. The difference
between samples is basically the slope of the fluores-
cence baseline, which is a function of both the material
properties (PDA thickness in particular) but also the
surface topography. Nevertheless, one can conclude
that samples are synthesised repeatable in terms of
Raman signal and associated vibrational structure of
the deposited molecules.

The reflectance spectra of bare titania nanotubes
(Fig. 7d—f black plot) exhibit absorption edge in the
UV around 300-350 nm and the characteristic reflec-
tance dip in the visible range near 600 nm [28]. The
low reflectance in the UV range results from the activ-
ity of the titania support, which absorbs mainly UV
radiation [89]. After deposition of PDA film (Fig. 7d-f
red plot), one can find a reflectance dip located at
ca. 450 nm, which is most presumably caused by
the light absorbance of the polymer, related to the
structure of conjugated m-m bonds. For samples
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electropolymerised in the presence of metal ions, the
intensity of the dips in the visible range increases and
the change is more prominent when the synthesis pro-
cess was carried out in a more alkaline pH. This is a
consequence of the presence of a thicker PDA layer,
confirming the catalytic effect of the Cu and Ni metal
ions [21] on the efficient polymerisation. In addition,
the presence of different metal ions changes the posi-
tion of the bands typical for PDA towards higher
wavelengths, which is also reported by other authors
[90]. This also suggests alteration of the PDA electronic
structure by the metal ions that are abundant inside
the coating towards lower HOMO-LUMO gaps. It is,
therefore, anticipated that such visible enhancement
could improve the TiO, photocurrent generation in
the visible range.

The presence of copper-loaded (Fig. 7d) results
in a much higher absorbance compared to the bare
PDA. Moreover, the spectrum of a sample obtained
under the same pH conditions but with the addition
of nickel ions (Fig. 7e) has a slightly less intense and
narrower peak found in the 420-470 nm range. The
lower reflectance of the prepared metal/PDA junctions
(Fig. 7 d blue plots; Fig. 7e green plots) compared to
PDA electropolymerised without metal ions (Fig. 7
red plot) is also the result of the formation of dopa-
mine complexes with metals, for which the maximum
absorbance is 596-605 nm for copper [91] and 590 nm
for the complex with nickel [92]. The slightly lower
reflectance for the Ni/PDA samples in this range could
be related to the lower capability of complex formation
compared to the Cu/PDA complexes [92]. The spectra
recorded for Cr-loaded samples (Fig. 7 c yellow) are
characterised by higher reflectance, which suggests
inefficient deposition of the organic film over the tita-
nia nanostructure described in the previous section,
especially for samples prepared at lower pH values.
Alternatively, the deposited film exhibits unfavour-
able energy level alignment with the TiO,, such that
absorption is hindered. The most evident case of this
can be found for the samples fabricated at pH 4.2 and
5.5, as the characteristic dopamine peak is not visible.
Kubelka-Munk plots created from reflectance data are
given in Fig. 519 for comparison.

A series of DFT calculations were performed
attempting to explain the difference between the
behaviour of chromium with respect to other two met-
als. A set of complexes was built with Cr(III), Cu(I),
Cu(Il), Ni(II) and Ni(III) metal atoms (according to the
XPS analysis) and oxidised (IQ) or reduced (DHI) PDA
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units. Initial geometries were based on the literature
data on similar compounds in different solvents and
were DFT-optimised using dispersion. Images of the
models are contained in the SI file (Figs. 520-524). DOS
spectra of corresponding complexes are given in SI file
(Figs. 525-528) in spin-polarised and unpolarised ver-
sions with a through discussion. The effect of D3 dis-
persion correction is discussed in the SI file (Fig. 529
and Table S5 in particular).

The overall conclusion form the calculations is that
Cr complexes exhibit markedly different effect on the
electronic structure than the other two, regardless
whether the system is spin-polarised or not. Cu(I),
Cu(II), Ni(II) and Ni(III) complexes tend to slightly
narrow the band gap and increase the density of states
near the valence band (HOMO level). This might lead
to increased optical absorption. DOS of the Cr(III)
complex however, exhibits the Fermi level inside a
series of bands, where the HOMO-LUMO gap is basi-
cally absent. Thus, it is difficult to predict the Cr(III)
influence on the optical absorption in general. It
should be noted that conclusions taken from such DFT

(a) (b)

calculations are far from reflecting the true behaviour
of the studied system. While in the real experiment,
the polymer is deposited on the (nanostructured) tita-
nia surface and a cross-talk between metal centres not
considered in the simplified model. The overall mes-
sage is rather to show a different electronic character-
istics of the Cr(III) complexes with PDA than the other
two metals.

Photoelectrochemical properties

All photoelectrochemical measurements were taken
consecutively for each sample without replacing the
electrolyte or adding other substances. CV curves
registered in dark conditions in 0.5 M Na,SO, are
shown in Fig. 8 (left column). In the applied poten-
tial window, current is mostly capacitive, the increase
of which is related to the coating of the electrode
with polydopamine [17]. In addition, the presence of
embedded metals can introduce additional energy lev-
els to the semiconductor structure, which can reduce
or increase its electrical resistance and affect its ability
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Figure 8 Cyclic voltammetry measurement taken without irra-
diation in 0.5 M Na,SO, solution (left column), linear voltamme-
try measurement with visible light irradiation and linear voltam-

metry measurement (middle column), with UV-Vis irradiation
(right column) performed for Cu (a, b, ¢); Ni (d, e, f); Cr (g, h, i)
samples.
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to carry Faradaic current [87]. The photoelectrochemi-
cal response was investigated by performing linear
sweep voltammetry measurements in different light
conditions: visible (middle column) or UV-Vis radia-
tion (right column).

For the bare titania nanotubes, the registered CVs
(black plot) show a very low capacitive current across
the whole investigated potential range and a very low
photocurrent response. Removing the UV cut-off opti-
cal filter increased the current (black plots), but the
photoactivity was still not prominent due to the wide
band gap, limiting light absorption mostly to the ultra-
violet range [27].

The heterojunction obtained after dopamine elec-
tropolymerisation on the hydrogenated TiO, surface
exhibited a greater capacitive current, especially in
the anodic region (Fig. 8, red plot). More importantly
however, the inorganic/organic electrode materials
generated a higher photocurrent both under vis (Fig. 8
b red plot) and UV-Vis (Fig. 8 c red plot) light, which
is related to the high capacitance and strong light
absorption typical for this material as a T-conjugated
organic junction [27]. In the obtained junction, the use
of polymer networks blocks the dissolution of the elec-
trolyte, which is supposed to limit the recombination
of charges, [93]. On voltammograms recorded for the
PDA,;HNTs sample, peaks characteristic of dopa-
mine oxidation and reduction are still visible, as was
noted during the electropolymerisation process. Their
presence could be assigned to catechol-quinone redox
pairs constituting the PDA structure [1].

Such a photocurrent-boosting property of the PDA
can be useful in many applications such as photoelec-
trochemical water splitting and photo-driven sensing
of organic molecules [94]. PDA can serve as a binder
for dopants, as well as a photocurrent enhancer itself
as an alternative to, e.g. surface plasmon-resonance
approaches.

For the samples measured in the presence of Cu(Il)
ions, the CV curves (Fig. 8 a) showed higher oxida-
tion and reduction currents compared to TiO, NTs
and the sample with pure PDA. The recorded current
increased with the pH of the solution during elec-
tropolymerisation. On the voltammograms, an oxi-
dation peak at the potential of 0.0 V shifted towards
higher potential values as the electrolyte pH increased.
The reduction peak registered at -0.3 V did not change
its position regardless of the pH of the electrolyte used
for the polymerisation process. Measurements taken
by linear voltammetry when the working electrode
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was exposed to the visible (Fig. 8b) and UV-Vis
(Fig. 8c) irradiation showed the highest photocurrent
values for the sample prepared at the lowest pH=>5.5.
The increase in photocurrent, especially in visible
light irradiation, was related to the light increasing
absorption also from visible range, as confirmed by
the UV-Vis spectra (Fig. 7). As the pH value increased,
the photocurrent notably fell, presumably due to the
higher coating thickness and thus reduced illumina-
tion of the junction area. However, an increasingly
higher non-photocurrent was noted compared to the
bare titania. This feature is consistent with the shape
of dark CVs and was a result of the developed surface
area with Cu(I)/Cu(Il)-containing sites, where charge
could be accumulated and Faradaic process occur.
Peak potentials for those processes were located at
0.0 V for CuPDA;sHTNSs, +0.2 V for CuPDA,:HTNs
and + 0.3 V for CuPDA,;HTNs and shifted towards
higher potentials with increasing pH of the synthesis.

In the case of the sample prepared in the presence
of nickel ions at pH 5.9, recorded dark currents on the
CVs (both oxidation and reduction) were lower than
those observed for pure PDA (Fig. 8 d). Again, in a
more alkaline pH, the value of both the oxidation cur-
rent+0.8 V and the reduction current -0.4 V increased
significantly, indicating a higher surface area devel-
oped during the synthesis due to the facilitated
Michael reaction and higher PDA yield. The recorded
photocurrents for visible (Fig. 8e) and UV-Vis (Fig. 8f)
light irradiation were the highest for the sample when
the organic layer was deposited at the lowest pH—
similarly as in the Cu case. Analogously, a trend of
decaying photocurrent with increasing pH was also
noted for the samples obtained in the presence of
nickel ions. The nickel/PDA junction was also charac-
terised by an increase in capacitive current for poten-
tial values from 0.0 V, similar to the voltammogram
recorded for pure PDA. However, it grew even more
at+0.5V, which is related to the oxidation reaction of
Ni*" to Ni** [95]. The increase of the current density
in this region might also correspond to the onset of
the oxygen evolution reaction that is characteristic of
nickel-based catalysts [35]. It is worth underlining the
significant increase in reduction currents when polari-
sation was carried out towards -0.4 V, especially for
the sample obtained in the electrolyte with the highest
pH. Such a distinctive behaviour indicates the strong
propensity of the obtained material towards hydro-
gen evolution reaction, similar to other Nickel-based
catalysts.



On the other hand, for Cr/PDAHNTSs junctions,
both capacitive currents, and photocurrents do not
vary significantly with respect to the synthesis pH. In
the CV curves, the currents are much lower (Fig. 8g)
than the reference PDA-covered titania sample. The
photocurrents (Fig. 8) recorded during visible light
irradiation were also lower compared to the refer-
ence PDA-modified titania, although the correlation
between higher photocurrent and higher synthesis
pH was preserved. Overall, for the Cr-modified junc-
tions, the photoactivity boost in visible light was the
weakest.

For the junctions prepared in the presence of cop-
per and nickel ions, there was an inversely propor-
tional relation between the capacitive current and
recorded reflectance, which depended on the thick-
ness of the PDA layer. This indicates that capacitive
currents scale monotonously with the thickness of
the polymer —being contrary to the intuition based
on the parallel plate capacitor —as also described by
other groups [96]. However, the recorded photocur-
rent of the obtained sample was inversely propor-
tional to the polymer thickness. This was presum-
ably due to the increase in the diffusion length of
the generated exciton within a thicker polymer film,
which resulted in a lower probability of efficient
charge collection at the bottom of the electrode [97].
The detailed values of the PDA layer thicknesses for
individual samples were determined on the basis

Figure 9 Comparison of

Cr/PDA, ,HNTs

quantum efficiency action
maps for metal-loaded PDA
with reference PDA and
pristine HNT electrodes.
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of the XPS and SEM analysis (Table 1), as already
discussed.

Reproducibility of the CV curves registered in the
dark conditions after electropolymerisation has been
also checked (Fig. S30). The issue of surface area uncer-
tainty —and thus current magnitude uncertainty —
is analogous as in the case of electropolymerisation
reproducibility test.

IPCE action maps and reproducibility
of the metal-loaded samples

The IPCE action map recorded for pure TiO, nano-
tubes (Fig. 9) shows a characteristic UV band with a
maximum around 350 nm (peaking at 30% efficiency)
over the entire polarisation range [98]. After coat-
ing the nanotubes with polydopamine, a moderate
increase in quantum yield was recorded at the wave-
lengths in the range 350-400 nm. This outcome is in
parallel with our previous results for PDA/NTs junc-
tions with loosely spaced nanotubes [51], and in line
with the higher photocurrent values recorded for this
sample (Fig. 8 red plots). In the case of samples elec-
tropolymerised in the presence of Cr and Ni metals,
the behaviour is rather similar. However, in the case of
Cu, the IPCE value at the maximum is doubled (63%
efficiency) in the region of anodic polarisation. This
outcome suggests a strong positive influence of Cu
ions on the electron-hole separation efficiency and
enables recombination suppression, provided the

600 800

i) Cu/PDAg;HNTs

E (V vs. Ag | AgCl)

@ Springer



bias-induced electric field is sufficient. While the IPCE
relation to the wavelength remains similar in all cases,
the 3D view shows significant, quasi-linear depend-
ence on the polarisation for Cu. Samples taken for this
measurement were synthesised in the lowest pH, due
to highest photocurrents observed in Fig. 8.

Moreover, the reproducibility of the IPCE/photo-
current results has been performed. Three action maps
have been recorded for low-pH synthesised metal-
loaded PDA samples, 3 samples for each metal (9
maps in total). The result is given in Fig. S31 in the SI
file. In the case of Ni-based modifications, three indi-
vidual samples exhibit qualitatively the same shape of
the action map, with the maximum roughly at 350 nm
in the range between 25 and 33%. The influence of
anodic polarisation on the photocurrent efficiency is
positive in all cases. It is to be noted that there are erro-
neous data points in the regime of low wavelengths
(ca. 250 nm) for some part of samples. Their physical
origin is largely unknown, but they are understand-
able as the 250 nm equal to 5 eV largely exceeds the
band gap of the electrodes. The same kind of error
was also recorded in the case of Cr-based modifica-
tion (Sample 3). In the case of Cu-based modifications,
trends are fully analogous and the spread of the IPCE
maxima is within the 55% and 63%. Finally, in the
case of Cr-based modifications, spread is larger (20%
to 32%), because those modifications result in lowest
magnitudes of photocurrents. A notable spread of val-
ues is related to the randomness and stochasticity of
the synthesis procedures. Therefore, a more detailed
photocurrent statistics have been collected by taking
6 photocurrent measurements for each metal type at
isolated wavelengths being equal to 350 nm, 400 nm
and 450 nm to investigate the deviation in the photo-
currents in various regions of the spectrum (Fig. S32).
In general, photocurrent magnitudes are small (below
1 pA), because the information is gathered only from
the small part of the spectrum (the width of the pulse
coming out of the monochromator is roughly equal
to 2 nm). Table S6 with statistical data is given in the
Sl file.

In most cases, the relative errors are on the order
of 10%, except the Cr-350 nm, which originates from
the sample preparation randomness and surface area
uncertainty. Typically the mean is almost identical to
the median, and they lie in the middle of the max-min
interval, which indicates the symmetric character of the
distribution. The box plot with interquartile ranges (i.e.
distances between the third and first quartile) shows
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that 350 nm and 450 nm data are have relatively nar-
row spread of data compared to 400 nm. The physical
reason for that occurrence might be that this region is
a transition zone between absorption by the titania and
the polymer. Outliers significantly exceeding the 1.5 IQR
are present only in the case of Cr-400 nm samples set.”

Further investigation of the properties of the metal-
loaded PDA requires a thorough experimental and com-
putational analysis with a comprehensive multi-scale
computational model. A possible solution to handle
a large complexity of the system (surface —polymer-
metal ions—electrolyte) is to use machine-learned
potentials (MLIPs). This approach has been successfully
used in prediction of many properties, e.g. mechanical,
thermal, electrical and bridging the gap between first-
principle calculations and continuous models [99, 100].

Conclusions

In this study, we introduced and characterised a novel
approach for enhancing photoelectrochemical perfor-
mance through the electropolymerisation of polydopa-
mine (PDA) on titania nanotubes, incorporating transi-
tion metal complexes (Cu, Ni, and Cr) with properties
modulated by the electrolyte’s pH. Higher pH values
resulted in thicker PDA layers and higher oxidation
states of metals, enhancing Michael cyclisation. Metal
complexation increased structural compactness, pre-
dominantly through oxygen-metal bonds. Addition-
ally, the metal modification notably improved visible
light absorption, particularly for Cu and Ni complexes,
as confirmed by experiments and supported by density
functional theory calculations. However, overly thick
PDA layers hindered photocurrent generation. Opti-
misation in acidic conditions caused markedly boosted
photocurrent quantum efficiency to 20% at 400 nm of
the Cu-modified nanotubes. Furthermore, the presence
of d-metal salts during electropolymerisation catalyti-
cally influenced PDA formation, underscoring the sig-
nificant impact of salt type on both the deposition and
photoelectrochemical properties of PDA.
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