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Abstract
Although hydrogen is considered by many to be the green fuel of the future, nowadays it is
primarily produced through steam reforming, which is a process far from ecological. Therefore,
emphasis is being put on the development of electrodes capable of the efficient production of
hydrogen and oxygen from water. To make the green alternative possible, the solution should be
cost-efficient and well processable, generating less waste which is a huge challenge. In this work,
the laser-based modification technique of the titania nanotubes containing sputtered transition
metal species (Fe, Co, Ni, and Cu) was employed. The characteristics of the electrodes are
provided both for the hydrogen and oxygen evolution reactions, where the influence of the laser
treatment has been found to have the opposite effect. The structural and chemical analysis of the
substrate material provides insight into pathways towards more efficient, low-temperature water
splitting. Laser-assisted integration of transition metal with the tubular nanostructure results in
the match-like structure where the metal species are accumulated at the head. The
electrochemical data indicates a significant decrease in material resistance that leads to an
overpotential of only +-0.69 V at 10 mA cm ™~ for nickel-modified material.

Supplementary material for this article is available online
Keywords: laser, titanium dioxide, nanotubes, anodization, water splitting, oxygen evolution

(Some figures may appear in colour only in the online journal)

1. Introduction

The progressing climate change driven by the overuse of
fossil deposits compels us to find cleaner, more efficient fuels
of the future. Hydrogen is often considered to be one of the

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any
further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOIL
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best alternatives, due to its incredible energy density, poten-
tially unlimited availability, and, as it burns back to the water,
sustainability. Unfortunately, it is rarely created through eco-
friendly means, as much cheaper, though dirtier techniques
are available. One of the factors contributing to the high price
of hydrogen created through electrocatalysis of water is the
price of electrode materials, such as platinum group metal
species. Similarly, even though high surface area materials are
known to perform better catalytically, the techniques used to
create them often leave a lot of wasted material during their

© 2022 The Author(s). Published by IOP Publishing Ltd
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Figure 1. SEM images presenting top (A) and side (B) view of the anodized and calcined titania nanotubes, as well as representative sample
of TNTs sputtered with 5 nm nickel layer (C) and treated with laser (D).

synthesis. Moreover, typical wet-chemistry route makes the
upscaling difficult and even outstanding results are contained
to the laboratory scale. These difficulties incentivize the use
of techniques feasible outside laboratory and chemical com-
pounds free of precious elements.

Known for their corrosion resistance, the titania nanotubes
(TNTs) with highly developed surface are often synthesized via
a scalable electrochemical anodization process [1]. Moreover,
through the adjustments in the process parameters, such as
electrolyte composition, temperature, and potential applied,
their geometry can be tailored, changing their properties
depending on the specific needs [2, 3]. Furthermore, due to the
bandgap of 3.2 eV the TNTs exhibit photoactive properties in
the UV light, which may further improve their catalytic prop-
erties under illumination [4]. Although the width of their
bandgap hampers their efficiency under the visible light, the
TNTs can be regarded as an excellent material for further
modification since the nanostructure is already formed onto the
stable, conducting substrate which is important for applications
in water-splitting devices.

The transition metal oxides, as a part of the non-noble
family, are becoming increasingly popular due to vast avail-
ability and, thanks to the tailored synthesis pathways, are
often almost as feasible as more expensive alternatives
[5-10]. The transition metals from the 4th period especially,
are one of the most abundant elements on Earth, and although
iron, cobalt, nickel, and copper have all been used as catalysts
for water splitting, the obtained results vary significantly
depending on the synthesis pathways. It is known, however,
that the activity of both titania and the transition metal oxides
benefits from the presence of defects, such as oxygen
vacancies [11-13], therefore, to achieve a simple and efficient
synthesis pathway, methods promoting structural disordering
should be considered.

We, therefore, propose a titania-based electrode modified
with 4th group transition metals (Fe, Co, Ni, Cu) treated with
pulsed laser radiation (Nd:YAG, 355 nm) in a vacuum. The
proposed approach eliminates the usage of metal liquid pre-
cursors, while each fabrication step is already well-controlled
on a technological scale. Moreover, the performance of the
electrodes towards water splitting in alkaline media is pre-
sented, and the reaction overpotential is calculated for the
best-performing samples. Furthermore, the selected electrodes
underwent a thorough analysis of their morphology (SEM,
TEM) as well as optical (UV-vis), physical (Raman, GI-
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Figure 2. Anodic linear voltammetric sweeps of the Fe, Co, Ni, and Cu-

modified titania nanotubes after laser-treatment with 0~100 mJ cm 2.

XRD), and electrochemical (voltammetry and impedance
spectroscopy) properties, based on which an energy diagram
showing possible reaction pathway has been created.

2. Experimental section

2.1. Synthesis

The titanium foil (99.7% pure, 0.127 mm thick, Strem) was cut
into rectangular (20 x 35 mm) pieces which were degreased
ultrasonically in acetone (p.a. Protolab), ethanol (96%,
Chempur), and deionized water (0.05 1S, Hydrolab). To obtain
laterally spaced titania nanotubes, they underwent chemical
anodization in a temperature-controlled (40 °C, Julabo F-12)
cylindrical cell, where titanium acted as an anode and platinum
net (20 x 25mm) as a cathode. The electrolyte consisted of
0.3wt% NHA4F (Chempur), 0.5wt% HF (Chempur), and
7 wt% deionized water in diethylene glycol (Chempur). The
potential was controlled by in-house built hardware which
increased it linearly over 400s up to 40V, kept constant for
2h, and decreased it at the same rate. After the process, the
samples were submerged in ethanol for approximately 1h to
wash out the remaining electrolyte. The crystalline, anatase
phase was obtained via furnace annealing at 450 °C for 2h
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Figure 3. Cathodic linear voltammetric sweeps of the Fe, Co, Ni, and

Cu-modified titania nanotubes after laser-treatment with 0~100 mJ cm 2.
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Figure 4. Mott—Schottky diagrams of the modified electrodes in the
steady-state (A) as well as Co and Ni electrodes on their first run (B).

(Nabertherm), where the heating rate was set to 2 °C min~ .

The samples were sputtered (Quorum Technologies, Q150T S)
with 5 nm of iron (Micro to Nano), cobalt, nickel, and copper
(Quorum Technologies) and treated with 355 nm laser pulses
(Quantel, Nd:YAG, 3w) in a vacuum (<5 X 1078 bar, Pfeiffer)

with fluence in the range of 0—100 mJ cm 2.

2.2. Characterization

The scanning electron microscope (SEM) images were taken
by FE-SEM FEI Quanta FEG 250, whereas transmission
electron microscope (TEM) pictures were done using JEOL
ARM 200F (200eV) equipped with an energy-dispersive
x-ray spectrometer (EDX). The grazing incidence x-ray dif-
fraction patterns (GI-XRD) were obtained via PANalytical
X’pert MRD diffractometer with Ko radiation, operating at
45mA and 40kV. The dual-beam UV-vis spectrometer
(Lambda 35, Perkin-Elmer) equipped with diffuse reflectance
accessory was used to obtain reflectance UV-vis spectra,
whereas a confocal Raman spectrometer (InVia Renishaw)
equipped with a 514 nm laser and a x50 lens was used to
extract the Raman spectra. The x-ray photoelectron spectra
(XPS) were obtained via Escalab250Xi calibrated for
adventitious Cls (284.6eV) [14]. The electrochemical per-
formance of the samples was determined using Autolab

PGStat 302 N potentiostat-galvanostat in a three-electrode
system, where the investigated sample was immersed in
0.5M NaOH electrolyte (Stanlab) and acted as a working
electrode whereas Ag/AgCl/0.1 M KCl and platinum mesh
were used as a reference- and counter-electrodes respectively.
Before the measurements, the electrolyte was deaerated with
argon (5 N), while during the test a constant flow of the inert
gas above the solution was kept. The simulated solar radiation
was provided by Oriel LS0500 equipped with AM 1.5 filter.
The radiation intensity was set to 100 mW cm ™2 and verified
using Si reference cell (Rera). The electrochemical cell was
equipped with a quartz window transparent to the UV light.
The cyclic voltammetry (CV) sweeps in the —0.6 to +0.6 V
range at 50mV s~ ' were performed before other measure-
ments both in the dark and under illumination ensuring
penetration of the electrolyte into the pores of the material. To
investigate hydrogen- and oxygen evolution reactions (HER/
OER), the polarization was applied from 0V versus Ag/
AgCl/0.1M KCI at 0.lmVs ' rate in the anodic and
cathodic regions respectively, up to a point where current
densities over 10 mA cm ™2 could be detected. The impedance
investigation was conducted in the galvanostatic mode in the
dark and under simulated irradiation at current densities of 1
and 10 mA cm ™2 in the 20 0001 Hz range at 20 points per
decade and amplitude of 10 pA. The Mott—Schottky (MS)
analysis was done from +0.1 to —1.2 'V at 1 kHz, with 10 mV
amplitude. Before recording the impedance data, the electrode
was polarized for 15 min and for 1 min between each data
point. The charge carrier density was calculated according to
the formula [15]

-1

1
Ny = 2 4o ,
eoeq | dE

where ¢ is the electric permittivity of vacuum, € is a relative
permittivity of anatase [16], and g stands for the charge of the
electron. The expression in the square brackets stands for the
slope of the MS plot.

3. Results and discussion

The parameters of the nanotubes were chosen based on pre-
vious research [3, 17] to maximize the photoactivity of the
substrate material. Figure 1(A) shows the SEM images of the
anatase TiO, nanotubes from the top, whereas figure 1(B)
shows their cross-section. The obtained morphology is char-
acterized by the distinct lateral spacing between the nanotubes
(ca. 140 nm), which is only slightly lower than their diameter
(ca. 190 nm). Their average wall thickness is 14 nm, and they
reach 2 ym in length. The SEM images after sputtering show
the thickening of the nanotube rims, as it is where most of the
metal is being deposited (figure 1(C)) [18], whereas the
representative picture of the laser-treated nanotubes is shown
in figure 1(D).

The performance of the prepared electrodes was deter-
mined based on their oxygen evolution reaction over-
potentials at 10 mA cm 2 [19, 20]. The linear voltammetric
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Table 1. The values of the flatband potentials and charge carrier densities for the selected samples.

Parameter\Metal  Ejp, versus Ag/AgCl/0.1 M KCI) (V)  Eg, versus RHE (V) Ny (x10”em™)  Ng (x10' em™)
Iron — 087V 022V 1.14 1.14
Cobalt - 1.02V 0.07V 2.03 0.0136
Nickel - 101V 0.08V 2.37 0.0094
Copper — 077V 032V 1.34 1.30
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Figure 5. Nyquist representation of the impedance spectra for the
electrodes modified with Co and Ni under constant load of 1 and
10 mA cm 2 in the dark and under the simulated AM 1.5
illumination.
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Figure 6. UV-vis absorbance (A) and Raman (B) spectra of the
selected samples.

sweeps in the anodic region for all of the prepared substrates
are shown in figure 2. In comparison to the sputtered-only
samples, most of the laser-treated specimen exhibit higher
current densities in the OER region. In the case of iron-
enriched samples, the treatment with 80 mJ cm ™2 contributed
to the highest current density increase, but it only barely
passed 1.1 mA cm 2atlV. Cobalt, on the other hand, peaked
after irradiation with 60 mJcm > pulses, reaching
10mA cm 2 at +0.89 V. The most promising results were,
however, obtained for electrodes with added nickel and irra-
diated with 100 mJ cm ™2, as the threshold was reached at only
+0.69 V. In the case of copper though, the laser treatment had
a reverse effect, where treatment with up to 80 mJ cm 2
lowered obtained current densities. Irradiation with
100 mJ cmfz, however, had little effect in comparison with
the sputtered-only sample. Nonetheless, the samples reached
a plateau at +0.85 V at a maximum current density of only
12mAcm 2, not reaching the expected breakpoint of
10 mA cm 2. Interestingly though, the laser treatment resul-
ted in a reverse trend when investigated for hydrogen evol-
ution reaction. Polarization in the cathodic region revealed the
lowest overpotentials for sputtered-only samples (0 mJ cm™2)
in the case of Fe, Co, and Ni and for Cu irradiated with

B
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Figure 7. Grazing incidence diffractograms of the electrodes
modified with iron (A), cobalt (B), nickel (C), and copper (D).

B ritanium W oxvgen W vcal

Figure 8. TEM (top) and EDX (bottom) images of the titania
nanotubes with 5 nm Fe (A), Co (B), Ni (C), and Cu (D) layer after
laser-induced re-solidification of the titania cap.

100 mJ cm ™2 (figure 3). The 12 h stability test of the best
electrodes show potential change below 3%, indicating good
stability under load (ESI (available online at stacks.iop.org/
NANO/33/205401 /mmedia)). Furthermore, from all of the
investigated samples, four best-performing in the OER region
(one from each metal) were chosen for further investigation.
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Figure 9. The deconvoluted XPS spectra of the investigated electrodes in their respective metal energy ranges after each modification step.

Although the investigation of the electrodes under AM 1.5
illumination was done alongside the measurements in the
dark, the change in overpotential values was within the
margin of error (below 0.01 V).

During the investigation, the repeated Mott—Schottky
measurements were done, but in the case of nickel- and
cobalt-coated electrodes, the initial results varied significantly
from the ones obtained in the 2nd and 3rd run. As there
should be no reactions occurring on the electrode in the
investigated range, this phenomenon was deemed worthy of
analysis. Therefore, figure 4(A) presents MS plots for the
selected samples in their steady-state (3rd run), whereas
figure 4(B) shows the initial run of the Co- and Ni-modified
electrodes. It is worth noting, that although the curves
obtained from electrodes containing iron and copper did not
change their course over three consecutive runs, others
underwent a significant transformation which might be
attributed to the presence of trap states being filled or oxy-
hydroxides formed on the surface [21]. The steady-state flat
band potential (E,) was determined based on the intersection
of the tangent to the linear part with the potential axis and
subsequently the density of charge carriers (N4) was calcu-
lated from its slope (table 1) [22, 23]. The obtained values
show, that the best performing electrodes (Co, Ni) share a
similar position of the Fermi level, while the analysis of the
slope indicates slightly higher carrier density in a nickel
electrode. Both Fe- and Cu-modified substrates exhibit nearly

halved charge carrier density and positively shifted Ef, levels
relative to Ni and Co. Interestingly, the initial number of
charge carriers (Ng;) for the electrodes containing cobalt and
nickel was over two orders of magnitude lower.

Based on the performance of the electrodes towards OER
(figure 2) and the charge carrier density (table 1), a further
electrochemical investigation was done only for the most
promising samples. Therefore, figure 5 shows Nyquist
representation of the impedance spectra of the samples
modified with cobalt and nickel. Although the shapes of the
semicircles are very similar in both cases, the values mea-
sured in each case differ substantially. Under the 1 mA cm 2
load, the semicircles indicate a drop in resistance under
simulated solar light in the low-frequency range (~9% for Co,
~6% for Ni). However, under an applied load of
10 mA cm 2, the resistance increased by about 1%. Never-
theless, the bulk resistance of the nickel electrode was about
2.5 times lower than for their cobalt counterparts.

The absorbance spectra of the selected specimen are
shown in figure 6(A). The reference sample exhibits strong
absorption in the UV region, with the cutoff according to its
bandgap (3.23 eV), followed by an absorption maximum at
ca. 670 nm, most likely from the titanium foil underneath the
nanotubes. However, all of the laser-treated samples exhibit
decreased UV absorbance due to the creation of oxygen
vacancies [24]. On the other hand, despite overall much flatter
absorption characteristics, interference fringes are visible
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Figure 10. Schematic representation of the micro p-n junction
facilitating efficient OER mechanism (A), and the mechanism of
oxygen generation through metal oxides in alkaline media (B) [41].

throughout the spectrum. They are caused by the interference
of the light reflected from the semi-transparent nanotube seals
in their upper region and the titanium sheet underneath. As it
is a purely geometrical phenomenon, Chiarello et al [25] have
proposed an equation, in which the height of the nanotubes
can be approximated from the distance of the respective
fringes. It is noteworthy, that the two samples modified with
100 mJcm ™2 laser pulses (Ni, Cu) show nearly identical
absorbance spectrum, proving that the changes in absorbance
are driven primarily by the laser irradiation.

The figure 6(B) shows normalized Raman spectra of the
investigated samples, with all the peaks expected for anatase:
144 (Eq(1y), 197 (Eg2)), 395 (Big), 519 (By,), and 635 (Eg3))
cm~ ' [26], but no signal from any of the metal species.
Furthermore, the GI-XRD studies were done to investigate the
differences in crystal structure after the laser treatment
(figure 7). Despite some artifacts from bending of the sample,

contributions from titanium (002), (110) and anatase (101),
(103), (002) were found, with a very faint addition of rutile
[27]. Interestingly, a relatively strong reflection characteristic
to brookite (121) was found in a sample with copper, but
neither absorbance, Raman, nor XRD investigation revealed
the identifiable presence of metal species on the surface,
likely due to their low amount.

The TEM-EDX revealed the distribution of the elements
in the modified nanotubes (figure 8). The red color represents
the position of oxygen atoms, titanium is marked green, and
the sputtered metal is marked blue. Although the Ti and O are
distributed evenly through the samples, the Fe, Co, Ni, and
Cu are mostly confined to the nanotube cap. The images also
indicate, that the nanotube remains empty inside and only the
upper part of the nanotube was re-solidified during laser
processing, resembling a match head. In the case of cobalt
and nickel, the metal is localized in the form of nanoparticles,
whereas more uniform distributions of iron and copper within
the nanotube can be observed.

Figure 9 shows deconvoluted high-resolution XPS spectra
of the electrodes in the energy range of their respective metal
which were taken after each modification step. The iron-infused
electrode shows Fe (III) contribution at 710.9 with its satellite at
716.6eV and does not change significantly during the mod-
ification process. The cobalt species indicate a small metallic
contribution (777.9eV), cobalt hydroxide (780.7 eV), cobalt
oxide (782.7 eV), and the satellite peak (786.5 eV). During the
laser- and electrochemical-treatment, the contribution of the
metallic cobalt decreases in favor of CoO and Co(OH),.
Similarly, although sample sputtered with nickel shows a strong
metallic peak at 852.5 eV, oxide at 853.9 eV, oxyhydroxide at
855.6 eV, and two related satellites at 858.2 and 862.0 eV, the
contribution from nickel oxide disappears during the laser-
treatment, followed by metallic contribution after electro-
chemical analysis. In the final electrode, only contributions from
nickel oxyhydroxide and its satellite are visible. Lastly, the
copper gives a weak Cu,O signal at 951.0 eV, a strong metallic
signal at 932.5eV, and the Cu (II) at 934.6 with its broad
satellite centered at 942.3 eV. Although the Cu (I) transforms
into Cu (II) during the laser treatment, the process is reversed
when the electrode is polarized in the alkaline electrolyte, which
results in Cu (I) being the major factor in the electrode. Inter-
estingly, the Fe, Co, and Cu electrodes exhibit a lower signal-to-
noise ratio after measurements in the electrolyte, suggesting that
they may dissolve in the electrolyte [28-33]. The two best
electrodes (with cobalt and nickel) show similar evolution of the
oxidation states, as both of them favor oxyhydroxide creation,
which plays an important role in catalytic charge transfer
[21, 34, 35]. The progressive hydroxylation of the metallic
species in those two electrodes also explains the change of the
Mott—Schottky graphs (figure 4(B)), as even though the initial
cyclic voltammetric sweeps were performed, the electrodes
stabilized only after two impedance sweeps in lower potentials.

Given the results, the mechanism of the charge transfer at
the metal-infused titania electrode can be derived (figure 10).
Due to the presence of the oxygen vacancies, the anatase TiO,
is an intrinsic n-type semiconductor [36], the same as iron
[37] and copper oxide [38], whereas the CoO, and NiO,, are
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of the p-type [39, 40]. Because the metal species are confined
to the uppermost nanotube region (figure 8), we can model
the nanotubes sputtered with cobalt and nickel as a p-n
junction where, in the steady-state, electrons diffuse from the
cap to the nanotube body. The depletion of the cap region
accelerates the formation of the double-layer through the
binding with hydroxyl groups, which then are transformed
into gaseous oxygen. In the alkaline electrolyte, the metal
nanoparticles act as trap states for the (OH™) groups
(figure 4(B)), bind with them (figure 9), and act as an efficient
channels for charge transport. As the electrodes’ performance
is dependent on the laser fluence used in modification, it can
be responsible for creating additional oxygen vacancies
within titania structure. Similarly, exposure to alkaline media
facilitates oxidation of the metallic nickel, promoting forma-
tion of the p-type layer. As a result of the modification, the
potential difference within the depleted micro p-n junction is
elevated. Therefore, the same effects are responsible for
lowering overpotentials of the oxygen generation and
increasing potential required for HER.

4. Conclusions

In this work, the performance of the laser-treated, metal-
sputtered titania electrodes towards HER and OER was
investigated. Although the irradiation with laser improves the
activity towards OER, it has an inverse effect when investi-
gated towards HER (Cu being the exception). The electro-
chemical and physical investigation allows to conclude, that
the improved photocatalytic activity towards OER can be
attributed to the micro p-n junction, formed between the
nanotube and embedded p-type metal oxides, which allows
for easier oxyhydroxide formation on the surface of the
electrode. Furthermore, the encapsulation of the nanotubes
resulted in an appearance of the interference fringes, which is
overall much more uniform than for unmodified material.
Although the changes in the impedance spectra indicate
photoactivity of the electrodes, illumination with AM 1.5
radiation does not change the obtained overpotential values,
which itself appears to be connected to the number of charge
carriers present in modified electrodes.
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