INTERNATIONAL JOURNAL OF HYDROGEN ENERGY XXX (XXXX) XXX

Available online at www.sciencedirect.com International Journal of
DROGEN

HY
ScienceDirect ENERGY'

journal homepage: www.elsevier.com/locate/he

Laser induced formation of copper species over
TiO, nanotubes towards enhanced water splitting
performance

Katarzyna Grochowska ¢, Zuzanna Molenda °, Jakub Karczewski b
Julien Bachmann %¢, Kazimierz Darowicki ¢, Jacek Ryl ¢,
Katarzyna Siuzdak *"

& Centre for Plasma and Laser Engineering, The Szewalski Institute of Fluid-Flow Machinery, Polish Academy of
Sciences, Fiszera 14 St., 80-231, Gdansk, Poland

® Faculty of Applied Physics and Mathematics, Gdarnsk University of Technology, Narutowicza 11/12 St., 80-233,
Gdansk, Poland

¢ Faculty of Chemistry, Gdarnsk University of Technology, Narutowicza 11/12 St., 80-233, Gdarnsk, Poland

4 Faculty of Sciences, University of Erlangen-Nuremberg, Cauerstr. 3, 91058, Erlangen, Germany

€ Institute of Chemistry, Saint Petersburg State University, 26 Universitetskii Prospect, Saint Petersburg, Petergof,
198504, Russia

HIGHLIGHTS GRAPHICAL ABSTRACT

e Laser treatment of copper film
ensures nanoparticle formation.

s— N LEO-Cu-Ti0,
e The electrode material exhibits 44 ]

VIS

——TiO, dark

outstanding electrochemical ac- T ol D R~
5 L60-TiO, dark UV laser
tivity towards OER. = annealing ]
e Easy scalable approach is appli- S e

|——1s0-cu-Tio, vis

Cu sputtering
cable to any shape and size of the ;

substrate.

e Both laser irradiation and copper °£,v°(,: A;'Z\gé.',i,_":o.(c.

species presence provide syner-
gistic effect.

ARTICLE INFO ABSTRACT
Article history: We proposed fast and scalable route where the ordered TiO, nanotubes coated with thin
Received 10 April 2020 copper layers were annealed by the laser beam of 355 nm wavelength at different fluencies
Received in revised form in the range of 15120 mJ/cm? As a result, copper species are integrated with the titania
1 May 2020 substrate and the formed material exhibits unique optical absorption bands in the visible
Accepted 6 May 2020 range. Moreover, X-ray photoelectron spectroscopy analysis reveals the formation of Cu,0
Available online xxx while the 4" oxidation state of titanium is preserved. According to the electrochemical
results, the material treated by laser exhibits outstanding photoelectrochemical activity
Keywords: comparing to the pristine titania or the one only covered by the thin copper film. In
Laser treatment particular, when the fluence of 60 mJ/cm? was used for the modification of the titania

* Corresponding author.
E-mail address: ksiuzdak@imp.gda.pl (K. Siuzdak).
https://doi.org/10.1016/j.ijhydene.2020.05.054
0360-3199/© 2020 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Please cite this article as: Grochowska K et al., Laser induced formation of copper species over TiO, nanotubes towards enhanced water
splitting performance, International Journal of Hydrogen Energy, https://doi.org/10.1016/j.ijhydene.2020.05.054



mailto:ksiuzdak@imp.gda.pl
www.sciencedirect.com/science/journal/03603199
www.elsevier.com/locate/he
https://doi.org/10.1016/j.ijhydene.2020.05.054
https://doi.org/10.1016/j.ijhydene.2020.05.054

A\ MOST

2 INTERNATIONAL JOURNAL OF HYDROGEN ENERGY XXX (XXXX) XXX

Titania nanotubes
Copper oxide
Water splitting
Visible activity

decorated with Cu film, the current density recorded in KOH electrolyte reaches nearly
4.5 mA/cm? at +2.0 V vs. Ag/AgCl/0.1 M KCl upon visible light.
© 2020 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Water splitting technology with the assistance of nano-sized
materials has a great potential towards the environmentally
friendly and low-cost production of hydrogen [1]. This gas is
currently regarded as the most promising and green alterna-
tive to fossil fuels since the only product of its combustion is
water. Moreover, using semiconducting materials that are
active under natural light ensures that the generation of
charge used further to initiate the splitting process can be
supported by solar energy [2]. Since the whole idea of photo-
assisted water splitting to hydrogen and oxygen was discov-
ered in 1972 by Honda and Fujishima [3], many approaches
have been tested to promote efficient breakage of bonds in
water molecule. Among others, titanium dioxide gained wide
attention as a promising photoanode due to its high stability,
low toxicity and photocorrosion resistance [4]. Moreover,
depending on the synthesis protocol, this material can take
many geometrical forms: nanoparticles, nanowires, nanobelts
or nanotubes [5] offering highly developed surface area. Until
now, it has found many applications, for example in solar cells
[6], supercapacitors [7], catalysis [8] and water purification [9].
Nevertheless, the main limitation that hampers titania usage
in processes supported by light is the absorption within the
UV range covering only 5% of the total solar light reaching the
Earth. Therefore, various attempts have been undertaken to
shift the activity towards longer wavelengths with simulta-
neous preservation of the material stability.

A number of distinct approaches have been proposed to-
wards this aim: non-metal and metal doping [10], formation of
a heterojunction [11] with some other metal oxides or organic
materials exhibiting visible light response, e.g. conducting
polymers [12] or manipulation with the material morphology
leading to a photonic crystal-like behaviour [13]. What is of
high importance, if the electrochemical process is foreseen, as
in the case of electrochemical water splitting, the material
should be also easily deposited onto some conductive sub-
strate. Taking into account facile fabrication method that al-
lows direct formation of the material onto the conductive
platform, possible manipulation with the dimensions and
wide range of surface modifications the above described re-
quirements are fulfilled by the titania nanotubes (TiO,NTs)
formed during anodization [14—16]. Such an electrochemical
synthesis route indeed requires very low-cost equipment and
simple electrolyte while the optimized processing parame-
ters, namely voltage, water content or fluorine ion concen-
tration play the most important role. As a result of the
anodization, TiO, tubes grown directly out of the metal sub-
strate offer their walls and rims surface available for future
modification and in consequence tuning of optical, electrical

and photoelectrochemical properties is possible. Following
that such ordered nanostructures have been utilized in the
water splitting process towards both hydrogen [17,18] or ox-
ygen evolution (HER and OER) [19].

According to many literature reports, deposition of metal
or metal oxide nanoparticles, electroactive polymers, or
doping with metal or non-metal atoms enable formation of
completely new material exhibiting much higher visible light
absorption, capacitance and/or conductivity comparing to the
pristine titania NTs substrate. Recently, decoration of the
TiO,NTs by transition but non-noble metal oxides attracts
wide attention. As described in recent reports, deposition of
metal oxides such as copper [20,21], iron [22] or nickel [23]
oxides can lead to efficient water splitting. Particularly, owing
to the incorporation of copper species: Cu [24] as well as CuO
[25] nanoparticles, the considerably increased hydrogen gen-
eration has been recorded while no deactivation occurs. Thus,
since no precious metal is required and the effect is very
satisfactory regarding enhanced electrochemical water
oxidation, the elaboration of easily scalable methods for TiO,
modification is of high importance. Taking into account the
fact that wet chemistry or electrochemical methods deal with
the by-products and electrolyte disposal, respectively, while
the modification is performed over the whole sample
immersed in the precursor solution, the usage of laser treat-
ment could be regarded as a promising alternative, especially
when the modification is conducted directly onto the sub-
strate and within the specified area. Moreover, laser technol-
ogy is known to be rapid, simple and easily controllable [26]
and laser ablation was already successfully used to fabricate
OER electrocatalysts [27,28]. However, among different laser-
based approaches, pulsed laser induced dewetting (PLiD)
technique is very often used towards formation of
nanostructures.

PLiD was applied to form metallic nanoparticles for the first
time in 1996 by Bischof et al. [29] and further developed by
Henley et al. [30,31]. Basically, this process occurs when
atomic diffusion takes place. This condition is fulfilled when
the liquid layer weakly wets the substrate and at elevated
temperatures is thermodynamically unstable and has ten-
dency to form droplets due to the minimization of total
interfacial energy of the system. The detailed mechanism of
nanoparticle fabrication from a thin metallic layer via the
laser approach can be found elsewhere [32]. So far, this tech-
nique has been used to obtain e.g. gold, silver, nickel, copper
or iron nanoparticles. Nevertheless, the substrates used for
metallic film deposition were mostly flat oxides such as SiO,
or ITO. There are only few reports in which structured sub-
strates (silicon or titanium foil) have been proposed as plat-
forms for PLiD [33,34]. To the best of our knowledge, pulsed
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laser induced dewetting has not been performed on TiO,NTs
arrays.

Although (as mentioned above) several metals or metal
oxides can be used for water splitting, in this work we focused
onto copper ones due to the fact that it is cheaper than noble
metals, widely used in industry and is Earth-abundant.
Moreover, copper and its oxides exhibit a surface plasmon
resonance that is observed as a broad absorbance band in the
UV—vis range [35]. As a substrate for copper layer magnetron
deposition, TiO, nanotubes obtained via anodization process
were used. UV nanosecond laser was utilized to form nano-
particles and to integrate copper species with TiO,NTs while
Raman spectroscopy was applied to verify the preservation of
titania nanotubes anatase phase. The optical properties and
energy bandgaps were established from UV—vis spectra. X-ray
photoelectron spectroscopy as well as X-ray diffraction tech-
niques were then used to investigate the chemical nature and
crystal phase of the material. Finally, electrochemical mea-
surements towards water splitting were conducted both in
dark and under visible light irradiation. The obtained results
suggest that the prepared electrode material can be success-
fully used in this kind of application.

Experimental

As a substrate Ti plate (Strem, 99.7%) was used for further
growth of titania nanotubes. At first, the metal plates were
degreased in acetone, ethanol and deionized water subse-
quently in each solution placed in ultrasound cleaner for
10 min TiO, nanotubes were obtained via single step anod-
ization performed in 2-electrode configuration where Ti plate
acts as an anode and rectangular Pt mesh as a cathode. Both
electrodes were placed in cylindrical cell filled in electrolyte
composed of 0.27 M NH,F dissolved in the mixture of H,O/
ethylene glycol with the 3:17 v/v volume ratio. The cell was
equipped with the thermostatic jacket ensuring the constant
temperature of 23 °C during the whole process. After the
electrodes immersion in the electrolytic bath, the voltage was
increased gradually with 10 mV/s rate up to 40 V and kept
constant for 15 min. Afterwards, the voltage was decreased to
0 and the electrodes were taken off the electrolyte. Then, Ti
electrode was rinsed in ethanol and air dried. Finally, the as-
anodized samples were calcined in the tube electric oven
(Nabertherm) at 450 °C for 2 h with the heating rate estab-
lished to 2°/min.

For further modification, copper 10 nm thin films were
deposited using magnetron sputtering machine (Quorum
Q150T S) whereas the film thickness was controlled by
microquartz balance. Such material labelled as Cu—TiO, was
used as a substrate for pulsed thermal treatment using
Nd:YAG laser (A = 355 nm, pulse duration: 6 ns, repetition rate
2 Hz). The process was realized in the vacuum chamber at the
pressure of 2 x 107> mbar. The samples were placed onto the
motorized, computer controlled X/Y table that allows for
precise TiO,NTs plates movement relative to the laser beam.
To ensure uniform distribution of laser radiation, the dedi-
cated beam homogenizer was applied within the optical path
(laser spot area: 2.4 x 2.4 mm?). The table speed was set as
4 mm/min and the overlapping degree between two adjacent

laser traces was 10%. The laser treatment of Cu—TiO, was
realized at different fluences: 15, 30, 60, 120 mj/cm?. For
reference, the same annealing procedure was realized onto
the bare titania without any copper layer.

Measurements

The surface morphology and cross-section were examined
using the Schottky field emission scanning electron micro-
scopy (FEI SEM Quanta FEG 250) with an ET secondary electron
detector.

The chemical nature of elements and binding properties of
the surface were studied using the X-ray photoelectron
spectroscopy (XPS), by means of the Escalab 250Xi from
ThermoFisher Scientific. High-resolution spectra were recor-
ded at the energy step size of 0.1 eV at a pass energy of 15 eV.
The charge compensation was assured through low-energy
electron and low-energy Ar™ ions flow. In order to normalize
the spectroscopic measurements, the X axis (binding energy,
BE) from XPS spectrum was calibrated for peak characteristics
of neutral carbon 1s (BE = 284.6 V).

The UV—Vis reflectance spectra of titania nanotubes were
measured with a dual beam UV-Vis spectrophotometer
(Lambda 35, PerkinElmer) equipped with a diffuse reflectance
accessory. The spectra were registered in the range of
300—900 nm, with a scanning speed of 120 nm/min. Bandgap
energy values were determined as the intercept of the tangent
of the plot of transformation of the Kubelka-Munk function.
This method was used to determine the bandgap energy for
pure and copper modified TiO,NTs.

The crystal structure of the sample at room temperature
was verified by X-ray diffraction (XRD) using Bruker D2 Phaser
2nd generation diffractometer using Cu-Ka radiation and a
LynxEye XE-T detector.

The Raman spectra were recorded by a confocal micro-
Raman spectrometer (InVia, Renishaw) with sample excita-
tion, by means of an argon ion laser emitting at 514 nm
operating at 5% of its total power (50 mW).

Electrochemical measurements were carried out using an
AutolLab PGStat 302 N potentiostat-galvanostat system
(Methrom, Autolab) in the standard three-electrode assembly,
where titanium foil covered by modified nanotubes served as
a working electrode (active surface area of 0.4 cm?). Electrodes
were tested in contact with deaerated aqueous 0.5 M Na,SO,
and 0.5 M KOH electrolytes. The cyclic voltammetry (CV)
curves were registered within the range from —1.0 to +1.0 vs.
Ag/AgCl/0.1 M KCl with the scan rate of 50 mV/s while the
linear voltammetry (LV) scans were performed using 10 mV/s
in the wider potential range from —1.0 toward +2.0 V vs. Ag/
AgCl/0.1 M KCL The LV curves were recorded both in dark and
under exposition of working electrode to the visible light
generated by the solar simulator (Oriel) equipped with the
optical filter eliminating radiation < 420 nm. The photo-
stability test was performed for the most active electrode
material under potentiostatic conditions +2.0 V vs. Ag/AgCl/
0.1 M KCL

Moreover, electrochemical impedance spectroscopy (EIS)
measurements were performed in the frequency range of
20 kHz—0.1 Hz with 10 mV amplitude at the open circuit
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Fig. 1 — SEM images of a) bare TiO,NTs, b) TiO, with evaporated 10 nm thin Cu layer, Cu—TiO, treated with laser fluence
equalled to c) 15 mJ/cm?, d) 30 mJ/cm?, e) 60 mj/cm?, f) 120 mJ/cm?, g) the trance of the laser beam formed onto the TiO,NTs
substrate. Inset: cross-section SEM images of bare untreated and laser treated Cu decorated material at 60 mJ/cm?.

potential. The EIS spectra were analysed using EIS Analyser
[36] with the use of an electric equivalent circuit (EQC). The
modified Powell algorithm was used with amplitude weight-
ingra:

To(w,Py..Py) =12 /(N—M) (1)

where N is the number of points, M is the number of param-
eters, w is the angular frequency, P;...Py are parameters.
Parameter r. is defined as

" 2
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where i corresponds to the measured values of impedance

and i.q is attributed to the calculated values; N is the number
of points.

Results
Morphology

An optimized one-stage anodization allows one to produce
highly uniform layers of aligned TiO, nanotubes with the in-
ternal diameter of ca. 100 nm and the wall thickness of ca.
18 nm (see Fig. 1 a). The height of unmodified titania tubes
reaches ca. 1.5 pm. It can be easily seen in Fig. 1 b that after
deposition of 10 nm copper film, the edges of nanotubes
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Fig. 2 — a) Reflectance spectra and b) Tauc plots for bare and copper modified TiO,NTs.

become slightly overgrown while in general the initial archi-
tecture of TiO,NTs remains intact. Application of laser treat-
ment, leads to significant changes in the sample geometry.
With the increased fluence of laser irradiation, the melting of
the surface becomes more pronounced (see Fig. 1 c-f). Apart
from melted layer of TiO,, one can also observe inhomoge-
neously distributed spherical or nearly spherical nano-
particles embedded in these layer that can be composed of
metal or metal oxide. It should be also noted that for the
highest value of laser beam fluence, i.e. 120 mj/cm? some
cracks can be seen in the melted film probably due to high
temperature stress applied to the material within very short
time. Nevertheless, below melted area the ordered structure
of TiO, is still preserved. From the comparison of cross-
section images registered for bare and laser treated samples
(Fig. 1 a and e), it can be observed that the length of TiO,NTs
decreases down to ca. 800 nm, that indicates that the surface
melted region equals to ca. 200 nm for 60 mJ/cm?. Moreover,
the precisely controlled movement of the sample during laser
irradiation enables modification of the material over selected
area. Such an approach ensures homogenous treatment
within the established surface range. Therefore, for further
characterization we limited the irradiation area by two
aligned laser traces to ensure the appropriate size of modified
sample needed in specific solid state techniques and electro-
chemical measurements.

Optical properties

In order to study the optical properties of obtained samples,
the series of reflectance spectra were recorded and are shown
in Fig. 2 a. One may easily notice, that spectrum of pristine
titania nanotubes is typical for this kind of material [37]. Large
absorption in the UV region can be ascribed to the transition of
electron from the valence to the conduction band, while
increased absorption from 450 to 900 nm can be related to
scattering of light by cracks or pores in the titania arrays [38].
After Cu deposition, the intensity of reflectance spectra
slightly decreases in UV region. Moreover, absorption both in
UV and vis part of the light spectrum is redshifted. This
change can be related to the increased wall thickness of the
nanotubes due to Cu layer deposition as mentioned above.

Mild laser treatment (15—30 mJ/cm?) results in appearance of
fringes that may be ascribed to formed nanoparticles of Cu or
Cu,Oy (see Fig. 1 c-d). This phenomenon can be explained by:
(i) surface plasmon resonance as both metallic and oxide Cu
nanoparticles are known to exhibit plasmonic behaviour
[39,40] (ii) photonic behaviour of material [41] (i.e. light scat-
tering effect); and (iii) constructive and destructive interfer-
ence of partially reflected light in the thin films [42]. It should
be noted that reflectance of Cu—TiO,NTs treated with 30 mJ/
cm? fluence is significantly larger than the one observed for
sample modified with 15 mJ/cm?. With the increase of laser
fluence the fringes disappear and the reflectance in UV rises
while in the visible light decreases. This could be explained by
the presence of remelted layer that can act as a mirror for the
selected wavelengths. It can be supported by the fact that ti-
tanium dioxide thin films are typically used for such kind of
mirrors. Also the surface area of nanotubes covered with
remelted layer is smaller than the one of bare NTs. It has been
already reported that the reflectance of NTs increases with the
decreasing area [43]. Therefore, the increase of absorbance for
L60-Cu-TiO, and L120-Cu-TiO, can be related to the presence
of Cu or Cu,Oy NPs. It can be also observed that the absorption
band edges become less sharp with the increased laser fluence
that can be attributed to the oxygen deficiency and hence to
the presence of Ti*" ions [43].

Basing on the reflectance spectra and using the Kubelka-
Munk relation, for all fabricated materials the Tauc plots
were prepared and shown in Fig. 2 b. From the analysis of
Fig. 2 b, it can be seen that the energy bandgap, Eyg, for the
pristine TiO,NTs is narrower than the one reported for bulk
anatase (3.2 eV) - see Table 1. This can be related with the
electronic structural differences due to the changes in geom-
etry of the material. Moreover, energy bandgap depends also
on diameter, wall thickness and length of the NTs as well as
the atomic arrangement inside the wall [44]. For almost all
laser-modified electrodes, the shift of Eyg towards visible re-
gion is observed. Only, for L120-Cu-TiO, sample it was
impossible to estimate this value, as the material absorbs on
the same level in the whole wavelength range. Due to the fact
the reflectance of prepared material in the UV part of the
spectrum is in the range of 50-98%, for further photo-
electrochemical tests only vis illumination has been chosen.
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Table 1 — The values of bandgap energy determined on
the base of Tauc plots (see Fig. 2 b).

Material Epg/eV
TiO, 3.11
Cu—TiO, 3.08
L15-Cu-TiO, 2.69
L30-Cu-TiO, 2.48
L60-Cu-TiO, 1.39

L120-Cu-TiO, =

Moreover, although the highest absorption in vis light is
exhibited by TiO,, LCu-TiO, and L120-Cu-TiO,, it is expected
that L60-Cu-TiO, will have the biggest photoresponse as it
exhibits the smallest Ey,g.

Structural properties

Raman spectra recorded for obtained materials are given in
Fig. 3. It can be clearly seen that the presence of Cu layer and
further laser treatment do not change the crystal structure
and the anatase phase is observable for all prepared samples.
Recorded signals at 145, 198, 395, 517 and 635 cm ™! are related
to the Eguy, Egue), Big A1z and Egs active anatase modes,
respectively and this is in agreement with previous reports
[45—47]. It should be noted that no additional peaks from Cu
species arise suggesting that metal or metal oxides do not
embed inside titanium dioxide structure. Moreover, mild laser
irradiation results in the enhancement of Raman signal and
narrowing of linewidth what is consistent with other re-
searchers works. Zhang et al. reported that for TiO, nano-
crystals the intensity of the lowest frequency Eg mode
increases significantly with the increased temperature of
annealing [48]. The analogue can be done for laser treated
samples, as the rapid temperature growth occurs when the
laser interaction with matter takes place. Nevertheless, for
higher fluences, i.e. 60 and 120 mJ/cm?, drastic decrease of
signal intensity is observed in comparison with samples
treated with 30 mJ/cm? This effect may be caused by the

4 —TiO,
Cu-TiO,
£ ——L15-Cu-TiO,
b 31 ——L30-Cu-TiO,
s ——L60-Cu-TiO,
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X 24
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Fig. 3 — Raman spectra of laser treated Cu—TiO,NTs
materials.

changes of the geometry of the titania material as the nano-
tubes are covered with remelted thin layer with embedded Cu/
CuyOy nanoparticles which hampers the overall signal origi-
nating from the studied material. Moreover, crystal structure
of the sample could be destroyed due to the heat accumula-
tion at the top of the nanotubes. It should be reminded that
the laser processing took place in vacuum conditions and
therefore the heat exchange with surrounding is limited.
Additionally, no shift of Raman frequency and no peaks from
rutile are observed for all samples.

In order to confirm the presence of crystalline phase of
TiO, and Cu/Cu,Oy species as well as to establish their nature,
XRD patterns were recorded and shown in Fig. 4. The detailed
labelling of all the arising peaks for the L120-Cu-TiO, sample
was included as Fig. S1 in ESI file together with the informa-
tion regarding the JCPDS cards. For pure TiO, nanotubes one
can ascribe peaks at 25.2°, 38.32°, 48.1° and 54.9° to anatase
phase, while at 38.3°, 40.1°, 53.1°, 62.8°, 70.6°, 76.3°, 82.3° and
92.8° to Ti acting here as TiO,NTs substrate. Moreover, weak
peaks at 27.4° and 53.7° correspond to some residual quanti-
ties of rutile phase. According to Das et al. [49] the formation of
rutile oxide layer is initiated at the Ti/TiO,NTs interface and
therefore some small amount of rutile is not disturbing. The
diffraction pattern of pure TiO, nanotubes is typical for this
kind of material and is consistent with other researchers
works [50,51]. After deposition of Cu layer, no additional peaks
corresponding to Cu are observed. For laser treated samples
(L30-Cu-TiO, and L-120-Cu-TiO,) infinitesimally small peaks
at: 29.1° and 35.9° are located and they can be ascribed to cubic
fce structure of Cu,0, (110) and (111) planes respectively [52].
Nevertheless, it can be assumed that the amount of Cu or
Cu,Oy species is too small to be detected by XRD technique,
therefore XPS measurements were conducted.

Characterization of surface chemistry
As has been already announced, high-resolution XPS spectra

were recorded in the binding energy range of Ti2p (Fig. 5 a),
Cu2p (Fig. 5 b), Ols (Fig. 5 ¢) and C1s (Fig. 5 d) in order to

100
—Ti0,
——cu-Tio,
—— L15-Cu-TiO,
80 1 ——L30-Cu-TiO,

. —— L60-Cu-TiO,
3 —— L120-Cu-TiO}
} 60 <
£ A
<
o 1 A A TN
c 40 4

L A A A l
- E s -

0

* - Cu,0 (110)
X - Cu,0 (111)

25 50 75 100
20 / degree

Fig. 4 — XRD pattern recorded for the series of obtained
copper modified titania NTs.
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Fig. 5 — XPS including LMM Auger spectra characteristics for Ti2p, O1s, C1s and Cu2p binding energy region for L60-Cu-TiO,.

Table 2 — The positions and chemical states of peak
maxima for each element found at XPS spectra.

Ti2p3/2 Cu2ps/» O1s
BE/eV 459.1 933.0 9349 530.5 532.1
chem. State  TiO, Cu,0 Cu(OH), TiO,/Cu,O Cu(OH),/C—O
at.% 16.6 10.8 5.7 41.3 20.3

determine surface chemistry for L60-Cu-TiO, sample selected
among others as representative based on both the optical and
electrochemical results described later on. The analysis of
spectral deconvolution, namely the atomic composition with

below described model, is presented in Table 2. The chemistry
of titanium reveals a single chemical state of titanium (IV)
oxide, while Ti2p;/, peak energy of 459.1 eV is characteristic
for stoichiometric titanium dioxide [53—55]. The above results
confirm that the structure of TiO,NTs was not altered by laser-
induced formation of copper species on its surface.

Spectral analysis of Cu2p BE region reveals the presence of
at least two separate chemical states of copper. According to
the literature survey the primary component located at
933.0 eV (Cu2ps/, peak acronym A), may correspond to both:
metallic copper or copper (I) oxide [56]. For this reason, sup-
plementary analysis was carried out in region characteristic

10
| a) 100
5 il 4
o
£ 04
O o /(2 ===l 1
< "
=1 :
. Cu-TiO,
" .54 -100 ——L15-Cu-TiO,
——L15-TiO, ——L30-Cu-TiO,
10 —L30-TiO, —_— L60-Cu-TiO2
L60-TiO, -200 —_— L120-Cu-Ti02
——L120-TiO, —Tio,
154 T T )

10 05 00 05 1.0

40 05 00 05 1.0

E/ V vs. Ag/AgCl/0.1M KCI

Fig. 6 — Cyclic voltammetry curves registered in 0.5 M K,S0,4 (50 mV/s) for bare TiO,NTs and with Cu layer after laser

treatment at various fluencies.

Please cite this article as: Grochowska K et al., Laser induced formation of copper species over TiO, nanotubes towards enhanced water
splitting performance, International Journal of Hydrogen Energy, https://doi.org/10.1016/j.ijhydene.2020.05.054



https://doi.org/10.1016/j.ijhydene.2020.05.054
http://mostwiedzy.pl

A\ MOST

8 INTERNATIONAL JOURNAL OF HYDROGEN ENERGY XXX (XXXX) XXX

for the kinetic energy of Cupyny Auger electrons [57]. The re-
sults were plotted in the inset of Fig. 5 b. The two peaks cen-
tred at 916.2 (C) and 917.4 eV (D) approach the values of bulk
Cu(OH), and Cu,O, respectively [58]. This confirms the pri-
mary chemical state of copper present at L60-Cu-TiO, surface
as Cu,0. Furthermore, the Cu2ps/, (B) peak shiftby +1.6 eV can
be recognized as Cu(OH),, also confirmed by the earlier studies
of modified TiO, [58]. The paramagnetic Cu?** chemical state is
further confirmed by the shake-up satellites located at approx.
944 eV, clearly observed in Fig. 5 b [59]. It should be noted, that
the formation of TiO,—Cu bimetallic nanomosaic should have
consequence in the shape and position of Ti2ps/, signal. A
binding energy shift towards lower energies (approx.
457.5 eV), which is assisted by increase in observed FWHM.
Conversely, the Cu2ps;,; A for Cu—TiO; is located at approx.
932.5 eV [60,61]. No such shifts were observed in our case,
testifying that metal oxides are not embedded inside TiO,
structure. This is in good agreement to our Raman studies.

Finally, O1s spectrum presented in Fig. 5c confirms previ-
ously reported surface chemistry. Two singlet peaks are
recognized. The primary component (A) at 530.5 eV is
composed of oxygen in TiO, lattice [62] and superimposed
with the signal originating from Cu,O [63]. The second peak,
located at 532.1 eV corresponds to the oxygen species adsor-
bed on the surface in the form of non-lattice oxygen, resulting
from the nature of the anodization process. The non-lattice
oxygen can be found in hydroxyl groups but also partially in
some carbon-oxygen species resulting from atmospheric air
exposure [64]. The share of adventitious carbon based on Cls
peak analysis was not exceeding 15 at.%. The presence of
carbon should be considered here as typical contamination for
the XPS instrument and due to the anodization nature itself.
As was indicated in the experimental section the process was
realized in the organic/water electrolyte solution and there-
fore some carbon residues could remain in the tubular struc-
ture [16].

Electrochemical characterization

All the fabricated materials were characterized using cyclic
voltamperometry in the wide potential range covering both
anodic and cathodic regime (see Fig. 6 a and b). To indicate the
influence of the copper species onto the laser treated titania
NTs, the electrochemical activity of the reference materials
regarded here as the bare TiO, nanotubes annealed by 355 nm
wavelength with various fluencies is shown in Fig. 6 a. Due to
the laser treatment of calcined titania, one may observe the
enhancement of peak current density found at the potential of
—0.45 V related to the reduction of Ti** to Ti*" [65]. Moreover,
apart from the reduction, the signal attributed to the oxidation
is visible. However, when the laser fluence reaches 120 mJ/
cm?, the redox activity is quenched while the electrode keeps
capacitive current in the whole potential range.

In the case of main series of samples containing copper,
the electrochemical activity of Cu—TiO, related with the
faradaic reaction is observed only in the cathodic regime of
CV. The reduction peak found at —0.52 V vs. Ag/AgCl/0.1 M KCl
is associated with two small oxidation humps with maxima
registered at —0.66 and at —0.38 V, respectively. Those anodic
signals may be ascribed to the formation of Cu(l) when the

copper is converted into Cu,O [66] and it proceeds via two
stage process [67]: Cu + OH — CuOH + e and
2CuOH s Cuy0 + _H,0 while the presence of peak in the
reverse scan is due to the reduction of copper (1) to copper (0)
forming the bare Cu (111). At positive potentials no other
oxidation or reduction activity is observed for Cu—TiO, [67].
However, the localization of above listed signals is similar to
those recorded in the basic electrolyte where the presence of
OH™ ions plays crucial role in the formation of the copper
hydroxide and oxide species. Therefore, it may be stated that
the hydroxyl groups that cover titania surface can take partin
this processes simultaneously affecting the location of
oxidation peaks.

The application of the lowest fluence value (15 mJ/cm?) of
laser radiation does not change significantly the character of
electrochemical activity and only some enhancement of the
reduction peak current density was noticed. When the fluence
was increased up to 30 and then to 60 mJ/cm?, the response of
electrode material changes dramatically in terms of both the
capacitive current and the location of redox activity. For the
sample labelled as L30-Cu-TiO,, the local maximum at +0.05V
is present while at +0.6 V the highest current density is found
within the wide oxidation hump. Regarding the L60-Cu-TiO,
material, one oxidation peak is present at +0.05 V vs. Ag/AgCl/
0.1 M KClI and the other small maximum is located at +0.24 V,
whereas at —0.2 V the reduction takes place. According to the
Bard et al. [68] and Naseer et al. [69] following equilibriums are
expected at copper/electrolyte interface in neutral chloride-
free solution:

2Cu+H,0 = Cu,0 +2H" + 2e~
Cu,0+H,0 = 2CuO + 2H" 4 2e~

Cu,0 + 3H,0 = 2Cu(OH), + 2H" + 2e~
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Fig. 7 — a) EIS spectra recorded for the obtained materials in

0.5 M K,S0O, accompanied with data obtained from the
fitting procedure based on the EQCs (inset).
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Table 3 — The values of the selected parameters obtained
from the fitting procedure based on the proposed EQC.

sample Re/ CPE/ N R/Qcm?  Cegf
Qem?  Qcm %St Fcm™2
TiO, 5.35 242 x 10™* 0.951 8.94 x 10** 1.71 x 10°*

L60-TiO, 4.62 1.19 x 10°*  0.963 4.92 x 103 8.90 x 10>

Cu-TiO, 3.80 8.31 x 10® 0.933 3.96 x 10° 3.95 x 10°°

L60-Cu- 422 3.33 x 10°° 0.844 3.79 x 10* 6.42 x 10°°
TiO,

Therefore, those oxidation peaks found at +0.05 and
+0.24 V could be interpreted as following changes in the
oxidation state: Cuw/Cu" and Cu'/Cu" while the wide oxidation
hump arises due to the formation of soluble compound in the
redox reaction Cu + 30H™ — HCuO; + H,0 + 2e". The
reduction maximum refers to the Cu(Il) towards Cu (I) trans-
formation. Described here activity of copper is typical when
the basic electrolyte is used [67] and the hydroxide ions react
with copper. Nevertheless, similar activity was found for
glassy carbon with incorporated copper species that under-
went quasi reversible redox processes [70] in buffered elec-
trolyte at pH 5 or for Cu (111) single crystal in 0.1 M NaClO4 [71].
On the other hand, almost identical shape of cyclic voltam-
metry was recorded for Cu,O obtained via electrochemical
deposition from the copper sulphate basic solution [72]. Ac-
cording to Wu et al. the peak located at +0.05 V refers to the
oxidation of Cu,0 to CuO whereas further wide hump with
maximum at +0.6 V vs. Ag/AgCl/0.1 M KCl characteristic for
L30-Cu-TiO, may be ascribed to the dissolution of CuO to Cu?*:
Cu,0 + H,0 = 2Cu?* + 2e~ + 20H". Nevertheless, we believe
that in the case of Cu—TiO, treated with 60 mJ/cm? fluence the
signals observed at +0.05 and +0.24 V could be recognized
rather as two adjacent peaks that were formed via splitting of
anodic one referring to Cu(l) to Cu(ll) oxidation. Such
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Fig. 8 — Linear voltammetry curves recorded in 0.5 M KOH
for selected samples.

behaviour is analogous to the one investigated by Wu et al. [72]
for Cu,O film and similar interpretation was proposed in
there. On the reverse scan, the reduction is identified with the
transformation of CuO to Cu,0. Additionally, as was observed
by Wang et al. for his cuprous oxide electrode material, we
also did not notice any current diminution upon consecutive
scans proving its electrochemical stability. Comparable redox
character of the material containing copper species was also
reported by Gentil et al. [73] for Cu based complexes in neutral
electrolyte and by Pape et al. [74] in aqueous-organic electro-
lyte and also interpreted as Cu(II)/Cu(I) couple activity. In the
case of the highest laser fluence used for the treatment of
Cu—TiO, material surface, the current density decreases
significantly, but still reversible redox behaviour was
observed. Taking into account the outstanding electro-
chemical activity, the Cu—TiO, annealed at 60 mj/cm? was
used for further electrochemical studies.

In order to gain more information about the electro-
chemical activity of the laser annealed titania material, the
impedance spectra were recorded at open circuit conditions
and presented in Fig. 7. The fitting procedure was based on the
equivalent electric circuits (EQCs) composed of the following
elements: electrolyte resistance (R.), constant phase element
(CPE) and charge transfer resistance (R;) arranged as given as
an inset in Fig. 7. In our modelling we used simplified EQC as
has been already applied by Berain et al. [75], Song et al. [76],
Ben Taieb et al. [77] and very similar to one provided by Sophia
et al. [78] The values of particular elements obtained from the
fitting procedure are listed in Table 3. The usage of the electric
circuit characterized by one-time constant is possible because
of partial overlapping of the time constants representing to
the Ti/TiO, interface, titania nanotubes and copper species.
This statement is supported also by the shape of the imped-
ance spectra in the Nyquist projection. The goodness of fitting
(x?) is on the level of 10 °~10"* and could be regarded as
satisfying to interpret particular elements as real physical
process.

The R, is ascribed to the electrolyte resistance and takes
typically low value (3.8—5.35 Q cm?) similar for all the inves-
tigated electrodes. The CPE element describes here capacitive
dispersion which may result from the overlapping time con-
stants due to the high heterogeneity of the surface, as has
been already mentioned. The impedance of CPE element is
given in the following equation: Z = Q *(iw) ™ where the fre-
quency dispersion is expressed in n and v stays for angular
frequency. When n = 1, Q is identified with capacitance, while
for the used procedure n is below 1 that reflects both porous
nature of the working electrode as well as its heterogeneity.
Taking into account the relation provided by Hirshorn et al.
[79]:

R.R (1-n)/n
C — 1/n e\t
i Q (Re + Rct

the effective capacitance (Ces) was calculated and also
included in Table 3. The highest effective capacitance value is
found for bare titania while the lowest one was determined for
titania NTs only with the sputtered Cu layer. The highest Cesr
value found for TiO,NTs results from the hollow like tubular
structure, where the largest developed surface area is
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Fig. 9 — The chronoamperometry curve recorded for L60-

Cu-TiO, at +2.0 V vs. Ag/AgCl/0.1M KCl in dark and under
temporary irradiation by visible light.

accessible for the formation of electric double layer. When the
copper species are deposited or laser treatment is applied, the
titania surface is hidden or even sealed because of the partial
melting. This surface partial melting as well as copper species
act here as a barrier layer that hamper facile penetration of
electroactive species into the free space within tubes. This
interpretation is in line with the values of n parameters,
where the lowest one is found for the laser treated Cu—TiO,
material and the highest for unmodified substrate. The last
parameter, R is assigned to charge transfer resistance and
takes value even below 40 kQ cm? for L60-Cu-TiO, sample
indicating that the transfer of charge proceeds the most easily
in this material. It should be underlined that the difference
between pristine TiO, and the laser and copper modified ones
reaches ten orders of magnitude. Such an accelerated charge
transfer will affect efficient separation of the e-h pair photo-
generated at the electrode/electrolyte interface. Therefore, the
higher photoactivity of the L60-Cu-TiO, can be expected.
Realizing the outstanding properties of Cu—TiO,NTs sam-
ple modified with 60 mj/cm? fluence, the possible application
for electrochemical water splitting was verified in the basic
solution. In order to show the sample activity towards the
oxygen evolution reaction, LV was performed up to +2.0 V vs.
Ag/AgCl/0.1 M KCI (see Fig. 8). The activity of the pristine
titania even at high anodic potential is very low and does not
exceed 10 pA/cm? also in the case when the electrode is
exposed to visible light due to its wide bandgap energy. When
the titania was treated by laser beam or the 10 nm thin copper
film was deposited, the activity towards the electrochemical
water splitting is enhanced and at the highest anodic polari-
zation the current density equals 0.22 and 0.62 mA/cm?,
respectively. Nevertheless, visible light affects positively only
laser annealed bare TiO,NTs leading to the activity enhance-
ment to 0.3 mA/cm? Regarding the L60-Cu-TiO, sample, the
dark current density at +2.0 V reaches even 3.83 mA/cm?
while electrode exposition to light >420 nm improves recor-
ded current density and the value of 4.43 mA/cm? is obtained.

Typically, electrodes composed of titania nanotubes modified
with Cu,O are characterized towards photoelectrochemical
oxidation [20] and hydrogen generation [80]. According to
Wang et al. [81] and Zhang et al. [82] the modification by Cu,0
enables current increase induced by the visible light irradia-
tion but in the higher anodic regime the plateau is reached
and further polarization does not change the response
significantly. It should be also pointed out, that copper oxide
apart from most known n-type nature can also behave as a n-
type semiconductor [83] substantially affecting the final ma-
terial photoresponse. Thus, the observed overall photoactivity
in the anodic regime could result also from the formation of n-
n isotype heterojunction of the well aligned band structure as
was identified in the case of AgsPO4/Fe,053 [84] or nSiNWs/TiO,
[85].

To the best of our knowledge, similar features to our results
have not been presented for such heterojunction. In the case
of our laser treated material, the superior improvement both
in electrochemical and photoelectrochemical activity is
observed. The sample L60-Cu-TiO, exhibits the enhancement
of the current density registered in dark and under irradiation
by 6.1 and 7 times, respectively, comparing to the material
before annealing. The comparison of this result with the ac-
tivity of bare TiO,NTs is crushing and indicates how signifi-
cantly the electrode performance can be improved.

To verify the stability of the most photoactive laser treated
material, the current response was recorded under the L60-
Cu-TiO, polarization at +2.0 V vs. Ag/AgCl/0.1 M KCl both
keeping sample in dark and for some time irradiate it by the
light >420 nm. The appropriate chronoamperometry curves is
shown in Fig. 9. As can be observed the electrode keeps its
current response quite well. When sample was exposed to the
visible light irradiation, the enhancement of current density is
observed and maintained till the shutter interrupts the access
of light to the electrode surface. Basing on this simple exper-
iment, we can regard the material as stable in the OER regime.
Therefore, proposed fabrication route enables impressive
achievement that can be justified by the unique synergistic
effect of changes induced in morphology, structure and opti-
cal features upon copper sputtering and further laser treat-
ment with particular parameters.

Conclusions

The preparation and properties of highly reproducible sub-
strates composed of ordered titanium dioxide nanotubes
covered with copper species were demonstrated within this
work. One-step anodization that lasted only 15 min was uti-
lized to obtain ordered TiO,NTs while magnetron sputtering
and pulsed laser induced dewetting techniques for copper
deposition and further sample modification, respectively. SEM
inspection revealed formation of remelted TiO, layer with
nanoparticles that can be composed of metal oxide. XPS and
XRD measurements confirmed the presence of Cu,0. Mean-
while, Raman investigation showed that metal oxide nano-
particles do not embed into TiO, structure. From optical
properties analysis, the sample exhibiting the lowest energy
bandgap value was selected. Moreover, the shift of absorbance
band towards visible wave range was observed for laser
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modified samples. Sample characterized with the smallest
energy bandgap also demonstrated the most pronounced
electrochemical activity in terms of increased current density
and enhanced (up to 7 times) response in dark conditions and
under simulated solar light illumination in comparison to
non-modified material. The shape of the recorded cyclic vol-
tammetry scans reveals the formation of stable Cu,O while
impedance studies show reduced resistance and improved
space charge capacitance of the copper rich coverage formed
over TiO,NTs support. Obtained results indicate that electrode
performance can be significantly enhanced due to the syner-
gistic effect between laser induced morphological changes
and optical as well as electrochemical properties affected by
the presence of Cu species over the titania support. It should
be also emphasized that all processes leading to final material
fabrication, i.e. anodization, magnetron deposition, laser
treatment, are well known and already employed in industry.
The usage of pure copper plate and the magnetron sputtering
as well as laser annealing realized in closed space do not led to
formation of by-products and negative environmental impact.
Furthermore, application of laser enables the intense light
treatment over the selected area of desired shape and size by
using appropriate masks and moveable system that can open
new possibilities in the surface modification of nanomaterials
and in consequence in designing of highly active platforms
dedicated for water splitting.
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