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ABSTRACT
Highly ordered spaced titanium dioxide nanotubes were fabricated via electro-
chemical anodization and modified with titania nanoparticles and copper oxides. 
Such materials were rapidly annealed in hydrogen atmosphere or conventionally 
in a tube furnace in air, in which the temperature slowly increases. Applied syn-
thesis procedure can be considered as simple, cost-effective, and environmentally 
friendly as it allows for reduction in used materials and enhances sustainable 
engineering. Manipulating the chemical composition of materials by different 
thermal treatments resulted in various photoelectrochemical activities and den-
sity of  CO2 adsorption sites. Rapidly annealed nanotubes decorated by copper 
oxides exhibit excellent electrochemical properties where one electrode combines 
both: solar to electricity conversion (photocurrent under visible light 30 µA/cm2) 
and  CO2 adsorption systems (18 times higher current after  CO2 saturation). Rap-
idly thermal hydrogenated  TiO2 nanotubes with copper oxides had 17 times 
higher photocurrent and wider absorption band (380–780 nm) than convention-
ally annealed ones. Furthermore, the crystal planes such as Cu (111), Cu (220), 
 Cu2O (110), CuO (002) and  Cu0,  Cu+,  Cu2+ oxidation states, and oxygen vacancies 
were recognized for hydrogenated sample. It should be highlighted that thermal 
annealing conditions significantly affects ability of copper oxide to  CO2 adsorp-
tion and  CO2 reduction reaction for hydrogenated electrode.
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Introduction

The enhancement of  CO2 concentration in our atmos-
phere is caused by industrialization and combustion 
of carbon and oil energy resources. In nature  CO2 is 
required for photosynthesis which occurs within chlo-
roplasts of plants and mushrooms cells during Calvin 
cycle. However, our ecosystem is not enough effi-
cient because the rate of  CO2 capture is lower than its 
release into air [1]. Therefore, many efforts are under-
taken to develop the field of renewable energy, namely 
solar, wind, or biomass, to reduce the amount of emis-
sion. Except for replacing fossil fuels with renewable 
energy sources, also converting  CO2 to chemicals like 
CO,  CH4,  CH3OH,  C2H5OH, or HCOOH, is of key 
importance. Furthermore, another strategy to mitigate 
the emission of greenhouse gases into the atmosphere 
is  CO2 capture and separation based on chemical/
physical adsorption [2]. Nowadays development of 
unique functional materials and innovations is crucial 
to fabricate the renewable energy sources. Minimiza-
tion of increasing environmental footprint, by usage 
of cost-effective and environmentally friendly materi-
als, allows for more sustainable development of our 
planet’s resources.

TiO2 has been one of the most extensively inves-
tigated semiconductor from 50 years [3], because of 
its unique properties, such as high photocatalytic 
activity, resistance to photocorrosion, chemical stabil-
ity, good adsorption affinity for organic compounds 

(in the anatase form) [4], as well as non-toxicity and 
availability. Interestingly, it was proven that various 
geometries of titanium dioxide materials exhibit dif-
ferent photoelectrolysis activities [5] as higher spe-
cific surface area results in more surface reactive sites. 
Among other nanostructures, titania nanotubes are 
widely applied because of their good accessibility 
and excellent control of their architecture depending 
on the applied anodization parameters for adsorp-
tion, functionalization, and enhancement of electron 
transfer properties [6]. It should be highlighted that 
the fabrication of  TiO2 nanotubes via electrochemical 
anodization can be easily scalable from laboratory to 
industrial scale [7]. Moreover, it is a cost-effective pro-
cess which can be carried out in simple working setup 
resulting in formation of high-quality, homogenously 
distributed and ordered titanium dioxide layer [8]. 
Furthermore,  TiO2 can serve not only as a standalone 
material, though its wide energy band gap (ca. 3.2 eV 
for anatase) limits photoactivity to UV light but also 
can be used as a stable support to form composites 
with other compounds or metals such as Au, Ag, Pd, 
and Cu. Such a strategy can provide completely new 
material properties exhibiting improved light absorp-
tion in the visible region since, for nanometre size 
metal or metal oxide nanoparticles, the quantum con-
finement effect significantly alters the properties of the 
nanomaterial [9, 10].

Recently, much higher interest in utilization of non-
noble metals, like copper, is used for this catalytic 
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purpose. It is recognized as a promising candidate due 
to the face-centred cubic structure and its electronic 
configuration, with properties like those of silver 
and gold. However, its abundance on Earth is much 
higher than noble metals, thus making copper much 
cheaper and available. In composites containing cop-
per species, it can take various oxidation states: 0, + 1, 
and + 2. Moreover, when  TiO2 is coated with metallic 
copper under anaerobic conditions both metallic and 
oxide Cu species are observed. Taking into account 
the fact that often such electrodes are later stored in 
aerobic conditions enabling surface oxidation to occur, 
an accurate description of each Cu species role in the 
conducted reactions at the electrode surface may be 
complicated. Apart from the surface modification, 
changes introduced in the bulk material can be crucial 
for conductivity improvement. Among other routes, 
like introduction into the crystal structure foreign 
metal and non-metal atoms (i.e. dopants), formation 
of the non-stoichiometric material via hydrogenation 
is a simple method to increase donor densities. This 
process is realized mostly via an electrochemical or 
thermally assisted procedure, but depending on the 
chosen method, the stability of the obtained product 
varied [11]. Thermal annealing in a hydrogen atmos-
phere results in the formation of oxygen vacancies and 
induces surface disorder [12, 13]. The creation of mid-
gap energy levels between the valence and conduction 
bands is then responsible for enhanced absorption of 
light [14]. However, this strategy may be insufficient 
to enhance the photoresponse of the material, and both 
surface decoration combined with bulk modification 
should be carried out. Such an approach was realized 
by Wu et al [15] who decorated hydrogenated  TiO2 
nanofibers by various metal nanoparticles including 
Ag, Cu, Pd, and Pt. The Pd:H:TiO2 electrode exhib-
ited the highest photoresponse due to the presence of 
defects such as oxygen vacancies and  Ti3+ in hydrogen-
ated  TiO2 as well as beneficial light harvesting and 
improved charge transport because of the presence of 
metal particles.

In this paper, we take advantage of the combined 
modification route and apply both hydrogenation and 
decoration of titania nanotubes with copper species 
to improve photoactivity and  CO2 adsorption.  TiO2 
nanotubes, characterized by the spacing between each 
tube, were prepared by electrochemical anodization 
of titanium foil and then immersed in  TiCl4 solution. 
This strategy leads to roughening of the surface and 
enhances the overall area of the nanotube. Afterwards, 

10 nm-thin Cu layer was sputtered, and rapidly ther-
mal-treated under hydrogen atmosphere or con-
ventionally annealed in a tube furnace. As already 
mentioned above, the synthesis method of material 
preparation is cost-effective and can be applied at 
industrial scale. Proposed fabrication procedure has 
minimal influence on the environment. Magnetron 
sputtering of thin copper layer is carried out in closed 
chamber where metal layer is directly immobilized on 
nanotubes. Therefore, such materials can be easily uti-
lized and regenerated in contrast to, for example, sus-
pension of nanoparticles. The morphology of prepared 
electrodes was verified using a scanning electron 
microscope, while the structural and chemical nature 
was identified by analysis of X-ray diffraction patterns 
and X-ray photoelectron spectra, respectively. Optical 
properties and photoluminescence of prepared mate-
rials were also studied, as well as the electrochemical 
and photoelectrochemical performance. The results 
obtained show that the proposed fabrication protocol 
can be applied in the development of nanostructures 
used in the field of photoelectrochemistry and  CO2 
adsorption or transformation.

Experimental

Reagents

Titanium foil (99.7%, thickness: 0.127 mm, Strem), 
acetone (99.5%, Chempur), ethanol (96%, Chempur), 
diethylene glycol (99.5% Chempur), hydrofluoric 
acid (Chempur), ammonium fluoride (98%, Chem-
pur), copper target (99.99%, Quorum Technologies), 
hydrogen (99.9%, Air Liquide), potassium hydrogen 
carbonate (98.5%, Chempur), potassium carbonate 
(99.0%, Chempur). All chemicals used were of ana-
lytical purity grade.

Electrode fabrication

The Ti foil was cut into 2 × 3  cm2 plates and ultra-
sonically cleaned in acetone, ethanol, and water for 
10 min. Titania nanotubes were fabricated using an 
anodization process in a two-electrode system, where 
Ti was an anode and Pt mesh was a cathode. The elec-
trolyte contained 0.09 M  NH4F/1.3% vol HF/6.2% vol 
 H2O/92.5% vol diethylene glycol. The anodization 
was carried out at the temperature of 40 °C with the 
use of thermostat (Julabo F-12) and at the applied 
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voltage of 40 V for 2 h. The obtained titanium diox-
ide nanotubes (TN) were then thermally treated in a 
rapid thermal annealing (RTA) furnace (MILA 5000 
P-N) with a rate of 37.5° C/s for 15 min at 450 °C in 
hydrogen atmosphere (rta-TN) or in conventional 
tube furnace (Nabertherm) with a rate of 2° C/min 
for 2 h at 450 °C in air (tf-TN). In the case of copper-
modified nanotubes, their surface was developed by 
an additional porous layer of  TiO2 (TN were not cal-
cined beforehand) after the anodization process ena-
bling an increase of the surface area [16, 17]. In the first 
step the nanotubes were immersed for 30 s in 0.1 M 
 TiCl4 solution in water that was stored in ice bath. The 
electrodes were left for 30 min in 0.1 M  TiCl4 solution 
on a hot plate at 100 °C. The second stage covers the 
electrode rising with deionized water. This procedure 
was repeated three times. For further modification, a 
10-nm layer of copper was deposited using magnetron 
sputtering (Q150T S system, Quorum Technologies). 
Finally, samples were thermally treated in an RTA 
(rta-CuTN) or in a tube furnace (tf-CuTN).

Sample characterization

The morphology of electrodes was inspected by a 
field emission scanning electron microscope (SEM, 
FEI Quanta FEG250) equipped with a secondary ET 
detector and with the beam accelerating voltage kept 
at 10 kV. Selected samples were inspected in high-
resolution transmission microscopy (HR-TEM). Their 
preparation was carried out by scratching the NTs 
surface over a commercially available Ni-Grids. The 
samples were then inspected for particulate matter in 
the microscope. Samples were investigated in a HR-
TEM microscope equipped with EDX detector (JEOL 
ARM-200F).

The optical properties were investigated using a 
UV–vis spectrophotometer (Lambda 35, Perkin-Elmer) 
equipped with a diffuse reflectance accessory. Spec-
tra were recorded in the range of 300–800 nm with a 
scanning speed of 60 nm/min. The fluorescence spec-
tra were recorded by means of a custom-built setup 
equipped with 365 nm 500 mW UV LED used as an 
excitation source. In front of the UV LED, a bandpass 
filter (UG11, Schott) was used to reduce residual LED 
radiation in the visible range. The layer of nanotubes 
was excited at an angle of 45 degrees. The fluorescence 
signal was collected using a quartz lens and focused 
on the entrance of an optical fibre. Additionally, in the 
detection path, a bandpass filter (GG400, Schott) was 

used for blocking the excitation wavelength. The fluo-
rescence signal was analysed using a 0.3-m monochro-
mator (SR303i, Andor) equipped with 600 groves/mm 
grating and recorded with an ICCD detector (DH740, 
Andor).

The crystal structure was verified using an X-ray 
diffractometer (XRD, Bruker D8 Advance) equipped 
with Lynxeye XE-T detector with  CuKα X-Ray 
generator.

The X-ray photoelectron spectroscopy (XPS) 
analysis was carried out by an Escalab 250Xi (Ther-
moFisher Scientific), using an  AlKα X-ray source. The 
high-resolution spectra were recorded in the core 
binding energy range of Cu2p, Ti2p, O1s, with 20 eV 
pass energy through the hemispherical analyser. The 
supporting  CuKLL Auger peak was recorded. Finally, 
the peaks were adjusted according to the adventitious 
carbon C1s (284.6 eV).

Electrochemical and photoelectrochemical proper-
ties were measured using an AutoLab PGStat 302N 
potentiostat–galvanostat. Measurements were taken 
in 3 electrode arrangements, where prepared samples 
were used as working electrode, Pt gauze as counter 
electrode and Ag/AgCl/0.1 M KCl as reference elec-
trode. Cyclic voltammetry (CV) and linear voltamme-
try (LV) measurements were taken in deaerated 0.1 M 
NaOH solution in the range from − 0.8 V to + 0.8 V ver-
sus Ag/AgCl/0.1 M KCl. The CVs were performed with 
a scan rate of 50 mV/s, while the LVs with a scan rate of 
10 mV/s. The LV curves were recorded in the dark and 
under light illumination provided by a xenon lamp 
(LOT-Quantum Design GmbH). To expose the work-
ing electrode to visible light, an optical filter (GG420 
Schott) was applied to cut off wavelengths below 
420 nm. Therefore, the arrangement of the experimen-
tal setup enables electrochemical measurements when 
the working electrode is exposed to vis or UV–vis irra-
diation. The light intensity was calibrated by the sili-
con cell (Rera) and equalled 100 mW/cm2.

The 3D map of the photocurrent density was regis-
tered by a photoelectric spectrometer (Instytut Foto-
nowy) equipped with a 150-W Xe lamp. Measure-
ments were taken in 0.1 M NaOH solution at + 0.4 V 
and + 0.5 V versus Ag/AgCl/0.1 M KCl from 300 to 
600 nm.

CV measurements were taken on  CO2-saturated 
0.1 M  KHCO3 and  K2CO3 electrolyte (pH = 10) when 
no NaOH was present. Furthermore, measurements 
were taken in  CO2-saturated 0.1 M  KHCO3 and 
 K2CO3 electrolyte with additional 0.5 M NaOH in 
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order to increase the pH to 14 measured using a pH 
metre (ChemLand, MP-103).

Results and discussion

Morphology of prepared electrodes

The anodization process provides ordered, spaced 
 TiO2 nanotubes (Fig. 1). The diameter of non-
modified nanotubes is equal to 192 ± 20 nm and 
195 nm ± 20 nm for the samples rta-TN (Fig. 1c) 
and tf-TN (Fig. 1g), respectively. The samples after 
treatment with  TiCl4 and copper species have wider 
edges of the tubes. As also observed by Meen et al. 
[17],  TiCl4 treatment makes primarily smooth nano-
tubes rougher, causing a large increase in the overall 
surface area of  TiO2 nanotubes. The SEM image of 
TN modified by  TiCl4 but without Cu is shown in 
Figure S1. The rta-TiCl4/TN and tf-TiCl4/TN nano-
tubes wall thickness was equal to 80 nm ± 25 nm 
and 90 nm ± 24 nm, respectively. In the case of the 
rta-CuTN rapidly annealed in hydrogen atmos-
phere, they are characterized by an outer diam-
eter of 220 nm ± 10 nm and an inner diameter of 
86 nm ± 12 nm, while for the tf-CuTN treated in the 
tube oven outer diameter of 250 nm ± 20 nm and 
an inner diameter of 37 nm ± 10 nm. The heights of 
the rta-CuTN and rta-TN are the same and equal 
to ca. 1.55 µm ± 0.05 µm. In the case of the tf-CuTN 
and tf-TN annealed in a tube furnace, their height 
reaches 1.63 µm ± 0.10 µm and 1.67 µm ± 0.09 µm.

TEM images were obtained for two types of sam-
ples, rta-CuTN (Fig. 2) and tf-CuTN (Fig. 3). The 
localization of titanium and oxygen are similar but 
the significant difference in copper distribution is 
observed. In the case of tf-CuTN, copper is uni-
formly distributed along the tube walls, while for 
the rta-CuTN, according to the localization of shiny 
green region, it occupies topmost area of the tube. 
It corresponds to the spherical particles visible on 
the tip of the nanotubes visible in the SEM image 
given in Fig. 1a. The combined EDX spectra indicat-
ing the presence of metallic copper (Fig. 2h). The 
cork-like shape formation in the nanotubes outlet 
of rta-CuTN material may affect both the recorded 
XPS spectra in the binding energy regime for Cu2p 
as well as the electrochemical performance.

Optical properties of electrode material

The optical properties of the prepared samples were 
investigated by means of UV–Vis reflectance spec-
troscopy. As shown in Fig. 4a, all electrodes exhibit 
strong absorption in the UV region originating from 
the titania [18]. The most obvious enhancement in 
absorption after deposition of Cu on  TiO2 nanotubes 
annealed in conventional furnace can be seen in the 
range of 350–500 nm, similar to the work of Molenda 
et al. [19]. Furthermore, the rta-CuTN electrode has 
also strong absorption in the visible range: from 380 to 

Figure  1  SEM images of a, b rta-CuTN, c, d rta-TN, e, f tf-
CuTN, and g, h tf-TN.
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Figure 2  a–c TEM and d-h EDX images for the rta-CuTN.

Figure 3  a–c TEM and d-h EDX images for the tf-CuTN.
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780 nm. This can be explained by the presence of the 
copper species with different oxidation states of Cu, 
confirmed by the XPS analysis. Moreover, it should 
be underlined that the presence of oxygen vacancies 
in rta-CuTN sample treated in hydrogen atmosphere 
can be also responsible for this feature. According to 
Gharaei et al. [20] the Cu doping is found to modify 
the  TiO2 nanotubes by creation of sub-bands and pre-
vention of electron–hole recombination. However, it 
should be noted that not only the copper but also the 
additional loading of titania on  TiO2 nanotubes due to 
treatment in  TiCl4 solution increases the absorbance 
in the range of 400–800 nm [21] (see Fig. S2). Moreo-
ver, the rta-TN differs significantly from the tf-TN in 
the range of 400–500 nm. Siuzdak et al. [22] discussed 
the narrowing of the band gap of hydrogenated  TiO2 
nanotubes by formation of surface defects, oxygen 
vacancies, and introduction of additional mid-gap 
states. The photoluminescence spectra of modified and 
non-modified electrodes are shown in Fig. 4b. Under 
excitation by UV light, a wide emission band in the 
visible range is observed and is associated with exci-
ton recombination and oxygen defects related to shal-
low (in the case of pure  TiO2) and deep (Cu-modified 
samples) trap centres [23, 24]. The photoluminescence 
is lowered in samples incorporating Cu (Fig. 4b). This 
change is reported by others [24, 25] who explain it 
by grain boundary defects as non-radiative centres 
responsible for shallow trap centre formation.

Detailed analysis of the photoluminescence spec-
tra given in Fig. 5 shows that they consist of a series 
of bands, the position, and relative intensity of which 
change depending on the sample processing method 

and the presence of Cu. As a result of deconvolution of 
each emission spectrum, four Gaussian signals centred 
near 440, 490, 540, and 600 nm can be distinguished. 
In the literature, one may find the discussion on the 
origin of the emission in certain spectral ranges on 
the basis of various dopants. The band located near 
440 nm is related to self-trapped excitons [26]. Ana-
lysing the results presented in Fig. 5 and in Table 1, 
the position of this band does not change depending 
on the method of sample preparation. In the case of 
the rta-TN and tf-CuTN samples, a slight increase 
in the intensity of this band is observed. Emission 

Figure 4  a UV–vis reflectance and b photoluminescence spectra of pure TN and TN with increased area modified by copper.

Figure 5  Normalized photoluminescence spectra of a rta-CuTN, 
b rta-TN, c tf-CuTN, d tf-TN.

Table 1  Photoluminescence spectra band peak positions

Sample Peak 1 (nm) Peak 2 (nm) Peak 3 (nm) Peak 4 (nm)

rta-TN 440.1 485.9 539.7 614.2
tf-TN 439.8 488.4 538.7 605.1
rta-CuTN 440.9 491.6 543.2 579.9
tf-CuTN 439.6 488.3 542.9 608.5
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bands centred near 490 and 540 nm are most prob-
ably related to the oxygen vacancies with zero, one, or 
two trapped electrons resulting from the shallow and 
deep-level vacancies in the band gap of  TiO2 [24, 27, 
28]. It can be observed that the position and relative 
intensities of these two bands vary depending on the 
method of sample preparation and the presence of Cu. 
In the case of Cu-modified samples, the intensity of the 
band located around 490 nm clearly increases while 
the intensity of the 540 nm band decreases. According 
to Lei et al. [23] the band centred near 540 nm is asso-
ciated with shallow-level oxygen vacancies with one 
trapped electron while the shorter wavelength emis-
sion is associated with vacancies with two trapped 
electrons.

Crystallinity of prepared samples

The XRD diffraction patterns for the rta-CuTN, rta-
TN, tf-CuTN, and tf-TN electrodes are shown in Fig. 6. 
The reflections located at 25.4°, 36.8°, 37.9°, 38.5°, 48.1°, 
54.1°, 55.1°, 59.4°, 63.0°, 67.3°, 76.2° correspond to the 
following anatase  TiO2 crystal planes: (101), (103), 
(004), (112), (200), (105), (211), (132), (204), (116), and 
(301), respectively [28, 29]. It should be highlighted 
that anatase is dominant oxide phase for all electrodes. 
Figure S3 shows the magnification of XRD pattern for 
anatase (101) crystal plane. The shift of the reflection 
angles can indicate the presence of oxygen vacancies 
[30]. In the case of the tf-CuTN electrode, no shift in 

relation to the tf-TN electrode can be observed. How-
ever, for the rta-CuTN and the rta-TN shift relative 
to the tf-TN might indicate vacancies which was con-
firmed by XPS analysis. Weak rutile (110) and (111) 
crystal planes can be recognized at 27.5° and 36.1° [31, 
32]. Moreover, reflections located at 35.2°, 40.2°, 53.2°, 
70.8°, 77.4° correspond to (100), (101), (102), (110), and 
(201) Ti planes, respectively, where (101), (102) and 
(110) are the most intense ones. Signals originating 
from the Ti are typical when the material is formed 
on Ti foil via the anodization route. In the case of the 
rta-CuTN Cu (111) and (220) as well as  Cu2O (110) or 
CuO (002) crystal planes were recognized to be present 
at the surface, further confirmed with XPS analysis 
[33–35]. Rapid thermal annealing of copper oxides in 
a hydrogen atmosphere results in the formation of 
different copper crystallographic planes in contrast 
to conventionally annealed copper. According to Wu 
et al. [36] annealing of copper in reducing atmosphere 
leads to growth of high-index copper faces. The most 
significant anatase planes of (101) and (112) are ca. 2 
and 6 times more intense for the tf-CuTN than for the 
rta-CuTN. Differences in intensity and width can be 
related to various grain size of TN modified by  TiO2 
using  TiCl4 annealed rapidly in RTA or conventionally 
in tube furnace (Fig. 6) [37]. In the case of (101) crystal 
plane for the rta-CuTN and the tf-CuTN crystallite size 
is equal to 8.6 nm and 9.5 nm, respectively. Crystal-
lite size of (112) crystal plane for rta-CuTN and the 
tf-CuTN reaches 15.5 nm and 34.1 nm, respectively. 
Furthermore, decrease in intensity can be correlated 
with the presence of oxygen vacancies [38].

Characterization of surface chemistry

The chemical nature of copper species on titania, 
depending on thermal treatment, was studied using 
XPS. Most notably, the Cu2p spectra recorded after 
RTA in hydrogen and TF in air atmosphere are shown 
in Fig. 7a, b, respectively. These deconvoluted spectra 
reveal surface complexity of the samples with a multi-
tude of signals originating from numerous Cu chemi-
cal states. The primary  Cu2p3/2 peak was recognized at 
932.7 eV and may originate from  Cu0 or  Cu+ oxidation 
states [39]. These can be possibly distinguished based 
on the  CuKLL Auger spectra, shown in Fig. 7c. Here, a 
very strong peak at 916.5 eV confirms the presence of 
 Cu+ for both treatments. In the case of the rta-CuTN 
electrode, the weak peak located at 919 eV can be 
attributed to metallic copper [40]. However, it should 

Figure 6  XRD patterns of pure TN and TN with developed area 
and modified by copper.
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be taken into account that peaks related to oxides and 
metallic copper on the Auger spectra are close to each 
other [40].

Two other components visible at Cu2p spectra and 
shifted at + 1.8 and + 3.7 eV from 932.7 eV originate 
from various  Cu2+ species, most likely in the form of 
oxides and carbonate dihydroxyoxides [41], the lat-
ter of which is a consequence of sample exposure to 
atmospheric air. The  Cu2+ presence is easily distin-
guishable by strong satellite features in the 940–945 eV 
range. Notably, regardless the thermal treatment pro-
cedure, the  Cu+ to  Cu2+ ratio remains on a nearly con-
stant level of 0.7:1 for RTA and 0.6:1 for TF, respec-
tively, possibly indicating that there are no significant 
changes in the surface film. However, in the case of the 
tf-CuTN, a fourth notable component was observed at 
932.1 eV. The origin of this signal is not clear; however, 
such a position of the binding energy could be possible 
in case of structural reconfiguration and formation of 
CuTi intermetallic bonds.

Finally, the Ti2p (Fig. 7d) and O1s (Fig. 7e) spec-
tra confirm the typical chemical nature of titania 

nanotubes, with  TiO2-specific  Ti2p3/2 at 458.8 eV and 
O1s at 530.1 eV, likewise previously reported by our 
group [42]. The Ti2p peak located at 457.3 eV can 
be assigned to  Ti3+ [43]. In the case of O1s peak at 
531.2 eV can be described as  Ti2O3 oxide, non-lattice 
oxygen and oxygen vacancies [44, 45]. Furthermore, 
the peak located at 532.2 eV also can be attributed to 
non-lattice oxygen and a surface adsorbed OH group 
[46]. Lower peak values at 528.7 eV may be associated 
with nonbridging oxygen [46, 47].

Electrochemical and photoelectrochemical 
properties of obtained electrodes

The cyclic voltammetry measurements were taken for 
pure TN and TN with increased surface area modi-
fied by copper in order to characterize electrochemi-
cal activity (Fig. 8). Measurements were taken in 
0.1 M NaOH solution in the range of − 0.8 V to + 0.8 V 
versus Ag/AgCl/0.1 M KCl. The alkaline solution 
was chosen because copper oxides exhibit the best 
stability in such environment [48]. The significant 
increase of capacitive current as well as strong fara-
daic peaks is observed for rta-CuTN with increased 
area modified by copper rapidly thermal hydrogen-
ated. For the rta-CuTN electrode, oxidation of Cu to 
 Cu2O and CuO occurs from − 0.2 V to + 0.2 V versus 
Ag/AgCl/0.1 M KCl during the anodic polarization 

Figure  7  High-resolution XPS CuTN spectra after a RTA and 
b TF treatments; c  CuKLL Auger spectra with TN as a reference. 
rta-CuTN (d) Ti2p and e O1s spectra.

Figure 8  Cyclic voltammetry curves for pure TN and TN with 
increased area modified by copper registered in 0.1 M NaOH (the 
drawings in the curve describe the formation of  Cu2O, Cu(OH)2 
and CuO species by Cu oxidation in particular potential range). 
Inset: the magnification of the CV curves recorded for rta-TN, tf-
CuTN and tf-TN.
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[42, 49]. XRD and XPS analysis already indicated the 
presence of  Cu0 and  Cu+ oxidation states for the rta-
CuTN electrode. The current density at 0 V versus 
Ag/AgCl/0.1 M KCl is equal to 360 µA/cm2 for the 
rta-CuTN and is three orders of magnitude higher 
than for the tf-CuTN. The material was stable during 
CV, and cycles overlap. The performance of various 
CuO nanostructures as a supercapacitor was shown 
by Luo et al. [50] in 1 M KOH electrolyte. In the case 
of those structures, redox peaks originating from 
the faradic reaction of  Cu+ and  Cu2+ to  Cu2O and 
CuO can be seen. Moreover, the presence of  Cu2+ is 
associated with  OH− ions which oxidize copper to 
Cu(OH)2 [51]. Such pseudocapacitive character for 
CuPt nanoparticles deposited on a carbon electrode 
was also shown by Sachin et al. [52] The current den-
sity for CuPt nanoparticles at − 0.1 V versus Hg/HgO 
measured in 0.5 M KOH was equal to ca. 2 mA/cm2. 
A similar result was obtained in our work for the 
rta-CuNT electrode at ca. 0 V versus Ag/AgCl/0.1 M 
KCl in 0.1 M  KHCO3 and  K2CO3 electrolyte with 
addition of 0.5 M NaOH (Fig. 11b). The observed 
activity can indicate that the increase of current den-
sity from 0.4 mA/cm2 to 1.2 mA/cm2 (see Fig. 11b) 
due to higher  OH− concentration is caused by two 

reactions occurring at similar potentials, namely 
oxidation of Cu to  Cu2O and CuO as well as forma-
tion of Cu(OH)2. Figure 8 shows the reduction peak 
recorded at − 0.5 V versus Ag/AgCl/0.1 M KCl for the 
rta-CuNT electrode equals to ca. − 420 µA/cm2 and 
can be attributed to the reduction of  Cu2O to Cu [31].

In order to characterize the photoelectrochemical 
activity of the electrodes, linear voltammetry meas-
urements were taken in 0.1 M NaOH solution in the 
range from -0.8 V to + 0.8 V versus Ag/AgCl/0.1 M KCl 
under vis and UV–vis light illumination (Fig. 9). The 
strongest enhancement of photocurrent under visible 
light is obtained for the rta-CuTN sample. The photo-
current recorded at + 0.5 V is equal to 28 µA/cm2 which 
is 14 times higher than for the rta-TN electrode and 

Figure 9  Linear voltammetry curves for pure TN and TN with 
an increased area modified by copper measured in 0.1 M NaOH 
under (a) visible and b UV–vis light illumination.

Figure 10  IPCE of a rta-CuTN and b rta-TN, c the comparison of IPCE values for different wavelengths registered at + 0.5 V.

Fig. 11  CVs curves for a, b rta-CuTN electrode, c schematic 
representation of adsorbed  CO2 on copper oxides (carbon, oxy-
gen and carbon–oxygen bonds), d CVs curves for the tf-CuTN 
electrode registered in 0.1 M  KHCO3 and  K2CO3 without or with 
NaOH. The measurements were taken in the electrolyte deaerated 
with argon or saturated with  CO2
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35 times higher than for the tf-CuTN (Fig. 9a). In the 
case of the photocurrent registered under UV–vis illu-
mination values for rta-CuTN, rta-TN, tf-CuTN, and 
tf-TN are equal to 52 µA/cm2, 45 µA/cm2, 3 µA/cm2, 
and 29 µA/cm2, respectively. The best photoactivity 
of the rta-CuTN under visible as well as UV–vis light 
is in accordance with the absorbance band in Fig. 4a. 
According to Cui et al. [53] hydrogenated  TiO2 is char-
acterized by enhanced adsorption of carbon species 
as well as formation of defects and oxygen vacancies 
which can improve photocatalytic activity. In the case 
of the rta-CuTN electrode, the presence of oxygen 
vacancies was confirmed by XPS and XRD measure-
ments. It should be highlighted that for hydrogenated 
copper-modified  TiO2 nanotubes positive photocur-
rent spikes, which correspond to the accumulation of 
holes in the electrode space charge layer during illumi-
nation [54] can be observed in the range from − 0.6 V 
to + 0.8 V. The generation of photocurrent is a complex 
phenomenon. According to Liqiang et al. [55] photo-
activity of  TiO2 depends on the number of generated 
carriers; however, the efficiency depends on recom-
bination, transfer, and capture processes. To deeply 
understand photoelectrochemical activity, IPCE meas-
urements for the best electrodes were taken (Fig. 10). 

Figure 10 shows IPCE curves registered for the 
rta-TN and rta-CuTN electrodes. It should be under-
lined that the significant enhancement of photocur-
rent under vis and UV–vis light registered during 
linear voltammetry measurements for the rta-CuTN 
electrode is related to the presence of  Cu2O and CuO. 
Linear voltammetry measurements allow distinguish-
ing between two types of light interaction with copper 
oxides such as electron–hole charge separation and 
photogenerated charge accumulation [31]. Such phe-
nomena can occur during linearly changing potentials, 
which allows the simultaneous formation of new cop-
per oxides that accumulate the photogenerated charge. 
These charges can be further transported towards the 
 TiO2 platform. However, in the case of IPCE, measure-
ments are taken at the selected potential, for various 
wavelengths sweeping from the shortest to the longest 
in the given range. In this case, it is hard to effectively 
accumulate the charge. Such a phenomenon is caused 
by the difference in how the potential is applied to the 
electrode with a given scan rate, for example, 10 mV/s 
or 50 mV/s. During linear voltammetry measurements 
no relaxation process of accumulated charge occurs. 
This phenomenon is not observed for IPCE measure-
ments where the measurement dynamics are similar 

to the chronoamperometry technique. More dominant 
are electron–hole charge separation processes which 
are typical for  TiO2 structures. Therefore, the highest 
IPCE is obtained for UV light where  TiO2 photoactiv-
ity takes place. The IPCE for the rta-TN for 300 nm is 
equal to ca. 25% (Fig. 10c).

Figure 11 shows the CV curves for the rta-CuTN 
and the tf-CuTN electrodes in the Ar-saturated and 
 CO2-saturated 0.1 M  KHCO3 and  K2CO3 electrolyte 
without or with addition of NaOH. According to 
Wang et al. [56]  CO2 can bind to the surface of CuO 
at negative potentials, on the potential where CuO 
is not yet reduced to  Cu1+ or  Cu0. This is a process of 
 CO2 adsorption on the surface of the material. The 
surface is covered by  CO2 molecules and because 
of that, the reduction of copper can be inhibited by 
carbon dioxide. The schematic representation of 
 CO2 adsorbed on the surface is presented in Fig. 11c 
[57, 58]. Carbon dioxide molecule interacts with 
a single-metal atom via carbon, oxygen, or mixed 
carbon–oxygen bond. It should be mentioned that 
 CO2 adsorption can be divided into physisorption 
and chemisorption [59]. Therefore, the higher reduc-
tion currents registered from. − 0.1 to − 0.4 V versus 
Ag/AgCl/0.1 M KCl (Fig. 11a,b) are related to  CO2 
adsorption after electrolyte saturation. The rta-CuTN 
electrode has intense reduction peak with current 
density of − 220 µA/cm2 and − 320 µA/cm2 after  CO2 
saturation for pH = 10 and pH = 14, respectively. 
Furthermore, the reduction peak for hydrogenated 
samples is shifted towards more positive values after 
 CO2 addition. According to Zhou et al. [60] anneal-
ing in reducing atmosphere can create defects such 
as oxygen vacancy, which improve adsorption of the 
molecules on the surface.

In the case of TN with increased area modified 
by copper annealed in conventional tube furnace, 
the enhanced current density at − 0.8 V versus Ag/
AgCl/0.1 M KCl for 10 and 14 pH solutions after  CO2 
saturation indicates the electrocatalytic ability towards 
 CO2 reduction reaction (Fig. 11d) [61]. It can be clearly 
seen that increasing the pH from 10 to 14 resulted 
in a higher current density with an increase from 
200 µA/cm2 to 1 mA/cm2 at − 0.8 V. Therefore, it can be 
assumed that  CO2 reduction on the tf-CuTN electrode 
improves with increasing solution alkalinity. Accord-
ing to Nitopi et al. [61] the pH has significant impact 
on reaction products, selectivity, and efficiency of the 
carbon dioxide reduction reaction. Furthermore, basic 
electrolytes can lead to improvement in production of 



 J Mater Sci

multicarbon compounds as well as higher selectivity 
[62]. It should be also noted that the reduction peak 
registered at − 0.6 V versus Ag/AgCl/0.1 M KCl in  CO2 
saturated 0.1 M  KHCO3 and  K2CO3 electrolyte at pH 
10 can be not only attributed to transition products of 
carbon dioxide reduction reaction but also to bicarbo-
nates reduction products which are dissolved in the 
solution [63].

Conclusions

In here, we presented a fabrication route of ordered 
spaced  TiO2 nanotubes, treated with  TiCl4 solution, 
and coated by a 10 nm copper layer. Modified elec-
trodes were thermally treated via rapid annealing in 
a hydrogen atmosphere and in air in conventional fur-
nace with slow, gradual heating. In order to increase 
the surface area, the titania nanotubes were modified 
with the use of  TiCl4 that provides higher roughness 
to initially smooth nanotubes, as was shown by SEM 
investigations. Cu sputtering and thermal process-
ing lead to the final version of the electrode material. 
The photoluminescence measurements indicated the 
lowest emission in visible light range especially for 
blue light for the rta-CuTN electrode which may be 
correlated with the shallow level of oxygen vacancy 
with one trapped electron. For the hydrogenated TN 
modified by copper Cu (111), Cu (220),  Cu2O (110) and 
CuO (002) crystallographic planes were recognized. 
The presence of  Cu0,  Cu1+ and  Cu2+ copper states was 
confirmed by X-ray photoelectron spectroscopy. Fur-
thermore, the best photoelectrochemical activity was 
obtained for the rta-CuTN electrode. The current den-
sity increased 35 and 17 times under UV–vis and vis-
ible light illumination, respectively, for rapid thermal 
hydrogenated copper oxides in comparison to con-
ventionally annealed  TiO2 nanotubes with increased 
area modified by copper. Moreover, the obtained 
results indicate the possibility of tuning the efficiency 
of  CO2 adsorption or the  CO2 reduction reaction on 
copper oxides by changing the annealing procedure. 
Rapid thermal annealing in hydrogen favours  CO2 
adsorption. Carbon dioxide is physically or chemi-
cally adsorbed on  Cu1+ and  Cu2+ where defects such 
as oxygen vacancy improve its adsorption. Using the 
strategies reported here will thus enable improved 
photoelectrodes in the future.
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