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Abstract: TiO; nanotubes and self-reduced TiO, nanotube semiconductor electrodes were used for
electrochemical metal ion detection in an open circuit under photo-accumulation conditions. Due to
their surface properties, the electrodes showed different responses towards metal ions at different
wavelengths of light radiation. Using TiO, nanotube-based electrodes, Pb(II) and Cu(II) ions were
detected at irradiation wavelengths of 389 nm and 426 nm. Detection limits of 8 x 10~ M and
5 x 10~2 M for Pb(II) and 3 x 10~8 and 7 x 10~2 M for Cu(II) were obtained at the two wavelengths,
respectively. The self-reducing electrode showed a response to Pb(Il) and Cu(Il) ions when irradiated
with light at 389 nm, while at 426 nm, Hg(II) ions along with Pb(II) and Cu(II) ions were detected.
The obtained detection limits with self-reduced TiO, nanotube electrodes for Pb(II) and Cu(II) at
389 nm were 2 x 1077 M and 8 x 10~? M, respectively. At a wavelength of 426 nm, the detection
limits were 1 x 1077 M, 3 x 1072, and 4 x 10~? M for Pb(II), Cu(ll), and Hg(II), respectively.

Keywords: TiO, nanotube electrode; self-reduced TiO, nanotube electrode; heavy metal ions;
photo-accumulation; electrochemical detection

1. Introduction

Undoubtedly, heavy metals pose a significant risk to human health [1], so certain
elements such as As, Cd, Pb, and Hg have been designated among the top 10 most dan-
gerous substances of public health concern by the World Health Organization [2]. Due to
their low clearance from the human body and significant environmental pollution from
anthropogenic and human activities, the issue of detection and removal of heavy metals
has become of paramount importance.

In addition to classical methods based on atomic absorption for heavy metal ion
detection, electrochemical detection offers a complementary approach that excels in sensi-
tivity, selectivity, and versatility [3]. Moreover, with the need for less complex equipment,
the electrochemical approach becomes simpler to implement. Among various electrodes
utilized as sensors for the detection of heavy metal ions, semiconductors have garnered
significant attention due to their excellent electrochemical properties and wide range of
working potentials, cost effectiveness, non-toxic nature, and, notably, their substantial
geometric surface area, particularly in the form of nanostructures [4]. This unique char-
acteristic enables them to effectively accumulate a large quantity of metal ions on their
surface, leading to improved detection capabilities. From the various semiconductor ma-
terials, Ti/TiO, received great attention when Fujishima and Honda [5,6] unveiled its

Appl. Sci. 2024, 14, 11879. https:/ /doi.org/10.3390/app142411879

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app142411879
https://doi.org/10.3390/app142411879
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-9727-3624
https://orcid.org/0000-0001-6483-7545
https://orcid.org/0000-0002-8451-8231
https://orcid.org/0000-0001-7876-4420
https://doi.org/10.3390/app142411879
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app142411879?type=check_update&version=1

Appl. Sci. 2024, 14, 11879

20f11

remarkable potential in the photocatalytic splitting of water on a TiO, electrode under UV
light irradiation. Applications for TiO, have emerged in a number of exciting domains
in recent decades, including photovoltaics, photocatalysis, and sensors [7]. Apart from
the aforementioned intrinsic benefits, nanomaterials based on TiO, also possess non-toxic,
biocompatible, photocorrosion-resistant, and economic properties [8,9]. Furthermore, a
wide range of mild temperatures and mild environmental conditions enables the produc-
tion of TiO,-based nanomaterials at a low cost, owing to the availability of a variety of
nanostructures that permit an exceptionally high real surface area in relation to geometric
and unique chemical, physical, and electronic properties [5,6]. Consequently, research
into the structures, transmission mechanisms, and system modulation functions of TiO,
nanomaterials for sensing applications has generated great interest [10,11].

For instance, in order to improve the sensing properties of TiO, nanotubes, Bessegato
et al. [12] used electrochemically self-doped TiO, nanotubes to monitor the electrochem-
ical oxidation of Fe(CN)g*~ and p-phenylenediamine, revealing them to be an excellent
platform for sensors. Self-doped Ti/TiO; nanotube electrodes have drawn much interest
as sensors because of their large surface area, improved electrical conductivity, stability,
and durability. Because of its improved adsorption capacity and effective charge transfer
capabilities, self-reduced TiO, with enhanced defect states increases the sensitivity, selec-
tivity, and limit of detection of heavy metal ions in electrochemical sensing. Nevertheless,
the applications of TiO, nanotubes as a sensor for the electrochemical detection of heavy
metal ions are still in their infancy, and to our knowledge, only few examples based on
TiO, oxide [13,14] or functionalized TiO, nanotubes [15,16] can be found in the literature.
Usually, the process of electrochemical detection entails the deposition of metal ions onto
the electrode surface either through controlled potential (typically employed with solid
electrodes) or under open-circuit conditions (commonly used with modified electrodes).
The former technique allows for the simultaneous detection of multiple ions, whereas
the latter method enhances selectivity. If a semiconductor electrode is exposed to a spe-
cific wavelength in the presence of metal ions, the simultaneous processes of metal ion
accumulation and reduction take place at the electrode surface, leading to an enhanced
response of the electrode [17,18]. Thus, taking into account previous considerations, new
insights on heavy metal ion detection using Ti/TiO, nanotube and self-reduced Ti/TiO,
nanotube electrodes under photo-irradiation are being developed. The synergy between
photo-accumulation and sensing using these electrodes opens up new possibilities for
detecting heavy metal ions.

The integration of prior understandings is currently leading to innovative develop-
ments regarding the detection of heavy metal ions via Ti/TiO, nanotubes and self-reduced
Ti/TiO; nanotube electrodes under photo-illumination. This fusion of photo-accumulation
and sensing capabilities using these electrodes is paving the way for novel approaches in
heavy metal ion detection.

2. Materials and Methods

The preparation of TiO, and reduced TiO, nanotube-based electrodes, as well as the
accumulation of metal ions under photo-irradiation followed by their stripping, is shown
in Scheme 1. Briefly, TiO, nanotube-based (Ti/TiO;-NT) electrodes were obtained by
electrochemical anodization at 30 V followed by thermal annealing at 450 °C for 2 h [19,20].
Subsequently, to obtain the self-reduced TiO, nanotube electrode (Ti/TiO;-SR), the Ti/TiO;-
NT electrode was electrochemically reduced in 0.1 M sodium acetate (pH = 10) [21]. The
accumulation and reduction of metal ions at the electrode surfaces was carried out in an
open circuit under light irradiation, followed by anodic stripping and recording of the
corresponding differential pulse voltammetry curves. The extended experimental section
is provided in Supplementary Materials.
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Scheme 1. Process of Ti/TiO,-NT and Ti/TiO,-SR electrode preparation and metal ion detection
using these electrodes.

3. Results and Discussion
3.1. Electrode Characterization

The obtainment of Ti electrodes modified with TiO, nanotubes (Ti/TiO,-NT) was con-
firmed through scanning electron microscopy analysis (Figure 1A). The surface exhibited
continuous coverage with TiO, nanotubes, with diameters measuring 93 + 7.5 nm and
wall thicknesses of 22 + 2.5 nm. The self-reduced TiO, nanotube (Ti/TiO,-SR) electrodes
showed no significant alterations in morphology post-treatment (Figure 1B). An energy
dispersive X-ray analysis of the Ti/TiO,-NT electrode showed the presence of Ti and O
in a ratio of about 1:2, confirming the predominant structures of the nanotubes as that of
TiO,, while the Ti/ TiO,-NT electrode showed a decrease in oxygen content (Figure S1, see
Supplementary Materials), suggesting the partial removal of oxygen atoms from the TiO,
lattice, leading to the formation of oxygen vacancies or defects.

Furthermore, the chemical composition and oxidation state of titanium in the Ti/TiO,-
NT and Ti/TiO,-SR electrodes were checked through X-ray photoelectron spectroscopy
(XPS) analysis. Figure 1C shows the Ti2p XPS core spectra of the samples, in which two
broad peaks centered at about 459.6 and 467.3 eV corresponding to the characteristic Ti2p; /»
and Ti2p3,, peaks, attributed to Ti**, which is characteristic of titanium dioxide (TiO).
As the characteristic Ti2p; /> and Ti2p3,, peaks of Ti>* are located at sites slightly more
negative than those of Ti**, the peaks of the Ti/TiO,-SR exhibit a slightly negative shift in
binding energy (0.2 eV) when compared to those of Ti/TiO,-NT. This suggests the presence
of a Ti** state in the lattices [22,23]. The XPS spectra of Ols showed a shoulder peak
at ~532 eV, which belongs to Ti-OH species, and was observed to be slightly higher in
the reduced TiO; nanotubes. This could indicate that oxygen vacancies are added to the
TiO; lattice during the cathodic polarization process. The impurity level caused by Ti**
self-doping is present in the TiO, band gap as [O® vTi**] [24], which could enhance the
photocatalytic activity in the visible range.

The UV-Vis diffuse reflectance spectra (Figure 1D) facilitated the examination of the
optical absorption properties of the obtained electrodes. A subsequent conversion of the
data via the Kubelka-Munk function (Figure 1D, inset) enabled the determination of their
band gap. The Ti/TiO,-NT electrode demonstrated a photo-response within the ultraviolet
region (385 nm), a phenomenon attributable to the inherent band gap of TiO,. Light
scattering, pores or cracks in the nanotube arrays, or the presence of oxygen vacancies
and Ti®* species in the synthesized TiO, nanotubes may be liable for the relatively weak
absorption of TiO, nanotubes in the visible-light spectrum. Despite modern fabrication
techniques, previous research [25] has shown that the annealing process of TiO, nanotubes
is unable to remove oxygen vacancies and Ti** species. Below the TiO, conduction band
(CB), Ti** species can absorb visible light and hasten the formation of isolated defect energy
levels. The creation of photogenerated electrons as a result of this absorption may cause
a change from Ti*" states to the CB of TiO,. Upon electrochemical reduction of TiO,
nanotubes, the introduction of Ti®* centers results in additional electronic states below the
conduction band. This effectively reduces the band gap from 3.31 eV to 3.21 eV, allowing
TiO, to absorb lower-energy (longer-wavelength) photons, resulting in a bathochromic
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shift (393 nm). This behavior is beneficial for improving the photocatalytic performance
of the Ti/TiO,-SR electrode by enhancing electrical conductivity (faster electron transfer)
and increasing surface reactivity (better interactions between the sensor surface and heavy
metal ions).
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Figure 1. (A,B) Scanning electron microscopy images, (C) core-level XPS spectra in the Ti2p and
Ols regions, (D) UV-Vis diffuse reflectance spectra, (E,F) Mott-Schottky and Nyquist plots of the
Ti/TiO,-NT and Ti/TiO;-SR electrodes, respectively. Insets: (D) the corresponding Kubelka-Munk
transformation of the diffuse reflectivity spectrum; (F) EIS curves in the high-frequency region.
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Potential-dependent capacity measurements were performed at a frequency of 1 kHz
on the Ti/TiO,-NT and Ti/TiO;,-SR electrodes in order to clarify the impact of self-doping
on the electrical characteristics of TiO, nanotubes. The Mott-Schottky (MS) plot is shown in
Figure 1E as 1/C? vs. capacity. The linear portion of the MS plot curves have positive slopes,
which suggest that TiO, nanotube n-type semiconductor properties are unaffected by Ti**
electrochemically induced self-doping. The estimated flat-band potential for Ti/TiO,-NT
is —0.27 V, and the carrier density is 4.87 x 10! cm~3. After the self-reducing process,
the Ti/TiO,-SR electrode showed a decrease in the flat-band potential (Eg, = —0.89 V) and
an increase in the carrier density (1.61 x 1020 cm~3), being in agreement with previous
results [12]. Band bending is either negligible or nonexistent at the Eg, or the point in
the semiconductor where there is no net electric field. An electron accumulation area is
produced when the conduction and valence bands are bent downward at the surface, as
indicated by a negative value of Eg,. This suggests that the semiconductor’s surface may
have an overabundance of electrons. The surface of reduced TiO, becomes less positively
charged as Efb drops or may be negatively charged if the reduction is substantial. It is
anticipated that the surface will have an excess of negative charge because of the buildup of
electrons because our sample was reduced at a potential of —1.5 V. The positively charged
metallic ions from the solution may therefore be more attracted to the negatively charged
or electron-rich TiO, surface when the Eg, is lower. This would facilitate the reduction or
deposition of metallic ions on the surface.

TiO, produces electron-hole pairs when exposed to radiation, and in reduced TiO;,
there are frequently more electrons available for reduction processes. These electrons’
enhanced ability to interact with metal ions in solution is made possible by their decreased
flat-band potential, which also promotes the reduction of ions and raises the possibility that
they will deposit onto the TiO, surface. Also, the smaller band gap and lower Eg, increase
the amount of electrons in the conduction band and lower the barrier to electron migration
to the surface, hence increasing the electron transfer efficiency.

Electrochemical impedance spectroscopy measurements were performed in order to
gain a better understanding of the electrodes’ interfacial electrochemical behavior. Nyquist
plots for the Ti/TiO,-NT and Ti/ TiO,-SR electrodes are shown in Figure 1F. The diameter
of the semicircle, which corresponds to the charge transfer resistance, is indicative of the
charge transfer process at high frequencies. In comparison to the Ti/TiO,-NT electrode,
the Ti/TiO;-SR electrode exhibits a smaller semicircle. Additionally, the resistance to
electron transfer is lower in the Ti/TiO,-SR sample when impedance data are fitted to
the equivalent circuit model depicted in Figure S2 (see Supplementary Materials). The
observation could potentially be attributed to the addition of Ti** doping, which enhanced
the electron transfer rate between the Ti/TiO,-SR and electrolyte interface, resulting in
higher photoelectrochemical activity compared to the Ti/TiO,-NT electrode [20].

3.2. Metal Ion Detection

To check the chemical reversibility and intermediate species formation at the Ti/TiO,-
NT and Ti/TiO;-SR electrodes, cyclic voltammetry curves were recorded in the presence of
Zn(II), Cd(1I), Pb(II), Cu(Il), and Hg(II) mixed ionic solution (Figure 2). At the electrode’s
surface, only four reduction peaks could be observed, which correspond to the reduction
of Cd(II), Pb(Il), Cu(Il), and Hg(II) ions, respectively, to metal zero valent. In the reverse
scan, the corresponding oxidation peaks are observed. The peaks are well separated in
terms of potential without evidence of intermetallic species formation, probably due to the
large surface of the electrode, which allows for multiple reduction sites for the ions. The
absence of Zn (II) ions could be due to the start of an HER reaction at the electrode surface
at lower potential.
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Figure 2. Cyclic voltammograms at (A) Ti/TiO,-NT and (B) Ti/ TiO,-SR electrodes recorded in the
presence of 5 x 10~4 M Zn(II), Cd(II), Pb(II), Cu(II), and Hg(II) ions at 25 mV s~ 1.

The potential of metal ions can be tailored to the energy levels of a semiconductor’s
conduction band to improve the selectivity and sensitivity of electrode materials. As shown
in Figure 3A, the potentials of Zn(II), Cd(II), Pb(II), Cu(Il), and Hg(II) ions exceed that
of the conduction band, facilitating spontaneous photoreduction under light irradiation.
Both the electrode material (Ti/TiO,-NT and Ti/TiO,-SR) and the wavelength of light
irradiation play a crucial role in the adsorption and reduction of metal ions. In the absence
of UV light, due to limited adsorption as a result of oxygen’s interaction with the metal
ions, both electrodes showed only two minor stripping peaks at —0.76 V and —0.23 V,
corresponding to Pb and Cu, respectively (Figure 3B). Conversely, exposing the electrodes
to different wavelengths of light led to an increased response of the electrodes to metal
ions. Furthermore, it was observed that the wavelength of light irradiation has an impor-
tant influence on electrode selectivity and sensitivity. For the Ti/TiO,-NT electrode, the
stripping peak currents for Pb and Cu were found to increase upon irradiation and reach a
maximum at 426 nm. The Ti/TiO,-SR electrode showed different behavior when irradiated
with different wavelengths. At 372 nm and 389 nm, the electrode responds only to Pb
and Cu ions, whereas the use of irradiation at higher wavelengths (426 nm and 450 nm)
led to the appearance of a new oxidation peak at around 0.2 V, which corresponds to the
re-dissolution of reduced mercury (Figure 3C). This finding underlines the beneficial effect
of light irradiation on the electrode surface. However, no stripping peaks were observed
for Zn(II) and Cd(II) ions. Despite its theoretical feasibility, the thermodynamic driving
force for the photoreduction of these ions is low. Competitive adsorption at the binding
sites is probably the cause of the absence of Zn and Cd ions. This suggests that the presence
of Pb(I), Cu(II), or Hg(II) ions has a significant influence on the sorption of Zn and Cd ions.

With the aim of improving the detection of metal ions on Ti/TiO,-NT and Ti/TiO-SR
electrodes, the influence of pH and accumulation was investigated. Figure 4A,B show the
response of the Ti/TiO,-NT and Ti/TiO,-SR electrodes at different pH values of the metal
ion photo-accumulation solution. A strong influence of pH on the electrodes’ response
to metal ions is observed, with the optimal response being at pH = 6. This value is in the
range of the zero-charge point (PZC) of TiO, [26]. According to M. Zeng [26], a surface
below this value is positively charged due to the presence of Ti-OH?* and negatively
charged (TiO™) at pH values above 6. Therefore, below a PZC of 6, a lower response of the
electrodes is observed, probably due to the electrostatic repulsions between the metal ions
and the electrode surface. On the other hand, more hydroxyl groups deprotonate, and an
electrostatic interaction occurs between the metal cations and hydroxyl groups at values
above PZC, which has a positive effect on the complexation of metal ions by TiO,.

Increasing the light exposure time results in increased stripping currents, as shown
in Figure 4C,D. Consequently, the sensitivity of the electrodes is increased due to a larger
accumulation of photoelectrons, which facilitates the deposition of a larger amount of
reduced ions onto the electrode surfaces.
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Figure 3. (A) A schematic of the reaction mechanism during light irradiation; DPV curves recorded
on (B) Ti/TiO>-NT and (C) Ti/TiO,-SR electrodes at different wavelengths of irradiation light. The
photo-accumulation of metal ions was performed in 4 x 10~ M Zn(II), Cd(II), Pb(II), Cu(ll), and
Hg(II) for 30 min.

The response of the Ti/TiO,-NT and Ti/TiO,-SR electrodes irradiated with light
at wavelengths of 389 nm and 426 nm for the simultaneous detection of Pb(II), Cu(Il),
and Hg (II) ions at different concentrations was evaluated under optimized conditions
(Figure 5A-D). The peak currents increase with the concentration of metal ions, and their
linear dependence on the concentration is shown in Figures S3 and 54 (see Supplementary
Materials). The linear dependence equation of the calibration curve, the linear range,
and the detection limit based on a signal-to-noise ratio of 3 are shown in Table 1 for both
electrodes. The calibration curves were plotted using the mean value of triplicate results for
each standard solution. The standard deviation of the results was situated in the range of
3% to 5%. As expected, the Ti/TiO,-NT electrode only showed a response to the Pb and Cu
ions at the two wavelengths used, while the Ti/ TiO;,-SR electrode only showed a response
to all the metal ions considered when irradiated with light of a wavelength of 426 nm.
However, irradiating the electrodes with light at 426 nm results in the best response for
both electrodes. The obtained electrodes demonstrated better performance when compared
to earlier findings which used photo-assisted accumulation of metal ions (Table 2).
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Figure 5. DPV curves at Ti/TiO,-NT (A,B) and Ti/TiO,-SR (C,D) electrodes for different concentra-
tions of Pb(II), Cu(Il), and Hg(Il) ions under irradiation with light at wavelengths of 389 nm (A,B) and
426 nm (C,D).
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Table 1. The linear dependence equation of the calibration curve, linear range, and detection limit
obtained for the Ti/TiO,-NT and Ti/TiO,-SR electrodes at light irradiation wavelengths of 389 nm

and 426 nm.
Electrode Ti/TiO,-NT
Wavelength (nm) 389
Metal Ion Linear Dependence Equation Linear Domain (M) Limit of Detection (M)
Pb i(uA) = 1.82 + 1.1 x 108 C(M); R? = 0.994 1078 ~10° 8 x 1077
Cu i(nA) = 4.2 + 1.89 x 107 C(M); R? = 0.990 5x 1078 +10° 3x10°8
Wavelength (nm) 426
Metal ion Linear dependence equation Linear domain (M) Limit of detection (M)
Pb i(LA) = 15.9 + 1.42 x 108 C(M); R? = 0.992 1078 = 10° 5 x 1077
Cu i(HA) = 2.40 + 3.49 x 107 C(M); R? = 0.990 1078 = 10° 7 x 1077
Electrode Ti/TiO,-SR
Wavelength (nm) 389
Metal ion Linear dependence equation Linear domain (M) Limit of detection (M)
Pb i(uA) = 1.06 +2.1 x 107 C(M); RZ = 0.990 3x1077 +2x107° 2x 1077
Cu i(nA) = 2.4 +5.13 x 107 C(M); R? = 0.994 5x 1078 - 107 8 x 1077
Wavelength (nm) 426
Metal ion Linear dependence equation Linear domain (M) Limit of detection (M)
Pb i(LA) = 0.87 + 107 C(M); R? = 0.989 2x1077 -4 x107° 1x1077
Cu i(nA) = 6.5 +5 x 107 C(M); R? = 0.990 5% 1072 +5x 1077 3x 1077
Hg i(uA) = 1.5 + 5.6 x 10; C(M); R? = 0.992 5x107% +2x107° 4 x107°
Table 2. Comparison of photo-assisted heavy metal detection between the developed Ti/TiO,-NT/
and Ti/TiO,-SR electrodes and other previously reported electrodes.
Electrode Target Analyte Linear Range LOD Ref.
TiON/TiO, Pb>* 105 to 1071 M 10°M [27]
CoFepOy4/CNS heterojunction-modified Pb%+ 1-10 uM 0.213 uM [25]
nickel foam Cdz* 1-10 uM 0.316 uM
/_ - -
G.lass.y carbon/poly(2,2 (.ethan 1,2 Cu2t 0.003-2uM 0.4 nM
diylbis((2-(azulen-2-ylamino)-2- Ho2* 0.005-1uM 0.7 nM [18]
oxoethyl)azandiyl))diacetic acid & ’ K ’
Cd* 0-0.7 uM 2.1nM
gl[iilcforfﬁ & gf’em/ carbon Pb2* 0-0.3 uM 0.26 nM [29]
P Hg?* 0-0.5 uM 0.22 nM
Pb%+ 0.08-10 uM 50 nM
Zr/ZrO, nanotube CuZt 0.05-2 uM 40 nM [17]
Hg? 0.4-10 pM 100 nM
Cdz* 0.6-13.2 uM 160 nM
Ti/TiO, Pb2* 0.6-13.2 uM 140 nM [13]
Cu?* 0.6-13.2 uM 100 nM
o Pb2* 0.01-1 uM 5nM .
Ti/TiO, nanotubes Cut 0.01-1 uM 7 hM This work
Pb%+ 0.2-4 uM 100 nM
Ti/TiO, self-reduced nanotubes Cu?* 0.005-0.5 uM 3nM This work
Hg? 0.005-2 uM 4nM
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4. Conclusions

Ti/TiO, nanotubes and self-reduced TiO, nanotube electrodes were used to create
a novel photo-accumulation and sensing system for detecting trace amounts of heavy
metals. The obtained results show that metal ions can be simultaneously detected in
an aqueous solution through photoreduction-induced metal ion deposition on Ti/TiO,
nanotube electrodes under light irradiation. In addition, the wavelength of the irradiation
light plays a very important role in the selectivity of the electrode due to its surface
properties. Nevertheless, the structure of TiO, nanotubes offers further opportunities
for improvement to achieve higher selectivity by tuning their surface and reducing the
band gap of the material, which could enable the use of irradiation light in the visible
wavelength range.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/app142411879/s1, Figure S1: Energy dispersive X-ray spectra
for (A) Ti/TiOp-NT and (B) Ti/TiO;-SR electrodes; Figure S2: The equivalent circuit model used
for fitting the EIS experimental data for the Ti/TiO,-NT and Ti/TiO,-SR electrodes; Figure S3: The
calibration curves obtained from the Ti/TiO,-NT electrodes for different concentrations of (A,C)
Pb(II) and (B,D) Cu(II) ions. The accumulation of metal ions was performed under light irradiation at
389 nm (A,B) and 426 nm (C,D). Insets: the corresponding linear domain of concentration; Figure
S4: The calibration curves obtained from the Ti/TiO,-NT electrodes for different concentrations
of (A,C) Pb(Il), (B,D) Cu(lI), and (E) Hg(II) ions. The accumulation of metal ions was performed
under light irradiation at 389 nm (A,B) and 426 nm (C-E). Insets: the corresponding linear domain
of concentration.
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