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A B S T R A C T

A simple electrochemical method for effective doping of TiO2 nanotubes with metals is presented here. The
doping is done in a two-stage cost effective process and is found to result in uniform doping concentration,
without any surface layer formation, in the nanotubes. Detailed structural, compositional, optical and electrical
analyses are done on the nanotubes doped with copper metal. The cu metal doping is found to produce tuning of
the electrical and optical properties. The doped tubes with increased conductivity are better suited in dye
sensitized solar cells (dsscs) whereas enhanced visible light absorbing capacity makes them better candidates for
photocatalytic applications. Further the success of this method in doping TiO2 nanotubes with any metal of
choice is demonstrated by testing aluminum metal doping in the nanotubes.

1. Introduction

Titanium dioxide is a versatile wide bandgap semiconducting metal
oxide, which has undergone immense research studies in the past
decade on account of the wide bandgap and band edge positions sui-
table for photochemical and photo catalytic applications [1–3]. Even
though the large band gap of TiO2 (∼3 eV) is desirable for several
applications, this property creates a performance barrier in the sun
driven applications since only the ultra violet part of the solar spectrum
can be absorbed and utilized by TiO2. Reports indicate that the poor
response of TiO2 to the visible part of the solar radiation limits its
photocatalytic applications whereas the low electrical conductivity
adversely affects its use in optoelectronic devices [4–11]. An im-
provement in the electrical conductivity of the TiO2 is very much re-
levant in applications such as dye sensitized solar cells (DSSCs), in
which the titanium dioxide nanomaterials are used as electron transport
pathways [12]. In DSSC, the photo excited electrons are injected into
the conduction band of the titanium dioxide nanomaterials serving as
electrodes and are transported to the back metal contact [4].

Improving the optical and electrical properties of the Titanium

dioxide nanomaterials by doping, band gap engineering, and sensiti-
zation is a keen field of research today [13,14]. The lower level of the
conduction band of the titanium dioxide is formed by Ti 3d states, while
the upper level of the valence band is formed by O 2p levels. Thus, the
modification of the band gap can be done by shifting the valence and
conduction bands and by introduction of localized states in the band
gap. But very few studies on tuning the band gap of Titanium dioxide
nanotubes (TONTs) are found in literature [15,16]. This paper presents
doping as an effective means of bandgap tailoring of TONTs.

Several doping methods such a high energy ion implantation, co-
sputtering, annealing in dopant gas atmosphere and use of alloys have
been used to modify the optoelectronic properties of titanium dioxide
nanomaterials [13]. Most of these doping processes are done on a very
high energy budget. Cost effective methods for metal doping of TONTs
is particularly important. Here we introduce a simple two-electrode
electrochemical doping method for fabricating metal doped TiO2 na-
notubes, which can modify the optical and electronic properties of the
titanium dioxide nanotubes at a lower energy budget. In this paper, a
novel method for metal doping of TiO2 nanotubes and an analysis of the
structural, compositional, electrical and optical properties of Cu (I
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Fig. 1. Process flow of the metal doping of TiO2 nanotubes.

Fig. 2. SEM images of the undoped (A) and copper metal doped (B) of TiO2 nanotubes.

Fig. 3. XPS of pure TONTs. Detailed spectra of Titanium [Inset 1], detailed spectra of Oxygen [Inset 2].

K. Aijo John, et al. Chemical Physics 523 (2019) 198–204

199



Group element) doped TONTS fabricated by this method is presented in
detail and then the suitability of the method in doping other metals is
tested by attempting doping with the III group metal Al.

2. Experimental methods

The electrochemical synthesis of metal doped TONTs is done by a
two-step method. Well aligned titanium dioxide nanotubes are fabri-
cated by the conventional electrochemical anodization process [3]. The
process flow for the metal doping is shown in Fig. 1. Ultrasonically
cleaned titanium foils are anodized in a fluorine containing electrolyte.
These nanotubes are used for copper metal doping in a two electrode
system after removing the surface deposited nanograss. Doping is done
in 1 Molar solution of copper sulphate electrolyte using TONTs as
cathode and platinum as anode. Metal doping is done by applying a
voltage between anode and cathode. The process is done for different
voltage durations (5, 10 and 20 s) for achieving doped nanotubes with

different doping concentrations. The as-fabricated copper doped na-
notubes are thermally annealed for attaining perfectly crystalline
copper doped TONTs.

The morphological analysis of the doped titanium dioxide nano-
tubes is characterized by Field Emission Scanning Electron Microscope
(FEG-SEM). Compositional analysis is done using Rutherford
Backscattering Spectroscopy (RBS) and X-ray photoelectron spectro-
scopy (XPS). The structural properties are analysed using X-ray dif-
fraction (XRD). Further, the conductivity measurements and diffuse
reflectance spectrum are recorded for the electrical and optical studies.

3. Results and discussion

Fig. 2 shows the surface SEM images of the undoped [A] and copper
doped [B] TONTs. These nanotubes show an approximate diameter of
80 nm and an approximate wall thickness 15 nm. It is essential to
maintain the tubular structure of the TONTs even after the doping. The
SEM image shows that copper doping of the titanium dioxide nanotubes
is done without destroying the porous nature of the nanotubes. No
copper metal layer is present at the top of the TONTs. This suggests the
doping of copper into the nanotubular walls. Ionic radius of copper and
titanium is comparable which allows incorporation of copper into TiO2

framework.
The stoichiometry of the as-anodized nanotubes (anodized in 0.5 wt

% ammonium fluoride and 2 vol% water in ethylene glycol electrolyte,

Fig. 4. Detailed XPS spectra of doped samples [A] Titanium [B] Oxygen [C] Copper.

Table 1
Shift in Titanium peaks after copper doping.

Cu doping % Shift in Ti2P3/2 Shift in Ti2P1/2

2.6 0.76 eV 0.74 eV
3.2 0.90 eV 0.85 eV
5.2 1.04 eV 0.91 eV
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50 V- 60 min) is analysed using a spectrometer fitted with Mg and Al
twin anode (VSW Scientific Instruments) X-Ray Photoelectron
Spectroscopy (XPS). Fig. 3 shows the XPS of the as-prepared TONTs.
The anodized films are composed of Titanium (2p), Oxygen (1s),
Fluorine (1s) and Carbon (1s) peaks.

The XPS detailed spectra of titanium and oxygen in TONTs are given
in the insets of the Fig. 3. The peaks observed at 458.47 eV and
464.27 eV can be attributed to the Ti 2P3/2 and Ti 2P1/2. Oxidation state
of the titanium can be found as +4 which indicates the formation of the
TiO2. The Oxygen 1s peak is observed at 529.94 eV. There is a shape
asymmetry in the oxygen peak towards the higher binding energy
which can be due to the contributions from different bonding of the
oxygen atoms such as from the presence of surface hydroxyl ions and
organic contaminants [17]. For analysing the successful doping of

copper into titanium dioxide nanotubes and chemical states of Cu, Ti
and O, X-ray photoelectron spectroscopy analysis of the copper doped
TONTs (Fig. 4) is done. Fig. 4c shows the XPS detailed spectra of the Cu
doped TONTs. The XPS analysis of the doped samples shows the pre-
sence of copper in all the doped samples. The copper dopedTONTs show
a dopant concentration of 2.6, 3.2 and 5.2% respectively for doping
times of 5 s, 10 s and 20 s.

The detailed XPS spectra of Titanium, Oxygen and Copper of the
copper doped TONTs are shown in Fig. 4 The copper peaks Cu 2p3/2 and

Fig. 5. XRD pattern of undoped TONTs and copper doped TONTs [A] undoped [B] 2.6% copper doped [C] 3.2% copper doped [D] 5.2% copper doped.

Fig. 6. RBS spectra of pattern 2.6% copper doped TONTs.

Fig. 7. RBS depth and concentration profile of 2.6% copper doped TONTs.
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Cu 2p1/2 for the 2.6% doped TONT are observed at 933.84 and
953.79 eV respectively. In addition, two Cu2+ satellite peaks are pre-
sent at 942.31 and 962.71 eV. These satellite peaks denote the bonding
between Cu and O in the doped samples. Shifts of Ti 2P1/2 and Ti 2P3/2

peaks towards the higher binding energy (Shown in Table 1) in the
doped samples compared to the pure TONTs can be attributed to the
successful doping of the copper into TONTs. The shift in titanium peaks
increases systematically as the doping concentration increases.

Fig. 5 depicts the XRD pattern of the undoped (Fig. 5A) and doped
nanotubes (Fig. 5B, C, D). Anatase phase of the TiO2 is present in un-
doped TONTs with crystal planes (1 0 1), (0 0 4), (2 0 0), (1 0 5) and
(1 1 6). The major crystal orientation is along (1 0 1). The crystallinity is
found to be increased in Copper doped nanotubes with the major or-
ientation still along (1 0 1) plane and no major change is observed in
the structural characteristics of the nanotubes after doping though a
small rutile peak belonging to (1 1 0) orientation appears.

The intensity (1 0 1) increases in the copper doped TONTs and the
preferential orientation increases with increase in doping concentra-
tion, which is suitable for faster carrier transport pathways in optoe-
lectronic devices.

The concentration of the atoms and depth analysis of the copper
doped TONTs are analysed using Rutherford Backscattering
Spectroscopy (RBS) with 2.97 MeV alpha particles backscattered at
168.2 degrees. This technique depends on the backscattering of the
alpha particles from atoms in the sample and element concentration is
the main factor determining the backscattering ratios. The layered
structure is studied here using RBS analysis, which reveals the doping
concentration of copper in the 5 s copper doped nanotubes. Fig. 6 shows
the measured and simulated RBS spectrum of copper doped TONTs. The
RBS spectrum shows two layers, a top TiO2 layer in which copper is
doped and a bottom titanium metal layer with infinite thickness.

The copper percentage present in the top TiO2 layer calculated using
SIMNRA [18] is 2.9%, which is well in agreement with the XPS results.

Generally, it is difficult to achieve uniform doping using electro-
chemical methods. Keeping this in view, the depth analysis of the doped
samples is performed to study the uniformity of copper doping. The
length of the tubes is found in SEM exam to be 3.4 µm. Initial analysis of

Fig. 8. V-I Characteristics and conductivity of the undoped and copper doped
TONTs.

Fig. 9. Kubelka- Munk plots of the undoped and copper doped TONTs.

Fig. 10. Detailed XPS scan of the aluminum doped TONTs.
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the RBS results suggests that the TiO2 is only 1.5 µm thick. However,
with an 80 nm diameter and a 15 nm wall thickness, the fill factor of the
film is about 41%, which closely corresponds to the discrepancy in
depth determinations. The RBS depth analysis of the 5 s copper doped
TONT, including the 41% fill factor, is given in Fig. 7.

RBS depth analysis reveals that uniform dopant percentage is up to
3 µm from the surface of the 5 s doped sample. Thereafter uniformity of

the doping is lost and the copper percentage decreases near the tita-
nium substrate surface. It is evident from the concentration analysis of
the titanium and oxygen that the oxidation of the titanium decreases
towards the substrate surface as expected. The analysis shows that Cu is
uniformly distributed throughout the entire nanotube and is not simply
forming a surface layer near the top of the tubes.

Current- Voltage characteristics are measured in order to compare
the charge transport properties of the undoped and doped TONTs. The
V-I measurements are done between a top silver electrode and bottom
titanium metal electrode. As mentioned earlier, while considering DSSC
applications, the poor conductivity (∼10−4 S/m) of TONT is a limiting
factor. It is clear from Fig. 7 that Cu doping is effective in improving the
conductivity of TONT. The conductivity increases as the doping per-
centage increases. While 2.6% doped TONTs show only very small in-
crease in the conductivity, other TONTs with higher doping percentages
show drastic change in electrical conductivity. It is interesting to note
that the Cu doped TONTs with 5.2% doping show around 2 order
magnitude enhanced conductivity when compared to the undoped. The
nonlinear behavior of the V-I characteristics may be due to the for-
mation of a Schottky junction between TONT and Ti substrate [19].

The diffuse reflectance spectroscopic analysis of the doped and
undoped TONTs reveals that there is a decrease in bandgap as the
doping percentage increases (Fig. 8). The bandgap is calculated using
Kubleka- Munk plots [20]. The bandgap for undoped TONTs is 3.23 eV,
which decreases to 2.66 eV, 2.51 eV, and 2.05 eV as doping con-
centration increases. This red shift in band gap may be due to the in-
troduction of dopant localized states near the conduction band. This
large shift in band gap towards the visible region of the electromagnetic
spectrum is of real importance in its application in photocatalysis. (See
Fig. 9).

In order to check the applicability of the electrochemical metal
doping method to different metals, Aluminium metal doping is at-
tempted by the same process. For this, a 1 M solution of aluminium
sulphate is used as the electrolyte. Here also platinum and pure TONTs
are used as anode and cathode respectively. Doping is done by applying
50 V between cathode and anode for 5 s, 10 s, and 20 s. The doped
samples so obtained are compositionally analysed using XPS (Fig. 10) to
confirm the Al doping.

Fig. 10 shows the detailed XPS scan spectra of the aluminium doped
TONTs. Al doping for different doping durations of 5 s, 10 s and 20 s are
found to result in a doping concentration of 2.1, 5.4 and 10.66% re-
spectively. Al 2p peak positions are present at 74.8 eV. Doping per-
centage of aluminum is higher compared to copper for the same doping
duration, which may be due to the stronger attraction of aluminum
ions, possessing an oxidation state +3, towards the cathode.

Further the applicability of the Copper doped nanotubes in dye
sensitized solar cells is analysed. The performance of the DSSCs fabri-
cated using as fabricated and copper doped TiO2 nanoubes is compared.
The I-V characteristics is shown in the Fig. 11

The short circuit current increases from 0.35 mA to 1.14 mA as the
doping percentage increases from 2.6 to 5.2 and open circuit voltage
increases from 0.58 V to 0.68 V (Table 2). The increase in the short
circuit current may be due to the increase in the nanotubular con-
ductivity through doping. The efficiency of the solar cell also increases
with the doping concentration.

4. Conclusions

In succinct, this paper reports development of a facile electro-
chemical cost effective method for effective metal doping of the TiO2

nanotubes which can be applied to all metal dopants. This two-stage
method has succeeded in producing uniform doped nanotubes for-
tuning of optoelectronic properties.

Fig. 11. I–V characteristics of dye sensitized solar cell fabricated using as
prepared and Cu doped TONTs.
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