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Abstract

Pure TiO, nanoparticles (NPs) and cobalt-doped TiO, NPs with Co doping concentration up to 0.625 wt% were prepared by
facile sol-gel technique onto FTO/glass substrates. The morphological, structural, and optical characteristics of the prepared
nanoparticleswere inspected by electron microscopy, X-ray diffraction, and spectroscopictechniques. The fabricated electrodes
were used as photoanodes in photoelectrochemical cells (PEC) and their performance for water splitting was evaluated. The
optimum doping concentration was 0.325 wt.%, which achieved an unprecedented improved photocurrent density of 10
mA/cm?. Hence, this work reveals the promoting effect of Co ions on TiO; as promising photocatalysts for PEC water splitting
with the tailoring of their electronic properties.
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1. Introduction

Water splitting has been recognized as one of the
most efficient strategies to realize a sustainable energy
conversion. Moreover, it provides a renewable, eco-
friendly way for H, production [1,2]. Semiconductor-
assisted photoelectrocatalysis is one of the
outstanding low-cost strategies for water splitting [3—
7]. Thus, many efforts have been dedicated to
enhancing the photocatalytic performance of
numerous semiconductors. TiO, was one of the most
commonly investigated photocatalysts for PEC water
splitting because of its low cost, non-toxicity,
chemical stability, and photostability [8-12].
However, TiO;-based photocatalysts have two main
disadvantages; the large bandgap energy (3.2 eV) that
restricts their photocatalytic efficiency to the UV
region only, and their fast e-h recombination rates that
decrease their photocatalytic efficiency [9,13,14]. To
overcome these drawbacks, there are several
approaches to enhance the photocatalytic performance
of single-component photocatalysts, including
semiconductor coupling with other materials [15-17],
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dye sensitization [9,10,17], coupling with carbon
materials [18,19], and doping [6,20]. As one of the
efficient approaches to enhancing TiO;
photocatalysts, doping with metals or non-metals
could overcome the drawbacks of TiO- by decreasing
its bandgap energy and decreasing the e-h
recombination [21-27]. Thus, co-doping of two or
more metal/non-metal atoms/ions, e.g. (C, N, & Fe)
or (Cu, Co, Ni, & Ti®*") showed better synergistic
effects and overcame the drawbacks of single dopants
[28-30]. Also, CoOx is one of the efficient co-
catalysts, exhibiting a band alignment with the TiO;
signifying their ability to enhance the charge
separation, reduce the bandgap energy, and provide
more active sites [31]. Besides, carbon doping or
coupling with organic showed a remarkable
enhancement in the conductivity of TiO,, as it is
capable of improving the charge transfer from the bulk
to the surface of titanium dioxide, and the required
redox reactions occur [18,32]. For this purpose, metal-
doped TiO; nanoparticles have gained concerns as an
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efficient photocatalyst compared to undoped 2. Experimental

counterparts. Herein, we demonstrate the influence of

the amount of incorporated cobalt in TiO via a simple See the supplemental file for detailed description
sequence of sol-gel method and topotactic of materials, nanoparticles preparation, and
transformations. The characteristics of the synthesized  characterization.

TiO>-xCo nanoparticles were explored by FE-SEM,

HR-TEM, XRD, FTIR, DRS, PL, and Raman spectra. 3. Results and discussions

In addition, to explore the visible-light-driven PEC

perfOrmance, thin films of the fabricated pure and Co- 3.1. Phys|cochemlca| characterizations

doped TiO, samples were fabricated by drop-casting
on FTO to act as photoanodes in the PEC cell to study
the synergetic effect of cobalt-doping with other
dopants. All the experimental details, including
materials synthesis, physicochemical
characterizations, and PEC characterizations, are
stated in the supporting information file.

(a) f N

The surface microstructure and morphology of the
as-prepared pure TiO, and TiO2-xCo NPs were
investigated by FESEM, as illustrated in Fig. 1(a—¢).
In the absence of Co dopants, the morphologies of the
obtained undoped TiO, NPs were dense structures
with flakes emerging from the surface.
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Fig. 1 FE-SEM images of (a) pure TiO2, (b-€) TiO,-XCo NPs (where X=0.125, 0.25, 0.325 and 0.625),
respectively.

However, a closer examination revealed a large pure TiOzshows the lattice d-spacing of 0.12 nm,
number of rhombohedral structures along with the which is characteristic of the (101) plane of the
smooth surface of the nanoparticles, indicating in-situ  tetragonal anatase TiO, phase [34]. In addition, the
crystallization of the formed structures [33]. No related electron diffraction rings (SAED) (upper inset
drastic change in the microstructure was observed of Fig. 2a) suggested the existence of polycrystals
upon Co doping with different proportions. HR-TEM  [35]. Moreover, the same morphology is kept after the
micrographs and EDX analysis of pure TiOzand TiO,-  addition of cobalt, Fig. 2(b-e). In addition, the EDX
xCo NPs (Fig. 2a-f) reveal a square surface of highly is an excellent tool for the quantitative identification
crystalline anatase TiO, with the characteristic {001} of elements in the synthesized nanoparticlesas well as
facets. As mentioned in the lower inset of Fig. 2a, the concentration of dopants (Fig. 2f).
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0.625Co, respectively. Besides, Titanium (Ti) and
Oxygen (O) peaks that originate from the TiO;
precursors were also evident.

EDX confirmed the presence of cobalt (Co) with
wt. % of 0.11, 0.27, 0.36, and 0.62% for TiO,-
0.125Co, Ti0,-0.25Co0, Ti0,-0.325Co0, and TiO,-
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Fig. 2 HR-TEM images of (a) pure TiO,, (b-e) TiO2-XCo NPs (where X=0.125, 0.25, 0.325 and 0.625),

respectively
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Fig. 3 (a) PXRD patterns, and (b) Raman spectra of the pure TiO; and TiO,-XCo NPs (where X=0.125, 0.25,
0.325 and 0.625), respectively.

sharp, narrow, and well crystalline distinctive peaks of
the TiO, anatase phase (JCPDS 78-2486) [36]. No
characteristic peaks of cobalt oxide or metallic cobalt

Figure 3a illustrates the PXRD patterns of pure TiO;
NPs and the patterns of the Co-doped TiO, NPs with
different doping concentrations. All samples reveal
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were detected because of the low concentrations of
Co, which are less than the detection limit of PXRD
[37]. The inset of Fig. 3a shows the details of the
strongest diffraction peak of (101), which is shifted
toward a lower angle for low doping concentration
(0.125 and 0.25 wt. % of Co) and to a higher angle for
high doping concentration (0.325 and 0.625 wt. % of
Co), providing the change in the lattice parameters of
TiO local structure and the successful doping of
cobalt. As the Co atom has a different size than Ti,
substituting Co at Ti sites either by low or high percent
will create Ti interstitials or vacancies, oxygen
vacancies, impurities, and defects at interfaces to
balance the charge neutrality [38]. The local structure
change in the Co-doped TiO> NPs was elucidated via
Raman spectroscopy, see Fig. 3b. The typical 6
Raman-active bands (3 Eg+ 2B14 + Ayg) Of the anatase
phase were detected. Besides, the bands appeared at
about 144, 196, and 632 cm™ for E; modes [39],
corresponding to the symmetricstretching vibration of
O-Ti-O; Raman bands at 392 and 511 cm for 2By
are characteristic of the symmetric bending vibration
of O-Ti-0, and the Ajg mode at 512 cm* could be
correlated to asymmetric bending vibration of O-Ti-
O. Nevertheless, Co-doped TiO, samples showed the
same six distinctive Raman vibration modes but with
a little shift, suggesting anatase TiO; structure was not
destroyed by doping at low or high concentrations. We
could also differentiate between the samples from the
Raman spectra. More clearly, the positionand FWHM
of the peak at 143.02 cm™ (Eg mode) are evident that
cobalt is successfully doped into TiO2, as listed in
Table 1. Therefore, the reason behind the broadening
and shifts of the Raman peaks is the effect of the
particle size that may affect the frequency because of
the electron-phonon coupling and oxygen vacancies.
The accumulated strains in the doped semiconductors
can change the linewidth and the shape of the peaks in
the Raman spectra and decreases the phonon lifetime,
as shown in Table 1.

The phonon lifetime (t) was estimated from the
Lorentzian-fitted phonon modes by using the relation
of energy-time uncertainty (Eq. 1) [40]:

1/t =AE/h = 2rcr D

Figure 4 depicts the FTIR spectra; the broad bands
located at 3435 and 3750 cm® can be attributed to the
stretching vibrations caused by the adsorption of O-H
on the different facets of the TiO, NPs [41]. The peaks
at 1643 cm* are the typical bending modes of water
molecules. The band located at 1427 cm™ could be
ascribed to the vibrations of the Ti-O bond [42].

https://doi.org/10.21608/ijmti.2022.128695.1050

23

Table. 1 The experimental weight % concentrations
of cobalt doping, full width at half maximum
(FWHM), phonon lifetime, and calculated bandgaps
of pure TiO; and TiO2-XCo NPs (where X=0.125,
0.25, 0.325, and 0.625).

Concentration | FWHM, Lifetime, | Bandgap,
of cm?t s (x 1019) eV
Co?*, wt.%
0 21.29 2.49 2.75
0.125 25.13 2.11 2.67
0.25 26.88 1.97 2.58
0.325 26.78 1.98 2.3
0.625 23.95 2.21 2.87
3 Ti-O-Ti
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Fig. 4 FTIR spectra of the pure TiO; and TiO2-XCo
NPs (where X=0.125, 0.25, 0.325 and 0.625),
respectively.

Moreover, at 1024 cm, the band also was from the
Ti-F vibrations. Finally, the band centered between
521 and 460 cm™ was accredited to the Ti-O
vibrations, as this band was observed in all samples of
pure TiO; and the Co-doped samples. Notably, a small
shift in the spectra of the Co-doped samples was seen,
which confirms the cobalt doping in TiO lattice.

As represented in Fig. 5a, the Tauc plot reveals the
calculated bandgap of all samples. The observed
bandgap of the pure and TiO,-xCo NPs are listed in
Table 1. The Co-doped TiO, NPs samples displayed
a red-shift compared to the pure TiO2 NPs (2.75 eV).
TiO; is an n-type semiconductor exhibiting natural
electron donors produced by Ti interstitials and O
vacancies. Incorporating acceptor Co ions can shift
the Fermi level towards the CB [43]. This bandgap
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reduction is attributed to defect states below the CB,
which originate from the Co?* — Ti** charge-transfer
interaction. Notably, with a further increase in the
dopant concentration, the bandgap increased for TiO»-
0.625Co as the high number of defects appeared on
the TiO; surface and increased the electron transition
barrier; thus, the bandgap changed [44].

Fig. 5b displays the PL spectra of the synthesized
pure TiOzand TiO2-xCo NPs between 300 nm and 900
nm. Note that pure TiO; and TiO2-xCo NPs have no
different emission peaks. Moreover, the PL intensity
of all TiO2-xCo NPs is less than that of pure TiO2 NPs.
These findings confirm the successful doping of Co
into TiO; lattice. They indicate that the recombination
of photoinduced e-h pairs has been efficiently
suppressed by this method of cobalt doping, (i) low-
intensity peak at 396 nm is consistent with the ultra-
violet (UV) region and could be correlated to the
emission of TiO, bandgap transition, (ii) broad peaks
centered at 423 nm are representative of the violet
region, which is related to the self-trapping excitons,
(iii) other peaks centered at 441, 453, 469, 481, and
491 nm correspond to the presence of oxygen
vacancies or defects, (iv) high-intensity peak at 530 -
680 nm corresponds to the green band. Moreover, the
sharp peak at 825 nm represents the red region and
supposed to be a result of the recombination from the
defect states of Ti®* to the VB. The above results
indicate that the recombination of photogenerated e-h
pairs is effectively suppressed upon cobalt doping.
These findings suggest that the TiO2-xCo NPs will
display improved photocatalytic performance than
that of the undoped TiO2 NPs.

3.2. Photoelectrochemical characterization

To get insights into the effects of cobalt doping
on the photoelectrochemical behavior of the
fabricated TiO; NPs, various TiO,-xCo electrodes
were fabricated and examined under AM1.5
illuminations as a solar simulator. The J-V plots are
collected in 1 M KOH, as shown in Fig. 6. The
concentration of the cobalt doping on TiO- presented
a significant influence on the photocurrent density.
For instance, the electrode with 0.125 wt.% Co (TiO,-
0.125Co) demonstrated an increase in the
photocurrent density (5.7 mA cm?) that is higher than
the recorded photocurrent density of the as-fabricated
TiO; (4.4 mA cm?2),

Increasing the wt.% of cobalt doping to (0.25,
0.325, and 0.625) causes a substantial increase in the
photocurrent density, reaching its highest value for the

https://doi.org/10.21608/ijmti.2022.128695.1050

electrodes with 0.325% Co of 10 mA cm?, which is
2.5-fold greater than that obtained for the pure TiO>
electrode, after which in TiO,-0.625Coelectrodes, the
photocurrent density curve recorded a remarkable
drop, implying the optimal doping concentration of
0.325%. This might be due to excessive Co doping,
which may block the light photons reaching the
electrode surface and cause a bad interfacial contact
between TiO»-0.625Co NPs and FTO electrodes [45].
Therefore, the extremely high photocurrent densities
of the TiO2-xCo NPs electrodes indicate the positive
influence of Co doping that created predominant
shallow defects, improving the photoelectrochemical
water splitting performance compared to the pure
TiO2 NPs. However, deep defects were created upon
increasing doping concentration and reduced the
charge transfer of the photoinduced charge carriers in
Ti0,-0.625C0o NPs, as proposed by the PL findings
[46].

Furthermore, To thoroughly explain the
photocurrent enhancement in TiO-xCo NPs, Mott-
Schottky analysis of the obtained EIS was used for the
estimation of the density of charge carriers (Np) of the
synthesized photoanodes, according to Eq. (2) [47].

-1
_ 2 d(ﬁ)
Np = = [Q] [ aW) ] )

where Np is the donor density, ¢ is the dielectric
constant, g, is the permittivity in free space, e is the
charge of the electron, C is the space charge
capacitance, and V is the voltage applied.

The Np values of pure TiOy, TiO,-0.125Co, TiO--
0.25Co, Ti0O2-0.325Co and TiO,-0.625Co samples
were calculated as 3.27 x 10'® cm, 10.04 x 10'® cm
8,32.05 x 10%* cm®, 89.96 x 10'® cm3, and 46.76 x
10%8 cm3, respectively. Thus, it is clear that the donor
density of the TiO; is increased after doping with
cobalt.

The increased donor density in the TiO2-xCo NPs
can be ascribed to the characteristic carrier density
exhibited by cobalt, as suggested in the Mott-Schottky
analysis. The carrier concentrations decreased after
incorporating a high percentage of cobalt in TiO,-
0.625Co NPs. It reveals that doping with transition
metal ions like Co is an efficient strategy to increase
the donor densities of TiO2 NPs. Hence, the improved
photocurrents are ascribed to the boosted donor
densities that are supposed to move the Fermi level of
TiO; near the CB and smooth the charge separation by
increasing the band bending.
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Fig. 5 (a) Tauc plot, and (b) PL spectra of the pure TiO; and TiO,-XCo NPs (where X=0.125, 0.25, 0.325 and

0.625), respectively.
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Fig. 6 The photoelectrochemical performance of the
pure TiO, and TiO2-XCo NPs (where X=0.125, 0.25,
0.325, and 0.625), respectively.

4. Conclusion

In summary, we demonstrated the successful
preparation of TiO,-xCo NPs via the facile sol-gel
route followed by topotactic transformations. The
novel fabrication method is very handy and allowed
us to fabricate the material in various compositions
with x varying from 0.125 to 0.625. The as-
synthesized materials were found to be in-situ
crystallized during synthesis. The Raman analysis
revealed the anatase phase formation of all
synthesized materials. Moreover, scanning and

transmission electron microscopy findings revealed
uniform and homogeneous structures. Optical
properties analysis demonstrated a decrease in the
optical bandgap from 2.75 to 2.3 at x = 0.325. All
compositions of the fabricated TiO.-xCo NPs were
evaluated as photoanodes for PEC water splitting,
where the highest current density of 10 mA/cm? of the
Ti0,-0.325Co NPs under simulated solar irradiation
achieved a high electron carrier density of 89.96 x
108 cm3, which are the highest values ever achieved
for TiO,-based photoelectrodes. Finally, this report
indicates that TiO2-xCo NPs hold promise for PEC
water splitting and other solar energy-based
applications.
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