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1. Introduction

Fossil fuels such as coal and petroleum have been sources of
energy for the past hundreds of years. Owing to the persistent
consumption of these fuels, there is a chance that it may not be
available in the future. So, there comes a need to search for an
alternate fuel source, which should be abundant and also
economical. Globally, the researchers are looking for green en-
ergy to substitute the current fossil fuels and make a sustainable
energy source for the future. To the continuous energy needful,
the natural gas of hydrogen becomes efficient energy for
replacing the primary non-renewable energy sources [1—3].
Furthermore, a very less percentage of hydrogen is available
directly in nature. However, it can be obtained via various
methods like stem reforming, gasification, pyrolysis, algae and
water splitting [4—8]. Among them, hydrogen production via a
hydrogen evolution reaction (HER) by electrochemical water
splitting method is one of the foremost technologies [8]. Plat-
inum (Pt) has been the noblest electrocatalyst for the HER, and
its electronic conductivity is very good when compared to any
other metal [9,10]. To cope with the excellent properties of Pt, we
need to develop a good electrocatalyst that is almost identical to
Pt [11—22]. Here, the interesting properties of titania depend on
its structural variety [23] and conductivity area from semi-
conducting to metallic by creating the oxygen defect (O/Ti stoi-
chiometry) [24,25] with various nanostructures such as
nanoparticles, nano-plates and nanoclusters. Among the all
nanostructures, the titania-based nanoclusters have a great
attention for HER due to their unique properties such as high
surface area with controllable pore size, high hydrogen
adsorption energy and that could be successfully bounded by
proton impart. Those properties of nanoclusters could be
enhanced by the reaction activity of titania in terms of the ex-
change current density for HER in an acidic medium. Conse-
quently, the generating defect sites resulting in a vacancy-
induced disconcertion and overlay the vacancy channels via
vacancy-strain coupling, vacancy—vacancy, vacancy—electron
interactions, and characteristics improvement in electronic
features. We have further encountered the technique of elec-
trochemical water splitting using one of the righteous electro-
catalysts called the defect-rich ‘titania’ nanostructure [26—28].
The defect-rich titania nanostructure has been a non-noble
catalyst for electrochemical studies and it has good electronic
conductivity and stability in both the alkaline and acidic media
next to platinum [29-32]. The defect rich titania nanoclusters
are subjected to anodization [33,34] and immediate cathodiza-
tion [35,36] in the acidic electrolyte (H,SO,4) for various intervals
of time. During this process, the oxygen vacancies were created
due to the lattice-strained in titania nanostructure. Further-
more, the defect-rich titania nanoclusters were prepared with
controlled size and improving surface activity. Hence, the HER
(hydrogen evolution reaction) are monitored in an acidic me-
dium. The defect-rich sites are formed with nanoclusters due to
the oxygen vacancies created, which form the HER's active sites.
Therefore, the electrocatalytic property of the defect-rich titania
nanostructure electrode is modified, and from the linear sweep
voltammetry (LSV) studies, we have observed the curve close to
that of the noble platinum anode. Further, the electronic con-
ductivity, lattice structures, and morphology also showed that

the cathodic reduced defect rich titania nanostructure could be
used as a promising electrocatalyst for HER. The results obtained
from the Tafel slope by electrochemical studies revealed that the
onset potential of the defect-rich titania nanostructure in an
acidic medium lay in the range of —0.17 V and the current
density of —150 mA cm 2. The continuous stability test, which
was carried out for 6 h, confirmed that the defect-rich titania
nanostructure had highly stable. Thus, the defect-rich titania
nanostructure had performed as an excellent catalyst that
closed to the performance of the platinum catalyst.

2. Experimental section
2.1. Materials

Titanium was obtained from Alfa Aesar, India. Sulphuric acid,
nitric acid, hydrofluoric acid, potassium hydroxide, and so-
dium carbonate were acquired from Sigma Aldrich. All the
chemicals were of pure analytic grade and used as received
without any modifications.

2.2.  Apparatus and material characterization

The electrochemically prepared defect-rich titania nano-
structure phases were characterized by using a PANalytical
PW3040/60 X'pert PRO X-ray diffractometer with a Cu target
(A = 0.154 nm). The surface morphology was examined using a
SUPRA 55 field emission scanning electron microscope (FE-SEM),
which operated at an acceleration voltage of 5—30 kV. The two-
and three-dimensional surface topographies of the as-
synthesized defect-rich titania nanostructure plates were
analyzed using atomic force microscopy (AFM, 5500 Series, Agi-
lent Technologies, US). The electrochemical experiments were
conducted at room temperature employing an electrochemical
workstation (SP-150, Biologic science instruments, France). The
oxygen vacancies were investigated using electron para-
magnetic resonance (EPR, EMx Plus X Band, BRUKER BIOSPIN,
Germany). A classical three-electrodes setup with platinum as
the counter electrode, a saturated calomel as the reference
electrode and the cathodized defect-rich titania nanostructure
as the working electrode was used. The Raman spectra were
recorded for the prepared samples using LabRAM HR Evolution
Laser-Raman spectrometer with an excitation wavelength of
514 nm from Oxxius laser source (100 mW). The morphology of
prepared samples was investigated by using TEM (a FEITECNAI).

2.3. Fabrication of defect-rich TiO, nanostructure

The titanium plates were surface cleaned using an etching
solution. The composition of the etching solution consisted of
25 mL of distilled water, 20 mL of nitric acid and 5 mL of hy-
drofluoric acid. The plates were thoroughly etched to remove
the thin deposits, especially the oxide films, as they were
exposed to the atmosphere. The plates were dipped into the
acidic solution for around 2 min. The etched plates were
sonicated to remove unwanted impurities. The well-etched
plates were sonicated for 10 min with a soap solution and
subsequently on the distilled water for another 10 min. The
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defect-rich TiO, preparation is schematically illustrated in
Scheme 1.

2.4. Anodization

The sonicated plates were then subjected to an anodization
processina 0.5 M sulphuric acid electrolyte, and the Pt was used
as a cathode. While the plate acted as an anode, a voltage of 10
was applied for the anodization process utilizing a potentiom-
eter. The process was carried out for different time durations at
1, 3, 5 and 7 min for several plates. During the anodization, the
titanium plates were transformed into a defect-rich TiO,.

2.5. Cathodization

Once the anodization process has been completed, the sam-
ples were subsequently subjected to cathodization process
under similar conditions. This process was carried out to
improve the surface of the sample for more electronic con-
ductivity. Flowsheet 1 displayed a step of electrode prepara-
tion to obtain defect-rich TiO, nanostructure.

3. Results and discussion
3.1.  Structural analysis

The X-ray diffraction (XRD) is a non-destructive method that
offers the complete evidence about the crystallographic
structure, chemical composition, and physical features of the
materials. Fig. 1A shows the phase transformation of as-
prepared TiO, nanostructure concerning the time variation
on anodization and cathodization processes. The XRD peaks

'

Titanium plate

Step — 1: Anodization process

Fy =
—
Ti plate (Pt) coated
Ti mesh

Anodization and
cathodization

of TiO, nanostructure are appeared at the 20 values 0of 35.9 (1 1
1),39.1(200),41.0(111),53.7(211),63.7(310),71.3(311), 76.8
(202) and 78.1° (2 1 2) which are corresponded to TiO, Ti, Ti, Ti,
Ti, Ti, TiO and Ti phases, respectively, for 1 min cath-
odizationTi substrate as shown in Fig. 1A (a) (JCPDS file no. 00-
029-1361). Fig. 1A (b), (c) and (d) represent the intensity of
major XRD peaks at 39.1° and 71.3° (Ti) for 3, 5, and 7 min
cathodization process, which is considerably less compared to
1 min. The result indicates that the metallic surface is con-
verted to oxide surface (TiO) and it has been confirming by the
presence of a peak at 41° with high intensity. Furthermore, the
XRD pattern of TiO, nanostructure for 7 min displays that the
less peak intensity at 71.3° (Ti), which confirms the formation
of TiO at the surface of plate is higher percentage compared to
other less time cathodization process. The investigated XRD
result clearly demonstrates that the stoichiometric amor-
phous TiO, is reconstructed by restructures in the form of a
non-stoichiometric crystalline phase with enriching defects
by the cathodic reduction process. Fig. 1A (e) shows the XRD
peak of 7- and 9-min samples. The peak of 71.3° was appeared
in higher intensity for 9 min compared to 7, which represents
increasing crystallinity of metallic Ti. From these results, we
optimized 7 min can be suitable for HER activity.

3.2.  Surface morphology

The surface morphology of TiO, nanostructure was investi-
gated by FE-SEM. The anodized defect-rich titania (TiO,)
nanostructure clearly shows the surface roughness features
shown in Fig. 2. Fig. 2a shows the FE-SEM image of TiO,
nanostructure for 1 min cathodization sample, which ap-
pears a well uniformed porous morphology on the surface of

Defect rich TiO2

Step — 2: Cathodization process
4, -

(Pt) coated
Ti mesh

Ti plate

Defect rich TiO2

Scheme 1 — Scheme demonstration of synthesis of defect rich titania nanostructure by electrochemical cathodization

method.
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Flow sheet 1 — The details of experimental steps.

Ti plate. Further, the Ti plate was applied for cathodization
process with various time conditions. The surface-modified
TiO, nanostructures are shown in Fig. 2b, ¢ and d for cath-
odization at different time durations of 3, 5 and 7 min,
respectively. The morphology of 3 and 5 min cathodization
samples revealed the initial status of growth of Ti clusters, as
shown in Fig. 2b and c. Moreover, the defect-rich titania in-
creases the significant roughness and the morphological
change has been observed in a 7 min cathodization sample,
as shown in Fig. 2d that depicts the possibility of highly
electrocatalytic features for HER. Fig. 2d displays a homoge-
neous dispersion of nanoclusters on a porous matrix after
cathodic treatment of the defect rich titania nanostructure.
The metallic titania nanoparticles are embedded on the
microporous titania nanostructure during the cathodization
method, facilitating both active metallic sites and voids
spaces for the electrochemical reaction and consequent
hydrogen exclusion from the surface of the electrode. Fig. 2e
exhibits the homogeneous dispersion of TiO, nanoclusters
destruction on the titanium metal surface. Furthermore, the
cathodization time has optimized for the destruction of the
surface morphology, and the FESEM image confirms the
surface modification for 9 min in Fig. 2e. Fig. 2f shows the
TEM and SAED pattern of 7 min defect rich titania nano-
structure sample. The surface morphology of sample is
clearly showing that formation of nanoclusters, which is a
further confirmation and SAED pattern exhibits the poly-
crystalline present in the 7 min sample. FESEM images for
before and after HER study of 7 min cathodization is provided
in Fig. S1. Furthermore, the surface area (10.950 m?/g), pore
volume (0.017 cc/g) and pore size (21.015 A) of 7 min sample
was carried out using BET analysis as shown Fig. S2. This

surface changes support to increase the mass transformation
between the electrode surface and the electrolyte solution
during HER. The additional information is provided in the
supplementary information. To further analysis composition
and structural information, Raman study was performed.
The discussion of the study is presented in supplementary
information (Fig. S3).
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Fig. 1 — (A) XRD patterns for (a) 1, (b) 3, (c) 5 (d) 7 and (e)
9 min cathodized defect rich titania nanostructure.
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Fig. 2 — FE-SEM images of (a) 1, (b) 3, (c) 5, (d) 7 and (e) 9 min cathodized defect rich titania nanostructure samples. (f) TEM
image of 7 min defect rich titania nanostructure samples and corresponding SAED pattern provided (insert).

3.3.  Energy dispersive X-ray analysis

The elemental composition of the defect-rich titania nano-
structure cathodized for different time durations was carried
out using energy dispersive X-ray analysis (EDAX) and shown
in Fig. 3. The EDAX spectra of the cathodization of the defect-
rich titania nanostructure for 1, 3, 5 and 7 min. The obtained
spectra confirm the presence of Ti and O. Further, the atomic%
and weight% of Ti and O are as follows, which represents the
reduction in the percentage of O with respect to the various
times (Fig. 4).

3.4.  AFM analysis

The atomic force microscope (AFM) is a very-high-resolution
kind of scanning probe microscopy. The AFM is used to
regulate a surface sample's roughness or evaluate a crystal
growth layer's thickness. Fig. 5a shows that the cathodized

sample for 1 min is homogeneously smooth and contributes
less catalytic activity than the other cathodized sample. Fig. 5b
shows the high rough surface of 7 min compared to the
anodized sample. The topographies of the three- and two-
dimensional AFM images (25 um x 25 pm in size) are shown
in Fig. 5. The roughness factor values are 0.990 nm and
0.499 pm for 1 and 7min samples, respectively, as shown in
Fig. 5al and bl. The surface roughness of 7 min is higher than
1 min, which is revealed that the roughness is increasing
based on cathodization time.

3.5.  XPS study

The surface chemical states of the samples were determined
by X-ray photoelectron spectroscopy (XPS) spectra. Fig. 6a
shows that the Ti high resolution XPS spectra of 1 min cath-
odization sample peaks are appeared at 458.6 eV (Ti*") and
459.2 eV (Ti*") for Ti2ps, level, whereas Ti2py/, level peaks
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Fig. 3 — EDAX spectra of (a) 1, (b) 3, (c) 5 and (d) 7 min cathodized defect rich titania nanostructure samples.

appeared at 463.7 eV (Ti**) and 465.1 eV (Ti**). On the other
hand, the high-resolution peaks of the 7 min cathodization
sample obtained at 458.4 eV (Ti*") and 458.9 eV (Ti*") for Ti2ps,
2 level, as shown in Fig. 6c. The Ti2p,/, binding energy is pre-
sented at 463.4 eV (Ti*") and 464.7 (Ti*") (Fig. 6¢). In the 7 min
cathodization sample, the shift of binding energy of Ti*" and
(Ti**) state has confirmed the presence of oxygen vacancies in
TiO, nanostructure. Furthermore, the XPS result of O1s in TiO,
nanostructure (1 min) was obtained at 530.3, 530.8 and
531.9 eV for TiO, bonding structure, as shown in Fig. 6b. Fig. 6d
shows that the high-resolution O1s peaks of TiO,.
nanostructure (7 min) are presented at 529.8, 530.6, 531.2 and
532 eV for Ti*", TiO,, Ti,03 and Ti—O—OH, respectively. The
O1s XPS result is confirmed the oxygen vacancies in the 7 min
catherization sample. In addition, oxygen vacancies are
confirmed by EPR studies in Fig. S4.

3.6. Electrochemical studies

3.6.1. Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is a powerful
analysis technique to detect the changes in the interfacial
properties of the electrode surface and electrolyte reaction. It
can regulate both the resistive and capacitive (dielectric) fea-
tures of the material. The impedance spectrum is acquired by
varying the frequency over a wide range of alternating current
(AC). The AC signal has amplitude of 10 mV in the frequency
range from 0.1 to 105 Hz at zero DC bias in the dark. To further
clarify charge transport features of the prepared defect rich
titania nanostructure samples, the EIS is carried out by

sweeping the frequency from 100 kHz to 1 mHz with a AC
amplitude of 10 mV at an ambient temperature. The Nyquist
plot (Fig. 7) is fitted using EC- lab software. On fitting, the ‘Ret’
response is partially lost and ‘C’ is enhanced as the Tireduces
to defect-rich titania nanostructure on cathodization. More-
over, the semicircle diameter of the 7 min cathodized sample
is less than that of other cathodization samples, as shown in

90
804 o ................ ° ................ Q@ o

701

60 -

50'. -@- Ti
40

Weight / %

304

20_: ° ................ o ................ 0 ................ o

10 T

1 L}
3 min 5 min

Time / min
Fig. 4 — EDAX for weight % and atomic % of (a) 1, (b) 3, (c) 5

and (d) 7 min cathodized the defect rich titania
nanostructure samples.
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Fig. 7. In continuous, the resistance values are found out in
Table 1. The resistances are 45093, 40174, 39708 and 11206 Q
for 1, 3, 5 and 7, respectively. From the Nyquist plot, the 7 min
cathodization shows a high conductivity compared to other
samples. Moreover, the decreased resistance in defect-rich
titania nanostructure is explained by the crystalline growth,
oxygen-deficient (reducing band-gap) [24], and electrically
conducting oxide defect rich titania nanostructure. Because
the quantity and mobility of charge carriers can be boosting
the efficacy of interfacial reactions in HER reaction, these re-
sults confirmed the large charge carrier concentration with
high electron mobility in defect-rich titania nanostructure
(7 min) compared to other samples.

3.6.2. HER study
Linear sweep voltammetry (LSV) is a voltammetry technique
where the current at a working electrode is measured while
the potential between the working electrode and a reference
electrode is swept linearly in time. The electrochemical ex-
periments were evaluated at room temperature employing an
electrochemical system (SP-150, Biologic science instruments,
France). A classical 3-electrodes setup with platinum as the
counter electrode, a saturated calomel as the reference elec-
trode and the cathodized defect-rich titania nanostructure as
the working electrode was used.

A set of detailed essential electrochemical characteriza-
tions that include LSV, Tafel analysis, impedance spectros-
copy and stability studies were carried out to elucidate the

Table 1 — The resistance value of 1, 3, 5 and 7 min

cathodization defect rich titania nanostructure samples.

Time of Cathodization (min) Resistance Value (Q)

1 39,708
3 40,174
5 45,093
7 11,206

defect-rich titania nanostructure for HER in the solution of
1 M sulphuric acid. Fig. 8A shows the linear sweep voltam-
mogram for the cathodized samples for the various time
intervals (1, 3, 5 and 7 min). It is linearly swept across the
potential range of —1.0 to 0.2 V vs. RHE (reversible hydrogen
electrode) with a scan rate of 10 mV/s. From the studies, it
can be confirmed that 7 min sample shows a good catalytic
activity compared to other samples. Fig. 8A shows a current
density of —68, —100, 135, and —150 mA/cm? at onset po-
tential of —0.8, —0.39, —0.37 and —0.17 V in 1 M sulphuric
acid for 7 min cathodized samples, respectively. Moreover,
the value of obtained Turn Over Frequency (TOF) is
1.956*10 * s~ at —0.25 V us RHE for 7 min sample. The result
of defect rich titania nanostructure (7 min) showed that it is
comparable to Pt. Fig. 8B shows the comparison of the pre-
pared the defect-rich titania nanostructure with the noblest
catalyst Pt and insert comparison of HER activity of 7 and
9 min, increasing onset potential for 9 min due to reducing
oxygen-deficient higher cathodization time. Furthermore,

Length=25.5um Pt=335nm Scale=1000nm

“ (al)

a5

4 i " i n i i 1

a1 Length=50.3pm Pt=1.22pm Scale=2.00pm

ST

| N

Fig. 5 — AFM topographical (a) 2D and (b) 3D images for cathodized1 and 7 min defect rich titania nanostructure sample,
respectively. (al) and (b1) show the roughness factor values of 1 and 7 min sample.
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Table 2 shows the onset potential and current density of the
corresponding samples. Further, the comparison of HER
performance of various titania-based electrocatalysts shows
in Table S1.

3.6.3. Tafel slope determination

Tafel curves were obtained for voltage (V) vs log j (mA/cm?).
Fig. 8C shows the Tafel curves of all cathodized samples with
the Tafel slope of 0.1528, 0.2129, 0.1588 and 0.0938 V dec™* for
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£ -30000 - v 1min - .
S E® T .
=~ -20000 - o
N P
Q.V'
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L) L) 1] 1] L)
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Fig. 7 — EIS for 1, 3, 5 and 7 min cathodized defect rich titania nanostructure samples.
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titania nanostructure sample and b) Pt, and insert image show the HER activity of 7 and 9 min sample. C. Tafel slope for 1, 3,
5 and 7 min cathodized defect rich titania nanostructure samples. D. Stability test for 7 min cathodized defect rich titania
nanostructure sample. E. The collection of hydrogen gas (in percentage) was investigated using hydrogen sensor for 7 min
defect rich titania nanostructure.
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Table 2 — Onset potential and current density of
cathodized samples for HER.

Cathodization time Onset Current density
(minutes) potential (V) (mA/cm?

1 -0.8 —68

3 —0.39 —100

5 -0.37 -135

7 —0.17 —150

1, 3, 5 and 7 min, respectively. It is clear from the Tafel slope
that 7 min sample outperforms all the other three samples by
providing the slope value of 0.0938 V dec * which is a very low

value. The high exchange current density and low Tafel slope
of the defect-rich titania nanostructure are rationalized by the
presence of massive point defects and hence more active sites
are created for improving HER performance.

3.6.4. Chronoamperometry study

Since a tremendous enhancement of activity was noticed
during cathodization, the defect-rich titania nanostructure is
demonstrated as significant HER in-activity in an acidic me-
dium. As the catalyst activity is accelerated under the reaction
conditions (acidic) of HER, it is beneficial to achieve a stable
performance during electrolysis. To probe the extended elec-
trochemical stability, the chronoamperometric electrolysis is

ELECTROCHEMICAL CELL DESIGN

@

60.00

Defect rich Titania

,05>0,+4H" +4e"

Electrolyte (Sulphuric acid)

Fig. 10 — Mechanism of Water splitting.
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Table 3 — Cost estimation of cell.

Materials Amount Cost INR
Ti plate 1 piece (5.5 x 1 sqg.cm) 70

Nitric acid 25 ml 16.5
Hydrofluoric acid 5ml 6

Sulphuric acid 10 ml 9

Cell container 100 ml 100

Pt coated Ti mesh 5.5 x 1 sq.cm 40

Total Cost: 241.5 (approx)

carried out for 7 min sample under a static potential of 1.2 Vvs
SCE, which shows a stable current density of 2.5 mA cm 2 for
almost 6 h (Fig. 8D). After 6 h reason, the current density was
reduced due to the deformation the morphology, shown in
Fig. S1 (a & b). The hydrogen efficiency could be investigated
using a hydrogen sensor with the water electrolyzer for 7 min
defect-rich titania nanostructure electrocatalyst (Fig. 8F). The
collection efficiency is 80% in 1 M sulphuric acid solution.

3.6.5. Large scale study

As we have carried out the experiments to the laboratory scale
level, it is important to perform experiments on a large scale.
We have exposed the 4 x 2.5 cm? area of prepared the defect
rich titania plate and have studied LSV and its stability. The
designing of an electrochemical cell plays a vital role. Figs. 9
and 10 show the electrochemical cell design, which is used
for the water oxidation reaction. We have carried out linear
sweep voltammetry where the conventional two-electrodes
setup, with platinum as the counter electrode and the catho-
dized defect-rich titania nanostructure as the working elec-
trode, was used. The cathodized 7 min sample has shown a
good onset potential and current density. It can be concluded
that cathodized defect-rich titania nanostructure can be well
used for electrocatalytic hydrogen evolution reaction, which
provides effective results in the acidic medium. The total cost
estimation of the water electrolyzer cell has been presented in
Table 3.

4, Conclusions

In summary, we have successfully demonstrated a feasible
electrochemical cathodization method to prepare highly HER
active electrocatalyst. The modified defect-rich titania nano-
structure showed an excellent electrochemical performance
which was demonstrated by the stability, Tafel slope, and
onset potential. The prepared electrocatalyst exhibited a
lower onset potential of —0.17 V V RHE and current density of
—150 mA cm 2 to drive a HER performance. Moreover, the
defect rich titania had shown a facile kinetics for HER in 1 M
sulphuric acid by showing the Tafel slope of 0.0938 V dec™*.
The result of the complete cell characterization showed that
the defect-rich titania was an extremely stable for HER activity
in acidic conditions which was mainly attributed to the high
corrosion resistance. The encouragement of the highly posi-
tive results of the overall study implied that the defect-rich
TiO, could be chosen as the cost-effective and stable electro-
catalytic electrode material for the large-scale water electrol-
ysis in the future of hydrogen fuel production. The prepared

defect-rich titania could be swapped the expensive materials
like Pt, Ir and Ru to reduce the cost of hydrogen production.
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