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Abstract

Lithium-oxygen batteries (LOBs) are promising candidates for next-generation energy storage systems due to
their high theoretical energy density. However, several challenges currently hinder the practical implementation
of these batteries, and addressing these challenges requires the use of innovative electrode materials. In this regard,
titanium dioxide-based catalysts are highly desirable as electrode materials due to their excellent catalytic
activities and stability. Herein, we develop an oxygen vacancy-rich black titanium dioxide (TiO>) catalyst as a
possible cathode electrode for lithium-oxygen batteries through a chemical reduction method followed by
calcination under argon gas. The physicochemical characterization of the synthesized oxygen vacancy-rich black
TiO; catalyst was compared to its white TiO, counterpart using XRD, FTIR, Raman, and BET techniques. The
results from electrochemical testing demonstrate that the oxygen vacancy-rich black TiO, exhibits excellent
electrochemical performance compared to its white TiO, counterpart, which was attributed to the improved
electrical conductivity and good catalytic activity stimulated by oxygen vacancies. The exceptional
electrochemical performance of oxygen-rich vacancy black TiO, indicates their potential for use in high-
performance lithium-oxygen batteries.
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1. Introduction

As the population grows, there is also a significant rise in the demand for automobiles [1]. Conversely, this has
led to substantial environmental impacts because most traditional automobiles are powered by fossil fuels [2].
Therefore, research into renewable energy sources as an alternative to fossil fuels has become crucial [3]. In this
context, fostering the progress of electric vehicles (EVs) is a viable solution to tackle this challenge. However,
electric vehicles and their energy storage systems necessitate the advancement of high-capacity, long-lasting
rechargeable batteries since their driving range and practical use mainly depend on their power battery [4].
Recently, lithium-oxygen batteries (LOBs) have stood out as promising energy storage candidates for next-
generation EVs due to their high theoretical energy density (~11,140 Wh kg™') and higher specific capacity (~3500
mAh g!) [5,6]. Nonetheless, although some fascinating research has been conducted around LOBs, their
development is still in its early stages. Several challenges, such as low round-trip efficiency, short cycle life,
sluggish redox kinetics, and instability of electrode materials currently hinder the practical implementation of
these batteries [6,7].

Consequently, developing innovative electrode materials with excellent stability, high electrical conductivity,
and the ability to support efficient redox kinetics is crucial to overcoming these challenges. Different electrode
materials have been developed for over a decade, including noble metals, carbon materials, and transition metals
(metal oxides). Amongst these, titanium dioxide (TiO;) as a metal oxide has been extensively researched as an
electrode material due to its affordability, superior catalytic properties, and strong durability [8]. However, pristine
TiO, has limited electronic and lithium ion conductivity, restricting its widespread use in energy storage
applications such as batteries [9,10]. Nonetheless, it has been demonstrated that enhancing the surface properties
of TiO, through surface engineering and the addition of oxygen vacancies is a practical approach to overcoming
the current challenges faced by pristine TiO; in battery technology [9,11]. This approach improves TiO; electronic
and ionic conductivity and alters the surface oxidation state of pristine TiO», creating more active sites for oxygen
reaction kinetics [12].

Therefore, we develop an oxygen vacancy-rich black TiO, catalyst for possible application in LOBs. Using
different techniques, we compared the physicochemical and electrochemical characterizations of the synthesized
oxygen vacancy-rich black TiO, catalyst to its white TiO, counterpart. The results demonstrate that oxygen
vacancy-rich black TiO; exhibits excellent electrochemical performance compared to white TiO,, attributed to
high electrical conductivity and good catalytic activity stimulated by oxygen vacancies. The exceptional
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electrochemical performance of oxygen vacancy-rich black TiO: catalyst indicates its potential use as a cathode
electrode for high-performance LOBs.

2. Experimental section
2.1. Catalyst preparation

White TiO2 was synthesized by thermal annealing P25 at 450°C for two hours.

The following procedure was followed to synthesize oxygen vacancy-rich black TiO»: White TiO> was mixed
with sodium borohydride (NaBHa) at a molar ratio of 1:1. The mixture was ground to homogeneity using pastel
and mortar. Then, the powder was transferred into the crucible and subjected to calcination in a Tube furnace at
450°C under an Argon atmosphere for two hours at a heating rate of 5°C/min. At the end of calcination, the
furnace was allowed to cool down to room temperature, and the product was collected and dispersed into 0.1 M
hydrochloric acid (HCI) for two hours. Lastly, the sample was washed several times with di-ionized water and
ethanol through centrifugation and then dried in an oven at 60°C overnight.

2.2. Catalysts characterizations

X-ray diffraction (XRD) measurements were measured using a MeasSrv D2-205530 diffractometer (Bruker,
USA) with CuKo. radiation (4= 1.54056 A) in a scan range of 10-80°. Fourier transform infrared resonance
(FTIR) analysis was conducted on a Perkin Elmer spectrum 100 spectrometer using the KBr pellet method in the
wavenumber ranging from 4000 to 400 cm™'. The PerkinElmer Raman Station 400 benchtop was used for the
Raman spectroscopy analysis. N2 adsorption-desorption experiments were performed at -195°C using a
Micromeritics Tristar 3000 surface area and porosity analyzer. The samples were degassed at 150°C for four hours
under flowing nitrogen gas.

2.3. Electrochemical measurements

The electrochemical tests were performed on Autolab potentiostat/galvanostat (PGSTAT 302 N model, Metrohm,
Swiss instruments) with a standard three-electrode system. A platinum wire (Pt wire) was used as the counter
electrode, and Ag/AgCl as the reference electrode. The working electrode was prepared by mixing 10 mg of
synthesized catalysts as an active material and 0.05 wt% of the Nafion as a binder. An appropriate amount of 2-
propanol and water at the ratio of 3:1 was added dropwise into the mixture and sonicated for 60 minutes to form
a homogeneous slurry. The slurry was evenly coated on the glassy carbon electrode and dried at 60°C for one
hour. The loading active material for each electrode was about 2 pL. The measurements were done with 0.1M
Lithium acetate dihydrate electrolyte solution. Cyclic voltammetry (CV) measurements were carried out using a
scan rate of 20 mVs™! within a potential window of -1.0-1.0 V. The electrochemical impedance spectrum (EIS)
was measured in a frequency range of 200 kHz—100 mHz at an amplitude of 10 mV, and liner-sweep voltammetry
(LSV) was recorded at a scan rate of 50 mVs™'.

3. Results and discussion

The XRD analysis was conducted to examine the crystal structure of the prepared samples. As displayed in Figure.
1a, both black TiO2 and white TiO2 show diffraction peaks at 26 = 25.4°, 37.8°, 48.1°, 54.2°, 55.2°, 62.8°, 70.2°,
and 75.2° corresponding to the (101), (004), (200), (105), (211), (204), (220), and (215) planes of anatase titania
(JCPDS Card No. 21-1272) [13]. This shows that black TiO2 has the same crystal structure as white TiO2,
demonstrating the structural stability of the prepared electrocatalyst [14]. However, black TiO:z also shows an
additional diffraction peak at around 20 = 43.2°, which can be ascribed to impurities of the unreacted NaBH4 [15].
Moreover, the peak intensity of black TiO> is diminished, indicating that the chemical reduction has introduced
disorder into the catalyst's original structure by creating defects. These findings demonstrate that chemically
reducing TiO: leads to a color change from white to black, while the crystal structure remains intact [16].

The FTIR analysis was conducted to understand the chemical bonding species of the as-synthesized catalysts,
and the results are presented in Figure. 1b. Both white and black TiO: display characteristic bands typically at
400-700 cm’', indicating the stretching vibration modes of metal oxides (Ti-O and Ti-O-Ti). The transmission
intensity of black TiO2 appears to be lower as compared to white TiO at the range 400-700 cm™, which can be
attributed to the higher concentration of oxygen vacancies in black TiOz, which causes some of the Ti-O and Ti-
O-Ti bonds to be broken. Additionally, the O-H bending vibration modes are linked to the characteristic bands at
1688 and 1524 cm™!, while the bands at approximately 3750 cm™' are associated with the Ti-OH stretching and
wagging modes. A Ti-OH absorption band in black TiO> indicates that the OH groups on the disordered black
TiO: surface have a more varied environment than on the white TiOz crystalline surface [17,18].
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Figure. 1. XRD patterns (a), FTIR spectra (b), and Raman spectra (insert is the magnified peak) (c), of white
and black TiOx.

Raman spectroscopy was used to examine the surface structure of the prepared catalysts, and the results are
demonstrated in Figure. 1c. Both samples show Raman peaks at 145, 398, 515, and 638 cm™, representing the
Eg, Blg, Alg, and Eg modes of the anatase phase, which is consistent with the XRD results. Figure. 1c (inserted)
shows that black TiO: exhibits a blue shift and peak broadening at the sharpest Raman characteristic peak of the
Eg mode (145 cm™") compared to white TiO2. This shift and broadening are attributed to the introduction of
oxygen vacancies on the surface of TiOz, leading to changes in the Ti-O bond vibration [11,19].

The Nitrogen adsorption-desorption isotherms for white TiO2 and black TiO2 can be seen in Figure. 2. Both
samples exhibit Type-IV isotherm curves with H3 hysteresis loops, suggesting the presence of mesoporous
structures (pore diameters ranging from 2 to 50 nm) (Figure. 2a) [18]. Furthermore, the specific surface areas were
calculated using the standard multi-point BET method. The specific surface areas of white TiO2 and black TiO2
were determined to be 147.57 and 105.31 m%g, respectively. The reduction in surface area observed in black TiOz
primarily results from the structural collapse of its porous framework during the chemical reduction process [14].
Additionally, the BJH method (Figure. 2b) was utilized to calculate the pore size distributions, revealing average
pore sizes of 10.84 nm for white TiO2 and 12.79 nm for black TiOz. The porous nature of TiO2 makes it a suitable
cathode electrode catalyst for LOB due to abundant porous channels for the diffusion of oxygen and lithium ions
[20].
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Figure. 2. The N> adsorption-desorption isotherms (a) and pore size distribution (b) of white and black TiO>.

The electrochemical behaviour of the synthesized white TiO2 and black TiO: catalysts was thoroughly analyzed
using various electrochemical techniques, including CV, EIS, and LSV, and the results are illustrated in Figure.
3. CV tests, as displayed in Figure. 3a revealed that white TiO2 exhibited no discernible reduction/oxidation peaks,
indicating relatively poor electrochemical activity. Contrarily, black TiO2 displayed distinct reduction and
oxidation peaks at approximately -0.66 V and 0.32 V, respectively, indicating enhanced electrochemical activities.
These peaks were attributed to the improved Li insertion/extraction into anatase TiO2 [21]. Notably, black TiO2
exhibited higher current intensity and larger integration areas than white TiO2, indicating its ability to generate

more discharge products [9].
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Figure. 3. Electrochemical performance: CVs at a scan rate of 20 mVs
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at a voltage window of -1.0-1.0 V (a),

EIS in a frequency range of 200 kHz—100 mHz at an amplitude of 10 mV (b), and LSV at a scan rate of 50 mVs
! (c and d), of white and black TiOx.
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Furthermore, the charge-transfer resistances (Rct) of white TiO> and black TiO2 were investigated using EIS, as
depicted in Figure. 3b. Both plots displayed a semicircle followed by an inclined linear segment. Notably, the
semicircle diameter of black TiO2 was significantly smaller than that of white TiO;, indicating lower charge-
transfer resistance in black TiOz. The solution resistance (Rs) of black TiO> was slightly lower than that of white
TiO2, suggesting the ability of Li ions to diffuse from and to the cathode of black TiO2 than in white TiO2. This
suggests that introducing oxygen defects can effectively reduce the charge-transfer, enhancing the conductivity
and rapid transport of lithium ions [22], agreeing with the more porous structure of black TiOz observed in the N2
adsorption-desorption results.

Additionally, LSV was utilized to probe the oxygen reduction reaction (ORR) and oxygen evolution reaction
(OER) characteristics of the synthesized catalysts, and the results are presented in Figure. 3(c and d). From the
LSV results of ORR (Figure. 3c), the onset potential of black TiO2 (-1.58 V vs. SCE) was found to be more
positive than that of white TiO2 (-1.89 V vs. SCE), indicating that the black TiO2 possess higher ORR
electrocatalytic activity to enhance the formation of discharge products [23]. Furthermore, LSV results of OER
(Figure. 3d) demonstrate that black TiOz exhibits a lower OER onset potential than white TiO2, suggesting its
higher electrocatalytic activity towards the OER to decompose the discharge products effectively [24].
Consequently, these results indicate that the black TiO: catalyst possesses excellent bifunctional activities towards
the ORR/OER to improve the performance of LOBs. This is likely due to the excellent electrical conductivity of
black TiO: and the efficient transport of electrons resulting from the presence of oxygen vacancies. Based on the
analysis of electrochemical activities, it has been established that black TiO. demonstrates superior
electrochemical performance compared to white TiO2. This can be linked to oxygen vacancies in black TiO2,
which have led to modifications in the structural and electronic properties of TiO2, ultimately contributing to its
enhanced performance [25].

4. Conclusions

In summary, an oxygen vacancy-rich black TiOz catalyst was synthesized through a chemical reduction-assisted
calcination method. Various analyses, including XRD, FTIR, Raman, and BET, were conducted to compare the
physical properties of black TiO2 with white TiO2. The XRD analysis confirmed the anatase phase for both black
and white TiO2. The presence of oxygen vacancies in black TiO2 was evident from the Raman spectrum. BET
analysis indicated the presence of a porous channel, which is advantageous for LOBs as it enables ion transport.
Additionally, the study found that the oxygen vacancy-rich black TiO: exhibits better electrochemical
performance than white TiO>. The exceptional performance of these oxygen-rich vacancy black TiO> underscores
their potential as high-performance electrode catalysts in LOBs, offering a promising pathway toward developing
more efficient and durable energy storage solutions for the next generation of electric vehicles.
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