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• TiO2 nanoplates with adjustable oxygen 
vacancy concentration were synthesized 
via a low-temperature annealing 
strategy.

• A strong correlation between the oxygen 
vacancy concentration and the catalytic 
activity toward V2+/V3+.

• Enhanced activity of V2+/V3+ stems 
from the optimized desorption and 
electron transfer process during the 
oxidation process.

• The nature of oxygen vacancy boosting 
the redox kinetics of V2+/V3+ was 
disclosed.
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A B S T R A C T

The rational design of oxygen vacancy in metal oxide based catalysts is an effective strategy to enhance their 
intrinsic activity by influencing the microelectronic structure. However, the impact of oxygen vacancy on the 
reaction kinetics and the catalytic mechanism in vanadium redox flow batteries (VRFBs) remains under-explored. 
Herein, a novel approach is developed to regulate the concentration of oxygen vacancy in TiO2 nanoplates for 
high performance VRFBs. The oxygen vacancy-rich TiO2 efficiently facilitates the desorption and electron 
transfer process of V3+ during the electrochemical oxidation process. Owing to the enhanced electrochemical 
oxidation of V2+ to V3+, the inherently sluggish reaction kinetics of V2+/V3+ is significantly accelerated. The 
battery assembled with oxygen vacancy-rich TiO2 achieves an energy efficiency of 79.81 % at 200 mA cm− 2 and 
outstanding long-term durability. This work not only elucidates the nature of oxygen vacancy in accelerating the 
redox kinetics of V2+/V3+ but also offers insights for rationally designing efficient catalysts for VRFBs.
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1. Introduction

The large-scale energy storage is essential for the widespread 
application of intermittent renewable energy, such as wind and solar 
power [1,2]. Vanadium redox flow battery (VRFB) is one of the most 
promising candidates for the large-scale energy storage because of its 
flexible design, long lifespan, and low crossover contamination [3]. 
However, VRFB suffers from the low energy efficiency and low power 
density at a high current density, which is related to the commercial 
electrode of graphite felt (GF) that exhibits poor catalytic activity during 
redox reactions, particularly for the electrochemical redox of V2+/V3+

[4].
Designing highly active catalysts loaded on the GF is an effective 

modification strategy to enhance the redox kinetics of V2+/V3+ [5]. 
Metal oxide-based catalysts have garnered extensive research interest 
owing to their potential catalytic activity and low cost [6]. Nevertheless, 
the catalytic activity of metal oxide electrocatalysts remains below the 
desired standards for high performance VRFBs due to their poor elec
trical conductivity and insufficient intrinsic catalytic activity [7]. 
Introducing oxygen vacancies into metal oxide is promising to modulate 
its local electronic structure, thereby improving the inherent catalytic 
activity of the metal oxide [8]. Oxygen vacancies can affect the charge 
transfer process by regulating the band structure of metal oxides. 
Furthermore, oxygen vacancies can also serve as activation sites for 
reactant species, where the surface dangling bonds and localized elec
trons may alter the coordination environment of reactant species [9]. 
Consequently, oxygen vacancies play a vital role in the reaction kinetics 
and catalytic mechanisms of V2+/V3+.

Oxygen vacancies can be generated through hydrogen reduction or 
element doping [10–12]. Defect-rich CeO2 nanowires were fabricated by 
hydrogen annealing, leading to a battery with an energy efficiency of 
76.84 % at 80 mA cm− 2 [13]. Sb-doped SnO2 with increased oxygen 
vacancies exhibited an energy efficiency of 73.5 % at 150 mA cm− 2 [12]. 
Additionally, some metal oxides feature oxygen vacancies due to their 
unique crystal structures, as seen in perovskites and high-entropy oxides 
[14]. Jiang et al. [15] explored the catalytic activity of LaBO3 (B = V, Cr, 
Mn) perovskites towards V2+/V3+ and VO2+/VO2

+ redox couples, of 
which oxygen vacancies in perovskites effectively promote the electron 
transfer of vanadium redox reactions. LaBO3 decorated GF delivered an 
energy efficiency of 76.3 % at 150 mA cm− 2. Demeku et al. [16] intro
duced high-entropy oxide of (BiZrMoWCeLa)O2 as a novel catalyst in 
VRFBs, highlighting its superior performance due to the rich oxygen 
vacancies. (BiZrMoWCeLa)O2 demonstrated an energy efficiency of 
73.34 % at 160 mA cm− 2.

As mentioned above, a broad consensus has emerged from prior 
research that oxygen vacancies exert a profound impact on the perfor
mance of VRFBs. However, the nature of oxygen vacancies in acceler
ating the reaction kinetics and the catalytic mechanism in VRFBs 
remains ambiguous. More importantly, the sluggish redox kinetics of 
V2+/V3+ remain the bottleneck limiting the further improvement of 
VRFBs. The reported operating current density is typically below 200 
mA cm− 2, which hinders the large-scale commercial application of 
VRFB. According to our previous research, the electrochemical oxida
tion of V2+ during the discharge process is the rate-determining step for 
V2+/V3+ [17]. Therefore, the positively charged oxygen vacancies are 
promising to act as the electron accelerator, which selectively catalyzes 
the electrochemical oxidation process, thereby substantially improving 
the electrochemical performance of VRFBs, as schemed in Fig. 1. To 
address the aforementioned critical issues, it is vital to investigate the 
impact of oxygen vacancy concentration on the reaction kinetics and the 
catalytic mechanisms of V2+/V3+.

Herein, TiO2 nanoplates with different oxygen vacancy concentra
tion are fabricated via a low-temperature annealing strategy, showing 
promising potential for regulating the catalytic activity toward V2+/V3+. 
The impact of oxygen vacancy concentration on the redox kinetics of 
V2+/V3+ is systematically investigated at different state of charge (SOC). 

Oxygen vacancy-rich TiO2 can specifically enhance the reaction kinetics 
of the rate-determining step of the V2+/V3+, i.e., the electrochemical 
oxidation of V2+ during the discharging process, thereby accelerating 
the V2+/V3+ redox reaction. The in-depth theoretical calculations 
further reveal the influence of oxygen vacancy concentration on the 
catalytic mechanism of V2+/V3+. Oxygen vacancy-rich TiO2 effectively 
promotes the V3+desorption and the electron transfer process during the 
electrochemical oxidation of V2+. Thus, VRFB assembled with oxygen 
vacancy-rich TiO2 endows an exceptional energy efficiency of 74.39 % 
at a high current density of 300 mA cm− 2 and excellent long-term 
durability. This work provides an effective strategy to address the 
bottleneck of VRFBs and elucidates the catalytic mechanism of oxygen 
vacancy concentration on V2+/V3+.

2. Methods

2.1. Materials

Tetrabutyl titanate (Ti(OC4H9)4, Aladdin, 98 %), anhydrous ethanol 
(C2H5OH, Sinopharm, 95.0 %), and terephthalic acid (C8H6O4, Aladdin, 
99 %) were analytical grade and used without further purification. N, N- 
dimethylformamide (DMF, Sinopharm, 99.5 %), and anhydrous meth
anol (CH3OH, Sinopharm, 99.5 %) were treated with 3A molecular 
sieves (Sinopharm) to remove the remaining moisture.

2.2. Synthesis of catalyst

2.2.1. Synthesis of MIL-125(Ti) precursor
MIL-125(Ti) was synthesized as follows [18]. 2.2 g of terephthalic 

acid was added into a solution of 36 mL of DMF and 4 mL of methanol, 
which were under stirring at room temperature for 30 min. 2.5 mL of Ti 
(OC4H9)4 was added dropwise to the above solution under vigorous 
stirring. The solution was transferred into a 50 mL Teflon liner and 
heated at 150 ℃ for 33 h. Then the white precipitate was collected, 
washed by DMF and methanol for several times, and then dried at 60 ℃ 
for 12 h.

2.2.2. Synthesis of TiO2 with different oxygen vacancy concentration
Oxygen vacancy-rich TiO2 was synthesized by a low-temperature 

annealing strategy. 0.1 g MIL-125 (Ti) precursor was calcined in a 
muffle furnace at 400 ◦C for 3 h with a heating rate of 10 ◦C/min. Upon 
completion of the calcination, the sample was immediately extracted, 
and it was named TiO2-400-10. Keeping all other preparation conditions 
constant, oxygen vacancy-deficient TiO2 was prepared by adjusting the 
heating rate to 2 ◦C min− 1, named TiO2-400-2. Additionally, under the 

Fig. 1. The schematic illustration of the oxygen vacancy of TiO2 accelerating 
the electrochemical oxidation process of V2+/V3+.
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condition of a heating rate of 10 ◦C min− 1, the calcination temperature 
was controlled at 500 ◦C and 600 ◦C to regulate the oxygen vacancy 
concentration of the TiO2. The samples were named TiO2-500-10 and 
TiO2-600-10, respectively.

2.3. Material characterization

The thermogravimetric analysis/derivative thermogravimetry (TG/ 
DTG) was performed on a thermal analyzer (DTA-50) to characterize the 
decomposition processes of MIL-125 precursor from the room temper
ature to 700 ◦C in an Air atmosphere. Fourier transform infrared (FT-IR) 
spectrum in the range of 4000–400 cm− 1 was characterized by Nicolet- 
5700 spectrometer. The crystalline structure of the samples was char
acterized by X-ray diffraction (XRD) by using Cu Kα (λ = 0.15418 nm) at 
a scan rate of 5◦ min− 1 in the 2θ range of 5–90◦. The morphology of the 
above materials was characterized by using a scanning electron micro
scope (SEM, JSM-7610F, JEOLTM). The X-ray photoelectron spectros
copy (XPS) was carried out on a Thermo Fisher ESCALAB 250Xi 
spectrometer using an Al Kα source (1486.6 eV). Raman spectroscopy 
was tested on a Via-Reflex spectrometer (Renishaw) with a laser exci
tation wavelength of 532 nm. Electron paramagnetic resonance (EPR) 
was conducted by utilizing a Bruker EMXplus-10/12 instrument. The 
specific surface areas and pore diameter distributions were measured 
based on the N2 adsorption–desorption isotherms (Micromeritics, ASAP 
2020), using the Brunauer-Emmett-Teller (BET) to estimate specific 
surface area, and using the Barret-Joyner-Halenda (BJH) method to 
calculate the radial distributions of the pores and to perform meso
porous analysis. UV–vis spectra were conducted on a UV-2600 spec
trometer (Shimadzu, Japan).

2.4. Electrochemical measurements

The electrochemical measurements were conducted by the typical 
three-electrode system in which an Ag/AgCl electrode (in saturated KCl) 
and a platinum mesh (1 cm2) were used as the reference electrode and 
the counter electrode, respectively. A glassy carbon electrode (0.1963 
cm2) modified with the catalyst ink was selected as the working elec
trode. The catalyst ink was composed of 8 mg of catalyst, 950 μL of 
anhydrous ethanol, and 50 μL of 5 wt% Nafion dispersion (Dupont, 
USA). The catalyst ink was ultrasonically dispersed for at least half an 
hour. Then 8 μL of the uniformly dispersed ink was dripped on the glassy 
carbon electrode and dried in the air. The cyclic voltammetry (CV) and 
Tafel plots were measured on an Autolab PGSTAT204 electrochemical 
workstation. Electrochemical impedance spectroscopy (EIS) was per
formed on a CHI 660E electrochemical workstation in a frequency range 
of 0.1–100 kHz. The CV and EIS were carried out in the electrolyte 
containing 1.8 M V3+ + 3.6 M H2SO4. The Tafel plots and LSV were 
performed in a homemade electrochemical cell at a scan rate of 1 mV s− 1 

at 2025 rpm [17].

2.5. Flow battery test

VRFB was constructed using two graphite felts (Jin Gu Carbon Ma
terials Co. Ltd., China, 4 cm × 4 cm × 4.3 mm) as the electrodes, with 
Nafion 212 (Dupont, USA) serving as the membrane and the graphite 
plate functioning as the bipolar plate. Both the initial positive and 
negative electrolyte consisted of 40 mL of 1.8 M V3.5+ + 3.6 M H2SO4. 
For the oxygen vacancy-rich TiO2 and oxygen vacancy-deficient TiO2 
modified batteries, all other components were identical except for the 
negative electrode.

The negative electrode was prepared as follows. The catalyst was 
dispersed in a mixture of 25 mL ethanol and 250 μL of 5 wt% Nafion 
solution and then uniformly distributed by sonication. The pristine 
graphite felt was immersed in the catalyst ink and subsequently dried at 
60 ◦C in a vacuum drying oven. This process was repeated until the 
catalyst loading reached 3 mg cm− 2.

The charging and discharging test was conducted using a battery 
testing system (CT-4008, Neware Co., Ltd., China) at the current density 
from 150 to 400 mA cm− 2 at room temperature. Galvanostatic inter
mittent titration technique (GITT) measurements were performed at 
250 mA cm− 2. The voltage range was set between 0.9 V and 1.6 V, with 
the long-term stability carried out at 200 mA cm− 2.

2.6. Computation methode

Density functional theory (DFT) calculations for periodic material 
systems were performed with the Vienna Ab initio simulation package 
(VASP) [19] using the projector-augmented wave (PAW) method [20]. 
The exchange–correlation function was handled using the generalized 
gradient approximation (GGA) formulated by the Perdew-Burke- 
Ernzerhof (PBE) [21]. The van der Waals (vdW) interactions were 
described with the DFT-D3 method in Grimme’s scheme [22,23]. The 
interaction between the atomic core and electrons was described by the 
projector augmented wave method. The energy cutoff of plane-wave 
basis set was set to 500 eV [24]. The Brillouin zone was sampled with 
a 3 × 3 × 1 grid centered at the gamma (Γ) point for geometry relaxa
tion. All the slabbed models possessed a vacuum distance of ≈15 Å to 
minimize the interlayer interactions [25]. The bottom layers about half 
of the structure were kept frozen at the lattice position. All structures 
with a dynamic magnetic moment were fully relaxed to optimize 
without any restriction until their total energies were converged to <1 
× 10− 6 eV, and the average residual forces were <0.02 eV/Å [26]. The 
solvent effects were considered by using the VASPSOL model [27]. 
Position-specific charge values were obtained using Bader analysis [28].

3. Results and discussion

3.1. The design principle of oxygen vacancy-rich TiO2

TiO2 nanoplates with different concentration of oxygen vacancy are 
successfully designed via a low-temperature annealing strategy. The 
phase structure of the synthesized MIL-125 (Ti) was confirmed by X-ray 
diffraction (XRD), which is assigned well to the simulated MIL-125 (Ti) 
pattern (Fig. S1a). The Fourier transform infrared (FT-IR) spectrum of 
the synthesized MIL-125 (Ti) shows characteristic vibrational bands for 
–COOH (1300–1800 cm− 1), benzene rings (700–1200 cm− 1), and 
O–Ti–O (400–800 cm− 1), further confirming the successful synthesis of 
the MIL-125 (Ti) (Fig. S1b) [18]. Additionally, scanning electron mi
croscope (SEM) images reveal that MIL-125 (Ti) features a nanoplate 
morphology (Fig. S1c). To investigate the pyrolysis process of MIL-125 
(Ti), the thermogravimetric analysis/derivative thermogravimetry 
(TG/DTG) of MIL-125 (Ti) was conducted in an air atmosphere. As 
shown in Fig. S2, the peak in the DTG curve at 450 ◦C suggests that the 
fastest pyrolysis rate and the most significant mass loss occurred at this 
temperature. The mass loss curve of MIL-125 (Ti) levels off beyond 
460 ◦C, indicating the end of the pyrolysis process. During pyrolysis, 
increasing the heating rate leads to the rapid release of volatile gases 
(H2O and COx), and it creates a local atmosphere with a low oxygen 
partial pressure that favors the formation of rich oxygen vacancies in 
TiO2 [29]. Therefore, a low-temperature annealing strategy was used to 
prepare TiO2 catalysts with different oxygen vacancy concentration by 
controlling the pyrolysis process of MIL-125 (Ti).

The microstructure of the TiO2-400-10 and TiO2-400-2 catalysts 
(Fig. S3a and S3b) maintains the nanoplate structure similar to that of 
the MIL-125 (Ti) precursor (Fig. S1c). The crystal structure of TiO2 ob
tained from the pyrolysis of MIL-125 (Ti) precursors was analyzed using 
XRD. As shown in Fig. 2a, both the diffraction peaks of TiO2-400-10 and 
TiO2-400-2 are consistent with that of the anatase phase of TiO2 
(PDF#21-1272). Peaks at 25.28◦, 36.95◦, 37.80◦, 38.58◦, and 48.05◦

correspond to the (101), (103), (004), (112), and (200) crystal planes of 
anatase TiO2, respectively. No additional diffraction peaks from MIL- 
125 (Ti) are observed, indicating the complete conversion of MIL-125 
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(Ti) to TiO2 during pyrolysis. The specific surface area and pore size 
distribution of TiO2-400-10 and TiO2-400-2 were analyzed using N2 
adsorption–desorption isotherms and the BJH method. As shown in 
Fig. S4, the BET surface area of the TiO2-400-2 catalyst is 78.10 m2 g− 1, 
while that of the TiO2-400-10 catalyst is 98.25 m2 g− 1. Both samples 
exhibit similar specific surface areas and pore size distributions.

The existence and concentration of oxygen vacancies in TiO2 were 
evaluated by X-ray photoelectron spectroscopy (XPS), Raman spectrum, 
Electron paramagnetic resonance (EPR), and TG. The high-resolution O 
1s XPS spectra of TiO2 can be deconvoluted into two peaks (Fig. 2b), 
corresponding to lattice oxygen in Ti–O (Olattice, 529.83 eV) and 
chemical-absorbed oxygen species at oxygen vacancies (Ovacancy, 
531.65 eV), respectively [30,31]. Based on the deconvoluted O 1s XPS, 
the ratio of oxygen vacancies in TiO2 can be estimated as (Ovacancy area)/ 
(Ovacancy area + Olattice area) [32]. The larger ratio of oxygen vacancies 
in TiO2-400-10 suggests a higher concentration of oxygen vacancies in 
TiO2-400-10. Moreover, the high-resolution Ti 2p XPS spectra (Fig. 2c) 
show that the binding energy of Ti 2p3/2 in TiO2-400-10 shifts to a lower 
value compared to TiO2-400-2, suggesting the increased electron density 
around Ti atoms due to adjacent positively charged oxygen vacancies 
[33–35]. The XPS spectra confirm that oxygen vacancy-rich TiO2 was 
successfully synthesized. The positively charged oxygen vacancies are 
promising to act as the electron collector to enhance the reaction ki
netics of the rate-determining step of V2+/V3+.

The crystal structure and oxygen vacancy concentration of the 
catalyst are also confirmed by Raman spectra. In Fig. 2d, the four peaks 
of TiO2-400 at 138, 391, 511, and 633 cm− 1 can be assigned as the Eg, 
B1g, A1g, and Eg vibrational modes of anatase TiO2, respectively, 
consistent with the XRD result [36]. Additionally, Raman spectra of 
TiO2-400-10 show a noticeable blue shift of the Eg vibrational peak and 
broader half-peak widths than TiO2-400-2. The blue shift of Raman peak 
likely results from the reduced symmetry of the Ti-O bonds, while the 
broadening and weakening of the Raman peaks typically indicate 
increasing structure defects [36,37]. Therefore, the changes in Raman 
spectra of TiO2-400-10 can be attributed to the abundant oxygen 

vacancy. The oxygen vacancy concentration in the catalysts is further 
investigated by EPR spectra. EPR signals at g = 2.002 correspond to 
unpaired electrons trapped by the oxygen vacancies [38]. As shown in 
Fig. 2e, compared to TiO2-400-2, TiO2-400-10 exhibits a significant EPR 
signal at around g = 2.002, indicating a higher oxygen vacancy con
centration in TiO2-400-10 [39]. The concentration of oxygen vacancy is 
also characterized by TG [38,40]. On the basis of TG results (Fig. S5 and 
S6), the chemical formula of oxygen vacancy-rich TiO2-400-10 and ox
ygen vacancy-deficient TiO2-400-2 are estimated to be TiO1.93 and 
TiO1.95, respectively. The delocalized electrons generated by oxygen 
vacancies can increase the density of states near the Fermi level, 
enhancing the conductivity of TiO2 [41]. UV–vis DRS is used to further 
demonstrate that the increased oxygen vacancies can efficiently improve 
the intrinsic conductivity of TiO2. As shown in Fig. 2f, oxygen vacancy- 
deficient TiO2-400-2 exhibits a typical UV–vis absorption spectra of 
anatase TiO2 with an absorption edge wavelength of 386.14 nm, cor
responding to a bandgap of 3.21 eV, while the absorption edge of the 
oxygen vacancy-rich TiO2-400-10 shows an evident red shift to 409.70 
nm, with a reduced bandgap of 3.03 eV [35]. The band gap of TiO2 is 
calculated by the formula Eg = 1240/λ. The reduced bandgap of oxygen 
vacancy-rich TiO2-400-10 indicates that the higher concentration of 
oxygen vacancies effectively enhances the intrinsic conductivity of TiO2, 
facilitating the charge transfer process of V2+/V3+.

To evaluate the impact of oxygen vacancy concentration on the 
redox kinetics of V2+/V3+, a typical three-electrode system was used to 
assess the electrochemical properties of TiO2-400-10 and TiO2-400-2 
[42]. As shown in Fig. 3a, TiO2-400-10 exhibits a higher oxidation 
current density and a more negative oxidation peak potential compared 
with TiO2-400-2. The results indicate that oxygen vacancies can effec
tively reduce the reaction overpotential of the electrochemical oxidation 
of V2+ [43]. EIS was employed to evaluate the impact of oxygen vacancy 
concentration on the electron transfer process of V2+/V3+ (Fig. 3b) [44]. 
TiO2-400-10 shows a smaller charge transfer resistance than TiO2-400-2. 
The specific charge transfer resistance obtained from equivalent circuit 
fitting is shown in Table S1. Similar results are also observed when 

Fig. 2. (a) XRD patterns, (b) high-resolution O 1s XPS spectra, (c) high-resolution Ti 2p XPS spectra, (d) Raman spectra, (e) electron paramagnetic resonance spectra, 
and (f) UV–vis DRS spectra of TiO2-400-10 and TiO2-400-2.
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oxygen vacancy-rich TiO2-400-10 and oxygen vacancy-deficient TiO2- 
400-2 loaded on GF (Fig. S7). These results demonstrate that oxygen 
vacancy-rich TiO2-400-10 can accelerate the electron transfer kinetics of 
V2+/V3+. Tafel plots at different state of charge (SOC) were further 
measured to assess the catalytic effect of oxygen vacancies on the re
action kinetics of V2+/V3+ [45]. Compared to oxygen vacancy-deficient 
TiO2-400-2, the exchange current density of oxygen vacancy-rich TiO2- 
400-10 at 100 % SOC increases from 2.57 × 10− 3 A cm− 2 to 5.84 × 10− 3 

A cm− 2 in the oxidation process, an increase of 127.24 % (Fig. 3c). While 
the exchange current density at 0 % SOC only increases by 91.26 % 
(from 1.03 × 10− 3 A cm− 2 to 1.97 × 10− 3 A cm− 2) in the reduction 
process (Fig. 3d). Tafel plots of oxygen vacancy-rich TiO2-400-10 and 
oxygen vacancy-deficient TiO2-400-2 at 50 % SOC were also tested 
shown in Fig. S8. This demonstrates that oxygen vacancy-rich TiO2-400- 
10 can significantly enhance the reaction kinetics of V2+/V3+, particu
larly for the electrochemical oxidation of V2+, which is the rate- 
determining step of V2+/V3+. Furthermore, the electrochemical active 
surface area (ECSA) of the catalysts was evaluated by calculating the 
double-layer capacitance (Fig. S9) [46]. Oxygen vacancy-rich TiO2-400- 
10 and oxygen vacancy-deficient TiO2-400-2 possess similar double- 
layer capacitance and comparable ECSA, indicating that the superior 
catalytic activity of TiO2-400-10 originates from its intrinsic catalytic 
activity of oxygen vacancies.

Meanwhile, the impact of pyrolysis temperature on the oxygen va
cancy concentration of the catalyst was probed. In Fig. S10, when the 
pyrolysis temperature is lowered to 350 ◦C, XRD diffraction peaks of the 
pyrolysis product exhibit both the characteristic peaks of the precursor 
MIL-125 (Ti) and anatase TiO2, implying the incomplete pyrolysis of 

MIL-125 (Ti). As the pyrolysis temperature increases from 400 ◦C to 
500 ◦C or 600 ◦C, the relative intensity of peaks of rutile TiO2 gradually 
increases due to the higher thermal stability of rutile TiO2 (Fig. 4a). In 
addition, the sharper diffraction peaks at higher pyrolysis temperature 
indicate the improved crystallinity and reduced oxygen vacancy con
centration of the synthesized TiO2 catalyst. SEM images display that 
TiO2 obtained at different temperature maintains the nanoplate 
morphology (Fig. S11). As exhibited in Fig. 4b, elevating the pyrolysis 
temperature of the precursor results in a significant decrease in the 
specific surface area of TiO2. The BET surface area of the TiO2-400-10 
catalyst is 98.25 m2/g, while it decreases to 27.96 m2/g and 11.10 m2/g 
for TiO2-500-10 and TiO2-600-10, respectively. A lower specific surface 
area hinders the exposure of active sites, reducing the catalytic activity 
of the catalyst. XPS and EPR further characterize the oxygen vacancy 
concentration in TiO2-400-10, TiO2-500-10, and TiO2-600-10 synthe
sized at various temperature. In comparison to TiO2-500-10 and TiO2- 
600-10, TiO2-400-10 exhibits the highest ratio of oxygen vacancies and 
the lowest binding energy of Ti 2p3/2, indicating a significant decrease of 
oxygen vacancies at higher temperature (Fig. 4d and e). Besides, the 
peak intensity at g = 2.002 in EPR considerably decreases as the py
rolysis temperature increases, implying the highest oxygen vacancy 
concentration in TiO2-400-10 (Fig. 4c).

As mentioned previously, CV, EIS, and Tafel plots reveal a strong 
correlation between the concentration of oxygen vacancy and the cat
alytic activity toward V2+/V3+. As the pyrolysis temperature increases, 
the oxygen vacancy concentration of TiO2 decreases, resulting in a 
decline in its catalytic activity. In CV curves (Fig. 4f), oxygen vacancy- 
rich TiO2-400-10 demonstrates the smallest separation of peak 

Fig. 3. (a) CV curves at a scan rate of 10 mV s− 1, and (b) Nyquist plots of TiO2-400-10 and TiO2-400-2 in 1.8 M V3+ + 3.6 M H2SO4 electrolyte. Tafel plots of TiO2- 
400-10 and TiO2-400-2 at (c) 100 %, (d) 0 % SOC in 1.8 M vanadium + 3.6 M H2SO4.
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potential and the highest redox current density among these catalysts. 
The LSV curves (Fig. S12) further reveal that oxygen vacancy-rich TiO2- 
400-10 exhibits the lowest reaction overpotential and the highest re
action current. These results indicate that oxygen vacancy-rich TiO2- 
400-10 can significantly enhance the reversibility and reactivity of V2+/ 
V3+ [47]. EIS results indicate that oxygen vacancy-rich TiO2-400-10 
significantly accelerates the electron transfer process of V2+/V3+

(Fig. 4g) [48]. The specific charge transfer resistance (Rct) obtained 
from equivalent circuit fitting is shown in Table S2. In Fig. 4h and i, 
oxygen vacancy-rich TiO2-400-10 can proficiently promote the reaction 
kinetics of the electrochemical oxidation of V2+. The exchange current 
density of the electrochemical oxidation of V2+ increases by a factor of 
17.48, from 3.16 × 10− 4 A cm− 2 to 5.84 × 10− 3 A cm− 2 (Fig. 4h). In 
contrast, the exchange current density in the electrochemical reduction 
process enlarges only by a factor of 2.88, from 5.08 × 10− 4 A cm− 2 to 
1.97 × 10− 3 A cm− 2 (Fig. 4i). These results demonstrate that oxygen 
vacancy-rich TiO2-400-10 can specifically boost the reaction kinetics of 
the electrochemical oxidation of V2+.

3.2. Theoretical modeling of the activity origin of oxygen vacancy

To further clarify the origin of the catalytic activity of oxygen va
cancy in TiO2, density functional theory (DFT) calculations were carried 
out to elucidate how the oxygen vacancy concentration affects the re
action kinetics of V2+/V3+. TiO2 models with one and two oxygen va
cancies were used as oxygen vacancy-deficient and oxygen vacancy-rich 
models, respectively [39]. The theoretical calculation models for the 
three catalysts TiO2, oxygen vacancy-poor TiO2, and oxygen vacancy- 
rich TiO2 are shown in Fig. S13, 5a, and b. First, the band gap is 
calculated to investigate the impact of oxygen vacancy concentration on 
the structure property of the TiO2 because the band gap plays a crucial 
role in determining the electron transfer process during the catalytic 
reaction [49]. The calculated band gap of oxygen vacancy-rich TiO2 is 
2.05 eV, while that of oxygen vacancy-deficient TiO2 is 2.23 eV (Fig. 5c 
and d). Theoretical calculation indicates that the introduction of oxygen 
vacancies can remarkably reduce the band gap of TiO2, facilitating the 
electron transfer process of V2+/V3+. The effect of oxygen vacancies on 
the band gap of TiO2 exhibits a consistent trend between the DFT results 

Fig. 4. (a) XRD patterns, (b) nitrogen adsorption–desorption isotherms, (c) electron paramagnetic resonance spectra, (d) high-resolution O 1s XPS spectra, and (e) 
high-resolution Ti 2p XPS spectra of TiO2-400-10, TiO2-500-10, and TiO2-600-10. (f) CV curves at a scan rate of 10 mV s− 1 and (g) Nyquist plots of TiO2-400-10, TiO2- 
500-10, and TiO2-600-10 in 1.8 M V3+ + 3.6 M H2SO4 electrolyte. Tafel plots of TiO2-400-10, TiO2-500-10, and TiO2-600-10 at (h) 100 %, (i) 0 % SOC in 1.8 M 
vanadium + 3.6 M H2SO4.
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Fig. 5. DFT-calculated structural models of (a) oxygen-vacancy poor TiO2 and (b) oxygen-vacancy rich TiO2, where the black dashed balls represent oxygen va
cancies. Calculated band structure of (c) oxygen-vacancy poor TiO2 and (d) oxygen-vacancy rich TiO2. Comparison of adsorption energy of V3+ on (e) oxygen- 
vacancy poor TiO2 and (f) oxygen-vacancy rich TiO2. Comparison of adsorption energy of V2+ on (g) oxygen-vacancy poor TiO2 and (h) oxygen-vacancy rich 
TiO2. Electron density difference diagrams of (i) oxygen-vacancy poor TiO2 and (j) oxygen-vacancy rich TiO2 with adsorbed V2+ under different viewing angles. 
Projected density of states of V 3d and O 2p orbitals in (k) oxygen-vacancy poor TiO2 and (l) oxygen-vacancy rich TiO2. Blue, red, purple, and green spheres represent 
Ti, O, V2+, and V3+, respectively. Yellow indicates electron accumulation, and cyan denotes electron deletion in electron density difference diagrams. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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and UV–vis absorption spectra. The underestimated band gap in DFT can 
be ascribed to delocalization errors caused by incomplete removal of 
Coulomb self-interaction [50].

The impact of oxygen vacancy concentration on the catalytic 
mechanism was further revealed by DFT calculations. The fundamental 
catalytic process for the catalysts towards V2+/V3+ involves three basic 
steps, adsorption, electron transfer, and desorption [51]. The adsorption 
energy of V2+ and V3+ on both oxygen vacancy-deficient and oxygen 
vacancy-rich TiO2 were calculated. The adsorption energy of V3+ on 
oxygen vacancy-rich TiO2 (− 1.38 eV) is more positive than that on ox
ygen vacancy-deficient TiO2 (− 4.48 eV), indicating that a higher oxygen 
vacancy concentration can promote the desorption of V3+ (Fig. 5e and f). 
The accelerated desorption process of V3+ on oxygen vacancy-rich TiO2 
can be attributed to the positively charged oxygen vacancy. The 
adsorption energy of V2+ on oxygen vacancy-rich TiO2 (− 1.99 eV) and 
oxygen vacancy-deficient TiO2 (− 2.17 eV) show that both models favor 
V2+ adsorption (Fig. 5g and h). These results suggest that during the 
electrochemical oxidation of V2+, a higher oxygen vacancy concentra
tion effectively facilitates the desorption process of V3+, thereby accel
erating the reaction kinetics of V2+/V3+. The microelectronic 
interaction between vanadium ions and TiO2 with different oxygen va
cancy concentration was further revealed through electron density dif
ference. Based on Bader charge analysis (Fig. 5i and j), V2+ on oxygen 

vacancy-rich TiO2 lost more electrons (1.02|e|) than oxygen vacancy- 
deficient TiO2 (0.98|e|), indicating that a higher oxygen vacancy con
centration can promote the electrochemical oxidation of V2+ to V3+, 
thereby enhancing the electron transfer process of V2+/V3+. The pro
jected density of states (PDOS) of the V 3d and O 2p bands were also 
calculated for V2+ on the surface of TiO2 with different concentration of 
oxygen vacancies (Fig. 5k and l). The results imply that oxygen vacancy- 
rich TiO2 (4.10 eV) exhibits a smaller d-p band center gap for V2+ than 
oxygen vacancy-poor TiO2 (4.13 eV). A smaller d-p band center gap 
corresponds to a more pronounced d-p hybridization between the V 3d 
and O 2p orbitals, thereby greatly facilitating the electron transfer of 
V2+/V3+. In conclusion, DFT calculations reveal that a high oxygen 
vacancy concentration in TiO2 effectively facilitates the electrochemical 
oxidation of V2+, which is the rate-determining step of V2+/V3+.

3.3. VRFB performance

To further probe the impact of oxygen vacancy concentration on the 
reaction kinetics of V2+/V3+ during battery operation, VRFB were 
assembled using oxygen vacancy-rich TiO2 loaded GF (TiO2-400-10), 
oxygen vacancy-deficient TiO2 loaded GF (TiO2-400-2), and unmodified 
GF (GF) as negative electrode, respectively (Fig. 6a). TiO2-400-10 and 
TiO2-400-2, which have similar key physicochemical properties but 

Fig. 6. (a) Illustration of the VRFB with different oxygen vacancy concentration TiO2. (b) GITT curves, (c) average charge and discharge voltages, (d) char
ge–discharge curves, (e) voltage efficiency and coulombic efficiency, and (f) energy efficiency of VRFB with TiO2-400-10, TiO2-400-2, and GF electrode at varied 
current densities. (g) Polarization curves and corresponding power density plots of VRFB with TiO2-400-10, TiO2-400-2, and GF electrode at 0 % SOC. (h) Energy 
efficiencies of VRFB with TiO2-400-10 electrode during long-term stability test at 200 mA cm− 2.
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different oxygen vacancy concentration, were selected for investigation. 
Galvanostatic intermittent titration technique (GITT) was applied to 
analyze the effect of oxygen vacancy concentration on the battery 
overpotential. As shown in Fig. 6b, the battery modified with oxygen 
vacancy-rich TiO2-400-10 exhibits a significantly lower overpotential 
and a higher electrolyte utilization in comparison with oxygen vacancy- 
deficient TiO2-400-2 and GF. Furthermore, according to the calculated 
battery resistance (Fig. 6c), compared to oxygen vacancy-deficient TiO2- 
400-2 (63.96 mΩ), the battery modified with oxygen vacancy-rich TiO2- 
400-10 (39.09 mΩ) can effectively lower the battery resistance, espe
cially for the discharge process. Considering that only the negative 
electrode is modified with different oxygen vacancy concentration in 
VRFB, while other components remain consistent, the differences in 
battery performance can be ascribed to the changes in the V2+/V3+

redox kinetics. Thus the oxygen vacancy-rich TiO2-400-10 promotes the 
redox kinetics of the electrochemical oxidation of V2+ by enhancing its 
desorption and electron transfer process, which is consistent with the 
aforementioned results of the electrochemical performance test. The 
charge–discharge curves of the battery (Fig. 6d) also reveal that a high 
oxygen vacancy concentration in TiO2 can significantly lower the 
overpotential of the electrochemical oxidation of V2+. Moreover, owing 
to the enhanced redox kinetics of the electrochemical oxidation of V2+, 
the battery with a high concentration of oxygen vacancy TiO2 exhibits a 
higher discharge capacity, indicating the improved electrolyte utiliza
tion, which is essential for reducing the high electrolyte cost in VRFB 
(Fig. 6d).

The considerably reduced overpotential endows the battery with 
excellent rate performance, particularly at the high current density [52]. 
As depicted in Fig. 6e, the battery with oxygen vacancy-rich TiO2-400- 
10 demonstrates a superior voltage efficiency (VE) over oxygen vacancy- 
deficient TiO2 within the current density range of 150–400 mA cm− 2. 
Given the same Nafion 212 membrane used in the batteries, the batteries 
assembled with TiO2 featuring different oxygen vacancy concentration 
display comparable Coulombic efficiency (CE). As energy efficiency (EE) 
is determined by the VE and CE, the EE of the battery demonstrates a 
similar trend to VE (Fig. 6f). As the current density increases, both VE 
and EE of the battery decrease, resulting from the elevated battery po
larization. Contributing to the high catalytic activity of oxygen va
cancies, the EE of the battery modified with oxygen vacancy-rich TiO2- 
400-10 is superior to that of the batteries modified with oxygen vacancy- 
deficient TiO2-400-2 and GF. At 300 mA cm− 2, the EE of oxygen 
vacancy-rich TiO2-400-10 is 74.39 %, which is 4.81 % higher than that 
of oxygen vacancy-deficient TiO2-400-2 and 8.58 % higher than that of 
GF. The excellent rate performance of oxygen vacancy-rich TiO2-400-10 
indicates that improving the redox kinetics of the electrochemical 
oxidation of V2+ can significantly improve the battery performance. In 
Fig. 6g, polarization curves also confirm that oxygen vacancy-rich TiO2- 
400-10 effectively reduces the battery overpotential, especially at the 
high current density. More importantly, the battery assembled with 
oxygen vacancy-rich TiO2-400-10 reaches a remarkable power density 
of 961.88 mW cm− 2, while that of oxygen vacancy-deficient TiO2-400-2 
is 768.90 mW cm− 2, and that of GF is 708.60 mW cm− 2. The signifi
cantly enhanced power density is crucial for reducing the stack size, 
ultimately lowering the cost of VRFB, which is conducive to the com
mercial application [53]. To further evaluate the stability of catalysts, 
the long-term cycling performance was carried out (Fig. 6h). Oxygen 
vacancy-rich TiO2-400-10 achieves 79.81 % energy efficiency at 200 
mA cm− 2 and demonstrates outstanding cycling stability over 600 
charge–discharge cycles with an EE decay rate of only 0.0022 % per 
cycle. Therefore, these results not only reveal a strong correlation be
tween the oxygen vacancy concentration and the catalytic activity to
ward V2+/V3+, but also confirm that oxygen vacancies can significantly 
enhance the battery performance by accelerating the redox kinetics of 
the electrochemical oxidation of V2+ to V3+.

4. Conclusion

In summary, the structure–activity relationship between the oxygen 
vacancy and redox kinetics of V2+/V3+ is revealed. The high catalytic 
activity of oxygen vacancy-rich TiO2 is attributed to the redistribution of 
the electronic structure caused by the oxygen vacancies which act as 
electron acceptors, thus accelerating the desorption and electron 
transfer processes in the electrochemical oxidation process of V2+. Ox
ygen vacancy-rich TiO2 significantly boosts the sluggish redox kinetics 
of V2+/V3+ by accelerating the electrochemical oxidation of V2+ to V3+, 
compared to oxygen vacancy-deficient TiO2. The battery modified with 
oxygen vacancy-rich TiO2 exhibits outstanding battery performance 
ranging from 150 to 400 mA cm− 2, achieving an energy efficiency of 
74.39 % at 300 mA cm− 2 and a high power density of 961.88 mW cm− 2. 
Moreover, the battery modified with oxygen vacancy-rich TiO2 exhibits 
excellent stability with an average decay rate of only 0.0022 % per cycle 
for 600 cycles. This study offers insights into the regulation of oxygen 
vacancy concentration in metal oxides and sheds light on the develop
ment of highly active catalysts for VRFBs.
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