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3.1 Introduction  

The majority of energy sources used today are derived from fossil fuels including natural gas, coal 

and oil. However, the depletion of finite resources of fossil fuels and the negative environmental 

repercussions of using fossil fuels has sparked extensive research on innovative technologies for 

the conversion and storage of clean, sustainable energy sources, such as wind and solar power. [1, 

2] Continuous research efforts are being made to investigate new eco-friendly technologies in 

response to the deterioration of global climate and environment, such as supercapacitors, [3] 

batteries, [4] photocatalysis, [5] and electrocatalysis, [6] for the application of sustainable and 

renewable energy sources. [7] The overall electrochemical water splitting is considered a 

promising approach for energy conversion technologies, which involves two half-reactions: 

namely the hydrogen evolution reaction (HER) at the cathode and the oxygen evolution reaction 

(OER) at the anode. OER is kinetically slower than HER as it requires four electrons for the 

reaction to occur, whereas HER just requires two electrons for the reaction to occur. Thus, the 

OER is a key process that determines the overall efficiency of electrocatalytic water splitting. Up 

to now, precious noble metal-based materials such as IrO2 and RuO2 have been considered 

benchmark electrocatalysts for OER. However, the high cost and low abundance limit their large-

scale application. Therefore, it is imperative to explore cost-effective alternative materials that can 

efficiently reduce the kinetic constraint of OER and enhance the efficacy of water splitting. [8,9] 

Consequently, a diverse range of transition-metal compounds, such as transition-metal (e.g., Mn, 

Fe, Co, and Ni) oxides, (oxy)hydroxides, chalcogenides, carbides, phosphides, nitrides and their 

corresponding composite electrocatalysts have been developed. [10] Due to their low cost, high 

activity and durability, these materials are regarded as potential alternatives for practical water 

splitting. [11] In this context, Ni–Fe oxides and (oxy)hydroxides have consistently shown the 

highest activities and, as a result, have become the most interesting earth-abundant OER catalysts. 
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[12,13] Recently, it was shown that Ti-doped Ni-Fe oxy-hydroxide (NixFeyTizOOH) showed a 

better OER activity in comparison to Ni0.75Fe0.25OOH, a benchmark in the alkaline medium for 

platinum-group metal-free (PGM-free) catalysts. [10] Materials and electrocatalysts containing 

titanium have attracted great interest in recent times. [14] Although TiO2 has been widely 

investigated as an anodic catalytic substance, particularly in a recent study. [15,16] In 

multimetallic metal oxides (or sulfides), Ti was utilized effectively for enhancing catalytic 

performance in alkaline media for OER. [14] Recent studies of cobalt-doped black TiO2 nanotube 

arrays. [17] ultrafine NiO nanosheets supported by TiO2 [18] and Ti−Fe mixed sulfide nanoboxes 

[19] are of particular relevance for OER in basic media.  

NiO-based materials are receiving significant attention due to their low cost, unique 

chemical properties and good stability. Consequently, this compound has found widespread use in 

catalytic, gas sensing, magnetic and electrocatalytic materials. [20] As a p-type semiconductor, 

Ni2+ vacancies are often present in NiO. [21] The p-type conductivity of NiO derives from the 

presence of two positively charged holes that are associated with each Ni2+ vacancy in the lattice. 

According to the Kroger–Vink notation 1/2 O2(g) ↔  OO
x  +  VNi

′′ +  2 h+
 in which VNi

′′  denotes 

Ni2+ vacancy and OO
x  denotes oxygen atom located on the lattice site of NiO. [22] For charge 

neutrality, the two h+ will be neutralized by increasing the valence states of the two neighboring 

Ni2+ to Ni3+ (Ni2+ + h+ → Ni3+) or by increasing the valence states of the two neighboring O2- to 

O- (O2- + h+ → O-).  A thorough understanding of the role of defects in electrocatalysts is crucial 

for guiding the rational design of defects in catalysts to achieve optimal HER [23,24] and OER 

activity. [25-27]  

In the present work, we investigate defect chemistry when Ni and Ti coexist in the crystal 

structure since prior research has shown that atom vacancies can significantly increase catalytic 
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activity. [28-30] Specifically, when both Ti and Ni are present in the same crystal structure in the 

composition of Ni1−2xTixO  , their distinct oxidation states of 4+ for Ti and 2+/3+ for Ni result in 

the formation of cation vacancies to maintain charge neutrality with oxygen [given as NiO + Ti =

Ni1−2𝑥Ti𝑥V𝑥
′′O where Vx

′′ denotes the cationic vacancy]. 

The inductive effect, which arises from differences in electronegativity, is prevalent in 

multicomponent materials. Substituents/components with more electronegativity tend to pull the 

electron cloud of chemical bonds, thus resulting in the tuned surface electronic structure of 

catalysts. [31] The incorporation of foreign metal substituents to tune the redox potential has been 

proven to be a very effective method to improve the performance of oxygen electrocatalysis. 

[32,33] Herein, a series of cubic rock salt structure compounds Ni1−2𝑥Ti𝑥V𝑥
′′O (x = 0.03, 0.05, 

0.075, 0.1) have been synthesized by the sol−gel route to investigate the influence of the 

composition on electrochemical activity toward the oxygen evolution reaction (OER). Cationic 

vacancy and the inductive effect brought about by the Ti4+ at the Ni site in rock salt NiO lattice 

results in the enhancement of OER activity. The result corroborates with the findings of recent 

investigations on Bi0.2Sr0.8CoO3‑δ,[34] Ti-doping in Fe2O3, [35] Co-vacancy-rich Co1–xS [25] and 

layered Li1–xCr1–xAlxO2. [36] From linear sweep voltammograms (LSV) results, we found that 

titanium doping in Ni1−2𝑥Ti𝑥V𝑥
′′O (0 ≤ x ≤ 0.1) increases the OER activity and the best OER 

activity is achieved for Ni0.9Ti0.05O with a Tafel slope of 67 mV dec−1 and an overpotential of 304 

mV at a current density of 10 mA cm−2, comparable to that of the commercial RuO2 benchmark 

catalyst, measured under similar experimental conditions. 
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3.2 Experimental Section 

3.2.1 Material Synthesis 

A sol-gel synthesis route was utilized to synthesize polycrystalline Ni1−2𝑥Ti𝑥O (x = 0.03, 0.05, 

0.075, 0.1) powder sample. Stoichiometric quantity of precursor compounds such as 

Ni(NO3)2.6H2O (Sigma Aldrich, ≥ 99 %), (C3H7O)4Ti, titanium isopropoxide (TIP) (Sigma 

Aldrich, ≥ 98 %), were used as received without further purification. Double-distilled (DD) water 

was used during all of the experimental processes. A stoichiometric amount of Ni(NO3)2.6H2O 

was dissolved in 20 mL (DD) water and 10 mL of ethylene glycol solution, referred to as solution 

A. The mixture was stirred for half an hour at 80 ℃ on a hot plate. In 5 mL of cold HNO3, the 

stoichiometrically calculated amount of TIP was added and stirred to get a clear solution followed 

by adding it to the above solution A. Then the reaction was continued for 6 h with stirring at 80 

℃. The sample mixture was initially heated at 400 ℃ for 1 h and then calcined at 500 ℃ for 6 h 

in an oxygen environment with an intermediate grinding step to get single-phase material. The 

series of Ni1−2𝑥Ti𝑥O samples were denoted as NTO-0, NTO-3, NTO-5, NTO-7.5 and NTO-10 for 

x = 0, 0.03, 0.05, 0.075, 0.1, respectively, in this manuscript. The electrochemical activity of the 

synthesized catalyst was compared with commercial RuO2 (Sigma Aldrich, 99%, a well-known 

benchmark catalyst for oxygen evolution reaction) in the same condition of the experiment. 

3.3 Result and Discussion 

3.3.1 XRD Studies and Rietveld Refinement 

The well-separated diffraction peaks of the Ni1−2𝑥Ti𝑥O  (x = 0, 0.03, 0.05, 0.075, 0.1) samples in 

the XRD patterns, in Figure 3.1 a, are indicative of the material's crystalline form and are well-

indexed with the standard cubic phase space group: Fm-3m (225) of NiO (JCPDS No. 47-1049). 

No impurity peaks were identified up to 7.5% Ti doping in the Ni1−2𝑥Ti𝑥O structure. However, a 
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small impurity peak of NiTiO3 appeared at 10% dopant concentration. It is evident from the XRD 

pattern that on increasing the doping percentage of Ti in Ni1−2𝑥Ti𝑥O , the intensity count decreases 

and the peak broadening increases. The magnification of the highest intensity peak, (200), at 2θ = 

~43° exhibits broadening and slight shifting toward higher angle with increasing dopant 

concentration (Figure 3.1b) confirming the incorporation of Ti in the NiO lattice. Further to 

understand the effect of doping on the crystallite size, we calculated the crystallite size using the 

Debye– Scherrer equation:  𝐷 = 0.9𝜆/𝛽𝑐𝑜𝑠𝛳                                                                            (3.1) 

where D is crystallite size, λ is the wavelength of the X-ray radiation (1.54 Å for Cu Kα), 

β is the full-width half maxima and θ is the diffraction angle, was used to calculate crystallite size. 

[37] The average crystallite size was found to decrease from ⁓9.9 (±1) to ⁓6.9 (±1) nm with 

increasing doping percentage of Ti. Further, Rietveld refinement of all NTO samples was 

performed by taking Pseudo-Voigt as peak profile function and Fm-3m space group, shown in 

Figure 3.2.  

 

Figure 3.1 (a) XRD pattern of all sol-gel synthesized NTO samples and (b) Magnified image 
of (200) peak. 
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The refinement results along with their reliability factors (Rbragg, Rf and χ2) were listed in Table 

3.1. It is clear from the refinement results (Table 3.1) that the lattice parameter slightly decreases 

in comparison with the pure NiO because Ti4+ has a smaller ionic radius (0.60 Å) than Ni2+ (0.69 

Å). 

 

 

Figure 3.2 Rietveld refined 
powder XRD patterns of all 
NTO samples. 

 

 

 

 

 

 

 

 

 

Table 3.1 Rietveld refined structural parameters of NTO-0, NTO-3, NTO-5, NTO-7.5 and NTO-

10. 

Samples a =b=c (Å) α = β = γ V (Å)3 Rp Rwp χ2 

NTO-0 4.178(2) 90̊ 72.94(3) 5.87 4.84 2.01 

NTO-3 4.178(7) 90̊ 72.93(7) 6.21 5.32 2.40 

NTO-5 4.177(3) 90̊ 72.85(3) 7.65 5.92 2.42 

NTO-7.5 4.176(4) 90̊ 72.83(1) 7.73 5.83 2.67 

NTO-10 4.175(6) 90̊ 72.78(6) 9.48 7.76 2.89 
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3.3.2 Raman Analysis 

The structural formation and phase purity of NiO and Ti-doped NTO samples were further 

confirmed by the Raman study. Room temperature Raman spectra of all the NTO samples recorded 

in the range between 1400–200 cm-1 shown in Figure 3.3 a. The spectra show two main peaks 

identified at approximately 515 cm−1 and 1060 cm−1. The strong peak around 515 cm−1 

corresponds to a first-order longitudinal–optical one-phonon (1P) mode of 1LO peak associated 

with the vibrations of Ni–O. The broader peak around 1060 cm−1 is due to a second-order 

longitudinal–optical two-phonon (2P) mode of 2LO peak. There is a second-order transverse 

optical phonon mode 2TO at ~704cm−1. Other modes, such as the 1TO at approximately 367 cm−1 

and LO+TO at around 896 cm−1 have lower intensity in the spectra. These modes correspond to 

the stretching vibrations of NiO. [38,39] The 1LO mode is shifted towards lower wavenumber for 

Ti-doped NiO indicates the increase in the Ni-O bond length due to addition of Ti in the NiO host 

lattice. [38] The presence of dominant 1LO, 1TO and its overtones can be attributed to the lattice 

distortion induced by Ni2+ vacancies in NTO. To understand the degree of distortion in NTOs due 

to Ni2+ vacancies, the intensity ratio of first-order and second-order optical phonon vibrations 

(I1LO/I2LO) is plotted in Figure 3.3 b. It can be seen that the I1LO/I2LO increases with increasing 

doping percentage of Ti in NiO. It means that the Ni2+ vacancies in the lattice gradually increases 

with Ti doping. [40, 41] The Raman spectra show no impurity peaks, confirming the purity and 

cubic phase of the samples. This observation is consistent with the findings from XRD analysis. 
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Figure 3.3. (a) Room temperature Raman spectra of all the NTO samples, (b) intensity ratio 
of first-order and second-order optical phonon vibrations (I1LO/I2LO) varying with NTO samples 
and (c) FTIR spectra of NTO-0 and NTO-5 samples. 

3.3.3 FT-IR Analysis 

FT-IR spectroscopy is employed to examine the vibrational bands of NTO-0 and the modifications 

resulting from Ti doping in NTO-0 structure. FT-IR spectra of pure NTO-0 and all the doped NTO-

3 to NTO-10 samples are recorded in the range between 4000–400 cm-1 shown in Figure 3.3 c. 

The broad band around 3420, 1630 and 1380 cm-1 are assigned to stretching and bending vibrations 
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of the –OH group absorbed on the catalyst surface from the atmosphere during the analysis. [42] 

The absorption bands at 2340 and 2920 cm-1 are assigned to the symmetric /asymmetric stretching 

vibration modes of the absorbed CO2 and C–H bond stretching respectively. [43] The peak around 

1020 cm−1 and 1090 cm−1 in all samples can be attributed to the carbonate groups, which originate 

from the reaction of the samples with CO2 from air during the analysis procedure. The peak 

appearing at 560 cm-1 in the NTO-0 sample is due to the Ni–O bond [44] and a shift to lower 

frequency is observed on Ti doping in the NTO samples, when compared to NTO-0, which 

confirms the weakening of the Ni–O bond on doping. [45] The difference in ionic radii between 

Ni2+ and Ti4+ results in the shift in frequencies between the spectra. This further validates that Ti 

has been successfully doped within the NiO crystal lattice. The shift of Ni–O stretching frequency 

to lower value confirms the weakening of the Ni–O bond which supports the enhancement of the 

catalytic activity of the material. The best activity of NTO-5 is related with optimum number of 

active sites and cation vacancy. As doping beyond 5% also leads to decrease in the active site 

Ni2+/Ni3+.  

3.3.4 XPS and ICP Analysis 

XPS experiments were carried out to confirm the electronic state of the elements (Ni, Ti and O) in 

NTO-0 and NTO-5 samples (the survey spectra shown in Figure 3.4 (a, b). For precise 

determination of the double peak characteristics of Ni (2p1/2) and Ni (2p3/2), the XPS spectrum 

Figure 3.5 (a, b), were deconvoluted using Voigt peak function and the Shirley background with 

the XPS Peak41 software. The Ni 2p signals at 854.3 and 871.6 eV are attributed to 2p3/2 and 2p1/2 

of Ni2+, and at 856.4 and 873.5 eV to 2p3/2 and 2p1/2 of Ni3+. The additional peaks located at around 

861.4, 865.6, 876.8 and 880.5 eV are matched to their respective satellite peaks. [46] 
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Figure 3.4 XPS full survey scan of (a) NTO-0 and (b) NTO-5 sample. 

 

These findings verify that the peak positions are similar to those reported in previous studies for 

Ni2+ and Ni3+ oxidation states in stoichiometric and non-stoichiometric NiO. [47, 48] After 

deconvolution, the observed ratio between the fractional composition of Ni2+: Ni3+ in NTO-0 was 

0.75:0.25, which on Ti doping changes to Ni2+:Ni3+ :: 0.58:0.42. This confirms that Ti4+ doping in 

NiO is tuning the Ni3+ concentration in the NiO lattice. Further, the Ni 2p3/2 peak shifted by around 

0.5 eV from 854.3 eV to 854.8 eV and Ni 2p1/2 peak shifted by around 0.6 eV from 871.6 to 872.2 

eV in the NTO-5 sample compared to the NTO-0 sample (no Ti-doped sample). This shift confirms 

that the doping of more electronegative Ti4⁺ ions into the lattice increases the ionicity of the Ni–O 

bond through the inductive effect along with resulting in a high concentration of Ni3+ ions in the 

lattice. [36, 49]  
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Figure 3.5. Core level XPS spectrum of (a), (b) Ni (2p), (c) Ti (2p), (d), (e) O (1s). 

 

The Ti 2p core-level spectrum of NTO-5, in Figure 3.5c, consists of two peaks centered at 464.2 

and 458.5 eV corresponding to Ti (2p1/2) and Ti (2p3/2), confirming that Ti is present in the +4-

oxidation state. [50, 51] The O 1s spectrum of NTO-0, NTO-5 shown in Figure 3.5d and Figure 

3.5e respectively, was deconvoluted into three peaks. The peaks at 532.1, 529.3 and 531.1 eV 

correspond to surface hydroxyl and oxygen bonds with Ni2+ and Ni3+ respectively, for NTO-0 and 
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NTO-5. Followed by the electronic state of the elements, the XRD, FT-IR and Raman studies 

confirms the formation of cation vacant Ni1−2xTixVx
′′O  cubic lattice. 

An estimation of the relative surface concentrations of Ni and Ti in both the prepared catalysts 

NTO-0 and NTO-5 was conducted by using the following formula. [52]  

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛, 𝐶𝑀 =
𝐼𝑀 𝜆𝑀𝜎𝑀𝐷𝑀⁄

∑(𝐼𝑀 𝜆𝑀𝜎𝑀𝐷𝑀⁄ )
                                                                                     (3.2) 

where IM is the integrated intensity of the core levels (M = Ni 2p and Ti 2p), λM is the mean 

escape depths of the respective photoelectrons, σM is the photoionization cross section, and DM is 

the geometric factor. The photoionization cross-section values were taken from Scofield’s data 

[53] and the mean escape depths were taken from Penn’s data. [54] The geometric factor was taken 

as 1 because the maximum intensity in this spectrometer is obtained at 90°. The surface 

concentrations of Ni/Ti were found in the ratio of 0.9:0.05 in Ni0.9Ti0.05O. Further, the relative 

concentrations of Ni and Ti in the samples were also examined by the ICP analysis using 

inductively coupled plasma mass spectrometry (ICP−MS), (make:Agilent7800ICP−MS 

mainframe).The nominal (desired) and actual (obtained from the ICP−MS analysis) compositions 

of all synthesized Ni1−2xTixVx
′′O  (x = 0, 0.03, 0.05, 0.075, 0.1) catalysts are listed in Table 3.2.The 

observed value from the XPS study matches very well with the elemental ratios obtained from the 

ICP−MS study. Thus, the formula of the compound along with their electronic structure can be 

represented as Ni0.9Ti0.05O. 

3.3.5 Microstructural Analysis 

The surface morphology and particle size distribution of the NTO-0 and NTO-5 samples were 

studied from the scanning electron micrographs. The HR-SEM image of the NTO-0 and NTO-

5 sample shown in Figure 3.6(a-d) depicts the uniform and homogeneous agglomerated particles, 

https://pubs.acs.org/doi/10.1021/acsaem.3c00361?fig=tbl3&ref=pdf#fig4
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and its size ranges from 100 to 200 nm distributed in the entire region of the micrograph. The 

elemental colour mapping of the NTO-0 and NTO-5 sample shown in Figure 3.6e and Figure 3.6f 

respectively, confirms the homogeneous distribution of the element in the samples. The energy-

dispersive spectrum of NTO-0 (Figure 3.6g) and NTO-5 (Figure 3.6h) confirms the presence of 

Ni, Ti and O in their respective samples. 

Table 3.2 Relative concentration of Ni and Ti in Ni1-2xTixO (x = 0, 0.03, 0.05, 0.075, 0.10) 
from ICP analysis. 

Catalyst 
Nominal 

Composition 

ICP composition of Ni1-2xTixO 

(x = 0, 0.03, 0.05, 0.075, 0.10) 

Ni Ti 

NTO-3 Ni0.94Ti0.03O 0.94 0.03 

NTO-5 Ni0.9Ti0.05O 0.90 0.05 

NTO-7.5 Ni0.85Ti0.075O 0.85 0.075 

NTO-10 Ni0.8Ti0.10O 0.80 0.10 
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Figure 3.6. SEM micrograph of (a), (c) NTO-0 (the scale bars are 1 μm and 500 nm 
respectively), (b), (d) NTO-5 (the scale bars are 1 μm and 500 nm respectively), (e), (f) 
represents elemental mapping of individual elements (Ni, Ti, and O) present in the NTO-0 
and NTO-5 sample and (g), (h) EDX spectrum of NTO-0, NTO-5. 
 
Bright-field TEM images of the NTO-0 and NTO-5 sample (in Figure 3.7a, d) indicates irregular 

aggregated particles. The high-resolution–TEM images, Figure 3.7b, e presents the lattice 

arrangements at the localized region of the powder sample. The lattice fringes of the NTO-0 and 
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NTO-5 samples shown in Figure 3.7c, f corresponds to the (200) and (111) plane. The HRTEM 

results reveals that interplanar d-spacing for both the samples follows the sequence NTO-0 > NTO-

5 which is in accordance with the XRD result. Also, selected-area electron diffraction (SAED) 

shows the concentric diffraction rings, in inset of Figure 3.7b, e which further indicates the 

crystalline nature of both the samples. The interplanar distances measured from the SAED pattern 

show good agreement with the cubic NiO. The diffraction rings are indexed to (111), (200), (220), 

(311) and (222) from the inside to the outside matches well with the XRD results. 

 

 

Figure 3.7. Bright-field TEM image (a) NTO-0, (d) NTO-5, (b), (e) HR-TEM image lattice 
arrangements at the localized region for NTO-0 and NTO-5; inset shows the respective SAED 

patterns and (c, f) HR-TEM image with interplanar d-spacing of (200) and (111) plane for 
NTO-0 and NTO-5 respectively. 
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3.3.6 Electrochemical Studies  

3.3.6.1 OER Performances of Synthesized Catalysts 

The electrochemical performance of Ni1−2xTixO (0 ≤ x ≤ 0.1) catalysts toward the OER was 

investigated in O2-saturated 1 M KOH at a scan rate of 5 mV s-1 in a three-electrode setup. Several 

cycles of fast scan CV were performed on the working electrode before collecting the data in the 

range of 1.0 to 1.8 V vs RHE to obtain a stable current. The LSV curves, in Figure 3.8a, show the 

OER performances of all the synthesized NTO catalysts follow the order NTO-10 < NTO-0 < 

NTO-7.5 < NTO-3 < NTO-5. OER activity reaches its optimum performance for 5% Ti doping 

and the activity decreases with further increase in the dopant concentration. Inset of Figure 3.8a 

highlights the 1.2–1.6 V LSV region, with a ~1.4 V peak confirming Ni2+/Ni3+ as the active 

species, detailed in Figure 3.12. The overpotential required to achieve the current density of 10 

mA cm-2 for NTO-0-10 samples was found to be 358, 322, 304, 334 and 392 mV, respectively, 

shown in Figure 3.8b. Tafel analysis is one of the primary studies in the evaluation of 

electrocatalysts for water electrolysis. It depicts the relationship between potential and logarithm 

of current density, is an important factor in assessing the reaction kinetics. Figure 3.8c shows the 

Tafel plot of a series of Ni1−2xTixO samples and the Tafel slope values obtained for NTO-0, NTO-

3, NTO-5, NTO-7.5 and NTO-10 are approximately 82, 78, 67, 71 and 95 mV dec−1, respectively. 

A low Tafel slope value is an indication of a good electrocatalyst with decreasing overpotential. 

The lowest Tafel value of NTO-5 (67 mV dec−1) indicates its faster reaction kinetics compared to 

all other Ti-doped NiO catalysts.  EIS measurements were also performed to determine the charge-

transfer resistance Rct of all the catalysts. Impedance studies for the catalysts Ni1−2xTixO were 

conducted in the frequency range of 10 Hz – 100 kHz with an AC amplitude of 10 mV at a potential 

of 1.5 V vs RHE, as shown in Figure 3.8d. where the inset shows; an equivalent circuit fit of the 

EIS data, the solution resistance (Rs), charge-transfer resistance (Rct) and double-layer capacitance 
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(RCdl). The charge transfer resistance (Rct) (diameter of the semicircle in the Nyquist plot at the 

high-frequency region) is linked with the electrochemical kinetics of the reaction. A smaller 

semicircle loop suggests lower charge-transfer resistance and a sign of faster kinetics during the 

OER process. [55] The Rct value of NTO-5 is found to be 9.02 Ω, which is lower than all other 

synthesized catalysts NTO-0 (12.72 Ω), NTO-3 (10.77 Ω), NTO-7.5 (11.72 Ω) and NTO-10 (18.02 

Ω), indicating its faster OER kinetics rate compared to the other catalysts. 

 

Figure 3.8. OER performance of NTO series samples Ni1-2xTixO (x = 0.03, 0.05, 0.075, 0.1). (a) 
Linear sweep voltammograms taken at a scan rate of 5 mV s−1 in 1 M KOH, (b) Overpotentials 
at a current density of 10 mA cm−2, (c) Tafel plots & (d) EIS recorded at 1.54 V vs. RHE.  
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The OER performance of NTO-5 was conducted in different pH concentration of 0.1, 0.5, 

1 and 2 M KOH electrolytes (with pH ranging from 13-14.3) as shown in Figure 3.9, and found 

that NTO-5 have a noticeable pH-dependent OER activity. The activity of NTO-5 increases with 

KOH electrolyte concentration up to 1 M; however, beyond 1 M KOH electrolyte, the OER 

performance dropped. This may be due to the fact that all adsorption sites were filled by OH− at a 

lower concentration (up to 1 M). 

 

 

Figure 3.9 OER performance of the 
NTO-5 catalyst in different 

concentration of KOH electrolyte 
with pH ranging from 13 to 14.3. 

 

 

 

Furthermore, to examine the intrinsic properties of the electrocatalyst, the 

electrochemically active surface area (ECSA) of each catalyst was calculated via double-layer 

capacitance measurement. The double-layer capacitance (Cdl) is analyzed by CV in a non-faradic 

potential range from 0.86 to 0.96 V with different scan rates ranging from 40 to 140 mV/s, as 

shown in Figure 3.10 (a-e). The change in current density (ΔJ) for anodic and cathodic scans in 

CV depends on the charge-storing ability of the working electrode and it increases linearly upon 

increasing the scan rate.  

https://pubs.acs.org/doi/10.1021/acsaem.3c00361?fig=tbl3&ref=pdf#fig6
https://pubs.acs.org/doi/10.1021/acsaem.3c00361?fig=tbl3&ref=pdf#fig6


Chapter 3 

 

IIT (BHU), Varanasi                                                                                                     P a g e  | 71 
 

 

Figure 3.10 CV measurements in a non-faradic current region (0.86 – 0.96 V vs. RHE) at scan 
rates of 40, 60, 80, 100, 120 and 140 mV s-1 of (a) NTO-0, (b) NTO-3, (c) NTO-5, (d) NTO-7.5 
& (e) NTO-10 in 1 M KOH. 
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The double layer capacitance which is the slope of ΔJ/2 vs η plot is found to be 0.89, 1.12, 1.25, 

1.91, 2.24 mF/cm–2 for all the NTO series catalysts, following the order NTO-10 < NTO-0 < NTO-

7.5 < NTO-3 < NTO-5 as plotted (Figure 3.11a) for each catalyst. 

Figure 3.11. OER performance of NTO series samples Ni1-2xTixO (x = 0.03, 0.05, 0.075, 0.1). 
(a) Plots of capacitive current density differences ΔJ/2 vs. the scan rate for all NTO samples 
& (b) Plot of ECSA vs catalyst Ni1-2xTixO (x = 0.03, 0.05, 0.075, 0.1).  

The best electrocatalytic OER activity was obtained for NTO-5 or up to 5% Ti doping in 

NiO and OER activity decreases with further increase in Ti substitution at the Ni site in NiO rock-

salt lattice as higher Ti substitution effectively decreases the active site (Ni2+/3+) participation for 

the reaction on surfaces due to increase in cation vacancies and non-active smaller size Ti4+ at 

surfaces.  

The ECSA of a catalyst is determined by using the double-layer capacitance according to the 

formula:  𝐸𝐶𝑆𝐴 =  
𝐶𝑑𝑙

𝐶𝑠
⁄                                                                                           (3.3)                                                                     

where Cdl is the double-layer capacitance of the catalyst and Cs is the specific capacitance 

of the material per unit area under identical electrolyte conditions and is equal to 0.04 mF cm-2 in 

1.0 M KOH based on reported values. [56] The plot of ECSA vs catalyst, in Figure 3.11b, shows 

https://pubs.acs.org/doi/10.1021/acsaem.3c00361?fig=tbl3&ref=pdf#fig6
https://pubs.acs.org/doi/10.1021/acsaem.3c00361?fig=tbl3&ref=pdf#fig6
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that ECSA is highest for NTO-5 after that no increment in ECSA is observed. The Cdl and 

corresponding ECSA values of all catalysts discussed in this study are presented in Table 3.3.  

Table 3.3 The Cdl and corresponding ECSA values of all the catalysts  

S. No. Catalyst Cdl (mF cm-2) ECSA (cm2 mg-1) 

1 NTO-0 1.12 28 

2 NTO-3 1.25 47.7 

3 NTO-5 2.24 56 

4 NTO-7.5 1.91 31.2 

5 NTO-10 0.89 22.2 

 

Cyclic voltammogram (CV), in Figure 3.12, of NTO samples recorded between 1.2 and 1.6 V vs 

RHE consists of a pre-OER reversible redox peak. It is interesting to observe that the anodic peaks 

of the CV are gradually shifted toward the higher potential with increasing Ti doping in NiO lattice 

indicating that the doping of Ti increases the polarization of the active Ni2+/Ni3+ redox species. 

 

Figure 3.12. Cyclic voltammograms of 
Ni1−2xTixO catalysts with various Ti 
contents (0 ≤ x ≤ 0.1) were recorded at a 
scan rate of 5 mV s−1 in 1 M KOH, 
showing the effect of Ti doping on the 
pre-OER redox peaks. 

 

 

 

Ti4+ being a smaller ion with a higher charge has more affinity for electrons than the parent Ni ion. 

The dopant Ti4+ being a stronger Lewis acid, withdraws electrons from Ni and decreases the energy 
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of antibonding states. [32, 57] This decrease in energy would result in a lower electron energy 

associated with the redox of M–O bonds, and cause a positive shift in the electrode potential. [32] 

Previous studies have suggested that the enhanced OER kinetics is accompanied by a positive shift 

in the potential of a reversible process before the onset of OER. [58-60] The anodic shift of redox 

potentials in NTO samples caused by the inductive effect of Ti4+ led to the enhanced OER activity 

of NTO-5 than NTO-0. Here we relate the OER activity of metal oxides to the potential of redox 

processes preceding OER, which also corresponds to the redox of surface metal ion sites, 

Mn+ ̶ OHad Mn+1  ̶ Oad⁄ . The inductive effect of Ti+4 (χ Ni2+/3+ = 1.367, 1.695 respectively and χ 

Ti4+ = 1.730) [57] plays a vital role by increasing the partial positive charge on Ni (in Figure 3.13) 

as also evident from the XPS spectrum. It is also noteworthy, that higher concentrations of cation 

vacancies in the rock salt structure (NTO-5) act as sites for adsorbing H2O molecules as evident 

from the FT-IR spectra (Figure 3.3c).  

 

Figure 3.13. Pictorial representation of the movement of electron density because of 
inductive effect, χ Ni2+/3+ = 1.367, 1.695 respectively and χ Ti4+ = 1.730. 

The cationic vacancy site acts as the active site to effectively adsorb H2O molecules, which is a 

key step for the OER, leading to a significant enhancement in the electrocatalytic activity of OER. 

[28, 61]  

3.3.6.2 Comparative OER Study 

Commercially available RuO2 (Sigma-Aldrich) was tested as a reference electrocatalyst in the 

present study to compare its performance with the NTO-5 electrocatalyst, under a similar 
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experimental condition. The polarization curves of RuO2 along with NTO-5 are plotted in Figure 

3.14 to compare their OER performance. It is observed that the overpotential required for RuO2 to 

reach the current density of 10 mAcm-2 is 332 mV, as reported previously [62] while NTO-5 

requires ~304 mV overpotential to reach the same current density. The Tafel slope of NTO-5 and 

RuO2 was calculated and found to be 67 mV dec−1 and 82 mV dec−1 respectively, which is in order 

of their OER performance, as shown in the inset of Figure 3.14. 

 

Figure 3.14. Comparison of OER 
performance of NTO-5 with commercial 
RuO2 as reference catalyst, linear sweep 
voltammograms recorded at 5 mV s−1 in 
1 M KOH; inset showing the Tafel plot. 

 

                                                     

 

 

 

 

Figure 3.15 N2 adsorption/desorption 
isotherm curve of NTO-5. 
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From BET surface area measurement (N2 adsorption/desorption isotherms) of NTO-5 (see in 

Figure 3.15) the surface area is determined to be 29.16 m2/g whereas that of commercial RuO2 is 

11.38 m2/g. [62]  

Under an overpotential of 350 mV, (a fixed overpotential of 350 mV value was chosen 

based on 10% efficient solar water-splitting devices) [56] the OER current density of NTO-5 

reaches 30.4 mA cm−2, about 2.5 times higher than commercial RuO2 (12.5 mA cm−2). The current 

density normalized by real available surface area as estimated from BET measurements of the 

NTO-5 and the benchmark commercial RuO2 catalyst were also calculated under an overpotential 

of 350 mV and referred to as a specific activity (SA). [63] The SA of NTO-5 is 1.04 mA cm−2, 

comparable to that of RuO2 (1.11 mA cm−2), as shown in Figure 3.17a. Electric double-layer 

capacitance (Cdl) more accurately represents the actual surface area of the material when exposed 

to the electrolyte during the experiment as compared to the geometrical surface area estimated 

from the BET method. [64] 

Figure 3.16 CV measurements in a non-faradic current region (0.9-1.0 V vs. RHE) at scan 
rates of 50, 100, 120, 140 and 160 mV s-1 of (a) RuO2 in 1 M KOH & (b) plot of capacitive 

current density difference average (Δj/2) vs the scan rate for RuO2. 
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The current density normalized by electric double-layer capacitance, designated as EA, of NTO-5 

and RuO2, was calculated. Cdl of RuO2 was determined to be only 7.9 mF cm−2 (in Figure 3.16) 

while that of NTO-5 was 2.24 mF cm−2 (as seen in Figure 3.11e). The EA for NTO-5 is 13.57 mA 

mF−1, which is ~8 times higher than that of RuO2 (1.61 mA mF−1) shown in Figure 3.17b, 

confirming the good activity of NTO-5. 

Figure 3.17. (a) OER 
activity normalized by 
BET surface area (SA) and 
(b) electric double-layer 
capacitance (EA) of NTO-
5 and RuO2, respectively, 
at an overpotential of 350 
mV. 

 

 

3.3.6.3 Mott-Schottky Analysis 

The excellent catalytic activity of NTO-5 was further verified through the Mott−Schottky plot that 

provides flat band potential (Efb). It is a useful parameter that gives fundamental information about 

the electrochemical interface potential between the electrode and the electrolyte. [65, 66] The Efb 

was determined by the intercept of the 1/C2 vs potential on the x-axis. The Mott−Schottky plot 

(Figure 3.18a) of NTO-0 and NTO-5 measured at a frequency of 100 Hz in the potential window 

1.0 and 1.6 V vs RHE. The negative slope of the plot shows that NTO-0 and NTO-5 is a p-type 

(hole) semiconductor. From Figure 3.18a it was determined that the Efb of NTO-0 is 1.25 V vs 

RHE. For NTO-5 Efb is 1.19 V vs RHE, which is less than its onset potential of 1.45 V vs RHE in 
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1 M KOH electrolyte solution. For a p-type semiconductor, when Eonset > Efb, more holes are 

generated at the electrode region, favoring the OER process. [67, 68]  

 
Figure 3.18. (a) Mott-Schottky plot for NTO-0 and NTO-5 recorded at a frequency of 100 Hz and 

(b) Chronoamperogram of NTO-5 at an applied potential of 1.54 V vs. RHE for 12 hrs; inset shows 

the linear sweep voltammograms for the 1st, 100th, 500th, and 1000th cycle at a scan rate of 100 mV 

s−1. 

3.3.6.4 Long-term Stability Test 

The stability of electrocatalysts is an important parameter for large-scale water electrolysis 

applications. [69] The static stability of NTO-5 was evaluated by performing a 

chronoamperometric (CA) test at 1.54 V vs RHE for 12 h, illustrated in Figure 3.18b, which shows 

that NTO-5 exhibits a current density of 10 mA cm−2 that increases slightly during the first few 

hours before reaching a constant value. The stability of the NTO-5 electrocatalyst was also 

screened by fast scan CV cycling known as accelerated degradation test and prolonged water 

electrolysis in potentiostatic mode. The accelerated degradation test was carried out by scanning 

a thousand cycles of CV at a scan rate of 100 mVsec-1 in the potential window of 1.0 to 1.8 V vs 

RHE. The inset of Figure 3.18b shows the LSV plots of the 1st, 100th, 500th and 1000th cycles 

of NTO-5, and it was observed that there is only a marginal change in the overpotential at 10 mA 
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cm−2 of the NTO-5 electrocatalyst, indicating its excellent stability in a highly alkaline 1 M 

aqueous KOH electrolyte.  

3.3.6.5 Post OER Characterization 

The stability of the electrocatalyst NTO-5 after long-term electrochemical cycling was further 

verified by post–XRD and post-SEM characterizations.  

  

Figure 3.19 post-OER XRD pattern of 
NTO-5 electrode. 

 

 

 

 

The XRD analysis conducted after the electrochemical testing on the NTO-5 electrode reveals no 

changes in the diffraction pattern, except for the presence of peak due to carbon paper, indicating 

that the structure is retained after testing. The diffraction pattern closely matches the standard cubic 

phase (space group: Fm-3m) of NiO, indexed well using the (JCPDS no. 47-1049) as shown in 

Figure 3.19. To observe the effect of long-term testing on the morphology of the NTO-5 sample, 

post-SEM was also performed. HR- SEM images displayed in Figure 3.20 a after long-term 

anodic cycling demonstrate no observable changes in particle size and shape/morphology of the 

material, and Figure 3.20 b shows the EDAX spectrum of NTO-5 post-OER.  
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Additionally, the post-OER elemental mapping images indicate the uniform presence of Ni, Ti and 

O elements in the NTO-5 electrode (Figure 3.20 i−iii).  

 

 

Figure 3.20 (a) SEM images, (b) energy-dispersive spectrum & (i-iii) element mapping of 
post-OER NTO-5 electrode. 

3.4 Conclusion 

In summary, a series of cubic rock salt NiO structures with 3 to 10% Ti doping (Ni1−2xTixVx
′′O, 0 

< x < 0.1) have been synthesized by the sol−gel route and investigated for the influence of Ti 

doping on electrocatalytic activity toward the oxygen evolution reaction (OER). 5% Ti-doped NiO 

is shown here to be an excellent OER catalyst compared to state-of-the-art RuO2. The origin of the 

observed higher activity of Ti-doped NiO is due to the formation of cation vacant lattice sites 

(supported by Raman Studies; Figure 3.3a, b) on surfaces for H2O adsorption and the inductive 

effect brought about by Ti substitution on Ni site in rock-salt NiO structure. Ti dopant being a 

stronger Lewis acid as compared to Ni ion, is shown to positively shift the formal redox potentials 

of Ni2+/Ni3+ of the parent active species, as evident from our CVs studies. Ni2+/3+ is active site for 
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OER as Ni(3d) orbital are pinned over O(2p) orbitals and Ti4+ alone don’t show any OER activity 

as O(2p) and Ti(3d) bands are separated to each other.  The Ti4+ enhances the ionicity of the Ni–

O bond in the lattice through the inductive effect (supported by Raman studies; Figure 3.3a, FT-

IR; Figure 3.3c and XPS; Figure 3.5b). Both FT-IR and Raman studies confirm the elongation of 

Ni–O bond and XPS study confirms high electro-positivity of Ni ions. The higher ionicity of Ni–

O leads to a greater overlap between Ni 3d and O 2p orbital resulting in a higher catalytic activity 

of the doped catalysts. However, further increase in the Ti concentration leads to a decrease in the 

concentration of Ni2+/3+ redox active sites at the surface due to the formation of a higher 

concentration of cation vacancy and an increase in concentration of non-active Ti on surfaces.  

Therefore, an increase in the Ti concentration beyond an optimum level lead to decrease in the 

OER activity. An optimum concentration of 5% Ti doping leads to the best activity via its inductive 

effect on the redox potential of the active species, namely Ni2+/Ni3+ parent species. Also, this 

optimum concentration of 5% Ti in NiO shows the best OER activity and Ni0.9Ti0.05O depicts a 

Tafel slope of 67 mV dec−1 and an overpotential of 304 mV at a current density of 10 mA cm−2 

confirming a comparable electrocatalytic OER activity to that of the commercial benchmark RuO2 

catalyst, measured under similar experimental conditions. 
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