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5.1. Introduction  

With the excessive usage of fossil fuels, the natural resources of fossil fuels are exhausting at an 

alarming rate, also causing a detrimental impact on the environment. Non-conventional energy 

(renewable energy) resources coupled with a hydrogen economy are considered the light for the 

future to make a safer and better world. [1-4] Hydrogen energy, which exploits safe, clean and 

sustainable energy sources, can become an alternative as a clean fuel (is considered a potential 

energy resource). [5-7] Efficient electrolysis of water is important for hydrogen production,  [8-

9] which uses efficient catalysts having active sites for the hydrogen evolution reaction to reduce 

the electrode overpotential. [9-14] Molecular hydrogen as an energy carrier is advantageous 

because H2 is with the highest energy density per unit mass, H2O is the only by-product when H2 

is transformed into electricity in a solid oxide fuel cell or combusted in an engine. [15-17]   

Electrochemical water splitting was the very first time observed in 1789 and the process 

involve two half-cell reactions i.e., hydrogen evolution reaction (HER) and oxygen evolution 

reaction (OER). [18] Most efficient HER catalysts are Pt, Ru and Ir-based noble metals, which 

catalyze HER with near-zero overpotential. However, the high cost and scarcity of these materials 

limit their large-scale applications. [19-20] In the past few decades, investigating water catalyzers 

with different combinations of materials, including metals, metal alloys, [21] metals modified with 

transition-metal carbides, [22] phosphides, [23] nitrides, [24] chalcogenides, [25] heteroatom 

doped carbon nanostructures [26-27] and transition metal compounds [28-29] that have been used 

for the efficient conversion of H3O
+ (acidic) and H2O (alkaline) to molecular hydrogen.  

Among many candidates, inorganic materials belonging to the perovskite family, 

Ruddlesden–Popper (RP) type layered perovskites, have been intensively studied as 

electrocatalysts for HER and OER. Very recently, RP-phase type layered perovskites (general 
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formula: An+1BnX3n+1 or AX(ABX3)n (n = 1, 2, 3 or more), containing alternating rock-salt layers 

(AX) and perovskite-like layers (ABX3) along the crystallographic c-axis have emerged as a new 

class of water-splitting electrocatalysts. [30, 31] Among these, Sr2RuO4 showed remarkable HER 

activity comparable to the commercial Pt/C catalyst. Besides, due to the layered structure and 

unique structural properties, RP-phase layered perovskite also finds applications as 

electrocatalysts for catalyzing a variety of chemical reactions, including the oxygen (O2) 

reduction/evolution, [32] H2 evolution, nitrogen reduction, CO2 conversion, hydrogen peroxide 

(H2O2) reduction and urea/methanol/ethanol oxidation for low-temperature electrolysis cells, fuel 

cells, and metal–air batteries. [33,34] Electrocatalysis utilizes the active redox couple of the active 

cations in the framework; the host cations accept/donate electrons for each such electrochemical 

conversion reaction. [35] The redox energies of transition-metal cations in oxides vary with the 

crystal structure of the oxide and any counter-cation present in the lattice. The relative position of 

these redox energies with respect to Fermi level and controlling their variations in different oxides 

are important for the designing novel electrocatalyst and electrodes for electrochemical cells such 

as batteries, pseudocapacitors as well as heterogeneous catalysts and photocatalysts, also important 

for altering the electrical, electronic and magnetic properties of electronic materials. [36-37]   

In layered perovskite (RP-phase perovskites phase; An+1BnX3n+1, n=1; A2BX4) structures, 

especially in the form of AA`BO4 structure, the redox energies of  B cation can be tuned by 

controlling the counter-cationic interaction in alternating layers. Structure of layered perovskite, 

NaYTiO4 can be visualized as TiO6 octahedra separated by alternating Na+_O2- and Y3+-O2- layers 

and relative charges on individual layers can impose a dipolar electric field that is termed as 

interlayer potential on TiO6 octahedra that not only result in distortion/elongation of TiO6 
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octahedra as represented in Figure 5.1 but also alter the relative band position and redox energy 

of active Ti4+/3+ redox couple.  

 

Figure 5.1. (i) Depicting the 
interlayer potential on TiO6 

octahedra or TiO2 layer & (ii) 
Distortion in TiO6 octahedra 
due to interlayer potential. 

 

 

 

Interaction between the different charge layers (Na+-O2- and Y3+-O2- ) over TiO6 octahedra, the 

interlayer dipolar electric field is envisaged here as the inter-layer potential that can be varied to 

tune the redox energies and relative redox position of Ti4+/3+ redox couple with respect to Fermi 

level to develop superior electrocatalyst for HER and can act as a controlling force to direct the 

electronic interaction and electron transfer rates in electrocatalytic reactions. 

 In this chapter, we report the usage of this inter-layer potential to tune the relative redox 

energies of the Ti(IV)/Ti(III) redox couples in layered titanates NaYTiO4 by doping of different 

cations in the rock-salt layer. The interlayer internal electric field (interlayer potential) 

perpendicular to the layers containing TiO6 octahedra to tune the Ti(IV)/Ti(III) redox energy and 

the relative position of the Ti(IV)/Ti(III) redox couple is utilized here to develop a superior HER 

electrocatalyst. Here, we report NaYTiO4 as a model host lattice to study the relative position of 

the Ti(IV)/Ti(III) redox couple compared to that in the TiO2 for accessing superior electrocatalytic 
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activities for HER. The role of inter-layer potential or internal field is studied previously to show 

the systematic shift in the redox energy of Ti4+/3+ redox couples in the layered perovskite 

NaLnTiO4 (Ln = Y, La−Tb) for Li-ion intercalation. [38] In an earlier study, we also demonstrated 

the role of interlayer potential in stabilizing Fe4+/2+ couple in orthorhombic La1-xKxFeO3 perovskite 

resulting in superior pseudocapacitive charge storage. [39] 

A series of poly-crystalline layered perovskite sodium yttrium titanate Na1-xKxYTiO4 (x = 

0, 0.1 & 0.2)  and NaY1-yGdyTiO4 (y = 0.1, 0.2) has been synthesized by the sol-gel method and 

studied as an electrocatalyst for HER for the very first time. Electrochemical studies show that the 

HER activity of NaYTiO4  is superior than TiO2  which is due to interlayer potential exerted on 

distorted (elongated) TiO6 octahedra present in between the alternate rocksalt of Na+-O2- and Y3+-

O2- layers in the NaYTiO4 lattice. Electrochemical studies reveal good HER performance of the 

NaYTiO4 catalyst with an overpotential of 148 mV and a Tafel slope of 102 mV/dec with high 

stability. Furthermore due to the increase in strength of the interlayer dipolar electric field 

(interlayer potential) NaY0.8Gd0.2TiO4  (overpotential: 106 mV, Tafel slope: 90 mV/dec) showed 

superior activity than NaYTiO4. 

5.2. Experimental Section 

5.2.1. Material Synthesis 

The NaYTiO4 and series of doped compound Na1-xKxYTiO4 (x = 0, 0.1 and 0.2) and NaY1-

yGdyTiO4  (y = 0.1 and 0.2) were synthesized using a facile sol-gel method. Analytical reagents 

Na2CO3, K2CO3, yttrium nitrate hexahydrate (yttrium precursor), Gd2O3 (gadolinium precursor) 

and titanium isopropoxide (C3H7O)4Ti (titanium precursor) were used as starting materials. Citric 

acid (the molar ratio of metal ions to citric acid is 1:4) was used to form a gelatinous solution. 
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Typically, 3.05 mL titanium isopropoxide (C12H28O4Ti Sigma Aldrich 97%), and 1.918 g yttrium 

nitrate hexahydrate (Y(NO3)3·6H2O, Sigma Aldrich 99.8%) were sequentially dissolved into 25 

mL dilute HNO3 at 70 ℃ under stirring on a hot plate to form a homogenous solution A. 0.532 g 

sodium carbonate (Na2CO3 Merck 99.5%) was added in solution A, followed by adding 8.49 g 

citric acid monohydrate (C5H8O10·H2O, Sigma Aldrich 99%) under constant stirring to get the 

final gelatinous solution. The final solution was placed into an oven at 80 ℃ for 4 h to evaporate 

the solvent and heated up to 120 ℃ for 12 h for polymerization. The dried gel was ground and 

kept in a furnace at 600 ℃ for 4 h, the obtained white sample was well grounded and divided into 

several parts and transferred to the furnace to heat at 750, 850 and 900 ℃, respectively for 3 h, 

with a heating rate of 3 ℃. The sample heated at 750 and 850 ℃, contains unreacted TiO2 and 

pure-phase was obtained at 900 ℃ for 3 hours. The sintered sample was ground and further used 

for electrochemical testing. 

5.3. Results and Discussion 

5.3.1. XRD Studies and Rietveld Refinement 

Na1-xKxYTiO4 (x = 0, 0.1 and 0.2) and NaY1-yGdyTiO4 (y = 0.1, 0.2) were synthesized 

using the sol-gel method because the sol-gel method can produce smaller particle sizes compared 

to the conventional solid-state method. To optimize the synthesis condition, dry powder of 

NaYTiO4, after gelation, was calcined at 750 oC and 800 oC for 3 hours and at 900 oC for 3 and 6 

hours. The powder XRD pattern of NaYTiO4 prepared at different synthesis conditions is 

presented in Figure 5.2. 
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Figure 5.2 Powder XRD pattern of 
NaYTiO4 with optimization of 
different sintering conditions. 

 

 

 

Small impurities of unreacted phases were found in the XRD pattern of NaYTiO4 calcined up to 

800 oC. Single-phase crystalline NaYTiO4 powder was obtained at 900 oC for 3 h of calcination. 

Powder XRD patterns of Na1-xKxYTiO4 (x = 0, 0.1, 0.2) and NaY1-yGdyTiO4 (y= 0.1, 0.2) samples 

recorded in the range 2θ = 10-70⁰ , in Figure 5.3a, indicates the formation single phase crystalline 

material in orthorhombic phase, space group: Pbcm (57), peaks are well matched with JCPDS file 

(JCPDS No.: 50-0022). An enlarged image of the powder XRD plot showing peak shifting of 

(311) diffraction peak is plotted in Figure 5.3b. The powder XRD pattern of NaYTiO4 was fitted 

through the Le Bail method to get the phase identification and structural parameters. Using the Le 

Bail parameters, the structure was refined using the GSAS + EXPGUI program. Figure 5.3c  

shows the Rietveld refined XRD profile of NaYTiO4. All the diffraction peaks matched well with 

the orthorhombic phase, space group: Pbcm (57) (JCPDS No.: 50-0022), indicating the single-

phase formation of the materials. Refined structural parameters of NaYTiO4 obtained from 

Rietveld refinement are given in Table 5.1. The XRD of the anatase phase of synthesized TiO2 is 

represented in Figure 5.4. 
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Figure 5.3. (a) XRD profile of all the samples Na1-xKxYTiO4 (x= 0, 0.1, 0.2)  and NaY1-yGdyTiO4 

(y= 0.1, 0.2) , (b) Magnified image of the (311) peak & (c) Rietveld refined powder XRD 
pattern of NaYTiO4 

 

Table 5.1: Structural parameters of NaYTiO4 based on Rietveld refinement. 

Catalyst a (Å) b (Å) c (Å) α = β = γ χ2 Rp Rwp GOF 

NaYTiO4 12.22 5.35 5.35 90̊ 1.75 0.06 0.08 1.32 
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Figure 5.4. XRD of TiO2 (anatase). 

 

 

                                                           

5.3.2. Raman and FTIR Analysis 

FTIR spectrum (Figure 5.5a) of NaYTiO4 shows a strong symmetrical stretching of the 

Ti–O bond at ~ 880 cm-1. [40] The most striking feature in Raman spectra (Figure 5.4b) of 

NaYTiO4 is a strong band at ~ 900 cm-1, which is attributed to the symmetrical stretching mode of 

the short Ti–O bond and the band around 600 cm-1 was due to the asymmetric stretching mode of 

same Ti–O bond. Further, the bands below 400 cm-1 were observed due to the external modes 

located in the (YO)2 layer. [40-41] 
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Figure 5.5. (a) FTIR spectrum of NaYTiO4 & (b) Raman spectrum of NaYTiO4. 

5.3.3. XPS Studies 

To study the electronic state of elements present in the NaYTiO4 sample, X-ray 

photoelectron spectroscopy (XPS) was employed and the survey spectrum confirming the presence 

of all the elements is shown in Figure 5.6.  

 

 

Figure 5.6. XPS full survey scan of 
NaYTiO4  powder sample 
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Figure 5.7. (a) Na (1s) core level spectrum, (b) Y (3d) core level spectrum,  (c) comparative 
Ti (2p) core level spectrum of (i) as-prepared sample of TiO2, (ii) as-prepared sample of 
NaYTiO4, and (iii) NaYTiO4 after testing (post HER) & (d) O (1s) core level spectrum peak at 
corresponding to lattice oxygen and adsorbed oxygen.  

The Na (1s) spectra of NaYTiO4 is given in Figures 5.7a. The binding energy value of Na (1s) is 

found to be at ~1070.9 eV. The Y 3d spectrum displays two sets of doublets (Figure 5.7b) which 

are fitted into two pairs of peaks, one pair corresponds to the Y3+ of yttrium oxide for which binding 

energy is located at 156.1 and 158.1 eV corresponding to the spin–orbit doublets 3d5/2 and 3d3/2 

respectively, and the other pair corresponds to the Y3+ at ~159.1 eV (3d3/2) and ~156.9 eV (3d5/2) 
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due to surface yttrium carbonate formation. [42] Figure 5.7c represents The Ti (2p) spectrum in 

anatase TiO2  and in NaYTiO4 samples before and after HER testing. Ti 2p3/2 and 2p1/2 peaks 

appeared at 458 and 463.5 eV respectively for anatase TiO2 and peaks appeared at 457.5 and 463.4 

eV respectively for the as-prepared samples of NaYTiO4 confirming the presence of Ti as Ti4+ in 

the sample. [42, 43] The little lower Ti (2p3/2, 2p1/2) peaks for Ti4+ in NaYTiO4 compared to TiO2 

is due to the strong ionic interaction O with Y and Na ion in the sample that reduces the iconicity 

of Ti–O bond that reduces the binding energy of Ti 2p states in the sample. The XPS spectrum of 

Ti(2p3/2, 2p1/2)  after HER testing does not show any shift in the peak positions indicating that Ti 

remains in the same oxidation state of +4. The deconvoluted O (1s) spectrum of NaYTiO4 (given 

in Figures 5.7d) consists of two peaks centered at ~529.1 and ~530.8 eV, confirming the presence 

of two types of oxygen in the lattice. The strong ionically bonded oxygen with Na and Y showed 

higher binding energy compared to oxygen bonded with Ti. Thus the combined XPS study of Ti 

(2p3/2, 2p1/2) and O(1s)  state shows the effect of interlayer potential on Ti–O octahedra. Due to 

the interlayer dipolar electric field (interlayer potential) on the TiO6 octahedra present in between 

the (NaO)2
2− and (YO)2

2+ rock salt layer (Figure 5.1), the Ti4+ (2p) core level position of NaYTiO4 

is found to be shifted to lower binding energy compared to TiO6 octahedra in anatase TiO2. 

5.3.4. Microstructural Analysis 

The morphology and particle size distribution of the NaYTiO4  sample is determined from 

the scanning electron micrographs. The HR-SEM image of NaYTiO4 is shown in Figure 5.8a, 

which depicts the uniform and slightly tetragonal, prismatic and bipyramidal-shaped particle 

distributed in the entire region of the micrograph. Figure 5.8b shows the energy dispersive X-ray 

analysis (EDX) image and the analysis confirms the nominal composition of elements Na, Ti, Y 

and O of  NaYTiO4. Figure 5.8b (i-iv) shows the elemental color mapping of Na, Ti, Y and O 
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atoms. Furthermore, since SEM-EDX cannot effectively give the element content, the relative 

concentration of Na, Ti and Y  in the samples was also confirmed by the ICP mass spectrometry 

(ICP−MS) study. The relative concentration of the Na, Ti and Y  obtained from ICP-MS studies 

are listed in Table 5.2.  

Table 5.2: ICP-MS  Result: 

Element Na (wt %) Ti (wt %) Y (wt %) 

NaYTiO4  Catalyst 10.26 ± 0.01 39.72 ± 0.01 21.39 ± 0.01 

 

 

Figure 5.8 (a) HR-SEM image showing morphology of NaYTiO4 powder sample, (b) EDX 
spectrum of NaYTiO4, (i-iv) corresponding elemental colour mapping of individual elements 
(Na, Ti, O and Y, respectively) 

HR-SEM images shown in Figure 5.9 of NaYTiO4 as-prepared (before) and after long-term 

cathodic cycling reveal not much change in particle size and shape/morphology of the material, 

confirming the morphological stability of material after testing. 
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Figure 5.9 HR-SEM images of NaYTiO4 (as-prepared) before and after HER-CA testing 
showing the morphology is retained after the electrochemical testing. 

 

Figure 5.10 (a) HR-TEM image comprising the plane with lattice fringes; inset: SAED pattern, 
(b) FFT and inverse FFT of the selected region of (211) plane & (c) line profile of (211) plane 
with its d-spacing value. 

The high-resolution-TEM images shown in Figure 5.10a represent lattice arrangements at the 

localized region of the powder sample. The calculated interplanar d-spacing was found to be 0.32 

nm corresponding to the (211) plane (see the FFT and inverse FTT in Figure 5.10b & c).    

5.3.5. Specific Surface Area Measurement 

The BET surface area measurement plots of NaYTiO4 are shown in Figure 5.11a. The 

nitrogen adsorption/desorption isotherm shows characteristics that correspond to the microporous 
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structure of the NaYTiO4 sample. The calculated BET-specific surface area from the isotherms 

was found to be 4.37 m2/g of powder sample. The pore size distribution curves shown in the inset 

indicate the presence of micropores with pore sizes ranging from 1 to 2 nm.  

5.3.6. UV-Vis Analysis 

A comparative UV-vis absorption spectrum, Figure 5.11b,  of anatase TiO2 and NaYTiO4 

powder samples show the band gap of 3.2 eV and 4.06 eV, respectively. UV-vis absorption spectra 

for all the samples are recorded in the range of 230–800 nm shown in Figure 5.11c. The band gap 

of the samples Na1-xKxYTiO4 (x = 0.1, 0.2) and NaY1-yGdyTiO4 (y = 0.1, 0.2)  was calculated from 

Tauc plot, in Figure 5.11d, and found to be 4.09, 4.18 eV and 3.96, 3.94 eV respectively.     

5.3.7. Mott−Schottky Analysis 

To determine the flat band potential (Efb), the Mott−Schottky experiment were performed. 

The Efb is the applied potential at which the Fermi level is placed at the same energy near the 

electrolyte redox potential. Efb is the parameter that provides the electrochemical interface 

potential between the electrode and the electrolyte. [44-45] A frequency of 100 Hz was used in the 

range 0.05 to -0.4 V and 0 to -0.8 V for NaYTiO4 and TiO2 respectively, in the 0.5 M H2SO4 

electrolyte as shown in Figure 5.12a. The positive slope of the Mott−Schottky plot indicates that 

both NaYTiO4 and TiO2 are n-type semiconductors. The Efb of NaYTiO4 and TiO2 was obtained 

from intercept made on the x-axis from the plot of 1/C2 vs potential and found to be -0.186 and -

0.447 V respectively. Mott−Schottky experiment for samples Na0.8K0.2YTiO4 and 

NaY0.8Gd0.2TiO4 recorded in the range of 0 to -0.4 V vs RHE at a frequency of 100 Hz (Figure 

5.12b). Efb for these two samples obtained from intercept made on the x-axis from the plot of 1/C2 
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vs potential and found to be -0.22 and -0.16 V respectively indicating that materials are n-type 

semiconductors.  

 

 

Figure 5.11 (a) N2 adsorption/desorption isotherm curve of NaYTiO4; inset shows the pore 
size diameter, (b) comparative UV-vis absorption spectrum and bandgap (inset) of NaYTiO4 

and TiO2 powder sample, (c) UV-vis absorption spectra of Na1-xKxYTiO4 (x= 0.1, 0.2)  and NaY1-

yGdyTiO4 (y= 0.1, 0.2) catalysts & (d) corresponding Tauc plot of samples Na1-xKxYTiO4 (x= 0.1, 
0.2)  and NaY1-yGdyTiO4 (y= 0.1, 0.2). 
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Figure 5.12 (a) the Mott-Schottky plot for NaYTiO4 and TiO2 & (b) Mott-Schottky plot for 
Na0.8K0.2YTiO4 and NaY0.8Gd0.2TiO4recorded at a frequency of 100 Hz. 

The energy band diagram (Figure 5.13) was drawn with the help of the optical bandgap obtained 

from the UV-vis spectra (Figure 5.11b,d)  and flat band potential calculated from the Mott-

Schottky plot  in Figure 5.12a, b respectively. The band diagram (Figure 5.13) shows schematic 

representations of the adjustment of the electronic structure, Ti(3d)-O(2p) hybridization or orbital 

overlap in Ruddlesden-Popper type NaYTiO4 phase, due to built-up interlayer potential resulting 

in elongated/distorted TiO6 octahedra; flat band potential (Efb) or relative Fermi level (EF) position 

decreases between Ti(3d)-O(2p) hybridization/band compared to Ti(3d)-O(2p) hybridization/band 

in anatase TiO2. A decrease in the energy of relative Fermi level (EF) or flat band potential (Efb) 

favors the electron transfer activity near the conduction band that can enhance electrocatalytic 

activity, especially for ion reduction. [37-38], [45-49]       
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Figure 5.13 Schematic representation of the Ti(3d)/O(2p) orbital band for (a) NaYTiO4 

structure and anatase TiO2 & (b) is for Na0.8K0.2YTiO4 and NaY0.8Gd0.2TiO4. 
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5.3.8. Electrochemical Studies 

5.3.8.1 HER Performances of Synthesized Catalysts 

The electrochemical performance of Na1-xKxYTiO4 (x= 0, 0.1, 0.2) and NaY1-yGdyTiO4 (y= 0.1, 

0.2), Pt/C and TiO2 catalysts for HER was investigated in N2-saturated 0.5 M H2SO4 electrolyte at 

a scan rate of 5 mVs-1 in a three-electrode setup.  

Figure 5.14. (a) HER LSV polarization profiles at a scan rate of 5 mv s−1, (b) LSV 
polarizationprofiles of Pt/C, NaYTiO4, NaY0.8Gd0.2TiO4 and TiO2 (c) overpotential at a current 
density of 10 mA cm-2, (d) electrochemical impedance spectra recorded at respective 
overpotentials. 
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The linear sweep voltammogram (LSV) curve shown in Figure 5.14a represents HER 

performances of Na1-xKxYTiO4 (x= 0, 0.1, 0.2), NaY1-yGdyTiO4 (y= 0.1, 0.2) and Pt/C, where Pt/C 

is a state-of-art  HER electrocatalyst. LSV polarization profiles of Pt/C, NaY0.8Gd0.2TiO4, 

NaYTiO4 and TiO2 are shown in Figure 5.14b for comparison. Overpotential for Pt/C, 

NaY0.8Gd0.2TiO4, NaY0.9Gd0.1TiO4, NaYTiO4, Na0.9K0.1YTiO4, Na0.8K0.2YTiO4 and TiO2 was 

found to be 38, 106, 122, 148, 175, 188 and 441 mV at 10 mA/cm2 current density respectively 

shown in Figure 5.14c. Compared to TiO2 (anatase), there is an almost 293 mV decrease in the 

overpotential of NaYTiO4. The decrease in the overpotential is attributed to a shift/decrease in flat 

band potential (Efb) or relative fermi level (EF) position due to the presence of inter-layer potential 

in RP-phase NaYTiO4. The effect of counter-cation in terms of introducing inter-layer potential is 

visible in decreasing the overpotential of the material for HER reactions. As the charge or ionicity 

of the cation vary, the strength of the dipolar electric field can be altered. K+ is more ionic or 

electropositive than Na+, thus with the substitution of K+ on the Na+ site, the Na+/K+-O2- layer will 

become less electronegative, resulting decrease in the overall strength of the internal dipolar 

electric field or interlayer potential. Indeed, we found less catalytic HER activity for K-doped 

NaYTiO4 (Na1-xKxYTiO4) compared to NaYTiO4. Similarly, Gd3+ is more ionic or electropositive 

than Y3+, thus with the substitution of Gd3+ on the Y3+site, the Y3+/ Gd3+–O2- layer will become 

more electropositive, resulting increase in the overall internal dipolar electric field or interlayer 

potential. We found superior catalytic HER activity for Gd-doped NaYTiO4 (NaY1-xGdxTiO4) 

compared to NaYTiO4. Thus tuning the interlayer potential with a selection of suitable active 

cations can result in superior catalytic activity and electron transfer rates, it can be a very important 

area to explore for electrochemists and material scientists. Further electrochemical impedance 

spectroscopy (EIS) measurements were employed to evaluate the charge-transfer resistance of 
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catalysts. Electrochemical impedance studies for all the catalysts; NaY1-yGdyTiO4 (y= 0.1, 0.2), 

Na1-xKxYTiO4 (x= 0, 0.1, 0.2), and TiO2 were conducted in a frequency range of 0.1 Hz to 100 

kHz with an AC amplitude of 10 mV at a potential of 125, 110, 150, 175, 190 and 445 mV 

respectively, shown in Figure 5.14d. An equivalent circuit fit of the EIS data is also provided in 

the inset of Figure 5.14d, which contains a solution resistance (Rs), a charge-transfer resistance 

(Rct) and a double-layer capacitance (RCdl). The Rct of NaY1-yGdyTiO4 (y= 0.1, 0.2), are 20.8and 

13.5Ω respectively, and Na1-xKxYTiO4 (x= 0, 0.1, 0.2)  are 29.8, 39. and 45 Ω respectively. 

The Rct of NaYTiO4 (29.8 Ω) and NaY0.8Gd0.2TiO4 (13.5Ω) is much smaller than TiO2 (90.4 Ω). 

The lower Rct value for  NaYTiO4 indicates its faster charge transfer rate and superior HER 

kinetics. The cathodic reaction in the acidic medium for the water electrolysis is the reduction of 

hydronium ions (H3O+) to gaseous dihydrogen (H2). From a thermodynamic point of view, this 

multi-step electrode reaction should occur at the potential of the reference hydrogen electrode 

(RHE). The evolution of molecular H2 is followed by steps given below, [47]      

(Volmer step)             H3O
+ + e- + * = H* + H2O                                                                      (5.1) 

(Heyrovsky step)        H* + H3O
+ + e- = H2 + H2O                                                                   (5.2) 

(Tafel step)                 2H* = H2                                                                                                                                                 (5.3) 

where * denotes an active site on the catalyst surface, and H* is a hydrogen atom adsorbed on an 

active site. The Tafel slope value is an important parameter to determine the kinetics of hydrogen 

evolution reaction. To investigate the electrocatalytic reaction kinetics during the HER process, 

the Tafel plot was derived from the LSV curve. Tafel plots are fitted using the following Tafel 

equation. 

                                     𝜂 = 𝑏 𝑙𝑜𝑔| j | + a                                                                                      (5.4) 



Chapter 5 

IIT (BHU), Varanasi                                                                                                                       P a g e  | 133 

where η is overpotential, j is current density (mA.cm-2), b is Tafel slope and a is exchange current 

density. The Tafel plot of Na1-xKxYTiO4 (x= 0, 0.1, 0.2) and NaY1-yGdyTiO4 (y= 0.1, 0.2) catalysts 

are shown in Figure 5.15a was accordingly calculated to examine the HER kinetics. 

 

Figure 5.15. (a) Tafel plots of Na1-xKxYTiO4 (x= 0, 0.1, 0.2) and NaY1-yGdyTiO4 (y= 0.1, 0.2) (b) 
comparative Tafel plots for  Pt/C, NaYTiO4 NaY0.8Gd0.2TiO4 & TiO2, (c) steady-state 
polarisation curve of NaYTiO4 recorded by holding the given potential for 60 sec & (d) Tafel 
slope of NaYTiO4 calculated from chronoamperometry. 
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Tafel slope of Na1-xKxYTiO4 (x = 0.1 and 0.2), NaYTiO4 and NaY1-yGdyTiO4 (y = 0.1 and 0.2) 

samples was found to be 112, 121, 102, 95 and 90 mV dec-1 respectively. Figure 5.15b shows the 

Tafel slope of (102 mV dec−1) of NaYTiO4 and NaY0-8Gd0.2TiO4 (90 mV dec−1) is much lower 

than the Tafel slope (170 mV dec-1) of TiO2, and is close to the Tafel slope (35 mV dec−1) of Pt/C, 

a model electrocatalyst, suggesting the excellent hydrogen evolution activity of NaYTiO4 and Gd 

doped NaYTiO4. Tafel slope value 102 mV dec-1 for NaYTiO4 suggests the Volmer-Heyrovsky 

reaction pathway is the rate-determining step for the HER. [48] As the Tafel slope calculated from 

the potentiodynamic polarisation curve is not precise/true slope value so we calculated the Tafel 

slope from the potentiostatic curve (chronoamperometry, CA) i.e. true steady state polarisation 

curve. The potentiostatic curve for NaYTiO4 was recorded by holding the potential for 60 sec each 

and increasing the potential by 50 mV each time as shown in Figure 5.15c. From the steady-state 

CA responses plotted in the Figure 5.15d, the fitted value gave the tafel slope value of 119 mV 

dec-1 which is comparable to 102 mV dec-1 obtained from LSV. A comparative table for different 

HER active electrocatalysts in terms of overpotential and Tafel slope is summarised in Table 5.3. 

[49-55] HER activity of NaYTiO4 and NaY1-yGdyTiO4 is not only superior to anatase TiO2, but the 

activity of the electrocatalyst is superior or at least equivalent to most of the oxide electrocatalysts 

studied for HER. Electrochemical surface area (ECSA) is evaluated to investigate the intrinsic 

properties of the NaYTiO4  electrocatalyst. With NaYTiO4 as the working electrode, cyclic 

voltammetry (CV) in non-faradic potential range from 0.709 to 0.809 V with different scan rates 

ranging from 40 to 140 mV/s was studied and shown in Figure 5.16a. 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 on increasing the scan rate. The double-layer capacitance which 

is half of the slope of ΔJ vs η plot is found to be 11.5 mF/cm-2 (Figure 5.16b) for NaYTiO4.                  



Chapter 5 

IIT (BHU), Varanasi                                                                                                                       P a g e  | 135 

Table 5.3: HER activity comparison table for some representative catalysts, including Ti-
based catalysts and Perovskite-family-based metal oxides: 

Electrocatalyst Substrate Electrolyte ƞ10 (mV) Tafel 

slope 

(mVdec-1) 

Reference 

Ti-based catalysts 

TiO1.23 _ 0.5 M 

H2SO4 

198 88 37 

α-Ti2O3 _ 0.5 M 

H2SO4 

495 241 38 

Ƴ-Ti2O3 _ 0.5 M 

H2SO4 

271 199 38 

Ti3CNTx Glassy 

carbon 

0.5 M 

H2SO4 

53 86 56 

Perovskite-family based Metal oxides 

Sr2RuO4 Glassy 

carbon 

1 M KOH 61 51 57 

SNCF-NR Glassy 

carbon 

1 M KOH 232 103 58 

Pr0.5BSCF Glassy 

carbon 

1 M KOH 237 45 59 

SrTi0.7Ru0.3O3-δ 

(STRO) 

Glassy 

carbon 

1 M KOH 46 40 60 

NaYTiO4 Glassy 

carbon 

0.5 M 

H2SO4 

148 102 This 

Work 

NaY0.8Gd0.2TiO4 Glassy 

carbon 

0.5 M 

H2SO4 
106 90 This 

Work 

Na0.8K0.2YTiO4 Glassy 

carbon 

0.5 M 

H2SO4 
188 121 This 

Work 

                                                                                                                                                        

5.3.8.2 Long-term Stability Test 

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

applications. The potentiostatic stability of NaYTiO4 was examined by performing a 

chronoamperometric (CA) test at -0.15 V vs RHE (Figure 5.16c) for 24 hours. 
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Figure 5.16. (a) CV measurements in a non-faradic current region (0.709-0.809 V vs. RHE) 
at different scan rates, (b) plot of scan rate vs. capacitive current density differences (ΔJ) for 
NaYTiO4 and (c) chronoamperogram of NaYTiO4 at an applied potential of -0.15 V vs. RHE.  

Only a slight change in the current at the given potential was observed indicating excellent stability 

of electrocatalyst. 

5.4. Conclusion 

Tuning the relative position of the redox energies with Fermi levels in different oxides is important 

for designing novel electrocatalysts and electrodes for electrochemical conversion devices. The 

incorporation of interlayer potential to tune the relative redox energies of the Ti(IV)/Ti(III) redox 

couples in K and Gd doped  NaYTiO4 i.e. Na1-xKxYTiO4 (x ≤ 0.2) and NaY1-yGdyTiO4 (x ≤ 0.2)  
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was envisaged here to develop a superior HER electrocatalyst. Poly-crystalline sodium yttrium 

titanate (NaYTiO4), Na1-xKxYTiO4 (x ≤ 0.2), and NaY1-yGdyTiO4 (x ≤ 0.2) were synthesized by 

the sol-gel method and presented as an efficient electrocatalyst for hydrogen evolution reaction 

for the very first time. Electrochemical studies reveal good HER activity of the electrocatalyst; 

HER activity NaYTiO4 is not only superior to TiO2 but also superior or at least equivalent to most 

of the oxide electrocatalyst studied for HER. Electrochemical studies reveal good HER 

performance of NaYTiO4 with an overpotential of 148 mV and Tafel slope 102 mV/dec with high 

stability during 24 hours of continuous chronoamperometry test at -0.15 V vs. RHE. Superior 

catalytic HER activity was obtained for high electropositive Gd-doped NaYTiO4 (NaY1-xGdxTiO4) 

compared to NaYTiO4. Thus tuning the interlayer potential with a selection of suitable active 

cations can result in superior specific catalytic activity and electron transfer rates and can be a very 

important area to explore for electrochemists and material scientists. 
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