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ABSTRACT 

This study introduces novel core-shell structured electrocatalysts synthesized via an optimized 

one-pot sol-gel method, aimed at enhancing the efficiency of the Hydrogen Evolution Reaction 

(HER) in water splitting. The Ni-NiO/TiO2 and NiO/TiO2 composites demonstrate superior 

catalytic performance, with the Ni-NiO/TiO2 requiring a remarkably low potential of -0.125 V 

versus Ag/AgCl to achieve a current density of 10 mA.cm-². This performance surpasses that of 

NiO/TiO2 and pure NiO, offering a viable alternative to Pt catalysts. Advanced characterization 

techniques, including X-ray diffraction, electron microscopy, and X-ray photoelectron 

spectroscopy, elucidate the crystalline phases, morphologies, and chemical states, enhancing our 

understanding of the electrocatalysts' efficiency. In particular, Rietveld refinement analysis 

provides detailed insights into the structural properties that underpin the observed catalytic 

performance. Electrochemical assessments highlighted the Ni-NiO/TiO2 composite's reduced 

overpotential needs, high Faradaic efficiency (~98%), and notable long-term durability, 

positioning these materials as promising candidates for sustainable hydrogen production. 
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There is a growing awareness that hydrogen fuel stands out as an up-and-coming replacement for 

fossil fuels in future energy scenarios [1]–[5]. Its eco-friendliness and renewability are among the 

notable advantages where hydrogen can be sustainably derived through electrolytic water splitting, 

known as the hydrogen evolution reaction (HER) [6]–[10]. Electrocatalysis is crucial in the HER 

process, especially the electrocatalyst fabrication [11], since up to now, Pt group metals (Pd, Pt, 

and Ru) have demonstrated the most efficient electrocatalysts thanks to their effective charge 

carrier separation [12], [13]. However, the practical limitations of scarcity and high costs 

associated with Pt group metals have hindered their widespread use in commercial hydrogen 

production processes [14]–[16]. As a result, the quest for efficient Pt-free HER catalysts has 

become a global research objective, particularly those derived from cost-effective and widely 

available materials [17], [18]. One commonly explored approach involves synthesizing a metals-

semiconductor Schottky heterojunction [19]–[22]. Within this context, the formation of an n-p 

junction by combining an electron-rich (n-type) semiconductor with a hole-rich a (p-type) one 

proves to be a successful strategy for efficiently separating simultaneously generated electrons and 

holes driven by the built-in electric field, thereby enhancing catalytic performance [23]–[25]. 

The earth-abundant nickel oxide (NiO) proposed and used as a p-type semiconductor with titanium 

dioxide (TiO2) as an n-type to form an n-p heterojunction for efficient electron-hole separation has 

recently gained researchers' attention [26], [27]. Various fabrication methods have been devised 

and implemented to successfully synthesise nanocomposites of TiO2-NiO for catalytic 

applications, including hydrothermal [28]–[30], incipient wetness impregnation [31], [32], 

solvothermal  [33]–[35], sol–gel [36], [37], ultrasonication [38], [39], and evaporation-induced 

methods [40]. Among all the various developed methods, the sol-gel method is widely used in 

industrial applications for generating significant quantities of nanomaterials compared to other 

approaches [41] thanks to its unique properties for consistently producing high-quality 

nanoparticles on an industrial scale [42].  

The sol-gel method has the merits of efficient and cost-effective synthesizing nanoparticle 

composites of two or more metals in a single step with diverse chemical compositions by blending 

specific proportions of the metals' precursors [43]–[45]. Despite the enhanced charge carrier 

separation facilitated by the built-in electric field, the commonly synthesised nanocomposites 

possess defects in the established n-p heterojunction interfaces, leading to reduced catalytic 

efficiency due to the induced rapid charge recombination. Suppressing such charge carrier 



recombination could be attained through an intermediate medium for charge transfer at the 

interface. However, challenges remain significant in synthesizing such a sophisticated structure 

and optimising its performance. Therefore, there is a need to develop facile and scalable methods 

to fabricate nanocomposites with architectures facilitating rapid charge transfer, enhancing the 

catalytic performance of this n-p heterojunction system [46]–[52]. 

While Ni-based nanomaterials exhibit favourable electrocatalytic properties, there has been limited 

exploration in recent studies regarding their application as platinum (Pt) alternative electrocatalysts 

for the HERs. For instance, electrospun C@NiO/Ni nanofibers obtained through a subsequent 

carbonisation process demonstrated notable electrocatalytic efficiency for HER, maintaining 

effectiveness and stability for up to 22 hours [53]. Double surface-decorated Ni nanofibers of NiO 

and CrO3 (Ni@ NiO@CrO3) were developed, giving electrocatalytic activity of 100 mA cm−2 at a 

low overpotential of 228 mV versus the reversible hydrogen electrode (RHE) with superior 

stability as it lasted, without decay, over 120 hours [54]. Yan et al. reported on Ni/NiO nanosheets 

of crystalline/amorphous core/shell in structure, which yielded, with sustained stability, an HER 

current density of 5 mAcm−2 at 110 mV overpotential [55]. El-maghrabi et al. presented coaxial 

nickel/gadolinium oxide/nickel oxide nanofibers, which proved an exceptionally efficient 

electrocatalyst for HER. This configuration demonstrated an impressively low onset potential of 

approximately 32 mV, coupled with remarkable long-term durability evidenced by the successful 

completion of 5000 cycles [56]. To merge NiO with an (n-type) semiconductor like TiO2, 

researchers such as Chen et al. elucidated the remarkable catalytic prowess of NiO/TiO2 in the 

degradation of methylene blue. This effectiveness was attributed to the forming of a p-n junction, 

coupled with the co-catalyst effect of TiO2 and NiO. The introduction of metallic nickel to the 

heterostructure (NiO-TiO2) has the potential to improve charge separation during water splitting, 

consequently enhancing the overall activity for hydrogen production. For instance, Yu and 

collaborators detailed the synthesis of a Ni-Ni(OH)2-TiO2 nanocomposite [57], while El-maghrabi 

and colleagues employed plasma-enhanced chemical vapour deposition (PECVD) to fabricate 

nanocomposites of Ni/NiO-TiO2/rGO onto carbon cloth, demonstrating their efficacy for hydrogen 

production [19]. The heterostructure configuration emerged as a critical factor influencing its 

catalytic utility. Yin and collaborators highlighted the significance of core-shell nanostructured 

electrocatalysts in altering water-splitting dynamics. They emphasised the importance of 

modifying electronic interactions between cores and shells to achieve enhanced interfacial 



synergy, consequently reinforcing long-term durability, particularly in corrosive electrolytes under 

the protective influence of robust shells. An organisational categorisation based on core 

components, such as transition metals (TMs), transition metal oxides (TM(H)Os), transition metal 

phosphides (TMPs), transition metal carbides (TMCs), and transition metal dichalcogenides 

(TMDs) was proposed [58]. Consisting of a core (inner material) and a shell (outer layer material), 

electrocatalysts with a core-shell architecture have the potential to enhance both efficiency and 

long-term durability during water splitting. Notably, core-shell nanostructures featuring minimal 

amounts of noble metals in their thin shells contribute to cost reduction while facilitating robust 

interactions between the core components and noble metals [59]–[61]. This interaction, in turn, 

imparts high activity and stability to the composite material. 

The manipulation of core-shell nanostructures is crucial for generating extensively exposed active 

surfaces, systematically adjusting the chemical and electronic configurations of interfacial sites, 

achieving synergistic enhancements across multiple sites through the cores and shells and 

enhancing the long-term durability, particularly in corrosive media, with the safeguard of robust 

shells. In our study, we aim to design and successfully construct an n-p heterojunction of NiO/TiO2 

with an ultrafine structure of core-shell arrangement through a facile one-pot method in the 

presence of Ni0 on the surface, emphasizing the structural characteristics of core-shell materials 

and their advantages for electrocatalysis. The nano-interfaces within the NiO/TiO2 heterostructure 

are anticipated to augment the HER by providing stability to hydrogen atoms on metallic Ni, 

thereby releasing the produced OH- on NiO/TiO2. Additionally, zero-valent Ni on the surface of 

NiO/TiO2 might facilitate the transfer of electrons. However, it is observed that NiO/Ni 

heterostructures are inherently unstable and experience significant degradation over time. Building 

upon the insight that the core-shell structure of Ni-based materials can enhance corrosion 

resistance and stability [62], a NiO/TiO2 core-shell design is adopted and implemented to foster 

the heterostructure stability of Ni/NiO. 

Furthermore, the TiO2 and NiO interaction is anticipated to create new catalytic sites by forming 

a p-n junction at the interfaces. The synthesised electrocatalyst demonstrates exceptional 

performance in the HER, boasting an onset potential of 88 mV, nearly indistinguishable from 

platinum's performance. Additionally, the presence of nickel in the NiO/TiO2 structure contributes 

to its long-term durability, which is evident after an accelerated scan of 1000 cycles. Furthermore, 



the facile integration of Ni at NiO/TiO2 into HER electrolysers surpasses benchmark Pt catalysts' 

performance. 

In this study, we explore the innovative approach of electronic modulation through doping in the 

design of advanced electrocatalysts for the Hydrogen Evolution Reaction (HER). By introducing 

nickel into the TiO2 matrix to create Ni-NiO/TiO2 composites, we aim to harness the electronic 

interactions that significantly enhance the catalytic activity. Doping with nickel not only alters the 

electronic properties of TiO2 but also optimizes the charge transfer processes crucial for effective 

catalysis. This strategic incorporation of nickel leads to improved electronic conductivity and 

facilitates a more efficient separation and transfer of charge carriers at the catalytic sites. The 

novelty of our approach lies in the tailored manipulation of the electronic environment within the 

catalyst structure, which is theorized to reduce overpotential and increase the HER activity, 

offering a substantial improvement over traditional noble metal catalysts. This method stands out 

as it provides a detailed understanding of how elemental doping can be used to fine-tune material 

properties for specific catalytic roles, paving the way for the development of cost-effective, high-

performance electrocatalysts tailored for sustainable energy applications. 

 

2. Experimental 

2.1 Materials and chemicals 

All reagents employed, ethanol, tetraisopropyl titanate (Ti(OC3H7)4) TTIP, nickel nitrate 

(Ni(NO3)2.6H2O), and sodium hydroxide (NaOH), readily available commercially and procured 

from Sigma Aldrich, were of analytical grade and used without further purification.   

2.2 Experimental Procedure 

Nickel nitrate, serving as the Ni precursor, was used to synthesize solid NiO through a sol-gel 

method. Initially, 0.489 g of nickel nitrate was dissolved in 50 ml of ethanol. Subsequently, 2 ml 

of 1 M NaOH solution was added dropwise with continuous stirring. Following this, a syringe 

pump injected a mixture of 1 mL of tetraisopropyl titanate (TTIP) and 5 mL of absolute ethanol at 

a rate of 0.5 mL/minute. The mixture was then stirred at 900 rpm and heated to 85 °C with refluxing 

for 90 minutes, resulting in a milk-like gel. Using a steam-modified sol-gel technique, water vapor 

was gradually introduced for 2 hours using a humidifier. The resulting NiO/TiO2 precipitate was 

centrifuged and rinsed three times with ethanol. The separated solids were then dried and calcined 

at 400 °C with a heating rate of 1 °C/min for 3 hours under different atmospheres (air for NiO/TiO2 



and argon for Ni/NiO/TiO2) to produce core-shell nanoparticles, respectively. The same procedure 

was applied to prepare pure NiO nanoparticles, with the exception of omitting the TTIP. 

2.3 Characterisation 

The fabricated electrocatalyst's crystalline phases were investigated using a PANalytical Xpert-

PRO X-ray diffractometer instrumented with an Xcelerator detector with Ni-filtered Cu radiation 

source λ equal to 1.54 Å. The samples' morphology and structure were investigated using a Hitachi 

S4800, Japan, scanning electron microscopy (SEM) and a JEOL JEM 2100, JEOL, Japan, 

transmission electron microscopy (TEM). These examinations were conducted at 200 kV 

accelerating voltage, and the system was equipped with energy-dispersive X-ray (EDX) 

spectroscopy for detailed compositional analysis. The Escalab 250, Thermo Fisher Scientific, 

USA, XPS machine (X-ray Photoelectron Spectroscopy) was employed to conduct the XPS 

analysis utilizing the monochromatic radiation of AlKα (1486.6 eV) at settings of 1 µA and 2 kV. 

The analysis encompassed 400 µm surface diameter, and data acquisition was carried out for 

1203.5 seconds to determine the elemental composition. 

 

2.4 The Electrochemical Tests 

A Solartron SI 1287 galvanostatic-potentiostat was employed to carry out the electrochemical 

tests. The setup was in a three-electrode configuration, including an Ag/AgCl reference electrode, 

platinum counter-electrode, and the working electrode prepared with the fabricated catalyst. The 

working electrode was prepared by depositing and drying 20 µL of the uniform electrocatalyst ink 

onto a 3 mm diameter glassy carbon electrode. The uniform catalyst ink was prepared by sonicating 

for 15 minutes a blend of 5 mg of the prepared electrocatalysts, 40 µL NAFION solution, and 1 

mL isopropanol alcohol. The three electrodes were immersed in an electrolyte solution of 0.5 M 

H2SO4, yielding a potential of 0.197 V vs. RHE at room temperature. A standard material 

consisting of a Pt wire obtained from CH-instrument, USA, was used for comparison on the 

cathode side. The linear sweep voltammetry (LSV) technique was used to evaluate the HER at 5 

mV/s scan rate, and the cyclic voltammograms (CV) were obtained in the 0.1 V - 0.3 V potential 

range at varying scan rates from 10 to 100 mV/s. Moreover, the electrochemical impedance 

spectroscopy (EIS) was carried out over a 0.1 Hz to 1 MHz frequency range at 0.2 V vs. RHE with 

a ten mV voltage bias. All electrochemical tests were conducted at ambient temperature and 



pressure conditions. The Clarus-400,  PerkinElmer, gas chromatograph equipped with a TCD of 2 

m x 1 mm employing He as the carrier gas was used to quantify the hydrogen gas produced. 

 

3. Results and Discussion 

3.1 Characterisation Results of the Fabricated Catalysts  

Composites consisting of NiO, NiO/TiO2, and Ni-NiO/TiO2 with a core-shell structure were 

successfully developed, explicitly targeting the enhancement of hydrogen production efficiency. 

The cubic NiO phase was identified in the XRD pattern recorded for NiO with no extra peaks 

detected, demarcating the purity of the fabricated electrocatalysts belonging to the Fm-3m space 

group of the JCPDS card no. 01-75-0269, as shown in Figure 1a. Meanwhile, the crystalline TiO2 

phase XRD patterns were identified in the NiO/TiO2 (match of the JCPDS card 01-084-1285) and 

the Ni-NiO/TiO2 samples, revealing the crystalline nature of the TiO2 shell on the NiO core with 

patterns representative of Ni metal according to the reference structures PDF #004-0850. Such 

patterns confirm a crystalline metallic zero-valent Ni phase formation during the heat treatment 

under Ar for the NiO/TiO2 sample, agreeing with the previous studies [62]. A nanocrystalline NiO 

phase with a mean size of 44.3 ± 0.5 nm and a minor microstrain of 1.43 was estimated using the 

Rietveld refinement analysis using Fullprof. The cubic NiO phase lattice parameter, a, was 

evaluated as 4.1777 Å, comparable to the value reported in [63]. 

The metallic Ni phase was observed to segregate, 3.1 wt%, upon calcination under the Ar 

atmosphere of the Ni-NiO/TiO2 sample with a decrease in the NiO phase share. Moreover, the 

cubic NiO lattice parameters of the NiO/TiO2 were quite the same as the pure NiO, indicating that 

no secondary phase of NiTiO3 phases formed when calcined under an air atmosphere. The 

calculated parameters through Rietveld refinement analysis, including lattice parameters, 

crystallite size, and weight fractions, are summarised in Table 1. The inspection of such data in 

Table 1 indicates that NiO phase crystallite size was reduced when combined with the TiO2 phase, 

which agrees with SEM findings shown in Figure 2. Moreover, in the Ni-NiO/TiO2 sample, the 

NiO phase exhibited a lower microstrain value compared to that in the case of the NiO/TiO2 sample 

and decreased in lattice parameter, which might result from the segregation of Ni from the NiO 

lattice when annealed under an Ar atmosphere [62].  



 

Figure 1: X-ray patterns and their processed spectra of the produced catalysts. a. XRD spectra 

of the fabricated catalysts, b. Rietveld refined spectra of the NiO sample, c. Rietveld refined spectra 

of the NiO/TiO2 sample, and d. Rietveld refined spectra of the Ni-NiO/TiO2 sample. 

 

Table 1:  Summary of the Rietveld refinement extracted structural parameters from powder XRD 

spectra of  NiO, NiO/TiO2, and Nio-NiO/TiO2 nanofibers. 

Sample 

Name 
NiO phase TiO2 Nio  metal 

 

Lattice 

parameter, 

Å 

Mass 

fraction, 

% 

Crystal 

Size, 

nm 

Microstrain 

x10-4 

Mass 

fraction, 

% 

Crystal  

size, 

nm 

Mass 

fraction, 

% 

Crystal 

size, 

nm 

NiO 4.1777(3) 100 44.3(5) 1.43 - - - - 

NiO/TiO2 4.1762(2) 84.3(4) 42.7(2) 1.64 15.5(6) 12.3(2) - - 

Ni- NiO/TiO2  4.1721(1) 81.1(5) 40.2(4) 1.32 15.3(3) 11.7(2) 3.1(3) 6.8(7) 



 

SEM, TEM, and HRTEM were employed to investigate the morphologies of NiO, NiO/TiO2, and 

Ni-NiO/TiO2 samples, as depicted in Figure 2a. SEM imagery reveals that NiO primarily consists 

of large quasi-spherical and spherical particles, with an average size of approximately 55 ± 8 nm. 

The incorporation of TiO2 did not alter the morphology of NiO, as evidenced in Figures 2b and 

2c. The TEM image of the Ni-NiO/TiO2 sample, shown in Figure 2d, displays a conformal layer 

encasing the NiO nanoparticles, identified as the TiO2 shell. Energy Dispersive X-ray (EDX) 

analysis confirms the presence of a mesoporous NiO core enveloped by a thin TiO2 shell. The 

HRTEM image in Figure 2e shows that the NiO nanoparticles exhibit clear and well-defined lattice 

fringes, indicating a high degree of crystallinity. The average fringe spacing measured at 2.41±0.06 

Å aligns with the (111) plane distances typically found in the NiO phase, which forms the core. 

Similarly, the fringe spacing of 3.52±0.05 Å matches the (101) crystallographic plane of the 

anatase structure, indicating its presence as the shell. 

Furthermore, EDX elemental mapping, illustrated in Figure 2f-h, demonstrates the uniform 

distribution of Ti (Figure 2g) on the surface of Ni elements (Figure 2f) within the Ni-NiO/TiO2 

sample. However, TiO2 predominantly appears on the surface of the NiO core in the Ni-NiO/TiO2 

sample, with some Ni also segregated on the surface. This segregation of metallic Ni phases 

follows calcination in an argon atmosphere, as discussed in our previous work [64]. 

 

Figure 2: presents field-emission SEM, TEM, and EDX analyses of the fabricated materials. It 

includes SEM images of NiO (a), NiO/TiO2 (b), and Ni-NiO/TiO2 (c). The TEM image of Ni-



NiO/TiO2 (d), HRTEM of Ni-NiO/TiO2 (e),  The EDX elemental mapping, which illustrates the 

distribution of Ni element (f), the Ti element (g), and the overlap of Ni and Ti elements (h). 

 

The oxidation states and chemical compositions of constituting elements on the surfaces were 

investigated employing XPS. High-resolution XPS spectra of Ni 2p, Ti 2p, and O 1S orbitals are 

illustrated in Figures 3(a-c). In Figure 3a, the 2p3/2 spectra of Ni in the NiO and NiO/TiO2 samples 

show two distinct peaks at 854 and 855.5 eV, accompanied by a broad satellite peak at 861 eV. 

These findings closely match the peak positions previously reported for NiO [56], [65]. 

In contrast, the XPS peaks of the Ni-NiO/TiO2 sample have shifted to lower binding energies by 

~ 0.53 eV, indicating a reduction in the oxidation state of the nickel cations. This is corroborated 

by the presence of metallic Ni, as identified by XRD in Figure 1 [66], [67]. In Figure 3b, the peaks 

at 459.1 and 464.8 eV correspond to the 2p1/2 and 2p3/2 spectra of Ti, respectively, in both the 

NiO/TiO2 and Ni-NiO/TiO2 samples. These results are consistent with previously reported data 

for TiO2 [68]. In the Ni-NiO/TiO2 sample, the Ti 2p peak has shifted to a lower binding energy by 

0.42 eV compared to the NiO/TiO2 sample, suggesting a partial reduction of Ti4+ to Ti3+. This shift 

likely causes the formation of oxygen vacancies, which enhance the catalytic properties of the 

material [19]. Deconvoluted peaks at ~ 529.5 and 531.5 eV are seen in Figure 3c for the O 1s 

spectra, which correspond to the oxygen lattice, Olatt, and the hydroxides, Ohyd,  respectively [69]. 

In the Ni-NiO/TiO2 sample, the peak corresponding to the oxygen lattice shifted to a lower binding 

energy. This shift may be due to a reduction in oxygen content, resulting from oxygen removal 

during annealing in anoxic conditions under an argon atmosphere. 



 

Figure 3: High-resolution XPS spectra of (a) Ni 2p, (b) Ti 2p, and (c) O 1s for NiO, NiO/TiO2, and 

Ni-NiO/TiO2 nanocomposite. 

 

3.2 Electrochemical Tests and the Hydrogen Evolution Reaction Assessment 



The catalytic performance of the prepared catalysts was experimentally assessed, and the collected 

data are analysed, compared, and commented on herein. Figure 4 shows the catalytic activities of 

the prepared catalysts concerning the HER, which generally follow the descending order Ni-

NiO/TiO2 > NiO/TiO2 > NiO, with the pure NiO demonstrating relatively poor performance. 

Although TiO2 enhances the catalytic performance by providing highly active centers for the HER 

when on the surface of the NiO/TiO2, the existence of Ni in Ni-NiO/TiO2 resulted in enhancing 

the Ni-NiO/TiO2 catalyst and electrolyte solution junction, creating more active sites on the 

surface. Hence, the relative coverage of the core catalyst with TiO2 and Ni on the surface of the 

core-shell structure is crucial for enhancing HER activity, which is corroborated by comparing the 

catalytic performances for Ni-NiO/TiO2 and NiO. The pure NiO exhibited significantly lower 

activity than Ni-NiO/TiO2, confirming a minimal catalytic activity in the absence of Ni and TiO2. 

Moreover, Ni-NiO/TiO2 required an overpotential of 125 mV to drive a current density of 10 

mA.cm−2, and this value is comparable to those of a series of reported research [19], [70]. The Ni-

NiO/TiO2 onset potential approached that of Pt, which may be considered an exciting industrial 

candidate for HER applications. On the other hand, in the process of water (H₂O) splitting, 

hydroxide ions (OH⁻) are produced. These ions selectively bind to trivalent titanium (Ti³⁺) sites at 

the material's interface. This specific attachment is driven by the potent electrostatic attraction 

between the negatively charged OH⁻ ions and the positively charged Ti³⁺ sites. Additionally, the 

formation of oxygen vacancies, which is a direct consequence of the presence of Ti³⁺ which is 

detected by XPS, further facilitates this interaction. These vacancies create an imbalance in the 

local charge distribution, enhancing the electrostatic attraction and leading to a more pronounced 

adherence of OH⁻ ions to that these Ti³ sites. Finally, we conclude the superior activity of the Ni-

NiO/TiO2 sample can be attributed to three factors: (i) TiO2 shell surround the surface of the NiO 

core, (ii) forming an active Ni metal through reduction under the Ar atmosphere, and (iv) a large 

quantity of OH– on the catalyst surface. 

A Tafel plot (log j–η) was applied to appreciate the catalyst kinetics. As demonstrated in Figure 

4c, via fitting with the Tafel equation (η=b log j+a, in which η is the overpotential, j is the current 

density, and b is the Tafel slope), a set of slopes of 140, 57, 40 and 30 mV dec−1 were deliberated 

for the NiO, NiO/TiO2, Ni-NiO/TiO2 and Pt respectively. It should be distinguished that Ni-

NiO/TiO2 with a small concentration of Ni were more active in promoting the HER reaction, which 

is harmonious with the previous LSV results. The Tafel slope in the range of 30 to 40 mV revealed 



that the HER on the Ni-NiO/TiO2 surface follows the common Volmer–Tafel process with very 

high Hads, with the Tafel step being the rate-determining step (RDS). The exchange current density 

(J0) was calculated from the extrapolation of the Tafel plot to study the electrodes' electrochemical 

activity and reflect activity further. The cyclic voltammetry (CV) analysis of the fabricated 

samples within the potential range of +0.1 to +0.3 V, where no faradic reactions occurred, 

facilitated the capacitance calculation of the double layer (Figure 4d and Table 2). The double 

layer capacitance (Cdl) is proportionally with the effective electrochemical active surface area 

(ECSA). So, the ECSA could be calculated using the relationship ECSA = Cdl/Cs, where Cs equals 

40 µF/cm2, representing the atomically smooth planar surface capacitance [71]. Notably, the 

ECSAs of Ni-NiO/TiO2 are 4.75 cm2 compared to 2.52 and 0.19 cm2 for NiO/TiO2 and NiO, 

respectively. These results supported the fact that Ni-NiO/TiO2 has the largest catalytically active 

sites per surface area.  

Long-term durability, crucial for industrial applications, was evaluated using chronoamperometric 

response (Figure 4e). The results show a minimal current attenuation of only 4% after 40 hours of 

continuous testing at an initial overpotential of 200 mV, maintaining 96% stability over the 

duration. Additionally, the working electrode underwent 1000 potential cycles of continuous cyclic 

voltammetry (CV) measurement between 0 and −0.6 V (vs. RHE) at a scan rate of 100 mV s−1. 

The LSV curves overlapped before and after the 1000 CV test, particularly in the low overpotential 

region, underscored the robust stability of the Ni-NiO/TiO2 catalyst (Figure 4f) with Δη = 10 mV. 

These findings confirm the superior stability of the Ni-NiO/TiO2 catalyst for long-term HER. X-

ray diffraction analysis of the Ni-NiO/TiO2 core-shell structure after a 40-hour electrolysis test 

(Figure S1) indicated that the structure remained intact. Table S1 provides a straightforward 

comparison, underscoring the enhanced long-term stability of the Ni-NiO/TiO2 catalyst for the 

hydrogen evolution reaction (HER) relative to other reported NiO systems [53], [54], [56], [66], 

[72]–[79]. 

Furthermore, Ni-NiO/TiO2 exhibited ≈ 98%, an exceptional faradic efficiency, based on H2 gas 

produced and quantified using the gas chromatography measurements during HER (Figure 4g). 

The superior faradic efficiency might be attributed to facilitated electron transfer in the Ni-

NiO/TiO2 sample, as explored by electrochemical impedance spectroscopy (EIS) measurements. 

The EISs were conducted to identify the charge transport and internal resistance of the fabricated 

electrocatalyst. Electrochemical impedance confers facts around the simplicity of charge 



transportation on different electrode surfaces. The impedance curve was fitted with the equivalent 

circuit (onset of Figure 4h) consisting of the resistance Rs and RCT, and the values of the resistances 

are summarised in Table 2. The lower charge transfer resistance of Ni-NiO/TiO2 implies that the 

Ni-NiO/TiO2 electrode offers the least resistance to electron transportation. In the acidic aqueous 

media, the HER unfolds in two primary stages according to the classic theory, described by the 

equations below: 

The initial phase involves an electrochemical reduction, represented as H3O
+ + e- → Hads + H2O. 

This step is known as the discharge or Volmer step and is characterised by a Tafel slope of 

approximately 120 mV/dec. The subsequent phase involves desorbing adsorbed hydrogen (H_ads) 

through two distinct mechanisms. The first mechanism is the Heyrovsky reaction, Hads + H3O
+ + 

e- → H2 + H2O, an ion-atom reaction with a Tafel slope of around 40 mV/dec. The alternative 

route is the Tafel reaction) Hads + Hads → H2( a reaction between atoms with a Tafel slope of about 

30 mV/dec. In this context, the electrodes being studied predominantly follow the Volmer-Tafel 

pathway as illustrated in Figure 5. 

Furthermore, integrating NiO/TiO2 and Ni to form an n-p junction within a single heterostructure 

significantly enhanced the efficiency of the Ni-NiO/TiO2 bifunctional catalyst electrode for the 

HER, a crucial component of water-splitting reactions. Within this p-n junction, electrons migrate 

from the n-type TiO2 to the p-type NiO, leading to the discharge through Ni. This electron 

movement creates negative charges, which act as active sites on the surface of Ni-NiO/TiO2. These 

sites facilitate the adsorption and subsequent reduction of protons (H+) in acidic electrolytes, 

thereby boosting the reaction's efficiency. All the above results reveal that the core-shell structure 

of the Ni-NiO/TiO2 catalyst successfully enhances the electrochemical activity. 

 

 



 



Figure 4: Electrochemical Characterization of prepared catalysts, (a) Linear sweep voltammetry 

(LSV) curves depicting the performance of NiO, NiO/TiO2, Ni-NiO/TiO2, and Pt cataysts for the 

hydrogen evolution reaction (HER) at 5 mV/s in 0.5 M H2SO4 electrolyte solution. (b) LSV curves 

at 10 mA/cm2 comparing the tested catalysts with commercial Pt at 5 mV/s in 0.5 M H2SO4. (c) 

Tafel plots showcasing the electrocatalytic activity of the synthesized catalysts. The inset provides 

a magnified view of Ni-NiO/TiO2 and Pt. (d) Estimation of double-layer capacitance (Cdl) through 

the variation of current density (Δj=(ja-jc)/2) at 200 mV vs. RHE. (e) Chronoamperometry test of 

Ni-NiO/TiO2 at 200 mV. (f) LSV curves before and after 5000 CV cycles with the Ni-NiO/TiO2 

electrode at 5 mV/s in 0.5 M H2SO4. (g) Faradic efficiency (FE) of Ni-NiO/TiO2 at 300 mV vs. 

RHE for HER in 0.5 M H2SO4 saturated with Ar for 30 min before the experiment. The 

concentration of evolved H2 was quantified every 15 min. (h) Electrochemical impedance 

spectroscopy (EIS) Nyquist plots in the frequency range of 0.1 Hz to 1 MHz with the equivalent 

circuit described in the inset. 

 

 

Figure 5: Mechanism of HER on the surface of Ni-NiO/TiO2 core/Shell. 

 

Table 2:  Electrochemical data summary of the prepared catalysts for the HER 

NFs η10, 

mv 

ηonset, 

mv 

TSHER, 

mv/dec 

Cdl, 

µF/cm2 

ECSA 

(cm2) 

j0, 

mA.cm-2 

Rs, Ω Rct, 

Ω 



NiO 455 274 140 7.6 0.19 2.01 0.045 39 

NiO/TiO2 205 160 56 101 2.54 2.64 0.040 27 

Ni-NiO/TiO2 125 88 40 190 4.75 2.97 0.030 11 

 

 

Conclusion 

This investigation pioneers a cost-efficient and streamlined methodology for the synthesis of core-

shell structured electrocatalysts, namely NiO, NiO/TiO2, and Ni-NiO/TiO2, using a sol-gel 

approach, marking a breakthrough in electrocatalysis for hydrogen generation. Among these, the 

Ni-NiO/TiO2 electrocatalyst emerges as a frontrunner, demonstrating an onset potential of merely 

~88 mV, a Tafel slope of 40 mV/dec, and an exchange current density of 2.97 mA/cm². These 

figures highlight the system's efficiency and position it as a viable alternative to noble metal 

catalysts, steering the field towards sustainable energy innovations. The experimental narrative 

uncovered that integrating Ni into NiO/TiO2 heterostructures significantly enhances the nanocore's 

electrochemical attributes. This enhancement is quantified by the superior electronic conduction 

and HER kinetics, where the Ni-NiO/TiO2 configuration necessitates a notably reduced 

overpotential of 125 mV to achieve a current density of 10 mA/cm². 

Furthermore, its endurance is showcased by maintaining structural and functional integrity across 

1000 cycles of cyclic voltammetry (CV), a testament to its robustness surpassing conventional Pt 

catalysts. In-depth characterization via Rietveld refinement and SEM and TEM analyses provided 

pivotal insights into the electrocatalysts' crystallography, morphology, and composition. For 

instance, the Rietveld analysis confirmed the crystallite size reduction in the NiO phase when 

amalgamated with TiO2, substantiating the SEM observations. The Ni-NiO/TiO2 sample's lattice 

parameter reduction post-argon atmosphere calcination further corroborates the effective 

segregation of Ni, enhancing the material's electrocatalytic properties. In summary, this study not 

only underscores the Ni-NiO/TiO2 electrocatalysts' exceptional performance in HER, evidenced 

by minimal onset potentials (~88 mV) and significant durability (sustained performance over 1000 

CV cycles) but also highlights its potential in revolutionizing renewable hydrogen production. 

With a Faradaic efficiency of approximately 98% and superior performance metrics, the Ni-

NiO/TiO2 electrocatalyst stands as a monumental stride towards actualizing efficient, sustainable, 

and noble metal-free alternatives for energy conversion technologies. 
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