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ABSTRACT 

For sustainable hydrogen production through water splitting, the rational engineering of economical and effective 

electrocatalysts/nanomaterials for the hydrogen evolution reaction (HER) is essential. In this work, we describe 

the logical design and in-situ development of a nickel-doped cerium metal-organic framework (Ni/Ce-BTC@NF) 

directly on 3D nickel foam (NF), designing a binder-free (freestanding) electrode with a distinctive three-

dimensional (3D) nanopillar-like structure. The unique design of a crystalline Ce-BTC framework with evenly 

dispersed nickel while maintaining the intrinsic rod-like shape upon doping is confirmed by structural and 

morphological investigations. Electrochemical measurements reveal that Ni doping significantly enhances HER 

activity in alkaline medium, with Ni/Ce-BTC@NF achieving overpotentials of 108.9 mV and 196.1 mV to sustain 

10 mA cm⁻² and 50 mA cm-2, respectively, outperforming pristine Ce-BTC@NF. Excellent durability is 

demonstrated by the material’s steady activity throughout a 24-hour time of continuous operation. The Ni/Ce-

BTC@NF (−) // RuO2@NF (+) electrolysis configuration exhibits competitive total water-splitting performance 

requiring 1.67 V (cell voltage) at 10 mA cm-2. This research offers a viable method for designing cerium MOFs-

based electrocatalysts with hierarchical topologies and modulated electronic structures for effective hydrogen 

generation. 
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INTRODUCTION 

Global reliance on fossil fuels for energy, together 

with the extensive pollution and ecological 

degradation resulting from their extraction and 

utilization, has created a worldwide necessity to 

swiftly advance sustainable renewable energy 

alternatives (Aryal et al., 2025; Pathak et al., 2025; 

Chhetri et al., 2026). Green hydrogen is considered as 

the fuel of the future due to its high energy efficiency, 

low cost, sustainability and ecological benign nature. 

A viable technique for producing hydrogen fuel, a 

clean and sustainable energy source, is 

electrochemical water splitting (Shetty et al., 2018; 

Zahra et al., 2020; Rosyara et al., 2025). This involves 

generation of hydrogen at the cathode (2H2O + 2e- → 

H2 + 2OH-) and oxygen evolution reaction (OER) at 

the anode (2H2O → O2 + 4H+ + 4e-) (Chhetri et al., 

2022; Wang et al., 2023; Wu et al., 2023). To date, 

noble metals such as Pt and Ru/Ir have been 

extensively explored as benchmark electrocatalyst for 

HER and OER, respectively (Anantharaj et al., 2020; 

Pathak et al., 2025). Nevertheless, their limited 

availability, high price and poor durability constraint 

their potential commercialization in water splitting 

(Jamesh et al., 2019; Acharya et al., 2024; Pandey et 

al., 2026). Consequently, the fabrication of cost-

effective, earth-abundant, and efficient 
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electrocatalysts has become a central focus in energy 

conversion research. 

In this regards, noble-metal-free earth-abundant 

transition metal compounds such as transition metal 

dichalcogenides, selenides, phosphides, oxides, 

hydroxides, and carbides have been widely 

investigated as viable alternatives to precious metal 

catalysts (Amin et al., 2017; Yan et al., 2019; Amorim 

et al., 2020; Yu et al., 2020; Mondal et al., 2022; 

Rathore et al., 2022; Alkhaldi et al., 2024). In parallel, 

rare-earth (RE) elements have enticed attention in 

coordination chemistry due to their unique electronic 

configurations, high coordination numbers, and strong 

affinity toward O- and N-donor ligands, enabling the 

formation of structurally robust and chemically stable 

framework (Janicki et al., 2017; Jacobsen et al., 2020; 

Acharya et al., 2023). Among them, cerium is a 

promising low-cost candidate for stable MOF 

synthesis due to its high natural abundance 

comparable to common metals like copper, zinc, and 

tin, and significantly greater than other rare earth 

elements (Gu et al., 2024). 

Metal-organic frameworks (MOFs), coordinated from 

metal nodes (mostly transition metals) and organic 

linkers, represent a class of unique crystalline porous 

materials that have acquired substantial attention in 

electrocatalysis due to their ample surface area, 

tunable composition, and well-defined active sites 

(Zhou et al., 2012; Naik Shreyanka et al., 2022; Pathak 

et al., 2024; Chhetri et al., 2025). Various MOF 

families, including zeolitic imidazolate frameworks, 

prussian blue analogues, carboxylate-based MOFs, 

and porphyrin-based MOFs, have demonstrated 

promising catalytic performances (Liu et al., 2021; 

Sirati et al., 2022). In this system, the abundant metal 

ions available at a fixed position or clusters and ample 

cavity in MOFs can act as catalytically active sites 

(Senthil et al., 2018; Senthil et al., 2019; Lu et al., 

2020; Xie et al., 2020). Notably, Ce-based MOFs (Ce-

MOFs) are of great interest due to their intrinsic redox 

activity, porous characteristics, low-energy 4f orbitals, 

and ability to generate oxygen vacancies, which can 

enhance catalysis by facilitating charge transfer 

kinetics. Moreover, the coexistence of Ce³⁺ and Ce⁴⁺ 

species can provide additional redox flexibility, 

further improving catalytic efficiency (Wu et al., 2018; 

Jacobsen et al., 2020; Hu et al., 2021). The study of 

Ce-MOFs has been dominated for many years by 

Ce(III)-MOFs, mainly including their synthesis and 

luminescent properties (Jacobsen et al., 2020; Hu et al., 

2021). Furthermore, Ce(IV)-MOFs, whose chemistry 

has many similarities to that of Zr-MOFs, have 

attracted much scientific interest benefiting from their 

promising applications in redox catalysis and 

photocatalysis (Jin et al., 2021; Gu et al., 2022; Liu et 

al., 2022). In 2019, Jin et al. used a mixed valence Ce-

MOF with isolated Ce(IV, III) redox couples and 

abundant oxygen vacancies as a separator coating 

material for the Li-S battery, which can effectively 

suppress the shuttle effect of polysulfides via 

accelerating their redox kinetics (Jin et al., 2021). Ce-

MOFs are of special demand owing to synergy of 3D 

nanoarchitecture with ample surface area, the 

Ce(III)/(IV) redox behavior and the occurrence of low 

energy 4f orbitals. Thus, outstanding catalytic and 

luminescent properties are achievable (Jacobsen et al., 

2020). Moreover, the structural and electrochemical 

characteristics of MOFs are significantly influenced 

by the choice of organic linker. In this regard, the 

tricarboxylate ligand, trimesic acid (1,3,5-

benzenetricarboxylic acid, or simply BTC) is 

extensively used for constructing robust three-

dimensional frameworks with diverse topologies, 

including sheets, chains, and interconnected networks. 

BTC-based MOFs exhibit excellent structural and 

electrochemical stability due to the presence of 

multiple coordination sites, making them highly 

suitable for catalytic applications (Wang et al., 2020).  

Despite the aforementioned advantages, pure MOFs 

often suffer from poor electrical conductivity because 

of the insulating nature of organic ligands and limited 

overlap between metal d orbitals and ligand p orbitals. 

This inherent limitation restricts efficient effective 

transport during electrocatalysis (Zou et al., 2019; 

Wang et al., 2021; Pathak et al., 2023). More 

commonly, high-temperature carbonization has been 

employed to boost conductivity. However, it often 

leads to structural collapse, higher energy 

consumption, and loss of intrinsic MOFs properties 

(Xia et al., 2017; Rosyara et al., 2024). Therefore, 

alternative strategies that preserve the structural 

integrity while enhancing conductivity are highly 

desirable. Heteroatom doping is one of the effective 

approaches that can enhance catalytic activity and 

alter the electrical structure (Dong et al., 2020). In 

particular, cation doping induces charge imbalance 

within lattice, resulting the change in the surface 

charge distribution to regulate the adsorption energy 

of oxygen intermediates (Luo et al., 2023). In this 

context, nickel doping has been shown to significantly 
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enhance HER performance by reducing hydrogen 

adsorption free energy, facilitating water dissociation, 

and promoting intermediate desorption (Luo et al., 

2019). Ni incorporation can induce lattice distortion 

and generate additional active sites, further improving 

catalytic efficiency (Dong et al., 2020). Furthermore, 

the synthesis of MOFs on porous and conductive 3D 

substrates enables to fabricate binder free freestanding 

electrode with improved mass transport, enhanced 

mechanical stability, and better exposure of active 

sites. Nevertheless, key challenges remain, including 

limited conductivity, insufficient active site 

accessibility, and weak interfacial integration with 

conductive supports. Addressing these issues requires 

rational design strategies involving compositional 

tuning and structural optimization. 

In order to improve electrocatalytic water splitting, we 

present here a logical design and synthesis of Ni-

doped Ce-based MOFs using BTC as an organic linker. 

It is anticipated that adding Ni to the Ce-MOFs 

framework will boost intrinsic catalytic activity, 

improve charge transfer, and modify the electronic 

structure. Moreover, using BTC as a linker guarantees 

structural stability and offers abundant coordination 

positions for effective catalysis. It is expected that 

enhanced electrocatalytic activity toward HER in 

alkaline conditions will result from the synergistic 

action between Ce and Ni as well as the structural 

benefits of BTC-based frameworks. The design of 

sophisticated MOFs-based electrocatalysts for 

sustainable hydrogen production is improved by this 

work. 

MATERIALS AND METHODS 

Materials (chemical and reagents) 

Nickel foam, benzene-1,3,5-tricarboxylic acid 

(trimesic acid, 95%), cerium(III) nitrate hexahydrate 

(99%), platinum on carbon (10 wt.%), ruthenium(IV) 

oxide (99.9%), ethanol (99.5%), dimethylformamide 

(DMF, 99.5%), hydrochloric acid (35.0-37.0%), and 

acetone (99.7%) were purchased from Sigma-Aldrich. 

Pretreatment of nickel foam (NF) 

A piece of bare nickel foam (5 × 3 cm2) was immersed 

in HCl (3 M) and sonicated for 20 min to eradicate 

surface impurities and oxide layer. The foam was then 

ultrasonically cleaned sequentially with acetone–

distilled water–ethanol, and drying at 50 °C.  

Preparation of nickel doped Ce-BTC MOF on 

nickel foam (Ce-BTC@NF) 

Nickel nitrate hexahydrate (0.1 mmol), cerium nitrate 

hexahydrate (1 mmol), and benzene tricarboxylic acid 

(1.0 mmol) were dissolved in a mixed solvent of 20 

mL DI water, 20 mL ethanol and 10 mL 

dimethylformamide (DMF). The resulting solvent 

mixture was stirred, then poured into a hydrothermal 

autoclave containing pre-cleaned nickel foam (NF), 

and treated at 120 °C for 2.5 h. The as-prepared 

material was removed after cooling, washed with 

ethanol and DI water, and oven dried (for overnight) 

to obtain Ni/Ce-BTC@NF. A similar procedure 

without the addition of nickel salt was used to prepare 

Ce-BTC@NF for comparison. 

Material characterization 

The crystal structure and phase purity of the samples 

were analyzed using X-ray diffraction (XRD, Rigaku, 

Japan) with Cu Kα radiation (λ = 1.5406 Å) operated 

at 40 kV over a 2θ range of 5–85°. The surface 

morphology was observed by field-emission scanning 

electron microscopy (FESEM), while energy-

dispersive X-ray spectrometer (EDS) was used for 

elemental analysis.  

Electrochemical characterization 

Electrochemical measurements in two- and three-

electrode set up were conducted in alkaline electrolyte 

(1 M KOH solution) at 25 °C. The as-prepared 

freestanding catalysts (1 × 1 cm2) were used for 

working electrodes, while a Pt wire served as the 

counter electrode. Ag/AgCl was used in a position of 

reference electrode so that the three-electrode 

configuration was complete. For full cell electrolysis 

in two-electrode set-up, Ni/Ce-BTC@NF (1 × 1 cm2) 

was employed as cathode and benchmark RuO2@NF 

with identical size and mass loading (2.5 mg cm-2) was 

employed as an anode. Linear sweep voltammetry 

(LSV) curves were scanned at 2 mV s-2 scan rate, and 

electrochemical impedance spectroscopy (EIS) test 

was carried out at 5 mV RMS amplitude and 0.01 Hz–

100 kHz frequency. The stability test of the MOF-

catalysts was assessed by chronoamperometry (CA) 

tests.
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RESULTS AND DISCUSSION 

Physicochemical analysis  

 
 

Scheme 1. Diagrammatic illustration for the preparation of Ni/Ce-BTC@NF and its application for HER 

 

 

The XRD curve of the as-prepared Ni/Ce-BTC@NF 

is presented in Figure 1. The peaks that appeared at 2θ 

value of 8.4°, 10.6°, and 18.1° reveal that the obtained 

Ce-BTC is highly crystalline, which is consistent with 

previous reported results (Zhang et al., 2017, 2018). 

The additional intense reflections at 2θ = 44.5°, 51.8°, 

and 76.4° are indexed to metallic nickel (PDF #04-

0850), originating from the nickel foam substrate as 

well as the nickel dopant. The morphological analysis 

of Ce-BTC@NF and Ni/Ce-BTC @NF were assessed 

through FESEM as depicted in Figure 2. The Ni-

doped Ce-BTC@NF (Fig. 2a, 2b, 2c) exhibits a well-

defined hierarchical microflower-like architecture 

composed of radially aligned rod-like subunits, 

forming an interconnected nanopillars like porous 

network. This structure provides a high surface area 

and facilitates efficient electrolyte diffusion and gas 

release during HER. Notably, the 3D rod-shaped Ce-

BTC MOFs (Fig. 2d) remained unchanged after the Ni 

doping. The EDS elemental mapping images and 

spectrum (Fig. 3) show the homogenous distribution 

of the constituent elements in the cerium MOF 

nanorod. 

 

 

Figure 1. XRD pattern of nickel doped cerium MOF on nickel foam (Ni/Ce-BTC@NF) 
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Figure 2. FESEM images of (a-c) Ni/Ce-BTC@NF, and (d) Ce-BTC@NF 

 

Figure 3. EDS results of Ni/Ce-BTC@NF: (a) Region selected for EDS mapping, (b) superimposition of constituent 

elements, and (c-f) EDS color mapping images for C, O, Ni and Ce. (g) EDS spectrum (inset: element %) 
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Figure 4. HER performance test results: (a) LSV curves after iR correction, (b) figure showing overpotentials of Ni/Ce-

BTC@NF, Ce-BTC@NF, and Pt/C@NF at various current densities, (c) Tafel plots / slopes extracted from corresponding 

LSVs in Figure 4a, (d) EIS Nyquist plot, (e) chronoamperometry test result 

 

Electrochemical performance 

The electrocatalytic performance of the synthesized 

nanomaterials (Ce-BTC@NF and Ni/Ce-BTC@NF) 

toward the HER was evaluated in a three-electrode 

connection. Before performing each electrochemical 

measurement, the working electrodes were activated 

by 20 cyclic voltammetry (CV) cycles at 2 mV s-1. 

HER performance in three-electrode system 

The HER action of Ce-BTC@NF and Ni/Ce-

BTC@NF was assessed and compared with that of 10 

wt % Pt/C and bare NF. The iR-corrected LSV curves 

taken at 2 mV s-1 are shown in Figure 4a. The ohmic 

drop caused by solution resistance was compensated 

using iR correction using the solution resistance (Rₛ) 
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values extracted from the EIS data (Nyquist plot).  As 

shown in Figure 4b, Ni/Ce-BTC delivers the lowest 

overpotentials of 108.9 mV and 196.1 mV to achieve 

10 mA cm-2 and 50 mA cm-2 (current densities), 

respectively, which are markedly lesser than those of 

Ce-BTC@NF (128.8 and 231.7 mV). This above par 

performance demonstrates that Ni doping on MOFs 

structure helps to enhance HER activity by 

modulating the electronic structure, increasing the 

density of active sites, easing charge transfer, and 

optimizing H adsorption-desorption behavior. 

Moreover, the Tafel slopes resulting from the HER 

polarization curves (Fig. 4c) reveal that Ni/Ce-

BTC@NF exhibits a slope of 126.3 mV dec-1, which 

is substantially lower than that of Ce-BTC@NF 

(143.0 mV dec-1). The charge-transfer resistance and 

solution resistance of the catalysts were further 

evaluated by analyzing the EIS Nyquist plots (Fig. 4d). 

A smaller semicircular arc generally indicates faster 

charge-transfer processes and enhanced electronic 

conductivity at the electrode-electrolyte interface. 

Among all catalysts, Ni/Ce-BTC@NF exhibits the 

smallest semicircle radius, confirming its superior 

electron-transfer ability and more efficient HER 

kinetics.  

The long-term durability of Ni/Ce-BTC@NF was 

evaluated by chronoamperometry (CA) measurements 

at 10 mA cm-2 (Fig. 4e), showing only a marginal loss 

in current over 24 h of continuous operation, 

confirming its excellent structural and electrochemical 

stability. The enhanced HER activity can be attributed 

to nickel doped electronic modulation at the Ce-MOFs 

structure, which accelerates both H adsorption and 

desorption, facilitating efficient hydrogen evolution.  

 

 

 

 

 

Figure 5. Electrolysis cell results: (a) Schematic illustration showing the application of Ni/Ce-BTC@NF (-) // RuO2@NF 

(+) for overall water splitting, (b) polarizations curves of electrolysis cells ((Ni/Ce-BTC@NF (-) // RuO2@NF (+), Pt/C@NF 

(-) // RuO2@NF (+) and bare NF (+, -)) at scan rate of 2 mV s-1, (c) cell voltages of devices at 10 mA cm-2 and 50 mA cm-2, 

and (d) chronopotentiometry stability test result of device at 10 mA cm-2 for >24 h 
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Overall water-splitting performance in two-

electrode system 

The as-prepared Ni/Ce-BTC@NF was used as a 

cathode (1 × 1 cm2), and benchmark RuO2@NF with 

identical mass loading was employed as an anode (1 × 

1 cm2) for the fabrication of an electrolytic cell. Figure 

5a shows the diagrammatic depiction of water 

electrolysis in a two-electrode arrangement and the 

reactions associated with HER and OER. A complete 

benchmark cell (Pt/C@NF (-) // RuO2@NF (+)) and 

bare NF (+, -) were also assembled and tested for 

comparative analysis. The LSV polarization curves 

for each electrolysis cell are presented in Figure 5b, 

which show that the benchmark set outperforms the 

Ni/Ce-BTC@NF (-) // RuO2@NF (+), as expected. It 

requires cell voltages of 1.51 V and 1.67 V only to 

deliver 10 mA cm-2 and 50 mA cm-2 (current densities), 

respectively (Fig. 5c). However, Ni/Ce-BTC@NF (-) 

// RuO2@NF (+) also shows a moderate performance 

by requiring cell voltages of 1.67 V and 1.92 V to 

achieve current densities of 10 mA cm-2 and 50 mA 

cm-2, respectively. This shows that Ni/Ce-BTC@NF 

have good performance considering its low cost. 

Furthermore, the bare NF cell has insignificant 

performance for overall water splitting as expected, 

indicating that the nanomaterials adhered on the NF 

have crucial role in the electrocatalytic process. 

Furthermore, the durability of the device ((Ni/Ce-

BTC@NF (-) // RuO2@NF (+)) was tested by 

operating chronopotentiometry stability test at 10 mA 

cm-2 (Fig. 5d). The cell voltage increased by just 0.5 

V after 24 h of continuous water splitting 10 mA cm-

2, indicating high stability and structural integrity of 

the material. This work establishes Ni/Ce-BTC@NF 

as a promising catalyst, which can be further 

optimized to achieve enhanced performance.  

CONCLUSION 

In conclusion, we have effectively designed a nickel-

doped cerium MOF (Ni/Ce-BTC) that is directly 

grown on 3D nickel foam as a self-supported, binder-

free electrocatalyst for effective HER in alkaline 

environments. Ni is added to the Ce-BTC framework 

to create more active sites and induce electrical 

modulation while maintaining the intrinsic shape. The 

resulting hierarchical structure, which resembles a 3D 

nanopillar, greatly increases surface area, makes 

electrolyte penetration easier, and promotes dynamics 

of gas release. According to electrochemical studies, 

Ni/Ce-BTC@NF performs better in HER than pure 

Ce-BTC@NF, offering low overpotentials, good 

Tafel kinetics, lower charge-transfer resistance, and 

outstanding long-term durability. The improved 

catalytic activity is mainly accredited to the 

synergistic effect between Ni and Ce, which optimizes 

hydrogen adsorption free energy and accelerates 

reaction kinetics through enhanced electronic 

conductivity and charge redistribution. This study 

demonstrates how cation doping and structural 

engineering can effectively overcome intrinsic 

conductivity constraints in MOFs. The suggested 

approach provides insightful information for the 

logical development of next-generation, inexpensive, 

and highly effective electrocatalysts to produce 

hydrogen in a sustainable manner. 
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