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Bifunctional Pd sites on Pd4/Co3O4 nanowires for high selectivity of pyrazine electrocatalytic hydrogenation 

with water as hydrogen source
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Abstract: Liquid organic hydrogen carriers (LOHCs) are considered highly promising materials for hydrogen storage. 

However, hydrogenation and dehydrogenation of LOHCs often require harsh reaction conditions. The hydrogenation 

of nitrogen-containing heterocyclic organic molecules in aqueous media is particularly challenging. This work 

presents an efficient electrochemical hydrogen storage system based on pyrazine as a nitrogen-containing organic 

hydrogen carrier. In this electrochemical system, water serves as both the solvent and the hydrogen source for 

pyrazine hydrogenation. Pd4/Co3O4/NF demonstrates high electrochemical activity under ambient temperature and 

pressure. At –0.25 V (vs. RHE), the hydrogenation conversion rate of pyrazine reaches 99.4% with the selectivity 

rate of 97.1%. Pd acts as the catalytic active center. It not only promotes water electrolysis to generate H*, but also 

facilitates the adsorption of pyrazine, providing sites for its hydrogenation. Pd4/Co3O4/NF maintains high catalytic 

activity after 8 cycles, showing excellent stability. This electrochemical hydrogenation of pyrazine proceeds without 

using hydrogen gas. Therefore, the system offers superior safety performance.
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1 Introduction

The rapid depletion of fossil fuels and severe environmental pollution have made the development of new energy 

sources a major global focus [1]. Hydrogen, as a clean energy carrier, is regarded as an ideal alternative to address the 

world's energy and environmental challenges [2]. However, its large-scale application is hindered by the challenge of 

developing efficient, safe, and economical storage and transportation methods [3]. Currently, compressed hydrogen 

storage is widely used due to its low cost and simple operation [4]. Yet, it suffers from low volumetric density and 

safety concerns. Liquid hydrogen storage offers higher density, suitable for large-scale, long-distance transport [5]. 

But it requires expensive cryogenic equipment and faces evaporation loss risks. Solid-state hydrogen storage 

materials, like carbon-based materials, metal hydrides, and MOFs, provide better safety [6]. However, they often 

require harsh conditions for hydrogenation/dehydrogenation and show poor reversibility. Recently, liquid organic 

hydrogen carriers (LOHCs) have shown great promise for large-scale hydrogen logistics [7]. They offer good 

reversibility, high hydrogen capacity, and compatibility with existing fuel infrastructure. Aromatic hydrocarbons of 

LOHCs have been widely studied with capacities of 6.1–7.3 wt%. But their catalytic hydrogenation and 

dehydrogenation typically need high temperatures (200–400 °C). The research indicates that nitrogen-containing 

heterocyclic compounds (N-LOHCs) can significantly lower the energy demands of these processes [8]. Examples 

like N-propylcarbazole, 1-methylindole, N-ethylindole, and 7-ethylindole demonstrate excellent performance [9–13]. 

The thermal catalytic hydrogenation/dehydrogenation for N-LOHCs still requires temperatures of 120–200 °C. It 

often relies on flammable hydrogen gas or other expensive, toxic hydrogen sources, posing safety and environmental 

risks.

Electrocatalytic technology holds broad applications in the hydrogen energy sector. Compared to thermal catalysis, 

it offers advantages such as milder reaction conditions, easily tunable selectivity, and the direct use of water as a 

hydrogen source [14]. Pan et al. employed water as the hydrogen source and achieved complete conversion of 10 mM 

quinoline with nearly 100% selectivity over a non‑precious Cu‑based catalyst after 1 h at a potential of −1.275 V (vs. 

Hg/HgO). Their work revealed that Cu⁺–Cu0 dual sites promote hydrogenation via a proton‑coupled electron transfer 

(PCET) mechanism, and the coupled system (ECH||BAOR) operates at a lower voltage with higher efficiency [15]. 

Guo et al. reported a fluorine‑modified cobalt (Co‑F) catalyst that enables high‑yield hydrogenation of quinoline at 

room temperature. Under an optimal potential of −1.1 V (vs. Hg/HgO), 0.1 mmol quinoline was fully converted 

within 6 h with 99% selectivity [16]. A MoNi4 catalyst achieved 99% yield of tetrahydroquinoxaline from 0.3 mM 

quinoxaline within 1 h through consecutive PCET steps at a very low overpotential of −0.05 V (vs. RHE) [17]. Such 

electrochemical hydrogen storage systems are safer, more environmentally friendly, and simpler to operate, 

demonstrating promising application prospects. Existing research has predominantly focused on quinoline and 

quinoxaline. In these compounds, hydrogenation and dehydrogenation occur only in the N-heterocyclic part of the 

bicyclic structure, resulting in a relatively low gravimetric hydrogen storage capacity. Moreover, both compounds 

exhibit poor solubility, making them less ideal as substrates for electrocatalytic LOHC-based hydrogen storage. 

Recent studies have used Rh/KB as a cathode catalyst in an anion-exchange membrane (AEM) electrolyzer to reduce 

nitrogen-containing aromatic compounds, and for the first time accomplished the electrocatalytic hydrogenation of 

pyrazine with a yield of 96% [18]. Pyrazine offers a considerable theoretical hydrogen storage capacity of 6.97% and 

is fully miscible with water, rendering it a more promising candidate for hydrogen storage carriers.
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The efficiency of LOHC electrochemical hydrogenation (ECH) is primarily determined by the availability of H*. 

Therefore, developing electrocatalysts with excellent water dissociation capability and modulating the 

adsorption/desorption behavior of organic molecules on the electrode surface are key to achieving highly efficient 

LOHC conversion. Noble metals such as Pd, Pt, Ru, and Ir are widely studied due to their optimal H* 

adsorption/desorption properties [19,20]. Pd exhibits strong H* adsorption capability, second only to Pt among them. 

Additionally, its cost is significantly lower. Under ambient conditions, H+ ions can occupy the octahedral sites in the 

Pd lattice, leading to the formation of PdHn [21]. Pd shows high adsorption selectivity, fast kinetics, and good 

reversibility, making it highly promising for ECH. It demonstrates the highest catalytic activity for the hydrogenation 

of aromatic aldehydes [22]. The weak adhesion between the active Pd phase and the substrate typically results in a low 

loading mass, which limits the number of available active sites [23]. Furthermore, Pd nanoparticles are prone to detach 

from the substrate during prolonged operation or at high current densities. Thus, strong interfacial contact is crucial 

for electron conductivity and catalytic stability. Co3O4 can anchor and disperse catalyst nanoparticles as a substrate 

material. This enhances the loading of active components and provides abundant catalytic sites [24]. The strategies 

involving defect engineering, doping, and constructing heterointerfaces have emerged as promising approaches to 

tune the electronic structure of Co3O4 and improve its overall catalytic performance [25]. For instance, the strong 

electronic coupling at the interface between RuO2 and Co3O4 accelerates reaction kinetics and enhances catalyst 

stability. The heterointerface in RuO2@Co3O4 not only directly participates in the reaction but also modulates the d-

band center of the catalyst. This optimization adjusts the adsorption strength of key intermediates, thereby improving 

the hydrogen evolution reaction (HER) activity [26]. Liao et al. confirmed the presence of a strong metal-support 

interaction between Au nanoparticles and oxygen vacancy-rich Co3O4 nanorods (Co3O4 NRs-OVs). This interaction 

facilitates electron transfer from Co3O4 NRs-OVs to Au. The increased electron density on the Au surface selectively 

adsorbs the C=O group of vanillin and promotes catalytic hydrogen transfer for alcohol production [27]. Similarly, an 

Ir-Co3O4 electrocatalyst with low Ir content and abundant oxygen vacancies (OV) has been developed. This catalyst 

features rich three-dimensional active sites, rapid electron transfer, and oxygen-vacancy-induced optimized kinetics 

for oxygenated intermediate formation. These properties collectively enhance the oxygen evolution reaction (OER) 

performance in acidic environments [28].

In this work, a series of Pdx/Co3O4/NF as ECH electrocatalysts of pyrazine with heterointerfaces and high OV 

content were synthesized via a room-temperature reduction method. The Co3O4 layer was directly grown on the 

nickel foam (NF) surface. This approach not only provided abundant anchoring sites for Pd loading, but also created 

a tight interfacial structure. It avoided issues associated with polymer binders, thereby effectively improving the 

utilization of active components. Cobalt atoms modulated the electronic structure of the catalysts. Through strong 

metal-support interaction, they regulated the adsorption and activation of reaction substrates. This enhancement 

strengthened the adsorption-desorption behavior of Pd towards H* atoms and organic molecules. Pyrazine was 

selected as the hydrogen carrier, the pyrazine hydrogenation to produce piperazine had the theoretical hydrogen 

storage density of 6.97 wt%. The effects of Pd loading, catalyst morphology, and electrochemical performance on 

the ECH behavior of pyrazine were systematically investigated, and the hydrogenation mechanism was also studied. 

Pd4/Co3O4/NF exhibited high electrocatalytic activity for the hydrogenation of pyrazine and dehydrogenation of 

piperazine. It achieved optimal hydrogenation conversion and selectivity. The hydrogenation mechanism revealed 
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that the water-mediated ECH process completely eliminates safety risks associated with the use of external hydrogen 

gas. In summary, this electrochemical hydrogen storage system is mild, rapid, efficient, and simple. It overcomes the 

practical limitations of traditional methods.

2 Experimental

2.1 Catalyst preparation

Preparation of Pdx/Co3O4/NF. NF (2 cm × 3 cm × 3 mm) was sequentially ultrasonically cleaned in absolute ethanol, 

2 M hydrochloric acid, and absolute ethanol again, for 5 min each. Afterwards, it was rinsed thoroughly and air-

dried. The homogeneous solution prepared by dissolving 1.746 g of Co(NO3)2·6H2O (0.03 M), 0.617 g of NH4F 

(0.083 M), and 1.401 g of urea (0.05 M) in 50 mL of deionized water, along with the pre-treated NF, was transferred 

into a 100 mL Teflon-lined autoclave. The autoclave was subjected to a hydrothermal reaction at 120 °C for 6 h. The 

resulting precursor was collected and sequentially washed with absolute ethanol and deionized water. It was then 

dried in a vacuum oven at 60 °C for 8 h. Finally, the precursor was calcined in a muffle furnace at 400 °C for 3 h 

under an air atmosphere to obtain Co3O4/NF.

Different amounts of PdCl2 (1.2 mM, 1.8 mM, 2.4 mM, 3.0 mM) and corresponding amounts of NaCl (2.4 mM, 

3.6 mM, 4.8 mM, 6.0 mM) were added to separate 50 mL portions of deionized water. These mixtures were 

magnetically stirred in a constant-temperature water bath at 40 °C for 30 min until they turned clear and orange-

yellow. The Co3O4/NF precursor was fixed and fully immersed in each clear solution. Stirring was continued at 40 °C 

until the solution color changed from orange-yellow to colorless and transparent. The catalyst was then retrieved, 

rinsed with deionized water, and dried overnight at room temperature. The resulting catalysts were designated as 

Pd2/Co3O4/NF, Pd3/Co3O4/NF, Pd4/Co3O4/NF, and Pd5/Co3O4/NF, respectively.

2.2 Material characterization

The morphology and elemental distribution of the samples were determined via a HITACHI SU8010 scanning 

electrode microscope (SEM) equipped with an X-ray energy dispersive spectrometer (EDS). The crystallinity of the 

electrocatalysts was characterized by X-ray diffraction (XRD) using a Bruker/D8 advance powder diffractometer 

with Cu Kαradiation (λ=1.5418 Å) with a scanning range of 5° to 90° and a scan rate of 10° min⁻¹. X-ray 

photoelectron spectroscopy (XPS) was carried out using a Thermo Fisher ESCALAB 250Xi X-ray photoelectron 

spectrometer with Al Kα X-ray radiation. The binding energy of C1s = 284.80 eV was used as the energy standard 

for charge correction. 

The concentrations of pyrazine/piperazine in the electrolyte were quantified using gas chromatography (GC, Panno 

A60). The GC system was equipped with an AB-1 column (30 m × 0.32 mm × 0.25 μm). The injector temperature, 

detector temperature, and oven temperature were all set at 300 °C. The oven temperature program involved ramping 

from 70 °C to 180 °C at a rate of 10 °C min‒1.

To ensure analytical reliability, a strict standardization protocol was followed. High-purity commercial standards 

of pyrazine and piperazine were used to identify their GC retention times. The standard solutions (0.1–1.0 mg mL‒1) 

were analyzed in quintuplicate to establish a linear calibration curve relating peak area to concentration. All catalytic 
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samples were quantified using this external standard method to calculate pyrazine conversion and piperazine 

selectivity (Fig. S1).

2.3 Electrochemical measurements

2.3.1 Electrochemical system

All procedures, including electrolyte preparation, cell assembly, and electrochemical testing, were performed 

inside an argon-filled glove box (at ~1 atm) at 25 °C. The prepared electrolyte was purged with argon for 1 h to 

remove dissolved gases. The electrochemical tests were conducted using a CHI660D electrochemical workstation 

within an H-type electrochemical cell equipped with a glass frit.

A catalyst electrode (10 mm × 10 mm) served as the working electrode. A platinum electrode (10 mm × 10 mm) 

and an Hg/HgO electrode were used as the counter electrode and reference electrode, respectively. The Hg/HgO 

electrode was filled with 1 M KOH as the internal electrolyte without a salt bridge. The electrolyte in the working 

electrode compartment was 40 mL of 1 M KOH containing 10 mM pyrazine (or just 40 mL of 1 M KOH for control 

experiments), with a magnetic stirring rate of 400 rpm. The counter electrode compartment contained 40 mL of 1 M 

KOH (pH = 13.8).

All measured potentials were converted to the reversible hydrogen electrode (RHE) scale using the Nernst equation 

(Equation 1).

𝐸RHE (V) = 𝐸(Hg/HgO) + 0.059 × pH + 𝐸0
(Hg/HgO) = 𝐸(Hg/HgO) + 0.059 × pH + 0.098 (1)

2.3.2 Linear sweep voltammetry and cyclic voltammetry

The synthesized electrocatalysts were used as working electrodes for linear sweep voltammetry (LSV) and cyclic 

voltammetry (CV) tests. The potential window for both LSV and CV measurements was set from 0.7 V to −0.45 V 

(vs. RHE) with a scan rate of 5 mV s−1, and the scan direction was from 0.7 V to −0.45 V (vs. RHE).

2.3.3 Tafel

The Tafel slopes were calculated via linear fitting of selected data regions from the LSV results. This was done to 

evaluate the kinetic reaction rates of the catalysts. The Tafel slope was determined using Equation 2.

η = a + b × log j (2)

where, η (V) represents the overpotential, j (mA cm−2) is the current density, b (mV dec−1) is the Tafel slope, and a 

(V) is the Tafel constant, representing the overpotential corresponding to a unit current density (1 mA cm−2)

2.3.4 Electrochemical impedance spectroscopy

The electrochemical impedance spectroscopy (EIS) measurements were conducted at −0.25 V (vs. RHE) with the 

frequency range of 105 Hz to 10−2 Hz and the amplitude of 5 mV. The data were fitted using Zview software and an 

equivalent circuit model to determine the electrochemical parameters.

2.3.5 Electrochemical active surface area
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The CV tests were performed at 20, 40, 60, 80, and 100 mV s⁻¹ to determine the double-layer capacitance (Cdl). 

The potential range was set from open circuit potential (OCP) −50 mV to OCP +50 mV. The electrochemical active 

surface area (ECSA) was then calculated using Equation 3.

ECSA = Cdl/Cs (3)

where Cs is the specific capacitance, taken as 0.04 mF cm−2 in this study [29].

2.3.6 Chronoamperometry

The hydrogenation reaction of pyrazine was conducted at a constant potential of −0.2 V (vs. RHE) for 2 h. The 

contents of pyrazine and piperazine in the electrolyte were measured by GC. The conversion rate of pyrazine and the 

selectivity for piperazine were then calculated using Equations 4, 5.

Conversion rate (%) =
𝑀1

𝑀2
× 100% (4)

Selectivity rate (%) =
𝑀3

𝑀1
× 100% (5)

where M1 (mol) represents the amount of substrate consumed, M2 (mol) represents the amount of initial substrate, M3 

(mol) represents the amount of target product formed.

3 Results and Discussion

3.1 Material characterization

3.1.1 XRD and XPS

The XRD diffraction peaks at 19.06°, 31.28°, 36.85°, 38.61°, 44.65°, 55.58°, 59.33°, 65.16°, and 76.55° of 

Co3O4/NF, correspond to the (111), (220), (311), (222), (400), (422), (511), (440), and (533) crystal planes of Co3O4 

(PDF#78-1970) respectively (Fig. 1a) [30], and these at 44.65°, 51.95°, and 76.55° were attributed to NF (PDF#87-

0712) [31]. The peaks of Pd4/Co3O4/NF were observed at 19.07°, 31.36°, 36.91°, 38.63°, 44.66°, 55.68°, 59.35°, 65.23°, 

and 76.60°, which matched the (111), (220), (311), (222), (400), (422), (511), (440), and (533) planes of Co3O4 

(PDF#78-2177) [30], and these at 44.66°, 51.97°, and 76.57° again originated from NF (PDF#87-0712). Additionally, 

the peaks at 40.28°, 82.34° belong to the (111) and (311) planes of metallic Pd (PDF#88-2335) [32]. Pd was primarily 

present in the metallic Pd0 state on the Co3O4/NF surface, indicating the successful preparation of the catalyst. 

Notably, compared to the diffraction peaks of Co3O4 (PDF#78-2177) in Co3O4/NF, these in Pd4/Co3O4/NF showed a 

slight positive shift. This shift was attributed to lattice contraction or distortion induced by the presence of OV. This 

lattice distortion induced micro strain within the material and resulted in high surface energy, enhancing the metal-

support interaction [27].
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Fig. 1 (a) XRD patterns, and (b) Co 2p, (c) O 1s, (d) Pd 3d XPS spectra of Co3O4/NF and Pd4/Co3O4/NF.

The Co 2p XPS spectrum of Co3O4/NF showed two main peaks at 779.79, 795.04 eV, which were attributed to Co 

2p3/2 and Co 2p1/2, respectively (Fig. 1b). Specifically, the peaks at 779.49, 794.68 eV were assigned to Co3+, and 

these at 781.18, 796.68 eV were assigned to Co2+ [33]. The peak intensity of Co3+ was significantly higher than that of 

Co2+, which was consistent with the XRD results. For the Pd 3d spectrum of Pd4/Co3O4/NF, the peak at 343.67 eV 

was identified as a satellite peak, and these at 335.67, 340.94 eV were assigned to Pd0 3d5/2 and Pd Pd0 3d3/2, 

respectively (Fig. 1d). A peak corresponding to Pd2+ 3d5/2 was observed at 337.72 eV [34]. In the Co 2p spectrum, the 

peaks at 780.54, 796.45 eV belonged to Co 2p3/2 and Co 2p1/2, respectively (Fig. 1b). The separation of these peaks 

by a spin-orbit splitting confirmed the coexistence of Co3+ and Co2+ [35]. The peaks at 780.32, 795.00 eV were 

attributed to Co3+, and these at 782.29, 797.34 eV were attributed to Co2+. Additionally, the peaks at 786.29, 789.66 

and 802.78 eV were identified as satellite peaks associated with Co 2p3/2 and Co 2p1/2, characteristic of the spinel 

structure [35].

Compared with the Co 2p3/2 binding energy of Co3O4/NF, that of Pd4/Co3O4/NF increased. That suggested 

spontaneous electron transfer from cobalt (the electronegativity of 1.88) to the more electronegative palladium (the 
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electronegativity of 2.20), rendering the Pd species more electron-rich [34]. The increased electron filling caused a 

downshift in the d-band center of Pd. According to d-band center theory, this downshift typically led to a moderate 

weakening of adsorption energy. This optimized adsorption strength contributed to higher activity and selectivity. 

The results further confirmed that Pd primarily existed in the metallic Pd0 state. The presence of Pd2+ indicated a 

strong interaction between the Pd nanoparticles and the substrate. This interaction was beneficial for enhancing the 

long-term stability of Pd4/Co3O4/NF during the ECH process (Fig. 1d). 

Both Co3O4/NF, Pd4/Co3O4/NF exhibited three oxygen states. OL was attributed to typical metal-oxygen bonds, 

OV was associated with oxygen vacancies related to defects with low oxygen coordination and OC resulted from the 

physical and chemical adsorption of water on the material's surface [36]. In the O 1s spectrum of Pd4/Co3O4/NF, the 

peaks at 529.55, 531.13, and 532.45 eV corresponded to OL, OV and OC, respectively (Fig. 1c). Compared to 

Co3O4/NF, the OV concentration in Pd4/Co3O4/NF was significantly higher. These positively charged defect centers 

indirectly influenced the adsorption capacity of Pd metal sites by altering the local electron density. The OV increase 

promoted catalysis and enhanced the intrinsic catalytic activity [28].

3.1.2 SEM and EDS

The SEM images show that Co3O4/NF exhibited a tightly packed nanoneedle structure (Fig. 2a−c). This inherent 

structure provided a much higher specific surface area compared to conventional particles or sheets, offering an 

extensive platform for Pd loading. After Pd deposition, the SEM images of Pd2/Co3O4/NF, Pd3/Co3O4/NF, 

Pd4/Co3O4/NF, and Pd5/Co3O4/NF showed that Pd was loaded onto the Co3O4/NF surface as irregular clusters. The 

structures of Pd2/Co3O4/NF, Pd3/Co3O4/NF, and Pd4/Co3O4/NF were similar, with numerous fine particles forming a 

covering layer on the tips of the Co3O4 nanoneedles (Fig. 2d−l). However, the particle size increased with higher Pd 

loading. Pd4/Co3O4/NF achieved the optimal balance between dispersion and loading amount. It provided the highest 

number of exposed active sites without severely clogging the pores between the nanowires. This sample featured 

more numerous and densely packed Pd clusters (Fig. 2j−l). This increased the coverage of the active metal, enhanced 

the electrochemically active surface area and provided ample opportunities for contact between pyrazine and the 

active sites. A further increase in Pd loading (Pd5/Co3O4/NF) disrupted the needle-like structure of Co3O4/NF, 

significantly reducing the active surface area (Fig. 2m−o). The EDS mapping confirmed the uniform distribution of 

all elements in the catalysts.
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Fig. 2 SEM images of (a−c) Co3O4/NF, (d−f) Pd2/Co3O4/NF, (g−i) Pd3/Co3O4/NF, (j−l) Pd4/Co3O4/NF, and (m−o) 

Pd5/Co3O4/NF, and the corresponding EDS mappings of (c1−3) Co3O4/NF, (f1−4) Pd2/Co3O4/NF, (i1−4) Pd3/Co3O4/NF, 

(l1−4) Pd4/Co3O4/NF, and (o1−4) Pd5/Co3O4/NF.

3.2 Electrochemical tests

3.2.1 CV

There were no distinct redox peaks of the CV curves for NF and Co3O4/NF within the potential range of −0.45 V 

to 0.7 V (vs. RHE) in both electrolytes (1 M KOH and 1 M KOH + 0.01 M pyrazine) (Fig. 3a−b). Furthermore, both 

NF and Co3O4/NF exhibited weak HER activity [37]. In 1 M KOH + 0.01 M pyrazine, the CV curves for Pd2/Co3O4/NF, 

Pd3/Co3O4/NF, Pd4/Co3O4/NF and Pd5/Co3O4/NF showed the broad redox peak. The peak current increased with 

higher Pd loading. The oxidation peak appeared at ~0.25 V (vs. RHE) suggesting it corresponds to the oxidation of 

Pd (Fig. 3c−f) [38]. The differences between the CV profiles of these Pd-containing catalysts and that of Co3O4/NF 

also confirmed the successful incorporation of Pd and the resultant structural modification.
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Fig. 3 CV curves within the potential range of 0.7 V to −0.45 V (vs. RHE) at 5 mV s−1 of (a) NF, (b) Co3O4/NF, (c) 

Pd2/Co3O4/NF, (d) Pd3/Co3O4/NF, (e) Pd4/Co3O4/NF, and (f) Pd5/Co3O4/NF as the working electrodes in (−) working 

electrode (pyrazine/piperazine) | 1 M KOH + 0.01 M pyrazine || 1 M KOH | Pt (OH⁻/O₂) (+) with the SCE reference 

electrode.

3.2.2 LSV

NF in 1 M KOH at −0.25 V (vs. RHE) exhibited the HER current of −20.7 mA cm−2, indicating its limited ability 

to supply H* (Fig. 4a, Table S1). In 1 M KOH + 0.01 M pyrazine, the current density of NF at −0.25 V (vs. RHE) 

increased to −29.1 mA cm−2. This net current increase suggested that NF has some affinity for adsorbing pyrazine 
[31]. The LSV curves of Co3O4/NF showed little difference between the two electrolytes, and its HER current in 1 M 

KOH at −0.25 V (vs. RHE) was −23.9 mA cm−2, only slightly higher than that of NF (Fig. 4a). This indicated that 

the Co species alone had minimal adsorption or catalytic effect on pyrazine. Compared to the current density of NF 

in 1 M KOH, these of Pdx/Co3O4/NF increased significantly. This demonstrated that Pd promoted HER, thereby 

facilitating H* generation. The HER currents for Pd2/Co3O4/NF, Pd3/Co3O4/NF, Pd4/Co3O4/NF, and Pd5/Co3O4/NF 

at −0.25 V (vs. RHE) were −30.5, −38.0, −40.3, and −39.0 mA cm−2, respectively. In 1 M KOH + 0.01 M pyrazine, 

the current densities at the same potential became −39.4, −45.2, −77.8, and −40.8 mA cm−2, respectively. 

Pd4/Co3O4/NF showed the highest HER current and the largest net current. The more negative potential resulted in 

the larger net current, indicating stronger adsorption and catalytic activity towards the pyrazine molecule (Fig. 4a) 
[16]. It was reasonably inferred that the Pd sites acted as active centers for both H* generation and pyrazine adsorption 
[39]. The extended d-orbitals of Pd enableed stronger interaction with the π-system of pyrazine, facilitating strong 

adsorption. Compared to those of Pd4/Co3O4/NF, both the HER current and net current of Pd5/Co3O4/NF decreased. 

This was likely due to excessive Pd loading causing nanoparticle agglomeration, which reduced the number of active 

sites and intrinsic catalytic activity (Fig. 4a). This observation was consistent with the SEM results.
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The commercial Pd/C catalyst exhibited a hydrogen evolution current of −31.0 mA cm−2 at −0.25 V (vs. RHE). 

The current remained essentially unchanged after the addition of pyrazine, and a net current only appeared at more 

negative potentials (Fig. S2a). This is primarily due to the binder used to immobilize Pd/C on the NF surface, which 

is nearly non-conductive and partially hinders the catalytic performance of Pd/C. Moreover, Pd/C shows relatively 

poor dispersion, resulting in an electrochemically active surface area much smaller than that of Pd4/Co3O4/NF.

Fig. 4 (a) LSV curves, (b) Tafel plots, (c) OCP profiles, (d) Nyquist plots, (e) Cdl values, and (f) schematic diagram 

of the reaction setup for the catalysts. (g) The conversion and selectivity after chronoamperometry at −0.25 V (vs. 

RHE) for 3 h. (h) The concentration of pyrazine and piperazine after chronoamperometry at −0.25 V (vs. RHE) with 

various times for Pd4/Co3O4/NF. The points were raw data, and the lines were fitted data.

3.2.3 Tafel slope

The Tafel slopes from low to high were Pd4/Co3O4/NF (263.81 mV dec−1), Pd3/Co3O4/NF (290.7 mV dec−1), 

Pd5/Co3O4/NF (291.17 mV dec−1), Pd2/Co3O4/NF (306.38 mV dec−1), Co3O4/NF (315.91 mV dec−1), NF (322.03 mV 
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dec−1). Pd4/Co3O4/NF demonstrated the smallest Tafel slope (Fig. 4b), that achieved a greater increase in current 

density per unit overpotential, possessed faster reaction kinetics, and facilitated a more efficient electrode process.

3.2.4 OCP

OCP was a sensitive indicator for changes in pyrazine adsorption within the Helmholtz layer. A stronger interaction 

between the catalyst surface and pyrazine resulted in a more significant OCP shift upon pyrazine introduction [40]. 

OCP of Pd4/Co3O4/NF exhibited the largest negative shift after pyrazine was added (Fig. 4c). This provided direct 

evidence that its surface had the strongest adsorption affinity for pyrazine molecules. This strong adsorption stemmed 

from Pd's inherent high reactivity towards N-heterocyclic compounds and the optimized adsorption strength at Pd 

sites due to favorable electronic synergy with the Co3O4 support. The effective reactant adsorption was a critical 

prerequisite for achieving highly efficient electrocatalytic hydrogenation.

3.2.5 EIS

All electrocatalysts exhibited similar the solution resistance (Rs) values. The charge transfer resistance (Rct) values 

at −0.25 V (vs. RHE) of NF, Co3O4/NF, Pd2/Co3O4/NF, Pd3/Co3O4/NF, Pd4/Co3O4/NF, and Pd5/Co3O4/NF were 

6.372, 4.219, 3.846, 3.419, 2.892, and 3.691 ohm, respectively (Fig. 4d, Table S1). Pd4/Co3O4/NF displayed the 

smallest Rct, indicating the least hindrance to electron transfer at the electrode/electrolyte interface. This facilitated 

easier interaction with pyrazine and promoted the ECH reaction. The minimal Rct was primarily attributed to the 

strong electronic interaction between Pd and the Co3O4 support. The interfacial electron redistribution, evidenced by 

the XPS results, not only optimized the electronic structure of the Pd active sites, but also induced the formation of 

more oxygen vacancies in the support. Together, these effects created a highly efficient pathway for interfacial charge 

transport, significantly accelerating electron transfer during the electrochemical reaction.

3.2.6 Cdl and ECSA

Cdl of Pd4/Co3O4/NF, Pd3/Co3O4/NF, Pd5/Co3O4/NF, Pd2/Co3O4/NF, Co3O4/NF, and NF were 99.22, 62.85, 56.1, 

23.18, 7.77 and 0.671 mF cm−2, respectively (Fig. 4e, S3, Table S1) and the corresponding ECSA were 2480.5, 

1571.25, 1400.25, 579.5, 194.25 and 16.775 cm2. Loading Co3O4 onto the NF substrate served a dual purpose. It 

significantly increased the ECSA and promoted stronger integration of Pd with the catalytic support. Cdl and ECSA 

of Pd4/Co3O4/NF were markedly higher than those of the other catalysts, indicating a greater number of available 

catalytic active sites. This was primarily attributed to its unique hierarchical nanostructure. The optimal amount of 

Pd was loaded as highly dispersed nanoparticles onto the nanoneedles (Figures 2j−l). This configuration maximized 

the exposure of active sites without compromising the conductive network of the substrate, resulting in a composite 

structure with a high specific surface area and significant synergistic effects. Furthermore, the abundant oxygen 

vacancies within the material contributed additional active sites.

3.2.7 Chronoamperometry

The pyrazine hydrogenation of the catalysts in 1 M KOH + 0.01 M pyrazine was conducted with 

chronoamperometry at −0.25 V (vs. RHE) for 3 h (Fig. 4h). After 2 h, the conversion of pyrazine slowed significantly. 

This was due to the competitive relationship between the electrochemical hydrogenation of pyrazine and the hydrogen 

evolution reaction (HER). In the later stage of the hydrogenation process, the extremely low substrate concentration 

allowed HER to gradually dominate, thereby limiting the further generation of the target product. The differences of 

pyrazine conversion and piperazine selectivity clearly demonstrated the performance variation among the samples 
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(Fig. 4g, Table S1). Each catalyst was subjected to three independent experiments, the average conversion rates of 

Co3O4/NF, Pd2/Co3O4/NF, Pd3/Co3O4/NF, Pd4/Co3O4/NF, and Pd5/Co3O4/NF were 28.5%, 68.9%, 92.5%, 99.1%, 

and 88.6% respectively, and the corresponding selectivity rates were 89.8%, 88.7%, 92.1%, 94.8%, and 86.5%. The 

commercial Pd/C/NF catalyst showed a conversion of 65.2% and a selectivity of 84.4% (Fig. S2b). Pd4/Co3O4/NF 

exhibited the strongest catalytic capability for converting pyrazine to piperazine. This was because it simultaneously 

provided an ample supply of H* and demonstrated strong selective adsorption towards pyrazine molecules. The 

schematic illustration of the pyrazine ECH process in the H-cell was provided (Fig. 4f).

3.2.8 Stability evaluation

The ECH potential of pyrazine for Pd4/Co3O4/NF was optimized. Both the conversion rate and catalytic current 

increased with more negative potentials. However, beyond −0.25 V (vs. RHE), the conversion rate plateaued while 

the selectivity reached its maximum of 95.8%. Therefore, −0.25 V (vs. RHE) was identified as the optimal potential 

for pyrazine ECH from an energy-saving perspective (Fig. 5a). The stability of Pd4/Co3O4/NF was assessed through 

eight chronoamperometry tests at −0.25 V (vs. RHE) for 3 h. The highest current density was observed in the first 

cycle. The current density fluctuated within a reasonable range in subsequent tests, with a noticeable decay only 

appearing by the 8th cycle. The initial conversion was 98.7%, and all conversions of subsequent cycles maintained 

above 98%. The highest value among them was 99.7%. The initial selectivity was 94.7%, and the selectivity remained 

above 93% for the first 5 cycles, decreased to 86.8% in the sixth cycle, and stabilized ~87% thereafter (Fig. 5b). 

However, the Faradaic efficiencies over 8 cycles were 33.3%, 31.0%, 29.0%, 30.6%, 31.5%, 28.6%, 30.5% and 31.0% 

respectively, which are relatively low. This was primarily because the previous study overemphasized conversion 

and selectivity, leading to the intentional extension of the reaction time for pyrazine hydrogenation to 3 h. As the 

reaction progressed, HER gradually dominated the process, causing the Faradaic efficiency to decline over time. 

These results demonstrated the excellent durability and stability of Pd4/Co3O4/NF. The LSV curve after 8 cycles were 

nearly identical to that of the initial Pd4/Co3O4/NF (Fig. 5c, d), further confirming its robust stability. The 

chronoamperometry test for 100 h of Pd4/Co3O4/NF in 1 M KOH + 0.8 M pyrazine was conducted, and the current 

remained virtually unchanged throughout this extended period, indicating exceptional stability (Fig. 5e). The SEM 

images of Pd4/Co3O4/NF after chronoamperometry 8 cycles showed that the nanoneedle substrate structure was 

largely preserved, though the surface of the needles became rougher. Some detachment of Pd agglomerates was also 

observed (Fig. S4). Overall, the morphology remained largely intact, confirming good structural stability.
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Fig. 5 Electrochemical characteristics of Pd4/Co3O4/NF in the (−) Pd4/Co3O4/NF (pyrazine/piperazine) | 1 M KOH + 

10 mM pyrazine || 1 M KOH | Pt (OH⁻/O2) (+). (a) Pyrazine conversion and piperazine selectivity of 

chronoamperometry for 3 h at different potentials, (b) Conversion rate and selectivity rate at −0.25 V (vs. RHE) with 

8 consecutive cycles, (c) LSV curves before and after chronoamperometry for 8 cycles, (d) The chronoamperometry 

curve at −0.25 V (vs. RHE) for 8 cycles with a cycle of 3 h. (e) The chronoamperometry curve at −0.25 V (vs. RHE) 

for 100 h of Pd4/Co3O4/NF with 1 M KOH + 0.8 M pyrazine.

3.3 Pyrazine ECH mechanism of Pd4/Co3O4/NF

3.3.1 pH-dependent experiments

HER was the primary side reaction competing with pyrazine ECH, and its kinetics were strongly influenced by 

pH. The LSV tests were conducted on Pd4/Co3O4/NF across different pH. The current density gradually increased 

with higher pH (Fig. 6a). The linear relationship was observed between pH and the logarithm of the current density, 
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yielding the slope of 0.248. The slope greater than zero indicated that the potential-determining step (PDS) of the 

reaction involves the simultaneous transfer of the proton and the electron, and this confirmed the PCET pathway [41].

Fig. 6 (a) pH-dependent curve in 1 M KOH + 0.01 M pyrazine, the LSV curves with different concentrations of 

pyrazine, (c) LSV curves of 0.6 to −0.445 V (vs. RHE) with and without 0.5 mL t-BuOH of Pd4/Co3O4/NF. The 

points were raw data, and the lines were fitted data.

3.3.2 Pyrazine concentration-dependent experiments

The dependence for the ECH rate on pyrazine concentration of Pd4/Co3O4/NF was analyzed with different 

concentration. The decrease in current density was observed as the pyrazine concentration increased from 10 mM to 

50 mM (Fig. 6b). The negative reaction order with respect to pyrazine concentration suggested competitive adsorption 

between H* and pyrazine molecules. The decline in the ECH rate, due to reduced H* coverage, further refined the 

PCET mechanism for pyrazine hydrogenation to a hydrogen atom transfer (HAT) mechanism. In HAT mechanism, 

H* was generated first and subsequently hydrogenates pyrazine, following the Langmuir-Hinshelwood model [39,41].

3.3.3 Investigation of H* source

Usually tert-butanol (t-BuOH) was used as a quencher for H*. The presence of t-BuOH significantly suppressed 

the hydrogenation of pyrazine (Fig. 6c). This demonstrates that the H* species generated during the Volmer step 

were crucial intermediates controlling the reaction process [16,17,39]. After 8 cycles, the O 1s spectrum of Pd4/Co3O4/NF 

still showed the predominant OV signal. However, the OC content increased significantly, indicating the adsorption 

of OH− species from the solution onto the catalyst surface (Fig. 7a). In the Co 2p spectrum (Fig. 7b), the peaks at 

779.31, 794.27 eV were attributed to Co3+, while these at 781.13, 795.66 eV were assigned to Co2+. These states 

showed little difference compared to the initial Pd4/Co3O4/NF. The main change was observed in the Pd 3d spectrum 

(Fig. 7c). The peaks at 335.30, 339.67 eV correspond to Pd0 3d5/2 and Pd0 3d3/2, respectively, and the peaks for Pd2+ 

3d5/2 and Pd2+ 3d3/2 appeared at 337.72, 342.63 eV. The spectrum indicated that Pd primarily existed as Pd2+ after the 

cycling tests. It was reasonable to speculate that Pd0 acted as the active site, and these Pd0 species were oxidized to 

Pd2+ during the pyrazine ECH.
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Fig. 7 (a) O 1s, (b) Co 2p, and (c) Pd 3d XPS spectra of Pd4/Co3O4/NF after chronoamperometry of 8 cycles.

3.3.4 Reaction pathway

In the electrocatalytic hydrogenation of pyrazine over Pd4/Co3O4/NF, the abundant OV on the Co3O4 nanostructure 

surface played a crucial role. Besides enhancing the adsorption of Pd atoms on the Co3O4/NF support, these OVs also 

promoted high Pd dispersion and utilization efficiency [42]. Pd acted as a dual-function site for both H* generation 

and pyrazine adsorption, serving as the primary center for hydrogenating pyrazine to piperazine (Fig. 8). Specifically, 

Pd catalyzed water molecules via the Volmer step to produce H*, which adsorbed on its surface. Simultaneously, a 

neighboring Pd site adsorbed a pyrazine molecule. The generated H* then spilt over the catalyst surface to the 

pyrazine-adsorbed site. The adsorbed pyrazine interacted with H* and underwent hydrogenation. The hydrogenation 

proceeded through consecutive PCET steps, ultimately achieving efficient and highly selective conversion of 

pyrazine to piperazine. Finally, piperazine desorbed into the solution, re-exposing the Pd active sites for the next 

cycle of electrocatalytic pyrazine hydrogenation.
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Fig. 8 ECH reaction diagram of the formation of piperazine from pyrazine.

4 Conclusion

A series of Pdx/Co3O4/NF (x=2, 3, 4, 5) as electrocatalysts of pyrazine ECH were successfully synthesized via 

hydrothermal and room-temperature reduction methods. Their ECH mechanism and performance of pyrazine were 

systematically investigated. Among them, Pd4/Co3O4/NF demonstrated the optimal electrochemical activity. It 

achieved the remarkable conversion rate of 99.4% with the selectivity rate of 97.1% under ambient temperature and 

pressure. Furthermore, Pd4/Co3O4/NF maintained high electrocatalytic activity and the largely unchanged 

microstructure after chronoamperometry of 8 cycles, highlighting its excellent stability. The mechanistic studies 

revealed that Pd acted as the catalytic center with dual functions, that promoted water electrolysis to generate H* and 

also facilitated the adsorption of pyrazine, providing the active sites for ECH. The direct growth of the Co3O4 layer 

on the NF substrate offered abundant anchoring sites for Pd, resulting in a tight interfacial structure. The Co atoms 

modulated the electronic structure, and through strong metal-support interactions, enhanced the adsorption-

desorption behavior of H* and organic molecules on Pd. Compared to traditional hydrogen storage systems, pyrazine 

ECH with Pd4/Co3O4/NF was safer, more environmentally friendly, and simpler. It will eliminate the need for harsh 

reaction conditions and is compatible with green electricity generated from wind, water, and other renewable sources, 

demonstrating broad application prospects and providing an important reference for future research.

Nonetheless, this study also acknowledges a limitation, that is the obtained Faradaic efficiency remains relatively 

low. This aspect leaves considerable room for improvement in future work. Further optimization of catalyst design 

and reaction conditions should focus on enhancing charge utilization efficiency while maintaining high conversion 

and selectivity, which is crucial for the practical deployment of electrocatalytic LOHC systems.
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