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Abstract
The electrochemical hydrogen evolution reaction is a process of central importance to a future hydrogen economy and the de-fossilization of various industrial processes. To operate with high efficiency, electrocatalysts are required for this reaction, of which Pt is the best known to date. However, due to its scarcity and the ongoing environmental cost of mining precious metals, the development of alternatives based on first row transition metals is an area of very intense interest. Whilst the performance of such earth-abundant catalysts cannot compete with Pt on an atom-for-atom basis, engineering the morphology of first row transition metal catalysts can produce significant improvements in performance relative to the bulk solids. Herein, we highlight one such example, whereby multichannel carbon nanofibers (formed using waste polystyrene as a key component) were used to template the formation of hollow NiFe2O4 nanofibers with a surface area (167 m²/g), which was nearly double that of pristine NiFe2O4 (81 m²/g). The material was thoroughly characterized by a range of methods and was found to exhibit significantly enhanced activity for the hydrogen evolution reaction: in linear sweep voltammetry, the porous hollow NiFe2O4 nanofibers required an overpotential of 178 ± 3 mV to deliver a current density of 50 mA cm−2, compared to 342 ± 2 mV for the pristine NiFe2O4 material. The results showcase the advantages of morphological control of catalysts for improving hydrogen evolution activity. 
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1. Experimental section
1.1 Materials and chemicals
Materials were obtained as follows: polyacrylonitrile with molecular weight 150,000 (25014-41-9; Sigma Aldrich), dimethylformamide 99.8% (68-12-2, Sigma Aldrich), nickel chloride hexahydrate 98% (7791-20-0; Lancaster Synthesis), iron chloride 98% (10025-77-1, Thermo Scientific), urea 98+% (52-13-6; Thermo Scientific), ammonium fluoride 98+% (121250-01-8; Thermo Scientific), absolute ethanol 99% (64-17-5; Fisher Scientific), Nafion solution (31175-20-9; Sigma Aldrich). All deionized water had a resistivity of 15 MΩ-cm. Expanded polystyrene was sourced from chemical packaging waste from the University of Glasgow’s chemistry stores and was used without any further cleaning procedures. The elemental composition of the expanded polystyrene was confirmed by elemental analysis (Exeter CE-440), revealing a composition of C: 90% and H: 7.4%. Waste expanded polystyrene was dissolved in 500 μL of CDCl3 (99.8% D, Cambridge Isotope Laboratories, Inc.) and analysed by nuclear magnetic resonance (NMR) spectroscopy. 1H NMR spectra were recorded at room temperature (~25 °C) using a Bruker 400 MHz NMR spectrometer (see Figure S1). 
1.2 Synthesis of multichannel carbon nanofibers
Multichannel carbon nanofibers were fabricated by using an electrospinning technique. The precursor solution contained 10 wt% polyacrylonitrile and 20 wt% of expanded polystyrene in 10 mL of N,N-dimethylformamide (DMF) in an equal ratio. The solution was then electrospun at a voltage of 20 kV with a working distance of 18 cm between the needle and the rotating drum collector, which was covered with aluminum foil. The flow rate of the precursor solution from the syringe was kept at 0.5 mL h−1. The solution was spun for 5 h. Then the obtained polyacrylonitrile/expanded polystyrene nanofibers were calcined in the air at 250 °C for 2 h using a heating rate of 2 °C min−1 in a muffle furnace. This step stabilized the PAN (polyacrylonitrile) nanofiber by partial cyclization and oxidation [41] to prevent fiber melting or deformation during subsequent higher-temperature carbonization in a tube furnace at 800 °C for 1 h under a nitrogen atmosphere using a heating rate of 5 °C min−1.
1.3 Synthesis of Hollow NiFe2O4 nanofibers
[bookmark: OLE_LINK26][bookmark: OLE_LINK27]Multichannel nickel ferrite nanofibers were synthesized directly on multichannel carbon nanofibers by a one-step hydrothermal synthesis accompanied by a low-temperature calcination. In the synthesis, 30 mL of deionized water, 5 mL of anhydrous ethanol, 4 mmol of FeCl2.6H2O, and 16 mmol of urea (CO(NH2)2) were mixed step-by-step under continuous stirring at room temperature (~25 °C). After that, 2 mmol of NiCl2·6H2O and 21 mmol of NH4F were added into the mixture. A distinct colour change of the resultant mixture was observed from light orange to the bluish-green. The resultant mixture was constantly stirred for 20 min. Then 80 mg of activated multichannel carbon nanofibers were put into the solution and stirred for 30 min to ensure that the resulting fiber mat was in full contact with the solution, and then the as-obtained mixture was poured into a 50 mL polytetrafluoroethylene (Teflon)-lined stainless steel autoclave. The autoclave was placed in an electric oven at 120 °C for 12 h. After this time, the reaction mixture was allowed to cool naturally to room temperature in the air. Once cool, the material was taken out and washed repeatedly with ethanol and deionized water. Finally, the cleaned nickel ferrite decorated multichannel carbon nanofibers were placed in an oven and dried at 60 °C for 12 h. Finally, they were heated to 350 °C for 2 h in an air atmosphere, during which the carbon was converted to carbon dioxide, and hollow nickel ferrite nanofibers were obtained. 
1.4 Synthesis of pristine NiFe2O4
The same hydrothermal method was used for the synthesis of pristine nickel ferrite (NiFe2O4). All the reagents, quantities, and reaction conditions were kept the same, except that the activated multichannel carbon nanofibers were not added into the autoclave. The obtained nickel ferrite was washed repeatedly with ethanol and deionized water, and then it was placed in an oven and dried at 60 °C for 12 h. Like the previous procedure, the material was calcined at 350 °C for 2 h in a muffle furnace in the air to obtain the nickel ferrite (NiFe2O4) particles.
1.5 Electrocatalyst characterization
The functionalization of the multichannel carbon nanofibers was confirmed using Fourier transform infrared spectrometry (FTIR, Jasco FR/IR 4100) with a resolution of 0.7 cm−1. The surface morphologies, structures, and elemental mapping were studied by ultra-high resolution scanning electron microscopy (UHR-SEM, TESCAN CLARA) equipped with Energy X-ray Dispersive Spectrometry (EDX, Oxford Instruments UltimMax 65). The specific surface area and pore size distributions were obtained via the Brunauer-Emmett-Teller (BET) method by a physisorption analyzer (Anton Paar Quadrasorb Evo and Autosorb iQ-MP). The crystal structures were studied by X-ray diffraction (Rigaku MiniFlex) using a Cu Kα X-ray source. The diffraction angle 2θ was scanned from 10° to 80° at a rate of 2° per minute. Data analysis was performed using Rigaku SmartLab Studio-II software (Rigaku Corporation, 2014). TEM images were taken using a FEI Tecnai G2 F30 instrument operating at 300 kV to observe the hollow channels within the fibers. TEM samples were prepared directly on carbon coated-copper grids (carbon film, 400 mesh Cu). The lateral distribution of elements and chemistry at the surface of the prepared catalyst was analyzed by X-ray photoelectron spectroscopy (XPS, Axis Supra, Kratos, UK). The X-ray source utilized monochromated Al Kα radiation (1486.6 eV, 30 mA). The C 1s peak of all samples was adjusted to 284.8 eV for normalization. All data were fitted using ESCApe software, which employed Gaussian-Lorentzian fitting to analyze each component peak (C1s, N1s, O1s, Ni 2p, and Fe 2p). 
1.6 Electrochemical measurements
Electrochemical measurements were performed with a Gamry 1100E electrochemical workstation. All the experiments were performed at room temperature with a conventional three electrode electrochemical cell set-up; Pt wire was used as the counter electrode, Hg/HgO (CH Instruments, Inc., USA) was used as the reference electrode, and the various catalyst materials deposited on nickel foam were used as working electrodes. The catalyst ink for adhering materials to the working electrode was prepared by finely grinding 5 mg of the sample and ultrasonically dispersing it in 190 μL of DMF and 10 μL of Nafion solution for 2 h. 20 μL of this slurry was drop casted onto an area of 0.5 cm2 of nickel foam and dried in air, resulting in a mass loading of around 0.001 g cm−2. The electrochemical measurements were carried out in freshly prepared 1.0 M aqueous potassium hydroxide (KOH) solution, made with distilled water. In all electrochemical measurements, the reference electrode was calibrated to the reversible hydrogen electrode (RHE) scale based on the equation ERHE = E (Hg/HgO) + (0.059 × pH) + 0.098 V[42].  In this work, the pH was 13.85. Linear sweep voltammetry (LSV) with a scan rate of 5.0 mV s−1 was conducted without iR-compensation. Electrochemical impedance spectroscopy (EIS) measurements were performed in the frequency range from 105 to 0.1 Hz. The EIS data were fitted to an equivalent electrical circuit that yielded the smallest chi-squared (χ2) value using Gamry Echem Analyst software. The effective electrochemical surface area of a catalyst is directly correlated to the electrochemical surface roughness factor (Rf). The Rf is linked with the double layer capacitance (Cdl) such that ESCA ∝ Rf ∝ Cdl[43]. The double layer capacitance Cdl was calculated by cyclic voltammetry measurements at various scan rates in the range 50 to 500 mV s−1. Anodic (ja) and cathodic (jc) current densities were recorded and plotted at 0.516 VRHE. The specific capacitance (Cs) of the substrate was taken as the benchmark, with a literature value for Cs of the smooth oxide surface of nickel foam being 0.04 mF cm−2 in the non-faradaic region [44]. The ratio Cdl/Cs value gives the electrochemically active surface area (ECSA)[45]. Chronoamperometry was recorded for 15 h continuously at a constant potential of −0.083 V vs RHE without iR-compensation. After 15 h, linear sweep voltammetry was undertaken, and the performance was compared with linear sweep voltammograms obtained before chronoamperometry to evaluate the stability of the electrocatalysts.
2.7 Faradaic efficiency calculation
A 250 µL sample of the gas collected from the cathodic headspace of the H-cell was analyzed using gas chromatography. The measurements were performed on an Agilent 8860 gas chromatography system equipped with a thermal conductivity detector, incorporating two Porapak Q columns and a MoleSieve 13X column. Prior to analysis, the gas chromatography system underwent calibration using certified gas mixtures (1%, 2%, 3%, and 5% H2 in Ar) sourced from CK Gas Products Limited, UK. Faradaic efficiency was calculated by dividing the amount of H2 gas experimentally detected by the “theoretical amount” of H2 gas, i.e. that which would have been produced if all the charge passed had been used to generate hydrogen. The formula used for calculating the number of moles of hydrogen that would be produced by a system operating at 100% faradaic efficiency (the “theoretical” value) is:[46]
Q / F Z = n
Where, n represents the number of moles of the product, Q represents the total charge passed in coulombs during the electrochemical process, F is the Faraday constant (96,485 C/mol), and Z specifies the number of electrons required to produce one molecule of the resultant product, which is 2 for the hydrogen evolution reaction.
