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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

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

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
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metals, the development of alternatives based on first row transition metals is an area of very

(cc)

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 NiFe,O4
nanofibers with a surface area (167 m?/g), which was nearly double that of pristine NiFe,O4
(81 m?/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 NiFe,O,4 nanofibers required an overpotential of 178 =3 mV

to deliver a current density of 50 mA c¢cm™2, compared to 342 + 2 mV for the pristine NiFe,O4
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material. The results showcase the advantages of morphological control of gatalysts, ot 00c

improving hydrogen evolution activity.

Keywords: Electrospinning; polystyrene; hollow nanofiber; nickel ferrite; hydrogen

evolution reaction.

1. Introduction

Hydrogen, as an environmentally friendly and renewable energy carrier, has gained
considerable attention for its potential as a clean-burning fuel.> One of the most promising
ways to produce hydrogen is through water splitting, a process that breaks water into oxygen
and hydrogen using renewable energy.>* The catalysts used to drive the half-reactions of water
splitting have a significant effect on the efficiency of this process. While precious metals like
platinum have traditionally been favoured for the hydrogen evolution reaction due to their
excellent catalytic properties, their high cost and limited availability have led scientists to seek
more sustainable and affordable alternatives.>® At high pH, first-row transition metals such as
cobalt, iron, nickel, and manganese are viable substitutes, offering a balance between
performance and cost’®. Among these, spinel ferrite nanoparticles stand out due to high
catalytic efficiency!?, ease of synthesis'!, and long-term stability. Their electrocatalytic
performance is enhanced by the synergistic effects of their electronic structure and the redox
behaviour of cations such as Fe¥"/Fe?" at octahedral and tetrahedral sites.'>1*> However, a
common issue with transition metal catalysts, including nickel ferrite, is the tendency of metal

nanoparticles to agglomerate during reactions, which reduces their effectiveness over time.'%

15

To overcome this issue, researchers have focused on developing composites that combine
transition metals with carbon nanomaterials.'® These composites boost catalytic performance
by providing a conductive matrix that prevents nanoparticle agglomeration, improves
dispersion, and helps maintain their activity over extended use.'” Deng et al. synthesized a
composite by encapsulating a CoNi alloy in thin N-doped graphene shells (CoNi@CN) using
a bottom-up approach, achieving hydrogen evolution with an overpotential of 142 mV at 10
mA cm? in acidic media.!® Similarly, Yunfeng Qiu et al. fabricated hierarchical N-doped

carbon nanotubes on carbon nanowires derived from polypyrrole grown on carbon cloth, to
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support NiCo oxides/sulfides, demonstrating an overpotential of 110 mV for, hydrOgeh: -ooc

evolution at a current density of 10 mA ¢cm™2.1°

Within carbon nanomaterials, carbon nanofibers have proven to be effective supports for
catalysts.?? Carbon nanofibers provide a unique structure that facilitates electron transfer,
ensures structural stability, and offers a large surface area for catalytic reactions.?!>> Among
the different types of nanofibers, porous, tube-in-tube, and hollow architectures show superior
electrocatalytic activity and efficiency by allowing better dispersion of metal nanoparticles,
improved reactant access, and higher current density.?*?¢ Gao et al. developed N and P co-
doped hollow carbon nanofibers using coaxial electrospinning, producing a hierarchically-
porous structure that enhances electrolyte/reactant diffusion and mass transfer during
electrocatalysis, leading to improved trifunctional activity (oxygen reduction, oxygen
evolution, and hydrogen evolution) compared to pristine carbon nanofibers.?’ In addition,
hierarchical vertical nanostructures grown on such conductive substrates could be beneficial
for enhanced charge and mass transport due to deep diffusion characteristics and the abundance

of catalytically active sites.?8-30

Traditionally, polymethylmethacrylate, polylactic acid, and polyvinylpyrrolidone have been
used as sacrificial polymers for porous hollow material fabrication due to their well-defined
decomposition and good solubility.’! However, given that the polymers are being used in a

sacrificial sense, demonstrating that similar results can be achieved using waste materials

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

would be highly advantageous as compared to using pristine polymers, by reusing materials

that would otherwise be discarded. Of the 32 million tons of Styrofoam produced annually,

Open Access Article. Published on 09 June 2026. Downloaded on 6/10/2026 10:50:23 PM.

only about 1-2% are recycled globally.’?> The low density of Styrofoam makes large-scale

(cc)

recycling economically impractical, contributing to environmental pollution.’* As a result,
around 80% of it ends up in landfills, where it can take 500 years or more to naturally

decompose.’*

In this paper, we present our findings on the synthesis, characterization, and catalytic
performance of porous hollow nickel ferrite nanofibers (where the carbon template component
was derived from waste Styrofoam used in chemical packaging) for hydrogen production
through electrolytic water splitting. Table 1 illustrates a comparison of the electrocatalytic
activity for the hydrogen evolution reaction of the resulting porous hollow nickel ferrite
nanofibers with previously reported results from the literature for Ni-Fe based electrocatalysts

employing other carbon supports.
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Table 1: Comparison of the electrocatalytic performance of the hollow porous, NiE&3O o000
nanofibers reported herein in 1 M KOH with that of previously reported catalysts.

Entry Material Overpotential at 10 Tafel slope Ref.
mA cm? (mV)* (mV dec™)
1 Porous hollow NiFe, 04 58 78 This
nanofibers** work
2 NisFe nanoparticles in N-doped 72 98 3

carbon nanotube—grafted carbon

nanofibers (Ni;Fe-CNT@CF)

3 Core—shell-Ni;Fe(OH)o/NisFe 217 83 36
hybrid nanostructures
4 Nickel—iron/nanocarbon hybrids 219 111 37
(Nigg Feo1 /NC)
5 N-doped graphene/NiFe,O4 184 83 38
6 NiFe-double layer hydroxide 269 67 3
carbon nanotubes
7 Ni-NiFe,04@C 217 96 40
8 3D NiFe-carbon nanofiber-carbon 70 139 4l
foam

9 NiFe,04/Ti;C, (MXenes) 173 112 42
10 Fe doped Ni;Fe/NiFe,0,4 hetero

nanoparticle decorated carbon 128 68 43

nanotubes

11 NiFe-Oxide Nanocubes 197 130 4

* All values reported by linear sweep voltammetry

** For comparison, the overpotential at 10 mA ¢cm~ (mV) by bulk electrolysis is 83

2. Results and Discussion

The overall synthetic procedure for producing the hierarchically hollow porous NiFe,O4
nanofibers is schematically illustrated in Figure 1 (see Supporting Information Figure S1 and
Table S1 for characterisation of the polystyrene starting material). In the first step of
electrospinning, polyacrylonitrile and polystyrene separate into two distinct microscale phases
in the precursor solution. This separation is influenced by Hansen solubility parameters, which
help determine how well one material dissolves in another and their relative energy differences
in the solution (see Supplementary Information).*> The relative energy difference value of

polyacrylonitrile is 0.82, indicating that the polymer will dissolve easily in the dimethyl
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formaldehyde, while that of polystyrene is 1.03, which illustrates that dissolution of the sONE 200
in the solvent will not be good.*® Hence, they both exist as two separate phases throughout the
fiber. Polystyrene thermally degrades at temperatures across the range 310 °C — 460 °C.4” Thus,
when the sample was thermally treated at 800 °C, the polystyrene degraded, leaving behind

polyacrylonitrile-derived nitrogen-doped multichannel carbon nanofibers.

The surface of these fibers was activated using acidified KMnO,, which oxidizes the surface
generating functional groups such as carboxylic acids. These groups, in turn, provide sites for
the deposition of nickel ferrite. FTIR spectroscopy was used to probe the surface
functionalization of both the activated and inactivated samples as shown in Figure S2. In the
case of activated multichannel carbon nanofibers, the spectrum is dominated by a broad feature,
which is ascribed to O—H (3317 cm™) vibrations. The presence of this group typically results
in increased hydrophilicity. The FTIR also shows the emergence of a new peak at 1597 cm™!
after activation, characteristic of C=0 bonding, which is an indication of the formation of a
carbonyl group on the surface.*® The calcination of the sample after the deposition of nickel
and iron on the surface of the multichannel carbon nanofibers then transformed the core
multichannel fiber into a hollow structure by conversion of carbon to CO, (which then leaves

behind a hollow NiFe,Oy fiber).

@ Polyacrylonitrile

@ Waste polystyrene [e]
Pump s
| OH
Needle @ C; W F
i) 280° C Air OH
Taylor — — — e
cone ii)800°C N, KMno, ii) 350°C Air

Multichannel
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nanofiber nanofiber (MCNF) nanofiber

Collector

Figure 1: Schematic diagram for the synthesis of hollow porous nickel ferrite nanofibers.

2.1 Physical characterization

Figure 2(a-d) shows the morphology of the resulting hollow nickel ferrite nanofibers. The
SEM images indicate the deposition of fine nickel ferrite platelets with an average size of 38.2
+ 1.6 nm on the surface calculated using ImagelJ software. The cross-sectional SEM of the
catalyst shows a clear hollow tube formed at the core of the nanofiber. The overall size of the

nanofibers is 752 = 78 nm. The energy dispersive X-ray (EDX) and elemental mapping data in

5
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Figure 2(e-h) suggest that the Ni, Fe, O, and C are well mixed in the sample. Mogegyer, theo-o0c
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mole percentages of Fe and Ni calculated from the EDX spectrum Figure 2(j) correlate well
with the theoretical composition of nickel ferrite. Transmission electron microscopy (TEM)
was performed to gain further insight into the nanostructure of the hollow nickel ferrite
nanofibers. TEM imagery, Figure 3(a-c), confirms the NiFe,O4 nanofibers are homogenously
hollow from inside, with an inner diameter of about 470 nm. In addition, NiFe,O, platelets are
homogeneously decorated on the inner and outer surfaces and appear transparent, further
indicating their very thin nature. The NiFe,O,4 nanoplatelets on the outer surface were primarily
oriented perpendicular to the surface of the nanofiber, which is beneficial for enhanced charge
and mass transport due to deep diffusion characteristics.?’ The SEM of pristine nickel ferrite in
Figure S3(a-b) shows agglomeration of the particles while EDX and elemental mapping in
Figure S3(c-g) confirm its composition. The SEM Figure S4 (a-d) and TEM data (e-f) of the
multichannel carbon nanofibers suggest the formation of surface pores (as seen by the
roughness of the surface) and multiple hollow channels at the core of the fiber. The average
diameter of these fibers i1s 625 £ 12 nm, which was calculated using ImageJ software. The
elemental mapping in Figure S4(g-j) supports the assertion of the doping of nitrogen along

with carbon and oxygen.

200 nm
G

M spectrum 6
Wtk o
Fe 442 03
Ni 254 03
C 174 03
o 129 02
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Figure 2: (a-d) Cross sectional SEM images of hollow NiFe,O4 nanofibers at, yations o-ooc
magnifications; (e-h) elemental maps of C, Fe, O, and Ni present in the sample; (i) size
distributions of the NiFe,O4 nanofibers with mean and standard deviation; (j) EDX data for the

hollow NiFe,O4 nanofibers.

Figure 3 (a-¢) TEM images of the porous hollow nickel ferrite nanofibers.

Figure 4 shows the XRD patterns of all the samples. The XRD pattern of the pristine
multichannel carbon nanofibers shows a broad distinct diffraction peak at 25.46° which is
attributed to the (002) plane of the graphitic carbon in the carbon nanofibers.*’ The broad peak
is the characteristic feature of the amorphous material, reflecting the lack of long-range
periodicity due to the presence of carbon only. Similarly, the XRD pattern of porous hollow
NiFe,O4nanofiber shows peaks at 18.41°,30.13°,35.46°,37.06°,43.11°, 53.63°,57.04°, 62.79°,
74.97°, and 79.34° corresponding to the (111), (200), (311), (222), (400), (422), (511), (440),

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(533), and (444) planes, respectively. The data coincides well with the cubic spinel structure
of ferrites with Fd-3m space group matching with the standard JCPDS data (01-086-2267) of

Open Access Article. Published on 09 June 2026. Downloaded on 6/10/2026 10:50:23 PM.

spinel-phase face-centered cubic (fcc) particles of NiFe,0,4.5° The XRD pattern of pristine

(cc)

nickel ferrite is also consistent with the same JCPDS reference.’! The average crystallite size
of the hollow porous nickel ferrite nanofibers was estimated to be 54.09 A (~5.4 nm) using the
Scherrer equation (see Supplementary Information S2), confirming the nanocrystalline nature
of the material. Such small crystallite dimensions are well known to result in significant peak
broadening in XRD patterns.’?> Therefore, the broadened diffraction peaks observed for the
hollow nanofibers are attributed primarily to size-induced broadening and possible lattice strain
associated with the hollow fibrous architecture. In contrast, the pristine nickel ferrite
nanoparticles exhibit a larger crystallite size of 148.51 A (~14.9 nm), resulting in comparatively
sharper and more intense diffraction peaks. Despite the peak broadening in the nanofibers, all

the major diffraction peaks can be well indexed to the cubic spinel structure of nickel ferrite,
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with no detectable secondary phases, confirming successful phase formation in bgth,samfiles.o-o0c

In particular, the reflections in the 20 range of ~35-38° appear merged in the hollow nanofiber
sample, whereas they are clearly resolved in the pristine one, further supporting the effect of

reduced crystallite size rather than diminished crystallinity.

JCPDS REF: 00-001-0640 @ JCPDS REF: 01-86-2667
—— Hollow NiFe204 Nanofiber
L ]
® ®
@ ® ®
—_— ®
=
©
~— °
> Pristine NiFe,0,
=
@
: ‘ $
2]
-~ ® ®
= ®

Multichannel Carbon Nanofiber

20 30 40 50 60 70 80
2 Theta

Figure 4: XRD patterns of all materials along with relevant JCPD references.

XPS was used to investigate the chemical states and surface compositions of the hollow nickel
ferrite nanofibers. The obtained XPS results indicated the presence of Ni, Fe, C, and O in
hollow nickel ferrite nanofibers Figure 5(a-e), while C, Ni, Fe, and O were found in the pristine
nickel ferrite and C, O and N were found in the multichannel carbon nanofibers (see Figures
S5- S6). In Figure 5, the deconvoluted C 1s core-level spectra exhibited three peaks at 284.7,
286.6, and 288.6 eV, attributable to C-C, C-O, and C=0, respectively.’* The Fe 2p spectrum
showed two major peaks at 711.71 and 724.41 eV, suggesting the presence of Fe 2p;/, and Fe
2p15, and satellite peaks at 715.88 eV. Similarly, the Ni spectrum is also in agreement with the
literature.>* It shows the split peak characteristic of Ni 2p;,, at 854.76 ¢V and 855.94 eV, with
the corresponding satellite peak visible at 860.38 eV. The peak for Ni 2ps3,, appears at 872.98
eV, with a satellite peak at 879.93 eV. The high-resolution Ni 2p XPS spectrum revealed that
Ni is present mainly in the +2 and +3 oxidation states.> The XPS of the multichannel carbon
nanofibers, the base material, shows a significant amount of nitrogen doping. The deconvoluted
N 1s spectrum contains a pyridinic peak at 389.2 eV and pyrrolic peaks at 400.1 eV. The
percentage of pyridinic N (peak area 52.27%) was higher than that of pyrrolic N (peak area
47.73%), perhaps because the sample was pyrolyzed at a high temperature of 800 °C.

Page 8 of 20
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Quantitative XPS analysis (Table S2) reveals that the Ni**/Ni?* ratio is 2.76 forthe hollow ooooc
NiFe,04 nanofiber and 2.79 for the pristine NiFe,O4 sample, while the Fe3*/Fe?* ratio is 1.64
and 1.69, respectively. These values indicate that the surface oxidation state distribution
remains largely unchanged between the two samples. The negligible variation in these ratios
suggests that the formation of the hollow morphology does not significantly alter the intrinsic
surface chemistry. Therefore, the enhanced catalytic performance is predominantly attributed

to morphology-induced effects rather than changes in oxidation state.
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Figure 5: Full scan (a) and high-resolution XPS spectra of the hollow NiFe,0,4 nanofibers;
(b) C 1s; (¢) O 1s; (d) Ni 2p; and (e) Fe 2p.

The Brunauer-Emmett-Teller isotherm shown in Figure 6 shows that the materials belong to
type IV according to IUPAC classification scheme.’® The formation of a hysteresis loop shows
that the materials have mesopores, which undergo multilayer adsorption followed by capillary
condensation. The shape of the hysteresis loop defines the shape of the pores. This loop falls
under category H3,%” which suggests that the samples have slit-like pores. The average pore
and pore size distribution has been calculated using the Barrett-Joyner-Halenda model, which
gave values of 3.95 nm and 5.35 nm in the case of hollow porous nickel ferrite nanofibers and

pristine nickel ferrite, respectively. The surface areas of each sample have been calculated from
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the isotherm data using the BET equation. The hollow nickel ferrite nanofibers showed a high€t -oor

surface area of around 167.037 m?/g, which is double that of the pristine nickel ferrite at 81.575

m?/g.
250
—=— Pristine NiFe,0,
‘:__200 —=— Hollow NiFe,0, Nanofiber
‘o
|_
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E
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[
£
= 50
>
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Figure 6: Adsorption-desorption isotherms of hollow NiFe,O,4 nanofibers and pristine

NiFCQO4.

2.2 Electrocatalysis for the hydrogen evolution reaction

Owing to the large surface area, porosity, and distinctive morphology of the fabricated hollow
porous nickel ferrite nanofibers, they were investigated as an electrocatalyst for the hydrogen
evolution reaction using a three-electrode system in highly alkaline media (pH = 13.85). For
comparison, the pristine nickel ferrite (NiFe,O,4), and multichannel carbon nanofibers were also
tested under the same conditions. Cyclic voltammetry was performed over multiple cycles at
a scan rate of 50 mV s ! until the resulting voltammograms were essentially identical. The
linear sweep voltammetry (LSV) curves of the materials at a scan rate of 5 mV s™'in 1 M KOH
without any IR compensation are shown in Figure 7(a). The hollow porous nickel ferrite
nanofibers exhibited the lowest overpotential of the tested materials of 178 =3 mV at a current
density of 50 mA c¢cm™2. In the case of pristine nickel ferrite, an overpotential of 342 = 2 mV
was required to reach the same current density, whilst multichannel carbon nanofibers (which
were used as the template) required an overpotential of 294 + 5 mV to reach 50 mA ¢cm™2. In
the case of just nickel foam, the current density did not reach 50 mA c¢cm™? within the test
window. The superior performance of the hollow porous nickel ferrite nanofibers is attributed

to their high surface area on account of their hollow morphology and highly porous nature.

10
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Fig. 7. (a) The polarization curves of the as-prepared materials at a scan rate of 5 mV s™!in 1
M KOH solution; (b) the corresponding Tafel plots derived from the polarization curves; (c)
Nyquist plots (scattered lines; the fitted data from the equivalent circuit model are also shown
as solid lines); (d) the linear plots of current density vs. scan rate to calculate the double layer
capacitances (Cdl) of the various materials; (e) bulk electrolysis of the hollow NiFe,O,4
nanofibers at —0.083 V vs. RHE for 80 h; and (f) corresponding polarization curves before and
after bulk electrolysis at —0.083 V vs. RHE for 80 h.

The Tafel slopes of all the materials were calculated from the linear sweep voltammetry data
(Figure 7(b)). The hollow nickel ferrite nanofibers gave the lowest Tafel slope of 78 mV dec™!,
compared to pristine nickel ferrite (205 mV dec™'), the multichannel carbon nanofibers (137
mV dec™!), and nickel foam (360 mV dec™'). The Tafel value of the hollow nickel ferrite
nanofibers points towards the Volmer-Heyrovsky mechanism*® for hydrogen production in
which H,4 species are first adsorbed on the catalyst surface, and are then subsequently reduced
and protonated to release H, molecules. The Ni?* ions are considered key sites for H and OH™
acceptors to accelerate the Volmer reaction, facilitating water dissociation while Fe** ions may
assist in stabilizing *H intermediates through water adsorption or enhancing charge transfer

during the subsequent step.> This synergistic interaction between Ni and Fe is believed to
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promote more efficient HER kinetics.®® Moreover, the hollow porous morphology, of & 2oac

catalyst should make its active sites more accessible and enhance electrolytic diffusion,

increasing the overall efficiency of catalyst.5!

Figure 7(c) shows the EIS spectra of the materials over the frequency range from 103 to 0.1
Hz with an applied potential of —0.083 V vs RHE. The equivalent circuits used to fit the data
are shown in Figure S7, and Table S3 shows the value of each component. The hollow nickel
ferrite nanofibers exhibited the smallest charge transfer resistance (R value of 42.42 Q
indicating enhanced electrochemical activity. The Nyquist plot reveals significant diffusive
behaviour in the hollow nickel ferrite nanofibers and multichannel nanofibers. The equivalent
circuits for these nanofiber materials include a constant phase element (CPE) with a Warburg
impedance component. In contrast, pristine nickel ferrite exhibits negligible diffusive
behaviour and follows a simple constant phase element model suggestive of a less porous
structure and more limited pathways for mass transport compared to the two nanofibers. The
exchange current density () which reflects the intrinsic charge-transfer kinetics at the
electrode—electrolyte interface under equilibrium conditions, was estimated from the charge-
transfer resistance (R.;) obtained via EIS fitting, using the low-overpotential Butler—Volmer
relationship® (Equation: S5, supplementary information). The hollow nickel ferrite nanofiber
catalyst revealed a higher j, (301 pA cm™) than that of pristine nickel ferrite (43 pA cm?)

indicating enhanced interfacial electron transfer kinetics.

Cyclic voltammetry measurements of the materials were performed at different scan rates
within the non-faradaic potential range of —0.3 to —0.5 V versus Hg/HgO in 1 M KOH solution
(Figure S8 in the Supporting Information) to gauge the electrochemical surface area relative
to the nickel foam substrate. Figure 7(d) shows the double layer capacitance (Cq) values of
the various materials (see also Figures S9-S10). From these values, the corresponding
electrochemical surface areas relative to the nickel foam substrate could be calculated as
follows: hollow porous NiFe,O4 nanofibers (450 cm? per cm?(geometric)), pristine nickel ferrite
(147 cm? per cm?(geometric)), and multichannel carbon nanofibers (222 cm? per cm?geometric))- TO
rule out the contribution of any residual carbon support to the electrochemical surface area of
the material, C, H, N elemental analysis of hollow porous NiFe,O4 was also performed, which
showed a carbon content of only 5.80% in the final product after calcination, suggesting that
contributions from residual carbon to the effective electrochemical surface area are small. The
LSV curves were normalized by the electrochemically active surface area (ECSA) to evaluate

the intrinsic catalytic activity of the catalysts (Figure S11). Even after normalization with
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respect to the ECSA, the hollow porous NiFe,O4 nanofibers maintained superigr,catalgtic. o ooc
performance, suggesting that the enhanced activity is not solely due to increased surface area
but also arises from improved intrinsic kinetics. Polarization curves normalized by BET area
(Figure S12) also confirm the above conclusion that the hollow porous NiFe,O4 nanofibers

possesses enhanced intrinsic activity compared to the pristine nickel ferrite.

The stability of the hollow NiFe,O4 nanofiber catalyst was studied using chronopotentiometry
at an applied potential of —0.083 V vs RHE for 80 hours. Figure 7(e) shows a small decrease
in the current density delivered by the catalyst after 80 h in an alkaline medium, showing a
good chemical and mechanical stability of the material. The LSV of the electrode taken before
and after the stability experiments (Figure 7(f)) shows a negligible shift of ~9 mV in the
polarization curve, suggesting a measure of functional stability for the hollow nickel ferrite
nanofibers for the hydrogen evolution reaction.®® To evaluate the practical applicability of the
catalyst, the stability was further assessed at a high current density of 100 mA c¢m™2 for another
60 h by chronopotentiometry as shown in Figure S13. Post-stability SEM analysis Figure
S14(a-c) revealed that the hollow fibrous morphology of NiFe,O, remains intact after
electrolysis. However, slight surface layering was observed, which may be attributed to the
presence of the Nafion binder and/or adsorption of KOH electrolyte during extended
electrochemical testing. This is further supported by the detection of potassium in the post-

stability test energy-dispersive X-ray spectroscopy (EDX) analysis Figure S14(d), while all

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

other constituent elements of the catalyst were also retained. XRD patterns of the electrode

were recorded before and after the stability test Figure S14(e). However, the strong diffraction

Open Access Article. Published on 09 June 2026. Downloaded on 6/10/2026 10:50:23 PM.

peaks from the nickel foam substrate dominate the spectrum and partially obscure the

(cc)

characteristic peaks of NiFe,O,, limiting detailed phase analysis.

The catalytic activity was further evaluated by estimating the turnover frequency (TOF) using
Eq. S6 (Supporting Information). The surface concentration of active sites was approximated
from the integrated area of the redox peak corresponding to the M3*/ M?* transition (Figure
S15) as the TOF value depends on the estimation of the number of active sites and is therefore
used as an approximate measure of intrinsic activity. The TOF at an overpotential of 200 mV
was calculated to be 0.51 s7!, which is higher than those reported for previously studied Ni or
Fe-based electrocatalysts®-67 for HER, indicating good intrinsic catalytic activity of the hollow
porous NiFe,O4 nanofibers. The Faradaic efficiency of the hollow NiFe,O4 nanofiber catalyst

for the hydrogen evolution reaction was also determined by running a controlled potential
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electrolysis at —0.083 V vs RHE for 1 h in an H-cell (Figure S16) and was found 19 be, 98 % #0200

0.2%.
3. Conclusion

A sustainable synthetic approach based on the utilization of waste expanded polystyrene was
employed for the synthesis of hollow porous NiFe,04 nanofibers. These fibers were shown to
be effective as an electrocatalyst for the hydrogen evolution reaction. Various characterization
techniques were employed, revealing that the catalyst has a uniform morphology throughout
the structure and has a higher surface area (167 m?/g) compared to the pristine NiFe,O,4 (81
m?/g). The porous hollow NiFe,O, nanofibers showed significantly enhanced hydrogen
evolution activity at a much lower overpotential of 178 mV £+ 3 mV (at a current density of 50
mA cm 2 in linear sweep voltammetry), compared to the pristine NiFe,O4 material, which
required of 342 mV £ 2 mV reach the same current density. The porous hollow NiFe,O4
nanofibers gave a Faradaic efficiency of 98 + 0.2% for hydrogen evolution. These results
suggest that waste Styrofoam can be utilized to template the formation of a porous hollow

morphology catalyst with promising electrochemical activity.
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The data underpinning this study will be deposited in the University of Glasgow’s Enlightef) o-a0c

database, and an accession code will be included in the manuscript after peer review is
complete, which will take the readers to the data. A placeholder for this has been added to the
manuscript. Data will be available through Enlighten free of charge and free of access

barriers for at least 10 years, as mandated by UK public sector funders.

In addition, we supply a file of supplementary information with this submission, which includes
data on esxperimental section, Fourier transform infrared spectrometry (FTIR), nuclear
magnetic resonance (NMR), scanning electron microscopy with energy-dispersive X-ray
spectroscopy (SEM-EDX) together with elemental mapping, cyclic voltammetry,

electrochemical impedance spectroscopy (EIS), and gas chromatography.
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