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Abstract

In this study, we synthesized new iron-doped nickel cobalt phosphate nanofibers, deposited them on nickel foam (NF),
and deployed them as active catalysts for oxygen evolution reactions (OERs), hydrogen evolution reactions (HERs), and
overall water splitting. Our catalyst, the Fe-doped nickel cobalt phosphate nanofiber at 1.05 Fe atom% (Fe-1.05), exhibited a
Brunauer—Emmett—Teller surface area (BET SA) of 57.0 m? g~! and a Barrett—Joyner—Halenda (BJH) mesopore of 3.7 nm.
Because of its large surface area and mesopore architecture, which facilitate ionic diffusion, NF-deposited Fe-1.05 (Fe-1.05@
NF) exhibited exceptional OER (=234 mV @ 10 mA cm~2) and HER (=104 mV @ 10 mA cm™2) performance. Overall
water splitting analysis showed the lowest potentials of 1.59, 1.76, and 1.86 V at 10, 50, and 100 mA cm™2, respectively.
These results show the superior OER and HER performance of Fe-1.05@NF over that of the best-performing nickel cobalt
phosphates and their Fe-dopped analogs in the literature. A stability test for overall water splitting for 100 h in a 1-M KOH
electrolyte at a current density of 100 mA cm™2 demonstrated remarkable durability. The enhanced electrochemical activity
of Fe-1.05@NF can be attributed to the synergistic effect between the metal atoms and phosphate ligands, which facilitates
favorable conditions for the adsorption and oxidation of electrolyte ions, enhanced electrical conductivity, and active site
availability due to Fe (dopant) metal atoms, providing a nanostructured (nanofiber) morphology with high porosity.

Keywords Oxygen evolution reactions - Hydrogen evolution reactions - Overall water splitting - Metal phosphate
materials - Nanofibers

Introduction

Hydrogen, characterized by its high calorific value upon
combustion and environmental friendliness, is emerging
as a highly promising contender in the field of renewable
energy sources [1, 2]. Water electrolysis driven by renewable
electrical energy for hydrogen production is a sustainable
and emission-free approach that aligns with the objectives of
carbon neutrality [3]. In principle, water electrolysis involves
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two major processes: (i) the hydrogen evolution reaction
(HER) at the cathode and (ii) the oxygen evolution reac-
tion (OER) at the anode. However, the sluggishness of OER
leads to elevated energy consumption levels [4]. Therefore,
the development of a stable and robust OER catalyst is criti-
cal for improving the overall efficiency of hydrogen genera-
tion. Conventionally, state-of-the-art materials such as IrO,
and RuO, have been extensively used for OER because of
their high efficiency [5, 6]. However, their rarity and limited
stability, particularly at higher anodic potentials, have posed
considerable obstacles to the advancement of water electrol-
ysis technology [7]. To overcome these challenges, research-
ers have redirected their efforts toward exploring first-row
transition metal compounds that are more readily available
[8—11]. Metal oxides [12], hydroxides [13], metal sulfides
[14], nitrides [15], and phosphides [16] and metal—nitro-
gen—carbon materials [17, 18] have been explored in recent
decades as effective electrocatalysts for water splitting.
Among these, transition metal phosphates [19] are promis-
ing catalysts for electrochemical water splitting. Transition
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metal phosphates play a pivotal role in assisting the OER,
for example, facilitating adsorption and stabilizing active
centers, creating conducive conditions for the adsorption
of electrolyte ions and their subsequent oxidation. These
effects are achieved by distorting the local atomic geometry,
which facilitates the oxidation of metal atoms during proton-
coupled electron transfer [20].

Nickel cobalt phosphate (NiCoPi) materials have been
used as electrocatalysts; however, they still suffer from
large overpotential and low stability. Several scholars have
reported nickel cobalt phosphate as an electrocatalyst for
OER and HER. Zhang et al. [21] reported NiCo,(PO,),
mesoporous hollow shells synthesized using the microwave-
assisted oil-in-water emulsion method for OER in KOH
(1 M) with an overpotential of 347 mV at a current
density of 10 mA cm™2. Septiani et al. [22] reported the
self-assembly of two-dimensional (2D) nanostructures
into one-dimensional nanoarchitectures of nickel cobalt
phosphate synthesized using the mild solvothermal method,
followed by calcination. Using KOH (1 M) electrolyte, The
synthesized nickel cobalt phosphate delivered a current
density of 10 mA cm™ at an overpotential of 310 mV.
Septiani et al. also reported that Co-rich nickel cobalt
hydrogen phosphate micro spindles required an overpotential
of 320 mV for the OER in KOH (1 M) [23]. CoNi-layered
double hydroxide-converted (Co ;Ni 5)3(PO,), micro
flowers were employed as OER catalysts, which required
an overpotential of 273 mV to reach a current density of
10 mA cm~2 in KOH (1 M) [24]. Employing the polyalcohol
refluxing method to synthesize nickel cobalt phosphate
micro rods wrapped by 2D flakes required an overpotential
of 378 mV to reach a current density of 10 mA cm™2 in KOH
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(3 M) [25]. Meng et al. synthesized an electrodeposited thin
nanosheet nanoflower, such as nickel cobalt phosphate,
and applied it to self-powered water splitting [26]. Using
KOH (1 M) electrolyte, the prepared electrode delivered
a current density of 10 mA cm~2 at OER overpotential of
309 mV, whereas it required an overpotential of 236 mV to
reach a current density of 10 mA cm? for the HER. Xu et al.
synthesized self-assembled Ni/Co phosphate composite
spheres that delivered a current density of 10 mA cm™>
by applying an overpotential of 160 mV for the HER in
H,S0O, (0.5 M) [27]. Singh et al. synthesized ultrathin and
amorphous cobalt nickel phosphate (CoNiPO,) nanosheet
arrays, which were then deposited on vanadium (V)-doped
cobalt nitride (V;¢4,—Co,N) crystalline core nanowires to
obtain amorphous-shell @crystalline-core mesoporous 3D
heterostructures (CoNiPO,@V-Co,N/NF) as bifunctional
electrocatalysts [28]. The prepared electrocatalyst exhibited
HER and OER overpotentials in KOH (1 M) of 53 and
270 mV to deliver a current of 10 mA cm™2, respectively.
These studies reported a large overpotential for OER/
HER using nickel cobalt phosphate. Compared with
other structures, nanofibers are promising candidates for
electrochemical applications [29] because of their large
length-to-diameter ratio, which results in enormous porosity
and surface areas, high electrical conducting pathways, and
large electrode—electrolyte interface areas [30].
Introducing defects is a highly effective approach
for improving the electrochemical performance of
electrocatalysts. Various strategies have been developed
for defect activation, including doping (introducing foreign
elements), creating vacancies (removing atoms or ions),
and applying strain [31-33]. These strategies are designed
to finely adjust the electronic structure and modulate the
binding energy between active sites and intermediates
involved in the OER and HER. Because of the similar
atomic structures of the 8th(VIII), 9th(VIII), and 10th(VIII)
subgroup elements in the periodic table, synthesizing OER
catalysts from a mixture of cations such as Ni, Co, and Fe
can significantly enhance the electrocatalytic activity for
water splitting. Some benefits include improved electrical
conductivity, favorable electronic redistribution, creation of
high-valence active centers, and the introduction of lattice
strain and distortion. Consequently, these benefits result in
higher current densities, reduced overpotential, improved
electrical conductivity, and improved adsorption of reactants
on the catalyst surface [34, 35]. Furthermore, dopant atoms
can exhibit synergistic effects among multiple elements and
function as new active sites, further improving catalytic
performance [36]. Moreover, this allows the preservation
of the original morphology and surface characteristics of
transition metal compounds. The doping strategy helps
maintain the desired structural integrity and properties while
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improving catalytic performance in various applications,
including electrocatalysis.

In this study, we report a hydrothermal procedure for
synthesizing Fe-doped nickel cobalt phosphate from 0.00
to 1.46 Fe atom% (Fe-0.00 to Fe-1.46) and their deposition
on NF (Fe-0.00 to Fe-1.46 @NF, respectively). The resulting
catalysts are characterized using nanofiber morphology,
of which an exceptionally small fiber size of 20 nm is
found. This unique morphology leads to the emergence of
micro/meso-porosity in Fe-doped nickel cobalt phosphate
nanofibers. In particular, the optimized sample (Fe-1.05)
exhibited a Brunauer—-Emmett—Teller surface area (BET
SA) of 57.0 m? g~! and a Barrett—Joyner—Halenda (BJH)
mesopore of 3.7 nm. Electrochemical catalysis investigations
of Fe-1.05@NF in KOH (1 M) resulted in overpotentials of
234 mV (OER) and 104 mV (HER) at a current density of
10 mA cm™2. Moreover, the Fe-1.05@NF sample exhibited
potentials of 1.59, 1.76, and 1.86 V for overall water splitting
at 10, 50, and 100 mA cm™2, respectively. Interestingly,
because of its high surface area and the presence of
mesopores facilitating the diffusion of ion reagents,
Fe-1.05@NF exhibited superior OER and HER performance
over the best-performing nickel cobalt phosphates and their
Fe-doped analogs in the literature [21-28]. In particular,
Fe-1.05@NF outperformed similar NiCoFe phosphate 2D
nanosheets (overpotentials of 240 and 231 mV for OER and
HER, respectively) [37]. Furthermore, the durability of the
water-splitting process was evaluated over 100 h, which
displayed consistently outstanding performance. This study
shows that the newly developed iron-doped nickel cobalt
phosphate nanofiber electrodes synthesized through our
innovative approach are not only cost-effective and robust
but also excellent in electrochemical water electrolysis.

Experimental
Materials

Ferrous chloride (FeCl,, 98%), cobalt(Il) chloride
hexahydrate (CoCl,-6H,0, 98%), nickel(II) chloride (NiCl,,
98%), urea (CO(NH,),,>98%), and potassium dihydrogen
orthophosphate (KH,PO,, >99%) were obtained from
Sigma-Aldrich.

Synthesis of Iron-Doped Nickel Cobalt Phosphate
Nanofibers

Precursor solutions of NiCl, (5 mM), CoCl,-6H,0 (5 mM),
and KH,PO, (15 mM) were separately prepared in deionized
water (20 ml). An excess amount of KH,PO, was used
to avoid unnecessary hydroxide formation. 15 ml of the
hydrolyzing agent urea (0.01 g) was added separately to the

metal precursor solution, followed by continuous stirring
for 15 min. The dopant FeCl, was added directly in different
amounts (0.00, 0.05, 0.1, 0.15, 0.2, and 0.25 mM) for
different doping concentrations and termed Fe-0.00, Fe-0.45,
Fe-0.73, Fe-1.05, Fe-1.21, and Fe-1.46, respectively. The
final solution (75 ml) was stirred continuously for 30 min
at room temperature and then transferred to a Teflon liner
(NF was optionally included in the deposition process). The
autoclave was heated at 130 °C for 12 h. After finishing
the reaction, the autoclave was cooled naturally to room
temperature, and the samples were washed several times
using deionized water and dried at 70 °C overnight for
further characterization.

Deposition of Iron-Doped Nickel Cobalt Phosphate
Nanofibers on Ni Foam

The process began with thorough cleaning of the NF
substrates. A bare NF plate was then immersed in an HCI
solution (5 M), which was sonicated for 15 min. This step
was essential to remove any surface oxides that had formed.
Subsequently, the cleaned substrates were rinsed multiple
times using deionized water under sonication and were
left to air dry at room temperature. These well-prepared
NF substrates were subsequently used for depositing
Fe-dopped nickel cobalt phosphate nanofibers. In this
process, the nanofiber catalysts were prepared using a
previously identified procedure, with the well-cleaned NF
kept vertically in the Teflon liner following the chemical
mixing and stirring steps.

Characterization methods

The as-synthesized materials were subjected to various
analytical techniques for comprehensive characterization.
Powder X-ray diffraction data were collected using a
Rigaku diffractometer (PXRD; Miniflex 600, Rigaku
Co., Japan) with Cu-Ka radiation (1=1.5406 A) within
a 20 range spanning from 5° to 80°. Fourier-transform
infrared spectroscopy was collected using a PerkinElmer
spectrometer (FT-IR, Frontier model, PerkinElmer Co.,
USA) in the wavenumber range of 400-4000 cm™'. N,
adsorption—desorption isotherms and surface analysis was
analyzed using a Belsorp Max instrument (Microtrac BEL
Corp., Japan). Field emission scanning electron microscopy
(FE-SEM; Merlin, Carl Zeiss, Germany) was used to
investigate the composition and surface morphology of the
materials. Field emission transmission electron microscopy
(TEM) and high-resolution TEM (HR-TEM) analyses were
performed using JEM-ARM200F (JEOL Ltd. Japan) with
an acceleration voltage of 200 kV. X-ray photoelectron
spectroscopy was performed using an X-ray Photoelectron
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«Fig. 2 a Full scan XRD analysis of Fe-doped nickel cobalt phosphate
(Fe-0.00 to Fe-1.46). b Enlarged XRD pattern of Fe-0.00. (c) Index-
ing of peaks with Ni/Co phosphate. (d) Enlarged XRD pattern to
observe peak shift due to Fe doping. e FTIR and f N, adsorption—des-
orption isotherms of Fe-doped nickel cobalt phosphate

Spectrometer (XPS; K-Alpha, Thermo Scientific, USA),
used microfocus monochromatic radiations of Al K X-ray.

Electrochemical Experiment

Electrochemical characterization of the samples was
performed using an Autolab electrochemical workstation
(Metrohm, Netherlands) in a typical three-electrode
electrochemical cell configuration. The working electrode
was composed of NF (an area of 1 cm?) with directly
deposited iron-doped nickel cobalt phosphate nanofiber.
A Hg/HgO electrode (1-M KOH electrolyte inside)
and a platinum plate were used as the reference and
counter electrodes, respectively. For the OER and HER
investigations, a 1-M KOH electrolyte solution with a pH
of approximately 13.7 was employed. The recorded voltages
were converted from the Hg/HgO electrode (Vygp,0)
reference to the reversible hydrogen electrode (RHE)
reference using the Vygg = Vscg +0.059pH + Vi 00
equation. Polarization curves were generated by linear
sweep voltammetry (LSV) at a scan rate of 1 mV s~ and
reported without iR corrections. For the OER, the potential
window ranged from 1.00 to 1.8 V vs. RHE, whereas,
for the HER, it extended from 0.00 to —0.50 V vs. RHE.
Electrochemical impedance spectroscopy (EIS) was
performed with an amplitude of 10 mV across a frequency
range of 50 kHz—100 mHz. Long-term catalytic stability
assessments were performed through a chronoamperometry
(CA) test at specific overpotentials. Overpotentials (1) for
the OER were calculated by subtracting the thermodynamic
potential value for OER (1.23 V) from the observed potential
in terms of RHE. Cyclic voltammetry (CV) curves were
recorded to measure the electrochemical surface area
(ECSA) within the potential range of 1.035-1.135 V vs.
RHE at different scan rates. In a two-electrode system, a full-
cell electrolyzer was assembled, with the same material (Fe-
1.05) electrodes serving as both the anode and cathode for
the characterization of overall water splitting and durability
tests in the same alkaline electrolyte.

Results and Discussion

Iron-doped nickel cobalt phosphate nanofibers were hydro-
thermally synthesized at 130 °C via a bottom-up approach
through the controlled assembly of Ni, Co, the dopant
Fe cation, and the phosphate anion (PO43‘) (Fig. 1). The

process is highlighted through the use of urea (CO(NH,),),
which hydrolyzes at high temperatures to slowly release
CO, and ammonia (NH;). The formed NH; (or NH,OH)
slowly increases pH, allowing the controlled deprotona-
tion of H,PO, ™~ to PO,*~. Moreover, NH; (or NH,OH) may
form a complex (M(NH3)X(H20)(6_X)2+) with metal cations
(assuming the formation of an octahedral complex), which
then reacts with PO,>~ to form a Fe-doped nickel cobalt
phosphate nanofibers.

After the reaction, iron-doped nickel cobalt phosphate
was collected and characterized to understand its physico-
chemical properties. The PXRD patterns of the as-prepared
Fe-0.00, Fe-0.45, Fe-0.73, Fe-1.05, Fe-1.21, and Fe-1.46
samples were collected (Fig. 2a). In Fig. 2b, c, the peak
(0 2 0) of the Fe-0.00 sample (20=13.34°, d=6.6319 A)
is observed between NiPi (nickel phosphate hydrate
Ni;(PO,),-8H,0, 20=13.25°, JCPDS-33-0951) and CoPi
(cobalt phosphate hydrate Co;(PO,),-8H,0, 20=13.38°,
JCPDS-33-0432). In addition, the other peaks (1 1 0), (2
00),011),211),(-312),(330),(080),and (29 1)
are well matched with the JCPDS data, which indicates the
formation of nickel cobalt phosphate (Ni; ,Co,(PO,), nH,0)
in the sample [38]. Upon Fe doping at a minute amount
(0.00%—1.46%), the peak (0 2 0) shifted toward a higher
angle with an observable decrease in peak intensity
(Fig. 2d). In addition, increasing the Fe concentration in the
catalyst resulted in a gradual broadening of the (0 2 0) peak.

Next, the FTIR spectra of the iron-doped nickel cobalt
phosphate samples (Fe-0.00, Fe-0.45, Fe-0.73, Fe-1.05,
Fe-1.21, and Fe-1.46) were collected (Fig. 2e). The peaks at
558 and 596 cm™! are assigned to the stretching vibrations
of metal-oxygen bonding (Co-O and Ni-O, respectively) [40,
41]. The peak at 680 cm™' corresponds to the intramolecular
asymmetric bending vibrations of the PO,*>~ bond [42]. In
addition, a small peak at 828 cm™~!indicates =C-H bonding,
probably arising from urea [43]. Notably, a sharp absorption
peak at 1021 cm™' signifies the asymmetric stretching
vibrations of PO43_ [44]. The absorption band at 1394 cm™!
suggests the adsorption of CO, molecules on the surface
[45]. Furthermore, the absorption at 1645 cm™!, along with
the broader band at 3450 cm™", indicates structural water
molecules [35].

The N, adsorption—desorption isotherms at 77 K of
the iron-doped nickel cobalt phosphate nanofibers (Fe-
0.00-Fe-1.46) were measured to evaluate BET SAs and pore
size distributions (Fig. S1). Accordingly, the adsorption data
exhibit type-IV isotherms with a BET SA ranging from ~46
to 57 m? g~! [46]. In particular, Fe-1.05 has a maximized
BET SA (57.0 m? g~1), which is significantly higher than
that of samples without Fe (sample Fe-0.00 with a BET SA
of 46.2 m* g~!) (Figs. 2f and S1). The mesopore distribution
of the corresponding samples was then analyzed using the
BJH method, yielding a mesopore size of ~3.7 nm (Fig. S2).
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Fig. 3 Morphological analysis. a FE-SEM image; b, ¢ TEM images; d HR-TEM image; e Elemental mappings of Fe-1.05 sample
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The narrowing peak in the mesopore distribution implied a
uniform particle size distribution. The combination of the
high BET SA and mesoporous structure of Fe-doped nickel
cobalt phosphate nanofibers may improve electrochemical
activity by providing numerous active sites and facilitating
rapid ion transfer through the mesopores.

We further employed FE-SEM and TEM to analyze the
morphology of the iron-doped nickel cobalt phosphate
(Fig. 3a—c). The resulting images reveal the nanofiber mor-
phology of the as-prepared iron-doped nickel cobalt phos-
phate with a cluster size of 1-2 pm, with ~20 nm observed
for each hairy nanofiber. The bright- and dark-field TEM
images reveal the random orientation and uniform growth of
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the nanofibers (Figures S4a and b). In addition, we observed
no morphological changes upon iron doping. Energy-disper-
sive X-ray spectroscopy elemental mapping (from FE-SEM)
of all samples was further collected (Fig. S5). The results
show a good distribution of Fe, Co, Ni, P, and O throughout
the material (Figs. 3e and S5), with the Fe atom% ranging
from 0% to 1.46%. In particular, the observed Fe atom% val-
ues in Fe-0.00 and Fe-1.05 are 0% and 1.05%, respectively.
We further employed HR-TEM to confirm the phase com-
position of the Fe-doped nickel cobalt phosphate nanofibers
(Fig. 3d). The results show discernible fringe patterns with
a d-spacing of ~0.66 nm, coinciding with that of the (0 2 0)
lattice planes in the PXRD pattern of Ni,Co,_,(PO,),-nH,0.
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The oxidation states of the elements at the surface of
the Fe-doped nickel cobalt phosphate nanofiber (sample
Fe-1.05) were studied by XPS analysis. The presence of Fe,
Co, Ni, C, P, and O in the Fe-1.05 sample was identified
from the survey spectra (Fig. 4a). In the high-resolution
spectra for nickel, two major peaks are observed at 856.63
and 874.17 eV, along with two satellite peaks at 862.10 and
879.99 eV. These peaks correspond to Ni2p;,, and Ni2p,,
(Fig. 4b), which confirms the Ni?* electronic state [47, 48].
Similarly, in the high-resolution spectra for cobalt, two
major peaks are observed at 781.65 and 797.64 eV, along
with two satellite peaks at 785.46 and 802.85 eV. These
peaks correspond to Co2ps, and Co2p,,,, which confirms
the Co?* oxidation state of Co (Fig. 4c) [49]. Furthermore,

the low-intensity Fe2p peak at 713.46 eV is consistent with
Fe2p;,, which confirms the Fe?* oxidation state of iron in
the Fe-1.05 sample (Fig. 4d). In addition, in the high-reso-
lution XPS spectra for phosphorous, two peaks are observed
at 132.66 and 133.53 eV, corresponding to P2p;,, (metal
phosphate, P-O-M) and P2p,,, (P-O covalence bond),
respectively (Fig. 4e) [50]. As shown in Fig. 4f, the oxygen
peak is deconvoluted into three peaks at 530.97, 532.48, and
533.55 eV, corresponding to the P-O, M-O, and H-O-H
bonds, respectively, in phosphate and surface-adsorbed
water molecules [51-53]. The XPS analyses indicate Ni%t,
Co?*, and Fe*" in the Fe-1.05 catalyst.

In the next step, the Fe-doped nickel cobalt phosphate
nanofibers were deposited on NF for electrochemical
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Table 1 Comparison of this study with previously reported nickel cobalt phosphate and related materials

Material Electrolyte Overpotential Tafel slope (mV  Stability (h) Ref
- ) dec™h
7 (mV) @ j(mAcm™)
Ni/Co phosphates 0.5-M H,SO, 160 (HER) 10 57 120 [27]
CuCoNiP 2.0-M NaOH 265 (OER) 10 105.5 1.94 [54]
340 (OER) 50
CuCoNiP 2.0-M NaOH 170 (HER) 10 99.6 2,711 [54]
295 (HER) 100
CoNi,(POy), 1.0-M KOH 347 (OER) 10 35 2 [21]
Ni—Co phosphate 1.0-M KOH 310 (OER) 10 68 16 [22]
Ni—Co hydrogen phosphate 1.0-M KOH 320 (OER) 10 84 15 [23]
(Coy 5Niy 5)3(PO,), 1.0-M KOH 273 (OER) 10 59.3 30 [24]
Fe g6Nig 14-PO; 1.0-M KOH 247 (OER) 10 48.3 100 [55]
125 (HER) 10 66.2
Fe-doped Ni,P 1.0-M KOH 260 (OER) 10 35.7 17 [56]
Ni—Co phosphate 3.0-M KOH 378 (OER) 10 60.79 12 [25]
Ni—Co phosphate 1.0-M KOH 309 (OER) 10 54.2 10 [26]
236 (HER) 10 -
CoNiPO,@V-CoyN 1.0-M KOH 270 (OER) 10 54.76 50 [28]
335 (OER) 100
CoNiPO,@V-Co,N 1.0-M KOH 58 (HER) 10 85.7 50 [28]
Ni—Co phosphate 1.0-M KOH 388 (OER) 10 90.3 15 [57]
Na,Ni ;sFeq »5P,05 1.0-M KOH 300 (OER) 10 110 100 [58]
Ni,P,0,, 1.0-M KOH 270 (OER) 10 102 100 [59]
NiCoFe phosphate 1.0-M KOH 240 (OER) 10 65 24 [37]
231 (HER) 10 86
Fe-doped NiCo phosphate 1.0-M KOH 234 (OER) 10 30.82 25 This study
298 (OER) 50
375 (OER) 100
Fe-doped NiCo phosphate 1.0-M KOH 104 (HER) 10 103.31 25 This study
233 (HER) 50
339 (HER) 100

overall water splitting using a procedure similar to that
used for the synthesis of the powder samples. The OER
performance of the Fe-doped nickel cobalt phosphate
nanofibers deposited on NF was then investigated. LSV
analyses were performed to evaluate the catalytic activ-
ity in a 1-M KOH electrolyte at a scan rate of 1 mV s~!
(Fig. 5a). The overpotentials recorded for the Fe-0.00,
Fe-0.45, Fe-0.73, Fe-1.05, Fe-1.21, and Fe-1.46 catalyst
electrodes to deliver a current density of 10 mA cm™>
were 252, 240, 237, 234, 247, and 253 mV, respectively.
In comparison, the commercially available RuO, and NF
exhibit respective overpotentials of 316 and 399 mV (@
10 mA cm_z), which are higher than that of Fe-1.05@NF
(234 mV). The Fe cation in the nickel-cobalt phosphate
nanofiber enhances the electrochemical activity. Inter-
estingly, the optimized sample (Fe-1.05@NF) requires
overpotentials of 234, 298, and 375 mV to deliver current

@ Springer

densities of 10, 50, and 100 mA cm™2, respectively. These
values demonstrate the superior OER performance of
Fe-1.05@NF over previously reported nickel cobalt phos-
phate catalysts [21-28].

The Tafel slopes for NF, Fe-0.00, Fe-1.05, and RuO,
were then computed as 91.03, 38.60, 30.82, and 55.37 mV
dec™!, respectively (Fig. 5b). The small Tafel slope value
of the Fe-1.05@NF electrode suggests faster and highly
efficient kinetics of OER at its surface. EIS was per-
formed to explore the electrochemical kinetics activity.
The Nyquist plots of the Fe-0.00 and Fe-1.05@NF sam-
ples were fitted with an equivalent circuit (Fig. S6). The
charge transfer resistance (R) values are 9.05 and 3.91
Q for Fe-0.00 and Fe-1.05@NF, respectively. All resist-
ance values are listed in Table S1. The low R value of
Fe-1.05@NF indicates fast charge transfer and reaction
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Table 2 Comparative study of
existing full-cell water splitting
electrolysis devices and this

study

Material Electrolyte  Potential Tafel slope Stability (h) Reference
- . (mV dec™h

V) @ j(mAcm™)
Fe g6Nig 14-PO, 1.0-MKOH 1.66 10 - 100 [55]
Ni—Co phosphate 1.0-M KOH 1.745 10 - - [26]
CoNiPO,@V-Co,N 1.0-MKOH 152 10 - 50 [28]
Co:FePi 1.0-MKOH 2.04 10 - 96 [35]
CoFe phosphate 1.O-MKOH 1.75 10 325 100 [61]
Fe-doped NiCo phosphate 1.0-M KOH 1.59 10 41.18 100 This study

1.76 50

1.86 100
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kinetics, confirming the positive effect of the Fe dopant in
the nickel-cobalt phosphate nanofiber.

The OER stability of Fe-1.05@NF in a 1-M KOH
electrolyte was then investigated using a three-electrode
setup at an overpotential to achieve a current density of
10 mA cm™2 for 25 h (Fig. 5¢). The results show a negligible
change in the current density during the investigation
period. The LSV plots before and after 25 h of catalysis
reveal a negligible change (Fig. 5d). This result proves the
high stability of Fe-1.05@NF for OER. The comparative
Tafel slopes before and after 25 h of catalysis are shown
in Fig. S7, indicating a similar reaction rate during the
investigation period. Moreover, the Nyquist plots from the
EIS measurements reveal almost no change in R , (Fig. S8).
These results fully confirm the stability of Fe-1.05 @NF for
OER.

Furthermore, we analyzed the HER performance of
Fe-1.05@NF. The LSV curves are shown in Fig. 6a. The
overpotentials (@ 10 mA cm_z) of bare NF, Fe-0.00@NF,
Fe-1.05@NF, and Pt/C are 388, 198, 104, and 57.2 mV,
respectively. The Pt/C electrode exhibits excellent HER
performance, whereas the bare NF exhibits poor HER per-
formance. Moreover, Fe-1.05 @NF exhibits overpotentials of
104, 233, and 339 mV to achieve current densities of 10, 50,
and 100 mA cm™2, respectively. In addition, the Tafel slopes
of NF, Fe-0.00, Fe-1.05@NF, and Pt/C are 266.4, 124.93,
103.31, and 62.66 mV dec™, respectively (Fig. 6b). The
smaller Taffel slope of Fe-1.05 than that of Fe-0.00 indicates
a faster HER rate, highlighting the benefit of the Fe cation
in the catalyst.

The HER stability of Fe-1.05@NF was then
investigated at an overpotential to achieve a current
density of—10 mA cm~2 for 25 h (Fig. 6C). The results
show a negligible change in the current density during
the investigation period. Moreover, the LSV analysis of
Fe-1.05@NF after the stability test showed only a small
change compared with the original sample (Fig. 6d). The
overpotential (@10 mA cm™2) of Fe-1.05@NF after the
stability test was 93 mV, which is a slight decrease compared
with that of the fresh sample (104 mV). Moreover, the slight
increase in the reaction rate of Fe-1.05@NF after stability
(Tafel slope of 102.47 mV dec™) after 25 h of catalysis can
be attributed to the activation of catalytic sites (Fig. S9).

The overall OER and HER performance of the Fe-1.05@
NF electrode before and after 25 h of catalysis is shown
in Table S2, which confirmed the excellent performance
and structural stability of Fe-1.05@NF. The as-prepared
Fe-doped nickel cobalt phosphate electrode (Fe-1.05@
NF) exhibits outstanding electrochemical OER and HER
performance compared with nickel cobalt phosphate
materials reported in the literature (Table 1). In particular,
our nanofiber-based catalyst (Fe-1.05@NF) exhibits
superior performance over the 2D nanosheet-based
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NiCoFe phosphate (OER and HER overpotentials of 240
and 231 mV, respectively) (Table 1) [37]. The enhanced
electrochemical activity of Fe-1.05@NF can be attributed
to the synergistic effect between the metal atoms and
phosphate ligands, which facilitates favorable conditions for
the adsorption and oxidation of electrolyte ions, enhanced
electrical conductivity, active sites availability due to Fe
(dopant) metal atoms, alongside a nanostructured (nanofiber)
morphology with high porosity.

We further investigated the electrochemically active
surface area (EASA) of Fe-1.05@NF. CV curves were then
recorded in a small potential window (non-Faradic region)
at different scan rates (Fig. S10a—f). C,, is calculated by
plotting the anodic charging currents (i) of each CV curve
against the scan rate (v), as shown in Fig. S11, using Eq. (1).

ic = del (1)

The calculated Cy; values for the Fe-0.00 and Fe-1.05@
NF electrodes are 3.69 and 14.34 mF, respectively. The
EASA can be calculated by dividing the Cy, values by
the specific capacitance (C,) of the atomically smooth
planar real surface area (1 cm?) of the material under
identical electrolyte conditions, where C;=0.04 mF in
alkaline solutions [60]. The EASA values of the Fe-0.00
and Fe-1.05@NF electrodes are 92.25 and 358.50 cm?,
respectively (Fig. S12). The roughness factor (RF) was then
calculated by dividing the ECSA by the geometric area of
the electrode (the area of the used film is 1 cm?). The RF
values of the Fe-0.00 and Fe-1.05@NF electrodes are 92.25
and 358.50, respectively. The high ECSA and RF values of
Fe-1.05 support the high electrochemical performance of
Fe-1.05@NF and are consistent with the BET SA analysis.

A long-term water-splitting stability test was conducted
for Fe-1.05@NF to investigate its robustness. We investi-
gated full-cell water splitting by employing Fe-1.05@NF
as the catalyst material for both the cathode and anode. In
this study, LSV (@ 1 mV s~ ! scan rate) was performed in a
potential window of 0-2 V for overall water splitting. Long-
term electrolysis was investigated at this potential to attain a
current density of 50 mA cm~2 for 50 h. The CA I-t curves
show the stability of Fe-1.05@NF (Fig. S13). We further
investigated high-rate full-cell water splitting at a current
density of 100 mA cm~2 and pH of 13.7 for 100 h to dem-
onstrate the practical use of Fe-1.05@NF (Fig. 7A). The
resulting CA I-t curve reveals the high stability of Fe-1.05@
NF under the investigation conditions. LSV was measured
before and after 100 h of catalysis (Fig. 7B). The potentials
of Fe-1.05@NF after the stability test were 1.61, 1.77, and
1.88 V at 10, 50, and 100 mA cm™2, respectively. These
values are slight increases compared with those of the fresh
sample (1.59, 1.76, and 1.86 V, respectively). PXRD analy-
sis of Fe-1.05@NF after the stability test for 100 h con-
firmed the preservation of its structural integrity (Fig. S14).
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FE-SEM revealed the unchanged morphology of Fe-1.05@
NF after 100 h of catalysis (Fig. S15). We further com-
pared the Tafel slope and R, of Fe-1.05@NF before and
after 100 h of catalysis (Fig. 7c and S16), showing only a
slight increase in the Tafel slope (from 41.18 to 42.70 mV
dec™!) and R, (from 0.079 to 0.082 ). The XPS analysis
of Fe-1.05@NF after 100 h of catalysis showed only a par-
tial change in oxidation from 2 +to 3 + states (Fig. S17).
These results highlight the high performance and durability
of Fe-1.05@NF compared with those of the best phosphate-
based catalysts in the literature for water splitting (Table 2).

Conclusions

In summary, Fe-doped nickel cobalt phosphate nanofibers
were synthesized and deposited on NF. The Fe-1.05@NF
sample with an Fe atom% of 1.05 exhibited the highest
electrochemical OER activity (n=234 mV @ 10 mA cm™2)
and HER activity (n1=104 mV @ 10 mA cm™2). This high-
performance Fe-1.05 electrode was used for overall water
splitting in an alkaline electrolyte (pH=13.7) and delivered a
current density of 10 mA cm™ at an overpotential of 1.59 V.
The long-duration (100 h) overall water-splitting study
revealed the robustness and high stability of the synthesized
catalyst material in an alkaline medium. This study proves
that Fe-doped nickel cobalt phosphate nanofibers are
promising candidates for overall water splitting because of
their robust and superior catalysis performance over other
catalysts for water splitting.
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