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l–carbon nanofibers derived from
ammonium phosphate for efficient glycerol
electrooxidation and renewable power generation
from biodiesel waste

Nasser A. M. Barakat, *ab Ahmed Saadawia and Shimaa Hamdaa

Nickel electrocatalysts present an economic alternative to noble metals for alcohol oxidation in alkaline fuel

cells. Here, P,N-doped Ni-containing carbon nanofibers (Ni-CNFs) were synthesized by electrospinning of

nickel acetate solutions with ammonium phosphate followed by thermal stabilization and calcination.

Phosphate and nitrogen dopants regulated the electronic structure and surface chemistry of the

nanofibers, which promoted the formation of active NiOOH species for catalysis. X-ray diffraction (XRD)

and transmission electron microscopy (TEM) confirmed the formation of a metallic nickel (Ni0)/graphitic

carbon nanofiber (CNF) hybrid with nanoscale dispersion of nickel domains, while X-ray photoelectron

spectroscopy (XPS) verified the coexistence of Ni0/Ni2+ species together with phosphate (P5+–O) and

nitrogen–carbon (N–C) functionalities, which collectively promote redox reversibility. Electrochemical

activation in 1.0 M KOH yielded a high electrochemical surface area (∼40 600 cm2 g−1) and distinct Ni(II)/

Ni(III) redox transitions. The optimized 1 wt% DAP-Ni-CNF electrode achieved a glycerol oxidation

current density of ∼140 mA cm−2 in 0.25 M glycerol with an apparent activation energy of ∼15 kJ mol−1,

which points towards fast charge transfer through a NiOOH-mediated pathway. In direct glycerol fuel

cell tests, the same electrode achieved a peak power density of ∼200 mW m−2 at 1.0 M glycerol.

Notably, this study demonstrates that glycerol that is collected as a waste by-product from biodiesel

production can be utilized as a viable new renewable energy source, valorizing low-value residues to

clean electricity. The developed P,N-doped Ni-CNFs thus provide a sustainable route for glycerol

valorization and circular bioenergy generation through alkaline fuel cell technology.
1 Introduction

The increasing global energy requirement and the need to
reduce carbon emissions have spurred efforts to make
sustainable and renewable energy technologies. Of the several
clean-energy strategies, the use of chemical energy stored in
compounds made from biomass to generate electricity by
electrochemical processes has attracted universal interest.1

These technologies, besides providing renewable energy,
support the concepts of circular economy in that they utilize
industrial waste and low-value residues as feedstock.2

Biodiesel manufacture is one of the prominent avenues for
sustainable transportation fuel, producing approximately
10 wt% of glycerol as a by-product.3 With the ever-increasing
industries producing biodiesel worldwide, massive quantities
of glycerol are produced annually, leading to severe
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overproduction and sharp decline in its market price. Crude
glycerol purication is typically not economically feasible due to
the presence of methanol, soaps, and salts.4 Thus, glycerol
tends to be considered an industrial by-product, and it poses
environmental as well as economic disposal problems. There-
fore, valorizing such a common by-product in catalytic or
electrochemical directions has been a key step in the improve-
ment of the overall sustainability of the biodiesel value chain.5,6

The direct glycerol fuel cell represents a promising route
towards the conversion of glycerol to electrical energy.7 This
response couples anodic glycerol oxidation with cathodic oxygen
reduction in basic conditions. Glycerol oxidation is particularly
desirable because of its high theoretical energy density (6e− per
molecule) as well as the simultaneous creation of value-added
intermediates such as glycerate, glycolate, and formate.8 Unlike
methanol or ethanol oxidation, the reaction of glycerol oxidation
(GOR) involves less onset potential, higher electron yield, and less
CO2 emission and therefore is a more environmentally accept-
able choice for small-scale renewable fuel cells.9

Despite these advantages, the practical realization of direct
glycerol fuel cells (DGFCs) remains impeded by the non-
© 2026 The Author(s). Published by the Royal Society of Chemistry
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availability of efficient, cost-effective, and long-lasting anode
catalysts. The noble metals Pt, Pd, and Au are extremely active at
the start but are prone to high cost, low abundance, and
poisoning by the strongly adsorbed intermediates with eventual
deactivation in extended use.10 Consequently, there has been
a growing need for earth-abundant transition-metal catalysts.
Catalysts based on nickel have emerged as particularly prom-
ising candidates as alkaline medium polyalcohol oxidation
catalysts. Nickel shows high intrinsic activity owing to the
reversible Ni(II)/Ni(III) redox couple, where reduction of Ni(OH)2
to NiOOH forms the true active sites for alcohol oxidation.
However, pure Ni catalysts are normally suffered by poor long-
term stability, low conductivity, and limited reversibility of
redox.11–13

In order to overcome these disadvantages, heteroatom
doping has been recognized as an effective approach to
modulate electronic and surface properties of Ni-based mate-
rials. Particularly, phosphorus and nitrogen dopants can form
harmless charge distributions, enhance hydrophilicity, and
increase hydroxide ion adsorption towards the development of
the active NiOOH phase.14,15 Surface stabilizing phosphate
species can also help to prevent over-oxidation of Ni and
improve tolerance towards reaction intermediates.16 In
contrast, nitrogen incorporation enhances electronic conduc-
tivity, creates defect-rich carbon structures, and more effectively
anchors metal nanoparticles, inhibiting their agglomeration
upon electrochemical cycling.17,18 Synergistic action of such
dopants should signicantly increase the catalytic activity and
long-term durability of Ni-based electrodes.

To this end, CNFs have drawn extensive attention as exem-
plary supports for electrocatalysts due to their superior elec-
trical conductivity, high surface area, and better mechanical
stability. Electrospinning is an adjustable and scalable tech-
nique to produce homogeneous CNFs with designed
morphology and regulated composition. The technique also
provides a pathway to feed directly metal salts and dopant
precursors into the polymeric spinning solution, making it
possible to form metal–carbon composites with evenly
dispersed nanoparticles during carbonization.19,20

Taking these advantages, the present work applies ammo-
nium phosphate as a bimodal dopant precursor that collectively
introduces phosphorus and nitrogen into Ni-CNFs both
through electrospinning and post-heating. Two forms of
ammonium phosphate—mono-ammonium phosphate (MAP)
and di-ammonium phosphate (DAP)—were employed to explore
the composition effect on structure and electrochemical activity
of the resulting products. This strategy is facilitated by the
capability of controlling the P/N ratio with high precision as well
as the application of a low-cost, sustainable source of dopant.
The P,N-doped Ni-dispersed CNFs prepared using this method
are expected to possess enhanced Ni dispersion, electron
transfer, and density of catalytically active sites by virtue of
metal–support interactions and phosphate stabilization.

Although various investigations of Ni-based catalysts for
methanol and ethanol oxidation are common, methodical
publications on ammonium phosphate-sourced P,N co-doped
Ni-CNFs for the oxidation of glycerol as well as their
© 2026 The Author(s). Published by the Royal Society of Chemistry
application in direct glycerol fuel cells are scarce. It is also
crucial to know the dopant chemistry–surface redox behavior–
performance correlation to prepare emerging non-noble metal-
based catalysts.

Thus, in this paper, the synthesis, characterization, and
electrochemical activity of P,N-doped Ni-CNFs prepared from
mono- and di-ammonium phosphate precursors are presented.
High-powered characterization by XRD, TEM, and XPS conrm
that the presence of phosphate and nitrogen dopants signi-
cantly changes the nanober crystallinity and surface chem-
istry, improving the formation of catalytically active Ni0/NiOOH
interfaces. Most notably, though, this study demonstrates that
glycerol—a waste stream and by-product of the process of
producing biodiesel—can be directly utilized as a renewable
energy source in a highly efficient conversion of industrial waste
into clean energy. The ndings set the proposed P,N-doped Ni-
CNFs as an effective and viable platform for waste-to-electricity
conversion in accordance with efforts towards integrating
circular bioenergy systems into the renewable energy
framework.

2 Materials and methods
2.1 Materials

Nickel(II) acetate tetrahydrate (Ni(CH3COO)2$4H2O, $98%),
mono-ammonium phosphate (NH4H2PO4, $99%), and di-
ammonium hydrogen phosphate ((NH4)2HPO4, $99%) were
purchased from Sigma-Aldrich and used as the nickel source
and dual phosphorus/nitrogen dopant precursors, respectively.
Poly(vinyl alcohol) (PVA, Mw z 85 000–124 000, 99+% hydro-
lyzed, Merck) was used as the carbon precursor and ber-
forming polymer for electrospinning. Ethanol ($99.8%) and
deionized water (18.2 MU cm) were used as solvents during
solution preparation and post-processing. Poly(vinylidene
uoride) (PVDF, Sigma-Aldrich) was used as the binder for the
fabrication of working electrodes and was dissolved in N,N-di-
methylformamide (DMF,$99.8%, Fisher Scientic) to form the
slurry. To prepare the catalyst ink for three-electrode electro-
chemical testing, the Naon® solution (5 wt%) from Sigma-
Aldrich and isopropanol ($99.5%, Fisher Scientic) were used
as dispersing and ion-conducting agents.

Electrochemical measurements were performed in 1.0 M
KOH aqueous electrolyte prepared from analytical-grade
potassium hydroxide pellets ($85%, Merck). Glycerol
(C3H8O3, $99.5%, Fisher Scientic) was used as model fuel at
concentrations between 0.05–1.0 M for cyclic voltammetry and
0.05–2.0 M for DGFC testing. The electrochemical system
utilized a standard three-electrode conguration containing
a glassy carbon (GC) working electrode, a platinum wire counter
electrode, and an Ag/AgCl (3 M KCl) reference electrode; all
potentials are reported versus Ag/AgCl unless otherwise noted.

For DGFC assembly, a Pt-loaded carbon cloth cathode
(20 wt% Pt on Vulcan XC-72, FuelCellStore) was used to catalyze
the oxygen reduction reaction (ORR). The as-prepared Ni-CNF
catalysts served as the anode material, coated on carbon
cloth. The anolyte consisted of 0.25 M glycerol + 1.0 M KOH. All
reagents used were of analytical grade and employed without
RSC Adv., 2026, 16, 2428–2448 | 2429
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further purication. Electrospinning syringes, collectors, and
cell components were cleaned with ethanol and dried before
each test to avoid cross-contamination between different
samples and test conditions.

2.2 Catalyst preparation

P,N-doped Ni-CNFs were prepared through an electrospinning–
carbonization route, using nickel acetate as the metal precursor
and ammonium phosphate as a dual phosphorus–nitrogen
dopant source. In a typical preparation, 15 g of a 10 wt% PVA
aqueous solution was made by dissolving PVA granules in
deionized water under magnetic stirring at 50 °C for 5 h until
a clear homogeneous solution was obtained. In a separate
container, 1.0 g of nickel acetate tetrahydrate (Ni(CH3COO)2-
$4H2O) was dissolved in 5 mL of deionized water under
continuous stirring. Upon complete dissolution, an appropriate
amount of ammonium phosphate (0–10 wt% relative to PVA)
was added into the solution of nickel acetate, either mono-
ammonium phosphate (MAP) or di-ammonium hydrogen
phosphate (DAP), followed by stirring for another 1 h.

The resulting metal–dopant mixture was slowly poured into
the PVA solution and further stirred for 5 h at 50 °C to obtain
a viscous and homogeneous electrospinning dope. The
precursor solution was loaded into a 10 mL plastic syringe tted
with a stainless-steel needle (inner diameter = 0.6 mm) and
electrospun under the following optimized conditions: an
applied voltage of 20 kV, a tip-to-collector distance of 15 cm, and
a ow rate of 0.7 mL h−1. The nanobers were collected on
aluminum foil attached to a grounded rotating drum and then
vacuum-dried at 60 °C overnight to remove residual moisture
and solvents.

The as-spun nanober mats were stabilized by heating them
in air at 250 °C for 3 h at a heating rate of 1 °C min−1, which
induced cross-linking and partial oxidation of PVA to structur-
ally preserve the nanobers during subsequent carbonization.
Carbonization was conducted in a tube furnace under an inert
atmosphere at 850 °C for 2 h with a heating rate of 5 °C min−1.
In this process, PVA was converted into conductive carbon
nanobers, while nickel acetate was reduced to metallic Ni
nanoparticles and ammonium phosphate decomposed into
gaseous species that generated P- and N-containing function-
alities on the carbon matrix. The prepared samples were
denoted as xMAP-Ni-CNFs or xDAP-Ni-CNFs, where x represents
the weight percentage of ammonium phosphate (0, 1, 3, 5, 7, or
10 wt%). Aer being cooled to room temperature, the carbon-
ized mats were gently ground to a ne powder for character-
ization and electrochemical testing.

2.3 Electrode fabrication and electrochemical
measurements

The obtained P,N-doped Ni-CNF powders were prepared into
working electrodes by a binder-assisted casting method for
electrochemical evaluation. Typically, 2 mg catalyst powder was
dispersed in a mixture containing 400 mL of isopropanol and 20
mL Naon® solution (5 wt%). The ink obtained was ultra-
sonicated for 30 min to achieve a uniform suspension. A known
2430 | RSC Adv., 2026, 16, 2428–2448
volume, 15 mL, of the well-dispersed ink was drop-cast onto
a glassy carbon GC electrode with a geometric area of 0.07014
cm2 and dried under ambient atmosphere to form a thin
uniform catalytic layer. Before coating, the GC electrode was
polished with 0.05 mm alumina slurry, rinsed with deionized.

All electrochemical measurements were performed on a CHI
760E electrochemical workstation from CH Instruments, USA,
with the as-prepared catalyst-coated GC serving as the working
electrode in a three-electrode conguration. A platinum wire
served as the counter electrode, while an Ag/AgCl electrode (3 M
KCl) was used as the reference electrode. The electrolyte was
1.0 M KOH aqueous solution with and without 0.25 M glycerol.
For the present work, all potentials are given with respect to Ag/
AgCl unless otherwise stated.

Cyclic voltammetry (CV) was performed in the potential
range of −0.2–1.0 V vs. Ag/AgCl at scan rates between 5 and
100 mV s−1 to study the redox behavior and kinetic response.
The electrochemical activation of the Ni-based catalysts was
monitored through the reversible Ni(II)/Ni(III) redox peaks cor-
responding to the formation of NiOOH active species. The
electrochemically active surface area (ECSA) was estimated
using the charge associated with the Ni(OH)2/NiOOH transition
according to the relation:

ESCA ¼ Q

0:257�m
(1)

where Q is the integrated charge (C) under the redox peak, m is
the catalyst mass (g), and 0.257 C cm−2 is the standard charge
required for a monolayer of NiOOH formation. CA measure-
ments were performed at xed potentials (usually around 0.5–
0.7 V versus Ag/AgCl) for 1000 s to evaluate the stability and
tolerance of these catalysts against the accumulation of inter-
mediates. The same electrode was tested sequentially at
different potentials in the same three-electrode cell, with each
step lasting 1000 s.

Temperature-dependent CVs between 30 and 60 °C were
conducted to estimate the apparent activation energy (Ea)
associated with the glycerol oxidation process. The temperature
of the electrolyte was controlled through a thermostatic water
bath. Logarithmic relations of current density vs. inverse
temperature (Arrhenius plots) were utilized to calculate the Ea
values.
2.4 Direct glycerol fuel cell

In this work, the membrane-less direct glycerol fuel cells were
set up in a parallel-plate conguration with a piece of 3.0 ×

3.0 cm carbon-cloth anode facing a commercial Pt/C air cathode
(20 wt% Pt on Vulcan XC-72, Pt loading 0.4 mg cm−2, Fuel-
CellStore) at a xed inter-electrode gap of 0.5 cm. The anode
catalyst layer was prepared as an ink containing 0.06 g of
functional nanobers (typically, the 1 wt%DAP-Ni-CNFs sample
unless otherwise stated), 0.12 g of PVDF binder, and 1.0 mL of
N,N-dimethylformamide. The slurry was magnetically stirred
for $1 h to ensure full homogenization and then uniformly
coated onto carbon cloth (3 × 3 cm) using a doctor-blade
technique. Aer drying the electrodes in air at 80 °C to
© 2026 The Author(s). Published by the Royal Society of Chemistry
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remove residual solvent, they were thermally treated at 350 °C
for 1 h to enhance adhesion and partial binder pyrolysis. Total
catalyst loading was determined gravimetrically, and single-side
coatings were employed throughout all DGFC experiments. Two
high corrosion stainless steel sheets were used as current
collector at the anode and cathode.

A CHI 760E potentiostat/galvanostat from CH Instruments
(USA) was employed in a two-electrode conguration-a setup in
which the Ni-CNF anode acted as the working electrode, while
the Pt/C electrode was used both as a counter and as a reference
electrode. The cell performance was measured aer stabilizing
the OCP for 5–10 min. The polarization curves were measured
using LSV from the OCP to 0 V at a scan rate of 0.001 V s−1. The
power density (P) was determined in accordance with the rela-
tion P = I × V where I is the measured current (A), V is the
corresponding cell voltage (V), and Acathode the apparent
cathode area (0.00052 m2) used for normalization; current
densities were likewise normalized to Acathode. Series resistance
was minimized by short electrical leads and a compact cell
geometry, and no post-measurement iR compensation was
applied unless specied. In the case of temperature-dependent
studies, the same procedure was repeated at each temperature
set point aer attaining thermal equilibrium. Each experiment
was repeated at least twice with fresh electrolyte for reproduc-
ibility, and the polarization and power density curves obtained
represent the averaged data.
Fig. 1 X-ray diffraction pattern of ammonium-phosphate-derived Ni-
CNFs (7 wt% DAP) showing fcc-Ni reflections at 44.8°, 52.2°, and 76.8°
indexed to (111), (200), and (220), respectively (JCPDS 04-0850). Small
additional features in the 36–56° range overlap with graphitic carbon
and possible P-containing Ni species.
2.5 Characterization

X-ray diffraction (XRD) patterns were recorded with the help of
a JEOL diffractometer with Cu Ka radiation (l = 1.5406 Å) at an
operating voltage and current of 40 kV and 40 mA, respectively.
The diffraction data were recorded over the 2q range from 10 to
80° using a step width of 0.02° and a scan speed of 1° min−1.
Identication of the crystalline phases was performed by
comparing the experimental patterns with standard data from
the ICDD-PDF-4+ database. SEM analyses were performed on
a JEOL JSM-7610F eld-emission microscope to assess the
surface morphology, ber diameter distribution, and structural
uniformity of the electrospun nanobers before and aer
carbonization. The samples were xed on conductive carbon
tape and sputter-coated with a thin layer of gold to prevent
charging during imaging.

Internal nanostructure, dispersion of the Ni nanoparticles,
and their crystallinity were analyzed using transmission elec-
tron microscopy (TEM) on a JEOL JEM-2100 instrument oper-
ating at 200 kV. The interplanar spacings were determined
based on high-resolution TEM images, where lattice fringes
corresponding to specic Ni and graphitic carbon planes were
identied. SAED patterns were obtained from representative
regions to conrm the polycrystalline metallic Ni phase in these
samples and further determine the degree of graphitization of
the CNF matrix.

XPS measurements were performed in a Thermo Scientic K-
Alpha+ spectrometer equipped with a monochromatic Al Ka
source (1486.6 eV). The binding energies were calibrated using
the C 1s peak at 284.6 eV as a reference. High-resolution spectra
© 2026 The Author(s). Published by the Royal Society of Chemistry
of Ni 2p, C 1s, O 1s, N 1s, and P 2p were recorded to investigate
the oxidation states of nickel and the chemical bonding envi-
ronments of the incorporated elements. Deconvolution was
carried out for all spectra using CasaXPS soware with a Shirley
background and Gaussian–Lorentzian peak tting. Elemental
compositions were determined from the corresponding peak
areas corrected by sensitivity factors.
3 Results and discussion

Prior to heat treatment, nickel acetate is dissolved with mono-
or di-ammonium phosphate to add Ni2+ with phosphate species
(H2PO4

−/HPO4
2−/PO4

3−). There are chances for partial ion
pairing or precipitation of hydrated nickel phosphate under
such conditions:

3Ni2+ + 2PO4
3− + xH2O / Ni3(PO4)2$xH2O(s) (2)

The XRD pattern of the ammonium-phosphate-derived Ni
carbon nanobers (7 wt% DAP, Fig. 1) shows the three charac-
teristic fcc metallic Ni reections at 2q= 44.8°, 52.2°, and 76.8°,
referring to the (111), (200), and (220) planes, respectively
(reference fcc-Ni; e.g., JCPDS 04-0850). These are shied to
slightly higher 2q than nominal positions (44.507°, 51.89°, and
76.37°), indicating a minor lattice contraction. Such upshis
are generally accounted for by one or more of: (i) microstrain
with the nanoscale crystallites and quick carbothermal reduc-
tion; (ii) solid-solution-type light-element inclusion (e.g., any
remaining P/C from the phosphate/carbon environment) that
could compress the Ni lattice; and/or (iii) slight variations in
instrumental calibration. JADE matching set down metallic Ni
as the major crystalline phase; no sign was observed for NiO.
Besides the three pronounced Ni peaks, several weaker ones are
at ∼36.8°, 42.2°, 44.0°, 47.0°, and 55.8° (very small):
RSC Adv., 2026, 16, 2428–2448 | 2431
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� The 42.2° band is likely to overlap with the (100)
turbostratic/graphitic carbon reection, while the shoulder at
∼44.0° may be due to contributions from graphitic (101) and
the prominent Ni(111) envelope.21

� The low-intensity weak peaks at∼47.0° and∼55.8° occur in
a region where nickel phosphide substoichiometries (e.g., Ni2P/
Ni3P series of families derived from phosphate precursors) and
higher-order graphitic layers (e.g., (004) z54–55° for partially
graphitized carbons) both generally diffract.22,23

� The low-intensity peak at ∼36.8° could be due to defect-
rich carbon or phosphide-related reections, but not suffi-
cient for sole indexing.

Zero-valent metallic nickel formation rather than the ex-
pected oxide form can be attributed by the following reason.
When heated in inert atmosphere, ammonium phosphate
deammoniates/dehydrates to poly-/metaphosphate species and
acetate/PVA pyrolysis produces CO and H2. Nickel-phosphate or
NiO intermediates are then reducible to metallic Ni due to the
abnormal of the unreacted nickel acetate under inert
atmosphere.24,25

Ni(CH3COO)2$4H2O / 0.86Ni(CH3COO)2$0.14Ni(OH)2
+ 0.28CH3COOH + 3.72H2O (3)

3(0.86 Ni(CH3COO)2$0.14Ni(OH)2) + 0.28H2O /

3NiCO3 + 2.44CH3COCH3 + 1.12H2 (4)

NiCO3 / NiO + CO2 (5)

NiO + CO/H2 / Ni + CO2/H2O (6)

Overall, XRD veries that the scaffold nanober contains
crystalline fcc-Ni nanoparticles in a partially graphitized carbon
matrix with minor lattice contraction relative to bulk Ni. Such
architecture is favorable for glycerin electrooxidation: metal Ni
offers high electronic conductivity and offers Ni0/Ni2+ redox
sites upon alkaline polarization, whereas the conductive carbon
matrix offers charge transport and distributes the active metal
sites. Any phosphorus-derived species (phosphide or surface
phosphate) that might be present at low levels—though not
resolvable here—are known to modulate Ni's electronic struc-
ture and adsorption energetics, potentially aiding alcohol
Fig. 2 SEM images for the nanofibers obtained from calcination of d
ammonium phosphate-containing and (C) di ammonium phosphate-co

2432 | RSC Adv., 2026, 16, 2428–2448
(polyol) activation; this point is treatedmore fully in the surface-
chemistry/XPS section.

Inclusion of ammonium phosphate and chemical composi-
tion of utilized dopant (i.e. mono or di or tri-ammonium
phosphate) has particular effect on morphology of nanobers
as is clear from the SEM micrographs (Fig. 2). As can be seen in
Fig. 2A, calcination of nanober mats without ammonium
phosphate resulted in coherent non-woven of continuous,
cylindrical laments. Surfaces are especially smooth and free
from beading, evidencing a consistent whipping regime and
good chain entanglement during spinning. Homogeneous
topology indicates elimination of solvent without capillary
breakup and preservation of an inter-percolated network of
bers that is useful for electron conduction upon thermal
treatment.

On the other hand, as indicated by Fig. 2B, the introduction
of a small amount of mono-ammonium phosphate (1 wt%)
transforms the skin of the ber from smooth to nely nodular.
The laments are unbroken, though there is a dense, sub-
100 nm “pebbled” surface that covers the circumference
homogeneously. Such stippling is anticipated in in-jet
complexation/incipient precipitation in between Ni2+ and
phosphate species as evaporation of the jet occurs, presenting
numerous nucleation sites imbedded within the polymer
matrix. Upon calcination these nuclei are converted to Ni-
containing nanoparticles anchored at the surface, effectively
presenting accessible surface area with the mechanical stability
of the mat remaining unaffected.

With di-ammonium phosphate (Fig. 2C) at the same
nominal load, salt effect is more marked. Fibers are heavily
coated by nanoparticles and small clusters, and singly isolated
faceted particulates are evident in amongst laments. The
greater dope basicity/ionic strength likely enhances solution
conductivity and screens polymer–polymer interactions,
favoring early nucleation and localized jet destabilization. So,
some of the inorganic phase appears as discrete particles rather
than being conned to a thin shell on the ber, creating
a rough, heterogeneous surface and fuzzy ber contours locally.

For tri-ammonium phosphate, in the same conditions,
ammoniated phosphate feed was unable to be electrospun. The
probable cause is an unfavorable ratio of viscosity, surface
ifferent electrospun mats: (A) ammonium phosphate-free, (B) mono
ntaining.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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tension, and conductivity: strong ion-polymer/ion-Ni2+ interac-
tions reduce effective chain entanglement while the high ionic
strength favors electrospraying at the cost of continuous la-
ment formation.

Together, phosphate is a morphology modulator. The mono-
ammonium phosphate case study (Fig. 2B) produces highly
decorated, high-area bers that retain network cohesion—
a good structure for catalytic/electrochemical use. The di-
ammonium phosphate case study (Fig. 2C) maximizes rough-
ness but incorporates coarser aggregates, which may reduce
uniformity and partially clog pore channels. The observed
hierarchy—smooth (no phosphate) through nodular (mono) to
over-ornamented with secondary particulates (di)—is fully
consistent with phosphate-assisted nucleation of Ni-containing
species upon drying and xation onto/around the surface of the
nanober upon subsequent heat treatment.
Fig. 3 TEM and HRTEM images of ammonium phosphate-derived Ni-CN
well-dispersed Ni nanoparticles with an average size of ∼50–160 nm; in
based nanofibers showing Ni(111) lattice fringes with d-spacing of ∼0.2
displaying larger Ni nanoparticles ranging from ∼58–184 nm; inset: SAE
nanofibers showing graphitic (002) fringes with d-spacing of ∼0.36 nm.

© 2026 The Author(s). Published by the Royal Society of Chemistry
Fig. 3A is TEM micrograph of Ni carbon nanobers derived
from mono-ammonium phosphate. The structure evidently
conrms the brous nature having dark nanoparticles
dispersed in it, indicating the effective impregnation of the Ni
species within the carbon nanober backbone. The nanobers
are continual in nature with average diameter 150–200 nm and
the Ni nanoparticles are dispersed over the surface of the bers
and in the matrix. Particle sizes of dispersed particles vary
between ∼47 and 57 nm, with a few large agglomerates indi-
cating ∼160 nm. The hierarchical distribution reects that
phosphate-assisted synthesis provides a good condition for
growth and nucleation, leading to comparatively homogeneous
dispersion of Ni particles over the conductive carbon frame-
work. The proximity of metal nanoparticles to the carbon
substrate is expected to improve electrical conductivity as well
as electron transfer during oxidation of glycerin.
Fs. (A) TEM ofmono-ammonium phosphate-based nanofibers showing
set: SAED pattern confirming fcc-Ni crystallinity. (B) HRTEM of MAP-
13 nm. (C) TEM of di-ammonium phosphate (DAP)-based nanofibers
D pattern showing polycrystalline Ni rings. (D) HRTEM of DAP-based

RSC Adv., 2026, 16, 2428–2448 | 2433
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The SAED pattern (inset of Fig. 3A) exhibits concentric
diffraction rings and individual bright spots, conrming the
polycrystalline character of the Ni nanoparticles. The rings are
(111), (200), and (220) planes of fcc (face-centered cubic) Ni, as
from the XRD data. The lack of other rings that are well dened
in NiO is consistent with the XRD result that the dominant
crystalline phase is Ni, and there is minimal indication of bulk
NiO formation. Sharpness of the diffraction spots within the
rings also points to crystalline nanoparticles with ordered
domains, which is good for catalytic activity.

High-resolution TEM (HRTEM) imaging (Fig. 3B) provides
additional information on the nanoparticle crystallinity locally.
The lattice fringes are resolved clearly with an interplanar
spacing of ∼0.213 nm, which is almost identical to the d-
spacing of the Ni (111) plane. This is consistent with the fact
that the nanoparticles are predominantly metallic Ni and
supports the limited shiing of diffraction peaks presented in
the XRD analysis. The regular lattice fringes demonstrate the
good crystallinity of Ni domains, which is desirable because
crystalline Ni sites can potentially act as good electroactive
centers in polyol oxidation reactions.26 The dense interface
between Ni nanoparticles and carbon also suggests strong
metal–support interaction, which keeps the nanoparticles from
sintering and enhances their catalytic stability.27

Together, the TEM, SAED, and HRTEM characterizations
conrm that the mono-ammonium phosphate-derived Ni-CNFs
consist of crystalline fcc-Ni nanoparticles evenly dispersed over
a conductive carbon nanober support. The phosphate
precursor is engaged in controlling Ni particle nucleation and
distribution, and the carbon nanober scaffold provides struc-
tural integrity and charge-conductive channels. Synergy in the
resultant architecture is expected to facilitate efficient electron/
ion transport, enhanced stability, and improved catalytic
activity for glycerin electrooxidation.

Fig. 3C presents the TEM image of the di-ammonium
phosphate-derived Ni carbon nanobers. Compared to the
MAP-based bers (Fig. 3A), the DAP-based bers exhibit a rela-
tively larger Ni nanoparticle size distribution, ranging from∼58
to 184 nm. A few particles are over 130 nm, indicating that the
use of di-ammonium phosphate results in more severe particle
growth and aggregation during the calcination process. Even
with this increased particle size, the nanoparticles are still
bound within the carbon matrix, providing stability. The wider
distribution indicates that the decomposition pathway of DAP
gives greater reducing gases and P-based intermediates, which
enhance Ni nucleation but could also enhance particle coales-
cence. In contrast, the sample based on MAP exhibited a nar-
rower size range, showing more particle dispersion.

The SAED pattern (inset of Fig. 3C) shows bright spots on
sharp polycrystalline diffraction rings, which is typical for the
fcc-Ni phase. The reections are of (111), (200), and (220)
planes, established by XRD. Compared to MAP-based nano-
bers, in this case, the rings are more diffuse, typical for larger
particle sizes from TEM—larger crystallites produce sharper
diffraction spots but reduce the number of nanocrystalline
domains. This differentiation points out that the synthesis
2434 | RSC Adv., 2026, 16, 2428–2448
route (MAP vs. DAP precursor) inuences both the particle size
and crystalline distribution.

The HRTEM micrograph (Fig. 3D) exhibits clear lattice
fringes with an interplanar spacing of 0.36 nm, matching well
with the (002) plane of graphitic carbon. This reveals the
formation of a partially graphitized carbon matrix to encapsu-
late and stabilize the Ni nanoparticles.28 As compared with the
MAP sample, where lattice fringes of Ni (111) were dominant,
the nanobers based on DAP emphasize the graphitic matrix
more intensely, indicating that graphitization is preferred
during decomposition of di-ammonium phosphate. High
graphitic ordering is advantageous in that it provides very
conductive channels for electron transport and also contributes
toward stability of the overall composite framework.

Fig. 4A displays the XPS analyses for the MAP-based nano-
bers. In Fig. 4A, all spectra were charge-referenced to C 1s =

284.8 eV. In every region, the convoluted t reproduces the raw
line shape aer background subtraction, supporting chemically
meaningful deconvolutions. Three components describe the
carbon envelope. The main peak at 284.83 eV (FWHM 1.22 eV,
area 5102.1 CPS eV) accounts for 64.02% of the C-signal and
corresponds to sp2/sp3 C–C/C–H from the PVA-derived turbos-
tratic carbon matrix.29 Oxygenated carbon is represented by two
higher-BE components: 285.79 eV (FWHM 1.84 eV, 27.49%, area
2189.9 CPS eV) assigned to C–O/C–O–C (±C–N), and 287.60 eV
(FWHM 3.40 eV, 8.49%, area 675.4 CPS eV) attributed to C]O/
O–C]O species. Thus, ∼36% of the surface carbon is oxygen-
functionalized, which explains the good wettability of the
brous scaffold and provides potential anchoring sites for
metal nanoparticles. No detectable shoulder near ∼283 eV is
observed, indicating the absence of a resolvable metal carbide
contribution.30

The N 1s region (Fig. 4B) is tted with a single component
centered at 402.94 eV (FWHM 1.71 eV, area 161.4 CPS eV, 100%
of the N envelope), characteristic of oxidized/positively charged
nitrogen (N–O or N+–O−). The lack of features at 397–400 eV
excludes detectable metal nitride or pyridinic/pyrrolic/
graphitic N.31 This is consistent with the ammonium precursor
being volatilized during calcination (NH3/H2O), leaving only
minute, oxidized N formed upon air exposure.32

Oxygen appears in three chemical states; Fig. 4C. The low-BE
component at 529.33 eV (FWHM 1.34 eV, area 1203.9 CPS eV)
contributes 21.93% of the O-signal and corresponds to lattice
O2− in Ni–O–Ni (NiO/NiOx), evidencing the expected native
oxide on Ni nanoparticles.33 A second component at 531.12 eV
(FWHM 1.82 eV, area 1438.9 CPS eV, 26.22%) is assigned to
hydroxyl/defect oxygen (Ni–OH/NiOOH-like species) and non-
bridging phosphate oxygen (P]O/P–O−).34 The higher-BE
envelope at 532.42 eV (FWHM 2.72 eV, area 2839.5 CPS eV)
constitutes 51.84% of the O-signal and is attributed to oxygen
bound to carbon (C–O/C–O–C/O–C]O) together with adsorbed
H2O and bridging P–O–M/P–O–C environments. Altogether,
roughly 48% of the O 1s intensity (529.3 + 531.1 eV) belongs to
the NiOx(OH)y surface shell, while ∼52% arises from the
carbon/adsorbate/phosphate oxygen.

Phosphorus (Fig. 4D) is present exclusively as phosphate
(P5+). The doublet is resolved at P 2p3/2 = 133.11 eV (FWHM
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 XPS spectra of mono-ammonium-phosphate (MAP)-incorporated Ni/CNFs. Panels: (A) C 1s, (B) N 1s, (C) O 1s, (D) P 2p and (E) Ni 2p.
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1.65 eV, area 68.9 CPS eV, 70.21%) and P 2p1/2 = 134.67 eV
(FWHM 2.24 eV, area 29.2 CPS eV, 29.79%), with a spin–orbit
separation of 1.56 eV and an area ratio close to the expected
∼2 : 1. No intensity appears at 129–131 eV, ruling out phosphide
© 2026 The Author(s). Published by the Royal Society of Chemistry
(Ni2P) or elemental P. The P 2p and O 1s assignments together
indicate a thin, likely amorphous phosphate residue at the
surface, in agreement with XRD which shows no crystalline
phosphate phase.35
RSC Adv., 2026, 16, 2428–2448 | 2435
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The Ni envelope (Fig. 4E) displays the characteristic mixture
of oxidized states and shake-up satellites expected for air-
exposed Ni nanoparticles. The principal Ni2+ lines appear at
2p3/2 = 853.85 eV (FWHM 1.54 eV, area 1094.2 CPS eV, 9.91%)
and 2p1/2 = 871.88 eV (FWHM 2.73 eV, area 967.3 CPS eV,
8.92%). Ni3+ (NiOOH-like) contributions are observed at 2p3/2 =
856.10 eV (FWHM 3.37 eV, area 3482.9 CPS eV, 31.62%) and
2p1/2 = 873.97 eV (FWHM 2.60 eV, area 688.2 CPS eV, 6.36%).
Intense satellites—860.95 eV (22.05%), 864.46 eV (7.96%),
876.95 eV (5.75%), and 880.17 eV (7.43%)—conrm a substan-
tial Ni2+ fraction (NiO/Ni(OH)2). Considering only the main
lines, the surface Ni3+/Ni2+ ratio is approximately 2.0; when the
large Ni2+ satellite intensity is taken into account, the practical
oxidation balance approaches ∼1 : 1, i.e., a mixed NiO–Ni(OH)2/
NiOOH shell. Any metallic Ni0 signal (expected at ∼852.6 eV in
2p3/2) is largely attenuated by this oxidized overlayer within the
XPS probing depth (∼5–7 nm), which is consistent with XRD/
SAED showing metallic Ni in the bulk.

Quantitative XPS thus supports a Ni0 core/NiOx(OH)y shell
anchored to a turbostratic, oxygen-functionalized carbon
support, with phosphate present solely as surface PO4 (P

5+). The
carbon surface contains∼36% oxygenated functionalities (C–O/
C]O), while oxygen is split roughly half-and-half between Ni-
oxide/hydroxide species and carbon/adsorbate/phosphate
contributions. This chemistry is entirely consistent with the
synthesis pathway (phosphate-assisted nucleation followed by
reduction during calcination) and with the structural data
(XRD/TEM). From a functional standpoint, the NiOx/Ni(OH)2–
NiOOH shell constitutes the known redox-active surface for
alkaline electrocatalysis, whereas oxygenated carbon and
phosphate groups enhance wettability andmay provide P–O–Ni/
P–O–C linkages that stabilize Ni nanoparticles against migra-
tion and sintering during operation.

Fig. 5 shows XPS results for the DAP-incorporated Ni/CNFs.
As shown, the C 1s envelope (Fig. 5A) is deconvoluted into
three components. The dominant peak at 284.76 eV (FWHM
1.26 eV, area 11 238.6 CPS eV) contributes 69.43% and corre-
sponds to sp2/sp3 C–C/C–H from the PVA-derived turbostratic
carbon. Oxygenated carbon appears as C–O/C–O–C (±C–N) at
286.05 eV (FWHM 2.05 eV, 23.80%, area 3849.1 CPS eV) and
carbonyl/carboxylate (C]O/O–C]O) at 288.30 eV (FWHM
2.88 eV, 6.77%, area 1094.1 CPS eV). Compare to MAP (Fig. 4A)
contains 36.0% oxygenated carbon (27.49% C–O; 8.49% C]O),
whereas DAP shows 30.6%, i.e., less oxygenated surface carbon.
The oxygenated peaks in DAP are slightly upshied (+0.26 eV for
C–O and +0.70 eV for C]O), consistent with a somewhat
different local chemical/charging environment expected for the
more heavily decorated, inorganic-rich DAP surface seen in
TEM. The larger non-oxygenated carbon fraction in DAP indi-
cates that a greater portion of the outer surface is covered by
metallic/oxide particles and phosphate rather than by highly
functionalized carbon.

Fig. 5B demonstrates a single component centered at
∼403 eV for N 1s (overlapping the total t) is observed and
assigned to oxidized/positively charged nitrogen (N–O/N+–O−).
There is no resolvable intensity in the 397–400 eV range (no
nitride or graphitic/pyridinic N). Comparison to MAP (Fig. 4B),
2436 | RSC Adv., 2026, 16, 2428–2448
identical behavior (MAP peak at 402.94 eV, FWHM 1.71 eV).
Nitrogen therefore remains as only a trace oxidized residue in
both materials aer calcination.

Two oxygen environments are required for DAP (Fig. 5C),
531.14 eV (FWHM 1.45 eV, area 1417.6 CPS eV, 22.58%) attrib-
uted to hydroxyl/defect oxygen (Ni–OH/NiOOH) together with
non-bridging phosphate oxygen (P]O/P–O−), and 532.36 eV
(FWHM 2.56 eV, area 4856.1 CPS eV, 77.42%) assigned to C–O–/
O–C]O in carbon, molecular H2O/adsorbates, and bridging P–
O–M/P–O–C.36 Notably, there is no resolved lattice O2− peak at
∼529.3 eV in DAP. MAP clearly displays three components with
21.93% lattice Ni–O–Ni at 529.33 eV, 26.22% hydroxyl/defect ±
P]O at ∼531.1 eV, and 51.84% carbon/adsorbate/bridging
oxygen at ∼532.4 eV. The DAP spectrum is therefore shied
toward higher-BE oxygen and lacks the distinct lattice-O2−

signature, indicating that DAP exposes a more hydrated/ligand-
rich overlayer (hydroxyl, phosphate, carbon–oxygen, and H2O)
that attenuates the lattice oxide signal from the near-surface Ni.

As illustrated in the spectra of P 2p (Fig. 5D), DAP shows two
peaks at 132.71 eV (11.56%) and 133.29 eV (88.44%), both
within the P5+ phosphate range. The envelope is dominated by
the ∼133.3 eV component commonly associated with PO4

bound to metals or carbon (P–O–Ni/P–O–C) in a hydrated
environment. There is no low-BE signal (129–131 eV), ruling out
phosphide. However, MAP displays a classic phosphate doublet
at 133.11/134.67 eV (2 : 1 character). The slight lower BE and
more asymmetric distribution in DAP are compatible with
stronger coordination/hydration of phosphate at the surface of
the more ligand-rich DAP bers.

The DAP Ni 2p spectrum (Fig. 5E) shows a pronounced
oxidized shell with enriched Ni3+ and a small metallic contri-
bution: Ni3+ 2p3/2 at 856.05 eV (FWHM 3.37 eV, area 3089.5
CPS eV, 39.18%) and Ni3+ 2p1/2 at 873.23 eV (16.63%). A metallic
Ni0 2p3/2 component is also resolved at 852.88 eV (FWHM
1.31 eV, 5.15%), consistent with large Ni cores, while the Ni2+

multiplet satellites are intense at 861.31 eV (21.80%), 865.39 eV
(5.28%), 876.72 eV (5.23%), and 881.11 eV (4.70%) (total satel-
lites z39%). Comparison to MAP (Fig. 4E): MAP contains Ni3+

2p3/2 = 31.62% (856.10 eV), Ni2+ 2p3/2 = 9.91% (853.85 eV) with
strong satellites (total z43%) and no resolvable Ni0. DAP
therefore exhibits more Ni3+ at the surface and reveals a small
Ni0 core signal, while its satellite fraction is slightly lower.
Together with O 1s, this points to Ni0 cores coated by a more
NiOOH-rich, hydrated shell in DAP, whereas MAP retains
a thinner oxide where lattice Ni–O is still detectable.37

Overall, the XPS results concluded that moving fromMAP/

DAP, the surface chemistry becomes (i) less carbon-oxygenated
(C 1s), (ii) chemically similar in nitrogen (trace oxidized N only),
(iii) dominated by hydroxyl/adsorbate/phosphate oxygen with
no resolved lattice O2− (O 1s), and (iv) more Ni3+-rich with
a detectable Ni0 core signal (Ni 2p). Phosphorus remains P5+

(PO4) in both, with DAP showing a slightly lower BE consistent
with enhanced P–O–Ni/C coordination and hydration. This
quantitative XPS picture agrees with the microscopy: DAP
produces rougher bers with heavier inorganic decoration,
yielding Ni0 cores wrapped by a thicker, NiOOH-rich and
phosphate/adsorbate-laden shell, whereas MAP retains
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 XPS spectra of di-ammonium-phosphate (DAP)-incorporated Ni/CNFs. Panels: (A) C 1s, (B) N 1s, (C) O 1s, (D) P 2p and (E) Ni 2p.
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a thinner oxide where lattice Ni–O is still visible. This distinc-
tion is expected to inuence electrochemical behavior, with
DAP surfaces primed for rapid Ni(OH)2/NiOOH redox activa-
tion, and MAP offering a cleaner oxide/carbon balance with
more evident lattice-oxide contribution.
© 2026 The Author(s). Published by the Royal Society of Chemistry
3.1 Electrochemical activity

3.1.1 Electrochemical surface area. The activation of Ni-
based electrocatalysts in alkaline media occurs via the surface
redox transition between Ni(OH)2 and NiOOH. When the
RSC Adv., 2026, 16, 2428–2448 | 2437
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catalyst is cycled in alkaline solution (e.g. 1.0 M KOH) anodic
polarization induces the oxidation of Ni(II) hydroxide to Ni(III)
oxyhydroxide according to ref. 38:

Ni(OH)2 # NiOOH + H+ + e− (7)

During the reverse sweep, the NiOOH species are reduced
back to Ni(OH)2. These redox processes appear as characteristic
peaks in the cyclic voltammogram (CV) and reect the forma-
tion of the catalytically active NiOOH layer. The dynamic
generation of this layer is crucial for alcohol electrooxidation,
since NiOOH is widely recognized as the true active phase that
mediates the dehydrogenation of glycerol and other polyols.39

The extent of Ni activation can be quantied by calculating
the electrochemically active surface area (ECSA), which
measures the number of redox-accessible Ni sites available for
catalysis. ECSA is determined by integrating the charge under
the Ni(II)/Ni(III) redox peaks and normalizing by the catalyst
mass or electrode area. A higher ECSA indicates a larger pop-
ulation of accessible active sites, which directly correlates with
greater catalytic activity. Thus, ECSA not only provides insight
into the structural features of the catalyst (particle size,
dispersion, accessibility) but also serves as a predictive
descriptor for electrocatalytic performance. The electrochemi-
cally active surface area (ECSA) for the three formulations was
estimated from the anodic Ni2+ Ni3+ charge using following
equation:40

ECSA ¼ 1

m� q� v

ðE2

E1

ðjanode � jbaselineÞdE (8)

where m is the mass of functional material, v = 0.05 V s−1, j is
the current, E is the applied potential and is the charge density
range for Ni(OH)2/NiOOH (∼0.39 mC cm−2).

Fig. 6A shows the CV responses of the prepared nanobers
with different DAP contents in 1.0 M KOH. The bare Ni-CNFs
Fig. 6 Cyclic voltammetry (CV) of di-ammonium phosphate (DAP)-deriv
with different DAP contents (0–10 wt%). (B) Electrocatalytic glycerin oxid
follow the ECSA results.

2438 | RSC Adv., 2026, 16, 2428–2448
(0 wt% DAP) display only small redox peaks, reecting limited
activation and a modest population of NiOOH species. Incor-
poration of phosphate markedly enhances the intensity of the
Ni(II)/Ni(III) redox couple, with the strongest peaks observed for
the 7 wt% DAP sample. The calculated ECSAs were 6975, 9939,
33 103, 30 813, 40 600 and 2988 cm2 g−1 for the nanobers
prepared from electrospun solution having 0, 1, 3, 5, 7 and
10 wt% DAP, respectively.

The data clearly reveal that phosphate incorporation strongly
promotes the activation of Ni sites. In particular, the 7 wt% DAP
formulation exhibits the highest ECSA, nearly six times greater
than the phosphate-free sample. This enhancement is attrib-
uted to the favorable balance between Ni nanoparticle disper-
sion and the conductive, graphitized carbon framework
observed in TEM/HRTEM analyses. At this composition,
phosphate-derived functionalities likely stabilize Ni nano-
particles against excessive aggregation while simultaneously
promoting the accessibility of surface hydroxyl groups, thereby
facilitating the Ni(OH)2/NiOOH redox transition.

The XPS results (Fig. 5) corroborate the electrochemical
activation data. The presence of surface phosphate groups and
hydroxyl-rich oxygen environments enhances the Ni(OH)2/
NiOOH transition, yielding higher ECSA values for phosphate-
modied samples. In particular, the 7 wt% DAP catalyst,
which exhibited the highest ECSA (40 600 cm2 g−1), benets
from an optimal balance: phosphate-derived groups increase
OH− affinity, graphitized carbon ensures high conductivity, and
Ni nanoparticles provide abundant redox-active centers.
Conversely, at 10 wt% DAP, the relative Ni surface contribution
is diminished due to particle agglomeration and possible
surface passivation by excess phosphate, consistent with the
reduced ECSA and weaker CV response. These surface charac-
teristics directly translate to enhanced glycerol electrooxidation,
as catalysts with higher ECSA and optimized surface chemistry
ed Ni-CNFs in 1.0 M KOH. (A) Activation profiles of nanofibers prepared
ation (0.25 M glycerin in 1.0 M KOH), where the current density trends

© 2026 The Author(s). Published by the Royal Society of Chemistry
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expose more NiOOH sites, thereby accelerating the dehydroge-
nation steps of glycerol.

The voltammetric responses in glycerin-containing electro-
lyte (Fig. 6B) follow the canonical NiOOH-mediated pathway.
Upon anodic polarization, surface Ni(OH)2 is oxidized to
NiOOH (vide Fig. 6A). The NiOOH layer acts as the true active
phase, abstracting hydrogen from adsorbed glycerol to generate
carbonyl/alcohol intermediates and subsequently higher-
oxidized products; the catalytic cycle is closed by re-
hydroxylation of reduced Ni sites by OH−. Accordingly, cata-
lysts that form more NiOOH (higher ECSA) should deliver
earlier onset and larger oxidation currents in glycerin—exactly
the trend observed here.

Relative to the phosphate-free control, all DAP-modied
nanobers display: a negative shi in onset potential for glyc-
erin oxidation (earlier activation), a steeper current rise beyond
∼0.55–0.65 V vs. Ag/AgCl, and substantially higher peak
currents by 0.9–1.1 V. The activity ranks 7 wt% DAP > 3 wt% z
1 wt% > 5 wt% [ 10 wt% T 0 wt%, mirroring the ECSA order.
The 7 wt% DAP electrode exhibits the highest current density
across the whole potential window, reecting the largest pop-
ulation of accessible NiOOH sites (ECSA z 40 600 cm2 g−1).
Both 1 wt% and 3 wt%DAP show pronounced activity gains over
the undoped sample, while 5 wt% remains intermediate. In
contrast, 10 wt% DAP underperforms despite containing
phosphate: its muted current and more positive onset are
consistent with the very low ECSA (z2988 cm2 g−1), likely due to
particle coarsening and partial surface passivation by excess
phosphate residues that hinder Ni(II) / Ni(III) conversion and/
or block glycerolate adsorption.

TEM/HRTEM revealed that DAP promotes Ni nanoparticle
anchoring within a highly graphitized CNF matrix, improving
electronic transport. At the optimal 7 wt%, this conductivity
benet coincides with a high density of redox-addressable Ni
sites, enabling rapid NiOOH formation and turnover. Phos-
phate groups detected by XPS likely enhance surface hydro-
philicity/OH− affinity, and electronically tune Ni centers
(together with the hydroxyl-rich O 1s component), lowering the
barrier for the Ni(II) / Ni(III) step. These surface effects ratio-
nalize the earlier onset and larger kinetic currents observed for
1–7 wt% DAP.

The broad current growth rather than a sharp single peak is
characteristic of mixed kinetic/mass-transport control in polyol
oxidation on NiOOH, where multiple parallel oxidation routes
(primary/secondary alcohol dehydrogenation, C–C bond scis-
sion at higher potentials) contribute. The steeper slope for
7 wt% suggests faster charge-transfer kinetics and higher site
density, whereas curvature damping at 10 wt% indicates site
scarcity and possibly product-adsorbate coverage at elevated
potentials.

The glycerin CVs conrm that accessible NiOOH site density
(ECSA) is the dominant descriptor of activity in this system.
Controlled phosphate incorporation optimizes that descriptor
by balancing Ni particle dispersion with a conductive, graphi-
tized support and favorable surface chemistry. Over-
phosphatization (10 wt%) reverses these gains by reducing
exposed Ni and impeding activation.
© 2026 The Author(s). Published by the Royal Society of Chemistry
3.1.2 Glycerin electrooxidation. In alkaline media, glycerin
is oxidized on NiOOH formed in situ from surface Ni(OH)2.
Thus, catalytic current scales with the density and accessibility
of NiOOH sites (ECSA) and the supply/transport of glycerolate to
these sites. Panels 7 A–7F show the response of each formula-
tion to increasing Gly concentration (0/ 1.0 M in 1.0 M KOH).

As shown for all formulations, relative to the blank electrolyte
(0 M glycerin (Gly), dash–dot curve), adding Gly introduces a new
anodic current growing beyond ∼0.55–0.65 V vs. Ag/AgCl, super-
imposed on the Ni(II)/Ni(III) waves—diagnostic of NiOOH-
mediated alcohol oxidation. Moreover, from 0.05 / 0.25 /

0.5 M Gly the current increases strongly, indicating that in this
range the reaction is reactant-concentration/kinetic-limited
(apparent rst-order dependence at low glycerin concentration).
Going to 1.0 M Gly oen produces smaller incremental gains or
a drop in current, together with larger hysteresis between forward/
backward scans, revealing the onset of mass-transport limitations
and/or surface coverage by intermediates (e.g., glycerates/
adsorbed carbonyl fragments) that partially poison NiOOH.

For the DAP-free nanobers (0 wt% DAP; Fig. 7A), currents are
the smallest of the series. Raising glycerin concentration from
0.05 to 0.5 M boosts the anodic current (kinetic regime), but the
response saturates by 1.0 M, consistent with a low ECSA and
limited number of NiOOH sites. On the other hand, for the 1 wt%
DAP nanobers (Fig. 7B) marked improvement over 0 wt%:
earlier onset and higher currents at all glycerin concentrations.
The largest rise occurs up to 0.5 M, aer which the curve at 1.0 M
shows onlymodest additional current, indicating the approach to
mixed kinetic/transport control. The deeper cathodic dip at low
glycerin concentrations reects faster NiOOH reduction and
stronger interaction with adsorbed intermediates.

Fig. 7C shows the obtained results for the 3 wt% DAP
nanobers. As shown, the activity increases further; 0.5 M yields
a pronounced current jump and the most favorable onset
among the low-DAP samples. The high currents mirror the large
ECSA (z3.31 × 104 cm2 g−1). At 1.0 M, the gain is diminished—
site coverage and diffusion start to limit the rate. For 5 wt% DAP
sample (Fig. 7D), intermediate performance is detected between
3% and 1%. The current continues to rise up to 0.5 M; at 1.0 M
the curves broaden and the slope decreases, consistent with
growing transport/coverage effects on a moderate-ECSA surface
(z3.08 × 104 cm2 g−1).

For the best-performing catalyst (7 wt% DAP Fig. 7E), across
all concentrations, in line with its maximum ECSA (z4.06 ×

104 cm2 g−1) and highly graphitized/functionalized surface.
Onset is most negative, and kinetic currents are highest from
0.25 to 1.0M. The curve at 0.5 M is particularly steep—indicative
of fast charge transfer on a dense population of NiOOH sites. At
1.0 M the increase persists but with reduced efficiency, pointing
to transport/coverage limitations rather than site scarcity.
However, for the 10 wt% DAP (Fig. 7F), currents are signicantly
lower at every glycerin concentration, tracking the very low
ECSA (z2.99 × 103 cm2 g−1). Excess phosphate leads to larger
Ni particles and partial surface passivation; consequently, both
onset and slope are inferior and the system enters transport
limitation at much smaller absolute currents.
RSC Adv., 2026, 16, 2428–2448 | 2439
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Fig. 7 Cyclic voltammetry curves of DAP-derived Ni-CNFs recorded in 1.0 M KOH with different glycerin concentrations. Panels correspond to
nanofibers prepared with different DAP contents: (A) 0 wt%, (B) 1 wt%, (C) 3 wt%, (D) 5 wt%, (E) 7 wt%, and (F) 10 wt%.
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Across all compositions, 0.5 M glycerin emerges as a prac-
tical optimum in the CV window, delivering the largest
increases without severe mass-transport penalties. The activity
2440 | RSC Adv., 2026, 16, 2428–2448
ranking at each concentration follows the ECSA order con-
rming that accessible NiOOH site density is the dominant
descriptor. The XPS-identied phosphate groups (P 2p3/2 z
© 2026 The Author(s). Published by the Royal Society of Chemistry
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134.2 eV) and hydroxyl-rich O 1s environment likely enhance
OH− affinity and facilitate Ni(II) / Ni(III) conversion, while the
graphitized CNF backbone ensures rapid electron transport—
together yielding the high kinetic currents of the 1–7% DAP
catalysts, with a maximum at 7%. In contrast, over-
phosphatization (10%) reduces exposed Ni and slows activa-
tion, so increasing glycerin concentration cannot compensate.

Fig. 8A compares the electrochemical performance of pris-
tine Ni-CNFs (0 wt% ammonium phosphate) with those
prepared using mono-ammonium phosphate (MAP) and di-
ammonium phosphate (DAP). Both MAP- and DAP-derived
catalysts exhibit substantially higher glycerin oxidation
currents relative to the phosphate-free control, conrming that
phosphate addition is crucial for improving Ni activation and
catalytic utilization. Between the two, DAP-based nanobers
deliver higher current densities and a more favorable onset
potential than MAP, consistent with the higher ECSA values
observed for DAP formulations. This performance difference is
explained by their distinct surface chemistries, as revealed by
XPS.

Quantitative XPS of the MAP nanobers showed a Ni0 core/
NiOx(OH)y shell anchored to a turbostratic, oxygen-
functionalized carbon support, with phosphate present solely
as surface PO4

3− (P5+). The carbon contained ∼36% oxygenated
functionalities (C–O/C]O), while oxygen was split roughly
evenly between Ni oxide/hydroxide and carbon/adsorbate
contributions. This conguration provides a moderate density
of redox-active sites and a hydrophilic, defect-rich carbon scaf-
fold to stabilize Ni particles.

In contrast, XPS of DAP-derived nanobers revealed a lower
overall Ni surface fraction (2.6 at%) but enriched hydroxyl-rich
O 1s (∼531.5 eV) species and PO4

3− at ∼134 eV, strongly
increasing OH− affinity. The C 1s was dominated by sp2 carbon
(80% surface carbon), reecting a more graphitized matrix.
Fig. 8 Comparison of ammonium phosphate compositions in Ni-CNF
phosphate), mono-ammonium phosphate (MAP)-based nanofibers, and
0.25 M glycerin. (B) CV curves of MAP (1 wt%) nanofibers at different gly

© 2026 The Author(s). Published by the Royal Society of Chemistry
Together, this chemistry favors both conductivity (graphitized
carbon) and surface redox kinetics (phosphate- and hydroxyl-
functionalized Ni), enabling easier Ni(II) / Ni(III) transition.
This explains why DAP nanobers exhibit higher ECSA and
superior glycerin oxidation activity compared to MAP nano-
bers, despite MAP retaining a higher proportion of oxygenated
carbon groups.

Thus, the difference betweenMAP and DAP is essentially one
of surface chemistry tuning: MAP favors defect-rich carbon and
moderate Ni–OH coverage, while DAP optimizes Ni redox
accessibility and conductivity through graphitization and
phosphate-derived surface chemistry. The result is enhanced
NiOOH generation and catalytic activity in DAP.

Fig. 8B shows the effect of glycerin concentration (0–1.0 M)
on the electrochemical response of MAP-based nanobers. The
catalytic current increases as glycerin concentration rises from
0.05 to 0.5 M, reecting the availability of NiOOH sites formed
during activation. At 0.25–0.5 M, the current increase is most
signicant, suggesting that this range provides an optimal
balance between substrate availability and efficient site utili-
zation. At 1.0 M glycerin, however, the current increase
plateaus, and broader peaks appear, indicative of mass-
transport limitations and surface coverage by intermediates
that slow down the NiOOH regeneration cycle.

Compared to the DAP-based catalysts, the MAP nanobers
show lower peak currents and less steep anodic slopes at each
glycerin concentration. This aligns with their lower ECSA (from
Ni redox charge) and with the XPS evidence of fewer hydroxyl
surface groups, which are crucial for NiOOH-mediated polyol
oxidation. Although MAP nanobers benet from oxygenated
carbon functionalities that enhance hydrophilicity and stabilize
dispersion, they lack the combination of graphitized conduc-
tivity and phosphate-enriched surface chemistry found in DAP
nanobers.
s. (A) Cyclic voltammetry (CV) responses of pristine Ni-CNFs (0 wt%
di-ammonium phosphate (DAP)-based nanofibers in 1.0 M KOH with
cerin concentrations (0.0–1.0 M) in 1.0 M KOH.

RSC Adv., 2026, 16, 2428–2448 | 2441
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The results demonstrate that while both MAP and DAP
improve Ni–CNF catalytic performance compared to phosphate-
free samples, DAP nanobers are superior due to their opti-
mized balance of conductivity, Ni–OH redox accessibility, and
phosphate-induced surface modications. The concentration-
dependent activity further emphasizes that the maximum effi-
ciency is obtained at ∼0.5 M glycerin, where the interplay of
NiOOH formation, substrate availability, and mass transport is
most favorable.

Fig. 8B (MAP 1 wt%) displays the CV response of the MAP-
derived Ni-CNFs in 1.0 M KOH as the glycerin concentration
is increased from 0 to 1.0 M. As expected for Ni catalysts in
alkaline media, glycerin oxidation proceeds on NiOOH gener-
ated in situ from Ni(OH)2; therefore, activity reects (i) how
readily the surface undergoes the Ni(II) / Ni(III) transition and
(ii) the supply/transport of glycerolate to those sites.

Relative to the blank (0.0 M Gly, dash–dot), adding glycerin
causes an anodic current to emerge beyond∼0.55–0.65 V vs. Ag/
AgCl, characteristic of NiOOH-mediated oxidation. From 0.05
/ 0.25/ 0.5 M, the current increases steadily and the slope of
the forward scan becomes steeper, indicating that in this
concentration window the reaction is primarily kinetically/
concentration controlled; more substrate leads to higher site
turnover on the available NiOOH.

Raising glycerin to 1.0 M does not yield a proportional
current gain and the curves broaden (larger hysteresis between
forward and reverse scans). This behavior points to mixed
kinetic/transport control with partial surface coverage by
intermediates (glycerates/carbonyl fragments) that temporarily
block NiOOH and slow its regeneration—effects commonly
observed for polyol oxidation on Ni.

XPS for MAP showed a Ni0 core/NiOx(OH)y shell on a tur-
bostratic, oxygen-functionalized carbon support, with phos-
phate present as surface PO4

3− (P5+) and the carbon surface
containing ∼36% oxygenated groups (C–O/C]O). This chem-
istry renders the surface hydrophilic and stabilizes Ni nano-
particles, enabling clear Ni(II)/Ni(III) redox features and
a tangible concentration dependence in glycerin. However,
compared with DAP, MAP provides fewer hydroxyl-rich envi-
ronments and less graphitized conductivity, so the density of
redox-addressable Ni sites (ECSA) and the rate of NiOOH
buildup are more modest.

At identical glycerin concentrations, DAP 1 wt% (Fig. 7B
previously) exhibits earlier onset and higher currents than MAP
1 wt%, reecting its larger ECSA and phosphate/–OH-enriched
surface (P 2p ∼134 eV; O 1s with a higher –OH fraction)
together with a more graphitized CNF backbone. These attri-
butes accelerate Ni(II) / Ni(III) activation and electron trans-
port, giving DAP a steeper current rise from 0.25–0.5 M and
better utilization of sites before mass-transport limitations
appear. In contrast, MAP's oxygenated carbon (benecial for
wetting) does not compensate fully for its lower density of easily
activatable Ni sites, so the activity—while clearly enhanced
versus 0 M glycerin—remains below that of DAP.

For MAP 1 wt%, 0.5 M glycerin provides an effective balance:
it maximizes the kinetic current without incurring the stronger
transport/coverage penalties visible at 1.0 M. The same optimal
2442 | RSC Adv., 2026, 16, 2428–2448
concentration was observed for DAP catalysts, but absolute
activity ranks DAP > MAP, consistent with the ECSA hierarchy
and the XPS-derived surface chemistry differences. Overall,
MAP (1 wt%) nanobers show the expected concentration-
dependent enhancement in glycerin oxidation, governed by
NiOOH formation and substrate availability. Nevertheless, DAP
counterparts outperform MAP at each concentration because
phosphate-induced surface –OH enrichment and higher
graphitization promote faster Ni activation and charge transfer,
yielding a higher population of active NiOOH sites and, conse-
quently, larger catalytic currents.

3.1.3 Electrooxidation reaction parameters. The inuence
of temperature (30–60 °C) on the electrocatalytic oxidation of
glycerin by the 1 wt% DAP nanobers in 0.25 M glycerin + 1.0 M
KOH is presented in Fig. 9A. There is a clear enhancement of
anodic current density with temperature with an increased
slope in the forward scan. At 30 °C, the catalyst shows the ex-
pected NiOOH-mediated oxidation of glycerin with reasonable
current density. Temperature elevation to 40 and 50 °C
increases the anodic current, which is characteristic of
enhanced reaction kinetics by improved adsorption of glycer-
olate, increased activation of OH−, and enhanced charge
transfer across the NiOOH/electrolyte interface. At 60 °C,
maximum current density is achieved, and this indicates that
the catalytic process possesses a good positive temperature
dependence.

This effect can be explained by Arrhenius-type dependence
of the reaction rate on temperature. High temperatures lower
the activation barrier for dehydrogenation stages of glycerin
oxidation and increase ionic conductivity of the electrolyte.
Furthermore, the excess thermal energy promotes regeneration
of NiOOH fromNi(OH)2 and provides a greater number of active
sites under repetitive potential cycling. The temperature rise in
current density is also conrmed by earlier ECSA and XPS
studies: the DAP nanobers rich in phosphate reveal a high
surface density of hydroxyl-rich Ni sites, and the increased
thermal energy enhances their reactivity towards glycerin
dehydrogenation. Interestingly, no apparent shi in onset
potential is observed over the range tested, which means that
the reaction pathway does not change, but the kinetics are
accelerated. In sum, glycerin electro-oxidation on DAP nano-
bers is strongly temperature dependent with consistently
increasing activity between 30 and 60 °C. This observation
accentuates the inuence of thermal activation towards maxi-
mizing site utilization and highlights the potential of
phosphate-modied Ni catalysts towards viable glycerin electro-
oxidation under modestly increased temperature.

To measure the temperature dependence quantitatively, an
Arrhenius analysis was carried out by recording the anodic
current at a xed overpotential in the kinetic range (0.65–0.70 V
vs. Ag/AgCl) for 30–60 °C. Linear ts of ln(i) vs. 1/T yielded an
apparent activation energy of Ea = 19 ± 3 kJ mol−1 for glycerin
oxidation over the 1 wt% DAP nanobers. The relatively low
barrier is consistent with a NiOOH-promoted dehydrogenation
mechanism aided by the phosphate-rich, hydroxyl-rich surface
as determined by XPS and the highly graphitized CNF support
(fast charge transfer). At larger overpotentials, the effective Ea is
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Electrocatalytic behavior of 1 wt% DAP-derived Ni-CNFs toward glycerol oxidation in 1.0 M KOH: (A) effect of temperature; (B) scan-rate-
dependent CVs (5–100 mV s−1); (C) log(Ja)–log(v) plots (b = 0.17–0.23) indicating mixed control; and (D) linear Ja–v

1/2 relation confirming
diffusion-influenced kinetics. Results reveal dominant diffusion contribution (∼60–67%) in the Ni(II)/Ni(III)-mediated glycerol oxidation process.
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diminished by mass-transport/coverage effects decreasing the
intrinsic kinetic component, further indicating the need to
evaluate Ea under conditions of kinetics. Overall, the observed
activation energy conrms that the surface chemistry applied by
DAP effectively lowers the energetic cost of the rate-determining
steps, as is in line with the strong temperature-strengthened
currents observed in Fig. 9A.

Cyclic voltammetry at variable scan rates is a classical diag-
nostic for probing the rate-determining steps of electrochemical
and electrocatalytic systems. In a purely diffusion-controlled
process, the peak current (Ja) scales with the square root of
the scan rate (v1/2) according to the Randles–Ševč́ık relationship,
while for a surface-conned or capacitive process Ja increases
linearly with v.41 In complex catalytic systems such as the
Ni(OH)2/NiOOH–glycerol couple, the overall current response
reects a convolution of three contributions: (i) the electron-
transfer kinetics of the Ni(II)/Ni(III) redox transition, (ii) the
subsequent chemical oxidation of glycerol by NiOOH (an EC0

mechanism), and (iii) the transport of both hydroxide ions and
© 2026 The Author(s). Published by the Royal Society of Chemistry
glycerolate species through the electrolyte and porous catalyst
layer. Hence, deviations from these ideal dependencies provide
insight into whether the observed current is limited by charge-
transfer, chemical, or mass-transport phenomena.42

Fig. 9B presents the cyclic voltammograms of the 1 wt%DAP-
based Ni-CNF electrode recorded at scan rates between 5 and
100 mV s−1 in 0.25 M glycerol + 1.0 M KOH. The anodic current
density increases progressively with v, while the onset potential
remains essentially constant, indicating that the catalytic
pathway is unchanged. At faster scans, the anodic and cathodic
branches become more separated, evidencing increasing
polarization losses and incomplete regeneration of NiOOH
within the time scale of each potential sweep. This behavior
already suggests that the process is not governed solely by
surface kinetics but involves signicant diffusion and surface-
coverage effects.

The relationship between the logarithm of current density
(Ja) and the logarithm of the scan rate follows Ja = a × vb. The
slopes extracted at various potentials (0.60–0.80 V) yield b =
RSC Adv., 2026, 16, 2428–2448 | 2443
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Fig. 10 Chronoamperometric response of 1 wt% DAP-derived Ni-
CNFs in 0.25 M glycerol + 1.0 M KOH at various potentials (0.4–0.7 V
vs. Ag/AgCl).
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0.17–0.23 (R2 $ 0.96), substantially lower than the theoretical
limits for either diffusion control (b = 0.5) or surface control (b
= 1.0). Such small exponents indicate a mixed-controlled
regime dominated by mass-transport and coverage effects
rather than intrinsic electron-transfer kinetics.43 Specically, as
the potential sweep accelerates, the formation of intermediate
glycerolate or carbonyl species on the NiOOH surface partially
blocks active sites, reducing the number of accessible Ni3+

centers that can participate in the oxidative cycle. Concurrently,
transport of hydroxide and glycerol molecules through the
porous carbon nanober network and to the Ni sites becomes
rate-limiting.

Plotting the anodic current density against the square root of
the scan rate (Fig. 9D) produces nearly linear relationships (R2

z 0.97–0.98) across the entire potential window, with slopes
increasing from 4.66 to 7.53 mA cm−2 (mV s−1)−1/2 as the
potential increases from 0.60 to 0.80 V. This linearity demon-
strates that the overall current is proportional to v1/2, conrm-
ing that the oxidation reaction is diffusion-inuenced under the
tested conditions.44 The mixed-control tting Ja = k1 × v + k2 ×
v1/2 further quanties this behavior: the diffusion-related term
(v1/2) contributes approximately 60–67% of the total current at
a representative 50mV s−1, while the surface-controlled fraction
(k2 × v1/2) remains minor. The dominance of the diffusion term
supports the interpretation of an EC0 mechanism where NiOOH
acts as a redox mediator whose regeneration is partially
hindered by species transport within the electrode
microstructure.

The electrochemical response of the 1 wt%DAP nanobers is
consistent with their structural and surface features revealed by
XRD, TEM, and XPS. XRD and SAED conrmed the presence of
metallic Ni with a face-centered cubic structure (major reec-
tions at 2q z 44.8°, 52.2°, 76.8°) embedded in a partially
graphitized carbon matrix. HR-TEM images showed uniformly
distributed Ni nanoparticles (z40–60 nm) anchored within the
conductive CNF network, and lattice fringes of 0.13 nm corre-
sponded to the (220) plane of Ni, conrming strong metal–
carbon coupling. Such morphology enhances electronic
conductivity and mechanical integrity but simultaneously
creates a hierarchically porous network, where diffusion of
reactants through tortuous paths can become limiting during
fast scans—exactly the behavior inferred from the low b-values.

The XPS spectra corroborate this interpretation: the surface
of DAP-derived bers contains Ni2+/Ni3+ species (Ni 2p3/2 z
856.8 eV), phosphate groups (P 2pz 134 eV), and hydroxyl-rich
oxygen species (O 1s z 531.5 eV). These functional moieties
increase hydrophilicity and OH− adsorption, facilitating the
formation of the active NiOOH layer. However, at high scan
rates the rapid accumulation of adsorbed intermediates on
these same hydroxyl-rich sites can temporarily suppress reox-
idation kinetics, again producing the observed transport/
coverage-controlled behavior.

The combined electrochemical and structural evidence
reveals that glycerol oxidation on the DAP-derived Ni-CNFs
proceeds via a Ni(II)/Ni(III) mediated dehydrogenation
sequence, but under the tested dynamic conditions, the process
is predominantly diffusion- and adsorption-limited. The low
2444 | RSC Adv., 2026, 16, 2428–2448
b values and strong v1/2 scaling signify that further enhance-
ment will depend more on mass-transfer engineering—thinner
or more open ber mats, convective ow, or elevated tempera-
ture (as evidenced in Fig. 9A)—than on additional intrinsic
activation of the Ni centers. The robust linearity and repro-
ducibility across potentials nevertheless conrm that the DAP
modication provides a stable, uniformly active catalytic
surface capable of sustaining the NiOOH–Ni(OH)2 redox cycle
even under high dynamic load.

3.1.4 Electrode stability. Fig. 10 presents the chro-
noamperometric (CA) proles of the 1 wt% DAP-derived Ni-CNF
electrode recorded at different applied potentials (0.4–0.7 V vs.
Ag/AgCl) in 0.25 M glycerol + 1.0 M KOH. The electrode was
subjected sequentially to each potential for 1000 s using the
same working electrode under identical conditions to assess its
catalytic stability and tolerance toward intermediate poisoning
during glycerol oxidation.

In all cases, the current density initially exhibits a sharp
decay within the rst few seconds, followed by a steady-state
region that persists over the remaining duration. The initial
decay corresponds to the rapid double-layer charging and the
accumulation of adsorbed reaction intermediates—such as
glycerolate, carbonyl, and formate species—on the NiOOH
catalytic sites.34,45 Once equilibrium coverage is achieved,
a balance is established between the formation and oxidation of
these intermediates, leading to a quasi-stable current response.
This behavior is typical of well-behaved Ni-based catalysts
operating via a Ni(II)/Ni(III)-mediated EC0 mechanism, where
NiOOH acts as the oxidizing agent and is continuously reg-
enerated in situ.46

As the applied potential increases from 0.4 to 0.7 V, the
steady-state current density systematically rises from approxi-
mately 15 to 60 mA cm−2, reecting the increased driving force
for both Ni(OH)2 oxidation and glycerol dehydrogenation. At
higher potentials (0.6–0.7 V), the current stabilizes rapidly and
maintains over 90% of its initial value aer 1000 s, demon-
strating excellent temporal stability and high tolerance toward
© 2026 The Author(s). Published by the Royal Society of Chemistry
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intermediate adsorption. This stability suggests that phosphate
incorporation from DAP effectively modies the local electronic
and chemical environment of the Ni sites, preventing irrevers-
ible oxidation or accumulation of strongly bound intermediates
that would otherwise deactivate the surface.

The remarkable stability can be directly related to the
material's physicochemical features revealed by XRD, TEM, and
XPS. XRD and TEM conrmed the coexistence of crystalline
metallic Ni nanoparticles embedded within a partially graphi-
tized carbon matrix. The strong Ni–C interfacial coupling
ensures efficient charge transfer and mechanical robustness
during potential cycling, mitigating structural degradation and
agglomeration of active sites. XPS analysis revealed the presence
of Ni2+/Ni3+ redox pairs alongside surface phosphate (P5+) and
nitrogen functionalities. These dopants enhance electronic
conductivity and introduce oxygenated and phosphate-rich
coordination sites, which stabilize the NiOOH layer by moder-
ating its local charge density and hydrophilicity. The phosphate
Fig. 11 (A) Polarization curves and (B) corresponding power density–c
derived Ni-CNFs as the anode at various glycerol concentrations in 1.0 M
a direct glycerol fuel cell using 1 wt% DAP-derived Ni-CNFs as the ano
glycerol + 1.0 M KOH.

© 2026 The Author(s). Published by the Royal Society of Chemistry
groups also act as proton acceptors, facilitating the regenera-
tion of NiOOH and minimizing surface fouling by intermedi-
ates. Together, these features create a synergistically stabilized
active surface, capable of sustaining the Ni(OH)2/NiOOH redox
cycle over prolonged operation without deactivation. The ability
of the same electrode to recover its activity across multiple
potential steps indicates reversible surface dynamics and
minimal morphological degradation, consistent with the
homogeneous distribution of Ni and P species observed in the
elemental mapping and the uniform nanober morphology
from SEM/TEM analyses.

Although each chronoamperometric step was recorded for
1000 s, it should be emphasized that the measurements were
conducted sequentially using the same anode electrode, by
switching the applied potential every 1000 s (0.4–0.7 V). There-
fore, the electrode experienced a cumulative operation time
exceeding 4000 s under glycerol oxidation conditions, without
replacement or surface renewal. Notably, this stability test was
urrent density plots for the direct glycerol fuel cell using 1 wt% DAP-
KOH. (C) Polarization and (D) power density–current density curves of
de catalyst at different operating temperatures (35–65 °C) in 0.25 M

RSC Adv., 2026, 16, 2428–2448 | 2445
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performed aer the electrode had already been subjected to
extensive electrochemical evaluation (e.g., cyclic voltammetry at
different scan rates and concentration/temperature-dependent
studies), meaning that the recorded steady-state current
plateaus reect the durability of a pre-activated and repeatedly
stressed catalyst layer rather than a freshly prepared electrode.
3.2 Direct glycerol fuel cell (DGFC)

Fig. 11A shows the polarization (OCP–current density) plots of
the direct glycerol fuel cell (DGFC) with the 1 wt% DAP-derived
Ni-CNF as anode catalyst, evaluated at varied glycerol concen-
trations (0.05–2.0 M) in 1.0 M KOH. Fig. 11B displays the cor-
responding power density–current density plots under the same
conditions. The systematic variation of glycerol concentration
permits viewing of the connection between fuel availability,
mass transport, and the intrinsic catalytic activity of the
electrode.

Polarization curves exhibit a three-region prole as follows:
(1) activation region at low current densities (0–400mAm−2), (2)
ohmic region in which voltage decreases almost linearly with
current density, and (3) mass transport region at larger currents,
when fuel diffusion and product accumulation begin to limit
performance. For low glycerol levels (#0.1 M), OCP is in the
range of 0.10–0.15 V, and current generation is fairly low based
on a deciency of fuel molecules that can reach active sites. OCP
of the cell is increased by raising the glycerol level to ∼0.25 V
and enjoys signicantly higher current density, indicative of
improved reaction kinetics and fuel utilization efficiency. Such
an improvement continues up to 1.0 M glycerol, followed by
a smooth decline for 1.5 and 2.0 M solutions. The drop in
voltage at higher concentrations most likely stems from
increasing viscosity, bubble generation, and adsorption of
oxidation intermediate species (i.e., glycerate, glycolate, and
carbonate species), which slow down mass transport and block
the NiOOH active sites.

The optimal performance is obtained at 1.0 M glycerol, thus
conrming this as the optimal compromise between sufficient
fuel concentration and acceptable diffusion resistance. This
concentration-dependent performance is in agreement with
previous CV performance (Fig. 7 and 8), where the optimal
anodic current density was also obtained at intermediate glyc-
erol concentration. The OCP trend also supports the mixed
kinetic-diffusion control mechanism shown above (Fig. 9), and
the electrode exhibits a stable potential response during long-
term operation. This stability also facilitates robust electronic
coupling between the metallic Ni core and the graphitic carbon
matrix, which ensures good charge transfer and maintains low
internal resistance losses.

Current density–power density plots (Fig. 11B) are parabolic
and typical of direct alcohol fuel cells. Power density increases
with current until a maximum is reached, aerwards declining
because of higher ohmic and mass-transport losses. The high-
est peak power density (∼190–200 mWm−2) was observed at all
concentrations tested for the 1.0 M glycerol solution at a current
density of approximately 1600–1700 mA m−2. This improved
performance at 1.0 M is attributed to: (1) tuned fuel
2446 | RSC Adv., 2026, 16, 2428–2448
concentration, which facilitates a higher availability of glycerol
molecules to the NiOOH catalytic layer to sustain high-speed
oxidation cycles; (2) high-performance Ni2+/Ni3+ redox media-
tion, in which DAP doping facilitates the formation and
regeneration of NiOOH as the main active species; (3) enhanced
electron transportation, owing to the high-conductive and
partially graphitized CNF network validated by TEM and XRD;
(4) surface incorporation of phosphate, as conrmed by XPS,
that creates electron-rich and hydrophilic environments
favoring adsorption of OH− and stabilizing operation condition
surface interaction of Ni–O–P.

For more concentrated glycerol solutions ($1.5 M), the
power density reduces slightly (∼160 mW m−2 at 2.0 M), in line
with diffusion limitations and active site blockage by interme-
diate species. This trend reects saturation of the catalytic
surface, reducing the turnover frequency of NiOOH formation.
However, the electrode is still fairly active under these concen-
trated solutions, which reects its excellent tolerance against
fuel crossover and poisoning by intermediates.

The 1 wt% DAP-derived electrode exhibits superior DGFC
activity due to its synergistic physicochemical architecture: Ni
nanoparticles are active catalytic sites, enabling efficient glyc-
erol dehydrogenation through a Ni(OH)2/NiOOH redox cycle.
Phosphate dopants are surface stabilizers, preventing Ni
oxidation to inactive NiO and enhancing OH− adsorption
kinetics. Nitrogen doping introduces defect sites and improves
the electrical conductivity of the carbon matrix. Graphitic CNF
support provides good mechanical stability and minimal
charge-transfer resistance, with constant current output for
extended periods of operation. Together, these attributes render
a highly stable and electronically integrated catalyst system with
efficient multi-electron oxidation of glycerol to C3 intermediates
and smaller products. The results conclusively demonstrate the
superior electrocatalytic and operational performance of DAP-
modied Ni-CNFs over undoped or MAP-based counterparts.

Fig. 11C illustrates the polarization characteristics, and
Fig. 11D shows the corresponding power density–current
density curves of the DGFC with the 1 wt% DAP-sourced Ni-CNF
anode catalyst in 0.25 M glycerol + 1.0 M KOH at different
working temperatures (35–65 °C). These measurements were
collected to evaluate the inuence of heat activation on the
electrochemical reaction rate and overall energy conversion
efficiency of the new anode material.

The polarization plots exhibit the typical negative slope with
increasing current density, characteristic of activation-
controlled, ohmic, and mass-transport-limited regimes in
alkaline fuel cells. At 35 °C, the open-circuit potential (OCP) is
approximately 0.12 V, and the current density is relatively low,
which suggests slow charge-transfer kinetics and sluggish
glycerol adsorption. Raising the temperature to 45 °C improves
both the OCP and slope substantially and results in maximum
performance with minimum voltage loss per unit current. The
improvement arises due to enhanced reaction kinetics,
improved mobility of hydroxide ions, and facile diffusion of
glycerol molecules toward the active NiOOH sites.

At elevated temperatures (55–65 °C), the polarization curves
experience less improvement, and at 65 °C, the voltage drops
© 2026 The Author(s). Published by the Royal Society of Chemistry
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slightly with rising current densities. The drop is the result of
enhanced side reactions, such as overoxidation of Ni or elec-
trolyte evaporation, and surface intermediate instability at high
temperatures. These reactions can lead to partial deactivation of
active NiOOH sites or increased cell internal resistance.

Temperature-dependent experiments yielded approximate
activation energies of ∼19 kJ mol−1 from CV currents in the
kinetic regime (charge transfer mediated by NiOOH) and
∼11 kJ mol−1 from Arrhenius analyses of the DGFC peak power
density (whole-cell response including ohmic/transport contri-
butions). Collectively, the average apparent barrier is ∼15 ±

5 kJ mol−1, as expected for an easy NiOOH-facilitated dehy-
drogenation process on the DAP-modied Ni-CNFs. The low-
ered device-level value factors in additional mass-transport
contributions and internal resistance that account for some of
the inherent kinetics.

The corresponding power density–current density plots
exhibit parabolic proles with well-dened maxima, which shi
toward higher current densities as the temperature increases
from 35 to 55 °C. The peak power density increases from ∼80
mWm−2 at 35 °C to ∼145 mWm−2 at 45 °C, and then saturates
at ∼140 mW m−2 at 55 °C. A moderate drop to ∼120 mW m−2

occurs at 65 °C, consistent with the polarization data. The initial
increase in power density with temperature is attributed to the
temperature-activated nature of the redox transition Ni(OH)2/
NiOOH. Increased temperature increases the high-rate Ni(OH)2-
to-NiOOH transformation, the real active phase for glycerol
electrooxidation. That is accompanied by larger charge-transfer
rates (ka) and smaller activation energy. The gradual drop-off
above 55 °C suggests that the kinetic loss associated with
catalyst deactivation and bubble stacking begins to predomi-
nate over the kinetic advantages, suggesting an optimal working
range near 45–55 °C. The maximum power densities achieved
and the trend with temperature parallel other alkaline direct
alcohol fuel cells with Ni-anodes but are signicantly higher in
this instance involving the characteristic Ni–P–N synergy of the
DAP-modied carbon nanober matrix.

The thermal response of the cell is intrinsically associated
with the structural characteristics of the 1 wt% DAP-derived Ni-
CNFs: (1) XPS analysis conrmed the occurrence of P5+ species
of surface phosphate groups coordinating with Ni sites, stabi-
lizing the NiOOH phase by regulating local charge density and
inhibiting thermal oxidation to inactive NiO. (2) N incorpora-
tion improves defect-rich carbon structure, increasing elec-
tronic conductivity and offering stable electron mobility even at
elevated temperatures.

TEM and XRD analysis revealed a metallic Ni core encapsu-
lated by graphitic carbon, collectively forming a stable
conductive network that permits structural stability upon
repeated thermal stressing. These features combined ensure
that the electrode remains stable and retains its catalytic activity
to 55 °C without signicant loss compared to undoped Ni/CNF
systems, which are known to display signicant deactivation by
way of particle agglomeration or carbon corrosion.

The temperature-responsiveness highlights kinetic
improvement over structural stability. At intermediate temper-
atures, enhanced OH− mobility and fast Ni(II)/Ni(III) redox
© 2026 The Author(s). Published by the Royal Society of Chemistry
modications dominate, allowing glycerol oxidation through
subsequent C–H bond activation steps. At temperatures above
55 °C, however, overly extensive intermediate accumulation by
the like of glycerate and formate species can perturb catalytic
turnover and increase local pH gradients, causing somewhat
diminished output. From an application point of view, the
optimal operation window (45–55 °C) gives a good compromise
between stability and performance, conrming the relevance of
the DAP-Ni-CNF electrode to practical DGFCs under moderate
conditions.
4 Conclusions

P,N-doped Ni-contained CNFs were successfully achieved by
electrospinning and post-thermal treatment of nickel acetate
and ammonium phosphate precursors. Structural and surface
investigations revealed the achievement of a conductive,
partially graphitized CNF network containing evenly dispersed
Ni nanoparticles stabilized by phosphate and nitrogen func-
tionalities. The nanobers exhibited superior electrocatalytic
activity toward glycerol oxidation in alkaline media, fueled by
the Ni(II)/Ni(III) redox cycle forming highly active NiOOH sites.
The 1 wt% DAP-nanobers showed the best performance with
a current density of ∼140 mA cm−2, an ECSA of ∼40 600 cm2

g−1, and low activation energy of∼15 kJ mol−1. In direct glycerol
fuel cell operation, the electrode produced a peak power density
of∼200mWm−2, demonstrating great electrochemical stability
in continuous operation. The synergistic effect of P and N
dopants improved redox reversibility, charge transfer, and
resistance to intermediate poisoning. Besides their outstanding
electrochemical performance, the P,N-doped Ni-CNFs offer
a sustainable pathway to convert renewable electricity from
glycerol, an inexpensive by-product of biodiesel production,
into useful electricity. In this manner, this work combines
waste-to-energy conversion, circular bioeconomy, and novel
nanostructured catalyst engineering. The resulting Ni–P–N-
CNFs thus constitute an optimal, durable, and sustainable
anode platform for direct glycerol fuel cells and other emerging
renewable energy devices.
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