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Porous NiCo,0O,4 nanorods as efficient catalysts
for UV-assisted reduction of p-nitrophenol

Nanditha T K,® Mahi Varza Nataraajan,” Shreepooja Bhat,® Arun Kumar Thilipan,®
Madhusudhan Alle,” Raghavendra K. G.# and Gurumurthy S. C. (%@

The catalytic reduction of nitroaromatic pollutants using transition metal oxides has attracted increasing
attention as an alternative to noble-metal-based catalysts. Among these materials, spinel NiCo,O4 has
emerged as a promising catalyst owing to its mixed-valence redox chemistry, good electrical conductivity,
and low cost. However, the relationship between its morphological characteristics and catalytic
performance remains insufficiently understood. In this work, NiCo,O4 nanostructures were synthesized
through a polyvinylpyrrolidone (PVP)-assisted hydrothermal method followed by thermal annealing at
different temperatures to investigate the influence of morphology on p-nitrophenol (PNP) reduction. The
optimised sample exhibited an optical bandgap of approximately 2.9 eV and achieved 99.5% conversion of
PNP under UV irradiation. The enhanced catalytic performance is attributed to the nanorod morphology,
improved active surface area, and efficient interfacial electron transfer. The catalyst retained more than
97% of its activity after five catalytic cycles, demonstrating good stability. These results demonstrate the
potential of morphology-engineered NiCo,0O4 nanorods for catalytic reduction of nitroaromatic pollutants.

1. Introduction

The persistent discharge of synthetic and organic pollutants into
aquatic systems by textile, leather, paper and medical industries
poses serious ecological and health hazards. These pollutants,
particularly nitroaromatic compounds such as p-nitrophenol
(PNP), are among the most hazardous, and are listed as priority
pollutants by the US Environmental Protection Agency due to
their toxicity, carcinogenicity, and resistance to natural degrada-
tion. Alongside these, azo dyes and other nitro-aromatic com-
pounds are chemically stable, non-biodegradable, and often toxic
or carcinogenic. Conventional wastewater treatment methods like
coagulation, flocculation, or biological degradation often fall short
in addressing such pollutants due to incomplete breakdown, high
operational costs, or secondary waste generation."”

To address these limitations, several advanced treatment
approaches like photocatalysis have been investigated. Zinc oxide
nanoparticles have been reported to degrade methylene blue
with over 90% efficiency under visible light within 1-2 hours.?
Hydrothermally synthesized Titanium dioxide nanomaterials
have demonstrated complete degradation of dyes under ambient
sunlight conditions in under 40 minutes,* while enzyme-based
membrane reactors have achieved up to 100% removal of azo dyes
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under mild operating conditions.”> Microalgae-based biosorption
and polysaccharide hydrogel composites have also emerged as
promising alternatives, offering high adsorption capacities and
excellent reusability.®” Recent studies have also explored diverse
remediation strategies, including organic dye degradation using
6,13-pentacenequinone/zinc oxide nanocomposites,® removal of
lead and copper using Bael fruit shell adsorbents,”*® and pollu-
tant removal using Fe-doped hydroxyapatite encapsulated with
alginate.'" Such studies highlight the need for efficient, low-cost,

and reusable materials for wastewater treatment.*>*8

However,
most of these systems target dye molecules under oxidative or
adsorptive mechanisms and are not directly applicable to the
selective chemical transformation of nitroaromatic compounds
such as PNP. For PNP specifically, catalytic reduction to
p-aminophenol (PAP) using NaBH, as a reductant offers a more
targeted route, converting a toxic nitroaromatic into a useful
chemical intermediate with well-defined reaction kinetics."*°
Nanostructured transition metal oxides have attracted
growing attention as cost-effective alternatives to noble metal
catalysts such as Au, Ag, and Pd.>'"** Their redox-active metal
centers facilitate electron transfer between the reductant and
the substrate, which is the rate-determining step in NaBH,-
assisted PNP reduction. In this context, bimetallic oxides offer
an advantage over single-metal oxides because the presence of
two redox-active metal centers creates a synergistic electronic
environment that improves electron transfer efficiency. Nickel
cobaltite (NiCo,0,) is one such earth-abundant bimetallic
oxide, where the coexistence of Ni**/Ni** and Co*"/Co>" redox
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pairs provides enhanced charge transport and structural stabi-
lity, and has been shown to be active for PNP reduction.®**

However, the catalytic performance of NiCo,0, is strongly
dependent on its morphology. One-dimensional (1D) nano-
structures such as nanorods expose a higher density of reactive
crystal facets, provide lower diffusion resistance for reactants,
and support more efficient electron transport along the rod axis
than aggregated particles or nanoflakes. These structural
advantages directly translate to higher reaction rates in
NaBH,-assisted reduction.?*"¢

However, prior studies have tested single catalyst morphol-
ogy under dark conditions only, and a systematic comparison
of morphology-dependent catalytic activity combined with UV-
assisted reduction has not been reported for this material. In
this work, NiCo,0, nanorods are synthesized via a PVP-directed
hydrothermal method followed by thermal annealing. The
catalytic activity of the resulting nanorods is evaluated using
the model reduction of PNP in the presence of sodium borohy-
dride (NaBH,). The influence of annealing temperature on
crystallinity, morphology, and catalytic efficiency is systemati-
cally examined to establish a clear structure-function relation-
ship. Additionally, the contribution of 254 nm UV irradiation to
the NaBH,-assisted reduction pathway is quantified.

2. Experimental

2.1. Chemicals used

p-Nitrophenol (C¢H;NO;), sodium borohydride (NaBH,, 97%,
extra pure), and nickel nitrate hexahydrate (Ni(NOj3),-6H,0, 99%
AR) were sourced from Loba Chemie Pvt. Ltd and cobalt nitrate
hexahydrate (Co(NO;),-6H,0, 98%) was procured from Merck Life
Science Pvt. Ltd. Polyvinylpyrrolidone (PVP) was purchased from
Sigma Aldrich. Milli-Q water was used to prepare all chemicals. No
additional purification was performed on the chemicals used.

2.2. Synthesis of NiCo-LDH

NiCo bimetallic layered double hydroxide (NiCo-LDH) was synthe-
sized via a simple hydrothermal method using nitrate precursors.
In a typical synthesis, nickel nitrate hexahydrate (Ni(NOs),-6H,0,
87.27 mg) and cobalt nitrate hexahydrate (Co(NOs),-6H,0,
145.88 mg) were dissolved in 30.0 mL of deionized water to form
Solution A. In parallel, polyvinylpyrrolidone (PVP) (1 g) was dis-
solved in 30.0 mL of deionized water to prepare Solution B.
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Solution A was slowly added to Solution B under continuous
stirring, and the resulting mixture was stirred for an additional
15 minutes to ensure uniform mixing.

The homogeneous mixture was transferred into a 100 mL
Teflon-lined stainless-steel autoclave and heated at 150 °C for
12 hours in a hydrothermal reactor. After natural cooling to
room temperature, the resulting precipitate was collected by
centrifugation at 8000 rpm, washed thoroughly with deionized
water and ethanol to remove unreacted species and excess PVP,
and then dried in a hot air oven at 60 °C for 12 hours. The as-
synthesized material exhibited a rod-like morphology and
corresponded to a layered Ni-Co hydroxide phase (LDH), which
served as the precursor for NiCo,0, nanorods (Scheme 1).

2.3. Synthesis of NiCo,0, nanostructures

The as-prepared NiCo-LDH powder was thermally treated to
obtain spinel NiCo,0, nanorods. The dried LDH sample was
placed in a ceramic crucible and annealed in a muffle furnace at
three different temperatures: 300 °C (NCO-3), 400 °C (NCO-4),
and 500 °C (NCO-5) for 3 hours each (Scheme 1). Additionally, a
bare NiCo0,0, sample (NCO-B) was prepared under identical
conditions but without using PVP as a structure-directing agent.
Thermal decomposition of the LDH phase during annealing led
to the removal of interlayer water, hydroxyl groups, and nitrate
ions, thereby promoting the formation of the crystalline spinel
NiCo0,0, structure. The synthesized samples, their annealing
conditions, and the corresponding dominant morphologies are
summarized in Table 1.

2.4. Catalytic activity

The catalytic activity of the synthesized catalyst was evaluated
through the reduction of PNP using NaBH, as the reducing
agent. In a typical experiment, 50 puL of 0.005 M PNP solution
was added to 2.5 mL of distilled water in a quartz cuvette.
Subsequently, 100 pL of catalyst dispersion (prepared by dis-
persing 50 mg of catalyst in 20 mL distilled water) was intro-
duced, followed by the addition of 80 pL of freshly prepared
0.5 M NaBH, solution to initiate the reaction. The reaction
progress was monitored in real time using UV-visible spectro-
scopy by recording the decrease in the characteristic absorption
peak of PNP at regular time intervals.

For UV-assisted catalytic experiments, the reaction mixture
was irradiated using a 254 nm UV lamp (8 W, Philips) placed

Ni(NO,), +
Co(NO;),
> NiCo,0,
| '@ /\ ; nanorods
\®==—4 Centrifuge at 7000 _— R
150 °C T rpm ’ . 500 °C
N ) e,
PVP 4 hours I | DI water + o) 3hours
Y \ ) ethanol WJ
« o
[ = o |

Scheme 1 Synthesis of NiCo,04 nanorods (NCO-5).
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Table 1 Summary of sample designations, synthesis conditions, and morphology

Sample PVP Annealing temperature (°C) Dominant morphology

NCO-B No 500 Aggregated particles

NCO-3 Yes 300 Urchin-like structures

NCO-4 Yes 400 Urchin-like structures

NCO-5 Yes 500 Nanorods (avg. diameter: 44 nm, avg. length: 220 nm)

inside a homemade UV irradiation chamber, with the distance
between the lamp and the quartz cuvette maintained at
approximately 6 cm. All experiments were performed under
continuous stirring to ensure uniform dispersion of the dye
solution during irradiation.

To further investigate the reaction kinetics, the experimental
data were analysed using a pseudo-first-order kinetic model, as
described by eqn (1) and (2):

. Ao — A
Reduction percentage = (%) x 100 (1)
0

AN
In (A—O) = —kt

Ao and A; represent the initial absorbance and the absor-
bance at time ¢, respectively. The parameter k denotes the
apparent first-order rate constant.

All catalytic experiments were performed independently in
triplicate under identical experimental conditions, and the
reported values represent the average of three measurements.
Error bars in the corresponding plots represent the standard
deviation of the measurements.

2)

2.5. Characterization

Surface morphology was studied using Field Emission Scan-
ning Electron Microscopy (FESEM), equipped with an EDAX

Bare NCO
3 (” R
# .

(e

detector from TESCAN and Bruker. Structural studies were
carried out using X-ray diffraction (XRD; Rigaku ultima IV).
Optical properties were measured using a SHIMADZU-1900i
UV-visible spectrophotometer. XPS curve fitting was performed
using KherveFitting software.”” X-ray photoelectron spectro-
scopy (XPS) measurements were carried out using a Thermo
Scientific K-Alpha system to analyze the surface chemical compo-
sition and oxidation states of the constituent elements. Photo-
luminescence (PL) studies were performed with a JASCO FP-8500
spectrofluorometer to investigate the recombination characteris-
tics of photogenerated charge carriers. Electrochemical impe-
dance spectroscopy (EIS) and Mott-Schottky analyses were
performed using an OrigaFlex OGF + 01A electrochemical work-
station employing a conventional three-electrode setup with Hg/
HgO as the reference electrode. Brunauer-Emmett-Teller (BET)
analysis of the samples was done using a MICTROTRAC-BELSORP
MINI X.

3. Results and discussion

3.1. Morphological analyses

The morphological evolution of NiCo,0, nanorods annealed at
different temperatures was examined using FESEM, as depicted
in Fig. 1. At 300 °C and 400 °C, the nanorods exhibited a
radiating, urchin-like assembly. Upon annealing at 500 °C, the

1pm
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Fig. 1 FESEM images of (a) NCO-B, (b) NCO-3, and (c and d) NCO-5, revealing morphological evolution with annealing temperature (inset: EDS
spectrum of NCO-5 showing elemental composition). (e and f) Nanorod size distribution histograms of NCO NRs.
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morphology transformed significantly, with individual nanor-
ods becoming more uniformly distributed, exhibiting improved
aspect ratios and smoother surfaces. The average diameter of
these rods was 44 nm. The rod length ranged from 60 nm to
375 nm, with an average of 220 nm.

The observed morphological evolution can be attributed to
enhanced atomic diffusion and recrystallization at elevated
annealing temperatures. At lower temperatures (300-400 °C),
insufficient thermal energy leads to the formation of densely
packed, radiating urchin-like assemblies. Increasing the anneal-
ing temperature to 500 °C promotes grain growth, reduces
surface defects, and improves crystallinity, resulting in more
distinct, uniformly distributed nanorods with smoother surfaces
and higher aspect ratios. In addition, thermal decomposition of
residual precursor species and hydroxides during annealing
further contribute to the restructuring of the nanorod architec-
ture. Similar annealing-induced morphological transformations
have been reported in NiCo,O, and other metal oxide nanos-
tructures. These observations are consistent with earlier studies
reporting similar nanorod morphologies and their thermal
evolution.”®*°

3.2. Structural analysis

The phase evolution and crystallinity of the synthesized NiCo,0,
nanorods annealed at 300 °C, 400 °C, and 500 °C were system-
atically investigated using XRD, as presented in Fig. 2 (b). The as-
prepared NiCo-LDH precursor exhibited broad, low-intensity
reflections characteristic of layered hydroxide structures with

View Article Online
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poor crystallinity.>® Upon annealing at 300 °C (NCO-3), distinct
reflections appeared at 20 = 30.76°, 36.68°, 37.68°, 43.84°, 58.90°,
and 63.98°, corresponding to the (220), (311), (222), (400), (511),
and (440) planes of cubic spinel NiCo,0, (JCPDS No. 20-0781),
confirming phase formation.”® Annealing at 400 °C (NCO-4)
resulted in sharper peaks at 20 = 30.64°, 36.74°, 38.08°, 44.42°,
59.14°, and 64.78°, indicating improved crystallinity and lattice
development. At 500 °C (NCO-5), the XRD profile displayed
highly resolved peaks at 20 = 18.86°, 31.06°, 36.72°, 38.22°,
44.66°, 55.46°, 59.38°, and 64.94°, corresponding to the (111),
(220), (311), (222), (400), (422), (511), and (440) planes, indicating
the formation of a well-crystallized spinel NiCo,0O, phase. These
results align with prior reports on thermal transformation
and lattice ordering of NiC0,0,.2>*' The systematic peak shift
to higher angles with increasing annealing temperature reflects
lattice contraction and internal strain relaxation, attributed
to dehydroxylation and atomic rearrangement during phase
transformation.

3.3. Optical analysis

The optical properties of the optimized NiCo,0, nanorods (NCO-
5) were investigated by ultraviolet visible absorption spectro-
scopy, and the resulting spectrum is shown in Fig. 2(a). The
NCO-5 sample exhibits a broad, monotonically decreasing
absorption profile extending from the ultraviolet into the visible
region, with a pronounced absorption shoulder in the 250-
350 nm range. This broad-band absorption is characteristic of
spinel nickel cobaltite materials and arises from a combination
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(a) UV-vis absorption spectrum of NCO-5, with the inset showing the corresponding Tauc plot used for estimation of the optical bandgaps. (b)

XRD patterns of NCO-LDH, NCO-B, NCO-3, NCO-4, and NCO-5 compared with standard cubic spinel NiCo,O4 (JCPDS No. 20-0781). (c) XPS survey
spectrum of NCO-5. High-resolution XPS spectra of (d) Ni 2p, (e) O 1s, and (f) Co 2p for NCO-5.
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of charge transfer transitions between oxygen 2p and metal 3d
states and d-d transitions associated with nickel and cobalt
cations in octahedral and tetrahedral sites, as reported in pre-
vious studies on NiCo,0, nanostructures prepared via solution-
based routes.>” The strong absorption in the ultraviolet region
indicates that NCO-5 can efficiently harvest high-energy photons
from the 254 nm UV source (8 W, 4 = 254 nm) used in the
catalytic experiments, thereby providing a high density of photo-
excited charge carriers that can participate in the reduction of
PNP in the presence of NaBH,.*?

The inset of Fig. 2(a) presents the Tauc plot, where the
quantity (xhv)” is plotted as a function of photon energy. The
Tauc formalism assumes a direct allowed electronic transition
and is frequently applied to spinel metal oxides such as
NiCo,0, because their optical response is dominated by direct
band-to-band transitions, as demonstrated in earlier reports on
NiCo,0, thin films and nanopowders.>* In the present case,
two linear regions can be resolved in the Tauc plot, and linear
extrapolation of these regions to the energy axis yields two
apparent optical transition energies of approximately 2.9 eV
and 3.4 ev.*®

The lower energy transition around 2.9 eV can be attributed
to the fundamental bandgap associated with charge transfer
between the oxygen 2p band and the hybridized nickel cobalt
3d conduction band, which is consistent with literature band-
gap values for NiCo,0, nanostructures typically reported in the
range from 2.0 to 2.5 eV for bulk-like samples and up to about
3.0 eV for size-confined particles.® The slightly higher value of
2.9 eV observed for NCO-5 is consistent with nanosize effects
from the nanorod morphology and the annealing temperature,
as nanostructured NiCo,0, commonly exhibits blue-shifted
bandgaps relative to bulk values.?”

The second transition at approximately 3.4 eV corresponds
to higher energy charge transfer processes involving deeper-
lying oxygen states and metal-centered orbitals. The presence of
two distinct optical transitions is consistent with multiple
bandgaps reported for NiCo,O, nanostructures, such as 2.06/
3.63 eV in core-ring nanoplatelets®” and similar dual features in
urchin-like microspheres.*®

The strong absorption extending to 254 nm (4.88 eV photon
energy) is particularly significant for this study, as the catalytic
experiments employed a source emitting predominantly at
254 nm.*® Since this photon energy exceeds both observed
transitions (2.9 eV and 3.4 eV), each absorbed photon provides
sufficient energy for band-to-band excitation and populates
higher electronic states, enhancing the driving force for charge
transfer in UV-assisted PNP reduction.”’

3.4. XPS analyses

XPS analyses was carried out to investigate the surface chemical
composition and oxidation states of NCO-5, and the corres-
ponding spectra are shown in Fig. 2(c-f). The survey spectrum
confirmed the presence of Ni, Co, and O, with no detectable
impurity peaks.

The high-resolution Ni 2p spectrum was deconvoluted
using Voigt fitting profiles after Shirley background subtraction.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The fitted peaks centred at 854.66 and 872.06 eV correspond to
Ni** 2p*? and Ni?" 2p*/2, respectively, while the peaks located at
856.38 and 873.88 eV are assigned to Ni*" species. Satellite peaks
observed at 862.10 and 880.03 eV further confirm the mixed-
valence nature of nickel in the spinel framework. The fitted Ni 2p
peaks exhibited full width half maximum (FWHM) values in the
range of 1.65-3.16 eV, whereas the satellite peaks showed
broader FWHM values of approximately 5.2-5.3 eV.

The Co 2p spectrum also exhibited characteristic mixed-
valence Co®"/Co’" features. The Co>* peaks located at 780.35 eV
(Co 2p*?) and 795.46 eV (Co 2p*/?), together with the Co** peaks
centred at 781.95 and 797.07 eV, confirm the coexistence of
multiple cobalt oxidation states within the NiCo,0, structure.
In addition, shake-up satellite peaks observed at 787.11 and
804.63 eV further support the spinel nature of the material. The
fitted Co 2p peaks exhibited FWHM values in the range of 2.08-
2.60 eV, while the satellite peaks showed broader FWHM values
of approximately 5.0-5.7 eV.

The O 1s spectrum was deconvoluted into three components
centred at 530.10, 531.61, and 532.52 eV with FWHM values of
1.53, 1.56, and 1.69 eV, respectively. The peak at 530.10 eV
corresponds to lattice oxygen associated with the NiCo0,0,
framework, while the component at 531.61 eV is attributed to
defect-related oxygen species. The higher binding energy peak at
532.52 eV is associated with surface-adsorbed oxygen-containing
species and hydroxyl groups. The relative concentrations obtained
from O 1s fitting were 62.3%, 26.8%, and 10.9%, respectively,
indicating the predominance of lattice oxygen together with a
noticeable contribution from surface defect-related oxygen species.

All spectra were fitted using constrained spin-orbit splitting
and area ratios for the corresponding doublets. The satisfactory
fitting quality and quantitative deconvolution support the suc-
cessful formation of mixed-valence spinel NiCo,O, nanorods.

In spinel NiCo,0,, the Ni 2p and Co 2p binding energies are
primarily governed by the intrinsic mixed-valence states of Ni
and Co within the spinel framework and are generally not
expected to vary significantly with morphology or annealing
temperature. Previous studies on NiCo,0, prepared under
different synthesis and annealing conditions have similarly
reported consistent XPS peak positions for the spinel phase.
Therefore, XPS analysis of NCO-5 is considered representative
of the surface chemical states of the NiCo,0, samples investi-
gated in this work.

3.5. BET surface area and pore analysis

To examine the porous structure and specific surface area,
nitrogen adsorption-desorption isotherms were measured for
NCO-B and NCO-5. Both samples exhibit Type IV isotherms with
H3-type hysteresis loops (Fig. 3), confirming mesoporous struc-
tures with slit-shaped pores consistent with their respective
morphologies. The BET specific surface area and total pore
volume of NCO-B were determined to be 388.15 m*> g ' and
1.37 em® g7, respectively, significantly higher than those of
NCO-5 (68.06 m®> g ', 0.76 cm® g~ ). However, micropore (MP)
plot analysis reveals that NCO-B possesses a notable micropore
volume (~0.095 cm® g~ "), indicating that a substantial fraction
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Fig. 3 Nitrogen adsorption—desorption isotherms of (a) NCO-B and (b) NCO-5. The inset shows the corresponding BJH pore size distribution curves.

of its surface area arises from micropores with diameters
~1.8 nm. In contrast, NCO-5 shows negligible microporosity,
with its pore structure dominated by larger mesopores. The BJH
average pore diameter of NCO-5 (46.47 nm) is approximately
3.8x larger than that of NCO-B (12.22 nm), while the BET
average pore diameter follows the same trend (22.26 nm vs.
7.05 nm). The larger pore diameter of NCO-5 facilitates easier
diffusion of p-nitrophenolate ions and BH,  to the catalytically
active Ni and Co surface sites, while the predominantly micro-
porous surface area of NCO-B is largely inaccessible to these
reactant molecules. The higher BET constant (C) of NCO-5
(145.33 vs. 51.25 for NCO-B) further suggests stronger surface-
adsorbate interactions at NCO-5 active sites. These results
demonstrate that pore accessibility, active site availability, and
surface-adsorbate interaction strength contribute to the catalytic
performance rather than total surface area.

3.6. Catalytic activity

The catalytic reduction performance of the synthesized NiCo,0O,
samples was evaluated through the conversion of PNP to PAP in
the presence of NaBH, under different catalytic conditions. Prior
to the catalytic experiments, control studies involving only NaBH,
and only the NCO-5 catalyst without NaBH, were carried out, and
the corresponding UV-vis spectral evolutions are provided in the
SI (Fig. S1). In the absence of a catalyst, the reduction of PNP
using only NaBH, proceeded very slowly and took around 150
minutes for complete reduction (Fig. S1(a)), indicating limited
direct electron transfer between BH, ions and PNP molecules.
Similarly, the catalyst-alone (Fig. S1(b)) system under UV irradia-
tion exhibited a lower conversion efficiency (62.5% in 90 minutes)
under identical conditions, confirming the important role of
NaBH, in facilitating the reduction process.

The time-dependent UV-vis spectral evolution for NCO-B,
NCO-3, and NCO-5 is presented in Fig. 4(a—c). In all cases, the
characteristic absorption peak of p-nitrophenolate ions at
approximately 400 nm gradually decreased with reaction time,
indicating the progressive reduction of PNP. Among the inves-
tigated samples, NCO-5 exhibited the fastest reduction rate,

Mater. Adv.

achieving nearly complete conversion within 13 min, whereas
NCO-3 and NCO-B required approximately 18 and 20 min,
respectively. The enhanced catalytic performance of NCO-5
demonstrates the significant influence of morphology evolu-
tion on catalytic activity.

The improved catalytic activity of NCO-5 may be attributed
to its interconnected nanorod architecture, which enhances the
accessibility of catalytically active sites and facilitates more
efficient interfacial electron transfer during reduction.
Although BET analysis (Fig. 3) revealed a comparatively higher
surface area for NCO-B, the superior catalytic performance of
NCO-5 suggests that catalytic activity is governed not only by
surface area but also by morphology-dependent factors such as
reactant diffusion pathways and charge-transfer efficiency.

Fig. 4(d) shows the UV-assisted catalytic reduction of PNP using
NCO-5 in the presence of NaBH, under 254 nm UV irradiation.
Under UV illumination, the reduction process was significantly
accelerated, achieving nearly complete conversion within 7 min.
The enhanced activity under UV irradiation may be associated with
photo-assisted charge generation in NiCo,0O,, which promotes
more efficient electron transfer during the reduction reaction.*'

Furthermore, the time-resolved UV-vis spectra in Fig. 4(a-d)
show no absorption peaks at 320-330 nm or 240 nm at any time
point during the reaction, ruling out the accumulation of nitroso-
benzene and hydroxylaminobenzene, respectively, which are the
two known partial reduction intermediates in the PNP to PAP
pathway. The progressive and clean growth of the PAP peak at
300 nm confirms selective and complete reduction without detect-
able byproduct formation under the excess NaBH, conditions used.

The conversion efficiency plots shown in Fig. 4(e) further
confirm the catalytic activity trend, following the order:

NCO-B < NCO-3 < NCO-5 < NCO-5 + UV
The kinetic behavior of the catalytic reduction process was
analysed using an apparent pseudo-first-order kinetic model with

respect to PNP concentration, as shown in Fig. 4(f). Since NaBH,
was employed in large excess relative to PNP, its concentration

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Catalytic reduction of PNP using morphology-engineered NiCo,O4 samples: (a—c) time-dependent UV-vis spectral evolution of PNP reduction
in the presence of NCO-B, NCO-3, and NCO-5 catalysts along with NaBH,, respectively; (d) UV-vis spectral evolution of PNP reduction using NCO-5
and NaBH, under UV irradiation (inset: visual image showing the conversion of PNP to PAP); (e) conversion percentage of PNP under different catalytic
conditions; (f) apparent pseudo-first-order kinetic plots [In(C/Co) versus time] for the catalytic reduction of PNP under different conditions.

was assumed to remain effectively constant during the reaction.
The corresponding In(C,/C,) versus time plots were linear for all
catalytic systems, confirming the applicability of the apparent
pseudo-first-order approximation. Among the investigated
samples, NCO-5 under UV irradiation exhibited the highest
apparent rate constant, followed by NCO-5, NCO-3, and NCO-B,
respectively.

For optimization, the volumetric ratios of the dye, catalyst,
and NaBH, were systematically varied as shown in Table 2. The
condition 50-100-80 (PNP-NCO-NaBH, in pL) demonstrated
the highest reduction rate, achieving 99.1% conversion in
13 minutes. This condition was more effective than the others,
offering faster reaction and higher yield. Increasing the amount
of catalyst or reducing agent beyond this point did not improve
the outcome, likely due to limitations in reaction kinetics or the
saturation of the catalyst’s active sites.

Table 2 Catalytic conversion of PNP under varying reactant ratios

PNP (uL) NCO (L) NaBH, (L) Conversion (%) Time (min)
50 90 100 98.7 8
50 90 90 99.8 16
50 100 100 22.2 10
50 100 80 99.1 13
40 90 100 99.9 11
40 100 90 99.0 12

© 2026 The Author(s). Published by the Royal Society of Chemistry

To quantitatively assess the catalytic performance of the
optimized 50-100-80 (PNP-NCO-NaBH, in pL) condition, the
reaction kinetics were evaluated using a pseudo-first-order
model. As shown in Fig. S2(f), -In(C,/C,) was plotted against
time (¢), where C, and C, represent the concentrations of PNP at
time ¢ and the initial time, respectively.

For NCO-5, a strong linear correlation (R*> = 0.9917) was
observed, indicating that the reaction adheres to pseudo-first-
order kinetics under the applied conditions. The slope of the
linear fit yielded a rate constant (k) of 0.364 min~ "', which is
considerably higher than the other optimally catalysed reductions.
This high-rate constant demonstrates the remarkable efficiency of
the NiCo,0, catalyst in combination with NaBH, in accelerating
the reduction of PNP to PAP.

Fig. S2 shows the conversion percentage and rate constant
plots of all catalysts and the control reaction (only NaBH,)
under the same optimised conditions.

Similar studies were conducted under UV-light illumination
(254 nm), and the results showed a further reduction in reduction
time.*” When the catalytic performance of the optimized 50-100-
80 (PNP-NCO-5-NaBH, in pL) condition was evaluated under UV
illumination, 99.51% reduction was observed in 7 minutes.

To further understand the conversion of PNP to PAP, FTIR
spectra of the reaction solutions obtained before and after cata-
Iytic reduction using NiCo,O, are presented in Fig. S3 (supple-
mentary information, SI). The §(C-H) aromatic bending vibration
near 777 cm™ " and v(C-0) stretching vibration around 1219 cm ™
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are retained in both spectra, indicating preservation of the
aromatic phenolic framework during the reduction process.
The characteristic v(NO,) vibration observed near 1500 cm™* in
PNP shows a marked reduction in intensity after catalysis, accom-
panied by the appearance of §(N-H) bending near 1630 cm™ " in
the PAP spectrum, indicating conversion of the nitro group to an
amino group. In addition, the broader absorption feature
observed in the v(N-H +O-H) region for PAP compared to the
relatively sharper v(O-H) band in PNP further supports the
formation of amino-containing products after catalytic reduction.

Table 3 compares the catalytic activity of NCO-5 nanorods
with other state-of-the-art nanocatalysts used in PNP reduction.
This highlights the potential of the synthesized nanorods as
sustainable nanocatalysts.

To identify the active species involved in the catalytic
reduction of PNP, radical scavenger experiments were carried
out using ammonium oxalate (AO), p-benzoquinone (BQ), and
isopropyl alcohol (IPA), which act as scavengers for holes (h"),
superoxide radicals (*O, ™), and hydroxyl radicals (*OH), respec-
tively. As shown in Fig. 5(a), the catalytic reduction efficiency
was significantly suppressed in the presence of BQ and IPA
compared to the reaction without scavengers. In the case of AO,
only a slight decrease was observed. Among the investigated
scavengers, BQ caused the maximum suppression in catalytic
activity, indicating that superoxide radicals play a dominant
role in the UV-assisted reduction process. The noticeable
decrease observed with IPA further suggests the involvement
of hydroxyl radicals during catalysis. In contrast, the relatively
smaller change in catalytic performance in the presence of AO
indicates that photogenerated holes have a comparatively lower
contribution to the overall reaction. These results suggest that
the enhanced catalytic activity under UV irradiation is mainly
associated with reactive oxygen species generated through
photo-assisted charge-transfer processes.

The stability and reusability of the optimized NCO-5 catalyst
were evaluated through repeated catalytic reduction cycles of
PNP under identical experimental conditions. After each cycle,
the catalyst was recovered by centrifugation, thoroughly washed
with distilled water and ethanol to remove residual reactants
and products, and subsequently reused for the next catalytic
cycle without additional treatment.

As shown in Fig. 5(b), the catalyst retained high catalytic
activity over five successive cycles, with reduction efficiencies of
99.5%, 98.8%, 99.2%, 99.0%, and 97.1%, respectively. Only a
slight decrease in catalytic performance was observed after
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repeated cycling, indicating good structural stability and resis-
tance to deactivation under the investigated reaction conditions.

The small fluctuations in conversion efficiency between
intermediate cycles are attributed to minor experimental varia-
tions associated with catalyst recovery, redispersion, and hand-
ling during repeated reuse experiments.

To further evaluate the structural stability of the catalyst
after repeated catalytic operation, FESEM and XRD analyses
were performed on the recycled NCO-5 catalyst after the fifth
cycle, as shown in Fig. 5(c and d). The FESEM image reveals
that the interconnected nanorod-like morphology is largely
retained even after repeated catalytic cycles, indicating good
morphological stability under the investigated reaction condi-
tions. The corresponding EDS spectrum is given in Fig. S5 (SI).
The XRD pattern of the recycled catalyst retained the character-
istic diffraction peaks of spinel NiCo,0,, without noticeable
impurity peaks or significant peak shifts, confirming the pre-
servation of the crystalline phase after repeated catalytic cycles.

The photoelectrochemical properties of NCO-5 and NCO-B
were investigated using PL spectroscopy, EIS, and Mott-
Schottky analysis as given in Fig. S4 (SI). The PL emission
spectra recorded under 275 nm excitation (Fig. S4(a)) show that
both samples exhibit emission bands at ~420, ~470, and
~570 nm, attributed to near band edge transitions, oxygen
vacancy defect states, and deep level defect emissions, respec-
tively; NCO-5 displays significantly higher emission intensity,
indicating a richer concentration of oxygen vacancies and
redox-active surface sites.*® The Nyquist plots (Fig. S4(b)) reveal
a smaller semicircle for NCO-5 compared to NCO-B, confirming
lower charge-transfer resistance and faster interfacial electron-
transfer kinetics. The Mott-Schottky plots of NCO-5 and NCO-B
(Fig. S4(c)) were obtained in 6 M KOH electrolyte using a Hg/
HgO reference electrode at a fixed frequency of 1 kHz. The
negative slopes observed for both samples confirm their p-type
semiconductor nature, consistent with reported NiCo,0, spinel
structures.’® The flat-band potentials were determined from the
x-intercepts of the linear fits to be —0.016 V and —0.002 V vs.
Hg/HgO, corresponding to +0.082 V and +0.096 V vs. NHE for
NCO-5 and NCO-B, respectively (conversion: E(NHE) = E(Hg/
HgO) + 0.098 V in 6 M KOH). The smaller slope magnitude of
NCO-5 compared to NCO-B suggests a relatively higher charge-
carrier density in the nanorod morphology, consistent with its
lower charge-transfer resistance observed in EIS and superior
catalytic performance. The band edge positions were estimated
using the empirical Mulliken electronegativity approach,®

Table 3 Comparative catalytic performance of NCO-5 nanorods with recent nanocatalysts for NaBH,4-assisted PNP reduction

Catalyst system Pollutant Time (min) Conversion (%) Kapp (min™") Ref.
NCO-5 BNRs PNP 13 99.1 0.3644 This work
NCO-5 BNRs (UV) PNP 7 99.51 0.7798 This work
Fe;0,@CS-AgNi (core-shell BMPs) PNP 6 100 0.56 43
AgNi@ZnO nanocomposite PNP 2-3 ~100 0.852 44
Nip.sMng 5C0,0, NPs PNP (0.4 M) few min >90 0.690 45
NiCo,0, NPs PNP 90 ~100 — 46
4%Zn-1.5%Pd/NZVI PNP (50 mg L) 1 ~100 0.095 47
Zinc-doped cobalt oxide PNP (0.13 mmol L) 8 100 0.4 48
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Fig. 5 (a) Scavenger trapping experiments during UV-assisted catalytic reduction of PNP using NCO-5 in the presence of ammonium oxalate (AO),
p-benzoquinone (BQ), and isopropyl alcohol (IPA) showing reduction percentages; (b) reduction percentage vs. cycle number plot showing recyclability
performance of NCO-5 over five successive catalytic cycles with corresponding error bars; (c) FESEM image and (d) XRD pattern of the recycled NCO-5
catalyst after 5 consecutive catalytic cycles.

yielding Ecg and Eyg of approximately —0.003 V and +2.90 Vvs.  (+ 2.90 V vs. NHE) exceeds the *OH/OH™ oxidation potential
NHE based on the optical bandgap of 2.9 eV. The Eyg position (+ 1.99 V vs. NHE), confirming thermodynamic feasibility of
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Scheme 2 Schematic illustration of the proposed Langmuir—Hinshelwood catalytic reduction mechanism of PNP over NiCo,O4 nanorods under dark
and UV-irradiated conditions.
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hydroxyl radical generation via photogenerated holes. Although
the Ecg is in close proximity to the O,/°O,™ reduction potential
—0.33 Vvs. NHE), superoxide radical generation likely proceeds
via surface-mediated pathways facilitated by oxygen vacancy
defect states, consistent with the dominance of *O,™ observed
in scavenger experiments.

3.7. Mechanistic discussion

Scheme 2 shows the catalytic reduction of PNP to PAP over
NiCo,0,4 nanorods, which proceeds via a Langmuir-Hinshel-
wood surface mechanism. Upon the addition of NaBH,, PNP
transforms to p-nitrophenolate ions and adsorbs onto the
catalyst surface. Here, interfacial electron transfer from BH, ™
(donor) to the adsorbed nitrophenolate (acceptor) drives the
reduction to PAP, which subsequently desorbs from the catalyst
surface. The mixed-valence Ni**/Ni*" and Co>*/Co** redox cen-
tres confirmed by XPS facilitate this electron relay, while the
accessible pore structure of NCO-5 (pore size: 22.26 nm from
BET) promotes efficient reactant diffusion to active sites.

Under UV irradiation, photogenerated electron-hole pairs in
NiCo,0, (p-type, E; = 2.9 eV) may facilitate the formation of
reactive oxygen species. The photogenerated charge carriers inter-
act with oxygen and water molecules at the catalyst surface,
generating superoxide (*O,~) and hydroxyl radicals (*OH). The
conduction band position of NCO-5 is sufficiently negative relative
to the O,/°0,  potential to thermodynamically support *O,~
generation. This is supported by the results earlier discussed in
the Mott-Schottky analysis. Scavenger experiments suggest the
relative contribution order of reactive species as *O,” > *OH >
h*, where the minor role of holes is attributed to the direct
electron-donating action of BH, in the reaction medium. The
enhanced performance of NCO-5 under UV irradiation thus arises
from the synergistic combination of surface-mediated electron
transfer and photo-assisted generation of Reactive Oxygen
Species (ROS).

4. Conclusions

Spinel NiCo,0, nanorods derived from the thermal transforma-
tion of NiCo-layered double hydroxide at 500 °C exhibit
enhanced catalytic activity for the reduction of PNP to PAP using
NaBH,. The optimized NCO-5 catalyst achieved 99.1% conver-
sion within 13 min under dark conditions (kapp = 0.364 min™")
and 99.5% conversion within 7 min under 254 nm UV irradia-
tion (kapp = 0.779 min~"). The improved catalytic performance is
attributed to the nanorod morphology, accessible pore structure,
and enhanced interfacial charge-transfer characteristics of the
NiCo,0, framework. Scavenger studies together with PL and EIS
analyses further supported the role of photo-assisted charge
transfer and reactive oxygen species generation during UV-
assisted catalysis. The catalyst retained high catalytic activity
after five successive cycles, demonstrating good operational
stability and recyclability. The present study is limited to the
reduction of a single model nitroaromatic pollutant under
strongly alkaline conditions in the presence of excess NaBH,,
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which may not fully represent practical wastewater environ-
ments. Future work should focus on evaluating catalyst perfor-
mance in complex wastewater systems, in continuous-flow
operation, and under visible-light-assisted catalytic conditions.
Overall, the results demonstrate the potential of morphology-
engineered bimetallic oxides for catalytic reduction of nitroaro-
matic pollutants.
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