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Nickel oxide (NiOx) nanoparticles are widely studied as earth-abundant p-type metal oxide

semiconductors, and numerous applications spanning emerging electronic, optoelectronic and energy-

related devices have been proposed. In this work, we systematically investigate the impact of modifying

the nickel precursor, precipitating base and calcination temperature on the formation of NiOx via a

chemical precipitation synthesis, identifying the critical role of intermediate phases in controlling final

product morphology. We investigate the products prepared by precipitating nickel acetate/nitrate with

sodium hydroxide/bicarbonate and show that the intermediates formed, crystalline nickel hydroxide

(Ni(OH)2) or amorphous basic nickel carbonate (Nim(OH)n(CO3)p), are directly governed by the choice of

base. The morphology of the intermediates is further dependent on the nickel precursor; the crystalline

Ni(OH)2 prepared from Ni(NO3)2 yields flake-like structures, whilst Ni(OAc)2 results in spherical particles

and those precipitated using NaHCO3 result in spherical particles. Thermal analysis of the intermediates

reveals the temperature range of their degradation and subsequent NiOx formation, with calcination

carried out at 270, 450 and 650 1C. The spherical intermediates retain this morphology; however, they

progressively coarsen with increasing temperature, whilst the flake-like structures evolve into ring-like

features at 450 1C that then fragment at 650 1C. Overall, our results establish clear links between the

precursor chemistry, intermediate-phase formation, and decomposition pathway during calcination,

demonstrating how these stages collectively govern the structure, surface structure chemistry and

morphology of the resulting NiOx. These findings provide a practical framework for rationally tuning

NiOx powders through low-complexity, wet-chemical processing, and are also relevant to the broader

preparation of metal oxide nanomaterials.

Introduction

Nanoscale nickel oxide (NiO) structures, e.g. particles, sheets,
spheres and flakes, have been widely explored for applications
spanning energy conversion and storage, catalysis, sensing and
more recently in biomedical and healthcare spaces.1–5 Imple-
mentation across such a diverse spectrum of applications is
possible owing to the unique combination of optoelectronic
properties—governed by facile defect and stoichiometry tun-
ability, excellent chemical stability, low toxicity and earth
abundance—affording readily synthesised materials that can

be prepared at low-cost and at scale.6–8 NiO adopts a rock-salt
structure, consisting of two interpenetrating face-centred cubic
(fcc) sublattices of Ni2+ and O2� ions. At room temperature NiO
is an insulator, with a bandgap of 3.6–4 eV9,10 and a low intrinsic
carrier concentration; however, NiO commonly exhibits p-type
semiconducting behaviour arising from its non-stoichiometry
(thus NiOx, where x 4 1).11,12 The origin of this behaviour is
attributed to the formation of nickel vacancies (V��Ni) that are
compensated for by the oxidation of neighbouring Ni atoms
(Ni2+ - Ni3+). The valence band (VB) comprises mostly of O 2p
states hybridised with Ni 3d states, the conduction band (CB)
being primarily Ni 3d like in character, thus the magnitude of
the O 2p to Ni 3d transition governs the magnitude of the
bandgap.13,14 The formation of V��Ni occurs, and the resulting
Ni3+ states lie near the top of the VB, enabling hole transport i.e.
p-type semiconducting behaviour. Whilst there may be some
oxygen vacancies (V��O) present, they do not make an effective
contribution to the conductivity, tending rather to localise on Ni
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sites, reducing the metal, rather than contributing to the CB. The
incorporation of extrinsic dopants, e.g. Cu and Li, has been
explored to increase the hole concentration, thus enhancing the
p-type characteristics.15,16 The case of Li is more straightforward,
with Li+ substituting Ni2+, requiring charge compensation through
oxidation to Ni3+ and increasing hole concentration. With Cu, the
situation is more complex owing to the accessibility of both Cu+

and Cu2+ oxidation states. Cu+, induces charge compensation,
analogous to LI+ however isovalent doping with Cu2+ has little
direct effect on the carrier concentration but can alter morphology.
Careful control of processing conditions is therefore required to
stabilise the desired oxidation state and optimise the effects of
doping.17–19

With growing research activity focusing on tailoring the proper-
ties of thin-film and bulk NiOx, there has been parallel interest in
NiOx nanomaterials, affording improvements in dispersibility in
solution, creating pathways to large area deposition, as well as
processing on flexible substrates.9 Furthermore, the markedly
increased surface-area-to-volume ratio achievable, reduced ion-
diffusion lengths and enhanced specific capacitance combined
with tuneable optical and magnetic behaviour make the pursuit of
the controlled synthesis of NiOx extremely desirable.10,20–22 Indeed,
controlling nanoscale morphology is crucial to continue making
advances in sensing (surface area, porosity, facet exposure), energy
storage (ion transport and structural stability) and charge transport
(film continuity, microstructure, roughness). Consequently, a vari-
ety of strategies have been developed to prepare nanoscale NiOx,
which can be broadly divided into physical, biological, and
chemical methods.10,23 Pulsed laser ablation (PLA) and mechanical
milling are among the physical methods, both regarded as top-
down techniques i.e. reducing bulk materials to the nanoscale.10

PLA generates ligand-free nanomaterials with clean surfaces that
require no purification,24 whereas mechanical milling is favoured
for its simple operation and ease of scale-up.25 Despite these
merits, physical routes in general suffer from high energy con-
sumption and expensive instrumentation requirements.10,26 Bio-
logical and chemical routes instead follow bottom-up assembly,
during which atoms or molecules assemble into nanoscale
structures.10 The biogenic synthesis is known for its sustainability,
as plant extracts (e.g., leaves, roots, fruits, flowers) or microbial
extracts (e.g., bacteria, algae, fungi) act as natural reducing,
stabilizing, and capping agents.10,23,27 Yet this green method is
limited by the batch-to-batch variability of biological extracts,
leading to poor reproducibility.23 Within this context, chemical
synthesis has emerged as a popular route for producing NiOx

nanomaterials, owing to its high yield, cost-effectiveness, scalabil-
ity, and reproducibility. Notable examples include sol–gel, hydro-
thermal, thermal decomposition, microwave-assisted, and
precipitation approaches.9,10,12,23,26 Among these, hydrothermal
synthesis is particularly effective for obtaining highly crystalline
products with well-controlled size and morphology. Numerous
morphologies have been reported in a diverse range of applica-
tions, for example nanoworms, nanorods, and nanoparticles being
explored for photocatalytic applications,28 flower-like architectures
for enhanced gas-sensing,29 and hexagonal flake-like structures for
antibacterial studies.30 Despite the versatility, such routes are

energy and time intensive, requiring extended reaction times and
the use of elevated temperature and pressure. In contrast, chemical
precipitation offers process simplicity, scalability and—in princi-
ple—the ability to readily tune particle size and morphology.26

However, the resulting NiOx is commonly reported as irregular or
particle-like, underscoring the limitation of this method in terms of
morphological diversity.31,32 Thus, morphological control of NiOx

relying on chemical precipitation remains challenging and the
fundamental relationships between reaction conditions and final
product morphologies remain largely unexplored.

Here, we systematically investigate the influence of the key
parameters in the chemical precipitation synthesis of NiOx,
elucidating the role of the base, nickel precursor and calcina-
tion temperature in determining the structure, surface chem-
istry and morphology of a range of NiOx nanomaterials. We
find that the intermediates prepared have a composition that is
directly controlled by the choice of base, with sodium hydroxide
(NaOH) yielding crystalline nickel hydroxide (Ni(OH)2) and
sodium bicarbonate (NaHCO3) producing amorphous basic
nickel carbonate (Nim(OH)n(CO3)p). The intermediates and cal-
cined NiOx all adopt a spherical morphology, except the pro-
duct of Ni(NO3)2 precipitated with NaOH, which has a flake-like
intermediate that is retained after low-temperature calcination,
then evolves into a ring-like morphology and subsequently
fragments at elevated temperature. By correlating reaction
conditions with characteristics of both intermediate species
and the oxide products, we develop a better understanding of
the formation of NiOx nanoparticles throughout the precipita-
tion–calcination process.

Results and discussion

We employed a chemical precipitation route to prepare NiOx

nanomaterials, with the reaction pathway illustrated in Fig. 1,
and the experimental parameters are summarised in Table S1.
In this approach, a base is introduced into an aqueous nickel
salt solution to generate an insoluble Ni-intermediate (eqn (1)),
which via calcination is converted into NiOx (eqn (2)). Under-
standing both processes is therefore essential for interpreting
the properties of the final products.

Nickel salt + Base - Nickel intermediate (1)

Nickel intermediate - NiOx + Volatile species (2)

Intermediate formation

We utilised two aqueous nickel solutions, obtained from nickel
nitrate (Ni(NO3)2) and nickel acetate (Ni(OAc)2), that were each
precipitated using two bases, sodium hydroxide (NaOH) and
sodium bicarbonate (NaHCO3), creating four intermediate spe-
cies. Both nickel precursors are soluble in water; however, for
each, different anions will be formed during dissolution, namely
NO3

� and OAc�. The bases differ considerably in base-strength,
for NaOH pKb = 0.2 and NaHCO3 pkb1 = 7.65 (HCO3

� + H2O "

H2CO3 + OH�) and pkb2 = 3.67 (CO3
2� + H2O " HCO3

� + OH�).33

The precipitated intermediates were washed with deionised water
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and oven-dried at 70 1C. The structure, surface chemistry and
morphology of the intermediates prepared were comprehensively
studied using a combination of scanning electron microscopy
(SEM), Fourier transform infrared spectroscopy (FTIR), X-ray
diffraction (XRD) and X-ray photoelectron spectroscopy (XPS).

Morphological comparison of the four intermediates was
carried out using SEM, as shown in Fig. 2a, considering first the
intermediates precipitated using NaOH. As a strong base, NaOH
provides a high concentration of OH� upon addition to the Ni2+

precursor solution, resulting in immediate supersaturation and
precipitation, thereby generating many nuclei at the early stage of
the reaction.34,35 This rapidly lowers the concentrations of reac-
tants, making further nucleation less favourable, with crystal
growth becoming the dominant process.36 With Ni(NO3)2 as the
Ni source, flake-like structures (large lateral dimensions, low
thickness) exhibiting an average in-plane size of 57.9 nm were
observed. The corresponding XRD pattern, Fig. 2b, shows clearly
defined, relatively sharp peaks that align with the reference pattern
(ICDD: 00-059-0462), confirming the formation of a crystalline
hydroxide phase with a layered structure. The relative increase in
the intensity of the (101) diffraction peak relative to the (001) is
consistent with the flake-like structure observed by SEM. In
contrast, with Ni(OAc)2 a spherical morphology is seen for the
intermediate product, for which an average diameter of 25.8 nm
was measured, and whilst the corresponding XRD data show
overlap in peak position with the Ni(NO3)2 : NaOH data the mor-
phological differences mean that the influence of preferred orien-
tation seen with Ni(NO3)2 are not seen here but there is obvious
anisotropic broadening of the (001), (101), and (102) peaks.

The layered structure of Ni(OH)2 results in strong in-plane
bonding that maintains order; however, weaker interlayer

interactions permit translations in the a- and b-planes and rotations
along the c-axis.37,38 It is clear that the conditions of the
Ni(NO3)2 : NaOH precipitation facilitate formation of the anisotro-
pic, flake-like structures, consistent with the formation of b-
Ni(OH)2.39 For the spherical particles prepared from Ni(OAc)2 :
NaOH, the peak broadening is attributed to stacking faults.40 Such
disorder can be explained by considering the different coordination
behaviour of the precursor anions. Specifically, acetate anions
exhibit higher Lewis basicity than nitrate anions,33,41 and the two
oxygen donor sites make bidentate or bridging coordination
possible,42 enhancing the interaction with Ni2+, thereby influencing
the nucleation and crystal growth environment, disrupting aniso-
tropic layer development, resulting in an intermediate with a
sphere-like morphology.

When NaHCO3 is used as the precipitating base distinct
differences from the NaOH derived samples are observed in the
SEM images, Fig. 2a, where independent of the Ni precursor,
sphere-like particles are always prepared, with average particle
sizes of 19.3 nm and 20.4 nm determined for the Ni(NO3)2 and
Ni(OAc)2 system, respectively. XRD characterisation, Fig. 2b, also
shows distinct differences compared with the NaOH derived
precipitates, where broad scattering is seen in the intermediates
prepared from both Ni precursors, indicative of limited long-
range order. We consider that the weaker basicity of NaHCO3

results in slower precipitation kinetics because OH� is supplied
gradually through bicarbonate equilibria (HCO3

�" CO2 + OH�).
In addition, dissolution of NaHCO3 generates multiple reactive
species, including HCO3

�, CO3
2�, and OH�, creating a more

complex precipitation environment in which a range of precipita-
tion reactions can occur.33 Similar observations have been pre-
viously reported,43,44 with the products described as amorphous;

Fig. 1 (a) Schematic illustration of the chemical precipitation route used to synthesise NiOx nanomaterials. The process begins with precursor solution
preparation followed by base-induced precipitation, intermediate collection then washing, drying, grinding and final calcination to obtain NiOx. (b)
Proposed morphological inheritance mechanism for NiOx formation, showing how the reaction conditions determine intermediate composition and
morphology, which in turn dictate the morphology of the final product after calcination at different temperatures.
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however, their composition has not been determined; therefore, it
is critical to determine the chemical composition of such inter-
mediates, to better understand the precipitation processes and
the resulting morphology, motivating further study.

Fourier transform infrared spectroscopy (FTIR) was used to
identify the local bonding environment of the intermediates,
as shown in Fig. 2c. All samples show bands centred around

3351 cm�1 and 1639 cm�1, that can be assigned to the O–H
stretching and bending modes of physiosorbed water
respectively.45–47 The bands at 436 cm�1 are assigned to Ni–O
stretching, confirming the formation of nickel-oxygen bonds in all
intermediates.45,46 Despite such shared features there are distinct
differences seen when the base is changed. When using NaOH the
intermediates show a sharp band at 3630 cm�1, characteristic of

Fig. 2 Typical characterisation data obtained for the four intermediate species. (a) SEM images showing the range of morphologies formed, with the
corresponding particle size distributions shown below. Particle sizes were measured according to the dimension indicated in the inset of each histogram.
(b) XRD data for the intermediates; also shown is the matched Ni(OH)2 pattern (ICDD: 00-059-0462). (c) FTIR spectra with the major vibrations labelled,
and the fitted XPS data shown for (d) C 1s and (e) Ni 2p3/2 core level spectra. The fitting parameters are listed in Tables S2–S4.
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lattice O–H stretching,45–48 accompanied by a band near 505 cm�1

corresponding to Ni–O–H bending.45–48 When combined, these
absorptions reveal that using NaOH for precipitations leads to the
formation of Ni(OH)2, independent of the nickel precursor. In
contrast, intermediates precipitated using NaHCO3 show strong
absorptions at 1453 and 1380 cm�1, assigned to asymmetric C–O
stretching with an accompanying band at 1066 cm�1 arising
from the corresponding symmetric mode.49–53 Additional bands
located at 833 and 649 cm�1 originate from out-of- and in-plane
O–C–O bending, respectively,49,51–53 collectively revealing the
incorporation of carbonate species in the intermediates. Resi-
dual anions from the nickel precursors were also detected,
specifically in samples synthesised from Ni(NO3)2 where a
nitrate-related absorption around 1500 cm�1, attributed to asym-
metric stretching of NO3

� is seen,54,55 whilst intermediates
derived from Ni(OAc)2 exhibited characteristic acetate features,
including a C–H stretching band at 2977 cm�1, as well as
asymmetric and symmetric stretching of COO� at 1582 and
1375 cm�1 respectively.56

To further probe the intermediate surface chemistry, XPS
was performed, and differences were again observed in the
spectra when the precipitating base was changed. The survey
spectra, Fig. S1a, confirm C, Ni and O as the main elements
present in all samples. The C 1s core level spectra are presented
in Fig. 2d, where the signals contain contributions from
adventitious carbon, residual acetate from the Ni(OAc)2 pre-
cursor, and/or carbonate species introduced by NaHCO3—there
are distinct differences observed when the base is varied. For
samples precipitated using NaOH, the spectra are dominated
by the C–C/C–H component at 284.8 eV, with a weaker O–CQO
related peak appearing in the 288.6–288.9 eV region. When
NaHCO3 was used a strong peak around 289.5 eV emerges, this
component represents an overlapping signal between the
O–CQO envelope and carbonate species,57 its higher binding
energy being attributed to the electron-deficient carbonate
environment, in which coordination to electronegative oxygen
atoms withdrew electron density, increasing effective charge on
carbon.58 Owing to spin–orbit splitting,59 the Ni 2p core level
spectra contain both 2p3/2 and 2p1/2 components; however, only
the more intense 2p3/2 region is shown here in Fig. 2e, with
peak modelling following the protocol described by Biesinger
et al.60,61 A broadened and slightly asymmetric main peak is
seen in all samples, with maxima centred at B855.3–856.3 eV,
consistent with reported values for Ni2+ in hydroxide and carbo-
nate environments.62 The line shape is attributed to multiplet
splitting, which arises when photoionisation generates a Ni 2p
core hole that undergoes exchange interactions with partially
occupied Ni 3d orbitals, developing multiple final-state config-
urations with different energies.63 Additionally, pronounced
shake-up satellite features are observed on the higher binding
energy side of the main peak (B860.6–861.5 eV), caused by the
outgoing photoelectron exciting a valence electron to a higher
unoccupied energy level, commonly seen in transition metal
complexes.59,64 This corresponds to an energy separation of
B5.3 eV from the main peak, within the typical range reported
for Ni2+ species, and clearly distinguishes the spectra from

metallic nickel (Ni0), which exhibits a lower Ni 2p3/2 main peak
(B852.6 eV) and negligible satellite intensity.62

The 2p3/2 binding energies of Ni2+ and Ni3+ overlap, thus the
assignment of Ni(OH)2 and Nim(OH)n(CO3)p as the intermediate
species does not discriminate the presence of NiOOH (Ni3+),
where the main peak of the 2p3/2 spectra appears at B855.8 eV,62

hence assigning oxidation states based solely on this spectral
region may be ambiguous. Therefore, the Ni-LMM Auger spectra
were examined to enable more definitive assignment of oxidation
state, Fig. S1b. These spectra display a broader envelope, and the
additional shoulder on the lower kinetic energy side is absent,
characteristic of NiOOH, confirming the predominance of Ni2+.65

When compared with NaOH precipitated intermediates, the Ni 2p
spectra of samples obtained using NaHCO3 show a small negative
shift (B1 eV) in the main peak, in line with the carbonate-related
trend observed in the C 1s region. Fitting of these spectra also
required extra components, containing both Ni(OH)2 and NiCO3-
like profiles, indicative of a more complex environment around
Ni. This is expected under alkaline carbonate conditions, where
precipitates are commonly reported as basic nickel carbonate,
typically written as Nim(OH)n(CO3)p, rather than a neutral nickel
carbonate (NiCO3) phase.66,67 The O 1s core level spectra are
shown in Fig. S1c. In the NaOH series, the O 1s peak is centred
at 530.7 eV, associated with hydroxyl oxygen (Ni–OH).68 However,
the use of NaHCO3 resulted in a shift of the peak towards higher
binding energy together with noticeable broadening, giving rise to
a carbonate-related contribution at 531.6 eV with a larger full
width at half maximum (FWHM) of 2.2 eV (1.6 eV for the hydroxyl
peak in the NaOH intermediates). Taken together, these data
indicate that when NaOH is used as the precipitating base, the
resulting intermediate is crystalline Ni(OH)2; the morphology of
the intermediate is shown to be dependent on the Ni-precursor,
with Ni(NO3)2 yielding flake-like structures and Ni(OAc)2 produ-
cing spherical particles. Using NaHCO3 as a precipitating base led
to the formation of mixed hydroxide-carbonate intermediates,
Nim(OH)n(CO3)p, that lack long-range crystallographic order and
adopt a spherical morphology.

Conversion of the intermediates to NiOx

Having developed an understanding of the intermediates, we
consider their thermal conversion to NiOx (eqn (2)). Fig. 3 shows
the thermal analysis of the four intermediates, combining simul-
taneous thermogravimetric analysis (TGA) and differential scan-
ning calorimetry (DSC), with derivative thermogravimetric (DTG)
curves extracted from the TGA traces to resolve overlapping mass
loss events. Despite differences in reaction conditions, all samples
followed a three-stage decomposition behaviour. In all cases, the
initial heating stage occurs from room temperature to B200 1C.
Comparing the intermediates precipitated using NaOH, those
precipitated from NaHCO3 have a significant mass loss in this
range, indicating an increased proportion of physisorbed water or
–OH in the precipitates, while no structural transformation is
observed in any of the samples. For all samples, the greatest mass
loss occurs during the second stage of heating, B200 to 350 1C,
which corresponds to NiOx formation. Over this temperature
range, Ni(OH)2 is transformed through dehydration, whereas
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Nim(OH)n(CO3)p decomposes via carbonate breakdown, accompa-
nied by the release of carbon dioxide and water. Extending the
temperature to B550 1C, gradual mass loss is observed, attributed
to the formation of the more stable oxide species with subtle
changes attributed to partial evolution of oxygen in NiOx toward a
more NiO like composition.69,70 The overall mass loss during
heating appears to be governed by the base used for precipitation
rather than the Ni source—however differences attributed to the
Ni anion can be seen in the DSC data, where an additional
exothermic feature is seen during the heating stage of the acetate
precursors that may be due to the oxidation of a residual acetate
or fragment remaining after washing.71

Influence of calcination temperature

Based on the three principal decomposition events identified in
the thermal analysis, Fig. 3, the intermediates were calcined at
270, 450, and 650 1C, corresponding to the second and third
decomposition stages and to a temperature beyond the third
stage, respectively. It should be noted that the thermal analysis
data are obtained at a rapid heating rate of 10 1C min�1 to

amplify the signal. In contrast, for the calcination samples the
isothermal treatment enables complete conversion of the inter-
mediates to NiOx, even at 270 1C, consistent with the
literature.72 XRD and XPS were subsequently used to character-
ise the products obtained.

Considering first the intermediates annealed at 270 1C, as
shown in Fig. 4a, peaks around 37.0, 43.2, 62.7, 75.1, and 79.01
2y are observed for all samples, which can be assigned to the
(111), (200), (220), (311) and (222) planes of rock salt NiO
(ICDD: 04-011-9039), respectively. No diffraction peaks from
the intermediates were observed, suggesting their complete
degradation and formation of NiOx. Notable differences in
relative peak intensities were observed between samples, parti-
cularly between the (111) and (200) diffraction peaks where
NiOx obtained from the Ni(OAc)2 : NaOH intermediate showed a
dominant (111) peak whilst for all other samples the (200) peak
was dominant.

In fcc lattices, such as NiOx, the close-packed layers stack
along the h111i direction, and consequently stacking faults
primarily disturb periodicity along this direction.73 The

Fig. 3 Thermal analysis of the intermediate powders prepared under four precipitation conditions. TGA (red) and DSC (blue) curves are displayed
together with the DTG profiles (dashed red), derived from the corresponding TGA traces. Data shown for (a) Ni(NO3)2 : NaCO3, (b) Ni(OAc) : NaHCO3, (c),
Ni(NO3)2 : NaOH and (d) Ni(OAc)2 : NaOH. The three main mass-loss stages, dehydration, decomposition to NiOx, and subsequent stoichiometry
relaxation of NiOx are summarised above.
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hydroxide intermediate formed from the Ni(OAc)2 : NaOH sys-
tem shows such faults, which may persist after calcination,
leading to an enhanced relative intensity of the (111) reflection.
Complete conversion to NiOx is also supported by the XPS data.
The survey spectra, in Fig. S2a, show Ni and O, along with a C 1s

signal, as anticipated for air-exposed powders. The C 1s core
level spectra, in Fig. S2b, were fitted with four components at
around 284.8 eV (C–C/C–H), 286.2 eV (C–O), 288.0 eV (CQO),
and 288.8 eV (O–CQO), with no appreciable changes observed
across the sample set—in common the spectra were dominated

Fig. 4 Characterisation of NiOx products obtained after calcination at 270 1C, using intermediates prepared by the four precipitation conditions. (a) XRD
patterns alongside the reference data of cubic NiO (ICDD: 03-065-2901). XPS spectra for (b) fitted Ni 2p3/2 core level spectra, (c) Ni LMM Auger spectra,
and (d) fitted O 1s core level spectra. (e) SEM and corresponding particle size distributions show the morphology and size. Particle sizes were determined
from the dimensions illustrated in the inset of each histogram.
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by C–C/C–H contribution, indicating that the carbon signal
mainly originated from adventitious surface contamination
rather than residual carbonate or acetate species.74 For the Ni
2p3/2 region, Fig. 4b, the main peaks and shake-up satellites
were located at binding energies characteristic of Ni2+ species
in NiO, with the overall complex profile arising from the
multiplet (exchange) splitting.60–63 Two peaks at approximately
853.8 and 855.7 eV were resolved in the main peak region after
calcination, in contrast to the single feature (B855.3–856.3 eV)
observed for the intermediates. A five-component model follow-
ing the approach of Biesinger et al. was then applied to fit the
spectra across all final products.60,61 The Ni LMM Auger spectra,
in Fig. 4c, likewise marked this transformation, showing a well

resolved two peak structure, rather than the intermediate related
broad envelope. Additional insight into the oxygen chemical
environment was obtained from the O 1s core level spectra,
shown in Fig. 4d. After calcination, the products show a distinct
lattice-oxygen component at B529.1 eV, consistent with Ni–O
coordination in the oxide lattice.75 A higher binding energy
feature centred near 531.1 eV was assigned to chemisorbed
surface oxygen species, mainly –OH and/or –CO.

To assess the morphology of the NiOx prepared after calcina-
tion, SEM was employed (Fig. 4e). The images show that the
morphology of the intermediates is preserved upon calcination
at 270 1C. Specifically, the NiOx prepared from the Ni(NO3)2 : NaOH
precursor retained its flake-like morphology, with an average

Fig. 5 SEM images and the corresponding particle size distribution of NiOx products obtained from intermediates prepared via the four precipitation
conditions shown in the upper captions following calcination at (a) 450 1C and (b) 650 1C. Particle sizes were determined from the dimensions illustrated
in the inset of each histogram.
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particle size of 57.7 nm, comparable to that of the corresponding
intermediate (57.9 nm), whilst all others displayed a spherical
morphology, exhibiting a slight increase in mean diameter com-
pared with their intermediates, to 29.7, 24.6 and 30.7 nm for the
Ni(NO3)2 : NaHCO3, Ni(OAc)2:NaHCO3 and Ni(OAc)2 : NaOH sys-
tems, respectively. Transmission electron microscopy (TEM) pro-
vided higher resolution images, as shown in Fig. S3. For the
Ni(NO3)2 : NaOH product the flake-like morphology is clear, with
thin structures having large lateral dimensions; for all other
conditions small particles are observed to aggregate together.
Thus, we can conclude that 270 1C is a suitable temperature to
convert the intermediate phases to NiOx, and the morphology of
the intermediates is preserved in the final product.

Using fresh intermediate samples, the calcination tempera-
ture was increased to 450 and 650 1C respectively, again with a
2-hour isothermal hold. The SEM, Fig. 5, and TEM, Fig. S4,
images reveal distinct morphological changes in the NiOx that
correlate with the calcination temperature, and it is apparent
that the intermediates are directly influencing the properties of
the final products. For all samples other than those prepared
from the Ni(NO3)2 : NaOH precursor, spherical particles are
prepared that experience temperature-driven coarsening, as
evidenced by the mean diameter reaching 38.2, 30.6, and
37.7 nm at 450 1C and further increasing to 70.2, 71.7, and
85.4 nm at 650 1C for the Ni(NO3)2 : NaHCO3, Ni(OAc)2:NaHCO3

and Ni(OAc)2 : NaOH systems, respectively. To provide a clearer
overview of this trend, the particle sizes of all intermediates and
calcined NiOx samples are summarised in Fig. S5, with the
corresponding values listed in Table S5. Such coarsening is
attributed to the higher atomic mobility at elevated temperatures,
which facilitates surface diffusion and interparticle mass trans-
port, enabling larger particles to grow at the expense of smaller
ones and thereby reducing the overall surface energy.76,77 How-
ever, unexpected changes were observed for the sample prepared
from Ni(NO3)2 : NaOH, where the flake-like structure obtained at
270 1C evolves into a ring-like structure at 450 1C, with an average
lateral dimension of 58.7 nm, before transforming into dense,
irregularly shaped particles measuring around 57.5 nm at 650 1C.

TEM provided clearer evidence by showing partially pre-
served ring-like outlines together with broken segments. We
relate these morphological changes to the decomposition path-
way of the Ni(OH)2 intermediate, suggesting that, as seen in the
third stage in the thermal analysis, Fig. 3a, oxygen evolution
from non-stoichiometric NiOx results in porosity developing in
the ultrathin flakes, driving the formation of the rings. This is
supported by the TGA data, which show a mass loss of around
7.5% in the 315–550 1C temperature window, significantly
greater than that observed over the same range with the other
precursors. Increasing the calcination temperature to 650 1C
results in more gas evolution and the breakdown of the ring-
like structure into irregular fragments. Interestingly, even
though the Ni(OAc)2 : NaOH route involved a hydroxide inter-
mediate and mass loss is observed in the final stage of heating
(4.3%), which is greater than seen in the carbonate intermedi-
ates, the morphology of the intermediates is preserved on
heating. Like the carbonate intermediates we speculate that

the spherical form enables gas-evolution, but their isotropic
nature does not result in the same gas-evolution porosity, and
the intermediate morphology is preserved; however, the antici-
pated grain growth and coarsening are seen.

The samples precipitated using NaOH exhibit some degree
of crystallinity at the intermediate stage whereas those precipi-
tated from the NaHCO3 lack long-range order and when
annealed at 270 1C all samples show the onset of crystallinity
(Fig. 4a); however, the diffraction peaks are broad, indicative of
the small crystallite size and a defect-rich structure.78 XRD
patterns of the intermediates annealed at 450 and 650 1C are
shown in Fig. 6a and b. The NiOx prepared from Ni(OAc)2 : NaOH
again show a preferred orientation where the (111) peak is the
most intense, with all others showing behaviour consistent with
the reference powder pattern, with the (200) peak being most
intense, and this may indicate that structural order introduced
during the precipitation stage is not lost during calcination.
Increasing temperature results in a narrowing of the diffraction
peaks and an increase in peak intensity, indicating crystallite
growth and an increase in overall long-range order, with no
additional peaks emerging i.e. phase purity is preserved. Ana-
lyses of the most intense diffraction peaks ((111) and (200)) are
provided in Table S6. All samples show an increase in crystallite
size as calcination temperature increases, generally forming
small (o5 nm) crystallites at 270 1C, increasing to larger crystal-
lites (430 nm) at 650 1C, and there are no obvious systematic
variations in size observed between samples. The same major
diffraction peaks also show a systematic shift to higher 2y values
as calcination temperate increases, and the peak positions at
270 1C differ noticeably from those at higher temperatures, with
no appreciable shifts seen at 4 450 1C, indicating that a stable
structure has been formed.

In addition to the bulk structural characterisation obtained
by XRD, XPS was employed to investigate the near-surface
structure and bonding, as shown in Fig. S6 and S7. All survey
spectra show the presence of C, Ni and O. The C 1s signal,
arising primarily from surface carbon contamination, was
fitted with four components without obvious peak shifts. Clear
temperature-dependent variations were observed in the Ni 2p3/2

region, with two peaks resolved in the main peak region (852–
858 eV) for all samples. At 450 and 650 1C these peaks show a
subtle reduction in binding energy compared with the samples
calcined at 270 1C, and the lowest binding energy feature
increases in relative intensity with increased calcination tem-
perature (Fig. 6c). As the calcination temperature increases,
residual solvent and weakly bound surface species e.g. hydroxyl
groups, organic species, nitrates, acetates, or other species are
progressively removed, and would result in a reorganisation of
the local environment around Ni. The Ni LMM Auger spectra
show similar behaviour where the characteristic double peak
line shape at peak maxima of 843–844 eV is observed for all
samples, albeit with a subtle shift to higher kinetic energy, as
calcination temperature increases, particularly from 270 1C to
higher temperatures. Changes in the oxygen environment are
also observed in the O 1s core level spectra. Whilst no obvious
changes in peak position are seen, the 450 and 650 1C samples
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show variations in the relative intensities of the lattice and
surface oxygen peaks compared with the samples calcined at
270 1C, with a reduction in surface species seen at higher
temperature, further supporting the removal of weakly bound
groups.

Given the strong spectral overlap of the intermediate and
NiOx, Wagner plot analysis was carried out, where the modified
Auger parameter was employed to resolve the Ni local environ-
ment. Using the peak positions of the Ni 2p3/2 and Ni LMM
features, an Auger parameter around 1697.5 eV was identified
as a practical boundary (Fig. 6d). The data show that all the
intermediates lie above this value, whilst all NiOx products lie
below it, highlighting a clear phase distinction. Within this
framework, the intermediate samples can be further separated
into two regions, corresponding to Ni(OH)2 and amorphous
Nim(OH)n(CO3)p. Considering the NiOx samples, the data show
that those prepared at 450 and 650 1C cluster closely together,
whilst there is a subtle offset for the 270 1C samples. Collec-
tively, XPS reveals more distinct differences in surface chem-
istry between samples calcined at 270 and 450 1C, whereas the
450 and 650 1C samples were largely similar, which reinforces

the XRD analyses and supports the formation of a stable oxide
at 4 450 1C.

Properties of the morphology-controlled NiOx

The specific surface areas of all species prepared were deter-
mined using the Brunauer–Emmett–Teller (BET) method from
nitrogen sorption measurements,79 as shown in Fig. 7a, b and
Table S8. In general, all samples exhibited similar adsorption–
desorption isotherms, characterised by a gradual nitrogen
uptake at low relative pressures, followed by a much steeper
increase at higher relative pressures, with hysteresis observed
during desorption, as shown in Fig. S8. This behaviour is
associated with the capillary condensation within mesoporous
voids formed between agglomerates, which are composed of
loosely coherent assemblies of nanoparticles.80,81 Among the
spherical products prepared at the same temperature, differ-
ences in BET surface area are observed, with the largest varia-
tion found at 270 1C. The NaHCO3 derived NiOx displays higher
specific areas of 206.8 and 247.3 m2g�1 for the Ni(NO3)2 and
Ni(OAc)2 systems, respectively, compared with 162.8 m2g�1 for
the Ni(OAc)2 : NaOH system. Consistent with this, SEM images

Fig. 6 Influence of calcination temperature on NiOx products obtained from intermediates prepared under four precipitation conditions. XRD patterns
of samples calcined at (a) 450 1C and (b) 650 1C, together with the reference data of cubic NiO (ICDD: 03-065-2901). (c) Ni 2p3/2 core level XPS spectra of
the 650 1C products with peak fitting. The feature marked by an asterisk corresponds to the lowest binding-energy component discussed in the main
text. (d) The Ni 2p3/2–Ni LMM Wagner plot illustrating the variation in the Ni chemical environment from the precipitated intermediates to the calcined
NiOx products at different temperatures. The calculated Auger parameter values are provided in Table S7.

Paper Journal of Materials Chemistry C



This journal is © The Royal Society of Chemistry 2026 J. Mater. Chem. C

of samples calcined at 270 1C reveal correspondingly smaller
particle sizes for the NaHCO3 derived products. Calcination
temperature had the most pronounced effect on specific sur-
face area, which decreased significantly with increasing tem-
perature, again consistent with the SEM and XRD data. There is
a notable difference in the behaviour of the Ni(NO3)2 : NaOH
system that is attributed to the observed morphological evolu-
tion. As the flake-like morphology formed at 270 1C transforms
into nanorings when calcined at 450 1C, with an accompanying
surface area increase from 133.4 to 164.0 m2g�1. Further
calcination at 650 1C causes fragmentation of the nanorings
together with particle coarsening, reducing the surface area to
13.0 m2g�1, again in agreement with the general behaviour
observed at higher calcination temperatures.

The valence band maximum (VBM) relative to the Fermi
level (EF) was determined from valence band XPS spectra, as
shown in Fig. 7c and S9. This measures the occupied electronic
states closest to the EF, rather than the chemically specific core
levels typically examined in conventional XPS. The spectra show
a strong dependence of the electronic structure on calcination
temperature and synthesis route. All samples exhibited VBMs
close to the EF, consistent with p-type NiOx. The smallest VBM-
EF separations, ranging from 0.09 to 0.25 eV, were observed
after calcination at 450 1C, indicating an enhanced p-type

characteristic. This behaviour is consistent with an increased
concentration of acceptor-type defects, such as Ni3+ and nickel
vacancies, that promote hole conductivity.11,14 At 270 1C, the
generally larger separations likely reflect insufficient thermal
energy to promote oxidation of Ni2+ to Ni3+ during conversion
of the hydroxide/carbonate intermediates to NiOx. Further
increasing the temperature to 650 1C shifted the VBM away
from EF for most samples, consistent with stoichiometric
relaxation and a reduced defect-mediated p-type characteristic.
The magnitude of these changes depended strongly on the
precursor chemistry as well, with nitrate derived samples,
particularly Ni(NO3)2 : NaOH, showing the greatest temperature
sensitivity, whereas acetate derived samples exhibited more
stable VBM positions.

To further demonstrate the practical relevance of the NiOx

developed in this work, representative products prepared from
the Ni(NO3)2 : NaOH (270 and 450 1C) and Ni(NO3)2 : NaHCO3

(270 and 650 1C) routes were applied as surface modifiers on
bismuth vanadate (BiVO4) photoanodes for water splitting. As a
p-type semiconductor, NiOx can act as a surface modifier that
facilitates interfacial hole extraction and mitigates surface
recombination in BiVO4 photoanodes, making it a promising
material for photoelectrochemical (PEC) applications.82,83

Chopped-light chronoamperometry (CA), which monitors the

Fig. 7 (a) Brunauer–Emmett–Teller (BET) plots obtained from the nitrogen adsorption isotherms over the relative pressure range of 0.05 o P/P0 o
0.30, with linear fitting used for surface area determination. (b) Summary of the BET specific surface areas of all NiOx products as a function of calcination
temperature. (c) Summary of the valence band minimum (VBM) values of all NiOx products as a function of calcination temperature.
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photocurrent response under periodic light-on/off cycles, was
therefore employed to evaluate how the synthesis-derived NiOx

morphologies influence the PEC response. Compared with pristine
BiVO4, all NiOx-modified photoanodes exhibit improved PEC
performance, as shown in Fig. 8. The current density increases
from approximately 0.14 mA cm�2 for bare BiVO4 to 0.36, 0.37,
0.43 and 0.62 mA cm�2 for the flake-like, large spherical, ring-like
and small spherical samples, respectively, corresponding to
enhancements around 2.5-, 2.6-, 3.0- and 4.4-fold. From a mor-
phological perspective, the observed trend can be understood by
considering how the deposited NiOx particles construct the BiVO4/
NiOx/electrolyte interface. An effective surface modifier should
provide sufficient contact with the electrode while maintaining a
large electrolyte-accessible surface area.84 Within the Ni(NO3)2 :
NaOH series, the ring-like morphology gives a higher photocurrent
than the flake-like counterpart, consistent with its more open
architecture and higher BET surface area. A similar trend is
observed for the spherical morphologies prepared from the
Ni(NO3)2 : NaHCO3 system, where particle coarsening after high-
temperature calcination leads to a reduction in surface area and
consequently lower photocurrent. Notably, the small spherical
NiOx exhibits the highest current density among all the morphol-
ogies investigated. In addition to its high surface area, the three-
dimensional small spherical morphology is likely to maintain a
more uniform particle distribution during spray deposition,
whereas the two-dimensional flakes are more prone to overlap and

aggregate,85,86 thereby reducing the number of productive BiVO4/
NiOx/electrolyte contact regions. Although the overall PEC
response also depends on crystallinity, defect chemistry and
electronic structure,87,88 all of which likewise evolve with the
synthesis conditions, the observed trends here highlight the role
of NiOx morphology, through variations in both particle shape and
size, in tuning its function as a BiVO4 surface modifier.

Conclusions

We have systematically investigated the influence of base type,
nickel source, and calcination temperature on the synthesis of
NiOx nanomaterials prepared via a chemical precipitation
route. Both precipitated intermediates and final products
underwent extensive morphological, crystallographic and com-
positional analysis. We show that the composition of the
intermediates is primarily determined by the choice of base,
where NaOH yields crystalline Ni(OH)2 and NaHCO3 produces
amorphous Nim(OH)n(CO3)p. At the same time, the nitrate and
acetate anions of the nickel precursors modify the precipitation
environment through their different coordination behaviours,
further dictating the characteristics of the resulting materials.
More importantly, we found that the nature of the intermediate
plays an essential role in determining the morphology of the
final NiOx. Under relatively mild calcination conditions, the

Fig. 8 Photoelectrochemical (PEC) performance of the morphology-controlled NiOx developed in this work. Chopped-light chronoamperometry (CA)
measurement of (a) pristine BiVO4 and BiVO4 photoanodes modified with NiOx prepared from the Ni(NO3)2 : NaHCO3 precursor system following
calcination at (b) 270 and (c) 650 1C, and from the Ni(NO3)2 : NaOH precursor system following calcination at (d) 270 and (e) 450 1C. The corresponding
NiOx morphologies are shown as the insets. (f) Comparison of the photocurrent densities for the pristine and modified BiVO4 photoanodes. Error bars
represent the standard deviation calculated from the individual light-on cycles.
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oxide products largely inherit the morphology of their intermedi-
ate, whereas higher temperature calcination promotes crystal
growth and, in some cases, substantial morphological evolution.
A notable example is the Ni(NO3)2 : NaOH system, in which the
unique flake-like morphology observed in the intermediate phase
is retained after calcination at 270 1C, and evolves into a ring-like
structure at 450 1C that subsequently fragments at 650 1C. In
contrast, all other intermediates and oxide products exhibit a
spherical morphology that increases in size and crystallinity with
increased annealing temperature. Structural features established
during precipitation are also preserved during calcination, as
evidenced by the preferred orientation observed for the
Ni(OAc)2 : NaOH system across all calcination temperatures.
Whilst morphological and compositional differences are observed
in the intermediate species, Ni2+ is however dominant in all
intermediates. Similarly, when the calcination temperature is
varied, Ni2+, and thus NiOx, is confirmed at all temperatures with
a subtle structural relaxation seen between 270 and 450 1C. By
linking precursor chemistry, intermediate-phase formation, and
decomposition pathway during calcination to the characteristics
of the final NiOx products, our work provides new insights into
the mechanism of morphology evolution. These distinct morphol-
ogies also exhibit different structural, surface, electronic and
photoelectrochemical properties, highlighting the significance of
morphology control for material functionality. Our results estab-
lish how simple synthetic variables can be used to control NiOx

phase evolution and morphology, offering practical design prin-
ciples for the synthesis of nanoscale NiOx and other metal oxide
nanomaterials.

Materials and methods
Synthesis of NiOx nanomaterials

A chemical precipitation route adopted from previous work was
used to synthesis the NiOx nanomaterials in this study.72 The
precipitation conditions were systematically varied by pairwise
combinations of two nickel salts with two bases, resulting in
four distinct conditions as listed in Table S1.

In a typical procedure, a 1.0 M Ni2+ precursor solution was
prepared by dissolving 4 mmol of nickel salt, either nickel(II)
nitrate hexahydrate (Ni(NO3)2�6H2O, 94.5–105.5% by EDTA titra-
tion, Sigma-Aldrich) or nickel(II) acetate tetrahydrate (Ni(OAc)2�
4H2O, 98%, Sigma-Aldrich), in 4 mL of deionized water under
stirring at room temperature. Aqueous solutions of sodium
hydroxide (NaOH, 98%, Sigma-Aldrich) and sodium bicarbonate
(NaHCO3, 99%, Thermo Fisher Scientific) were prepared at con-
centrations of 10 M and 1 M, respectively. To ensure consistent
stoichiometric control across all samples, the base amount was
determined by the targeted intermediate. Specifically, 8 mmol
NaOH was used to achieve an OH�/Ni2+ ratio of 2, favouring the
formation of nickel hydroxide (Ni(OH)2). In contrast, carbonate-
based intermediates (Nim(OH)n(CO3)p) were obtained by applying
4 mmol of NaHCO3, corresponding to an HCO3

�/Ni2+ ratio of 1.
The base solution was introduced into the nickel precursor in a
single addition at room temperature, leading to immediate

precipitation, and the suspension was stirred for an additional
20 min. The precipitate was subsequently collected by centrifuga-
tion at 5000 rpm for 3 min, washed with three cycles of deionized
water, and dried in an oven at 70 1C overnight. Following grinding
to a fine powder, the intermediates were calcined in a tube
furnace under air at 270, 450 and 650 1C for 2 h, yielding black
NiOx products.

Materials characterisation

Fourier transform infrared (FTIR) spectra were recorded using an
Agilent Cary 630 spectrometer equipped with an attenuated total
reflectance (ATR) module, over the range of 4000–400 cm�1.

X-ray photoelectron spectroscopy (XPS) data were acquired on
a Thermo Fisher K-Alpha+ system, employing a monochromatic
Al Ka source (hn = 1486.6 eV) with a 400 mm beam spot. Survey
scans together with high-resolution core-level spectra of C 1s,
Ni 2p and O1s, as well as Ni LMM Auger and valence band
spectra, were captured. Spectral fitting was carried out in
KherveFitting,89 and binding energies were calibrated against
the C–C component of the C 1s peak at 284.8 eV.

X-ray diffraction (XRD) patterns were measured on a Malvern
PANalytical Empyrean diffractometer using Cu Ka radiation (l =
1.5406 Å) at 40 kV and 40 mA. Data were collected with a step
size of 0.031 over 2y ranges of 15–651 for intermediates, and 34–
811 for NiOx, followed by phase analysis in HighScore.

Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) were conducted on a Netzsch STA 449C F5
Jupiter simultaneous thermal analyser. Measurements were per-
formed in air at a flow rate of 60 mL min�1 from 25 to 950 1C with
a heating rate of 10 1C min�1. Derivative thermogravimetric (DTG)
curves were derived from the TGA data using Origin.

Scanning electron microscopy (SEM) imaging was carried out
on a Zeiss Auriga CrossBeam FIB-SEM, operated at an accel-
erating voltage of 5 kV. Samples were mounted on conductive
carbon tape and coated with a 20 nm chromium layer. The
particle size analysis was performed from SEM images using
ImageJ. Depending on the particle morphology, either the
particle diameter or the lateral flake dimensions were mea-
sured, as illustrated in the corresponding figure inset. For each
sample, at least 100 particles were analysed to obtain the size
distribution, and the mean value was determined by Gaussian
fitting of the resulting histogram.

Transmission electron microscopy (TEM) was performed using
a JEOL 2100 Plus operated at 200 kV. Powders were dispersed in
deionized water (10 mg mL�1), sonicated for 5 min, and
deposited onto holey carbon-coated copper grids.

Nitrogen sorption isotherms were obtained at 77 K using a
Quantachrome Autosorb iQ surface area analyser. Prior to ana-
lysis, samples were degassed under vacuum at 100 1C for 12 h to
remove physically adsorbed moisture and other species from the
sample surface. The acquired data were processed using Quan-
tachrome TouchWin software, from which the specific surface
area was determined according to the BET method.79,80

Photoelectrochemical (PEC) measurements were conducted
using bismuth vanadate (BiVO4) photoanodes fabricated by
aerosol-assisted chemical vapour deposition (AA-CVD) on
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fluorine-doped tin oxide (FTO) substrates, following our previously
reported procedure.90 For NiOx modification, the powders were
deposited onto the BiVO4 surface by spray coating. Briefly, 50 mg
NiOx was dispersed in a mixture of isopropanol (99.5%, Sigma-
Aldrich, 2 mL) and ethanol (99.8%, Sigma-Aldrich, 2 mL), followed
by the addition of 1 mL of 0.25 wt% naphthol (99%, Sigma-Aldrich)
in ethanol. After ultrasonication for 5 min, the resulting suspension
was spray coated onto BiVO4 photoanodes maintained at 80 1C and
subsequently dried in an oven at 80 1C for 8 h. The electrode was
then characterized by chopped-light chronoamperometry (CA) in a
custom-built three-electrode cell, using a pristine BiVO4 or NiOx

modified BiVO4 photoanode as the working electrode, a Pt mesh as
the counter electrode, and an Ag/AgCl electrode as the reference
electrode. All measurements were performed in 0.5 M Na2SO4

electrolyte at an applied potential of 1.23 VRHE, with the exposed
electrode area defined by a circular aperture. Illumination was
provided through the FTO substrate using a continuous-wave
405 nm laser (spot diameter B0.3 mm), while a mechanical shutter
periodically interrupted the incident beam to generate chopped-
light CA traces. The photocurrent response was recorded as a
function of time under repeated light/dark cycles and converted
to current density based on the illuminated spot area.
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A. Ng, C. Surya, W. K. Chan, D. Wang and Z. B. He, Adv.
Energy Mater., 2018, 8, 1703519.

20 T. Nathan, A. Aziz, A. F. Noor and S. R. S. Prabaharan,
J. Solid State Electrochem., 2008, 12, 1003–1009.

21 C. Moya, J. Ara, A. Labarta and X. Batlle, Magnetism, 2024, 4,
252–280.

22 M. Imran Din and A. Rani, Int. J. Anal. Chem., 2016,
2016, 3512145.

23 B. Cardoso, G. Nobrega, I. S. Afonso, J. E. Ribeiro and
R. A. Lima, J. Environ. Chem. Eng., 2025, 13, 116921.

24 A. Rahman and G. Guisbiers, Metals, 2024, 14, 224.
25 J. Joy, A. Krishnamoorthy, A. Tanna, V. Kamathe, R. Nagar

and S. Srinivasan, Appl. Sci., 2022, 12, 9312.
26 S. S. Narender, V. V. S. Varma, C. S. Srikar, J. Ruchitha,

P. A. Varma and B. V. S. Praveen, Chem. Eng. Technol., 2022,
45, 397–409.

Paper Journal of Materials Chemistry C

https://doi.org/10.1039/d6tc01477a
https://doi.org/10.1039/d6tc01477a


This journal is © The Royal Society of Chemistry 2026 J. Mater. Chem. C

27 J. Sukumaran, M. Priya, R. Venkatesan, K. Sathiasivan,
M. R. Khan and S. Kim, Microsc. Res. Tech., 2025, 88,
2830–2842.

28 S. Safa, R. Hejazi, M. Rabbani and R. Azimirad, Desalin.
Water Treat., 2016, 57, 21982–21989.

29 R. Miao, W. Zeng and Q. Gao, Appl. Surf. Sci., 2016, 384,
304–310.
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