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3D self-assembled polar vs. non-polar NiO
nanoparticles nanoengineered from turbostratic
Niz(OH)4(NOz), and ordered p-Ni(OH),
intermediatesy

Biljana Pejova,*® Arej Eid,”< Leonardo Lari,®® Ahmad Althumali,** Lidija Siller,'
Adam Kerrigan, €2 ¢ Ljupcho Pejov® and Vlado K. Lazarov (2 ¥4

A surfactant-free ammonia and carbamide precursor-modulated engineering of self-assembled flower-
like 3D NiO nanostructures based on ordered B-Ni(OH), and turbostratic Niz(OH)4(NOs), nanoplate-
structured intermediates is reported. By employing complementary structural and spectroscopic tech-
niques, fundamental insights into structural and chemical transformations from intermediates to NiO
nanoparticles (NPs) are provided. FTIR, Raman and DSC analyses show that the transformation of inter-
mediates to NiO NPs involves subsequent loss of NO3z~ and OH™ species through a double-step phase
transformation at 306 and 326 °C corresponding to the loss of free interlayer ions and H,O species,
respectively, followed by the loss of chemically bonded OH™ and NOs™ ions. Transformation to NiO NPs
via the ammonia route proceeds as single-phase transition, accompanied with a loss of OH™ species at
298 °C. The full transformation to NiO NPs of both intermediates is achieved at 350 °C through annealing
in the air atmosphere. Ammonia-derived NPs maintain nanoflower morphology by self-assembling into
nanoplates, which is enabled by H,O-mediated adhesion on the NiO NPs' {100} neutral surfaces.
Structural transformations of turbostratic Niz(OH)4(NOs), nanoplates result in the formation of NiO NPs
dominantly shaped by inert polar OH-terminated (111) atomic planes, leading to the loss of the initial self-
assembled 3D structure. DFT calculations support these observations, confirming that H,O adsorbs disso-
ciatively on polar {111} surfaces, while only physisorption is energetically feasible on {100} surfaces. NiO
NPs obtained via two different routes have overall different properties: carbamide-derived NPs are 3 times
larger (15.5 vs. 5.4 nm), possess a larger band gap (3.6 vs. 3.2 eV) and are more Ni deficient. The intensity
ratio of surface optical (SO) modes to transversal and longitudinal optical modes is ~40 times higher in
the NiO NPs obtained from p-Ni(OH), compared to Niz(OH)4(NOz3),-derived NPs. The SO phonon lifetime
is an order of magnitude shorter in NiO obtained from p-Ni(OH),, reflecting a much smaller NP size. The
choice of a precursor defines the size, morphology, crystallographic surface orientations and band gap of
the NiO NPs, with Ni deficiency providing pathways for utilizing them as p-type materials, allowing for the
precise nanoengineering of polar and neutral surface-dominated NiO NPs, which is of exceptional impor-
tance for use in catalysis.

1. Introduction

“Institute of Chemistry, Faculty of Natural Sciences and Mathematics, SS. Cyril and Transition metal oxide-based nanostructures®™ have emerged
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as a crucial class of materials with large compositional and
structural diversity and a huge potential for device appli-
cations. Compared to their bulk counterparts, these nano-
structures are characterized by unique optical, electro-
chemical, mechanical, thermal and magnetic properties,
which are closely related to their increased surface area as
their size decreases. Transition metal oxide-based nano-

fElectronic supplementary information (ESI) available. See DOI: https:/doi.org/ ~ Structures have been widely used in various fields, including

10.1039/d4nr03255a

energy storage, solar cells and heterogeneous catalysis. Besides
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doping, the properties of transition metal oxide NPs can be
tuned by manipulating their size, shape and surface chemistry,
which is crucial for new potential applications. In addition,
metal-oxide-based nanostructures are widely used as model
systems for exploring a large number of phenomena, such as
structural changes upon interaction with different gases, ie.
oxidation and reduction, under strictly controlled experimental
conditions and variable temperature and gas pressure on an
atomic scale, possible with the development of environmental
STEM/TEM techniques®® and other in situ techniques such as
ambient XPS.

Among transition metal oxide-based nanostructures, NiO
NPs have attracted significant interest due to their excellent
chemical stability, durability, low toxicity, and low-cost proces-
sing as well as desirable magnetic, electrical, optical and cata-
lytic properties required for many applications in electrochro-
mic devices, solar cells, supercapacitors, smart windows, UV
photo-detectors, alkaline batteries, ceramics, and chemical
sensors.” > NiO NPs have also been used in wastewater dye
degradation through photocatalysis,”>*” adsorption of toxic
environmental pollutants, dyes and heavy metals, as well as in
biomedicines due to their anti-inflammatory and antibacterial
properties.>®?° Many studies have successfully tested the anti-
cancerous and antiparasitic properties of NiO NPs,**? as well
as their antioxidant nature.*® Additionally, it has been shown
that NiO NPs can facilitate seed germination and increase the
seedling growth rate, which implies their potential application
in agriculture.?

Nickel(u) oxide is naturally found in its mineralogical form,
known as bunsenite. It crystallizes in the cubic system and is
characterized by a rock-salt structure with Ni** and O®~ ions,
which occupy the octahedral sites of the crystal lattice with the
characteristic fcc-stacking structure,®® and a lattice parameter
a of 4.168 A. With regard to the electronic band structure, con-
sidering the experimental and theoretical results, the Ni 3d
states mainly participate in the conduction band, while the
valence band is mainly formed by O 2p states.*>*® The band
gap of NiO is considerably wide, in the range of 3.6-4.3 eV. At
room temperature, NiO prepared by both chemical and physi-
cal methods is usually non-stoichiometric NiO,, which leads to
improved electronic conductivity compared to stoichiometric
NiO.**?” According to published results from both experi-
mental and theoretical studies,***”*® non-stoichiometric NiO,
is most likely to be nickel-deficient because Ni vacancies are
readily formed in the structure under oxygen-rich conditions.
In addition, the results from defect calculations have shown
that acceptor Ni vacancies have two transition levels in the
band gap with low formation energies under oxygen-rich con-
ditions, while the donor oxygen vacancy defect has much
higher formation energies and hence is less likely to form.?”*
Therefore, the acceptor levels lead to the p-type semiconductor
behavior of the non-stoichiometric NiO,. This property
includes NiO, in the group of a few p-type semiconducting
oxides in addition to SnO and Cu,O, thus making it very
important for numerous emerging technologies. Compared to
SnO and Cu,O, which are metastable at room temperature,
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NiO, has attracted increased scientific interest, particularly in
the development of devices based on its unique electrical and
magnetic properties.”® However, the development of nickel
oxide-based optical and optoelectronic devices is in its initial
state. Optoelectronic applications, including solar cells, have
opened up a promising field of research based on this p-type
material.

In the literature, numerous reports are related to the prepa-
ration of nickel oxide NPs using techniques based on the
bottom-up, top-down and hybrid approaches.***° In addition,
NiO NPs have been synthesized by green routes, which include
the use of plant extracts, bacteria and fungi as reducing
agents.>*™°

In this work, we develop synthesis methods for nickel oxide
nanostructures using two solution-based routes without the
use of surfactants, which provide advantages in terms of com-
position (stoichiometric vs. nonstoichiometric, etc.), size and
morphology control and scalability. We show that the choice
of the precursor and hence intermediates plays a crucial role
in NiO nanoparticle (NP) assembly in 3D nanostructures, their
atomic surface structure, stoichiometry, and physical-optical
properties. We also elucidate the structural/chemical pathways
from the intermediates to NiO NP formation by utilizing
several spectroscopic and structural techniques.

2. Experimental section

2.1. Synthesis of nickel oxide and hydroxide-based NPs

NiO and Ni hydroxide-based NPs were synthesized using two
routes based on the colloidal approach. Two reaction systems
were designed with the goal of including the lowest possible
number of components to obtain a pure phase of the desired
product while avoiding the incorporation of impurities. We
used Ni(NO;),-6H,0 as Ni*" ion precursors, while carbamide
(NH,CONH,) and ammonia (NH;) played a role as hydroxide
ion precursors. The developed routes do not include the use of
surfactant and use two simple inorganic and organic precur-
sors. The formation of NiO NPs was a result of the thermal
treatment of the obtained hydroxide-based intermediates.

In the case of the carbamide-based reaction system, the
optimal initial concentrations of relevant components
Ni(NOj3), and NH,CONH, have been determined to be 0.5 mol
L' and 0.25 mol L™, respectively. The chemical synthesis
occurred at ~90 °C. The initial chemical composition of the
reaction system when ammonia was used as a hydroxide pre-
cursor can be expressed as 0.03 mol dm™ [Ni(NH3),]*", and
the synthesis was carried out at ~50 °C. The aqueous solution
of octahedral [Ni(NH;)s]** was obtained by dissolving the
cation precursor in water and adding a stoichiometry required
volume of a concentrated solution of ammonia, ie. with
w(NH;) = 25%.

The described procedures produced two intermediates,
which were annealed at ~350 °C for 4 hours, resulting in a
phase transformation to nickel oxide NiO.

This journal is © The Royal Society of Chemistry 2024
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2.2. Experimental methods

Structural and chemical properties of the synthesized
materials have been investigated by X-Ray Diffraction (XRD),
Transmission Electron Microscopy (TEM), Differential
Scanning Calorimetry (DSC), Fourier-Transform Infrared

(FTIR), Raman and UV-VIS Spectroscopy, while the morpho-
logical properties studied by Scanning Electron
Microscopy (SEM).

The XRD patterns were collected using the Rigaku Ultima
IV X-ray diffractometer using CuK, radiation in the 26/6 scan-
ning mode and step-scan of A(26) = 0.02°.

SEM images and EDX spectra were collected using a JEOL
7800F Prime SEM. TEM-selected area electron diffraction
(SAED) patterns and high-resolution TEM (HRTEM) images
were obtained using JEOL 2100+ TEM and aberration-corrected
JEOL-NeoARM STEM/TEM. The diffraction patterns were simu-
lated using JEMS software, and the TEM-SAD patterns were
calibrated using Au nanoparticles as a reference. The atomic
interplanar spacings were measured from selected areas of
HRTEM images using the fast-Fourier transform (FFT).

The IR measurements were carried out using a PerkinElmer
System 2000 FTIR interferometer in the spectral range of
4000-500 cm ™" with a resolution of 2.0 cm™". All FTIR spectra
were recorded in the attenuated total reflection (ATR) mode
using a Graseby Specac zinc selenide ATR accessory to avoid
any matrix effects.

The Raman spectra were measured using a LabRam300
spectrometer by Horiba Jobin-Yvon, with the green 532 nm
Nd:Yag laser line and a backscattering mode.

Optical absorption spectra in the UV-VIS spectral region
were measured using a Cary 50 spectrophotometer.

Differential scanning calorimetry (DSC) measurements were
carried out with a heat-flux Netzsch DSC 204 F1 Phoenix
instrument. The samples were placed into aluminium pans
with perforated lids throughout the measurements. DSC ana-
lysis was performed in the temperature range from room temp-
erature up to 300 °C in a dynamic N, atmosphere with a
volume flow of 30 mL min". In all measurements, the heating
rate was kept constant at 10 K min~".

The X-ray photoemission spectra (XPS) analysis was
obtained by applying a Thermo Scientific K-alpha X-ray
Photoelectron Spectrometer™ (ThermoScientific, UK). A
monochromatic Al Ka X-ray source (1486.7 eV) was used to
determine the oxidation states of the elements near the sur-
faces of all the films. The XPS data were charge-corrected to
the adventitious C 1s spectra at a binding energy of 284.8
eV.>**” The Ni 2p3/2 and O 1s XPS spectra were analyzed using
CasaXPS software (version 2.3.25).>® The spectra were fitted
with a normal Shirley electron background and a Gaussian
(70%)-Lorentzian (30%) peak shape, referred to as GL(30) in
CasaXPsS software.’®>”

We based our analysis of the XPS data on the conceptual
model proposed by Gupta and Sen (GS)*° and the other litera-
ture data concerning the relevant nickel ion and oxygen
species.’®>%%0"% The GS model®® is based on the consider-

were

This journal is © The Royal Society of Chemistry 2024
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ation of both multiplets and the so-called shake-up-related sat-
ellite bands.

2.3. Computational details

The VASP code for running DFT calculations was used,** along
with the PAW pseudopotentials supplied by the package. An
effective U-value of 5.3 eV was applied to the d-orbitals of Ni
obtained from the literature using the same pseudopoten-
tials.®® This value was optimised against multiple parameters,
such as magnetic ordering and phase stability. A plane wave
cut-off of 450 eV was used along with a k-point spacing of 0.05
om A7

Surface slab models were created for the (100) surface and
three terminations of the (111) surface, OH terminated, octo-
polar reconstructed and faceted. Each slab was separated from
its periodic repeat by a vacuum gap of 15 A. Doing this exposes
two surfaces to the vacuum, the top and bottom of the slab,
and consideration was taken to ensure that the exposed
surfaces were equivalent. The region between these exposed
surfaces contained enough layers such that the surface
energy of the structure converged to a tolerance of 1 x 107
eV A2 For the (100) surface, a (4 x 4) supercell of the
Fm3m unit cell was used for coverage comparable to the
faceted (111) surface, which is a p(4 x 4) reconstruction. For
the octopolar and OH-terminated structures, a p(2 x 2) sized
supercell was used.

For the adsorption of H,O molecules and their dissociative
components, a molecule was adsorbed onto each exposed
surface. Rotational symmetry around the center of the surface
slab was maintained to ensure that no dipole was formed in
the cell. The molecules were geometrically optimized to a force
tolerance of 1 x 107 eV A™",

3. Results and discussion

3.1. Structure and morphology of synthesized nanostructures

In this section, we present the structural and morphological
results of -Ni(OH), and Niz(OH),(NOs3), intermediates follow-
ing up with NiO after the thermal treatment of the
intermediates.

Fig. 1 shows clearly that the chemistry of precursor conver-
sion goes through different intermediates. When ammonia is
used as a precursor, the diffraction peaks (Fig. 1a) correspond
to hexagonal B-Ni(OH),. When carbamide is used as an
anionic precursor, the diffraction peaks (Fig. 1b) can be
assigned to hexagonal nickel(un) tetrahydroxide nitrate,
Ni3(OH),(NO3),, a phase categorized as a hydroxide-rich salt of
nickel with a layered structure of close-packed adjacent layers.
The significant broadening of the XRD peaks (Fig. 1b),
especially at 20 values higher than 30°, indicates the presence
of additional chemical species, e.g. H,O, NO;~ within atomic
planes, which leads to an increase in the interlayer spacing
and ultimately affects layer alignment, resulting in randomly
oriented layers, i.e. a turbostratic structure,’® as discussed and
shown in the next paragraph by electron microscopy imaging.

Nanoscale
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Fig. 1 XRD patterns of intermediates in the case of ammonia (a) and carbamide (b) as hydroxide precursors and the corresponding bulk reference
XRD of B-Ni(OH), and Niz(OH)4(NOs),. Reference diffraction peaks are taken from ref. 66 and 67.

The SEM images presented in Fig. 2a and d show that both
intermediates have flower-like morphology, consisting of f-Ni
(OH), and Niz(OH)4(NO3), nanoplates as illustrated by the
TEM images in Fig. 2b, c, e and f.

The electron diffraction taken from a single flower-like
nanostructure, Fig. 3a, shows diffraction rings corresponding
to p-Ni(OH),, which agrees with XRD results,®” while the (001)
atomic planes of the p-Ni(OH), nanoplates imaged by HRTEM
are shown in Fig. 3b and c. The digital diffractograms (i.e.
sharpness of diffraction spots in Fig. 3d) from the HRTEM
images illustrate the well-ordered atomic structure of this
intermediate. Similarly, electron diffraction from a single
nano-flower particle, Fig. 4a, of carbamide-derived intermedi-
ate confirms the turbostratic structure of Niz(OH)4(NO3),,
where broadened diffraction rings are due to the variation in
atomic interplanar distances, as implied by XRD results.

A direct visualization of Niz(OH),(NO;), atomic planes
obtained by HRTEM is shown in Fig. 4c and e. Fig. 4d shows
an FFT (digital diffractogram) from the outlined area in
Fig. 4c, where the diffuse spot-shape reflects the variation in
atomic plane distances, characteristic of the turbostratic
arrangement of atomic planes, due to the presence of free-like

NO;~ and H,0. The non-homogeneous presence of these

Nanoscale

species induces a local change in the atomic distances
between the layers, as well as their corresponding orientation
(Fig. 4c and e), where atomic plane bending and variation of
the interplanar distances on the nanoscale are observed, as
shown in Fig. 4f. These results clearly show the randomness of
the turbostratic nature of the Niz(OH),(NO3), nanoplates. The
presence of ‘free’-like species of NO;~, H,O and their role in
the transformation of the intermediates to NiO is confirmed
by spectroscopic measurements that are discussed hereinafter.

3.2. Structural and morphological changes in the
intermediates of NiO NPs during thermal treatment

Thermal treatment at ~350 °C of the intermediates results in
phase structural changes to NiO NPs, as discussed and shown
in detail hereinafter. XRD peak (Fig. 5) analysis of annealed
intermediates in the air atmosphere for four hours shows that
both intermediates transform to rock salt fcc-NiO. The broad-
ening of the XRD peaks indicates a size reduction in the NiO.
The peaks broadening in the case of NiO synthesized from the
carbamide precursor are smaller, reflecting the size difference
between the NiO nanostructures, as directly shown by the SEM
and TEM imaging described hereinafter. We note that the
average sizes of NiO NPs obtained by ammonia and carbamide

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 SEM and TEM images of the intermediates. Flower-like self-assembly of (a) p-Ni(OH), and (d) Niz(OH)4(NOz3), obtained through SEM, and
TEM images of -Ni(OH), (b and c) and Niz(OH)4(NO3), (e and f) at different magnifications, showing their overall morphology and single nanoplates.

Fig. 3 Electron diffraction of a single flower-like nanostructure (a) with diffraction rings corresponding to p-Ni(OH), (the inset shows that they are
from where diffraction was taken). (b and c) HRTEM images of -Ni(OH), nanoplates with (001) planes outlined, and (d) a digital diffractogram from

(b), outlining {001} plane ‘reflections’.

routes (for simplicity, we refer to them as NiO-a and NiO-c,
respectively) are different. Their size follows the log-normal
distribution, as shown in Fig. SI-1a and b.} The average NiO-a
and NiO-c NP sizes are 5.41 + 2.19 nm and 15.47 + 5.16 nm,
with narrow size dispersion o/u = 40% and 33%, respectively

This journal is © The Royal Society of Chemistry 2024

(Fig. SI-1a and bt). Therefore, using ammonia as an ion pre-
cursor leads to the formation of smaller NiO-a NPs.

The final product of both intermediates is NiO, and the
differences in their peak intensity ratios, e.g. (111) vs. (200)
peaks, indicate subtle differences in their structure, which can
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(a) Electron diffraction of a single flower-like nanostructure (b), diffraction rings corresponding to Niz(OH)4(NO3),, (c) an HRTEM image of

Niz(OH)4(NOs3), nanoplates with digital diffractogram from highlighted regions shown in (d) showing the variation in atomic spacing planes high-
lighted by the real space intensity profile of (003) atomic spacing (f) taken from a region of HRTEM image of the nanoplate in (e).

be associated with a variation of NiO stoichiometry.®®®

Comparison of the intensities of the relative peaks of annealed
products with reference XRD files for stoichiometric and non-
stoichiometric NiO (Fig. 5) indicates that the NiO products are
non-stoichiometric, i.e. Ni deficient in both cases. The analysis
of (200) peak positions shows that they shift towards smaller
Bragg 260 angles with respect to the reference peaks, ie.
43.254° and 43.249°, for carbamide and ammonia precursors,
respectively. This is an additional indicator of the non-stoi-
chiometry of the synthesized Ni0.”%”*

The NiO-a obtained by annealing of nanoplate 3-Ni(OH),
retains the flower-like morphology, as observed by SEM and
TEM (Fig. 6a and b). The selected area electron diffraction
from the obtained NPs, as expected, shows their fcc-cubic
structure (Fig. SI-21). Even though the nanoplates appear to
have smooth surfaces, a closer look by HRTEM shows that they
are composed of nanoparticles (Fig. 6¢). We also note that the

Nanoscale

NPs are mainly terminated with a neutral {001} type of surface
for additional images outlining the {001} type of NiO-a NP
faceting (see Fig. SI-31).

However, NiO-c NPs, obtained by annealing of the
Ni3(OH),(NO;), intermediate, are dominantly rod shaped
(Fig. 7a and b). Digital diffractogram analysis has shown that
NiO-c NP long side is terminated by {111} polar NiO facets.
Hence, these nanorods are an example where NiO NPs are
dominantly facetted with polar (111) surfaces, as further illus-
trated by the number of HRTEM images taken from NPs in
different zone axes (Fig. SI-37).

Atomic scale imaging by HRTEM of NiO-a and NiO-c NPs
shows clearly their atomic ordering (Fig. 6¢ and 7c), and
besides their size difference, as outlined before, very interest-
ingly, the NiO-a and NiO-c exhibit distinctive crystallographic
surface facets. For example, the NiO-a NPs are predominantly
terminated by a neutral {002} type of surface, while the NiO-c

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 The left panel represents the XRD patterns of reference (a) cubic NiO’* and (b) non-stoichiometric NiO,,”%”* and NiO obtained using
ammonia (c) and carbamide (d) precursors. The right panel shows the (200) reference peaks in comparison to the experimental peaks of NiO
obtained by both precursors.

(cc)

Fig. 6 (a) SEM image of NiO obtained with thermal treatment of -Ni(OH), flower-like nanostructure, (b) TEM image of annealed NiO nanoflower
particle, and (c) HRTEM images of the red marked region in (b) outlining the NiO NPs with (111) atomic planes of NiO from a single particle shown in
the inset.

This journal is © The Royal Society of Chemistry 2024 Nanoscale
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Fig. 7

(a) SEM image of NiO NPs obtained with thermal treatment of Niz(OH)4(NOs),, (b) TEM image of NiO NPs, and (c) HRTEM images of selected

NiO NPs, outlined in (b) with the red square. The inset in (c) shows the (111) atomic planes of NiO.

NPs are surface terminated by a polar {111} type of surface
facet (Fig. SI-31). We note that the ability to synthesize NiO
NPs terminated with different types of surface facets, especially
polar surface-terminated NPs is of exceptional importance to
the potential application of the synthesized materials in
catalysis.

The above results clearly show that intermediates affect the
shape and size of the NPs, and their overall morphology is
either retained, i.e. NiO-a preserves the 3D-flower-like nano-
structure, or they fully transform to non-self-assembled NiO-c
NPs. A common characteristic of Ni3(OH)4(NO;), and B-Ni
(OH), nanoplates is their hexagonal symmetry-layered struc-
ture, with into flower-like
nanostructures.””

Hence, it is rather important to understand how the inter-

the tendency to assemble

mediate transformation leads to different surface faceting in
the NiO NPs and, consequently, what is a likely driving force
for NP assembling. The surface chemistry of the H,O with NiO
NPs is expected to be very sensitive and depends on the atomic
structure, i.e. crystallography of the exposed NP surfaces, due
to distinct polar vs. neutral surface terminations of NiO-c and
NiO-a NPs, respectively. We postulate that water-NiO NP
surface interactions could play a significant role in either the
occurrence or absence of NP self-assembly, as elaborated in
more detail in the next section.

3.3. NiO-H,O0 interaction: T-dependent FTIR, XPS, and DFT
analyses

To gain more in-depth insights into the interactions and
forces that maintain the nanoparticle assemblies upon
thermal treatment, especially in the presence of OH and H,O
species on NP surfaces, we perform temperature-dependent
FT-IR and XPS studies of NiO nanostructures obtained by
ammonia and carbamide routes, accompanied by DFT model-
ing of water adsorption on relevant NiO surfaces present in the
NPs, that is, the (100) and (111) surfaces.

The spectral region of O-H stretching vibrations in the atte-
nuated total reflection (ATR) - FTIR spectra is shown in Fig. 8a
and b. Additionally, Fig. SI-41 shows only the first and last

Nanoscale

spectra from Fig. 8a and b for a clearer observation of the
general trend.

A much wider spectral band in this region, extending sig-
nificantly to the lower wavenumber side in the spectra of NiO-
a NPs, strongly implies the dominance of the O-H stretching
vibrations of surface adsorbed non-dissociated water mole-
cules. This band gradually loses intensity upon heating and
practically disappears in the spectra recorded at 200 °C
(Fig. SI-4at). The behavior of the spectral region corresponding
to the H-O-H bending modes is also consistent with the
observations in the higher-wavenumber region, as shown in
Fig. SI-5a and c.t

In contrast, the NiO-c NPs show a band that is due to the
O-H stretching modes, which is narrower with the centroid
shifted towards the higher wavenumbers, corresponding to the
position of surface hydroxyl groups.”” Such a spectral appear-
ance is consistent with the physical picture involving predomi-
nantly physisorbed water on the {100} surfaces of the NiO-a
and dissociatively adsorbed water dominating on the {111} sur-
faces of the NiO-c NPs.

The presence of H,O and OH groups is further demon-
strated by the moving-window two-dimensional correlation
spectra constructed based on the calculated autocorrelation
functions of the spectral responses; see the ESIT for more
details. Fig. 8c and d clearly demonstrate the dominance of
processes, leading to loss of the physisorbed water in NiO-a
NPs, in line with the previous discussions, while in the case of
NiO-c NPs, the dominant surface species are OH groups. In
both cases, the physisorbed H,0 and chemisorbed OH groups
remained on the NiO NP surfaces after the temperature treat-
ment. As implied before, although surface-exposed water
molecules could maintain the nanocrystal assemblies through
favorable hydrogen-bonding interactions, the presence of pre-
dominantly surface hydroxyl groups is expected to lead to
unfavorable inter-nanoparticle interactions, as a consequence
of the repulsive H---H interactions.

Further evidence of surface termination species on NiO NP
surfaces is shown by the XPS measurements presented
hereinafter.

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 The O—-H stretching region in the temperature-dependent ATR FT-IR spectra of (a) NiO-a and (b) NiO-c NPs; the temperature increases from
20 °C to 200 °C from the uppermost curve downwards. The moving-window two-dimensional correlation spectra are constructed from the calcu-
lated autocorrelation functions of the spectral responses in the NiO-a (c) and NiO-c NPs (d).

Fig. 9 shows the XPS spectra of the two O 1s multiplet
bands of both sets of NiO NPs, and the complementary Ni
2ps, spectra are shown in Fig. SI-6.7 The O 1s spectra clearly
reflect the presence of surface hydroxyl groups in both pro-
ducts. The spectrum from pure NiO is characterized by an O 1s
single peak at ~529 eV. In the case of OH and H,O surface
presence, in addition to the main O 1s peak, additional peaks
at ~530 and ~531 eV are expected to appear,
respectively.’® %% In the case of NiO-a, a rather intense
H,O0 peak is observed in the O 1s XPS spectrum at 531.8 €V,
which is absent in the case of NiO-c (Fig. 9a and b and ESI
Table SI-11). Simultaneously, the XPS spectra of the products
from both routes have an O 1s peak corresponding to the
surface OH groups appearing at 530.6 and 531 eV in both NiO-
a and NiO-c NPS, respectively. As illustrated in Fig. 9, the H,O
peak is the most prominent in NiO-a. The appearance of a
peak at ~527 eV in the O 1s region (i.e. on the lower binding
energy side of the peak multiplet - denoted by an asterisk in

This journal is © The Royal Society of Chemistry 2024

Fig. 9) strongly implies that the studied samples are charge
separation active. Assuming the existence of positive trapping
sites on the sample surface, some of the electrons can become
trapped. The surface thus becomes negatively charged, which
shifts the XPS signal to a lower binding energy value than
expected and is allowed from the immediate chemical environ-
ment in question.

The 3D structure of NiO-a NPs suggests strong H,O reten-
tion, which is responsible for retaining nanoparticle self-
assembly into nanoplatelets. This is also reflected in the XPS
Ni 2p3/2 spectra. In the case of NiO-c, the appearance of this
region is simpler and can be straightforwardly explained with
the GS model, as described in much more detail in the ESL}
The Ni 2p3/2 XPS region in NiO-a is, however, dominated by
the presence of surface adsorbed water; see Fig. SI-6 and
Table SI-17 for details.

The above experimental data clearly show that the NiO NPs
are preferentially decorated with either OH or H,O. These
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Fig. 9 XPS spectra of NiO synthesized via the ammonia (a) and carbamide (b) routes in the regions of O 1s multiplet bands.

experimental observations agree with how polar and neutral
surfaces, i.e. {111} or {100} of NiO interact with water. The DFT
total energy calculations show that H,O can be easily chemi-
sorbed on both (111) and (100) surfaces, using ~0.5 eV per
molecule, with a small variation depending on the atomic site.
However, H,0 molecules can easily dissociate on the polar
(111) surface; the energy gain is —1.74 eV per molecule on the
(111) surface, while dissociation on (100) is 0.89 eV per mole-
cule; hence, it is not feasible. This is also in agreement with
literature reports based on single-crystal adsorption calorime-
try, where it has been shown that H,O adsorption on NiO(111)
is dissociative.”

The driving mechanism behind water-NiO polar vs. neutral
surface interactions is the huge surface energy difference
between polar and neutral surfaces, and the need for signifi-
cant charge transfer required for polar NiO(111) surfaces to be
stabilized. Various surface stabilization mechanisms have
been studied and reported in the literature for various polar
surfaces, including the (111) rock salt oxide surfaces.”* We
note that OH surface stabilization of the (111) surfaces is one
of the most dominant atomic reconstruction mechanisms also
experimentally observed on the MgO (111) surface.”*”® Finally,
when energies of various NiO terminations are evaluated with
respect to the chemical potential of the H,O, it has been
shown that the presence of water makes the OH surface stabi-
lization mechanism even more favorable.””

3.4. From intermediates to NiO NPs: correlation between
structural transitions and vibrational spectroscopy

To further elucidate the chemical changes in the intermediate
hydroxide-based phases and their structural transformation
under the thermal treatment of NiO NPs, FTIR, UV-VIS and
Raman spectroscopic techniques were employed.

Nanoscale

Fig. 10a shows an FTIR spectrum of the $-Ni(OH), inter-
mediate in the 4000-500 cm™" spectral range, with a note that
four IR active vibrational modes for p-Ni(OH), are predicted
and also observed at 332-354 cm™!, 440-475 cm™},
510-553 cm~ " and 3630-3650 cm™".”®*®" In the higher wave-
number region, the well-defined band at ~3630 cm™" (Fig. 10a)
is assigned to the stretching mode from lattice hydroxide (OH)
groups. The combination of two lower-frequency modes (E; +
A,,(TO)), however, is most likely a cause for the weak band at
~1400 ecm™ ", In the low-wavenumber region, the sharp band at
~510 em™" is assigned to the bending Ni-O-H mode. This
spectrum also includes a very weak band at ~1630 cm™" due to
the H-O-H bending mode, which indicates traces of water in
the sample, likely adsorbed on the surface and/or trapped in
the structure, originating from the closest environment.

The FTIR spectrum of the hydroxide-based phase
Ni3(OH),(NO;), intermediate, Fig. 10b, in addition to the
bands observed in (-Ni(OH), intermediate, shows
additional bands at ~1495 cm™*, ~1305 cm™*, ~994 cm™
~2189 cm™ . Additionally, compared to the FTIR spectrum pre-
sented in Fig. 10a, the band assigned to the bending Ni-O-H
mode is blue-shifted at ~625 ecm™'. The three bands at
~1495 cm™', ~1305 cm™', and ~994 cm™" are assigned to the
stretching modes of loosely bonded nitrate ions, while the
band at ~2189 cm™" arises due to the stretching mode of iso-
cyanate ions (NCO™). The presence of isocyanate ions is
because they are a coproduct of the process of hydrolysis of
carbamide, which during synthesis is likely incorporated as a
‘free’ species between atomic layers. The band at ~1630 cm™"
assigned to the H-O-H bending mode from free H,O mole-
cules is weak although it is more pronounced in comparison
to B-Ni(OH),. Additionally, the broadening of the band at
~3630 cm™" assigned to the stretching mode from lattice OH
is likely due to the stretching of the OH mode from H,O

few
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phases (c and d). The band at ~500 cm™ is assigned to the NiO stretching mode,

band at ~1600 cm™ imply traces of water in the sample.

involved in hydrogen bonding interactions (v(HO-H:--0)).”
Therefore, the intermediate phase synthesized using carba-
mide as an anion precursor is an hydroxide-rich basic nitrate
salt of nickel.

In addition to lattice nitrate ions,
Ni3(OH),(NO3), includes nitrate ions along with isocyanate ions
and free water molecules, which are placed between atomic
planes. This provides an environment for the development of a
turbostratic structure, as indicated by the XRD patterns, and is
directly imaged by HRTEM. This intermediate, compared to the
alpha-Ni(OH),, is characterized by a larger interlayer distance due
to the excess of H,O between atomic planes.

The FTIR spectra in Fig. 10c and d correspond to NiO-a and
NiO-c obtained by annealing intermediate phases by ammonia
and carbamide precursors, respectively. The sharp bands due
to the stretching and bending vibration modes from lattice OH
disappear, and the band is related to the bending Ni-O-H
mode. Therefore, FTIR spectroscopy confirms that the inter-
mediate phases transform completely to NiO upon annealing.

To gain further insights into certain structural specificities
of the intermediate phases, we performed analyses of the
experimental FTIR data based on nonlinear curve-fitting
procedures.

the structure of

This journal is © The Royal Society of Chemistry 2024

7980 \while the broad band in the low wavelength part and the weak

The band due to the fundamental vibrational transition of
the lattice OH group in the FTIR spectrum of the p-Ni(OH),
intermediate could be precisely modeled by fitting with three
component bands (Fig. 11a), in which each is a linear combi-
nation of a Gaussian and Lorentzian function (see the ESI} for
details concerning the fitting procedure).

In the case of Niz(OH),(NOj3),, however, successful recon-
struction of the experimental band requires fitting with more
than 10 component bands, i.e. 14 bands are used to generate
the reconstructed band shape in Fig. 11b. The need for only
three component bands to reconstruct the experimentally
measured OH stretching band in the $-Ni(OH), intermediate
(spanning a narrow range of less than 100 cm™") in compari-
son to 14 component bands for Niz(OH),(NO;), (spanning a
wider range of ~300 cm™") indicates the presence of few dis-
tinct lattice OH oscillators in the former and a much larger
number in the latter case, reflecting the turbostratic structure
of Niz(OH),(NOj3),. The appearance of the IR absorption spec-
trum of a given molecular/ionic oscillator embedded in a solid
state compound is affected by the local electrostatic effects,
causing the site-symmetry splitting and shift, as well as by the
effects related to the coupling with other identical oscillators
within the unit cell of a crystal, which leads to unit cell group
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Fig. 11 Reconstruction of the region of the fundamental vibrational transition of the lattice OH group in the FTIR spectrum of the $-Ni(OH), (a) and

Niz(OH)4(NOz3), (b) intermediates.

splitting and accidental degeneracy effects. We note that few
distinct in-crystal oscillators strongly imply a significantly
higher order in the lattice, usually accompanied by a higher
symmetry, as in the case of $-Ni(OH),. The turbostratic effect
evidenced in the case of Niz(OH),(NO;), implies the presence
of different intercalated species at variable positions within
the crystal lattice. Such higher degrees of disorder cause
different local environments around the lattice OH species,
with different local perturbations to the OH stretching poten-
tials, resulting in a wide IR band with a well-resolved substruc-
ture, as shown in Fig. 11b. These results complement the
structural analysis by X-ray diffraction and electron microscopy
of both intermediates.

In line with the conclusion drawn from the results obtained
by XRD and FTIR spectroscopy, Raman measurements
confirm the chemical identity of p-Ni(OH),
Ni3(OH),(NO3), intermediates. Raman spectra of intermediates
and final products (NiO-a and NiO-c) are shown in Fig. SI-7a-
d.t The Raman spectra contain all the expected bands charac-
teristic for both intermediates. Along with the Raman-active
modes involving lattice OH stretching and bending vibrations,
the spectrum of Niz(OH),(NO;), intermediate contains
additional bands due to NO;~ and H,O species. Positions of
some of Niz(OH),(NO3), bands are close to the positions of
band characteristics for free NO;~ ions and H,O molecules,
confirming that the free-like nature of intercalated NO;™ ions
and H,0 molecules in the interlayer spacings is as expected
for the turbostratic structure of this intermediate. The Raman
spectra of the samples annealed at ~400 °C for at least 1 h
have practically completely lost the bands related to the
vibration modes of lattice OH or hydroxide lattice modes
(apart from those arising from the surface-adsorbed water
albeit with very low intensity), confirming that upon thermal
treatment at 400 °C, intermediate hydroxide-based phases, a
complete transformation to nickel oxide occurred (Fig. SI-7c
and df). See the ESI} section for a more detailed assignment

and
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of the bands in the Raman spectra of the final products (NiO-a
and NiO-c).

To gain additional information on the temperature phase
transitions of intermediates to NiO NPs and the nature of tran-
sitions, we perform DSC calorimetry on both intermediates
from RT to 350 °C. The results are presented and discussed in
the next section.

3.5. Differential scanning calorimetry measurements: phase
transition from intermediate to NiO-NPs

The DSC curves for the intermediate compounds obtained
using ammonia and carbamide hydroxide ion precursors are
shown in Fig. 12, with clear endothermic peaks that corres-
pond to chemical and structural transformations during
thermal treatment associated with the transformation of inter-
mediates to NiO NPs.

The initial baseline upward shifts, from 50 to ~275 °C, for
both intermediates can be attributed to the release of physi-
sorbed H,0O molecules, with a clear indication that
Ni3(OH),(NO;), contains more water molecules, with a signifi-
cant amount in the interlayers released during the initial struc-
tural transformation of the nanoplates. The energy required
for such changes is low due to the turbostratic nature of these
interlayers.”® In contrast, the H,O presence in B-Ni(OH), is
surface limited, e.g. no free species between atomic planes.
Therefore, this effect is less pronounced. In the higher temp-
erature region, the single endotherm peak (~298 °C) associ-
ated with p-Ni(OH), represents the phase transition to NiO. In
contrast, the phase transformation associated with
Ni3(OH),(NO3), proceeds in two steps. At ~306 °C, the first
broadened peak can be associated with the release of the ‘free’
species within interlayers, e.g. H,O and NO;~, followed by a
sharp endotherm peak at ~326 °C that corresponds to trans-
formation to NiO. As expected after this transition tempera-
ture, the full transformation to NiO occurs, as also confirmed
by the absence of the OH™, H,O and NO;™~ bulk-related bands

This journal is © The Royal Society of Chemistry 2024
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sors, respectively.

in the FTIR and Raman discussed above. Similarly, the sharp
$-Ni(OH), endotherm peak, which is accompanied by loss of
the OH, corresponds well with the loss of bulk Ni-O-H
bending and OH stretching modes observed in the FTIR and
Raman spectra. The DSC results show that p-Ni(OH), to NiO-a
NPs proceed in single-step structural transformation, while
Ni3(OH),(NO3), to NiO-c NPs is more complex with two distinc-
tive structural transformations.

The thermal treatment of the products is carried out at
350 °C, which is well beyond the DSC peak maxima for both
hydroxide products, to provide a complete transformation to
oxide and removal of all impurities consistently and
comparably.

3.6. Low dimensionality effects on phonon modes and band
gaps in NiO NPs using Raman and UV-VIS spectroscopies

In this final subsection, we explore how quantum confinement
affects NP band and phonon modes by utilizing Raman and
UV-VIS spectroscopy.

We start by presenting Raman Spectroscopy results with a
focus on the spectral range where the first order transverse
optical (TO) and longitudinal optical (LO) transitions appear,
at ~400 cm™" in TO and 500 cm™" in LO modes. The particular
range of Raman shift values of the TO and LO modes is
affected by several factors, such as lattice imperfections and
magnon-phonon interactions.’” The small size of the NiO
nanoparticles also induces the appearance of the surface
modes (SO). At a relatively smaller NiO NP size (<12 nm), the
position of the SO modes could overlap with the TO and LO.*?
Fig. 13 shows the results of the fitting of the band appearing
~500 cm™* with three-component Lorentzian functions, and
the peak assignments are in line with experimental and
theoretical data in the literature.®*%® Table SI-2 illustrates a
summary of the relevant fitting parameters, along with the

This journal is © The Royal Society of Chemistry 2024
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intensity ratio of the SO with respect to the TO and LO modes.
The average lifetime values (7) for phonons in the LO, TO and
SO modes are calculated from the Lorentzian band para-
meters, using the relation 7 = 1/(2rcw).®*%”

It could be concluded that the intensity ratio of the SO
modes to both the TO and LO modes is much higher (~40
times higher) in the NiO-a NPs obtained from B-Ni(OH), as
compared to the NiO-c from Niz(OH),(NOj3),. Additionally,
while the average lifetimes of the TO and LO modes between
the two final products are similar, the average lifetimes of the
SO modes are different by an order of magnitude, reflecting
the size difference between the two sets of NiO NPs.

Finally, we present the results of the optical absorption
spectroscopy data. Fig. 14 shows the semiconductor absorption
functions for direct-type band to band transitions constructed
from the UV-VIS spectroscopy data for NiO-a and NiO-c.

Within the framework of the parabolic approximation for
the dispersion relation, the band gap energies of the NiO-a
and NiO-c were determined as 3.23 eV and 3.67 eV, respect-
ively. Despite the small size of the NPs in both cases, Bohr’s
excitonic radius for NiO is smaller than 1 nm, and no
quantum confinement effects are observed. The difference in
the band gap energies of the two sets of NiO NPS can be attrib-
uted to the increased density of the surface states of the NiO-a
NPs, which ultimately decreases the band gap of NiO-a com-
pared to NiO-c NPs.

3.7. Chemistry of precursor conversion to hydroxide-based
intermediate NPs and their conversion to NiO NPs

The previous results allow us to elucidate the details of the
chemical pathways to the hydroxide intermediates and their
subsequent transformation to NiO NPs upon thermal
annealing.

The reaction mechanism of hydroxide-based nanoplate for-
mation includes few equilibria, which are mutually and also
pH value dependent. When ammonia was used as a hydroxide
ion precursor, the following equilibria are of relevance:

[Ni(NH;)*" (aq) = Ni** (ag) + 6 NH; (aq), (1)
NH; (aq) + H,0 (1) = NH," (aq) + OH (aq). (2)

The ammonia as a Lewis base forms complex ions (equili-
brium (1)) and maintains the equilibrium concentration of
metal cations at an optimal level, and it also provides hydrox-
ide ions throughout the equilibrium (2). As discussed before,
the results from our measurements performed using various
structural and spectroscopic techniques confirm that the
formed intermediate is $-Ni(OH), phase. Its formation starts
when the critical supersaturation has been reached according
to the following equilibrium:®®

Ni(OH), (s) = Ni*' (aq) +2 OH (aq) Kgp = 5.48 x 107'°.
(3)

Therefore, ammonia controls the rate of precursor conver-
sion, which further influences the monomer concentration
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intermediates, respectively.

and the balance between the processes of nucleation and crys-
talline NP growth. This balance is important for NP size. Upon
thermal treatment of the intermediate, Ni(OH),, it converted

to NiO.

In the case of a carbamide-based reaction system, the
synthesis occurs at a higher temperature (~90 °C). The
decomposition of carbamide is an endothermic reaction

Nanoscale

that leads to the formation of ammonia and carbon
dioxide:

NH,CONH, + H,0 = CO, + 2 NH;. (4)

The already introduced equilibrium (3) is also relevant in
the case of a carbamide-based solution, but hydroxide ions,

This journal is © The Royal Society of Chemistry 2024
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which are generated as a result of the protonation of
ammonia, in this case, originate from carbamide as an anion
precursor.

According to our results, the choice of the hydroxide precur-
sor results in a difference in the chemical composition of
intermediates. When the carbamide is included as a hydroxide
ionic precursor, instead of the formation of (-Ni(OH),, the
reaction path progresses through a different intermediate,
Ni3(OH)4(NO3),:

Ni3(OH),(NO3), (s) = 3 Ni*" (aq) + 4 OH (aq)
+2 NO;™ (aq). (5)

Such conclusions are supported by analysis of the inter-
mediates by Raman and FTIR Spectroscopy, and by DSC.

The equilibrium concentration of hydroxide ions in the
reaction solution is not sufficient to provide deposition of
nickel(n) hydroxide but is sufficient to fulfill the conditions for
the precipitation of nickel(u) tetrahydroxide nitrate, which is less
soluble than p-Ni(OH),. By designing this route, we provide the
conditions for the formation of a turbostratic nanostructure,
which leads to a different product built up by NiO NPs with
different size, morphological and optical properties.

Upon thermal treatment in the air atmosphere at ~350 °C
for at least 1 h, both intermediates, PB-Ni(OH), and
Niz(OH),(NO3),, convert to NiO NPs. The phase transition is fol-
lowed by a color change from green to gray, which indicates Ni
deficiency in the final products. This deficiency is also confirmed
by XRD. As discussed before, the final products from the two
routes (taking place through different intermediates) differ in
their size, morphology, surface faceting and optical properties.

4. Conclusions

The present paper provides a fundamental understanding of
the chemical pathway to engineer NiO nanostructures by utiliz-
ing ammonia and carbamide precursors, which direct the syn-
thetic route towards -Ni(OH), and Niz(OH)4(NO;3), intermedi-
ates that are further transformed to NiO NPs (for simplicity,
denoted as NiO-a and NiO-c, respectively). The precursor-
engineered intermediates are self-assembled flower-like 3D
nanostructures based on nanoplates, which upon thermal
annealing at 350 °C, fully transform into two distinctive sets of
NiO-a and NiO-¢ NPs that have different sizes, structures and
morphologies, as well as optical and surface properties.
Fundamental insight into the structural transformation
from intermediates to NiO NPs is gained by employing various
complementary structural and spectroscopic techniques. FTIR,
Raman and DSC analyses show that the transformation of tur-
bostratic arrangement of Ni3(OH)4(NO;), atomic planes,
directly confirmed by HRTEM, to NiO NPs goes through sub-
sequent loss of NO;~ and OH™ species, as a two-step phase
transformation at 306 °C and 326 °C. These steps correspond
to free interlayer ions and H,O species loss, followed by the
loss of chemically bonded OH™ and NO;~ ions. The p-Ni(OH),
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intermediate transforms to NiO NPs via loss of OH™ species,
observed as a single-step phase-transition at 298 °C. The temp-
erature-dependent FTIR from intermediates shows that NiO
NPs obtained by ammonia and carbamide route are preferen-
tially retaining H,O and OH groups, respectively. This is
directly related to the surface terminations of the NiO NPs,
where nanorod-shaped NiO-c NPs are terminated predomi-
nantly with polar {111} facets, while the NiO-c NPs are faceted
by mostly neutral {100} types of surfaces, as shown by HRTEM.
Total energy calculations show that H,O can dissociate on
polar NiO(111) surfaces, while H,O is physiosorbed on neutral
NiO(100)-type surfaces. Such findings are further supported by
XPS measurements of the NPs. The NiO-a NPs are H,O termi-
nated, while the surfaces of the NiO-c NPs are OH terminated.

These structural findings provide insight into the driving
forces that determine overall NP morphology. For example, the
water interaction with the neutral {100} facets of the NiO-a NPs is
a likely driving mechanism that allows weak bonding via hydro-
gen bonds involving water molecules, which leads to the preser-
vation of the nanoflower morphology even after annealing at
350 °C. Indeed, the XPS of NiO-a NPs shows a large amount of
water present within the NiO-a 3D self-assembled nanostructures.
In contrast, the NiO-c NPs obtained by thermal annealing of the
Ni;(OH)4(NO3), flower-like 3D nanostructures result in the loss of
the 3D self-assembly due to the inert behavior of the dominantly
OH - terminated (111) NP facets.

Besides the overall surface structure/morphology differ-
ences, the NiO-c NPs are almost 3 times larger (15.5 nm) than
NiO-a NPs, and their band gap of 3.6 eV is 0.4 eV larger than
the band gap of NiO-a NPs. Finally, we showed that both sets
of NiO NPs are Ni deficient: the Ni deficiency is more pro-
nounced in NiO-c NPs obtained from carbamide precursor
through the Niz(OH),(NO;), intermediate.

In summary, the present paper elucidates the possibility of
engineering NiO NPs via different precursors, ammonia and
carbamide. The size, morphology and band gap energy of the
NiO NPs can be modulated by the choice of the precursor.
This choice also defines the Ni deficiency in the final product,
which provides pathways to utilize their application as p-type
materials in energy conservation and transformation techno-
logies and numerous other applications. Moreover, our syn-
thetic approach combined with the post-deposition annealing
treatment allows precise nanoengineering of the NiO NP sur-
faces, a property that is crucial for the application of NiO NPs
as catalysts.
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