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This work presents a novel hybrid nanostructured magnetic material consisting of ferromagnetic (FM)
fcc Fe—Ni nanoparticles (NPs) grown on nanodiamond (ND) nanotemplates. The development of this
hybrid magnetic nanomaterial is realized through the combination of wet chemistry and thermal anneal-
ing under vacuum. The characterization and study of the prepared samples, which were performed
using a range of specialized experimental techniques, reveal that thermal annealing of the as-made
hybrid precursor under a range of different conditions leads to the growth of fcc Fe—Ni alloy NPs at the
surfaces of the ND nanotemplates. These alloy NPs have an average size of 10 nm, exhibit uniform dis-
tribution on the ND nanotemplates and have a predominant nickel content of approximately 64 at%.
They demonstrate FM behavior throughout a temperature range from 2 K to 400 K, with maximum
magnetization values ranging between 8.6 and 11.9 emu g~* and coercivities ranging between 10 and
610 Oe. Moreover, °’Fe Mossbauer spectroscopy reveals that apart from the predominant fcc FM Fe—Ni
phase, iron atoms also participate in the formation of a secondary martensitic-type Fe—Ni phase, the
development of which is attributed to the partial diffusion of carbon atoms at interstitial sites within the
Fe—Ni lattices during the alloy NP formation at elevated temperatures, as a consequence of the unique
morphological properties of the ND growth matrices, which facilitate surface formation and reconstruc-

Received 12th March 2025, tion of sp2 nanostructures. Concurrently to their diffusion within the Fe—Ni NP lattice, the carbon atoms

Accepted 21st July 2025 are also found to reconstruct layered graphitic-type nanostructures enveloping the metallic alloy NPs,
but only where ND NPs are adjacent. These non-typical nanohybrid materials hold significant potential

for use in applications related, but not limited to biomedicine, biopharmaceutics, catalysis, and other
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rsc.li/materials-c various contemporary technological fields.

1. Introduction

Today, technology offers opportunities to overcome great chal-
lenges, but at the same time entails the involvement of more
complicated processes. This growing complexity makes impera-
tive the need for employment of sophisticated materials to carry
out these demanding processes efficiently. On the other hand,
it is also important from environmental and economical
aspects that these materials must be characterized by long-
lasting high performance and should be derived from eco-
friendly and low-cost synthetic procedures.
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Hybrid materials that combine different types of materials
blended in a single entity exhibit such advantages and the
diversity of their properties enables them to be used in a wide
variety of applications, from automotive and construction to
electronics, pharmaceutical and biomedical fields." Moreover,
the properties of hybrid materials are considered more effective
when synthesized at the nanoscale.

Among a wide variety of nanohybrid materials (or simply
nanohybrids - NHDs), metal compound hybrids are of great
interest.” These NHDs involve the development of nanosized
metallic compounds on the surface of an appropriate growth
platform material. Such promising candidates with well-
established physical properties suitable to serve as growth
matrices are the nanodiamonds (NDs).

On the nanoscale, diamond nanocrystals stand out among
many materials, including other nanocarbon allotropes. Typi-
cally, NDs manifest extreme mechanical robustness and
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excellent thermal conductivity and are already used in cutting,
drilling, and semiconductor manufacturing applications. More-
over, NDs exhibit great biocompatibility, ultra-low toxicity, and
superior chemical stability compared to other nanocarbon
allotropes.® Hence, NDs are ideal candidates for fields like
biomedicine and biopharmaceutics (e.g., in bioimaging,* bio-
sensing techniques,” drug delivery,® hyperthermia,” and as
contrast magnetic resonance imaging (MRI) agents®).

The implementation of NDs in various technological fields
and applications is owing to their very stable crystal structure.
The structural stability of NDs arises from their unique sp®
bond hybridization, which, in combination with their versatile
morphology, provides them with many interesting features.
Regarding their morphology, commercially available pristine
detonation ND nanoparticles (NPs) are spherical, crystalline,
and monodisperse, with an average NP size of about 4 to 5 nm.
Furthermore, these ND NPs are sintered to larger cluster
structures appearing as close-up agglutinates.”* These agglu-
tinates can display fractal morphologies of a few NPs in thick-
ness and from a few tens to several hundred nanometres in
length. Therefore, NDs can be arranged in robust substrates of
clustered diamond NPs, providing favourable conditions for
exploitation as prospective growth platforms for numerous
applications where particle aggregation and surface phenom-
ena are of great importance."’

Moreover, diamond NPs present an ultrahigh surface-to-
volume ratio. This morphological feature enables the inter-
action of a significant part of diamond carbon atoms at the
surface and subsurface regions of the NDs. Nevertheless, these
nano-scaled regions are most likely to be influenced by imper-
fections and defects, derived from the NDs’ detonation reaction
origins, which prompt deviations from the nominal periodicity
in the solid. As a result, a significant portion of unsaturated
carbon atoms can be observed in the superficial and sub-
superficial ND sites, which, consequently, undergo significant
surface relaxation phenomena either (i) through their stabili-
zation with hydrogen and oxygen functional groups under
ambient conditions, rendering these surface terminations a
significant parameter for regulating the chemical stability of
NDs>° or (ii) through their structural reconstruction via ther-
mal treatments at elevated temperatures, into full and/or
partial sp> hybridized domains in order to reduce the ND
surface energy.>®"" The thermal treatment of carbon nanos-
tructures enables the fabrication of sp® bond hybridized NDs
into either consistent or partially sp®/sp* core/shell hybrids or
concentric layers of sp” graphitic carbon onions, depending on
the annealing conditions. As a result, these engineered
NDs are anticipated to be valuable for investigating interfa-
cial-surfactant interactions. In addition, diamond nanocrystals
can be surface-modified with appropriate functional groups to
enable the coupling of various organic and/or inorganic com-
pounds to enrich their properties and, as such, the application
prospects of a corresponding proposed hybrid system. The
coupling bonds of various compounds with the diamond
nanocrystals determine to a large extent the physicochemical
properties of the resulting NHD materials and provide new
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characteristics not shown by the diamond nanostructures
alone.”"" "3

On the other hand, within the scope of discovering new
materials for society’ s ever-growing global needs, well-known
compounds that can be modified to develop extraordinary
properties present a significant prospect. In this concept, the
iron-nickel (Fe-Ni) alloy system stands out as a prime example
of a traditional engineering and magnetic material that pre-
sents highly renewed interest due to the potential to enhance
its properties by introducing interventions in its crystal struc-
ture. These interventions combined with a relative frame of
growth could develop novel metal compound hybrids. Histori-
cally, Charles Edouard Guillaume was the first scientist to
introduce Fe-Ni alloys, and he received the Nobel Prize in
Physics for his discovery of the Invar alloy."*'® This iron-nickel
alloy, containing 36 at% Ni, exhibits an extremely low thermal
expansion coefficient over a wide range of temperatures around
ambient temperature. In addition to the interesting and widely
exploited thermal properties of the Invar alloy, the Fe-Ni
system has garnered immense interest for its magnetic proper-
ties over the last decade. The equilibrium Fe-Ni phase diagram
generally exhibits two major single-phases, o and v, and a two-
phase o + y region. The o phase refers to a body centered cubic
(bec) ordered crystal lattice, called kamacite, which does not
accept more than 5 to 7 at% Ni concentration. The y phase
refers to a face centered cubic (fcc) disordered crystal lattice,
called taenite, which occurs in a wide range of Ni concentra-
tions and extends at high temperatures above 400 °C. Kamacite
exhibits soft ferromagnetic (FM) characteristics at and above
room temperature (RT) up to its Curie temperature (T¢) of
~900 °C'®'” since its formation occurs above the T¢ of pure
iron, while taenite, due to its disordered crystal nature and
higher Ni content, presents paramagnetic (PM) characteristics
at high temperatures and lower T values compared to kama-
cite. However, the high-temperature PM y-phase of taenite
decomposes into two disordered phases as the temperature
decreases. One is a PM fcc disordered y;-phase with low Ni
concentration up to 28 at% Ni, named anti-taenite."® The other
is a FM fcc disordered vy,-phase with high Ni concentration
from 45 up to 70 at% Ni, called high-Ni taenite, which is
encountered across the phase diagram above 330 °C." Studies
on the Fe-Ni phase diagram below 400 °C demonstrate an
extensive asymmetrical miscibility gap associated with a mag-
netically induced spinodal decomposition for alloys containing
28-45 at% Ni.?°2* Moreover, between the metastable phase
boundaries of low Ni compositions containing 7 to 27 at% Ni,
martensitic transformations are also observed.”?

For a considerable time, the phase transformations of the
Fe-Ni system at low temperatures were shrouded in ambiguity,
rendering this phase diagram as complex and not well under-
stood. Another significant challenge involved in the studies of
these alloys is the low diffusion rates of the metal atoms in the
Fe-Ni system at low temperatures such as those below 400 °C.
R. B. Scorzelli et al. and many other groups have reported that as
cooling occurs, the diffusion coefficient of Ni in taenite decreases
from 1.5 x 107" em” s™" at 600 °C to 1 x 107>" ecm® s™" at
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500 °C. Remarkably, at 300 °C, it would take more than 10*
years for one Ni atomic jump to occur.?®**"2® For this reason,
many scientists were called upon to shed light on and to resolve
the low-temperature phase transformations of the Fe-Ni sys-
tem. In 1962, J. Paulevé et al. demonstrated for the first time, by
conducting neutron irradiation experiments in the presence of
a magnetic field on equiatomic FeNi alloys, a new order-
disorder transition to an ordered crystal phase of the AuCu-
type at 320 °C.”” This chemically ordered equiatomic FeNi y"-
phase, called tetrataenite, exhibits a tetragonal structure with a
tetragonal-base lattice constant of « = 3.582 A and c/a ratio very
close to 1. Magnetic studies have revealed that this tetragonal
L1, FeNi phase is a promising hard magnet, offering a large
uniaxial magnetic anisotropy constant, K, ~ 7 x 10°J m ™, and
a high T¢ of ~550 °C.*® Such a significant discovery led to the
study of the ordered FeNi alloy with the L1, structure by several
groups,”>?” highlighting neutron irradiation as a non-
conventional method to enhance atomic diffusion in sluggish
(referring to the low diffusion rates) systems at low
temperatures.

It is generally accepted that both diffusion effects and fast
particle irradiation are closely connected. In particular, as an
excess number of defects can be produced by irradiation,
defects tend to maintain a steady concentration during irradia-
tion at elevated temperatures. This steady-state concentration
of excess defects is directly related to higher diffusion, and
therefore, regulating the particle irradiation can subsequently
improve the diffusion rate in materials such as the Fe-Ni
alloys.>®

Nonetheless, despite the extensive studies of the ordered L1,
FeNi phase, there are still unanswered questions concerning
the characteristics of the phases cohabiting in the renewed Fe-
Ni phase diagram. However, answers emerged surprisingly
from a rather, at that time, unexpected source, as they came
from studying the properties of the residual meteorite cores
falling from the sky, providing tons of insightful information
regarding this challenging system. Iron meteorites are interest-
ing natural systems composed of Fe-Ni alloys that have cooled
at a rate of about 1-10 °C per 10° years.”® This unique cooling
rate provides an opportunity to thoroughly study Fe-Ni alloys in
thermodynamic equilibrium, compared to alloys prepared in
the laboratory. Therefore, iron meteorites have played a sig-
nificant role in the study of the Fe-Ni phase diagram. Most
meteorites, similarly to the synthetic samples, are composed
mainly of two phases one corresponding to kamacite and one
corresponding to taenite. These two phases possess definite
crystallographic orientations relative to each other, forming a
pattern called Widmannstdtten. This pattern can be arranged
with unchanged orientations throughout the entire meteorite,
showing that originally the meteorite, at a higher temperature,
was an fcc crystal. However, the very slow cooling process
allowed plates of kamacite to precipitate along the appropriate
planes of the fcc crystal. Subsequent growth of the kamacite
regions led the meteorite to be composed of alternating and/or
intersecting regions of kamacite and taenite of the original fcc
crystal.>!
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Many investigations have pointed out a complex morphol-
ogy in the microstructure of meteoritic taenite, generally occur-
ring as thin plates called lamellae, composed of an ordered FM
equiatomic FeNi phase (tetrataenite) with the L1, y”-phase
superstructure and a disordered PM fcc Ni-poor 7y;-phase
Fe-Ni alloy (anti-taenite). Structural studies show that both
FM y” and PM vy, phases have the same lattice constants, about
3.582 A, forming together a pseudo-monocrystal, whose axes
are those of the original high-temperature fcc crystal, as men-
tioned above. Also, many studies on meteoritic samples have
shown that kamacite consists of up to 8 at% Ni concentration
and is well defined in the Fe-Ni phase diagram. These studies
also indicate instabilities regarding the taenite lamellae, which
present steep nickel concentration gradients near the interface
between kamacite and taenite and moving inwards from this
interface into taenite, a wide layer containing 40-50 at% Ni is
encountered. This surface layer of the lamellae is composed
mainly of the ordered L1, FeNi phase, while deeper in the
lamellae follows a ‘‘dark-etching” layer containing about 28-45
at% Ni. This layer consists of fine domains of the ordered FeNi
phase and a PM disordered y,-alloy with less than 28 at% Ni in
between, rather than an fcc Fe-Ni alloy with continuously
varying composition.>>

J. F. Albertsen et al. indicated that the observation of a
monomineralic layer of tetrataenite and of anti-taenite/tetra-
taenite intergrowths suggests that the stability range of tetra-
taenite at the equilibration temperature (320 °C) is between 46
and 53 at% Ni.”> Furthermore, bulk fcc Fe-Ni alloys with less
than about 28 at% Ni transform by a diffusion-less process to
another important metastable phase called martensite (o,-
phase). Nonetheless, well-distributed small crystallites of the
disordered y;-phase Fe-Ni alloy (with less than 28 at% Ni) are
known to be unstable towards martensitic transformation at
and below RT. This instability is likely due to the intimate
intergrowth of the y,-phase, with the ordered L1, phase on the
same Bravais lattice, thereby stabilizing both of them in the fcc
structure.> Finally, an inner layer found only in thick lamellae
is entirely transformed into the o, martensite phase. The
occurrence of martensite in the middle of the lamella is
consistent with the decreasing Ni-concentration towards the
centre of the lamellae, as fcc Fe-Ni alloys with low nickel
content are unstable towards martensitic transformations.*”
Moreover, in the centre of some thick lamellae, the o, phase
decomposes into a combination of o and y phases called
plessite. In contrast, thin lamellae contain no martensitic o,
phase. Apart from the equiatomic ordered FeNi crystal struc-
ture, another ordered structure exists in the Fe-Ni alloy system.
This compound, with a high Ni concentration of about 75 at%
Ni, possesses an ordered soft FM y’-fcc crystal AuCus-type L1,
structure (space group Pm3m) called awaruite.>*' Comprehen-
sive studies undertaken on many iron-meteoritic samples have
led to a thorough characterization of the Fe-Ni phases observed
in the low-temperature phase diagram range and have helped
to reveal the elusive and complicated interconnections between
them. Thus, the discovery and interpretation of the ordered L1,
FeNi tetrataenite, whether by artificial or natural means, have
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intensified the interest in exploiting its unique magnetic
properties.

Compared to other metallic minerals, tetragonal L1, tetra-
taenite features very high coercivity values, between 1500 and
3000 Oe at RT, and a uniaxial magnetic anisotropy constant K,
of about 1.5 x 10° J m~? at RT,>*** associated with strong
perpendicular magnetocrystalline anisotropy. This significant
anisotropy energy value is attributed to tetrataenite’s chemi-
cally ordered tetragonal crystal structure, positioning y”-FeNi as
a promising permanent magnet candidate with a theoretical
maximum energy product of 335 k] m >, roughly 66% of that of
NdFeB-based supermagnets.*® Moreover, many studies based
on a wide variety of iron-meteoritic samples report coercivity
values in the range of 1100 to 3000 Oe and saturation magne-
tization (Mg) values of about 135-150 emu g~ for tetrataenite at
RT.>® Additionally, tetrataenite, although presenting high 7¢
(550 °C), due to its chemical stabilization at low temperatures,
exhibits also a low chemical order-disorder temperature
of Top = 320 °C.>” These favourable magnetic properties
render tetrataenite as a superior magnetic material comprised
of inexpensive, easy-to-process, readily available and free from
rare-earth elements. These appealing features position tetra-
taenite as a feasible and promising permanent magnet candi-
date with the potential to supplement and/or replace rare-earth
permanent magnets for energy transformation and generation.
Additionally, this intriguing magnetic material can provide
effective magnetic properties, making it suitable for exploita-
tion in electronics, such as in microwave devices and electro-
magnetic wave-absorbing materials,”” or in medical science
applications such as ferrofluids for in magnetic
hyperthermia,” MRI® and drug delivery.*®

Unfortunately, engineering the fabrication and stabilization
of the tetragonality and long-range chemical ordering in the
chemically disordered fcc parent Fe-Ni phase to form tetra-
taenite has proven to be very challenging. Since atomic diffu-
sion is extremely slow at the order-disorder temperature
point, an inconceivably long amount of time would be
required to synthesize L1,-FeNi. Therefore, L1,-FeNi with a
significantly high long-range order parameter, S, cannot be
derived through the conventional equilibrium process that
promotes the formation of L1, through a mutual diffusion of
Fe and Ni, utilizing the stability of L1,-FeNi as the driving force
for ordering.**3?°

As mentioned earlier, to enhance diffusivity towards the y”-
FeNi phase formation, it is necessary to increase the material’s
defect concentration, which has primarily been managed
through neutron irradiation. Considering this, many research
groups have tried to implement similar tactics using different
synthetic routes. In some cases, the importance of induced
tetragonal distortion towards the stabilization of the peculiar
tetragonal L1, FeNi alloy phase is highlighted. This mechanism
can be achieved in two ways: (i) by applying uniaxial stress to
the parent Fe-Ni lattice through epitaxial effects or (ii) by
introducing a third element, such as boron (B), nitrogen (N),
or carbon (C) atoms, interstitially into the parent fcc taenite Fe-
Ni structure.**™**

use
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Regarding the latter method, Goto et al. proposed an
ordered-alloy formation process involving a stable ordered
intermediate material. In this method, the ordered configu-
ration of FeNi is triggered by nitriding the metal structures,
combined with the following topotactic de-nitration to extract
nitrogen atoms from the FeNi nitrides without damaging the
crystal structure. L1,-FeNi fabricated by this method showed a
high coercive field of 1800 Oe, along with a high K, value of
about 1 x 10°J m~*, which is directly correlated with the high
degree of order (S ~ 0.7) in the material. While this K, value is
less than that of Nd-Fe-B (4.9 x 10° ] m™?), it is still an
extremely high value considering that the material is free of
rare-earth elements. The proposed method, called nitrogen
insertion and topotactic extraction, is demonstrated as an
effective alternative for fabricating L1,-FeNi, differentiating
from the conventional thermally activated process in that the
ordered alloys can be derived directly by de-nitriding.** Since
that effort, many other studies have followed, based on this
synthetic process. Recently, F. Takata et al. developed for the
first time single-phase tetragonal Fe,Ni,N films by molecular
beam epitaxy, which, after a subsequent extraction of N atoms,
led to the formation of FeNiN films with an L1, tetragonal
crystal structure. This approach, proceeding from the fabrica-
tion of high uniaxial magnetic anisotropy L1, FeNiN epitaxial
films followed by a 100% extraction of N atoms, could advance
the development of well-ordered tetragonal FeNi films.*?

Similarly, M. Gong and S. Ren, reported a rational epitaxial
core-shell compound based on the heteroepitaxial growth of
AuCu/FeNi core-shell NPs, which stabilizes the tetragonal FeNi
shell phase revealing enhanced coercivity and anisotropy. The
key element for achieving this unique magnetic performance
(Hc ~ 1010 Oe and Mg ~ 122 emu g~ ') is the realization of a
tetragonal distortion induced by the L1, phase transformation
of the AuCu core. This transformation transfers the necessary
strain energy on the epitaxial interface to trigger and stabilize
the tetragonal FeNi structure.>

Significant theoretical research has also provided a robust
platform for studying alloying effects with the ultimate goal of
stabilizing the L1, FeNi compound. For instance, L. Y. Tian and
co-workers, focusing on the phase transformation of the tetra-
gonal FeNi phase based on first-principles theory, found a
strong dependence of the T, on the configurational and
vibrational degrees of freedom. Their calculations yield a final
To-p = 286 °C compared to the experimental value of 320 °C.
Their results open up the possibility of developing an effective
and accurate method for modelling tetragonal ordered forms of
FeNi alloys.”® In this context, many other theoretical studies
have emphasized the need to stabilize L1,-FeNi compounds by
introducing tetragonal distortions. To promote the formation
of the L1,-FeNi crystal structure, researchers have proposed
doping with other elements, like C, B, and hydrogen (H), in
addition to N.>**¥"%3 In particular, P. Rani et al. in their study
investigated the regulation of the magnetocrystalline aniso-
tropy of L1,-FeNi by the diffusion of interstitial carbon-doped
atoms using a full-potential approach within the generalized
gradient approximation. Their calculated results showed a

This journal is © The Royal Society of Chemistry 2025
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significant K, value of 1.9 x 10° ] m>, due to a feasible
tetragonal distortion induced by interstitial carbon-doping
followed by a slight decrease in M.

Considering the significance of all these Fe-Ni alloy mag-
netic characteristics, in our current study we conducted a
thorough investigation into the synthesis, characterization,
and analysis of the interconnected structural, morphological,
and magnetic properties of a new line of hybrid nanostructured
magnetic materials composed of Fe-Ni nanoalloys grown on
ND nanotemplates (Fe-Ni/NDs). This research builds on our
group’s expertise in the development of such hybrid nanos-
tructured magnetic materials.**™*® The realization of these
nanohybrid structures was achieved using a two-step synthesis
procedure: a wet chemical impregnation method that was
aimed to produce an as made-nanohybrid (AM-NHD) precursor,
followed by subsequent thermal treatments under controlled
conditions, that involved heating of this precursor in evacuated
quartz ampoules at 700 °C for 30 min (NHD-700C,30m) and 4 h
(NHD-700C,4h), to realize the final Fe-Ni/ND samples (details
are given in Section 4.1 Materials synthesis).

We characterized and studied these samples using X-ray diffrac-
tion (XRD), transmission electron microscopy (TEM) and high-
resolution TEM (HRTEM), scanning TEM (STEM) with high-angle
angular dark-field (HAADF) imaging and energy dispersive X-ray
spectroscopy analysis (EDS), vibrating sample magnetometry, and
>7Fe Mossbauer spectroscopy techniques. The results indicate that
the stability and nature of the nanostructured phases developed on
the surface of the ND nanotemplates are determined by the
annealing conditions (temperature and annealing duration). In
all samples, the formation of a dominant component corres-
ponding to the nanostructured FM FeNi; alloy phase is evident,
along with a significant and systematic contribution of a tetragon-
ally distorted martensitic-type Fe-Ni:C phase. It is suggested that
the latter phase emerges from the diffusion of carbon atoms into
the crystal structure of the Fe-Ni phase, promoted by the interfacial
interactions between the growing Fe-Ni magnetic NPs and the sp*
type surfaces of the ND nanotemplates.

This nanohybrid system, reported here for the first time,
shows promising structural and magnetic features suitable to
be exploited in various modern and innovative technological
fields, and in particular, due to the high biocompatibility of its
components, it can be suggested to be used in magnetic
hyperthermia and MRI contrast agent related applications.
Furthermore, studying the martensitic-type Fe-Ni phase in
these samples could offer insights into creating similar tetra-
gonally distorted structures. This could advance the develop-
ment of new hard FM materials that do not rely on rare-earth
elements.

2. Results and discussion
2.1 XRD

Fig. 1 depicts the XRD diagrams of a typical first-step synthesis
AM-NHD precursor, along with the following annealed samples
at 700 °C for different heating durations, 30 min and 4 h.

This journal is © The Royal Society of Chemistry 2025
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For the AM-NHD sample (Fig. 1 bottom) the presence of the
main diffraction peaks of the cubic ND structure at 43.9 (111),
75.3 (220) and 91.5 (311) degrees 26 (lattice constant a =
3.567 A, ICDD PDF 00-006-0675) and that of the iron-nickel
spinel oxide Ni,Fe; ,O, (INO) structure at 30.3 (220), 35.7 (311),
and 63.1 (440) degrees 26 (lattice constant a = 8.3337 A, ICDD
PDF 00-054-0964),>° respectively, is observed. An estimation of
the average NPs’ crystalline domain size (D) for each one of
these two phases, based on the most resolvable widths of their
main diffraction peaks, was made using the Scherrer formula,**
providing an average size of (Dyps) = 4 nm for the NDs and
(Divo) = 2 nm for the spinel oxide NPs. These results evince the
development of very small spinel oxide NP seeds on the ND
nanotemplate matrices for the AM-NHD precursor.

Furthermore, treating thermally the AM-NHD precursor at
the chosen temperature and time durations promotes the
formation of a new prominent nanocrystalline phase (Fig. 1
middle and top), which is accompanied by the retained
presence of the NDs, while that of the spinel oxide phase is
seemingly diminished. More specifically, the presence of the
characteristic ND diffraction peaks is followed by considerable
contributions from the broad diffraction peaks of a cubic fcc
Fe-Ni crystal structure, which are evident at 43.8 (111), 51.1
(200), 75.1 (220), 91.2 (311) and 96.6 (222) degrees 20 for the
measured XRD diagrams of the annealed samples. Due to the
relatively large width of this phase’s diffraction peaks, it is
difficult to make an accurate determination of the atomic Fe-Ni
ratio based on their angular positions, since three different
ICDD PDFs, representing iron-rich (Fe, ;Niy 3 ICDD PDF 01-071-
8325 lattice constant a = 3.575 A), equiatomic (Fe, sNio5 ICDD
PDF 01-071-8322 lattice constant a = 3.575 A), and iron-poor
(Feo.3Nig, ICDD PDF 01-074-5840 lattice constant a = 3.564 A)
Fe-Ni stoichiometries, can match qualitatively at the same level
these diffraction peaks. The nature, morphology, and stoichio-
metry of this phase in the samples are elucidated through TEM
analysis (vide infra). Nevertheless, the average -crystalline
domain size (D) can be estimated from the most clearly
resolved width of the (200) diffraction peak at 51.1 degrees 20
for this phase using the Scherrer formula, as illustrated in each
diagram of Fig. 1. The average Fe-Ni metallic NP size drops to a
narrow range between 7 and 9 nm for the two annealed
samples, with the higher value corresponding to the sample
with the longer annealing duration. Based solely on these XRD
findings, it is suggested that the formation of the Fe-Ni alloy
phase from the reduction of the spinel oxide NP seeds can be
sufficiently realized at 700 °C, without the presence of any
residual spinel oxide phase, whose existence however could not
be excluded at all, as it could be present in the form of very
small residual NPs that, due to their reduced size, are not
contributing sufficient signal to overcome the diffractogram’s
noise. At the same time, the different annealing durations of 30
min and 4 h seem not to affect significantly the average particle
size, nor the presence of any residual non-reduced spinel oxide
phase in the samples, suggesting that the Fe-Ni alloy phase can
be formed within a short period of time during the annealing
process.
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Fig. 1 XRD diagrams of the as-made nanohybrid precursor (bottom) and the corresponding annealed samples for 30 min (middle) and 4 h (top) at
700 °C. The crystalline phases in the samples are depicted by the relative different symbols denoting the angular positions of their main diffraction peaks.
The average crystalline domain size (D) of the iron—nickel spinel oxide phases for the as-made nanohybrid precursor sample and that of the Fe—Ni alloy

phase for all other samples are denoted in each diagram.

2.2 Analytical electron microscopy

(S)TEM was utilized to determine the size distribution and
stoichiometry of the metallic NPs, while HRTEM was employed
to further reveal their crystal structure and the interfacial
properties of the metallic NP/ND heterostructures. Representa-
tive TEM images of the NHD-700C,4h sample are given in Fig. 2.
A homogeneous dispersion of ND coarse agglutinate clusters of
arbitrary shapes and sizes ranging from 35 to 120 nm was
observed.

These ND clusters host well dispersed roughly rounded-
shaped metallic NPs developed on their surface, which appear
with darker contrast compared to the ND NPs, due to their
higher mass density.

To resolve better the distribution of metallic NPs on the
hybrid structures, HAADF imaging in STEM mode was used, as
its contrast is directly related to the atomic number. Fig. 3a-c
display HAADF-STEM images, illustrating the distribution of
metallic NPs on various hybrid clusters. In Fig. 3d, the metallic
NP size dispersion is presented, revealing an asymmetric dis-
tribution, with a wider spread towards larger sizes and an
average size of 10 nm. EDS elemental maps from an NHD
cluster are shown in Fig. 3f and g. It is apparent that Fe and Ni
atoms occupy identical positions, confirming the formation of
the Fe-Ni alloy. Further point EDS spectra from individual

J. Mater. Chem. C

metallic NPs, as shown in ESL{ Fig. S1, and Fe compositions
as listed in the ESI,f Table S1, suggest that the Fe-Ni alloy
phase is predominantly Ni-rich, with an average atomic ratio of
Fe: Ni being approximately 36: 64 (Fe3sNig).

Moving forward, Fig. 4 displays HRTEM images of different
metallic Fe-Ni NPs developed on the surfaces of the ND
nanotemplates, where the characteristic d-spacings attributed
to the close-packed {111} planes and the {002} planes of the fcc
Fe;3¢Nig, alloy are well resolved. Moreover, as indicated by a
blue pseudo colour, few-layered graphitic-type continuous
structures are found to develop at the interface between the
metallic Fe-Ni NPs and the carbon support assembly. These
graphitic-type structures are found to partially wrap the metal-
lic Fe-Ni NPs, appearing only in regions where direct contact
with the carbon nanostructured supporting template exists.
This is shown in more detail by the white borderline in
Fig. 4a, which defines the edge limit of the carbon support.

At the same time, the presence of the graphitic-type layered
structures has been consistently observed in numerous other
Fe-Ni NPs studied in this sample (see Fig. S2, ESIt).

Based on these TEM observations, it is evident that the
development of the graphitic-type layered structures is closely
interconnected to the unique morphological features of the
NDs in these nanotemplates and the way they are influenced by

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 HAADF STEM images of different NHD clusters of the NHD-700C,4h sample (a)—(c). Distribution of the Fe—Ni metallic NP sizes (d). HAADF STEM
image of a particular hybrid Fe—Ni NP/ND cluster (e) and the corresponding elemental distribution of Ni (f) and Fe (g). All scale bars correspond to 50 nm.

temperature, as well as the way they interact with the
growing Fe-Ni NPs. In addition, their regular formation on
the surfaces of the grown Fe-Ni NPs, but only where there is a
direct contact with ND NPs, indicates a strong affinity of these
sp” graphitic nanostructures towards the metallic compounds,
which emphasizes the essential role of carbon for their

This journal is © The Royal Society of Chemistry 2025

development. Based on this argument, the verified presence
by TEM observations of these carbon atom graphitic-type layers
at the interface between the Fe-Ni metallic and ND NPs and
their consequent physicochemical interactions can also suggest
the further possible diffusion of C atoms within the Fe-Ni alloy
structure.
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Fig. 4 HRTEM investigation of the NHD-700C,4h sample. The Fe—Ni NP in (a) sits at the edge of a hybrid cluster and is viewed along the [IMx0031;0]
zone axis. The (111) and (002) planes of the fcc FeNi alloy are indicated. In the magnified inset (a) top, the characteristic (0002) close-packed planes
indicate the formation of few-layered graphite (blue pseudo colour) at the interface between the Fe—Ni NP and the carbon nanotemplate. Close-packed
{111} planes, coming from small ND crystallites, are also indicated. The white line delineates the border of the ND nanotemplate. HRTEM images of other
Fe—Ni metallic NPs, showing the formation of few-layered graphite of similar thickness (b) and (c). All scale bars correspond to 5 nm.

2.3 °’Fe Méssbauer spectroscopy

The iron-containing phases developed in the NHD samples are
further investigated by the atomic-level-probing characteriza-
tion and study technique of *’Fe Mdssbauer spectroscopy,
giving insights for their structural, morphological and mag-
netic properties. The >’Fe Mdssbauer spectra (MS) of the AM-
NHD precursor and the NHD-700C,30m and NHD-700C,4h
annealed samples recorded at RT (296 K) are presented in
Fig. 5-7, while additional MS of these samples collected at
77 K are given in the ESIt (Fig. S3). In Fig. 5, the spectrum of the
AM-NHD precursor is characterized by only one quadrupole
split contribution with relative broad resonant lines. Attempt-
ing to fit this spectrum with only one quadrupole split compo-
nent didn’t give sufficient fitting results, forcing us to include
two different quadrupole split components in the fitting model,
which improved the quality of the fit substantially. The result-
ing Mdossbauer parameters (MPs) values from the best fit of this
spectrum are listed in Table 1. These values indicate the
presence of Fe** high-spin (S = 5/2) states for both components
(SPM Fe®" (1) and SPM Fe®* (2) coloured dark cyan and purple
in Fig. 5 respectively) that are characteristic of Fe** ions found
in spinel oxide nanostructures, for which their particle size is so
small that it renders them superparamagnetic (SPM) character-
istics at RT.>>® This finding verifies the respective result
regarding the average particle size of 2 nm deduced for this
phase from the XRD measurements of this sample. At this

J. Mater. Chem. C

temperature, the sizes of all spinel oxide NP seeds developed on
the surfaces of the ND nanotemplates during the first step of
the synthesis of the AM-NHD precursor sample drop below the
SPM size limit, where the SPM relaxation is so fast that the
characteristic relaxation time t is shorter than the character-
istic >’Fe Mossbauer spectroscopy measuring time 1,5, which is
of the order of ~107% s, and consequently, their hyperfine
magnetic field (Bn) values average to zero (collapse
completely).’”*® By lowering the temperature to 77 K, for a
significant part of the spinel oxide NP seed assembly, 7 is increased
to comparably and slightly higher values relative to 1y, conferring to
these NPs magnetic splitting and collapsing By characteristics in
their relative contribution to the corresponding Mossbauer spectrum
(Fig. S3a, ESIt). This part is represented by the MCOL Fe** compo-
nent coloured red in Fig. S3a (ESIt). These are most probably the
spinel oxide NPs with the larger sizes in the particle size distribution
and/or the NPs, which are in closest proximity to each other.***® For
the remaining part, which corresponds to the smaller size and/or
more isolated spinel oxide NP seeds, the SPM characteristics are
retained at the 77 K spectrum. This part is represented by the two
quadrupole split SPM Fe** (1) and SPM Fe®" (2) components at this
temperature similar to what was found at RT.

The MS of the annealed samples are shown in Fig. 6 and 7.
Regardless of the annealing duration, both spectra display
similar characteristics, which can be described qualitatively
by: (i) a set of rather broad but distinct magnetically split

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 °’Fe Mossbauer fitted spectrum of the AM-NHD precursor collected at room temperature. Points represent the experimental data and the

coloured lines the components used to fit the spectrum.

contributions accompanied by (ii) a set of minor magnetically
split contributions detected mainly as satellites around the
outer resonant peaks of the distinct magnetically split contri-
butions and (iii) a set of quadrupole split contributions
observed at the center of the MS. The intensity of the distinct
and satellite magnetically split contributions (i) and (ii) is
relatively stable in each of these two MS, but that of the
quadrupole split contributions (iii) is more pronounced for
the sample annealed for the shorter annealing duration
(30 minutes), compared to that found for the sample annealed
for the longer annealing duration (4 hours).

Analysing adequately such complex MS is a challenging
endeavour, since different sets of fitting models can be used.
To reach a solid choice on the fitting model, we considered the
facts already gained from the other experimental characteriza-
tion techniques in this study, namely XRD and TEM. The main
evidence obtained from these two experimental methods is: (a)
there is a dominant presence of an fcc Fe-Ni nanostructured
alloy phase, which corresponds to the Fe-Ni NPs grown on the
surfaces of the ND nanotemplates, (b) this phase has a Fe:Ni
stoichiometry close to 1:3, which could correspond either to
intermetallic FeNi; and/or to y,-taenite, (c) the development of
graphitic-type layers encapsulating the Fe-Ni NPs is suggesting
further diffusion of C atoms within the fcc alloy structure, and
(d) a minor spinel oxide nanostructured phase could also be
present in the samples.

To include the contribution of the Fe-Ni nanostructured
phase in our fitting model we consider the relative literature on
the analyses of the MS of FeNi;. FeNi; or awaruite is considered

This journal is © The Royal Society of Chemistry 2025

as one of the two ordered phases encountered in the Fe-Ni
system’s phase diagram (the other being the L1, FeNi tetra-
taenite), which orders from the disordered state with very slow
diffusion rates below 500 °C to form an ordered AuCu;-type soft
FM (y'-fec crystal L1,) structure with a nominal iron-to-nickel
atomic ratio of 1:3.23*"%! However, it is known that below the
Curie temperature of 600 °C, the By at the iron nuclei shows
always a distribution around the By value of the perfectly
ordered FeNi; alloy, depending on the degree of Fe-Ni atomic
order and/or on local stoichiometry contributions. Therefore,
the existence of a distribution of By values entails the presence
of incomplete ordering and/or deviation of the nominal
(Fe:Ni = 1:3) stoichiometry, leading to different surrounding
configurations of the iron atoms as pointed out by J. W. Drijver
et al.®" In this work, J. W. Drijver et al. reported that a great
determinant for understanding thoroughly the By distribution
observed in the nearly completely ordered FeNi; system is the
relation of the By,¢ with the local environment of the iron atoms
around their first and second neighbouring shells, when these
iron atoms occupy the nominal Fe crystallographic sites in the
ordered structure.

Many scientists tried to study this effect in nearly completely
ordered FeNi; alloys. In a typical perfectly ordered fcc FeNi;
alloy, an iron atom is surrounded by twelve nickel atoms and
zero iron atoms in the first neighbouring shell and by six iron
atoms and zero nickel atoms in the second neighbouring shell.
In terms of iron atom occupancy in these first and second
neighbouring shells around the nominal Fe crystallographic
sites of the FeNi; system, M. Kanashiro et al. used the notation
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Fig. 6 5’Fe Mossbauer fitted spectrum of the NHD-700C,30m sample collected at room temperature. Points represent the experimental data and the
coloured lines the components used to fit the spectrum, with some of their base-lines shifted higher than 100% relative transmission to improve the

clarity of this multicomponent fitting.

(m4,n,), where n; corresponds to the iron atom occupancy in the
first neighbouring shell and 7, to the iron atom occupancy in
the second neighbouring shell.®*** Moreover, the probability of
finding such configurations is given by eqn (1):

12! 34+0+S\2M/1—-0-8\" W
(12—7’11)!}’11! 4 4

where 0/4 is the fractional deviation of the Fe concentration

W(n) =

J. Mater. Chem. C

from the nominal Fe: Ni = 1: 3 stoichiometry (FexNiy, where X =
(1—6)/4,Y=(3+06)/4and X+ Y =1)and S is the long range
order parameter defined as S = 4/3(p — 1/4),°" with p being the
probability of finding an iron atom at the nominal Fe crystal-
lographic sites of the ordered FeNi; system.

M. Kanashiro et al.®»® suggested that there are three main
magnetically split contributions to be considered for analysing
the MS of a nearly completely ordered FexNiy alloy. Each one of
these contributions corresponds to a different local atom

This journal is © The Royal Society of Chemistry 2025
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configuration (14,n,) ascribed as (14,6), with n; ranging only from
0 to 2, namely (0,6), (1,6) and (2,6), since for n; > 3 all other
configurations can be neglected due to vanishing W(n,) probabil-
ities when the order parameter S is high enough to reach 0.7.
However, a subsequent study on this matter introduced by
T. E. Cranshaw et al.,** highlighted the importance of con-
sidering also the occupancy of the iron atom located at the
nominal nickel crystallographic site, thus forming an Fe anti-
site configuration, as an additional and effective

This journal is © The Royal Society of Chemistry 2025

contribution to the interpretation of By¢ distribution in a
nearly completely ordered FeNi; environment. More specifi-
cally, T. E. Cranshaw and his co-workers concluded that a
systematic ordering of defects can be developed in both non-
stoichiometric and disordered FeNi,-type alloys, where apart
from the statistically prominent iron sites FexNiy (0,6),
FexNiy (1,6) and FexNiy (2,6), an Fe anti-site configuration
with equivalent statistical contribution, notated there as
FexNiy (4,0), should be included in the fitting model. The
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Tablel Mossbauer hyperfine parameters resulting from the best fits of the corresponding spectra of the samples shown in Fig. 5-7. IS is the isomer shift
(given relative to a-Fe at 300 K), I'/2 is the half-line width, QS is the quadrupole splitting, 2¢ is the quadrupole shift, B is the central value of the hyperfine
magnetic field, ABy is the total spreading (Gaussian-type) of the By values around the central Bf; value, and AA is the relative spectral absorption area of
each component used to fit the spectra. Typical errors are +£0.02 mm s~ for IS, I'/2, 2¢ and QS, +3 kOe for B and +3% for AA

Sample Components IS (mms™ ") I/2(mms") QS.or2e(mms ') Bf(kOe) ABy(kOe) Area (%) Color
AM-NHD precursor ~ SPM Fe®* (1) 0.32 0.22 0.54 0 0 46 Dark cyan
SPM Fe’' (2)  0.34 0.25 1.04 0 0 54 Purple
NHD-700C,30m FexNiy (0,6) 0.03 0.15 0.00 273 0 5 Maroon
FexNiy (1,6) 0.02 0.15 0.00 286 0 8 Green
FexNiy (2,6) 0.03 0.15 0.00 298 0 9 Magenta
Fe anti-site 0.00 0.15 —0.41 331 0 3 Cyan
v,-Taenite 0.03 0.15 0.00 312 0 7 Blue
M-type (1) 0.04 0.15 0.01 354 0 2 Olive
M-type (2) 0.00 0.15 0.00 327 0 4 Pink
M-type (3) 0.00 0.15 0.04 324 0 3 Purple
M-type (4) 0.11 0.15 —0.11 305 0 3 Dark cyan
M-type (5) 0.08 0.15 —0.25 254 0 3 Orange
M-type (6) —0.07 0.15 0.13 232 0 1 Light blue
SPM Fe’* 0.34 0.36 0.87 0 0 28 Grey
SPM Fe** 1.23 0.36 2.06 0 0 4 Dark purple
MCOL Fe** 0.34 0.15 0.00 174 179 21 Red
NHD-700C,4h FexNiy (0,6) 0.05 0.15 0.00 274 0 7 Maroon
FexNiy (1,6) 0.04 0.15 0.00 290 0 12 Green
FexNiy (2,6) 0.01 0.15 0.00 303 0 14 Magenta
Fe anti-site 0.00 0.15 —0.36 324 0 5 Cyan
v,-Taenite 0.06 0.15 0.00 318 0 10 Blue
M-type (1) 0.04 0.15 0.01 357 0 1 Olive
M-type (2) 0.00 0.15 0.00 328 0 5 Pink
M-type (3) 0.00 0.15 0.04 324 0 2 Purple
M-type (4) 0.11 0.15 —0.11 305 0 3 Dark cyan
M-type (5) 0.08 0.15 —0.25 253 0 3 Orange
M-type (6) —0.07 0.15 0.13 229 0 2 Light blue
SPM Fe** 0.31 0.36 0.95 0 0 8 Grey
SPM Fe** 1.17 0.22 2.31 0 0 6 Dark purple
MCOL Fe** 0.33 0.15 0.00 147 116 22 Red

notation FexNiy (4,0) to describe the Fe anti-site configu-
ration is given by T. E. Cranshaw et al. due to its identical
environment with an Fe atom located at a nominal Fe
crystallographic site that has 4 Fe anti-site atoms on the first
neighbouring shell and 6 Ni anti-site atoms on the second
neighbouring shell.

To this extent and to elucidate the B¢ distribution phenom-
ena contributing to the appearance of a resonant line broad-
ening in the spectra of our annealed samples, which most
probably might be the actual situation, we conveniently accept
M. Kanashiro’s and T. E. Cranshaw’s arguments. Therefore, we
use the notations FexNiy (0,6), FexNiy (1,6), FexNiy (2,6) and Fe
anti-site, corresponding to a set of four components coloured
maroon, green, magenta and cyan respectively, to model
the contribution of the FexNiy, phase in our spectra shown in
Fig. 6 and 7.

Accepting an average FexNiy stoichiometry of Fe:Ni =
0.34:0.66 as indicated by TEM for the NHD-700C,4h
sample, from the definition of the fractional deviation of the
Fe concentration from the nominal Fe:Ni = 0.25:0.75 (1:3)
stoichiometry in eqn (2):

1—0
Fe 034 ~—5
=T 4 2
Ni 066 3+0 2)
4

J. Mater. Chem. C

we can calculate 0 to be —0.36. Furthermore, the probability 1 —
P = Wrew of finding an Fe anti-site atom in such a Feg 34Nig 66
alloy is given by eqn (3):%*

Wrew = (1 — 0 — S)/4(1 — 0). (3)

This probability is equal to the ratio of the absorption area
(AA) of the Fe anti-site component relative to the total AA of all
components describing this phase in the NHD-700C,4h sample
spectrum. This ratio is ~0.13 (5%/38%), which together
with 6 = —0.36 leads to estimating the order parameter value
for the Fe(34Nij 66 alloy phase in the NHD-700C,4h sample to
be S &~ 0.67. A similar ratio of 0.12 (3%/25%) is found for the
corresponding components of the NHD-700C,30m sample
spectrum.

This set of components provide AA to cover the character-
istic contributions (i) of the MS, but, on the other hand, it is not
the only case of an Fe-Ni fcc phase that can do so. This is
because the fcc FM disordered vy,-taenite (nickel-rich) Fe-Ni
phase, whose presence is more prominent in the range of 500 to
650 °C according to the Fe-Ni phase diagram,®>®® modelled by
a single magnetically split component, can also supply AA to
cover this characteristic contributions (i).>>®” Consequently, we
must consider this component as well in our fitting model. This
component is coloured blue in Fig. 6 and 7.

This journal is © The Royal Society of Chemistry 2025
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We now turn our attention to the satellite contributions (ii)
of the MS. For this part of the spectra, we take into account the
TEM analyses which show the development of graphitic-type
layers surrounding the Fe-Ni NPs and suggest further the
diffusion of carbon atoms at interstitial sites in their structure.
This pattern has been found to exist almost identically in the
similar Fe-Co NPs/ND NHD system developed and studied
recently by our group.*® There, this part was attributed to iron
atoms arranged on a non-extensive martensitic-type Fe-Co
phase formed in the interface between the Fe-Co NPs and the
developed graphitic-type layers surrounding them. Following
the similarity of the TEM and Mossbauer spectroscopy experi-
mental data observed for these two iron-based binary alloy
NHD systems, we attribute the satellite contributions (ii) of the
current MS to a martensitic-type Fe-Ni phase formed within the
Fe-Ni NPs, in the interface between them and the supporting
ND nanotemplate growth platforms.

We utilized six minor magnetically split components for this
purpose, which correspond to iron atoms exhibiting a metallic
alloy character while also being influenced by an adjacent
neighbouring carbon atom in their immediate vicinity."® Based
on detailed analyses of the structural properties and related
MPs of these iron sites within the martensite structure as
reported in the literature,®”’> we can assign specific atomic
environments to these components that model the satellite
contributions (ii). Specifically, component M-type (1), shown in
olive in Fig. 6 and 7, has the highest B¢ value and represents
iron atoms in dilated Fe-Ni crystal lattice positions far from
interstitial carbon atoms. Component M-type (2), depicted pink
in Fig. 6 and 7, corresponds to iron atoms that are distant third
neighbours to interstitial carbon atoms, slightly influenced by
their presence. Components M-type (3) and M-type (4), shown
in purple and dark cyan in Fig. 6 and 7, respectively, represent
iron atoms in the closest second- and first-neighbour positions
to interstitial carbon atoms. Lastly, components M-type (5) and
M-type (6), shown in orange and light blue in Fig. 6 and 7,
respectively, have the lowest B¢ values and are associated
with Fe atoms that have two nearest-neighbour carbon atoms.
These environments, with two interstitial carbon atoms as
nearest neighbours, are more likely to exist at higher carbon
concentrations according to relative binomial distribution
models.71773,76,77

Subsequently, the central part (iii) of the MS is fitted with
two quadrupole split components and one very broad magne-
tically split component with collapsing By¢ characteristics, all
having ionic Fe character. In the cases of the collapsing By¢
components, a Gaussian-type spreading AB¢’® of their Bye
values around the central BS; value was allowed to cover the
line broadening at this part of the MS.

Assembling in the fitting model the components corres-
ponding to the three sets of contributions for the annealed
samples’ MS described above, we got back quite adequate
fitting results. The resulting MPs values of all components
are listed in Table 1. The MPs values of FexNiy and y,-taenite
are very close to those found in the literature for these
phases.>*%?>76*%7 The same holds also for the set of components

This journal is © The Royal Society of Chemistry 2025
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used to fit the martensitic-type Fe-Ni phase.®® "> Regarding the
set of components used to fit the contribution (iii) of the MS, we
observe that their MPs values correspond to high-spin Fe*" and
Fe®" ion sites in oxygen first-neighbour environments, indicat-
ing the presence of a spinel oxide phase with some additional
Fe®" ions in its structure,” which experiences fast SPM relaxa-
tion phenomena similar to those found at the precursor
sample. From these results, it is evident that the existence of
the quadrupole split contributions (iii) in the annealed samples
is remnant of the main SPM spinel oxide contributions
observed in the precursor sample, most probably because of
incomplete oxide-to-alloy reduction reactions.

The resulting MPs values of the set of components corres-
ponding to the FexNiy, y,-taenite, martensitic-type Fe-Ni and
spinel oxide phases are very similar for the two annealed
samples. This finding emphasizes the high resemblance and
iterability of all phases developed in these samples, verified
also by the XRD and TEM results. However, a significant change
is observed for the total AA value found for the components
describing the spinel oxide phase. In particular, this value
drops from 53% for the NHD-700C,30m sample to 36% for
the NHD-700C,4h sample. In contrast, the total AA values for
the components of the FexNiy and 7y,-taenite phases increase
from 25% to 38% and from 7% to 10% respectively for these
samples. On the other hand, the sum of the AA values for the
components of the martensitic-type Fe-Ni phase remains con-
stant in both samples. These findings indicate that the sample
with longer annealing duration contains relatively higher
amounts of the fcc Fe-Ni phases and lower amounts of the
spinel oxide phase. Thus, increasing the annealing time seems
to favour the formation of the fcc Fe-Ni phases as a result of the
reduction of the spinel oxide seeds emerging from the precur-
sor sample. Based on these AA values, we can deduce a
‘conversion efficiency factor’ from the spinel oxide precursor
seed phase to all the Fe-Ni alloy related phases found in our
annealed samples, defined as the sum of their AAs, since the
rest of the AAs represent the residual spinel oxide phase in the
annealed samples. This factor increases from 47% to 64% as
the annealing duration increases from 30 min to 4 h. It can
thus be suggested that the magnitude of the annealing dura-
tion has a beneficial effect on the conversion of the spinel oxide
precursor phase to the Fe-Ni alloy phase. However, other
factors such as the particle size of the spinel oxide seeds, as
well as the availability and proximity of the sp>type carbon
atoms, could also be of similar importance.

To verify the accuracy and consistency of our fitting model,
we inspected the thermal evolution of the MS at 77 K (see
Fig. S3, ESIT). The features of these spectra are very similar to
those found for the RT MS. Consequently, the 77 K MS can be
fitted with the same fitting model as that used for the
RT spectra. The resulting MPs values are listed in the ESILf
Table S2. We observe that all components acquire the expected
shifts in their isomer shift (IS), qudrupole splitting (QS), quad-
rupole shift (2¢) and By values due to the temperature drop,
while the sum of the AA values for the components of each
phase is very similar (within the expected errors) to those found
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at RT. The only difference refers to the individual AA values for
the components of the spinel oxide phase. In particular, the AA
value of the MCOL Fe** component increases at the expense of
the AA value of the SPM Fe®" component, relative to those
found at the RT MS. This denotes an increase in the character-
istic SPM relaxation time 7 for a part of the SPM spinel oxide
NPs, which are becoming magnetically blocked at 77 K.*”*%%%°

2.4 Magnetization and magnetic susceptibility

The magnetic properties of the AM-NHD precursor and the
annealed NHD samples are further characterized by their
magnetization (M) versus (vs.) applied magnetic field (H) under
constant temperature and magnetic susceptibility () vs. tem-
perature (7) under constant H measurements. The magnetic
measurements of the AM-NHD precursor are shown in the ESL,{
Fig. S4 and S5, while those of the annealed NHD samples
appear in Fig. 8 and 9, respectively. These measurements reveal
the magnetic behaviour, determined by the relative composi-
tions, type of nanostructures as well the magnetic interactions
and interconnections of the NPs present in the AM-NHD
precursor and the NHD annealed samples.

In particular, the M vs. H isothermal loops of the AM-NHD
precursor in Fig. S4 (ESIT) present a clear linear behaviour at
400 K and 300 K, while at 2 K a sigmoidal curve develops which
however possesses linear behaviour at high H values, lack of
saturation and a coercivity of about 300 Oe. These character-
istics correspond to an assembly of very small spinel oxide
ferrimagnetic NP seeds, which are so small that in their entirety
experience very fast SPM relaxation at high temperatures. As the
temperature decreases, the rate of the SPM relaxation reduces
for a part of this assembly, most probably for those larger in
size and more interconnected to each other on the surfaces of
the ND nanotemplates, which gradually become magnetically
blocked, while the rest of the smaller spinel oxide NPs still
experience very fast SPM relaxation even at temperatures as low
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as 2 K. These characteristics are further confirmed by the y, vs.
T measurements in Fig. S5 (ESIt), where at the low applied field
of 99 Oe the ZFC branch presents an initial fast drop in y,
values as the temperature increases at low temperatures, fol-
lowed by general stabilization and gradual lowering of these
values at higher temperatures, interrupted only by two small
and broad local maxima at around 180 K and 225 K. For the
corresponding FC branch, the increase in y, is smoother as the
temperature decreases, which is an expected behavior from the
effect that the applied field imposes on the whole assembly of
the SPM spinel oxide NPs in the cooling mode. The two
branches in this applied field (99 Oe) bifurcate below
~350 K. By increasing the applied field to 999 Oe the FC and
ZFC branches coincide in a larger temperature region and
bifurcate only below ~70 K, a behavior again expected for such
a SPM NP system with a relatively narrow particle size distribu-
tion and weak to vanishing interparticle interactions under the
effect of a higher applied field. All these characteristics come in
perfect agreement with the corresponding characteristics
deduced from the Mdssbauer spectroscopy measurements at
different temperatures on the AM-NHD precursor, confirming
the very fast SPM relaxation and the effect of temperature on it
revealed by this method.

The M vs. H isothermal loops of NHD-700C,30m and NHD-
700C,4h annealed samples recorded at 400, 300 and 2 K show
clear FM characteristics with hysteresis, exhibiting coercivities
that range from about 10 to about 600 Oe depending on
temperature (see Table 2). These characteristics are accompa-
nied, however, by constant and non-vanishing dM/dH slopes at
high H values at all temperatures. These slopes denote a SPM
contribution that can be attributed to the spinel oxide NPs
found to be present in these annealed samples, which, due to
their very small particle size, experience very fast SPM relaxa-
tion at all temperatures. Typical soft FM Fe-Ni alloys present
Mg values that reach 125 emu g~ * and coercivities of about 35 to
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Fig. 8 Magnetization vs. applied magnetic field isothermal loops of the NHD-700C,30m (a) and En-NHD-700C,4h (b) samples measured at different
temperatures indicated by different colours. The insets in each set of measurements show the details of the loops’ characteristics around zero applied
magnetic field for all temperatures (upper left) and with even more detail for the 300 K loop (lower right).
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Fig. 9 Magnetic susceptibility vs. temperature measurements of the NHD-700C,30m (a) and NHD-700C,4h (b) samples conducted under an applied

field of 99 Oe.

60 Oe at RT.®7°®' 1t is evident that the maximum M
values found in our samples are in the range of 10% of the
Mg values of the soft FM Fe-Ni alloys, and this can be justified
by the fact that we have scheduled a 10 wt% of Fe, Ni metals
loading in our synthesis. Furthermore, the large increase in the
coercive fields from 300 K to 2 K indicates that the assembly of
Fe-Ni FM NPs should also experience SPM relaxation, which
gradually changes its characteristic relaxation time as 7T
decreases.”>®

The y, vs. T measurements of both samples, recorded under
an applied field of 99 Oe, are shown in Fig. 9 and reflect the
main SPM relaxation features of the FM NPs. In both diagrams,
the y, values of the ZFC branches monotonically increase as T
increases, with no local maxima up to 400 K, while the FC
branches are much smoother and continuously rise as T
decreases. The two branches coincide only at the highest
measured temperature point of 400 K for both samples, sug-
gesting a relative broad size distribution for the magnetically
ordered nanophases involved in these samples.

These results reflect a system, whose magnetic behaviour
is clearly influenced by the larger in size and/or more
strongly magnetically interacting metallic Fe-Ni NPs, which
are magnetically blocked even at 400 K, as delineated by the
presence of small hysteresis in the M vs. H loops.”®

Similar behaviours are obtained in the y, vs. T measure-
ments of both annealed samples recorded under an applied
field of 999 Oe (Fig. S6, ESIT). There, however, the ZFC branches

display a minor local maximum around 167 K and 147 K for the
NHD-700C,30m and NHD-700C,4h sample respectively, sug-
gesting a slight diversification in the SPM relaxation behaviour
for different assemblies of magnetic NPs originating from the
differences in NP size distribution, which can be revealed by the
higher H values in these measurements.®> Moreover, the differ-
ences in the Fe-Ni and spinel oxide NP content in each sample
could also justify the slightly higher maximum j, values
observed for the NHD-700C,4h sample relative to those found
for the NHD-700C,30m sample. As the nominal M values are
higher for the Fe-Ni phase relative to those of the spinel oxide
phase,®® the higher amount of spinel oxide NPs evident by the
>’Fe Mossbauer spectroscopy measurements for the NHD-
700C,30m sample should contribute to its reduced y, values
relative to those found for the NHD-700C,4h sample at rela-
tively low fields (up to 1 kOe). On the other hand, as the SPM
contribution to the total M values for the spinel oxide phase is
higher at high fields (> 10 kOe), the characteristics of the M vs.
H isothermal loops are influenced significantly by this contri-
bution at these fields, as evident by the higher dM/dH slope and
maximum M values recorded for the NHD-700C,30m sample in
comparison to the NHD-700C,4h sample (Fig. 8, Table 2).
Finally, the average coercivity values are comparable between
the two annealed samples at all measured temperatures, but
for the NHD-700C,4h sample they are more symmetric regard-
ing the individual He, and H¢_ values compared to those of the
NHD-700C,30m sample, which is an effect that can be

Table 2 Magnetic characteristics derived from the isothermal loops of Fig. 8

Sample T (K) Mo (emu g™ 1) Moy (emu g™ Mg, (emu g ) Mg_ (emu g %) Hc, (Oe) Hc_ (Oe)
NHD-700,30m 400 8.8 —8.8 —-0.1 —-0.2 21 10
300 9.3 -9.3 0.3 —-0.6 50 —21
2 11.9 —11.8 4.8 —3.8 433 —611
NHD-700,4h 400 8.6 —-8.6 —-0.1 —-0.2 18 9
300 9.2 —-9.2 0.4 —0.5 27 —25
2 10.9 —-10.9 4.1 —4.2 487 —488
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attributed again to the lower amount of the residual spinel
oxide phase contained in the former sample, where the mag-
netic properties of the main FM Fe-Ni phases dominate,
relatively free from the exchange bias effects that the residual
spinel oxide phase can contribute.

2.5 Discussion

Summarizing the results and interpretation of all the experi-
mental techniques employed in this work, the interconnection
between the developed phases in the precursor, as well as in the
annealed samples and their properties, should be elaborated
thoroughly to extract the appropriate conclusions. From the
results it has become evident that the AM-NHD precursor,
which is composed of SPM spinel oxide NP seeds developed
on the ND nanotemplates, influences fundamentally the prop-
erties of the final annealed samples. On the other hand, the
structure and morphology of the ND NPs forming the nano-
templates, which are created through detonation explosions,
are equally critical both for the initial growth and anchoring of
these spinel oxide NP seeds at the impregnation step, as well as
for the development of the Fe-Ni NPs during the final anneal-
ing step of the synthesis.

It is known that the initial process drives specific mechan-
isms observed in similar systems of ND substrates,*®*® which
involve blending and interaction among these nanostructures.
In particular, the native presence of carboxyl/hydroxyl func-
tional groups on the ND NP surfaces in the moist mixture at the
initial impregnation process facilitates strong attractive inter-
actions with the dissolved metallic salts, due to the hygroscopic
nature of the salts and the hydrophilic functional groups on the
NDs.'® These interactions lead to the formation of strong
coupling between the Fe*" and Ni*" ions and the functional
groups, resulting in their firm attachment on the NDs’ surfaces,
by the formation of (i) iron-oxide-carbon and nickel-oxide-
carbon and (ii) direct iron-carbon and nickel-carbon
bonds.>"?

Furthermore, the thermal treatment of the precursor sample
in vacuum-evacuated quartz ampoules at high temperatures
triggers the involvement of strong reducing agents in this
second step of the synthesis of the final nanohybrid samples.
These agents are the sp>-coupled carbon atoms existing already
as native species at the surfaces of the ND NPs and are further
developed during thermal annealing in close proximity to the
growing metallic nanoparticles.""**% These sp>-hybridized
carbon atoms, along with the low O, pressure due to the
vacuum existing inside the ampules (10~® Torr), provide
the appropriate conditions for the full reduction of the AM-
NHD’ Fe*" and Ni** ions in the spinel oxide NPs to the Fe° and
Ni® atoms that form the Fe-Ni alloy NPs. Moreover, TEM
observations verified that the native sp> carbon atoms are
assembled into graphitic-type layered nanostructures that are
encapsulating the metallic NPs partially or in total. Their
supply and further development are proposed to emerge from
the ND sp® cores, as the later undergo a surface graphitization
procedure at elevated temperatures of 700 °C and above. This
process is known to be further enhanced by the presence of

J. Mater. Chem. C

View Article Online

Journal of Materials Chemistry C

defects, such as carbon atom vacancies and dislocations, as
well as by the presence of metallic elements like iron, cobalt
and nickel on the surfaces of the ND NPs that can act as
catalysts and therefore can facilitate the rearrangement of
carbon atoms into graphitic-type structures.®'*#® Thus, carbon
atoms initially participate in the formation and further devel-
opment of the Fe-Ni NPs through their reduction capacity,
while in sequence the Fe-Ni NPs can mutually serve as nuclea-
tion centres for the initiation and further construction of
graphitic-type layers on their surfaces, as evidenced by HRTEM.
Moreover, the graphitization process of these layers leads to low
binding energies for the sp’type carbon atoms, inducing their
further lateral diffusion within the structure of the Fe-Ni NPs.
Therefore, high temperatures combined with the NDs’ mor-
phology appear not only to promote the formation of Fe-Ni
NPs, but also to favour a partial lateral diffusion of carbon
atoms in the regions across the interfaces between the metallic
NPs and ND NPs, where the source of carbon atom is originat-
ing. We propose that this diffusion mechanism is responsible
for the development of the minor tetragonally distorted
martensitic-type Fe-Ni phase that has non-extensive character-
istics, in the sense that its appearance in the Fe-Ni NPs is
related to the presence of the adjacent ND NPs. We support this
proposal to the evidence provided by *’Fe Méssbauer spectro-
scopy, which is an atomic-level probe technique, while XRD,
TEM and magnetization measurements, being more collective
and due to the high similarity of the fcc and martensitic-type
Fe-Ni crystal structures provide their average characteristics,
which cannot distinguish clearly these two phases.

Another issue that needs further clarification refers to the
fcc Fe-Ni phases present in the NHD annealed samples. The
results indicate that two closely related phases regarding their
structural and magnetic properties, namely y’' FexNiy with
X:Y =~ 1:3 and y,-taenite, are developed that can be distin-
guished only by °’Fe Mdssbauer spectroscopy. TEM observa-
tions and EDS measurements suggest that both iron-alloy
based phases are rich in the second alloying element (Ni),
without however distinguishing between the two phases. On
the other hand, the presence of the residual SPM spinel oxide
phase with a NiFe,O, stoichiometry in both annealed samples
indicates that a portion of the total iron contained in the
system appears as Fe** ions in this Ni poor spinel oxide phase.
This could justify the average Ni rich stoichiometry of the Fe-Ni
alloy system (Feq 3¢Nipe4) relative to the nominal equiatomic
stoichiometry considered in the synthesis, by accepting that the
amount of iron missing in the alloy phase is located in the
oxide phase.

Consequently, the combination of these synthesis steps, as
well as the internal mechanisms that are accompanying them,
leads to the development of a unique hybrid metallic com-
pound system. However, as we mentioned earlier, similar
characteristics have been found in the study of the Fe-Co/
NDs system, leading to the formation of a recurring morpho-
logical pattern for these two systems. One could easily relate the
repetitiveness of these characteristics to the step-by-step rou-
tine synthesis that both systems share. Therefore, it would be

This journal is © The Royal Society of Chemistry 2025
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expected to see the formation of metallic NPs on the surfaces of
ND NPs, as well as the formation of graphitic-type layered
nanostructures at the interface between the metallic and ND
NPs, as this is directly related to the graphitization process of
native sp>-type carbon atoms existing on the surfaces of ND NPs
at high temperatures. This process is favoured by the presence
of similar metallic elements used in the two systems.
Additionally, the appearance of the martensitic-type phase
in these systems should be expected, as this is favoured during
the graphitization process in the second part of the synthesis
procedure. This is proposed because from the above results we
understand that the configuration of the morphological
environment that includes the interconnected martensitic-
type and graphitic-type-layered phases of the two iron alloy
systems (Fe-Ni and Fe-Co) is determined by the actions of both
the ND NPs and the second element of the iron-based alloy,
whose presence seems to be catalytic in this respect. To under-
stand these arguments, it is important to consider some other
very significant aspects that the presence of the martensitic-
type phase and the absence of other related phases indicate.
According to the literature, the appearance of martensitic-
type phases could be observed when the concentration of
carbon atoms in the iron alloy is relatively small and does not
exceed 2-5 at%. In this way, one could say that on the one hand
the strong affinity of the carbon atoms to form direct bonds
easier with iron atoms than with cobalt and nickel atoms,®” and
on the other hand the affinity of the formation of stronger
metallic bonds between iron and the second metallic element
in the two alloy systems (Ni and Co), can lead to the avoidance
of the establishment of direct bonds between the carbon atoms
and the metallic elements. These bonds favour the formation of
either iron or iron-nickel or iron-cobalt carbides,®®°* which
are phases that we have not observed in any of these two iron
alloy systems. We propose that this mechanism leads to the
conservation of the alloyed crystal structure for the metallic NPs
with the retainment of the carbon atoms at the interstitial sites,
where their presence constitutes the configuration of the
martensitic-type phase. This conclusion is further confirmed
by considering the situation where the second element of
the iron alloy in the NHD system is absent. In this case the
developed NHD composite material at the second step of the
synthesis procedure should be related to the reduction of only
iron spinel oxide NP seeds in the precursor during the anneal-
ing process. This synthesis and study of the resulting material
have already been done following the same procedures at
similarly high temperatures (750 °C, 4 h), and the results
showed the formation of only one nanostructured iron carbide
(Fe;C) phase.”” There, it was concluded that the iron carbide
formation resulted from the direct interaction of a significant
portion of the sp*type carbon atoms with the reduced part of
metallic iron. Thus, under certain synthesis conditions, iron
alone, and not alloyed with Co or Ni, led to the direct formation
of iron carbide upon interaction with carbon atoms, rather than
the formation of iron alloy NPs containing the martensitic-type
phase. This is driven most probably by the easier and faster
diffusion of the carbon atoms within the pure iron structure
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than the iron alloyed with Ni or Co structures® > and high-
lights the significance of the presence of the second metallic
element in these iron-based binary alloy systems for the for-
mation of the martensitic-type phase.

3. Conclusions

In this study, we have successfully synthesized a novel magnetic
nanohybrid material by growing FM fcc Fe-Ni NPs on ND
nanotemplates, using a two-step preparation procedure com-
bining wet chemical methods and annealing under controlled
conditions. These Fe-Ni NPs, with an average size of 10 nm, are
uniformly distributed on the surface of the ND nanotemplates,
exhibiting a nickel-rich concentration (approximately 64 at%
Ni), attributed to a mixture of awaruite (FeNiz) and vy,-taenite
phases that display FM behaviour over a temperature range
spanning from 2 K to 400 K, with coercivity values increasing
from ~10 Oe at 400 K to ~610 Oe at 2 K. The formation of the
predominant fcc Fe-Ni phases is consistently accompanied by a
secondary non-extensive tetragonally distorted martensitic-type
Fe-Ni phase.

Particularly, the development of this unique martensitic-
type Fe-Ni phase is attributed to the distinctive morphological
properties of the NDs growth matrices, which enable and
facilitate the formation of carbon sp®type nanostructures at
the surfaces of the Fe-Ni NPs during the annealing procedure
in the second step of the synthesis. These graphitic-type layered
nanostructures, which appear to enshroud the metallic Fe-Ni
NPs grown on the surfaces of the NDs, provide an ideal
environment for interstitial carbon atom diffusion within the
Fe-Ni lattices at elevated temperatures, which consequently
trigger the non-extensive formation of the Fe-Ni martensitic-
type configurations.

These findings further broaden the understanding of the
iron alloy-based nanohybrid magnetic systems and highlight
the essential and catalytic role of the ND NPs in the develop-
ment of unique magnetic phases, such as these magnetic
metallic NPs that embed a combination of FM cubic and
tetragonally distorted martensitic-type phases. The intentions
of this work are to unveil and highlight the mechanisms
responsible for the development of these unique hybrid mag-
netic nanostructures and to create a fertile ground for the
further development and study of similar systems.

4. Experimental
4.1 Materials synthesis

The synthetic route elaborated for the synthesis of hybrid
magnetic crystalline Fe-Ni/ND nanostructures involved a two-
step procedure (Fig. 10): initially, a wet chemistry impregnation
step'®®® aimed for the delivery of an as-made (AM) chemical
precursor, followed by a thermal treatment of the AM precursor
under controlled conditions. A nominal Fe:Ni atomic ratio of
1:1 was implemented, using the appropriate amounts of the
corresponding metal salts.
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Fig. 10 Graphical representation of the two-step synthesis procedure of the as-made nanohybrid (AM-NHD) chemical precursor and the final annealed

nanohybrid samples (NHD-700).

A total ~10 wt% of combined Fe and Ni metal to the ND
mass ratio was considered for the preparation of the corres-
ponding AM nanohybrid (AM-NHD) precursor sample.

In particular, for the AM-NHD precursor, 35 mg of Fe(NOj3)s-
9H,0 (99.99+%, Aldrich 254223-50G) and 25 mg of Ni(NO,),-
6H,0 (>99.99+%, Aldrich 13478-00-7) were dissolved in
0.5 mL of deionized water. The solution was then mixed with
90 mg of detonation ND powder (98%, Aldrich 636428-1G). The
mass concentrations of all components were calculated to
ensure that the final AM hybrid precursor contained ~10
wt% of equiatomic Fe and Ni metal percentage. The mixture
was blended and homogenized in a moist paste form using an
agate mortar and pestle and then allowed to dry at 100 °C for
24 h. After dehydration, the material was re-homogenized into a
fine powder and calcined in air at 400 °C for 1 h. This process
aimed to remove the unwanted nitrates and produce uniform
well dispersed iron-nickel oxide (INO) NP seeds on the surfaces
of the ND nanotemplates (see Fig. 10). Afterwards, thermal
treatment of the AM-NHD precursor was conducted in sealed
under vacuum (10> Torr) quartz ampoules at temperatures of
700 °C for varying time intervals of 30 min (NHD-700C,30m
sample) and 4 h (NHD-700C,4h sample).

4.2 Materials characterization

Characterization and study of the structural and morphological
properties, stoichiometry, and particle size of the prepared
samples were carried out by powder XRD, using Cu Ka radiation
on a Bruker Advance D8 diffractometer and analytical TEM/
STEM observations, which were carried out using a 200 kV JEOL
JEM F200 TEM/STEM microscope equipped with a cold field
emission gun (CFEG) and an OXFORD X-Max 65T EDS detector.
Prior to TEM observations, the samples were dispersed in
ethanol and suspended in ultrasound for up to 40 minutes,
while a single drop of very dilute suspension of each sample
was placed on a carbon-coated Cu grid and left to dry naturally
by evaporation under ambient conditions. Inquiries of the
samples’ magnetic properties were performed on a conven-
tional vibrating sample magnetometer (VSM) (LakeShore 7300)

J. Mater. Chem. C

and a VSM equipped magnetic property measurement system
(Quantum Design, MPMS 3) through mass magnetization M
and y, measurements. The M vs. H hysteresis loops were
collected at constant temperatures of 2, 300, and 400 K at fields
up to 70 kOe. The ZFC and FC y, vs. T curves were recorded
upon warming the samples in the temperature range of 2 to
400 K at two different H values of 99 and 999 Oe, after cooling
them at zero H, and upon cooling, directly after the warming
procedure under the above H fields, respectively. To investigate
in detail the iron-bearing phases’ electronic, magnetic, struc-
tural, and morphological properties, *’Fe Mossbauer spectra
(MS) were collected in transmission geometry at sample tem-
peratures of 300 and 77 K, using constant-acceleration spectro-
meters, equipped with *’Co(Rh) sources kept at RT, in
combination with a liquid N, bath (Oxford Instruments Variox
760) Mossbauer cryostat. For the velocity calibration of the
spectrometers metallic o-Fe at RT was used, and all isomer shift
values were given relative to this standard. The recorded MS
were fitted and analysed using the IMSG code.”®
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