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Synthesis of highly ordered L1, MPt alloys

(M = Fe, Co, Ni) from crystalline salts: an in situ
study of the pre-ordered precursor reduction
strategyy
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The synthesis of highly ordered magnetic L1y alloys by means of the so-called pre-ordered precursor
reduction (PPR) approach is deeply investigated by in situ X-ray absorption spectroscopy experiments.
By following the chemical and structural evolution of the M(H,O)gPtClg (M = Fe, Co, Ni) precursor salts
during hydrogen-assisted thermal reduction, it was possible to shed light on the key role of the
crystalline initial compound whose intrinsic atomic order serves as a driving force to kinetically favor the
formation of highly ordered FePt, CoPt and NiPt L1y alloys under milder conditions with respect to
ordinary thermal treatments. The results confirm the potentiality of the PPR synthesis approach that can
be suitably extended, by properly choosing the precursor salt, for the synthesis of other binary and
ternary alloys where the chemical order represents a key property of the material, with a potential
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1. Introduction

Whether in the form of bulk,"™ thin films®® or nano-
particles,'®™* magnetic alloys play a fundamental role in many
fields of application, such as data storage/processing, sensors,
energy and catalysis,"*'® being also of potential interest in
other research areas, such as biomedicine and environment
remediation,'®>" where magnetic oxides are more commonly
used.'®****7** Among the family members, chemically ordered
binary alloys are of significant interest due to their peculiar
atomic arrangement, which results in unique and sometimes
remarkable magnetic properties along with excellent chemical
stability.>® Paramount examples of chemically ordered com-
pounds include: (i) Fe(Co)-Pt and Fe(Co)-Pd ferromagnetic
alloys for data storage/processing and catalysis, which feature
a huge uniaxial magnetic anisotropy (K = 0.5-1 x 10 J m™%)*®
that can be intrinsically obtained without resorting to complex
multilayered structures;*”>° (ii) high-anisotropy Mn-Al and
Fe-Ni alloys (K = 1-2 x 10° J m?)*® that are cost-effective
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strong impact on several technological applications.

alternatives to materials containing critical elements for the
development of sustainable permanent magnets and electro-
nics; and (iii) antiferromagnetic alloys (e.g., Mn-Pt and Mn-Ni)
for spintronic devices.** According to the bulk equilibrium
phase diagram,*>* around the equiatomic composition, the
chemically ordered L1, phase, consisting of planes of pure
atoms alternating along the c-axis of the face-centered tetra-
gonal (fct) unit cell (ESLt Fig. S1), is stable below the order/
disorder transition temperature To_p, which is characteristic of
each system. In many binary alloys, other ordered phases can
form, such as the cubic L1, structure around the 1:3 and 3:1
stoichiometric composition, where one atomic species occupies
the vertices of the cube and the other atoms occupy its face
centers. Above To_p, chemically disordered face-centered cubic
(fcc) A1 phases, which show significantly different chemical/
physical properties compared to the corresponding ordered
phase, are thermodynamically stable (Fig. Sla-c, ESIY).
Although the chemically ordered phases are thermodynamically
stable at room temperature, thermal processes up to 600-800 °C
are usually required to overcome the energy barrier for atomic
diffusion, which enables chemical arrangement and subsequent
ordering formation.'®>*® Among the different strategies proposed
to promote the ordering process,”’° the use of pre-ordered
structures has been demonstrated to be highly efficient, being
however mainly limited to thin film systems, where the kinetics of
formation is enhanced by alternating deposition of monoatomic
layers of the two elements.*"**
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Following this concept, the authors of the present paper
have recently developed an effective, single-step, easily scaled-
up synthesis route, called pre-ordered precursor reduction
(PPR),*>*¢ which exploits the intrinsic order of crystalline
precursor salts mimicking the alternate structure of the
ordered alloy,""*’™*° to synthesize highly-ordered L1, binary
alloys by simple thermal treatment in the reductive atmo-
sphere. Starting from M(H,0)¢PtCls precursor salts (M = Fe,
Co, Ni), a systematic work, by means of X-ray diffraction,
transmission electron microscopy and magnetometry, was per-
formed to study the PPR synthesis of highly ordered FePt, CoPt
and NiPt nanoparticle alloys, the latter being extremely challen-
ging due to their low To p (To-prept & 1300 °C, To_pcopt &
825 °C, To-pnipt & 655 °C)45 which results in a smaller driving
force for ordering. The peculiar atomic arrangement in the
crystalline structure of the precursor salts represents an addi-
tional driving force for the direct formation of the fct MPt alloy
during the heating process, which occurs under milder condi-
tions (in terms of processing temperature and reaction time)
with respect to ordinary thermal treatments. Despite the iso-
structural character of the initial and final compounds, sig-
nificant differences in the process, evidenced by a different
number of steps in the thermogravimetric curves, and time/
temperature dependence of the ordering degree have been
observed in the Fe-, Co- and Ni-based compounds.*” The
occurrence of two main mechanisms, i.e., a gas-solid reaction
and an L1, ordering process, the latter being driven by the
thermally assisted diffusion of the atoms within the structure,
as well as by a different reduction potential of cations Fe'", Co™"
and Ni"" (E®(ger+/re0) = —044 V; E®(Gorv/co0) = —0277 Vi E° (niveiio) =
—0257 V)>>*! were considered as the basis of the observed
differences, although it was not possible to fully disclose the
underlying mechanism.

In the present work, in situ X-ray absorption spectroscopy
(XAS) experiments were carried out to investigate the structural
evolution from the M(H,0)qPtClg precursor salts to the MPt L1,
alloys during the thermal treatment. Extended X-ray absorption
spectroscopy (EXAFS) represents an effective tool to probe the
chemical environment around an absorber element and to
obtain information about the average structural features of a
material, being thus complementary to conventional X-ray
diffraction (XRD) techniques.’® Its main strength resides in
the fact that, being a local probe, it does not depend on long-
range order thus permitting studying the formation of new phases
even at their first stages. Due to its peculiar characteristics, ie.,
selectivity and high sensitivity, EXAFS analysis represents the
leading technique to investigate the local properties of a broad
range of materials whose behavior is strongly affected by the
atomic arrangement, as in the case of L1, or L1, chemically
ordered alloys.”*® Combining EXAFS measurements and thermal
analyses allowed elucidation of the mechanism at the basis of the
PPR process thus paving the way for the application of such an
effective synthesis approach to the preparation of many other
binary and ternary alloys (e.g:, FeNi, MnAl, MnFePt, etc.), by
properly selecting the starting salts, as recently proved by the
authors of the present paper for the L1,-FeNi alloy.>
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2. Experimental

Powders of crystalline M(H,0)sPtCls (M = Fe, Co, Ni) precursor
salts were synthesized from a 0.5 M aqueous solution con-
taining equal atomic concentrations of H,PtClg*H,O and
MCL*H,0 (all reagents were purchased from Aldrich). The
reaction begins immediately after mixing the reactants with
the production of HCI gas according to the reaction:

H,PtClg-6H,0 + MCl,-6H,0 — M(H,0),-PtClg | + 2HCIT +
6H,0

As H,PtClg-H,O and M(H,0)s-PtClg are both thermolabile
compounds, the temperature was kept below 50 °C to avoid the
reduction of Pt. After slow solvent evaporation at room tem-
perature, hexagonal crystals precipitated; they were collected
and purified by re-crystallization in ethylic alcohol.*®

EXAFS characterization was carried out by collecting data at
the Fe, Co, Ni, and Pt absorption edges on the “LISA” CRG
beamline (BM-08)°° at the European Synchrotron Radiation
Facility (ESRF, Grenoble - France). The samples were measured
using a pair of Si (111) flat monochromatic crystals and Si-
coated mirrors (Ecuore 15 keV) for the rejection of higher
harmonics. Data were collected in transmission mode in a
position out of the mirror focus to obtain a homogeneous
beam with large dimensions (about 2 x 2 mm?). The samples
of M(H,0)sPtCls/BN pellets (~2 mm thick) were placed into a
heating cell (Microtomo) designed for in situ X-ray absorp-
tion experiments at high temperature and in a reactive
atmosphere.®’ Based on the typical process temperatures
observed in the previous study,*® the annealing was performed
in the EXAFS experimental chamber by heating the samples up
to a final temperature between 500 °C and 600 °C (depending
on the system)*® with a rate of 5 °C min~', under an H,/Ar
reductive atmosphere. Before the in situ experiment, the pro-
cess reproducibility was tested by comparing the EXAFS spectra
of the sample after treatment with the ex situ spectra of an L1,
FePt sample obtained from the home furnace (Fig. S2, ESIf).
Quick-EXAFS spectra were collected at the M-K and Pt-L;; edges
in the transmission mode during two separate processes for
each system, to follow the chemical/structural evolution around
the two elements during the treatment. The monochromator
was run in ‘channel-cut’ mode with a continuous scan of the
Bragg angle during data acquisition. Spectra of 20s each were
collected every 50 °C of the heating process. The same appara-
tus was also used to carry out static EXAFS experiments at room
temperature before and after the treatments by using the
conventional ‘fixed exit’ and ‘step-scan’ modes. XAS data extrac-
tion and fitting were carried out with the ATHENA and ARTE-
MIS codes;®*> model atomic clusters centered on the absorber
atom were obtained using ATOMS,®® while quantitative model-
ling was based on simulated EXAFS signals using the FEFF8.1
code.®*

Powder X-ray diffraction (XRD) measurements were per-
formed using a Seifert 3003 TT diffractometer equipped with
a secondary graphite monochromator, using Cu Ko radiation

This journal is © The Royal Society of Chemistry 2023
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(4 =1.5418 A). The data were collected in the 10°-90° 26 range
with a step-size of 0.02°, counting 2 s per step. Full profile
refinements of the experimental data were performed using
MAUD software.®®

The selected samples were dispersed in hexane and soni-
cated, and the obtained suspensions were then dropped on
carbon-coated copper grids for TEM observation. TEM/HRTEM
images were obtained using a JEM 2010 UHR equipped with a
Gatan Imaging Filter (GIF) with a 15 eV window and a 794 slow
scan CCD camera.

For magnetic characterization, the samples have been immo-
bilized and fixed with glue into the sample-holder gelatine
capsules. The room temperature magnetization M vs. magnetic
field H (M-H) loops were measured by using a vibrating sample

View Article Online

Paper

magnetometer (VSM, Microsense, Model 10) with a maximum
applied field of 2 T and a Quantum Design superconducting
quantum interference device (SQUID) with a maximum applied
field of 5 T.

3. Results and discussion

EXAFS measurements of the precursor salts and the L1, alloys
obtained after thermal treatment give evidence of the strong
isostructural character of the initial and final compounds in
the three systems (Fig. 1), according to what was already
observed by the XRD analysis, discussed in detail in ref. 45.
As previously reported in ref. 47, the initial precursor crystal
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(a) Crystallographic structure of the M(H,O)gPtClg precursor salt and the L1, MPt alloy obtained by thermal reduction in H, (M = Fe, Co, Ni); M and

Pt atoms lie on alternating planes highlighted in red (M) and blue (Pt) resembling the atomic arrangement of the L1y MPt. (b)-(e) Normalized absorption
spectra at the (b) and (d) M-K edge and (c) and (e) Pt-L;;, edge for the initial (a) and (b) and final (d) and (e) compounds. To allow evidence of the
isostructural character of the three initial and final compounds, the spectra of the Fe-based (black squares), Co-based (red triangles) and Ni-based (blue
circles) compounds are reported on the same plots. The sketches in figures (b) and (c) represent the first coordination shell of the M (b) and Pt (c) atoms in
the precursor compounds. (f) Typical XRD pattern of the L1o phases obtained in the best PPR conditions for each compound;*® calculated values of the
long range order parameters (S), according to the equation presented in ref. 45 are 0.96 (FePt), 0.94 (CoPt, NiPt). (g) Representative TEM and HR-TEM
images (insets) of the L1, nanoparticles. Detailed XRD and TEM analyses are available in previous reports 14>46
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consists of octahedral [M(H,0)s]*" cations and [PtCls[>~ anions
held together by an extensive system of hydrogen bonds invol-
ving water molecules and chlorine atoms resulting in two
families of alternate monoatomic planes (Fig. 1a).

For each system, optimized time and temperature condi-
tions allowed the synthesis of highly ordered FePt, CoPt and
NiPt alloy nanoparticles with a particle size in the 5-50 nm
range and with a statistical average diameter of ~20 nm, as
evidenced by the TEM images at low magnification (Fig. 1g) and
in high-resolution mode (HR-TEM) (Fig. 1g, insets) reported as
an example. High-resolution TEM images indicate the high
degree of crystallinity of the nanoparticles and show the lattice
fringes of about 2.2 A, typical for the most intense XRD peak
(not reported). The high long range order parameter (S > 0.9),
calculated from the tetragonality ratio (c/a) derived from the
XRD data (Fig. 1f) resulted, for example, in large coercivity
values (up to poHc ~ 1.5 T) for the FePt system (Fig. S3, ESI{); a
detailed correlation between the PPR conditions and the result-
ing magnetic and structural properties is reported elsewhere.*®

A quantitative determination of the structural parameters in
the initial and final compounds was carried out by analysing
the ex situ absorption spectra at the M-K edges (Fig. 1b and d)
and Pt-Ly;; edges (Fig. 1c and e) for all the systems. The analysis
of the first shell neighbours was performed in the Fourier-
transformed space (R space) in the range R = [1.7-3.5] A, for the
k*-weighted EXAFS data [k = 2-13 A~'] using Hanning windows
with apodization parameter dk = 1 A™*. The free fitting para-
meters used in the analysis are the Pt-Cl and M-O distances
(for the precursor salt), the Pt-Pt and Pt-M distances (for the
L1, phase), the amplitude reduction factor S,?, the shift of the
energy origin AE,, and the Debye-Waller Factor (DWF) ¢”.
To minimize the number of free parameters, the DWF was
calculated using a correlated Debye model®® with a single tem-
perature value (defined as the CDMT parameter, in Table 1),
accounting for the DWF of Pt-Pt and Pt-M distances in the
alloy. In Fig. 2, the EXAFS signals at the Pt-Ly;; and M-K edges
and the relative Fourier Transform (FT) are reported for the
FePt L1, system as a representative example (all spectra and
relative fittings are reported in Fig. S4 and S5, ESIT). It is worth
noting that, for the analysis of the L1, alloys, the high quality of
the EXAFS data in a wide k-range up to 14 A" for the M-K edge
and 20 A~! for the Pt-Lyy, edge allowed simultaneously fitting
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the main FT peaks of the two data sets, which represent the first
coordination shell around the absorber atoms. According to
the fct ordered structure, the fitting model was based on Fe-Pt,
Fe-Fe and Pt-Pt scattering paths calculated on the basis of the
structural parameters obtained by the previous XRD analysis.*’

The results of the analysis, summarized in Table 1, confirm
the isostructural characteristics of the compounds and their
independence from the chemical nature of the 3d element.
Indeed, by suitably choosing the initial salt, the PPR strategy
allows obtaining chemically ordered tetragonal structures (L1,)
where each Pt atom is surrounded by 12 neighbors (4 in-plane
Pt atoms and 8 out-of-plane M atoms) and vice versa.

With the aim of fully elucidating the mechanism at the basis
of the PPR reaction, two different in situ experiments were
carried out for each system to collect two sets of data for both
metals. In Fig. 3, we present an illustrative representation of the
data obtained at the Pt-Ly; edge (Fig. 3a and c) and the Fe-K
edge (Fig. 3b and d) during the in situ processes, focusing on
the Fe-based compound.

The comparison in terms of main oscillations related to the
first shell scattering contributions is useful in revealing the
critical temperature associated with the change in the chemical
environment and electronic state of the absorber metals. The
qualitative observation of the temperature-dependent absorp-
tion spectra indicates that two separate reduction processes
occurred within the compound during the heating treatment,
with the most evident change (indicating strong chemical/
structural variation) occurring in different temperature ranges
for the two metals. At approximately 100 °C, a notable trans-
formation becomes evident around the Pt absorber (Fig. 3a), as
clearly visible by the change of the Ly; absorption edge peak
(white line), whose intensity provides information on the
occupation of the 5d orbitals; a higher occupation results in a
less intense white line, indicating a lower oxidation state
(reduction).®” This variation is reflected in a noticeable change
in the frequency of oscillations in k-space (Fig. 3c).

On the other hand, the Fe signal retains its primary
characteristics (i.e. an octahedral arrangement involving six
oxygen atoms, as indicated by the structure sketch in Fig. 1b)
up to around 200 °C (Fig. 3b and d). Beyond this tempera-
ture threshold, the oscillations associated with oxygen
ions surrounding the 3d metal diminish and are offset by

Table 1 Structural parameters for the first coordination shell obtained from the EXAFS analysis of the Pt-L;; and M-K signals of all the initial and final
compounds. rpy—ci, 'm-o and rpe_pt, 'm—pt. represent the interatomic distances for the initial (salt) and final (alloy) compounds, respectively. The reference
values (in brackets) are those experimentally obtained by the XRD structural characterization. The temperature from the Correlated Debye Model (CDMT)
accounts for the spread of the interatomic distances due to thermal or structural disorder. The fit of the Co- and Ni-based initial salt provided two

different distances for the same path (octahedral distortion)

Precursor salt

L1,-alloy

o1 (A) (ref: 2.3254 A) ry o (A) (ref: 2.132 A) o* (1077 A?)

Tpepe (A) (ref: 2.698-2.758 A) 1y _p; (A) (ref: 2.667-2.695 A) CDMT (K)

FePtCls 2.32 4 0.01 2.10 + 0.01 441 (Fe) FePt 2.722 + 0.006 2.667 + 0.004 340 + 20
241 (Pt)

CoPtClg 2.27 + 0.01 2 x 2.13 + 0.01 3+ 1(Co) CoPt 2.687 + 0.005 2.643 + 0.004 340 + 10
2.35 + 0.01 4 x 1.99 4 0.01 141 (PY)

NiPtClg 2.26 + 0.01 2.13 + 0.01 4+ 1(Ni) NiPt 2.686 + 0.005 2.619 + 0.005 280 + 10
2.35 + 0.01 1+ 1 (Pt)

16664 | J Mater. Chem. C, 2023, 11, 16661-16671
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during the treatment. The red shadow in panel (d) highlights the almost flat EXAFS signal arising from the counterbalance between the Fe—O and Fe—Pt
scattering paths.

the emergence of oscillations associated with the Fe-Pt scat- To investigate in more detail the structural evolution as a
tering paths (Fig. S6, ESIT). function of temperature, the EXAFS signal for each absorption

This journal is © The Royal Society of Chemistry 2023 J. Mater. Chem. C, 2023, 11,16661-16671 | 16665


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3tc02262e

Open Access Article. Published on 22 November 2023. Downloaded on 12/5/2025 4:15:19 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

spectrum was extracted and the data were fitted at the Pt-Lyy
edge, which is characterized by a higher resolution (Fig. S7,
ESIt), with a combination of the scattering paths of the initial
and the final compounds (i.e., Pt-Cl; Pt-M, Pt-Pt). The ampli-
tude of each path, corresponding to the number of scattering
elements in the first shell, was kept as a free-fitting parameter.
In Fig. 4, the results in terms of salt fraction (represented by the
Pt-Cl paths) and Pt-Fe paths are reported and compared to the
thermogravimetric analysis (TGA) curves discussed in more
detail in ref. 45. The decrease in the salt percentage reported
in Fig. 4d, e and f well correlates with the TGA weight losses
(Fig. 4a-c), showing an almost single step for the Ni-based
system and the formation of intermediate compounds for
the Fe- and Co-based systems. The in situ EXAFS analysis of
the Fe-based system shows that in the first stage of the heating
treatment, the salt percentage (obtained by calculating the
contribution of the number of Pt-Cl neighbors to the signal)
is strongly reduced, indicating that the process starts with the
reduction of the Pt ions, supported by the H, atmosphere and
by the subsequent release of the Cl atoms from the structure.
The resulting compound is characterized by the combination of
Pt-Cl distances, whose number decreases with temperature,
and Pt-Pt and Pt-Fe distances, which appear already at
around 100 °C and whose balance remains quite stable up to

View Article Online
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a temperature of about 300 °C. According to the number of first
neighbors, the intermediate alloy characterized by 4 Pt-Fe and
8 Pt-Pt distances is compatible with the presence of regions of
the cubic FePt; phase. However, the EXAFS technique does not
allow distinguishing between the chemically ordered cubic L1,
and the disordered fcc A1 FePt; structures due to the same
lattice geometry, the quite similar elemental distribution of the
first shell neighbors (the Pt neighbors around each Pt atom are
3 in the disordered state and 4 in the ordered one), as well as
for the random distribution of the crystallites in the powder
sample. Nevertheless, according to the thermodynamic phase
diagram and considering the high degree of chemical order
that is intrinsically present in the initial crystal and observed
in the final alloy, it may be assumed that during the CI loss,
nucleation of a Pt-rich chemically ordered FePt; (L1,) struc-
ture occurs and, above 300 °C (ie., as long and the Fe
reduction is concluded), it further evolves toward the FePt
(L1,) phase, whose chemical order results in 4 Pt-Pt and 8
Pt-Fe distances. However, a small fraction of disorder cannot
be excluded a priori, since the hydrogen-assisted reduction
implies several reaction steps, typical of the gas-solid reac-
tions, which are expected to break the initial symmetry of
the crystal thus reducing the perfect layered atomic order
of the precursor salt. The occurrence of a small fraction of
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Fig. 4 Comparison between the thermogravimetric analysis plots (TGA-DSC) (a)-(c) and the corresponding result of the in situ EXAFS analysis carried
out at the Pt-L; edge, in terms of salt fraction (d)—-(f) and number of Pt—Fe distances (g)-(i) for the Fe(H,0)sPtClg (a), (d) and (g), Co(H,0)sPtClg (b), (e) and

(h), and Ni(H,O)gPtClg (c), (f) and (i) compounds.
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disordered regions at the end of the PPR was clearly evidenced
by previous XRD studies.”’

The assumptions derived by the analysis at the Pt-L;; edge
are confirmed by the investigation of the temperature-
dependent spectra at the Fe-K edges (Fig. S8, ESIt). The analysis
gives evidence of an evolution characterized by a slow release of
oxygen atoms around the 3d metal, as demonstrated by the
Fe-O signal that is visible up to around 350 °C. Such oscillation
is counterbalanced by the effect of the Fe-Pt scattering paths,
whose contribution increases with temperature, being respon-
sible for the quasi-cancellation of the EXAFS signal, as shown in
Fig. 3d and, with better detail, in Fig. S6 (ESIt). In the inter-
mediate range of temperature, i.e., between 250 °C and 350 °C,
there is no evidence of Fe-Fe contributions, which start affect-
ing the Fe-K edge signal after 350 °C. At this point, we
hypothesize that with the last reduction of the Fe™" cations,
the L1, phase evolves towards a transient ordered arrangement
where the atoms are at the positions of a face-centered cubic
lattice before collapsing into the L1, equiatomic tetragonal
phase. The absence of Fe-Fe paths in the fitting of the inter-
mediate phases confirms the assumption of the initial for-
mation of FePt; clusters in its chemically ordered cubic
structure (L1,), thus supporting the results obtained at the
Pt-edge. In other words, the combination of the analysis carried
out at the two edges gives clear evidence of a structural
evolution that depends on the different reducing temperatures
of the two metals in the salt. However, the chemical order
naturally occurring in the initial crystal is mostly retained along
the whole process and may be responsible for the high degree
of order obtained in the final compound by this method, which
exploits milder conditions with respect to the high tempera-
ture/long time treatments that are required in conventional
processes based on the disordered-ordered transition.

A similar behavior was observed for the Co-based com-
pound, with a trend in the Pt-Cl scattering contribution which
resembles that of the Fe-based system (Fig. 4e). However, from

MPt
.

- DS

M(H,0)¢PtClg
[
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the analysis of the number of Pt-Co distances (despite the large
error bars) there is no evidence of a Pt-rich, stable intermediate
alloy until a temperature of 350 °C, where Cl™ oxidation is
complete and the elemental balance in the first shell neighbors
is fully compatible with the CoPt; alloy. At this stage, as in the
previous case, the Co-K edge analysis gives evidence of Co-Pt
and Co-O distances, thus confirming the coexistence of oxi-
dized and metallic phases. Once formed, by further increasing
the temperature, the reduction ends, and the system rapidly
transforms into the L1, CoPt alloy.

By applying the same in situ analysis to the Ni(H,0)¢PtClg
system, a different behavior is observed. The abrupt reductive
process, evidenced by both the weight loss in the TGA (Fig. 4c)
and by the rapid decrease of the Pt-Cl contribution to the
EXAFS signal (Fig. 4f), does not give indication of the formation
of a NiPt; intermediate structure in the whole temperature
range. Indeed, as soon as the Pt-Ni scattering signal appears,
the high number of first shell neighbors is already compatible
with a 50:50 composition, with 6 Pt-Ni distances that well-
match with a disordered A1 structure. This result is consistent
with the previous XRD and TGA studies presented in ref. 45
where the growth of distinguished grains of fully ordered (L1,)
and disordered (A1) phases, typical of an inhomogeneous
system with the coexistence of two phases (more details in
the ESI,+ Fig. $1),>> was assumed to occur during the process.
Despite the absence of an intermediate ordered NiPt; phase
and the disordering induced by the fast process, the ordered
arrangement of Ni and Pt atoms in the precursor salt results in
a key factor in obtaining the L1, NiPt fct alloy. We assume that
the initial crystalline order favors the nucleation of L1, grains and
facilitates the complete A1-L1, transformation although the To p
value of the NiPt alloy is the lowest among the three systems. The
simplified sketch reported in Fig. 5 represents a summary of the
results obtained by the chemical and structural analysis carried
out in the present and previous study of the PPR process (i.e.,
combining EXAFS and XRD results). In particular, the main

v

L1,

@7
AT

Fig. 5 Simplified sketch of the structural and compositional evolution during the PPR processes for the three systems. In the Fe- and Co-based systems,
the different reduction temperature of the two metals in the precursor leads to an unbalanced stoichiometry where a Pt-enriched intermediate alloys,
corresponding to the chemically ordered L1, fcc phase, forms.2> For the Ni-based compound, the reduction leads to the nucleation of ordered (L1,) and
disordered (Al) grains, typical of an inhomogeneous system, consistently with the XRD results.*® The color gradients represent the expected

compositional variation.
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differences between the Fe/Co- and the Ni-based systems are
compared through the panels representing the possible composi-
tions occurring during the PPR process for the three systems.
In the initial stage of the process, the different reduction of the
two metals induces a stoichiometric imbalance in the Fe-based
and Co-based systems, with the consequent formation of a
Pt-enriched alloy. Due to the naturally high ordering degree of
the initial precursors, it is assumed that the systems evolve
towards the thermodynamical stable L1, Fe(Co)Pt; phase, albeit
in slightly different temperature ranges for the two systems. On
the other hand, the abrupt reduction of the Ni-based precursor
directly leads to the NiPt alloy, which forms in both disordered
and ordered phases, with no evidence of intermediate com-
pounds. According to the phase diagrams, the thermodynamic
stability of the L1, phases, which are different in the three
systems, may be considered as a key factor in determining the
PPR mechanism and, consequently, the differences in the tem-
perature dependence of the chemical order degree evidenced in
ref. 45. Similar to the MPt 1:1 case, the order-disorder transition
temperature in correspondence of the 1:3 composition is higher
for the FePt; system (T, _p-FePt; ~ 1350 °C; To_p-CoPt; ~ 850 °C;
To_pNiPt; ~ 500 °C).*® This corresponds to a higher driving force
and, consequently, to a higher stability of the intermediate FePt;
compound that forms as soon as the process starts and grad-
ually evolves, by further reducing the compound, towards a
highly ordered 1:1 FePt alloy. The lower driving force for CoPt;

Ikzx(k)

0 5 10
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formation, together with the higher reduction potential of Co"™
with respect to the Fe'", implies a shorter temperature range in
which different intermediate phases can coexist and this is further
confirmed in the case of the Ni-based compound, where the
formation of the chemically ordered NiPt; phase is complicated
by unfavorable thermodynamic constraints, thus explaining the
single-step behavior observed in such a system. It is worthwhile
evidencing that the evolution towards an L1,-ordered phase does
not represent a necessary condition to obtain the L1, phase in the
PPR strategy; indeed, the Ni-based systems clearly demonstrate
that the essential prerequisite is the atomic ordering of the initial
precursor, which represents the necessary driving force to over-
come the thermodynamic and kinetic limitations occurring in a
typical disordered-ordered process. In Fig. S9 (ESIt) further
evidence of the assumed differences between the processes is
provided by the comparison of the EXAFS signals of the three
compounds at the same intermediate temperature.

To further support the validity of the prevsssious hypoth-
eses, a suitable PPR treatment up to 300 °C was performed on
the Fe-based system, i.e., on the system where the intermediate
step of the TGA curve is appreciably in a large temperature
range. The PPR transformation was stopped at the intermediate
temperature, the sample was maintained at the final tempera-
ture for 2 hours and a full ex situ characterization of the
final compound was performed. In Fig. 6, both the structural
and the magnetic properties are fully compatible with the L1,
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Fig. 6 Ex situ structural and magnetic characterization of the Fe-based compound (FePtz) at the intermediate stage of the process (i.e., 300 °C): EXAFS
oscillations at the Fe-K edge (a) and Pt-L;, edge (b); room temperature hysteresis loop (c) and X-ray diffraction pattern (d). Bragg positions of reference

ordered FePtz (JCPDS card no. 29-716) are reported.
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FePt; phase. The EXAFS spectra (Fig. 6a and b) acquired on
both the metal edges were fitted with the theoretical scattering
path generated by the L1, structure, where each Pt atom is
surrounded by 4 Fe and 8 Pt neighbors while the first shell
around Fe consists of 12 Pt neighbors. However, the Fe-K edge
results are still affected by Fe-O scattering paths, responsible
for the oscillation around k = 4, consistent with the in situ
experiment. The room temperature magnetization loop shown
in Fig. 6¢ is consistent with that of a system dominated by a
paramagnetic contribution, as it would be expected from the
L1, ordered phase, which is known to be paramagnetic at room
temperature and shows two coexisting antiferromagnetic
phases at Néel temperatures Ty; ~ 160 K and Ty, ~ 120 K.%%°
The deviation from purely paramagnetic behavior may be asso-
ciated with the presence of small nuclei of the ferromagnetic FePt
phase in the initial stage. The occurrence of an intermediate
ordered structure was also confirmed by ex situ XRD measurements
performed on a powder sample obtained, reproducing the same
experimental conditions, in a larger amount and without the BN
pellet that hides the signal of the alloy. The XRD pattern (Fig. 6d)
shows the presence of superlattice reflections and was indexed
according to the ordered cubic L1, structure (JCPDS card no. 29-
716). The Rietveld fit of XRD data was performed refining back-
ground and scale parameters, the lattice parameter a, and micro-
structural and isotropic thermal parameters, leading to final
R, = 14.6% and y* = 1.01 (red curve in Fig. 6d). The lattice
parameter a = 3.8683(4) A obtained from the fit is in good
agreement with the value of the L1, phase with 1:3 stoichiometry.
The intermediate ex situ characterization confirmed the tendency
of the PPR process to preserve the initial order of the precursor salt,
by evolving towards chemically ordered intermediate phases, where
allowed by thermodynamical and kinetic constraints (as for the
Fe-based compound).

4. Conclusions

A comprehensive in situ and ex situ EXAFS analysis has been
applied to elucidate the pre-ordered precursor reduction pro-
cess, highlighting the elemental and structural evolution dur-
ing the treatment of three different precursor salts with the
same structure but different 3d metals M (Fe, Co, and Ni). The
high atomic order naturally occurring in the initial precursor
salt, although not fully retained for all systems, is considered as
a fundamental driving force to kinetically favor the formation
of the ordered phase. As a proof, the PPR applied to the
Fe-based system provides clear evidence of the tendency of this
process in retaining the initial order, through the formation of
the chemically ordered L1,-FePt; intermediate alloy favored by
the lower reducing temperature of Pt with respect to the Fe
ions. In other words, although the L1, phase does not represent
the final target product of the PPR approach, its occurrence as a
reaction intermediate compound represents a significant clue
for the comprehension of the synthesis mechanism. Indeed,
wherever possible, the atomic order, characteristic of all the
stable phases of the compounds involved in the process, allows

This journal is © The Royal Society of Chemistry 2023
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counterbalancing the expected disorder provided by the
complex reaction, which consists of a salt thermal treatment
with hydrogen-assisted reduction. In any case, a lower driving
force for the formation of ordered intermediate phases does
not hinder the formation of the final ordered alloy, as in the
case of the Co- and Ni-based compounds.

The choice of a suitable crystalline precursor with the
desired stoichiometry for obtaining highly ordered metallic
alloys represents the key factor of the PPR methods and an
innovative and valid alternative to the typical approaches where
the order (ie., L1, or L1, phases) is obtained by thermal
activation of a diffusive process on a starting disordered alloy.
For this reason, the PPR method is a potential synthesis
approach that can be further extended, by properly selecting
the precursor salt, for the synthesis under milder conditions
than traditional thermal treatments of many other binary and
ternary alloys, where the chemical order represents an indis-
pensable property of the materials, as in the case of the L1y-
FeNi,>® L1,-MnAl and L1,-MnPt magnetic systems, which are of
great interest for many applications including permanent mag-
nets and spintronic devices.
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