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ABSTRACT: Low-temperature soft chemical synthesis routes to transition-metal

nitrides are of interest as an alternative to conventional high-temperature ammonolysis
reactions involving large volumes of chemotoxic NH; gas. One such method is the
reaction between metal oxides and NaNH, at ca. 200 °C to yield the counterpart
nitrides; however, there remains uncertainty regarding the reaction mechanism and
product phase assemblage (in particular, noncrystalline components). Here, we extend Fe;0,
the chemical tool box and mechanistic understanding of such reactions, demonstrating

the nitridation of Fe;O, by reaction with NaNH, at 170—190 °C, via a pseudomorphic
reaction. The more reduced Fe;O, precursor enabled nitride formation at lower temperatures than the previously reported
equivalent reaction with Fe,0;. The product phase assemblage, characterized by X-ray diffraction, thermogravimetric analysis, and
’Fe Mossbauer spectroscopy, comprised 49—59 mol % e-Fe,,,N, accompanied by 29—39 mol % FeO,_,N, and 8—14 mol % y’-
FeN. The oxynitride phase was apparently noncrystalline in the recovered product but could be crystallized by heating at 180 °C.
Although synthesis of transition-metal nitrides is achieved by reaction of the counterpart oxide with NaNH,), it is evident from this
investigation that the product phase assemblage may be complex, which could prove a limitation if the objective is to produce a
single-phase product with well-defined electrical, magnetic, or other physical properties for applications. However, the significant
yield of the FeO,_,N, oxynitride phase identified in this study opens the possibility for the synthesis of metastable oxynitride phases
in high yield, by reaction of a metal oxide substrate with NaNH,, with either careful control of H,O concentration in the system or
postsynthetic hydrolysis and crystallization.

170°C 24h

B INTRODUCTION steps and high temperature are essential to activate the
diffusion. The high processing temperature may induce the
decomposition of NH; into N, and H,, which is an undesirable
side reaction. In addition, gas exchange between the solid and
the ammonia is a limiting factor, sometimes resulting in

Transition-metal nitrides have considerable technological
potential, with broad applications as functional materials with
exploitable physical and chemical properties,”* and advance-
ments in their synthesis have been the focus of considerable

interest. Synthesis of a nitride from a readily available oxide samples that have reacted at the surface only. Thus, several
precursor is preferential as similarities in ionic radius and ammonolysis steps with intermediate regrinding are often
electronegativity (3.50 and 3.07 for oxygen and nitrogen, required.3 As such, these reactions demand large volumes of
respectively’) allow for substitution of nitrogen for oxygen, NH; gas, which comes with safety and material implications
providing the host compound is capable of charge due to the chemotoxic and corrosive nature of NHj.

compensation. However, doing so with gaseous nitrogen is Several alternate solid-state nitrogen sources have been
not possible due to unfavorable thermodynamics. The triple developed for nitride synthesis. Urea, CO(NH,),, has been
N=N bond has an enthalpy of 941 kJ/mol, whereas the used to synthesize a number of nanoparticulate binary nitrides
double O=0 bond has an enthalpy of only 500 kJ/mol, and such as TiN, VN, NbN, GaN,” and AIN.° Ethanol-based
thus, nitride formation cannot be achieved.* This can be solutions of a metal precursor and urea form a gel-like

overcome by use of high pressure as well as high temperature
to manipulate the thermodynamics to promote nitride
stabilization. However, the energy and instrumentation
requirements for this can be prohibitive. A detailed discussion
and visualization of nitride synthesis methodologies was
recently presented by Miura et al.*

Typical gaseous nitridation is achieved by using high flow
rates of NH; gas at high temperatures, in the region of 600—
1200 °C? acting upon oxide or halide precursors. Although the
use of NH; has been successfully applied for the synthesis of
most known nitride compounds, a large number of diffusion

intermediate product, which is then heated to 800 °C or
greater under N,, to yield the nitride. Melamine, C;H¢Ng,
decomposes to C;N,, which can then be used as a
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carbothermal reducing and nitriding agent.”® Similar to the
urea route, the mixed metal precursor and nitriding agent are
then heat-treated in the region of 650—800 °C. While these
methods offer a more easily implemented nitriding source
compared to NH; gas, they still require high-temperature
processing and are subject to residual carbon impurities in the
final product.

A solid-state nitrogen source that does not require high
synthesis temperatures is sodium amide, NaNH,. Nitrides
synthesized by this method include TiN,”"'' VN,'? CusN,13
InN,'*"* Si;N,,'*'® BN,"” Fe;N,,,'* and a variety of
manganese nitrides.'*™*° These reactions predominantly used
oxide precursors, excluding examples of TiN,”'° VN,'? and
MnN,” which were formed from their respective chlorides,
and BN synthesized from liquid BBr,."” All reactions utilized a
similar methodology performing reactions in stainless steel
autoclaves and the end product being washed with ethanol to
destroy and remove excess NaNH,. Typical reaction temper-
atures range from 170 to 300 °C. Synthesis via NaNH,
therefore offers a route to nitride formation at much lower
temperatures than those required for ammonolysis or reactions
using other solid-state nitrogen sources and avoids the use of
toxic NH; gas.

Of interest to this study is the reported formation of Fe,, N
(or, equivalently, Fe;N,,.),"® which has broad applications and
research potential in corrosion-resistant coatings, magnetic
data recording, catalysis, and biomedical uses.' Synthesis of
Fe,.,N was previously achieved from reaction of Fe,O; with an
excess of NaNH, at 240 °C for 36 h.'® Previous work indicates
that the reactions are highly reducing in nature, with Cu metal
being formed from reaction of CuO with NaNH, at 190 °C for
60 h, compared to Cu;N being formed at 170 °C for 60 h."* As
reduction is key to the reaction mechanism, we opted to use
Fe;O, as a comparatively reduced counterpart to Fe,O; to
explore the potential for synthesis of Fe,, N under more mild
reaction conditions. In this work, we extend the NaNH,
synthetic approach to consider reactions using Fe;O, with
lower reaction temperatures of 170—190 °C and variable
duration. In particular, we extend the suite of characterization
applied to these phases to develop a more complete
understanding of the product phase assemblage and reaction
mechanism. In all reaction products, we determine a mixture of
e-Fe, N and y”-FeN nitride compositions along with an
oxynitride phase FeO,_ ,N,, demonstrating complexity of the
phase assemblage not previously considered.

B EXPERIMENTAL SECTION

Caution. NaNH, is a strong base that reacts violently with
oxidizing agents and with water (producing ammonia); explosive
peroxides may form on atmospheric exposure: use of this reagent
must be rigorously risk-assessed; storage and handling under a dry
inert atmosphere are advised.”!

Reagents of Fe;O, and NaNH, (Sigma-Aldrich, 98% purity) were
mixed in a 1:14 molar ratio and hand-ground under a dry nitrogen
atmosphere for S min. Typically, 1 g of powder was placed in a lidded
crucible (5 mL, fabricated from a type 316 stainless steel), which was
sealed within a poly(tetrafluoroethylene) (PTFE)-lined stainless steel
digestion vessel (45 mL, Parr model 4744); this was performed under
a dry nitrogen atmosphere. The vessel was transferred to a
temperature-controlled oven (170 or 190 °C, +1 °C) for the reaction
duration (24, 48, or 96 h). Vessels were removed from the oven,
cooled at room temperature, and opened in a fume hood, due to the
distinctive odor of ammonia evolved from the head space, confirmed
by moist universal indicator paper. Inspection of the stainless steel
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crucible revealed a solid, fused, mass. The product was recovered by
soaking in ethanol to dissolve residual NaNH, forming (soluble)
sodium ethoxide and ammonia gas (NaNH, + C,H;OH — C,H;ONa
+ NH;). The product, a black powder, was washed twice in ethanol
and recovered by filtration for further analysis.

Characterization of the nitrided powders was carried out by X-ray
diffraction (XRD) performed on a Bruker D2 Phaser diffractometer in
fluorescence mode with a Ni-filtered Cu Ka radiation of 4 = 1.5418 A
and a Lynxeye position-sensitive detector; the energy discriminator
window was adjusted to minimize the acceptance of Fe Ka
fluorescence. Scanning electron microscopy coupled with energy-
dispersive X-ray analysis (SEM-EDX) was performed first on a
Hitachi TM3030 desktop unit with a Bruker Quantax EDX system
and subsequently on an FEI Inspect FSO FEG SEM operating at 10
kV. ’Fe Mossbauer spectroscopy measurements were performed with
a Wissel MRG-500 spectrometer in transmission mode using a S0
mCi *’Co source; calibration was performed with an a-Fe reference
foil. Spectra were measured using a constant acceleration waveform
with a velocity range of £10 mm s™'. Data were analyzed using Recoil
software,”” fitting Lorentzian line shapes. Thermogravimetric analysis
mass spectrometry (TG-MS) measurements were made using a
Netzsch STA 449 F3 Jupiter thermal analyzer coupled with a Netzsch
QMS 403 Aelos Quadro quadrupole mass spectrometer and using an
argon carrier gas.

Samples were prepared for transmission electron microscopy
(TEM) using the crushed grain method. Samples were rapidly
ground with isopropanol using an agate pestle and mortar and allowed
to settle. A small amount of the resultant mixture was siphoned from
the top of the solvent line and pipetted onto carbon-holey lined Cu
grids (Agar Scientific). TEM was performed using a JEOL F200
operating at 200 keV. Images and electron diffraction patterns were
recorded using a Gatan OneView camera under bright-field
conditions. EDS was undertaken using dual silicon drift detectors.
Electron energy loss spectroscopy (EELS) was recorded using a Gatan
Image Filter Quantum ER, with a slit width of 200 eV, a dispersion of
25 eV/channel, and a S mm entrance aperture. The energy resolution
was 0.8 eV. For each spectral acquisition, 40 frames with an exposure
time of 0.5 s were recorded and summed. Conversion of two-
dimensional (2D) polycrystalline electron diffraction patterns was
achieved by taking several radial grayscale line scans of each pattern
using the Image] software package,23 with the undiffracted (000)
“reflection” taken as 1/d = 0. Sample specific line scans were
normalized to the most intense reflection, summed to give an average
for the whole pattern and inverted to produce a one-dimensional
(1D) intensity against the d-spacing pattern.

B RESULTS AND DISCUSSION

Initial analysis of XRD data (Figure 1) determined all products
to be composed of a mixture of crystalline ¢-Fe,, N (space
group P6;22) and a noncrystalline phase contributing to
diffuse scattering most apparent in the regions 20° < 26 < 50°.
The relatively broad nature of the reflections associated with
the Fe,, N phase was interpreted as the characteristic of a
nanocrystalline material, as later confirmed by TEM
observation. Comparison of the XRD data of the &-Fe,, N
products with reference patterns of e-Fe,N (PDF 04—017—
2325) and e-Fe;N (PDF 01-083-0878) suggested a composi-
tion with an intermediate Fe/N ratio (0 < x < 1), as shown in
Figure 1. The Fe—N phase diagram is known to be complex,
but the &-Fe,, N solid solution, with 0 < x < 1, has been
reasonably well characterized; the structure, in space group
P6322, comprises a hexagonal close-packed array of Fe atoms
with N occupying octahedral interstices in an ordered
fashion.”* ">’ Reaction conditions were systematically varied
in an attempt to optimize the crystallinity of the product and
control the composition. The yield of Fe, N was not
improved by increasing the reaction temperature from 170

https://dx.doi.org/10.1021/acs.inorgchem.0c03452
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Figure 1. XRD data for the product of reaction of Fe;O, and NaNH,
at 170 °C for (from bottom) 24, 48, and 96 h and at 190 °C for 24 h
(top). XRD data are indexed in the space group P6;22 structure of &-
Fe,,N. Reference diffraction data for e-Fe,N (PDF 04—017-2325)
are shown in blue and &-Fe;N in red (PDF 01-083-0878).

to 190 °C for 24 h or increasing the reaction time from 24 to
96 h at 170 °C, as shown in Figure 1. However, the reflection
full width at half-maximum was observed to increase with
reaction temperature and time, indicative of a decrease in
crystallite size. To estimate the average composition of the &-
Fe,, N roduct phase, the Inorganic Crystal Structure
Database™ was mined to establish a calibration of unit cell
volume as a function of x in &-Fe,, N, assuming a linear
dependence in accordance with Vegard’s law (see Table S1
and Figure S1 in the Supporting Information). The unit cell
parameters of the Fe, N products and estimated compositions
determined using this linear calibration are reported in Table 1
and establish x ~ 0.12(2), corresponding to an average formal
Fe oxidation state of Fe'***. The refined unit cell parameters
show a trend of increasing unit cell volume with reaction time
and temperature, as shown in Table 1, implying a small
decrease in «, although this is within the estimated uncertainty
of the linear calibration. It should be noted that the extracted
value of unit cell volume relies upon XRD data with broad
reflections and a subsequent calibration of these values to
available data and thus represents an estimate of composition
only. The trend of increasing cell volume, combined with the
increase in full width at half maximum (FWHM) for the XRD
data in Figure 1, implies decreased nitridation with increased
reaction time and temperature. Miura et al.'® offer an
explanation for this with consideration of the relative excess
of NaNH, present in the reactions. Where reduced
concentrations of NaNH, are present, the reaction is limited,
with the formation of H,O and corresponding positive values
for the Gibbs free energy of reaction. In this instance,

prolonged reaction times and higher temperatures result in
greater dissolution of NaNH,, thus reducing the available
reagent at the latter stages of the reaction. Formation of H,O
results in hydrolysis of the nitride content, adding to the
amorphous phase and reducing the apparent nitridation of the
end product.

Reducing the reaction temperature to 150 °C for 24 h
afforded a negligible yield of the &-Fe,, N product. The
reported melting point of NaNH, is 200 °C; however, the
presence of water (and the formation of NaOH) reduces the
melting point to ca. 170 °C.>’ This is consistent with our
observation of the product forming a fused mass indicative of
the reaction being mediated by a NaNH,—NaOH molten salt
and negligible yield realized at 150 °C, below the eutectic
melting temperature, where the kinetics of mass transport are
limiting.”

In an effort to identify the noncrystalline phase contributing
to the diffuse scattering apparent in the XRD data of Figure 1,
we attempted to crystallize this phase by annealing at 180 °C
for 24 h in air. The resulting XRD data exhibited relatively
sharp Bragg reflections associated with e-Fe,, N, with no
significant shift in 26 position but evidently reduced full width
at half-maximum (compare to Figure 2), indicative of larger
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Figure 2. XRD patterns for product from reaction between Fe;O, and
NaNH, at 170 °C/24 h (bottom) and post 180 °C/24 h anneal,
showing the onset of broad Bragg reflections associated with a new
face-centered cubic FeO;_ N, phase identified from MGJssbauer
analysis. Indexed reflections for &-Fe, N (blue) and FeO,_.N,
(red) are shown by tick marks; see the text for details.

crystallite size and/or narrower distribution of nonstoichiom-
etry about the average of x ~ 0.12(2). Moreover, very broad
Bragg reflections were apparent at the location of previously
observed diffuse intensity as shown in Figure 2 and a weak
unindexed reflection at 20 = 36° in Figure 1, which could be

Table 1. Unit Cell Dimensions and Inferred Composition for ¢-Fe,, N Reaction Products”

sample a (A) c(A) volume (A3)
170 °C/24 h 4.779(1) 4.418(1) 87.38(1)
170 °C/48 h 4.782(1) 4.416(1) 87.46(1)
170 °C/96 h 4.781(1) 4.420(1) 87.50(1)
190 °C/24 h 4.782(1) 4.418(2) 87.47(1)

x in Fe, N estimated composition avg. Fe oxidation state

0.13(6) Fe, ;N 1.41
0.11(6) Fe, N 142
0.10(6) Fe, ;0N 143
0.11(6) Fe, N 1.42

“Unit cell parameters were calculated using Le Bail fits of XRD data. Estimation of the stoichiometry (x) was made from a calibration of unit cell
volume from ICSD data®® (see Table S1 and Figure S1 in the Supporting Information).

2555

https://dx.doi.org/10.1021/acs.inorgchem.0c03452
Inorg. Chem. 2021, 60, 2553—-2562



Inorganic Chemistry

pubs.acs.org/IC

Figure 3. SEM images of untreated Fe;O, (A) and product from reaction with NaNH, at 190 °C for 24 h (B). Further SEM images of 170 °C

reactions can be found in Figure S2 in the Supporting Information.

10 1/nm

10 1/nm

100 rigs)

Figure 4. Electron diffraction and TEM images of product from reaction between Fe;O, and NaNH, reacted at 170 °C/24 h (top) and 190 °C/24

h (bottom).

indexed on a face-centered cubic cell with a = 4.36(1) A.
Analysis of ’Fe Mdssbauer data, discussed below, suggested
that this phase is in fact an iron oxynitride, in the (wustite-
Fel_xO)1_},(]/”—FeN)y solid solution, adopting a NaCl-type
structure. Indeed, the determined unit cell parameter is
intermediate between that of wustite Fe,_,O (a = 4.28—4.31
A) and y”-FeN (a = 4.50 A),>°7* consistent with such a solid
solution. Hitherto, iron oxynitrides, of the type FeO,_,N,, have
been reported only as thin films produced by magnetron
sputtering or molecular beam epitaxy and exhibit unstrained
unit cell parameters in the range 4.25 A < a < 452 A
depending on composition (with (N + O)/Fe ~ 1.0 and 0.13
<N/(N + O) < 0.65), consistent with our determined unit cell
parameter.”” >® Analysis of ’Fe Mbssbauer data also
established the presence of minor y”-FeN, adopting the zinc
blende structure and a = 4.31 A.*’ This phase would also make
a minor contribution to the broad Bragg reflections of the face-
centered cubic phase indexed in Figure 2, based on the
estimated phase fraction derived from *’Fe Mdssbauer data.

2556

SEM observation of the Fe;O, reagent and &-Fe,, N product
produced at 190 °C/24 h (Figure 3) revealed no significant
change in the bimodal primary particle size. However, the e-
Fe, N product particles evidenced additional nanoscale
texture compared to the reagent, consistent with the
occurrence of an interfacial reaction occurring in a molten
salt medium. EDX analysis (Figure S3) confirmed the presence
of N in the product from the presence of N Ka emission,
which was not observed in the reagent. Note that no Na was
detected and hence residual NaNH, is considered to have been
removed by the washing procedure. Similar observations were
made for the products obtained after reaction at 170 °C and
are shown in Figure S2. The relative intensity of the N Ko
emission was evidently reduced for &-Fe,, N (Figure S3)
produced after reaction at 96 h consistent with an increase in
the Fe/N ratio inferred from XRD analysis. From these data,
we deduce that the synthesis of &-Fe,, N from Fe;O, proceeds
via a pseudomorphous reaction involving replacement of
Fe;0, by e-Fe,, N through reaction with NaNH,—NaOH

https://dx.doi.org/10.1021/acs.inorgchem.0c03452
Inorg. Chem. 2021, 60, 2553—-2562
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molten salt. However, since the spinel structure of Fe;O, and
hexagonal é&-Fe,, N do not have a three-dimensional
correspondence, the reaction mechanism cannot readily be
understood as being topotactic in nature.

Further investigation of the product materials was made by
transmission electron microscopy, which revealed the primary
particles to be composed of nanoparticles of typically 5S—20 nm
dimension, shown in Figure 4. These nanoparticles exhibited
both the presence and absence of fringes characteristic of both
nanocrystalline and noncrystalline materials, consistent with
XRD data. It is hypothesized that the distribution of
amorphous material forms as a shell coating around intact
cores of nitride material, as previously seen for amorphous
MnO, layers around crystalline Mn,N, particles.”’ Selected
area electron diffraction (SAED) patterns exhibited primarily
rings consistent with sampling of many nanocrystalline
domains, although the SAED data of the product arising
from reaction at 190 °C/24 h also exhibited spots indicative of
the presence of some single crystalline domains, consistent
with the core—shell structures and inner crystalline SAED
findings reported by Walter et al.*’ Integration of the two-
dimensional SAED data was performed, yielding one-dimen-
sional diffraction patterns, to assist interpretation, as shown in
Figure S4 in the Supporting Information. Consistent with XRD
and *’Fe Mossbauer data shown in Figures 1 and S, the SAED
patterns can be interpreted as having contributions from e-
Fe,, N (P6;22) associated with diffraction maxima indexed as
diory = 3.02 A, d(y19) = 2.39 A, digp) = 221 A, d (3 = 2.10 A,
and d(;;,) = 1.62 A, and an iron oxynitride, FeO,_,N, (Fm3m,
a = 436 A), associated with diffraction maxima indexed as
iy =252 A, diy00) =218 A, d(yy0) = 1.52 A, and d(3,,) = 1.34
A

S’Fe Mossbauer spectroscopy analysis of the product
materials revealed a paramagnetic doublet feature, with similar
spectral envelope and the absence of any magnetic hyperfine
splitting, as shown in Figure S; fitting parameters are detailed
in Table 2. Paramagnetic doublets indicate a composition &-
Fe,, . N with x < 0.4, consistent with XRD analyses.
Hyperfine parameters have previously been reported in
paramagnetic &-Fe,, N phases, characterized by several
doublet subspectra contributing to the overall spectral
envelope and associated with nitrogen ordering around the
unique Fe(II) and Fe(IIl) sites*®*® (note that the
nomenclature here is used to denote site designation,
consistent with the literature, and does not relate to oxidation
state). These are labeled D1 and D2 in our assignment in
Table 2, represented by solid and dashed gray lines,
respectively, in Figure 5. Refinement of the isomer shift and
quadrupole shift of these contributions was followed by
refinement of the site fractions, the refined parameters being
consistent with previously reported values. Comparing the
relative spectral area between the two components D1 and D2,
the Fe(I) site, with two nearest-neighbor nitrogen atoms,
contributes approximately 45% to the total signal for this
phase. Based on the analysis of site fraction as a function of
nitrogen content by Schaaf,** the phase has a composition with
1.26 formula units of nitrogen &-Fe;N| 54, otherwise expressed
as &-Fe, ;3N. This is reasonably consistent with the
interpretation of XRD data and the estimate of x = 0.12(2),
described above. The inferred composition from XRD data
relied upon the measurement of unit cell volume of
comparatively broad reflections compared to the precision
offered by Mdssbauer spectroscopy, and, thus, the estimated
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Figure 5. *"Fe Mossbauer data from the product of reaction between
Fe;O4 and NaNH, at 170 °C/24 h and 96 h, and 190 °C for 24 h.
Data are shown as solid points and the solid black line shows the
overall model fit (components shown as blue, red, and gray lines; see
the text for details).

compositions afforded from the M0ssbauer spectroscopy data
are preferred.

On using the analysis from Schaaf, we assume that the recoil-
free fractions (f) of the Fe(II) and Fe(III) sites are equal and
thus the spectral area is directly proportional to the number of
absorbing nuclei. The recoil-free fraction (f) is a measure of
the probability of recoil-free emission from the Fe atoms and is
influenced by the strength of the interatomic forces between
those atoms and the crystal lattice.® The fraction therefore
depends on the local structure of the surrounding lattice and
according to the Debye model has contributions related to
temperature, the energy of the y ray, and the Debye
temperature of the crystal.” Limited information exists in
the literature on the determination of recoil-free fractions in
iron nitrides; however, similar Debye temperatures have been
reported for e-Fe N (2 < x < 3),"* y-FeN,,* Fe,N,” and
FeO,”" phases. This suggests that all of the phases assigned in

https://dx.doi.org/10.1021/acs.inorgchem.0c03452
Inorg. Chem. 2021, 60, 2553—-2562
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Table 2. Parameters Obtained from Fitting *"Fe Mossbauer Data of Products from Reaction between Fe;0, and NaNH,"

fraction
sample sitet 6 (mms!) A (mms!) T (mms™) (%)
170 °C/24 h S1 0.13 0.18 14
D1 0.43 0.30 0.16 30
D2 0.25 0.46 0.19 26
D3 0.27 0.83 0.17 29
170 °C/96 h S1 0.16 0.14 8
D1 0.44 0.29 0.18 31
D2 0.25 0.46 0.18 28
D3 0.28 0.84 0.20 33
190 °C/24 h S1 0.16 0.16 12
D1 0.45 0.28 0.17 26
D2 0.26 0.48 0.17 23
D3 0.30 0.92 0.24 39

approximate average formal Fe oxidation

assignment composition state
y"-FeN FeN, 3.00
&-Fe,, N Fe(IIl) Fe, xN 126
&-Fe,, N Fe(Il) Fe, 3N
FeO,_N, FeOyg20No .0 2.80
7"-FeN FeN, 3.00
&-Fe,, N Fe(IIl) Fe, 3N 126
&-Fe,, N Fe(Il) Fe, sN
FeO,_N, FeOy5Nors 2.75
y"-FeN FeN, 3.00
&-Fe,, N Fe(III) Fe, ;sN 1.26
&-Fe,, N Fe(II) Fe, ;3N
FeO,_N, FeOy 35Ny 2.65

“8 — Isomer Shift, A — Quadrupole Splitting, I" — Half-Width Full Max. A is given relative to metallic Fe at room temperature. Estimated precision
on &, A, and T is 0.02 mm s™' and 2% on the site fraction. Site assignment for each spectral component is indicated.

our model (and their individual subspectra) have similar recoil-
free fractions and the assumption of f = 1, for all of the Fe sites,
is reasonable.

The lower weighting of Fe(Il) sites to Fe(III) sites is
consistent with findings for the &-Fe N (2 < x < 3) system
measured between 4.2 and 300 K.** The compositions of &-
Fe, ,-N and &-Fe, ,(N have Fe(Il) site fractions of 58 and 27%,
respectively, which places our intermediate &-Fe, 3N product
with 45% Fe(Il) sites satisfactorily within this region.

The remaining doublet D3 (blue line in Figure S) is assigned
to a paramagnetic iron oxynitride phase, which was identified
in both XRD and SAED data, and implied by the relatively
wide spectral envelope characteristic of oxynitrides with large
quadrupole splitting. "Fe Mossbauer spectra have previously
been reported for iron oxynitrides with additional contribu-
tions assigned to &-Fe,,,N (0 < x < 1) or y”-FeN suggesting
the simultaneous formation and coexistence of these
phases.’**** For iron oxynitride thin films, the relative
contribution of the doublet to the total signal increased with
increasing oxygen content, which was assigned to a
composition Fe,O,_,N, with y ~ 1.%%% Increased measured
oxygen content in the films was correlated to the observed
increase in isomer shift values. The isomer shift values for the
doublets we observed (ca. 0.29 mm s™') suggest an oxygen
content of approximately 15 atom % equivalent to
FeOg 3N 3s-

The singlet S1 (red line in Figure S) was assigned to a binary
nitride compound FeN,, for which face-centered cubic y”-FeN
(NaCl structure) and y”-FeN (ZnS structure) were considered
as candidate species. Previous reports indicate that these can
coexist and both present a singlet in Mossbauer measurements.
However, the distinction can be made by the values of isomer
shift; the isomer shift for y”-FeN is approximately 0.1 mm s/,
while y”-FeN has an isomer shift of 0.6 mm s™'°>°* This arises
due to a different local geometry of the N environment. Our
refined Mossbauer parameters are consistent with the y”-FeN
phase. #3455

Overall, the Mossbauer analysis confirms a phase assemblage
for the reaction products of ¢-Fe,, N (x =~ 0.38), FeO,_,N,
(065 < x < 0.80), and y”-FeN in a decreasing order of
prevalence based upon refined site fractions. The identified
phases are consistent with other characterization data
presented here, similarly showing decreased total nitridation
with increasing temperature and time. Estimated e-Fe,, N
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compositions of x &~ 0.12 were made from XRD data (see
Table 1), in comparison to x ~ 0.38 implied from Mdssbauer
analysis, which are preferred as noted above. This corresponds
to e-Fe,,, N with estimated average formal Fe oxidation states
in the range 1.43—1.26+.

We note that the analysis of the Mdssbauer data may be
complicated by the previously determined nanoparticle size.
Nanoparticles can inhibit the presence of any ferromagnetic
hyperfine splitting due to an absence of long-range magnetic
order,® as would impurities within those particles. Our
analysis also extrapolates findings reported for thin films to
the nanoparticulate system evident in the data. Thus, our
determination of relative phase fractions and inferred
stoichiometries should be interpreted with due caution.

Figure 6 shows the TGA-MS analysis of the product
obtained from reaction at 170 °C for 24 h obtained under
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Figure 6. Thermogravimetry (TG, black) curve and mass
spectrometry (MS) signals of 170 °C 24 h amide product (mass
numbers 18 and 28 represent H,O and N,, respectively).

flowing Ar. These data show two distinctive regions of weight
loss. The first region, from 25 to 270 °C, corresponds to a
weight loss of 2.5 wt %, which was dominated by the loss of
H,0, as evidenced by the MS signal corresponding to m/z =
18. The product therefore evidently retains both physisorbed
water (lost below ca. 100 °C) and chemisorbed water
(retained up to 270 °C). The second region, from 270 to
800 °C, corresponds to a further weight loss of 12.9 wt %,
which was dominated by the loss of N,, as evidenced by the

https://dx.doi.org/10.1021/acs.inorgchem.0c03452
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MS signal corresponding to m/z = 28. The material recovered
after the TGA analysis was found to comprise Fe;_ O and Fe,
indicating complete decomposition of the e-Fe,, N and
FeO,_,N, phases, with evolution of N, as evidenced by the
MS data. Combined with the analysis of *"Fe Mossbauer data,
assuming the site fractions are directly proportional to the
spectral area in determining the initial phase assemblage, the
weight loss above 270 °C is attributed to the following
(approximate) decomposition reaction

0.56¢-Fe, , N + 0.29FeO,,N, 4 + 0.14y"-FeN

— (1.55 + 0.56x)Fe + 0.06FeO + 0.47N, (1)

The expected weight loss for this reaction is between 11.8 wt
% (x = 0.38, as implied from Mossbauer) and 12.6 wt % (x =
0.12, as implied from XRD). This is in reasonable agreement
with the experimentally determined weight loss of 13.0 wt %,
renormalized for loss of water below 270 °C, given the overall
uncertainty in the precise stoichiometry of the component
phases. TGA-MS data for the product obtained from reaction
at 190 °C for 24 h, obtained under a flowing Ar, is shown in
Figure SS in the Supporting Information and exhibits two
similar and distinctive weight loss events attributable to loss of
water from 25 to 290 °C and loss of N, from 290 to 800 °C. A
similar calculation estimated the expected weight loss to be
between 11.4 wt % (x = 0.38) and 12.2 wt % (x = 0.11), which
was again in reasonable agreement with the experimentally
determined weight loss of 10.7 wt %, renormalized for loss of
water.

The TGA-MS data of the product from reaction at 170 °C
for 24 h exhibits a staged weight loss in the second region
between 270 and 800 °C, with onset at approximately (1) 270
°C, (2) 325 °C, (3) 425 °C, (3) 600 °C, and (4) 725 °C.
Considering these events in order, we first attribute the onset
of weight loss at 270 °C to the decomposition of the oxynitride
FeO,_,N, phase to Fe,_,O (with the evolution of N,). This is
consistent with the reported synthesis conditions required for
FeO,_,N, oxynitrides, which were stabilized only in the thin
film formed at low temperature, by magnetron sputtering with
a substrate temperature estimated not to exceed 50 °C,** or by
molecular beam epitaxy with a substrate temperature of 250
°C.**** The weight loss at approximately 325 °C, associated
with N, loss, is consistent with the decomposition mechanism
for y”-FeN described by Suzuki et al.*” In the range of 320—
340 °C, under vacuum, y”-FeN was reported to decompose to
{-Fe,N and é&-Fe,, N with the release of N,. Decomposition of
7”-FeN was reported to be complete at 365 °C, yielding nearly
single-phase &-Fe,,,N. Widenmeyer et al.’’ reported TGA
analysis of the decomposition of a phase with composition &-
Fe, ;N under Ar. They established a two-stage mechanism of
decomposition, which involves the onset of decomposition to
y'-Fe,,,N above 422 °C (with evolution of N,) and
subsequent onset of decomposition to a-Fe above 622 °C
(again, with evolution of N,), which is complete by 800 °C
(these findings are also in general agreement with the findings
of Suzuki et al.*”). Neutron diffraction data has shown that this
decomposition also involves the formation of austentite-type
y'-FeN, (<10 atom % N), which is fully converted to a-Fe at
679 °C. Thus, we attribute the weight losses observed in our
data at 425, 600, and 725 °C, each accompanied by loss of N,
evidenced in the MS signal (Figure 6), to the sequential
decomposition of &-Fe,, N — y'-Fe, N — y’-FeN, — a-Fe,
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broadly consistent with the reported literature data for the
thermal stability of these phases.

Low-temperature nitridation of metal oxides by reaction
with NaNH, has proven an effective route to synthesis of InN
(from LilnO,"’), e-Fe,, N (from Fe,O, as shown here and
Fe,0,'®), MngN;,, (from Mn,0;'®), and Cu;N (from
Cu0O)." Consideration of the thermodynamics of this reaction
suggested that the driver is the high Gibbs free energy of
NaOH combined with the extremely high local concentration
of NH, /NH, achieved in the melt (with excess NaNH,)."*
NaOH is formed in a metathesis reaction between the iron
oxide and sodium amide by exchange of oxide and nitride
anions. The formation of NaOH then results in further
dissolution of NaNH, and propagation of the metathesis and
nitridation. The NaNH, reaction is evidently reducing in
nature, as exemplified by the reaction of CuO with NaNH, to
form Cu;N at 170 °C/60 h, but resulting in the formation of
Cu at 190 °C/60 h."* The more reduced nature of Fe,O,
therefore explains the exceptionally mild synthesis conditions
required to yield &-Fe,, N by reaction with NaNH, (170 °C/
24 h), compared to that of Fe,0; (240 °C/36 h). Hence, the
redox character of the metal oxide substrate is recognized and
demonstrated to be an important consideration in optimizing
the conditions for NaNH,-mediated nitridation reactions.
Furthermore, we achieved synthesis of &-Fe, N by reaction
between Fe;O, and NaNH,, evidently mediated in a molten
salt, although the reaction temperature is below the melting
point of pure NaNH, (210 °C). This suggests that trace water
and NaOH byproduct play an important role in reducing the
melting point in these reactions, consistent with the
observations reported here, yielding a NaNH,—NaOH molten
salt with a melting point between 210 °C and 170 °C.*’ Our
characterization data confirm the general understanding of a
NaNH, molten salt-mediated dissolution—precipitation reac-
tion, which results in the pseudomorphous replacement of the
metal oxide substrate with a nanocrystalline product in a
metathesis reaction, consistent with reports of similar
reactions.'® Similar solid-state metathesis reactions have
yielded various binary, ternary, and quaternary nitrides, recent
examples being Mn,N,*® and Zn,_ Mn,SiN, >’ The reaction
between Fe;O, and NaNH, produced é&-Fe,, N as the major
product, but also a noncrystalline phase, as was also observed
in the reaction with Fe,O,'® We successfully crystallized this
phase to yield a face-centered iron oxynitride, FeO,_,N, (and
y"-FeN), as verified using *’Fe Mdssbauer spectroscopy. The
presence of such an oxynitride phase in the product of reaction
between Fe,O; and NaNH, was hypothesized by Miura et al,,
according to X-ray photoelectron spectroscopy data, which
evidenced a material with an O-rich surface and N-rich
interior. Miura et al. suggested that this phase was formed in
the reaction workup by hydrolysis of the e-Fe,, N phase.'®
This hypothesis is in agreement with a recently published
analysis of solution thermochemical data, showing that Fe,N is
stable in strongly alkaline and reducing conditions, otherwise
decomposing to yield Fe,0; or Fe;0,°° However, we cannot
exclude the possibility that the FeO,_,N, is formed, at least in
part, by in situ reaction between &-Fe, N and/or y”-FeN with
the NaOH byproduct. The presence of FeO,_ N, from this
synthesis in substantial yield may also prove exploitable for
metastable oxynitride synthesis. Substantial data harvesting,
application of informatics tools, and subsequent density
functional theory analyses have identified many metastable
nitrides that are attainable experimentally,®' ™ which the
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authors suggest is further applicable to oxynitrides.”> These
rely upon “remnant metastability”, such that the nitride is
synthesized in targeted thermodynamic conditions where it is
stable and then kinetically retained when transitioned to
metastable conditions,”" which the pseudomorphic reaction
with NaNH, in a sealed system and careful postreaction
workup of the products may be able to achieve.

Bl CONCLUSIONS

Reaction of Fe;O, with excess NaNH, produced &-Fe,, N
under exceptionally mild conditions of 170 °C for 24 h. The
reaction takes place by pseudomorphous replacement of the
reagent by the product, mediated by a NaNH,—NaOH molten
salt phase, involving dissolution of Fe;O, and precipitation of
nanocrystalline product. The recovered product contains an
amorphous component, which was crystallized to yield an
oxynitride, FeO;_,N,. ’Fe Mdossbauer spectra could be fitted
with contributions of &-Fe, N, FeO,_,N,, and y”-FeN in
agreement with the observed phase assemblage. Interpretation
of coupled thermogravimetric and mass spectroscopy data was
consistent with this phase assemblage, with the observed mass
loss attributed to N, in reasonable agreement with that
expected based on the relative proportions of phases estimated
from "Mossbauer spectroscopy and decomposition temper-
atures in reasonable agreement with available data for stepwise
decomposition of e-Fe, N to a-Fe. The yield of &-Fe, N in
the recovered product was 49—59 mol %, accompanied by 29—
39 mol % FeO,_,N,, as determined from refined site fractions
from "MGdssbauer spectroscopy. It is not yet clear whether
FeO,_,N, is formed as a primary reaction product or by
hydrolysis of &-Fe,,,N in the reaction workup. Either way, this
may pose a limitation to the synthesis of &-Fe,,,N, and other
metal nitrides, if the objective is to produce a single-phase
product with well-defined electrical, magnetic, or other
physical property for applications. On the other hand, the
reported FeO,_, N, oxynitride phase identified in this study is
an interesting outcome and opens the possibility for the
synthesis of metastable oxynitride phases in high yield, by
reaction of a metal oxide substrate with NaNH,, with either
careful control of H,O concentration in the system or
postsynthetic hydrolysis and crystallization.
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