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In this article, we report a new modified solid-state metathesis pathway to synthesize nitrides using LizN
as a nitrification reagent to transform single element to nitrides. In this process, not only binary (including mono-
and multinitrides) but also ternary nitrides can be approached by varying the molar ratio of LizN to a single element.
A possible two-step reaction mechanism for LisN and single elements was proposed. This study provides a
promising route to meet the increasing demand in energy savings and environmental protection for materials
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synthesis.

1. Introduction

As an important class of functional materials, metal
nitrides have received increasing attention due to their super-
jor chemical and physical properties. These outstanding
properties facilitate the industrial application of nitrides to
many fields. Examples include refractory ceramics (AIN,
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TaN, TiN),3’4 superhard materials (IrN», OsNz),5714 cata-
lysts (VN),'® spintronics devices (GdN),'® wear-resistant
coatings [TiN, ZrN, CrN, (Ti,AI)N, Zr3N4],17719 semicon-
ductor devices for optoelectronics (GaN, InN),>*~* and so
on. It is therefore of interest to explore a general route to
approach most of the nitrides. In the past several decades,
great efforts have been devoted to synthesize nitrides, and the
available routes contain a wide range of synthesis tech-
niques, such as nitridation of metal or metal oxides,***
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solvothermal routes,”® > carbothermal reduction,*®*' laser
deposition,** ** high pressure,* gas phase/solid-state pre-
cursor decomposition,%_4 etc. However, a facile route to
metal nitrides in large scale is still a challenge and should be
developed to meet the increasing demand of nitrides from a
variety of application fields. Up to now, only certain kinds of
nitrides can be obtained by heating metals or oxides in
flowing nitrogen at high temperatures since it is very difficult
to break the N=N triple bond. Incomplete conversions of
precursors or decompositions of nitrides are often encoun-
tered in the conventional route in which ammonia was
selected as the nitrogen source. Recently, Zhao et al.>
reported a carbothermal reduction route to prepare GaN
and VN, assisted by using g-C3Ny as nitrifying reagent, and
then, Fischer et al.’" utilized mesoporous g-C;N as sacrificial
template to synthesize metal nitride nanoparticles. More
recently, Buha et al. reported a transformation process from
oxides to nitrides using cyanamide and urea as the nitrogen
source.> These synthesis processes are often required to be
performed at high temperature with the assistance of pungent
NH; or other organic precursors. In addition, the remnant
amorphous carbon as an impurity is detrimental to the
properties of the obtained nitrides.

In the 1990s, Kaner et al.**>* and Parkin et al.>>*® had
independently developed a solid-state metathesis (SSM)
route, respectively. This pathway has been proven to be
effective in the synthesis of many compounds including
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sulfides, carbides, nitrides, etc.’’ %> The key to the so-called
SSM route is exhibited in two features: (1) selection of proper
precursor to form thermodynamically favored byproduct
salts, such as LiCl, LiBr, or Lil; (2) sufficient heat released
at the initial step drives the reaction to sustain itself to
completion within a few seconds. However, the precursors
of metal halides are hygroscopic and very expensive, incur-
ring a handicap in the manipulations process and additional
costs, which means that the SSM routes are not suitable to
synthesize nitrides on a large scale. In an earlier paper, we
reported a modified solid-state metathesis (MSSM) route to
approach metal nitrides by using Li;N as the nitrogen source
and metal oxides as precursors.®® In MSSM route, Li;N
exhibits a surprisingly nitrification ability to transform ther-
modynamically stable oxides such as a-Al,Os, TiO,, ZrO,,
etc. to the corresponding nitrides. However, the nitrides from
the MSSM route often suffered from the residual oxygen
element which has a significant influence on their perfor-
mance. In order to avoid the disturbance of the oxygen from
the source, using a metal or nonmetal single substance rather
than oxides as the precursor is a better selection to synthesize
the nitrides.

In this article, we report a facile transformation from a
metal or nonmetal simple substance to nitrides directly.
Aluminum (Al), manganese (Mn), chromium (Cr), moly-
bdenum (Mo), niobium (Nb), the nonmetals boron (B) and
silicon (Si) powder, etc. were used as the precursor materials,
and LizN was selected as the nitrifying reagent. The desired
nitrides can be obtained upon heating the corresponding
metal element with LizN together in a sealed stainless steel
crucible at 700—850 °C under a nitrogen gas atmosphere.
This route is a slow, moderate, unexplosive pathway and can
be considered as a new MSSM process in which some new
characteristics are involved: the products are strongly depen-
dent on the molar ratio of LizN to precursors, that is, not only
binary nitrides (such as BN, AIN, SizN,, Cr,N) but also
ternary nitrides (such as Li,SiN,, LiAIN,, Li;BN», LigCrNs,
Li;MnNy, etc.) can still be approached by varying the molar
ratio of Li;N to metal or nonmetal single element, suggesting
the great potential of this route as a general route to approach
nitrides. The obtained products were characterized in a
detailed manner, and a possible reaction mechanism for the
reaction between LisN and a single element was proposed
and discussed.

II. Experimental Section

Materials. LizN was homemade in the laboratory without
further purification. Boron powder (99.4%, crystalline) was
purchased from STERM CHEMICALS. Al powder (99.99%),
Crpowder (99.9%), Si powders (99.9%), and Mo (99.99%) were
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purchased from Beijing Chemical Company, China. They were
used without further purification.

Synthesis. In a typical run, crystalline boron powder was used
as the precursor to react with Li;N with a molar ratio of 3.5:1
(boron powder: Li3N). Typically, 0.3243 g boron powders and
0.3 g LizN were mixed and ground together in an agate mortar.
Then, the starting materials were pressed to a pellet and put into
a stainless steel crucible as described in our previous report,®®
followed by placing the crucible into a silica ampule connected
to an evacuating system. The silica ampule was evacuated to
3 x 107> Pa, then filled with 0.4 MPa high purity nitrogen
(99.999%) and sealed. The silica ampule was heated to 850 °C in
the conventional muffle and maintained for 4 h. Then, the power
was shut off and the muffle was cooled down to room tempera-
ture naturally. In some cases, HNO3 (95%) or HF (40%) was
employed to treat the products. Caution! HF and HNOj; are
extremely corrosive and very dangerous that can cause severe
burns, and much attention should be paid in the manipulation
process. Similarly, 0.2314 g Al powder (99.99%) and 0.3 g Li3sN
with a molar ratio of 3:1 (Al powder: LizN) were heated to
800 °C for 4 h to synthesize AIN. Then, 0.4 g Li;N and 0.0833 g
silicon powder were ground together and maintained at 850 °C
for 4 h to obtain Si;N, successfully. The reaction between Mo or
Nb with LisN follow the similar route.

Characterization. X-ray powder diffraction (XRD) data were
collected in reflection mode (Cu Ka radiation, A = 1.5418 A) on
a Philips X’PERT MPD diffractometer using an etched glass
plate sample holder and, for our samples, were operated at 40 kV
and 40 mA. Lattice parameters were extracted from XRD data
by the Rietveld method, using the program FULLPROF. The
morphology of products were examined by a field emission
scanning electron microscopy (FE-SEM, FEI XL 30 S-FEG),
and semiquantitative composition analysis was performed by
using an energy-dispersive spectroscope (EDX) attached to the
FE-SEM with an Oxford energy-dispersive X-ray analysis
system. To further investigate the morphological, size, and
microstructure features of the as-prepared products, transmis-
sion electron microscopy (TEM) and high-resolution transmis-
sion electron microscopy (HRTEM) images of the samples were
observed on a JEOL 2010 microscope with a high-brightness
LaBy filament electron source at 120 and 200 kV, respectively.
Samples were suspended in ethanol under ultrasonic vibration,
and a few drops of the suspensions were brought onto a holey
superthin carbon film on a copper grid for TEM observations.

III. Results and Discussion

BN is an important semiconductor material with the band
gap of 6.1—6.4 eV for the cubic phase and has received much
attention due to its potential applications in many fields
ranging from abrasives and cutting tools to scratch-resistant
coatings, etc. However, it is well-known that crystalline BN
was very difficult to utilize except for a few cases. For
instance, crystalline cubic boron nitride (¢c-BN), the second
hardest material (E = 45—50 GPa), must be synthesized
under extreme pressures (>5 GPa) and temperatures
(> 1500 °C), making it very expensive.®” Industrial prepara-
tion of crystalline layered-form hexagonal boron nitrides (/-
BN) was required to be performed at high temperature
(> 1450 °C), following a highly exothermic route of 3CaBg
+ B>O3 + 10N, — 20BN + 3CaO. Otherwise, amorphous
BN will dominate the as-products. In this study, we show that
by selecting an appropriate nitrogen source and boron source
precursor, highly crystalline BN could be approached facilely
at a moderate temperature by a simple reaction route. Here,
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crystalline boron powder (rhombohedral, ICDD-PDF:
31-0207) was selected as the boron source to react with
Li;N under nitrogen atmospheres at 850 °C for 4 h in a
sealed crucible. Figure 1 shows an overview of the structural
and morphological features of the as-products. One can sce
clearly that the XRD pattern before the treating process
(Figure 1a, top) was composed of four crystalline phases, that
is, Li3BN, (ICDD-PDF: 13-0393), hexagonal LizN (ICDD-
PDF: 65-1896), rhombohedral BN (ICDD-PDF: 45-1171),
and hexagonal BN (ICDD-PDF: 34-0421). XRD patterns
for the products after the washing process with 95% HNO;
(Figure la, bottom) can be indexed well with the hexagonal
BN (space group P63/mmc) and rhombohedral BN (space
group R3m) as indicated by vertical lines, and no other
diffraction peaks from impurities were detected under the
X-ray diffractometer’s resolution (X’PERT MPD), suggest-
ing that Li;BN, could be eliminated completely by the
treating process only with the formation of two types of
X-ray purity phases BN.

Sharp diffraction peaks indicated the highly crystalline BN
were obtained. The cell lattice is calculated to be a; = 0.25061
nm, ¢; = 0.66813 nm for hexagonal BN phase and a, =
0.2505 nm, ¢, =1.011 nm for rhombohedral BN phase,
which are in good agreement with standard ICDD-PDF
cards. The TEM image (Figure 1b) shows that the treated
BN products have a layer-shaped structure. The HRTEM
image (Figure Ic, corresponding to the marked area as shown
in Figure 1b) displays the well-developed and distinct lattice
image, suggesting that highly crystalline BN products were
approached. The interplanar spacing of 0.2013 and 0.2099
nm can be assigned to djoy and d;o; values of hexagonal BN
(ICDD-PDF: 34-0421), respectively. The inset of Figure lc
shows the selected area electron diffraction (SAED) pattern.
Typical Debye—Scherrer diffraction dots revealed the single-
crystal nature of the obtained products and can be easily
indexed to the characteristic phase of hexagonal BN.
Figure 1d and e show the selected area fast Fourier transform
(FFT) images corresponding to the randomly selected spots
as shown in Figure lc, which further confirm the intrinsic
hexagonal as well as the single-crystal nature of the obtained
BN products. The energy dispersive X-ray analysis (EDX)
pattern (Figure 1f) shows that only B, N, C, and O elements
were detected in the treated BN sample Here, no organic
nitrifying reagent was involved, and the amorphous carbon
as a common contamination in carbothermal reduction or
gas phase/solid-state precursor decomposition route was thus
prevented in this route from the source. It is thus speculated
that the carbon signal may originate from the carbon-coated
copper grid used for the TEM observation and the trace O
element originates from the O, and H,O absorbed on the
sample during the treating process. It should be noted that
when using B,Oj3 as the B source to react with Li;N, only the
amorphous BN can be approached as reported in ref 66,
revealing the advantage of using the B element as a precursor
to synthesize crystalline BN. However, crystalline BN was
obtained by this facile route, suggesting the powerful nitrifi-
cation ability of Li;N.

To further test the feasibility and effectiveness of the route
between a single-substance element and LisN, we show
another case of the synthesis of aluminum nitrides (AIN).
AIN is an important III—V nitride semiconductor with the
wide band gap of 6.2 eV. The conventional conversion from
Al or Al,O;5 to AIN was often required to be performed at
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Figure 1. (a) XRD pattern for the products before (bottom curve) and after (top curve) treating from the reaction between LisN and boron. Vertical bars
(|) indicate the positions of Bragg peaks for standard rhombohedral BN (ICDD-PDF: 45-1171) and hexagonal BN (ICDD-PDF: 34-0421), respectively. (b)
TEM image of the treated BN. (¢) HRTEM image corresponding to the selected areas as marked in part b. (d and e) FFT images corresponding to the
randomly selected spots shown in part c. (f) EDX pattern of the treated products.

high temperature (> 1300 °C) under a NH; atmosphere or
carbothermal reduction at 1200 °C. Figure 2a shows the
XRD pattern of the products obtained from the reaction
between LisN and Al element before and after the washing
process. The XRD pattern (Figure 2a, top) indicates dis-
tinctly that the as-prepared products were composed of two
phases: AIN (hexagonal, ICDD-PDF: 65-3409) and Li;AIN,
(cubic, ICDD-PDF: 65-3189) as indicated by arrows. The
XRD pattern (Figure 2a, bottom) for the treated products
can be indexed well with hexagonal AIN, and no other peaks
from impurity phases were detected. The TEM overview
image (Figure 2b) displays the irregular morphological
features of the treated AIN samples. Similar irregular mor-
phology features have also been observed in AIN obtained
from the reaction between a-Al,O5 and Li;N.% The crystal-
linity of the obtained AIN in this study was further confirmed
by HRTEM investigations. The HRTEM micrograph
(Figure 2c) shows the highly crystalline features of the
as-obtained AIN while the corresponding SAED pattern

(top-left inset in Figure 2¢) is indexed well to the reflections
of hexagonal AIN (ICDD-PDF: 65-3409), providing further
evidence for the formation of AIN. The characteristic dif-
fraction dots in the SAED pattern and FFT image (bottom-
left inset in Figure 2¢) undoubtedly suggest the single-crystal
nature of as-prepared AIN.

Li;N + Ga — LizGaN, + Li (1)
Li;GaN, + Ga — GaN + Li (2)
Li;N + Ga — GaN +3Li (3)

These two representative cases show the effective nitrifying
ability of this facile MSSM route in converting a single
substance into crystalline nitrides. Here, Li;N displays a
more powerful nitrifying ability over these previously used
nitrifying reagents such as g-C3N, or melamine.’*®® It has

(68) Zhao,H.Z.; Lei, M.; Chen, X. L.; Tang, W. H. J. Mater. Chem. 2006,
16, 4407.
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Figure 2. (a) XRD pattern for the products before (top curve) and after (bottom curve) treating from the reaction between LisN and Al. Vertical bars (|)
indicate the positions of Bragg peaks for standard hexagonal AIN (ICDD-PDF: 65-3409). (b) TEM overview image of the treated AIN. (c) HRTEM image of
the as-treated AIN. The up-leftinset is the SAED pattern, and the bottom-left inset presents the FFT image corresponding to the marked area shown in part c.

been verified that Li;N reacts with Ga to form LizGaN, (eq
1); then, the as-prepared Li;GaN, continues to react with Ga
to produce GaN (eq 2), and the overall reaction mechanism
can be described by eq 3.9~

Being inspired by the two-step reaction mechanism for
GaN, it is speculated that the fabrication of the other IITA
nitrides such as BN and AIN also follow the similar two-step

(69) Wang, G.; Jian, J. K.; Song, B.; Chen, X. L.; Wang, W.J.; Song, Y. T.
Appl. Phys. A: Mater. Sci. Process. 2006, 85, 169.

(70) Song, Y. T.; Wang, W.J.; Yuan, W. X.; Wu, X_; Chen, X. L. J. Cryst.
Growth 2003, 247, 275.

(71) Chen, X. L. Sci. Technol. Adv. Mater. 2005, 6, 766.

formation process which may serve as the intrinsic mechan-
ism for the reaction between a IITA group element and LizN
since the similar products of XN and LisXN, (X = B, Al)
were obtained together in the synthesis of BN and AIN, as in
the grown GaN single crystal by the LisN flux method.®"
The precursors of B powder, Al powder, and nitrifying
reagents of Li;N are in solid state prior to reaction. The
latter will discompose into active Li and N atoms/ions upon
heating at elevated temperatures. Then, the B or Al element is
nitrified by N and Li atoms/ions to form ternary nitrides of
LiB,N. or Li,Al,N. which further reacts with B or Al atoms,
and then, crystalline BN or AIN present itself from the
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Figure 3. (a) XRD pattern for the products before treatment (bottom curve), after treatment with HNO5 (middle curve), and after treatment with HF (top
curve) from the reaction between Li;N and Si. Vertical bars () indicate the positions of Bragg peaks for standard orthorhombic LiSi;N; (ICDD-PDF: 26-1186)
and hexagonal Si;Ny (ICDD-PDF: 33-1160), respectively. (b) SEM image of the products treated by HF. (c) EDX pattern of the products after treatment with
HF. (d) TEM image of the products after treatment with HF. (¢) HRTEM image of the products. The inset is the corresponding SAED pattern.

saturated Li—X—N ternary system. Here, the formation
of intermediate products Li3XN, serves as the key role to
drive the reaction. In fact, the initial molar ratio of Li;N to
X (X = B, Al) chooses the final products in the form
of binary or ternary nitrides, i.e., according to the Li—N—X
(X = B, Al) ternary phase diagram, the desired nitride is
the Li;XN, phase or the coexistence of XN and Li;XN,
can be approached by designing the ratio of starting mate-
rials before the route is ignited. Although the two-step
reaction mechanism for BN and AIN is not as well-evidenced
as that for GaN, the products obtained with different
processes can still demonstrate the validity of this mecha-
nism.

Further, it is found that this two-step reaction mechanism
can also be applied to describe the reaction mechanism
between LisN and other single-substance elements than only
the IITA group element, such as the IVA element of silicon.
0-Si3Ny, for instance, was normally prepared at more than
1350 °C using Si powder and N, as the precursors while
[-SizN, was required to be synthesized at more than 1500 °C
for 72 h using Si powder and NHj as precursors. Recently,
Chen et al. reported the reaction between Si and Li;N with a
variation ratio from 2:4.5 to 4:4.5.% It was found that a large

(72) Song, B.;Jian, J. K.; Cai, G. M.; Lei, M; Bao, H. Q.; Li, H.; Xu, Y. P.;
Wang, W. Y.; Han, J. C.; Chen, X. L. Solid State Ion. 2009, 180, 29.
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series of molar ratios (LizN to Si) can only approach the
ternary nitride of Li,SiN», and then, it is speculated that for
the case of Si, there also exist a two-step reaction process as
described by eq 4. Here, we try to increase the molar ratio of
Si to LisN to facilitate eq 4 to proceed.

Si+ LipSiN, — SisNy + Li (4)

Figure 3a shows the XRD patterns of the products before
and after the treating process. One can see clearly that the
unvarnished products were composed of LiSi,N; (ICDD-
PDF: 26-1186) and hexagonal Siz;N4 (ICDD-PDF: 33-1160)
[bottom XRD pattern in Figure 3a]. After treatment with
HNOj3 (95%), the XRD pattern (middle XRD pattern in
Figure 3a) shows no obvious change appearing in the curves,
indicating the highly chemical stability of the products. In
order to eliminate the LiSi,N5 phase, the more rigorous acid
washing process was involved by using HF(40%), and then,
only the SizNy4 phase can be detected (top XRD pattern in
Figure 3a). Figure 3b shows the representative field-emission
scanning electron microscopy (FESEM) image of the treated
SizN4 samples by HF, and irregular morphologies are
observed from this panoramic view. The EDX pattern
(Figure 3c) shows the element composition of the treated
products agreeing well with silicon nitrides while the trace O
and F impurities can be ascribed to the contamination in the
treating process. The TEM image (Figure 3d) further displays
the morphological features of the treated Si;N4. The
HRTEM image (Figure 3e) shows the clear stripe image.
The lattice spacing is 0.2501 nm for the (210) plane, which
agrees well with the standard ICDD-PDF card, 33-1160, for
SisNy with db1p = 0.2489 nm. The corresponding ringlike
SAED pattern (inset in Figure 3e) indicates that the micro-
structures of the as-prepared Si;Ny are polycrystalline and
the diffraction rings can be easily assigned to the character-
istic reflections of hexagonal Si3Ny, confirming the previous
XRD and HRTEM results. Here, hexagonal SisN4 were
obtained successfully like BN and AIN, suggesting that the
two-step process may be the general mechanism between
LisN and a single substance. In comparison with the synthesis
of BN and AIN, Li,SiN3 and then Li,SiN, serve as the
intermediate compounds and then, for the case of Si3Ny,
the two-step equation can be depicted by eqs 5 and 6,
respectively; eq 7 denotes the general reaction mechanism.

LisN + Si — LiSi,N3 + Li (5)
LiSi;N3 + Si — Si3sNy + Li (6)
ALisN + 3S8i — SisNy + 12Li (7)

From the viewpoint of enthalpy, the heat of formation of
the binary SisN, (AH; = —651.83 kJ-mol ™" at 1000 K) is
lower than that of the LisN (AH; = —120.46 kJ-mol " at
1000 K) and provides the driving force for the MSSM route.
The thermodynamic calculation of enthalpies (AH,,) for eq
71is —171 kJ-mol " at 1000 K and 44.85 kJ-mol ™' at 298 K
which is the reason why the reaction between LisN and Si
should be heated to high temperature. To further probe the
detailed reaction mechanism, the in situ characterization
means was required, such as the differential thermal analysis
(DTA), etc. However, the flat-bottomed Al,O; ceramic
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Figure 4. XRD pattern for the products from the reaction between Mo
and LisN with ratios of (a) 2:1 (Mo to LizN) and (b) 4:1 (Mo to LizN).
Vertical bars (|) indicate the positions of Bragg peaks for standard Mo
(ICDD-PDF: 42-1120) and Mo;¢N7 (ICDD-PDF: 23-1256), respectively.
(c) XRD pattern for the products from the reaction between Mo and Li;N
with a ratio of 1:5 (Mo to Li;N). Vertical bars (|) indicate the positions of
Bragg peaks for standard card of LisMoN, (ICDD-PDF: 65-1202).

crucible used for the DTA measurement will be eroded by
the LisN as reported in ref 66, and it is very difficult to record
the reaction parameter including exothermic or endothermic
processes in real time. In addition, the MSSM reactions
between LisN and single elements need a sealed system to
realize two aims: (1) maintain a stable N, pressure to prevent
the decomposition of the Li;N at low temperature; (2)
prevent the spreading of the active debris such as Li* and
N>~ from the decomposition of LizN, that is, transforming
most precursors into nitrides. As mentioned above, however,
the DTA measurement could reveal the detailed reaction
mechanism in real time; the flowing N, will destroy this
quasi-equilibrium environment and failed to approach the
desired nitrides as reported in ref 66. So, it is unreasonable to
probe the detailed reaction mechanism of the MSSM route
by using conventional characterizations means such as DTA,
etc. Although the detailed reaction mechanism cannot be
well-unveiled, the general reaction mechanism can still be
summarized by investigating the product composition with
different molar ratios and reaction periods.

Furthermore, eq 6 reveals another striking feature for this
pathway that this route can also be applied to synthesize
multinitrides. Usually, mononitrides must be prepared at
high temperatures and high pressures. Cubic NbN, for
instance, is normally approached at more than 1600 °C under
the N, atmosphere of 16 MPa, as are TaN and CrN. Multi-
nitrides such as Ta,N, TazNs, NbyN3, Nb,N, and Cr,N will
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Figure 5. (a: I and II) XRD pattern of products before and after treating by DI water from the reaction of Cr to Li;N with the molar ratio of 1:1. (IIT and
IV) XRD pattern of the products before and after treating by DI water from the reaction of Cr to Li;N with the molar ratio of 2:1 (Cr to LizN). Vertical bars
(|) indicate the positions of Bragg peaks for the standard card of Cr,N (ICDD-PDF: 35-0803, hexagonal, P31m). (b) SEM image of the treated products. (c)
EDX pattern of the treated products. (d) TEM image of the treated products. (¢) HRTEM of the treated products; (inset) SAED pattern.

otherwise dominate the products.’®®* Similar situations are
also true for the reaction between Li;N and single substances.
For some elements, only multinitrides, such as Mo;¢N-,
CnN, or TayNs, etc. can be approached by this route.
Figure 4 shows the XRD pattern of the untreated products
from the reaction of Mo and LizN with a ratio (Mo to Li3N)
of 2:1 (Figure 4a), 4:1 (Figure 4b), and 1:5 (Figure 4c) at 850
°C for 4 h. Phase identifications indicated that the products in
Figure 4a are remnants Mo (ICDD-PDF: 42-1120) and
Mo¢N; (ICDD-PDF: 23-1256), respectively. Figure 4b
shows that the MosN; phase gradually dominated. As the

molar ratio is increased to 1:5, only the ternary nitrides of
LigMoN, (ICDD-PDF: 65-1202) were obtained without any
trace of impurity phase under the instrument’s resolution
(Figure 4c). By a similar process, we synthesized Cr,N at
850 °C, with the molar ratio of 1:1 and 2:1 for Cr to LizN,
respectively. Figure 5a(I) and (II) shows the XRD pattern of
the products before and after treating with the molar ratio of
1:1 (Cr to LizN), respectively. One can see clearly that, by a
simple washing process with deionized (DI) water, the X-ray
purity phase of CroN (ICDD-PDEF: 35-0803, hexagonal,
P31m) was approached, and similar results for the reaction
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with a molar ratio of 2:1 (Cr to Li3N) were shown in Figure 5a
(ITT) [unwashed] and (IV) [washed], respectively. Figure 5b
presents the overview morphological features of washed
Cr,N from the reaction with molar ratio of 1:1 (Cr to Li3N).
Only Cr and N elements were detected in EDX analysis
(Figure 5c). The TEM image (Figure 5d) shows that the
treated Cr,N are composed of particles with varied sizes and
irregular shapes. The HRTEM image (Figure Se¢) clearly
indicates the plane spacing being 0.3199 and 0.3175 nm,
taken on different particles, which corresponds well to the
(101) lattice planes of hexagonal Cr,N with d;q; = 0.3252
nm. The SAED pattern (Figure Se, inset) shows the typical
Debye—Scherrer diffraction rings for the polycrystalline.
These rings can be facilely assigned to the characteristic
reflections of hexagonal Cr,N (ICDD-PDF: 35-0803, hex-
agonal, P31m). In this route, the high molar ratio of Cr to
Li;N (>4:1) will lead to the formation of ternary nitrides
LiyCrNs (ICDD-PDF: 36-0695).

Li3N+X - LiXANB-l—Li (8)

LiXANB +X— XcND + Li (9)

On the basis of available results, we propose a general two-
step reaction to depict the mechanism between LisN and a
single element as shown in eqs 8 and 9. As mentioned
previously, the molar ratio of LisN to the single element
serves as the key to determining the detailed reaction process.
If the molar ratio of LizN to the element is located in the Li-
rich area, the products are mainly composed of ternary
nitrides LiX /Np. This means that only eq 8 occurs: If the
molar ratio is located in the element-rich area, the products
are often found to be the mixture of LiX Nz and X Np,
indicating that eq 9 also occurred following eq 8 taking place
as a two-step process. Equation 9 determines the products to
present in the form of mono- or multinitrides.

We have reported that the reaction between Li;N and
oxides, for example, Cr,Os, was also a two-step process as
depicted by eqs 10 and 11.° First, the active lithium atoms,
originating from the partial decomposition of LisN, reduce
Cr,05 to the active Cr atoms/ions (eq 10). Then, the pro-
duced Cr atoms/ions are nitrified by active nitrogen atoms/
ions or LizN directly to form cubic CrN (eq 11). From the
viewpoint of element conservation, the as-prepared Cr,N in
this study requires another N to form Cr,N, (CrN) [eq 12],
and this transformation from Cr,N (low-temperature phase)
to CrN (high-temperature phase) can only be realized with
the assistance of a powerful driving force. In contrast with eq
11, it is speculated that the fact that the effort failed to
approach CrN could be ascribed to the weak driving force
involved in eq 9. The formation of CrN and thermodynami-
cally favored byproducts of Li,O both serve as the driving
force to overcome the energy barrier in eq 11, especially the
latter: great heat was released during the formation of Li,O
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that plays the key role in pushing the reaction while only the
formation of Cr,N serves as the driving force. Then, the
multinitrides were found to dominate the products. Similar
cases are also encountered in the synthesis of NbN, TiN,
ZrN, etc. by the MSSM route.

LisN +Cr,03 — Cr/Cr¥t + N3~ +Li,0  (10)
Cr/Cr** + N/N37(LisN) — CrN (11)

LisN +CrpN — CrN + Li (12)

Due to the lack of thermodynamic data for these multi-
nitrides as produced, we cannot calculate the precise theore-
tical energy released in the reactions, as well as the actual
reaction temperatures, etc. However, this route has success-
fully approached many types of nitrides including crystalline
BN, AIN, multinitrides of SisNy4, Cr,N, and Mo»N, etc.,
suggesting the effective nitrified ability of Li;N in conversion
processes from single substances to nitrides. It should be
noted that, although O and F impurities were involved in the
washing process, the content is much less compared with the
contaminations in conventional carbothermal reduction or
using oxides as the precursors. Further, this study reveals a
general principle for selecting precursors to synthesize ni-
trides using LisN that the precursor should provide effective
anions such as O*~, $>7, CI'™, Br' ", etc to combine with Li*
to form thermodynamically favored Li,O, LiCl, or LiBr. In
this process, the great heat acts as the driving force and push
the N°~ to unite with cation to form nitrides, this is also the
typical SSM route reaction mechanisms.

IV. Conclusions

In this study, we present a detailed investigation on the
MSSM route to transform single substances to nitrides using
Li;N as the nitrifying reagent. The possible two-step reaction
mechanism was proposed. The fascination of this pathway is
the diversity of products, not only binary nitrides
(mononitrides, multinitrides) but also ternary nitrides can
be approached, providing a promising route to meet the
increasing demand for materials synthesis in energy saving
and environmental protection.
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