N
N

N

HAL

open science

An in situ growth route towards anti-perovskite Ni 3
InN nanoparticles embedded within amorphous silicon
nitride

Shotaro Tada, Sakurako Takazawa, Norifumi Asakuma, Maxime Cheype,

Sawao Honda, Ravi Kumar, Samuel Bernard, Yuji Iwamoto

» To cite this version:

Shotaro Tada, Sakurako Takazawa, Norifumi Asakuma, Maxime Cheype, Sawao Honda, et al.. An in
situ growth route towards anti-perovskite Ni 3 InN nanoparticles embedded within amorphous silicon
nitride. Journal of Materials Chemistry A, 2023, 12 (6), pp.3689-3699. 10.1039/D3TA06212K . hal-
04778624

HAL Id: hal-04778624
https://cnrs.hal.science/hal-04778624v1

Submitted on 16 Nov 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://cnrs.hal.science/hal-04778624v1
https://hal.archives-ouvertes.fr

An in situ
growth route
towards anti-
perovskite
NizInN
nanoparticles
embedded
within
amorphous
silicon nitride
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Herein, we report a new approach toward the design of anti-perovskite nitrides at the nanoscale. This study
deals with a precursor route to in situ grow anti-perovskite nickel indium nitride (NisInN) nanoparticles (NPs)
in amorphous silicon nitride (a-SiN). Precursors are synthesized via the modification of polysilazanes (PSZs)
by using controlled amounts of nickel (NiCl2) and indium (InCls) chlorides. Subsequently, the as-synthesized
precursors are pyrolyzed in the temperature range of 300—-600 °C in flowing ammonia (NH3) to afford
NisInN/a-SiN nanocomposites. The single-step process is discussed based on a complete set of
characterization techniques, including elemental analyses, X-ray diffraction (XRD), thermogravimetric-mass
spectrometric (TG-MS) analyses, infrared and X-ray photoelectron spectroscopies, and transmission electron
microscopy (TEM) observations. It has been demonstrated that the synthesis of precursors proceeded via
the prior formation of Ni NPs at 300 °C before the subsequent migration of In species, which governs the in
situ formation of the nanoscale anti-perovskite NisInN phase in the matrix. As a proof of concept, we
investigated CO2 adsorption—desorption capabilities of this new type of self-supported nanocatalyst.

Introduction

Transition metal (M) nitrides (MN) have received significant
attention as promising and sustainable substitutes for noble metals
in catalyst-assisted reactions.!™? In this category, anti- perovskite
nitrides—antiperovskites are similar in crystal structure to
perovskites but have an inverted electrical config- uration—they
stand out as an advanced material with distinc- tive
functionalities* such as a negative magnetocaloric effect,>”’
negative thermal expansion®® ionic conductivity!®!! and
superconductivity.!2714 Recently, these nitrides demonstrated
catalytic properties, particularly as nitrogen storage agents for
chemical looping ammonia (NHs) production,'®!® and in the
electro-reduction of carbon dioxide.!”

Typically, anti-perovskite compounds are synthesized
through solid-state reactions involving the appropriate parental
compounds, which usually proceed at around their melting
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point. Alternate methods like direct or carbothermal nitridation
of intermetallic or oxide precursors are also employed.!s
However, due to huge challenges in controlling their synthesis
at the nanoscale, these nitrides have o[ Jen been utilized as bulk
or micrometer-sized powders, masking their novel functional-
ities. Recent research has highlighted the successful synthesis
of a nitride-based anti-perovskite, a Ni3CuN nano-shell over
a NizCu core, emphasizing its potential as a catalyst for the CO2
reduction reaction (RR).!7 The synthesis route, involving sol-
vothermal synthesis of NizCu/C followed by calcination under
NHs, resulted in an anti-perovskite NizCuN nanolayer (Ni3-
Cu@Ni3CuN). Notably, upon introducing N into NizCu, more
Lewis basic sites are created, leading to enhanced adsorption of
CO2 molecules and hydrogen reduction. Furthermore, the
nanosizing effect resulted in a higher oxidative state for the
cation at the Ni site and deactivated the weaker Lewis basic site,
thereby improving CO selectivity during the CO2RR process.
Thus, nano-sized anti-perovskite nitrides demonstrate high
potential in controlling catalytic functions, underlining the
importance of exploring further synthetic routes and material
design to optimize catalyst functionality and performance.

The polymer-derived ceramic (PDC) route ensures strict
control over the chemical composition, phase distribution, and
the nano-/microstructure of final materials.!® This bottom-up
approach allows the growth of M and/or MN nanoparticles in situ
distributed in a Si-based ceramic matrix.!3! The accessibility to
metal nanoparticles/Si-based nanocomposites using the PDC
route and its advantages for catalytic applications have been
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Fig. 1 Schematic illustration of the process to synthesize a nano-sized
anti-perovskite NisInN/amorphous silicon nitride (a-SiN) nano-
composite through the PDC route, and the CO2 adsorption—desorp-
tion behaviour for a potential small molecule activation catalyst.

discussed.?? Recently, various M/Si-(oxy-)carbide (SiC, SiOC), Si-
carb(oxy)nitride (SiCN, SiCON), and Si-nitride (Si3N4) matrix
composites have been synthesized via the PDC route, and some of
these inorganic materials exhibit excellent performance as robust
and reusable heterogeneous catalysts in applications such as
thermal catalytic hydrogenation, dehydrogenation of organic
compounds,?!?5 the dehydrogenation of hydrides3? and electro-
catalytic water oxidation?¢ under harsh conditions.

Our group previously reported the in situ formation of Co
nanocrystallites embedded within amorphous silicon nitride (a-
SiN) by thermal conversion under a NH3 atmosphere of a CoCl,-
coordinated perhydropolysilazane (PHPS) at a temperature as
low as 400 °C.33 Later on, we reported a detailed mechanistic
study on the in situ formation of Ni/a-SiN compounds in flowing
nitrogen. This proceeded via the easy thermal decomposition of
Ni nitrides formed through the reaction of nickel chloride
(NiClz2) and PHPS as a silicon nitride precursor at very low
temperatures of 200 to 300 °C.3* Finally, more recently, we
investigated the catalytic activity of such materials.?>

In the present work, we report the first example of isolating
a nanoscale anti-perovskite nickel indium nitride (Ni3InN) phase
embedded within a-SiN (Fig. 1). This compound is generated by
the low temperature pyrolysis of NiCl> and indium chloride
(InCls)-co-modified polysilazanes (PSZs). The in situ formation
mechanisms as well as the phase evolution upon pyrolysis are
investigated based on a set of characterization techniques
including elemental analyses, infrared spectroscopy, X-ray
diffraction (XRD), thermogravimetric-mass spectrometry (TG-
MS), X-ray photoelectron spectroscopy (XPS) and transmission
electron microscopy (TEM). Finally, we reveal the unique carbon
dioxide (CO2) adsorption and desorption properties by
measuring the temperature-programmed CO2 desorption (COz-
TPD) profile (Fig. 1). This result offers additional functionalities
aimed at activating and transforming small molecules into
valuable products for clean energy applications.

Experimental section
Material synthesis

General procedure for the synthesis of anti-perovskite
nitride/a-SiN nanocomposites. The chemicals and reagents

were handled under an inert atmosphere of pure argon (Ar)
using standard Schlenk techniques and vacuum/Ar lines.
Commercially available poly(vinylmethyl-co-methyl) silazane
(Durazane®1800, Sanwa Kagaku Co., Shizuoka, Japan), NiClz
(98% purity, Merck Japan, Tokyo, Japan), CoCl2 (97% purity,
Merck Japan, Tokyo, Japan), and InCls (98% purity, Merck
Japan, Tokyo, Japan) were used as received. Another PSZ,
a commercially available perhydropolysilazane (PHPS, NN120-
20, 20 wt% in dibutyl ether solution, Sanwa Kagaku Co., Shi-
zuoka, Japan), was used (20 wt%) in super-anhydrous toluene
(99.5% purity, FUJIFILM Wako Pure Chemical Co., Osaka,
Japan) alJer substitution of dibutyl ether. MCl> (M = Ni or Co)
and InCls-co-modified PSZs were synthesized with different M/
Si and In/Si atomic ratios (M/Si = 0.05 or 0.1, In/Si = 0.1).
Herein, the synthesized precursors were labeled MxIn,-DRZ and
M:Iny-PH (x and y represent the nominal M/Si and In/Si ratio,
respectively) according to the type of the preformed polymers,
i.e., DRZ for Durazane®1800 and PH for PHPS, respectively.
Here, we describe the synthesis of the representative Nio.1lno.1-
DRZ sample, which is prepared through a synthesis procedure
applied for all precursors studied in this paper. A 100 mL two-
neck round-bottom flask equipped with a magnetic stirrer was
charged with Durazane®1800 (4 mL, 63 mmol) and toluene (40
mL), then NiCl, (0.84 g, 6.3 mmol, Ni/Si = 0.1), and InCl3 (1.4 g, 6.3
mmol, In/Si = 0.1) were added to the solution at room
temperature. The reaction mixture was vigorously stirred at
room temperature for 30 min and subsequently refluxed at 110 °©
C for 15 h under flowing Ar. Aller the reaction mixture was
cooled to room temperature, toluene was removed under
vacuum at 60 °C to provide the Nio.ilno.;--DRZ sample. Aler
complete characterization, the as-synthesized precursors were
pyrolyzed under flowing NH3 at temperatures of 300, 400, and
600 °C for 2 h with a heating rate of 5 °C min~!. The pyrolyzed
samples were labeled MiIn,-DRZT, where T is the pyrolysis
temperature.

General procedure for the synthesis of bulk NizInN. The bulk
NizInN sample was synthesized by following the reported
procedure:!> a stoichiometric amount of metal nitrates; Ni
(NO3)2$6H20 (99.9% purity, FUIIFILM Wako Pure Chemical Co.,
Osaka, Japan); and In(NO3)3:$3H20 (97% + purity, FUJIFILM
Wako Pure Chemical Co., Osaka, Japan) were dissolved in
a minimal amount of 10% HNO3 aqueous solution and stirred
at room temperature for 30 min. The resulting solution was
dried overnight at 120 °C, followed by pyrolysis in air at 400 °C
for 3 h. Subsequently, the precursor oxide was heat-treated
under flowing NH; at 600 °C for 10 h with a heating—cooling rate
of 2.5°C min~L

Characterization. The as-synthesized polymer samples were
analyzed with Fourier transform infrared (FTIR) spectroscopy
with an attenuated total reflection (ATR) attachment (Model
ATR PRO 550S-S/570S-H, JASCO Corporation, Tokyo, Japan),
performed on a FTIR spectrometer (Model FT/IR-4200IF, JASCO
Corporation, Tokyo, Japan) with a resolution of 4 cm™!. For the
as-synthesized polymer samples, the TG-MS analysis up to 1000
°C under He was performed by using TG-DTG equipment (Model
STA7200, Hitachi High-Tech Science Corporation, Tokyo, Japan)
coupled with a quadrupole mass-spectrometer



(Model JMS-Q1500GC, JEOL Ltd, Tokyo, Japan) operating at
aheating rate of 10 °C min~!. Elemental analyses were per- formed
for oxygen and nitrogen using the inert-gas fusion method (Model
EMGA-930, HORIBA, Ltd, Kyoto, Japan) and for carbon using
the non-dispersive infrared method (Model CS844, LECO Co.,
St Joseph, MI, USA). Energy dispersive X-ray spectrometry (EDS,
Model JSM-6010LA, JEOL Ltd, Tokyo, Japan) was used to
determine Si, Tm (Ni or Co), In, and Cl contents, and was
performed on a scanning electron microscope (SEM, Model JSM-
6010LA, JEOL Ltd, Tokyo, Japan). Then, the chem- ical
composition of pyrolyzed samples was calculated as re- ported
previously.333*4 The powder XRD patterns were recorded for the
pyrolyzed samples using CoKa radiation (Model Miniflex 600NB,
Rigaku Co., Itd., Tokyo, Japan). The average crystallite size was
calculated using the Scherrer equation. The micro- structure
observations were performed using a Schottky field emission SEM
(FE-SEM, Model, JSM-7800F, JEOL Ltd, Tokyo, Japan) coupled
with an energy-dispersive X-ray spectrometer (Model X-max,
Oxford Instruments Holding 2013 Inc., Tokyo Japan) and a
cathode luminescence detector (Model Mono- CL4Elite, Gatan
Inc., Pleasanton, CA, USA) and TEM. The TEM observations were
performed on the selected samples using an atomic-resolution
analytical microscope. The NioosInoi- DRZ600 sample was
observed using a JEM-ARM200F (JEOL Ltd, Tokyo, Japan),
operating at an accelerating voltage of 200 kV. Textural properties
of pyrolyzed samples were evaluated by measuring N2 adsorption
and desorption isotherms at —196 °C under relative pressures
ranging from 0 to 0.99 (Model Belsorp Max, BEL Japan Inc.,
Osaka, Japan). The pore size distribution was analyzed by the
micropore plot (MP)3¢ and Barrett—Joyner— Halenda (BJH)37
methods. X-ray photoelectron spectroscopy (XPS) measurements
were performed using an X-ray photo- electron spectrometer (PHI
Quantes, ULVAC-PHI, Inc., Kana- gawa, Japan) with an Al Ka
(1486.6 eV) X-ray source. An alignment on the C 1s peak (284.8
eV) was performed on the survey and high-resolution spectra. To
study the CO: adsorption and desorption properties, the
temperature-programmed desorption of the CO:2 (CO2-TPD)
profile was recorded using a catalyst analyzer (Model BELCAT-
A, BEL Japan Inc., Osaka, Japan) equipped with a quadrupole
mass spectrometer (Model BELMASS, BEL Japan Inc., Osaka,
Japan). Prior to the measurement, the sample was maintained at
600 °C for 1 hunder flowing He (50 mL min~!). Subsequently,
the sample was exposed to CO: at specific temperatures (50, 100,
and 150 °C) for 30 min. The CO2-TPD profiles were measured
while heating from 50 to 500 °C (10 °C min~!) under a flow of
pure He (50 mL min~1'). The CO2-TPD spectra were detected as a
thermal conduction detector profile and a CO2-mass (m/z = 44)
profile.

Results and discussion

Synthesis and characterization of NiClz and InCls-co-modified
PSZs

We first synthesized NiClo—InCls-co-modified PSZs as precursors
of the Ni3InN/a-SiN nanocomposites. The chemical reaction
between PSZs including Durazane®1800 (DRZ) and PHPS (PH)
and metal chlorides was first monitored by FTIR (Fig. 2 and S1
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Fig. 2 ATR-FTIR spectra for starting Durazane®1800 and as-synthe-
sized Nixlno.1-DRZ samples (x = 0, 0.05 and 0.1) in the range of (a)
3500-2500 cm~" and (b) 2300-600 cm™".

in the ESIT). Regardless of the starting polymer, the M/Si and In/
Si molar ratios the spectra for the CoCl2-modified PSZs were quite
similar to those for NiCl2-modified PSZs. A representative ATR-
FTIR spectroscopic analysis revealed spectral changes for the
NiCla—InCl3-co-modified DRZ based on different Ni/Si and In/Si
molar ratios (Fig. 2). For comparison, the spectrum of the as-
received Durazane®1800 was also recorded (Fig. 2 and S1 in the
ESIt). FTIR band (ATR/cm™!): 3379 (nN-H), 3048 (nCsp»—H),
2957 (nCsp—H), 2121 (nSi—H), 1590 (nCA C), 1404 (dC-H, Vinyl),
1254 (dSi—CH3), 1160 (rSiN-H), 881 (nSi—N-Si), and 746 (nSi—
C).38740 The changes in the position and the relative intensity to
NSi—N—Si(/vand:/si—N—si) of their selected absorption bands are
listed in Table S1.T As shown in Fig. 2b, the chemical modifi-
cation of Durazane®1800 with NiClo and InCls resulted in
a reduction in the relative intensity of the rSizN—H and nSi—H
bands. In our previous work, we proposed the mechanism
behind these changes, enhancing the formation of a ternary
silylamino group via the NiClx catalyzed dehydrocoupling
reaction between the N—H group and Si—H group present in
PHPS and subsequently coordinated on a Ni cation to afford
a NiZ* complex (Scheme S17).34 In the InCls-modified DRZ
samples, the stretching NN—H vibration shilJed to higher wave-
number (WN) values of approximately 3400 cm™! (Fig. 2a and
Table S1t), indicating a transformation of the hSi—-NH-Sih
bridging into terminal hSi—NH2.3° This alternation likely
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resulted from the partial cleavage of Si—N bonds through
a transamination reaction during the refluxing process at 110 °
C, as represented in eqn (1a) and (1b).

2hSi—NH-Sih / hSi—N(Sih)—-Sih + hSi—NH» (1a)

hSi—-NH-Sih + hSi—NH. / hSi—N(Sih)—-Sih + NH; (1b)

Subsequently, a new band emerged at around 3240 cm™!,
while the relative intensity of a peak at 1404 cm™! slightly
increased. These bands were assigned to the ammonium ion
(NH,;").*! These changes are possibly attributed to the combined
effects of the transamination reaction (eqn (1)) and the acid—
base reaction between hSi—NH—Sih and InCls (eqn (2)), leading
to the formation of ammonium chloride through the reaction
between NH3 (by-product in eqn (1b)) and HCI (by- product in
eqn (2)).

hSi-NH-Sih + InCl; / hSi—N(InCl.)-Sih + HCl ~ (2)

These reactions within the systems promote the self-cross-
linking of polysilazane, facilitating the molecular-scale inte-
gration of metal species through both coordination (with NiClz)
and direct bond formation (with InCls3). Similar trends are
observed when PHPS is modified with NiCl2 and InCls (see Fig.
S1 in the ESIt). Notably, the formation of NH4" is obvious in the
FTIR spectrum when InClz is introduced into the PHPS
network. This result suggests that the polymer structure and in
particular the chemical environment around Si plays an
important role in the occurrence of the reactions between PSZs
and InClz. We suggest that NiClo—InCls-co-modified PH is built
via the acid—base reaction presented in eqn (2) whereas using
DRZ, this reaction is sterically hindered because of the presence
of vinyl and methyl groups. It forms a weak p-coordinated InCl3
complex (Scheme 1).

Polymer-to-ceramic conversion behaviour of NiClo—InCls-co-

modified PSZs

To study the ceramic conversion behaviour of the as-synthe- sized
precursors, TG-MS analysis was conducted under He up to 1000
°C at a heating rate of 10 °C min~!. Fig. 3a and b show the TG-
curve for Durazane®1800 and the as-synthesized samples (Fig.
3a), as well as the selected ion current chromatogram (Fig. 3b)
simultaneously measured for the Nio.1Ino1-DRZ sample. The

(Fig. 3a) indicates a weight loss segmented into three temper-
ature ranges: 50-300 °C (~13 wt%), 300-520 (~10 wt%), and
520-800 °C (~13 wt%). The final ceramic yield of Dura-
zane®1800 pyrolyzed under He was 64.0%, consistent with
previously reported data.3¢ The weight loss at 50-300 °C was
notably suppressed in Nio.iIno.1-DRZ and Coo.1Ino.1-DRZ
samples. However, the weight loss for the Ino.1-DRZ sample in
this temperature range is comparable to that of Dura-
zane®1800. The known species responsible for the main weight
loss of PSZs in this temperature range are low molecular weight
organosilicon species and NHs caused by transamination
reactions (see Fig. S21).38 The lower weight loss recorded below
300 °C for the Nio.1Ino.1-DRZ and Coo.1Ino.1-DRZ samples could
be due to their enhanced crosslinking, driven by reactions with
MCl2 (M = Ni and Co) during synthesis such as dehydrocou-
pling and transamination reactions (see eqn (1)) in this system.
Volatilization of chlorosilanes (e.g., monochlorosilane; m/z =
78, 80, and dichlorosilane; m/z = 113, 115) starts at 200 °C
(Fig. 3b). This is due to the in situ formation of Ni nitride
species, originating from the Ni?* complex, via the SN2 reac-
tion.34 Therefore, MCl: is accessible to the ligand of PSZ for the
in situ formation of Ni (Co) nitride intermediates and subse-
quent growth of Ni (Co) nanocrystallites during pyrolysis.
Volatilization of hydrochloric acid (HCI, m/z = 36 and 38) is not
observed for the Nio.1Ino.1-DRZ sample (Fig. 3b), while a large
amount of HCl was detected for the Nio.ilno.1-PH sample
(Fig. S3bt). This confirms that the corresponding acid—base
reaction between PSZs and InCls (eqn (2)) is limited for the
Nio.1Ino.1-DRZ sample during the synthesis and pyrolysis. The

weight loss from 300 °C to 500 °C is much more pronounced for
the Ino.1-DRZ sample, likely due to the volatilization of InCls,

which has been reported to occur at 330 °C in an inert atmo-
sphere.*? In contrast, the Ino.1-PH sample (Fig. S3at) displays a
consistent gradient in this temperature range. Again, this is in
good agreement with the occurrence of an acid—base reaction
forming In—N bonds during synthesis decreasing the amount of
unreacted InCls which is known to evaporate at around 330 °C.
XRD patterns presented in Fig. S4t for Ino.1-DRZ and Ino.1-PH
samples, which have been pyrolyzed at 600 °C under NHj3
(namely, Ino.1-DRZ600 and Ino.1-PH600) reveal these distinct
differences. The XRD pattern of the Ino.1-DRZ600 sample
corresponds to that of an X-ray amorphous material, whereas
the XRD pattern of the Ino.;-PH600 sample shows peaks corre-
sponding to In species, specifically InCl (PDF #04-018-9284) and
In (PDF #00-005-0642) that could indicate a partial reaction of
InCls with PHPS.

Compared to the Ino.1-DRZ sample, the lower weight loss of

the Nio.1Ino.1-DRZ and Coo.1Ino.1-DRZ samples indicated that
volatilization of InCls between 330—500 °C is much more limited

(Fig. 3a). In particular, the Nig,Ino.1-DRZ sample exhibited

TG-curve of the as-received Durazane®1800



a lower weight loss (10 wt%) which is even significantly lower
than the expected weight of InCls incorporated in the Nio.1Ino.i-
DRZ precursor (approximately 22 wt%). We therefore suggest
that the In species are trapped within the system facilitating the
in situ formation of a bimetallic alloy in conjunction with Ni
species. Thus, TG-MS analysis highlights that the migration of
In species into parental metals, which occurs in situ during
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pyrolysis, is pivotal for the formation of anti-perovskite nitride
within the PSZ-derived a-SiN matrix.

In situ formation of anti-perovskite NizInN in a-SiN

Pyrolysis under NHs leads to samples with a tuned phase
composition and nano-/microstructure organization according to
the pyrolysis temperature (7 = 300, 400, and 600 °C). Herein, the
pyrolysis of the reference Nio.iIno..-DRZ has been monitored
through the XRD analysis of the derived compounds isolated aller
heat treatment at 300 (Nio.ilno.1-DRZ300), 400 (Nio.1Ino.i-
DRZ400) and 600 (Nig.1Ing1-DRZ600) °C (Fig. 4a). The XRD
pattern of the Nio.1lno.1DRZ300 sample exhibits broad peaks
assigned to face-centered cubic (fcc) Ni (PDF #00-004-0850), and
NizInN (PDF #04-018-5004). Remarkably, the in situ growth of
fcc-Ni and anti-perovskite NizInN is initiated at temperatures as
low as 300 °C. A transitional phase, nitrogen-deficient Niz;InN; . is
also detected at around 49°.15 As the pyrolysis temperature
increases, the peak intensity for NizInN increases, while the
shoulder peak of NizInNi disappears. In contrast, the peak
intensity of in situ formed fcc Ni diminishes in Nio.1lno.1-
DRZ400 and it remains a minor phase in Nio.iIno.1-DRZ600,
suggesting the transformation of Ni nanocrystallites into cubic

NisInN nanocrystallites. As shown in Fig. S5a,T a similar trend is
obtained for the XRD patterns of Nio.1Ino.1-PHT (T = 300, 400,
600) samples. To further understand the thermal behavior of
the NixIn,-DRZ sample, we have studied the XRD pattern of the
Nio.0sIno.i-DRZ600 sample (Fig. 4b); i.e., the sample with a lower
Ni content. Interestingly, it shows a single cubic phase (space
group: Pm-3m) corresponding to anti-perovskite NizInN. A highly
diffuse peak in the 2q range of 10-50° suggests the presence of an
amorphous phase, most probably related to the presence of the a-
SiN matrix. According to Scherrer's formula, the average
crystalline size of the NizInN (111) plane for
Nig.0sIng.1-DRZ600 was calculated to be 32.8 nm.

The chemical compositions of the as-pyrolyzed Nio.1Ino.i-
DRZT and Nio.osIlne.1-DRZ600 samples are summarized in
Table 1, while the chemical compositions of Nio.ilno.1-PHT
samples are listed in Table S2.1 During the pyrolysis under NH3
from 300 to 600 °C, the In/Si ratio of Nio.1Ino.1-DRZT samples
consistently decreased as the pyrolysis temperature increased.
This trend is attributed to the evolution of In species as detailed
in the TG-MS analysis. In contrast, the Nio.1Ino.1-PH7 samples
maintained a constant In/Si ratio even at temperatures above
400 °C (Nio.1lno.1-PH400 and Nio.1lno.1-PH600). For the
Nig.0sIno.1-DRZ600 and Nio.1lno.1-DRZ600 samples, the



Table 1 Chemical compositions of the as-pyrolyzed NixIno.1-DRZT samples (x = 0.05and 0.1, T = 300, 400, and 600)

Composition (Wt%)

Atomic ratio

Name Si C N O Ni In Cl normalized on Si

Nig.05Ing-DRZ600 44.69 0.33 35.67 5.55 3.02 2.40 8.35 S11C0.02N1.6000.22N10.03110.01Clo 15
Nig.1Ine-DRZ300 40.49 4.47 16.57 1.73 12.15 14.73 9.86 Si;C0.26N0.5:00.07Nig 14INg.00Clg 19
Nig 1 Ine-DRZ400 45.35 0.59 19.48 1.86 8.88 14.40 9.44 S1;C0.03N0.8600.07N10.00I10.0sClo.17
Nig.1Ine-DRZ600 50.15 0.29 26.62 4.02 9.91 5.45 3.57 S11C0.01N1.0600.14N10.00110.03Clo 06

measured Ni/In atomic ratios were calculated to be 3, aligning with
the Ni/In atomic ratio expected for NizInN. Therefore, an excess
of In species is found to be required at the precursor level to afford
the anti-perovskite NizInN phase while the formation of
secondary metal-based phases is hindered in the a-SiN matrix as
successfully achieved for the Nio.osIno.;-DRZ600 sample (a
nominal Ni/In ratio of 0.5).

Interestingly, under the given synthesis conditions, the anti-
perovskite CosInN phase*? does not form by replacing NiCl2 with
CoCl2 to react with Durazane®1800. Fig. S5bT shows the
evolution of the XRD patterns of Coo.1lno.;-DRZT samples from
300 to 600 °C. The Coo.1Ino.i-DRZ300 sample exhibits charac-
teristic peaks at 48.7, 52.0, and 55.6° assigned to hexagonal- close-
packed (hep) Co (PDF #01-089-4308). The Coo.1lno.1- DRZ400
and Coo.1Ino.1-DRZ600 samples exhibit diffraction peaks at 51.8
and 60.4° assigned to fcc Co (PDF #00-015-0806), and at 48.5,
51.8, and 55.6° assigned to hcp Co, respectively. The
chemical composition of Coo.1Ino.1-DRZT samples is summa-
rized in Table S3.1 The In/Si atomic ratio of Coo.1Ino.1-DRZT
samples consistently decreased on increasing the pyrolysis
temperature, and the final Co/In atomic ratio is calculated to be
11 in the Coo.1In0.1-DRZ600 sample. As highlighted in the TG-
MS analysis (Fig. 3a), a significant difference in weight loss
between Nio.1lno.i-DRZ and Coo.1Ino.i-DRZ is observed in the
300-500 °C range, with values of 10% for Nio.1Ino.;1-DRZ, and
19% for Coo.1Ino.1-DRZ. This suggests that the volatilization of
InCl; between 330-500 °C may influence the in situ formation of
intermetallic compounds. The hcp Co and fce Ni phases remain
dominant at 300 °C, where the evaporation of In species takes
place. A deep examination of the XRD patterns of the Coo.1Ino.i-
DRZ300 sample (Fig. S5bt) reveals the existence of additional
peaks on the higher angle side for the (100) plane of hcp Co and
on the lower angle side for the (002) and (101) planes. These
shilJs towards higher and lower angles, respectively, suggest
alterations of the crystalline lattice, possibly due to the insertion
of In species. Importantly, with the Co particles aligned parallel
to the (002) and (101) planes, it is likely that the insertion of In
species takes place along these planes, leading to lattice
expansion perpendicular to them.

On the other hand, the fcc phase of Ni is the predominant
phase at 300 °C, which suggests a more straightforward inser-
tion and migration process for In species within Ni. This allows
the In atoms to position themselves favorably for NizInN
nucleation. Thus, Ni (with its fcc structure) presents more
suitable phase compatibility for NizInN nucleation compared to
Co (with its hcp structure) for CosInN nucleation. This

difference likely limits the subsequent transformation into the
anti-perovskite nitride in the Coo.1Ino.1-DRZ600 samples. These
results suggest that the formation mechanism of anti-perov-
skite NizInN nanoparticles involves crucial steps of processes
within the Niln-DRZ system: initially, Ni nanoparticles are
formed in situ at temperatures below 300 °C. Subsequently, the
migration of In species into these nanoparticles triggers
a transformation process. This migration occurs notably below
400 °C due to the weak coordination nature of the In species, as
depicted in Scheme 1, and this migration of In into Ni nano-
particles is considered pivotal for the in situ formation of
NizInN. On the other hand, a precise understanding of the
nitridation process remains a continuous subject; however, we
found that pyrolysis under an ammonia atmosphere is crucial
for NizInN formation through the PDC route investigated in this
study.

For detailed insight into the micro- and nano-structures,
TEM investigations have been performed on the Nio.osIno.i-
DRZ600 sample. The TEM images (Fig. 4c and S6aT) exhibit the
darker contrast of nanocrystallites embedded within an amor-
phous matrix. The selected area electron diffraction (SAED)
pattern shown in the inset of Fig. 4c is composed of well-defined
spots, indicating the high crystallinity of the analyzed phase,
and confirming the identification of an anti-perovskite NizInN
phase. The nanoparticle size ranges from 20 to 80 nm with
a broad size distribution, as shown in Fig. S6c.T The high-
resolution (HR) TEM image (Fig. 4d), focusing on the selected
area marked by the green square in Fig. 4c, reveals an embedded
NizInN nanophase within an amorphous matrix. Nanoparticles
display lattice spacings of 2.27 and 2.79 A, cor- responding to
the d-spacing of the (111) and (110) planes of the NizInN phase,
respectively. Furthermore, the HAADF-STEM image (Fig. S6bT)
and corresponding STEM-energy-dispersive X- ray spectroscopy
(EDS) mapping analysis (Fig. S6d—ff) show excellent
consistency between the elemental distributions of Ni and In
within the a-SiN matrix, which confirms the growth of the
NizInN nanophase. SEM-EDS mapping analysis for the
NisInN/a-SiN nanocomposite is presented in Fig. S7T (using the
Nio.1Ino.1-PH600 sample). Similar to the STEM-EDS mapping
analysis, the distributions of Ni and In species (Fig. S7d and
S7et) are consistent with each other, confirming the in situ
formation of single-phase NizInN nanoparticles. A pronounced
darker N contrast in a more monolithic configuration high-
lights the nitrogen-deficient nature of the surrounding amor-
phous matrix (as depicted in Fig. S7ct). This suggests that the
nitrogen atoms of PSZ are involved in the formation of NizInN



nanoparticles. Supporting this observation, the SEM-CL image
(Fig. S7ht) captures emission from this nitrogen-deficient
region, implying the presence of nitrogen-vacancy sites in this
area.

The chemical bonding state of Ni3;InN/a-SiN nanocomposites was
characterized by measuring XPS as shown in Fig. 5. For this
characterization, the Nio.1Ino.1-PH600 sample has been selected,
which is confirmed to predominantly consist of the NisInN
phase (as shown in Fig. S5bt). The bulk NizInN sample is also
synthesized as a reference through the nitridation of the oxide
precursor.!> The survey scans of NizInN/a-SiN (Nio.1Ino.1-
PH600 sample) and bulk NizInN shown in Fig. S8 confirm the
presence of all constituent elements. For the Ni 2p3.2 region of
Ni3;InN/a-SiN nanocomposites (Fig. 5a), the deconvolution of Ni 2p3/2
at 853.2 and 855.7 eV represents Ni? and Ni2*, respec- tively.44
The binding energy of Ni 2ps2 peaks slightly shil] to higher
binding energies than those of bulk NizInN, suggesting the
presence of positively charged Nid+ species. The In 3ds» and
3ds2 regions of the NizInN/a-SiN nanocomposite have been
fitted with two peaks; the deconvolution of the In 3ds» peak
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Fig. 5 XPS spectra of (a) Ni 2ps2 and (b) In 3d for the NisInN/a-SiN
nanocomposite (Nio.1lno.1-PH600) and bulk NisInN samples.

yields two peaks at 444.0 and 445.0 eV, and the deconvolution of the
In 3dsz peak yields two peaks at 451.6 and 452.7 eV,
respectively. The sub-peaks presented at higher binding energy
than In® (445.0 eV for In 3ds2 and 452.7 eV for 3dsp) are
assigned to In%*, which may belong to In—N or In—O within the a- SiN
matrix.*5 Because the precursors include metal chlorides, the
influence of residual chlorine atoms (Table S2,T approxi-
mately 3.67 wt%) on the shil] in the XPS spectra should be
considered. The EDS mapping analysis of the as-pyrolyzed
sample (Fig. S7fT) has shown that the chlorine atoms are mainly
distributed in the a-SiN matrix and more outer areas rather than
close to the nanocrystalline islands. This distribution is due to
the free chlorine atoms reacting with the Si center of PSZ during
the in situ formation of metal nanocrystallites as discussed in
the previous study.’*3* Furthermore, according to the NIST X-ray
photoelectron spectroscopy database,*¢ Ni—Cl and In—Cl peaks
are detected at ~1 eV higher binding energy compared to those
of typical nickel and indium oxide. We could not identify such
subpeaks in our XPS data. Therefore, the presence of a
surrounding a-SiN matrix increases the interfacial area of
NisInN and a-SiN, suggesting that this affects the oxidation state

of anti-perovskite NisInN. We suggest that Ni%* and In% are
formed primarily due to electron transfer from Ni?, Ni2*, and In° to
the a-SiN matrix. As possible interactions, the Ni and In atoms
could interact with N or defect sites (i.e., N vacancy detected in
SEM-EDS-CL images) of the a-SiN matrix in addition to the
interstitial N of NizInN.

COz adsorption—desorption behaviour of the NizInN/a-SiN
nanocomposite

As aproof of concept, we have investigated the CO, adsorption—
desorption behaviour of the title compounds.

To assess the gas accessibility to catalytically active sites of
Ni3InN/a-SiN nanocomposite materials, we have first character-
ized the textural properties of the compounds. Fig. S9t shows the
N2 adsorption and desorption isotherms at —196 °C and the pore
size distributions for the Nio.osIno.1-DRZ600 sample. The sample
exhibits types I and IV isotherms according to the [IUPAC clas-
sifications#748 with the most distinct uptake at p/po < 0.1 associ-
ated with the filling of micropores. The hysteresis loop identified
at p/po > 0.5 can be classified as an H4 loop, generally found with
mesoporous zeolite and micro-mesoporous carbons.*® The pore
size distribution curve is characterized by the micropore plot
(MP)3¢ and Barrett—Joyner—Halenda (BJH)37 method, showing
dominant peaks at 0.7 nm in the microporous (0.7—2 nm) range
(Fig. S9bt) and 4.2 nm in the mesoporous (2—10 nm) range
(Fig. S9ct), respectively. In contrast, the N2 adsorption and
desorption isotherms of the Nio.1Ino.1-PH600 sample (Fig. S10at)
are type III isotherms with a slight hysteresis loop, indicating that
the Nio.1Ino.1-PH600 sample is non-porous. The N2 adsorp- tion and
desorption isotherms of the Nio.1Ino.1-DRZ600 sample (Fig. S11at)
are type I isotherms with a slight hysteresis loop, indicating the
formation of micro-/meso-porous compounds. The Brunauer—
Emmett—Teller (BET) surface areas and pore volumes are
summarized in Table S4.T The resulting BET surface area (SSA)
of the Nio.iIno1-PH600, Nio.1Ino.1-DRZ600 and



Nio.05Ino.1-DRZ600 samples is measured to be 32, 315, and 460 m?
g~ 1, respectively. The total pore volume (VBEr, total) of Nig1Ing 1-
PH600, Nio_]Ino_l-DRZ600 and Nio_osIno_l-DRZ600

samples was measured to be 0.18, 0.19 and 0.38 cm?® g7l
respectively. The formation of micro-/meso-pores is significantly
affected by both the pyrolysis environment and the chemical
composition of the preceramic polymer.*® In this study, the
differences in polymer composition between Durazane®1800—
which contains vinyl and methyl groups—and carbon-free PHPS
had a significant contribution to the initial porosity. Specifically,
the micropore formation from DRZ is mainly due to the volatil-
ization of gas components, such as hydrocarbons, during pyrolysis
at temperatures exceeding 350 °C under NH3. This phenomenon
has been thoroughly discussed in PDCs.4%30 Also, we suggest that
InCls species contribute to pore formation during pyrolysis: the
degree of mesopore formation depends on the relative amount of
InCls to Ni as shown in NixIno..--DRZ600 (x

= 0.05 or 0.1) samples (see Fig. S9c and S11ct). The excess of In
species coordinated with PSZs are volatilized during pyrolysis
under NH3 which means that InCls plays the role of a template
for micro-/meso-porosity formation. Accordingly, the N2
adsorption—desorption isotherm and the pore size distributions
of the Ing 1-DRZ600 sample (Fig. S121)—which is synthesized by the
ammonolysis of the Ino.1-DRZ sample at 600 °C—highlight the
formation of a microporous matrix.

The formation of a high SSA a-SiN matrix surrounding
nanometer-sized metal nanoparticles supposes that the latter are
accessible.2533 Therefore, they have been expected to serve as
catalytically active sites. Thus, we have probed the adsorption and
CO2 desorption properties using CO2-TPD measurements as an
illustrative case. Fig. 6a—c show CO2-TPD spectra recorded under
He aller CO: treatment at specific temperatures (Tco = 50 :C,
100 °C and 150 °C). In this study, the highest SSA sample has been
compared with the microporous sample derived from In-modified
Durazane®1800 (Ino.;.-DRZ600)—and the bulk NizInN sample. As
depicted in Fig. 6a, following COx: treatment at 7Tco = 50 °C, the
CO2-TPD spectrum of the micro-/meso- porous Nio.oslno.i-
DRZ600 sample displays a broad signal ranging from
approximately 50 to 350 °C. In contrast, the CO2- TPD spectra of
the bulk NizInN sample (Fig. 6b) exhibit no pronounced peak
under the same measurement conditions. Interestingly, the CO:
desorption peak intensity of the Nio.osIno.1-DRZ600 sample
increases consistently with increasing Tco , suggesting the CO:
chemisorption behavior (Fig. 6¢). In contrast, the Ino..--DRZ600
sample exhibits’a broad CO: desorption curve which decreases in
intensity with increasing Tco , indicating CO: physisorption
behavior. The simultaneous in situ mass analysis for the Nio.osIno.i-
DRZ600 sample (Fig. 6d) confirms the desorption of CO2 (m/z
= 44) at

Tco, = 150 °C. The results of XPS analysis shown in Fig. 5

indicate that the electronic structure of NizInN in the nano-
composite system is remarkably more polar than that of bulk
NizInN. This polarization is attributed to the presence of Nid+
and In*. The CO> chemisorption process could be facilitated
with the polar sites through dipole interaction. Furthermore, the
SEM-CL image (Fig. S7gt) suggests the introduction of
nitrogen defects into the a-SiN matrix that surrounds the
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Fig. 6 CO2-TPD spectra under flowing He recorded for NisInN/a-SiN
nanocomposites: normalized TCD curves of (a) the Nio.oslno.-- DRZ600
sample, (b) bulk NisInN obtained by ammonolysis of an oxide precursor
and (c) microporous amorphous SiN derived from Ino.1- DRZ600
synthesized by pyrolysis under NH; at 600 °C and (d) CO2- mass
spectra of the Nio.osIno.1--DRZ600 sample recorded after CO2 treatment
at 150 °C.

NizsInN nanoparticles. These nitrogen defects potentially
contribute to the adsorption of COa2. The specific mechanism
behind this phenomenon remains unclear at present. None-
theless, these observations are expected to offer additional
functionalities for the activation and transformation of such
small molecules into valuable products as a novel energy-
related catalyst, although clarifying the dominant mechanism
requires further investigation.

Conclusions

In this study, we introduced a straightforward, one-step, low-
temperature synthesis of anti-perovskite nitride nanoparticles
via an in situ growth method labeled PDCs. We particularly
examined the in situ formation of a nanoscale anti-perovskite
NizInN phase in an a-SiN matrix from a NiCl,—InCls-co-modified



PSZ. We also demonstrated the unique CO2 adsorption and
desorption properties of the title compounds for their potential
application as a novel energy-related catalyst.

(i) XRD and HRTEM observation revealed the in situ forma-
tion of anti-perovskite NizInN within an amorphous SiN matrix
starting at a temperature as low as 300 °C.

(i) FTIR and TG-MS analysis revealed that the in situ
formation of parental metal Ni at a temperature as low as 300 °C
followed by the migration of the In species governed the in situ
formation of anti-perovskite NizInN. Moreover, it was found
that the degree of cross-linking of the polysilazane network and
the distribution of In species were governed by the polymer
architecture, chemical environment around major elements
(i.e., the steric hindrance) and chemical reactions that occurred
during synthesis.

(iii) The XPS measurement suggested that the chemical
bonding nature of anti-perovskite NizInN in a-SiN changes the
electronic structure of the metallic species (Ni or In): Ni and In
consist of the mixed valence state of metallic (Ni° and In%) and
positively charged (Ni% and In%") states as a result of in situ
immobilization within the a-SiN matrix.

(iv) The unique CO2 chemisorption behaviour of Ni3InN/a-
SiN was successfully demonstrated which is expected to offer
additional functionalities for activating and transforming small
molecules into valuable products for clean energy applications.
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