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ABSTRACT: Herein, nanocomposites made of Ni nanoparticles in situ distributed in an amorphous silicon nitride (Ni/a-SizN4)
matrix in the one hand and within an amorphous silicon dioxide (Ni/a-Si0z) matrix in the other hand have been synthesized
from a same Ni-modified polysilazane. In both compounds, the Ni/Si atomic ratio (0.06-0.07), the average Ni nanocrystallite
size (7.0-7.6 nm) and the micro/mesoporosity of the matrix have been rigorously fixed. Hydrogen (H:)- temperature-pro-
grammed desorption (TPD) profile analysis revealed that the activation energy for Hz desorption at about 100 -130 °C eval-
uated for the Ni/a-SisN4 sample (47.4 k] mol') was lower than that for the Ni/a-SiO2 sample (68.0 k] mol1). Mechanistic study
with the X-ray photoelectron spectroscopy (XPS) analysis and density functional theory (DFT) calculations revealed that, at
the Ni nanoparticles/matrix heterointerfaces, Ni becomes more covalently bonded to N atoms in the a-SisN4 matrix compared
to O atoms in the a-SiOz matrix. Therefore, by relying on experimental and theoretical studies, we have elucidated that the
nickel-nitrogen (Ni-N) interactions at heterointerface lead to remarkable Ni d band broadening and downshifting of the d
band center relative to those generated by the Ni-oxygen (Ni-O) interactions at heterointerface. This leads to the facilitated
H: desorption experimentally observed in the Ni/a-SisN4 sample.

INTRODUCTION

Energy-related environmental issues have grown as one
of the greatest concerns throughout the world. For driving
sustainable growth in our economic society, materials dis-
covery, especially through the design of efficient catalysts,
appears to be a key element in the energy transition.!-3

Many studies on transition metal (TM)-based catalysis
have been conducted in catalytic reactions because their
outermost shell d-electrons play a central role not only in
the chemisorption of adsorbates, i.e., small gas molecules,
but also in subsequent chemical reactions and transfor-
mations.*> The d band theory well represents the relation-
ship between the chemisorption and catalytic activity of
TM.¢9 Based on this theory, the d band center relative to the
Fermi energy (g4 - Er), which is related to the density of
states for d electrons of TM, is found to show a correlation
with the binding strength between TM and adsorbates.6
The down (up) shift of the d band center relative to the
Fermi energy means that the less (higher) availability of
empty antibonding states between the TM and adsorbate

results in weaker (stronger) interactions between them.?
On the one hand, the weak binding strength between TM
and adsorbates results in the difficulty of the dissociative
chemisorption of adsorbates, on the other hand, the strong
binding strength results in the difficulty of the desorption of
adsorbates during the catalytic reaction. As a result, there is
an appropriate binding strength to maximize the catalytic
activity.6° Thus, many efforts have been paid for the optimi-
zation of the d band center of TM to enhance their catalytic
performance.

Among them, the construction of electronic metal-sup-
port interaction (EMSI) is a promising strategy for modify-
ing the electronic structure of active TM species, adjusting
catalytic performance and tuning the adsorption behavior
in a catalysis process.!? Therefore, the choice of catalytic
support is crucial for developing novel active catalysts. Sili-
con nitride (SisN4) is an attractive material as a catalytic
support because of its surface nitrogen atoms (e.g., amino
groups) expected to electronically interact with the loaded
TM.1112
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Figure 1. Chemical bonding natures and pyrolysis behavior of single source precursors: (a) ATR-FTIR spectra of as-received
PSZ (black line) and NiPSZ (red line) samples with the inset of the chemical structure of Durazane®1800. (b) Raman spectra
of as-received PSZ (black line), NiPSZ (red line), and Ni(NH3)sCl2 (blue line) samples. (c) TG-curves under flowing He of as-

received PSZ (black line), NiPSZ (red line) samples.

However, SisNs, regardless of amorphous or crystalline
states, easily reacts with water, resulting in the formation of
an oxidized surface layer.1314 This poor stability against hy-
drolysis makes difficult the application of conventional im-
pregnation methods to deposit TM nanoparticles on SizN4
underlining the importance of a novel synthetic route to
TM/SizsN4 composite. To overcome this limitation, we re-
cently reported the in situ formation of TM nanoparticles
embedded within an amorphous SizN4 (TM /a-SizN4, TM =
Co15, Nit¢) in anhydrous conditions through a precursor
route called the Polymer-Derived Ceramics (PDC) route. Ad-
ditionally, the surrounding matrix generally facilitates the
EMSI because of the larger contact area between TM and the
matrix.!”

In this work, the electronic interaction between Ni nano-
particles and a-SisNs matrix is deeply investigated by both
experimental and theoretical studies: a polymer-derived
Ni/amorphous silicon carbonitride (a-SiCN) with a con-
trolled and an average crystallite size of Ni of about 5 nm
has been successfully converted into Ni nanoparticles em-
bedded within Hz gas permeable micro/mesoporous a-SizNa
(Ni/a-SisN4) and amorphous silicon dioxide (Ni/a-SiOz) ma-
trices having a Ni average particle sizes of 7.6 and 7.0 nm,
respectively. The close average sizes of Ni nanoparticles
(NPs) in Ni/a-SizN4 and Ni/a-SiOz samples are crucial in an
investigation of the effect of the a-SisNs matrix since the
EMSI highly depends on the particle size of TM.1819 The hy-
drogen adsorption and desorption properties of both sys-
tems are compared by means of temperature-programmed
desorption of hydrogen (Hz-TPD) to clarify the effect of
EMSI. Additionally, the local electronic interaction around
the Ni/matrix hetero interface is evaluated for the two dif-
ferent matrix systems by X-ray photoelectron spectroscopy
(XPS) and discussed with a set of models theoretically pre-
dicted by the density functional theory (DFT) calculations.

Results and Discussion

We synthesized a Ni-modified polysilazane as a precursor
for the in situ growth of Ni NPs in an amorphous Si-based
matrix (The experimental procedure is described in

supporting data). The commercially available poly(vinyl-
methyl-co-methyl)silazane (label hereafter PSZ) is used as
the matrix precursor. Ni complex, hexaammine nickel(II) di-
chloride (Ni(NHs)6Cl2) is applied as a Ni source. To investi-
gate the chemical bonding states of the Ni-modified polysi-
lazane (NiPSZ), ATR-FTIR spectroscopic analysis has been
performed.

The as-received PSZ as a reference (black line in Figure 1
(a)) presents typical absorption bands of poly(vinylmethyl-
co-methyl)silazane; 3379 (VN-H), 3048 (vCsp2-H), 2957
(vCsps-H), 2899 (vCsp3-H), 2120 (vSi-H), 1592 (vC=C), 1403
(8Csp2-H, vinyl), 1254 (8Si-CHs), 1161 (8N-H), 886 (vSi-N-
Si), 782 cm-1(Si-C),2021 respectively. NiPSZ shows similar
absorption bands, however, it should be noted that com-
pared with as-received PSZ, the absorption band intensity
relative to the vSi-H (2120 cm™1) and 8Csp2-H (vinyl group,
3050 cm-1) decreases in NiPSZ as shown in Table S1 and
Figure 1 (a) indicating the occurrence of reactions involving
both units. As already reported by our group,?? we suggest
that hydrosilylation reactions between the Si-H and C=C oc-
cur and are probably catalytically promoted by Ni2+ species.
Additionally, the relative intensity of the vN-H bond at 3379
cm! also decreases in NiPSZ although Ni(NH3)eClz as Ni
precursor monomer has amine ligands. This means that de-
hydrogenation reactions between N-H and Si-H in polysilaz-
ane are also promoted and possibly catalyzed by the Ni2+
species, which has already been suggested in our previous
works.1622 Therefore, the degree of cross-linking of NiPSZ is
expected to increase compared to PSZ because of the for-
mation of carbosilane chains (hydrosilylation) and -Si-N-
bonds (dehydrogenation) in the PSZ network.

The Raman spectrum of Ni(NH3)eClz in Figure 1 (b) shows
a typical peak centered at 375 cm-! assigned to the Ni-N
bond in [Ni(NH3)e]?*.23 This band in NiPSZ shifts to a higher
wavenumber (387 cm-1). Itis reported that the Ni-N peak in
[Ni(NH3)2]?+ appears at a higher wavenumber, compared
with that in [Ni(NH3)e]?*. 23 Thus, this shift is clear evidence
of the elimination of the NH3 ligands from Ni(NH3)eCl: to af-
ford Ni(NHs)2Clz or NiClz during the synthesis of NiPSZ.
Combined with the ATR-FTIR results, the Ni?* species



coordinated by the polysilazane network could catalyze the
hydrosilylation and dehydrogenation reactions of polysilaz-
ane networks, and the possible coordination structure of
single source precursor is shown in Scheme 1.

Scheme 1. Dehydrogenation and hydrosilylation reactions
in polysilazane catalyzed by Ni2* species and possible coor-
dination structure of single source precursor.
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The chemical bonding state of a preceramic polymer af-
fects its ceramic conversion process. Hence, the thermal be-
havior of NiPSZ and the reference PSZ have been monitored
using TG-MS analysis under flowing inert gas (He). TG-
curves in Figure 1 (c) show that major mass loss happens
below 800 °C in both samples. However, compared with
PSZ, the mass loss of NiPSZ is apparently reduced in the
lower temperature range from 100 to 500 °C. It is well re-
ported that the residual reaction solvent and lower molecu-
lar weight oligomers are evolved in the temperature regime
of the conversion of preceramic polymers.1624-26 Therefore,
the observed decrease in the mass loss can be ascribed to
the formation of a highly cross-linked polysilazane network
achieved for the NiPSZ sample as indicated by the ATR-FTIR
spectroscopic analysis. Simultaneous MS analysis (Figures
S2 (a,b)) also supports the cross-linking occurrence of sin-
gle source precursors. As shown in Figure S2, many frag-
ment peaks derived from the polysilazane with lower mo-
lecular weight are detected in the case of PSZ whereas the
dominant gaseous species detected for the NiPSZ are resid-
ual toluene (m/z = 91) used as the reaction solvent and am-
monia (NHs, m/z = 17) which is generally evolved during
the transamination of polysilazane.16:24

Our previous work!é reported the in situ formation of Ni
nanoparticles embedded within amorphous silicon nitride
through the pyrolysis of NiCl.-modified perhydropolysilaz-
ane (PHPS) as a carbon-free precursor system. It was
pointed out that the early in situ formation of nickel nitride
species with the formation of chlorosilane species as by-
products could trigger the nucleation and subsequent crys-
tallization of nickel within the amorphous silicon nitride
matrix. In this study, chlorosilane species (m/z = 93,95, Fig-
ure S3 (a)) are detected at 400-550 °C in NiPSZ; approxi-
mately 200 °C higher than the temperature range at which
they occur in NiClz-modified PHPS. Thus, we further discuss
the difference between the carbon-free Ni-modified PHPS
and carbon containing—as methyl and vinyl substituent
groups—Ni PSZ systems.

It is generally accepted that alkyl groups are electron-do-
nating,?” and thus silyl cation can be stabilized by the alkyl
group bonded to the silicon. This consequently restricts the
nucleophilic attack of the chlorine anion on the silicon cat-
ion center to afford the chlorosilane species formed in situ.
Moreover, a considerable steric hindrance due to the methyl

and vinyl group substitutions on the silicon atom could also
restrict the nucleophilic attack. Therefore, the formation
temperature of the byproduct chlorosilanes in the NiPSZ
sample occurs at higher temperatures. In this study, the py-
rolysis temperature for the synthesis of Ni/a-SiCN was set
over the onset of the evolution temperature of mono-
chlorosilane species, i.e.,, T > 400 °C.

The phase compositions of pyrolyzed and annealed sam-
ples have been investigated by the XRD analysis (Figure 2
(a)). The Ni/a-SiCN sample shows a broad peak derived
from (111) lattice planes of fcc metal Ni nanocrystallites
(JCPDS No. 04-002-7521, 26 = 44.3 °). No peaks coming
from the matrix appear in the XRD pattern as a consequence
of the disordered structure of the ternary silicon carboni-
tride matrix. The average crystallite size for the Ni (111)
plane based on the Scherrer equation was found to be 5.1
nm. XRD patterns for annealed samples (Ni/a-SisNa
and Ni/a-Si0z) also show a broad peak derived from (111)
lattice planes of fcc metal Ni nanocrystallites and the matrix
supports in those systems are also X-ray amorphous. The
XRD pattern of NiO/a-SiOz sample in Figure S4 is composed
of a broad peak at 26 =15-30° and three more sharp peaks
at 20 =37.2,43.3, and 63.1° which completely matches with
the peak positions of amorphous Si0228 and NiO (JCPDS No.
01-078-0423), respectively. Thus, one can claim that the
Ni/a-SiCN sample was successfully converted into Ni/a-
Si0: system after annealing under air at 550 °C and subse-
quent Hz reduction at 400 °C to restrict the oxidation of Ni
nanoparticles. The average crystallite sizes for the Ni (111)
plane of Ni/a-SizN4 and Ni/a-SiO2 are calculated to be 7.6
and 7.0 nm, respectively. These values can confirm that the
aligning of particle size was successfully achieved to ideally
measure the Hz adsorption and desorption properties and
to understand the effect of the catalytic support matrix on
such properties.

To assess the local structure of the two compounds in de-
tail, high resolution TEM (HRTEM) measurements have
been performed. As shown in Figures 2 (b-g), highly dis-
persed dark dots are observed in all samples. The TEM im-
ages in Figures 2 (b,d,f) indicate the dark dots with a lattice
spacing of 0.204 nm, corresponding to the d-spacing of the
lattice plane of (111) direction of the fcc cubic Ni structure
(JCPDS No. 04-002-7521) which is consistent with the
phase identified in the X-ray diffractogram (Figure 2 (a)). In
addition, the high-resolution TEM images in Figures 2
(c,e,g) confirm that Ni nanoparticles are surrounded by an
amorphous matrix and this amorphous state is maintained
even after the annealing treatment for the synthesis of Ni/a-
Si3N4 and Ni/a-SiOz2. The presence of this matrix offers ther-
mal stability to the materials and prevents further sintering
of Ni nanoparticles.2? This nanocomposite-type structure is
effective for the investigation of EMSI according to the fact
that the contact area of the metal-support interface be-
comes larger.l” The corresponding size distribution of Ni
nanoparticles by counting 50 specimens, as displayed in
Figures S5 (a-c), is relatively narrow in all samples: an aver-
age size of nanoparticles of 5.8, 8.1, and 7.8 nm is calculated
for Ni/a-SiCN, Ni/a-SisN4, and Ni/a-SiOz, respectively.
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Figure 2. Properties of polymer-derived Ni/a-SiCN, Ni/a-SiOz, and Ni/a-Si3N4 samples: (a) Powder X-ray diffraction pat-
terns of Ni/a-SiCN (black line), Ni/a-SiOz (dark-blue line), and Ni/a-SizN4 (dark-red line). The vertical green lines represent
the reference of fcc Ni (JCPDS No. 04-002-7521). TEM (Scale bar: 50 nm) and HRTEM (Scale bar: 5 nm) images of (b, c) Ni/a-
SiCN, (d, e) Ni/a-SizN4, and (f, g) Ni/a-SiOz samples. (h) Nz adsorption (open circle) and desorption (solid circle) isotherms
at-196 °C for Ni/a-SiCN (black line), Ni/a-SisN4 (dark-red line), and Ni/a-SiOz (dark-blue line) samples.

Table 1. Elemental composition of Ni/a-SiCN, Ni/a-SisN4, and Ni/a-Si0z samples.

Composition (wt%)

Composition (at%)

Sample Si Ni Cl C N 0 Atomic ratio to Si
Ni/a-SiCN 52.86 7.43 4.34 21.0 14.22 2.63 Si1Ni0.07Cl0.06C0.93N0.5400.09
Ni/a-SizNa 54.08 6.44 0.16 211 30.47 6.56 Si1Ni0.06Cl0.002C0.09N1.1300.21
Ni/a-SiOz 48.36 6.40 0.10 2.75 ndab 42502 Si1Ni0.06Clo.002C0.1301.54

3; The amount of N and O in Ni/a-SiO2 was measured by the EDS analysis.

b; Not detected (n.d.) due to the component amount being too low to be detected.

It should be noted that the similar size of Ni nanoparticles
in Ni/a-SizN4 and Ni/a-SiO: is favorable for discussing the
effect of EMSI since the EMSI highly depends on the size of
TM.

Table 1 lists the elemental compositions of the polymer-
derived composites. Firstly, the annealing conditions are
found to be highly effective for the nitridation and oxidation
of Ni/a-SiCN sample to afford Ni/a-SizN+ and Ni/a-SiO:
samples, respectively: the nitrogen content increases by
more than 50% in Ni/a-SisNs+ compared with Ni/a-SiCN
while the oxygen content in Ni/a-SiOz is significantly in-
creased. The Ni/Si atomic ratio in Ni/a-SiCN sample is

higher than the nominal one at the precursor state (Ni/Si
=0.05), indicating the release of Si-containing species such
as chlorosilane species as identified by TG-MS analysis (Fig-
ure S3 (a)). Moreover, the residual chlorine could be effi-
ciently reduced to below 0.2 wt% in both Ni/a-SisN4 and
Ni/a-SiOz samples. The residual chlorine elements near the
metal were reported to affect the chemisorption ability of
metal.3031 Based on the low CI content, the effect of chlorine
can be omitted in the comparison of adsorption properties
between the Ni/a-SizN+ and Ni/a-SiOz samples.
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Figure 3. H2-TPD profiles for the Ni/a-SisN4 (a), and Ni/a-SiOz (b) samples after Hz exposure at 50 °C by varying the tem-
perature ramping rate: 18 (I), 15 (1), 13 (III), 10 (IV), and 8 (V) °C min}, respectively. (c) The plot of In((Tp)?/B) against
1/Tp for Ni/a-SizsN4 (dark-red line) and Ni/a-SiOz (dark-blue line) samples. The activation energy for Hz2-desorption of
Ni/a-Si3N4 and Ni/a-SiOz samples were estimated from the slope of the straight line (47.4 and 68.0 k] mol, respectively).
X-ray photoelectron spectra: (d) Ni/a-SizN4 (dark-red line) and a-SizN4 (light-red line) at N 1s core level, (e) Ni/a-SiO2
(dark-blue line) and a-SiOz (light-blue line) samples at O 1s core level, and (f) Ni/a-SizsN4 (dark-red line) and Ni/a-SiO2

(dark-blue line) samples at Ni 2ps,2 core levels.

The textual properties of the composites have been inves-
tigated by measuring the N2 adsorption/desorption iso-
therm at -196°C. The Nz adsorption/desorption isotherm
curves for all composites in Figure 2 (h) exhibit a type I iso-
therm according to the IUPAC classification,32 indicating the
existence of micropores. It is generally recognized that the
formation of micropores in polymer-derived ceramics is
due to the release of gaseous byproducts during the early
stages of the polymer-to-ceramic conversion process.3? In
addition, all the adsorption/desorption isotherm curves are
composed of a hysteresis loop with a type IV*?> which sug-
gests the formation of mesopores. As listed in Table 2, the
Brunauer-Emmett-Teller (BET) surface area for the Ni/a-
SizN4 sample is 308 m2 g1 which is comparable with that
measured on the Ni/a-SiOz sample. Moreover, the average
pore diameter of these samples is almost the same, approx-
imately 2 nm and close to that of the intermediate, Ni/a-
SiCN sample. It should be noted that Hz molecules can per-
meate through even the sub-nanometer pore channels
without diffusion barriers.3¢ Therefore, H2 molecules can
access the metal Ni nanoparticles embedded within the mi-
cro/mesoporous amorphous matrix without the diffusion
barrier in the materials systems investigated in this study.

Table 2. BET surface area and mean pore diameter for
Ni/a-SiCN, Ni/a-SizN4, and Ni/a-SiOz samples

Sample Sper /m2 g1 Mean pore diame-
ter/nm
Ni/a-SiCN 515 1.94
Ni/a- 308 2.28
SizNs
Ni/a-Si02 293 2.08

Temperature-programmed-desorption of hydrogen has
been performed on the Ni/a-SizN4 and Ni/a-SiOz samples
to study the effect of the support matrix on the hydrogen
adsorption/desorption properties on the Ni nanoparticles
embedded within the amorphous matrix (Figure 3(a,b)).
Regardless of the ramping rate, both samples presented a
distinct peak at about 100 -130 °C, which can be assigned
to the Hz desorption from the Ni surface by considering that
such a peak is not detected for the Ni-free samples; i.e. a-
Si3zN4 and a-Si0z samples, as shown in Figure S6.
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Figure 4. Interfacial models after the optimization of atomic positions: (a) Top view and (b) lateral side of Ni/B-SizsNs+ model,
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models.

The activation energy for H2 desorption from Ni (Eqes) has
been estimated by the Redhead model.35 By measuring the
absolute temperature of a peak, T}, (K) of the H2-TPD signal
with different ramping rate, § (K min-1), an Arrhenius-type
plot of In((7p)2/B) against 1/T, can be obtained, and the
slope corresponds to Edes/R (R: gas constant). As shown in
Figure 3 (c), straight lines for the Ni/a-SisN4 (R2= 0.973)
and Ni/a-SiOz (R? = 0.998) samples are obtained, and the
Edes values for the Ni/a-SisN4 and Ni/a-SiOz have been cal-
culated to be 47.4 and 68.0 k] mol, respectively. Further-
more, the desorption behaviors are well reproduced over
the different batches of samples shown in Figure S7. Thus,
it was concluded that the Edes measured for the Ni/a-SizN4
samples was about 20 to 25 k] mol-* lower than that for the
Ni/a-Si0z sample.

It should be noted that the measured activation energy
for hydrogen desorption can exclude the diffusion barriers

through the support matrix since the average pore diame-
ters of the a-SisN4 and a-SiOz support matrix are sufficiently
large. In addition, the comparison of H2-TPD profiles (Figure
S6) indicates that a greater amount of hydrogen species de-
sorbs from the nickel in the Ni/a-SiOz sample. This implies
that the adsorption strength between Ni and hydrogen is
decreased in the Ni/a-SisN4 sample since the content and
particle size of Ni in both samples are comparable, as well
as the measurement condition is the same. Lee et al. re-
ported that the higher coverage of hydrogens - the lower
Edes of hydrogens - was observed in Ni/SiO2 sample (Edes
ranging from 89 k] mol? at low coverage to 55 k] mol! at
high coverage).3¢ Although the coverage of hydrogens onto
Niislow in the Ni/a-SizN4 sample as shown in Figure S6, the
Edes is interestingly lower in the Ni/a-SisN4 sample. There-
fore, the a-SisN4 is experimentally expected to decrease the
Ni-H adsorption strength through the electronic interaction
between nickel and the a-Si3sNs matrix. Regarding nickel-



based catalysts, the decrease of the adsorption strength of
Ni towards adsorbates finds advantageous in several cata-
lytic reactions. For instance, in the hydrogen evolution re-
action, noble metals such as ruthenium (Ru) and rhodium
(Rh) exhibit superior catalytic performance compared to
Ni.37 This is partially caused by the stronger Ni-H adsorption
compared to Ru-H and Rh-H. Thus, the decrease of the ad-
sorption strength of Ni towards adsorbates potentially is fa-
vored in the catalytic application.

To investigate the electronic interaction between nickel
and the amorphous matrix in more detail, the surface elec-
tronic nature of the nickel in as-synthesized Ni/a-SizN4 and
Ni/a-Si0z samples has been characterized by XPS analysis.
The XPS peak positions of O 1s for Ni/a-Si0Oz samples and N
1s for the Ni/a-SisN4 are not significantly different from
those of the a-Si0z and a-SizN4, respectively. However, a dif-
ference is found in the regions of the Ni 2ps,2 core level as
shown in Figures 3 (d,e). The Ni/a-SiOz sample spectrum is
composed of the two main peaks at 852.3 and 856.6 eV for
the metallic Ni® and Ni?+, respectively (Figure 3 (f)).38 On the
other hand, slight negative shifts for the two main peaks - at
852.1 and 856.1 eV, respectively - are detected for the Ni/a-
SizN4 sample. Such negative shifts in XPS analysis can be in-
terpreted as a result of the highest electron density of nickel
in the Ni/a-SisN4+ sample compared with that in the Ni/a-
Si0z sample.

The highest electron density of nickel in the Ni/a-SisNa
sample is suggested to be ascribed to the nitrogen element
which displays a lower electronegativity than the oxygen el-
ement, i.e., less ability to withdraw the electron of Ni at the
heterointerface between the Ni nanoparticles surface and a-
SisNs matrix.

In order to further understand the effect of Ni-N and Ni-O
bonding natures at heterointerface on the electronic prop-
erties of Ni, we have performed electronic structure calcu-
lations within the spin-polarized density functional theory
(DFT) framework using the Ni/(3-SisN4+ and Ni/«-SiO2 inter-
facial models as shown in Figures 4(a-d) (Computational
details and model construction procedure are described in
supporting data). After relaxing the atomic positions, we
find that the two shortest bond lengths of the Ni-N are 1.89
A and 1.99 A, while those of the Ni-O distance are around
1.97 Aand 2.03 A.

As a reference, the d band center (4" and &4*) relative to
the Fermi level in the bulk region (Layer 4) for the Ni (111)
slab model in Figure S8 are -2.19 and -1.83 eV, while those
in the surface region for the slab model are -1.98 and -1.53
eV, respectively as shown in Figure S9. It is generally ob-
served that the d band center of surface atoms upshifts com-
pared with that of bulk atoms.?° This is expected because
surface atoms have less coordination numbers compared
with the bulk atoms, leading to increasing the electron lo-
calization, narrowing the d band, and upshifting the d band
center. The projected density of states (pDOS) onto the Ni
3d orbitals of the bulk region (Layer 4) for interfacial mod-
els is shown in Figures 4 (eh). For both models, the Ni d
band center (4" and eq!) relative to the Fermi level exhibited
no significant differences compared with the Ni (111) slab
model. The values of e4" and &q4* calculated for the Ni/B-SizNa
interfacial model are found to be -2.23 and -1.86 eV, re-
spectively. Those for the Ni/a-SiO2 model are -2.20 and -

1.84 eV, respectively. Notably, these values are consistent
with the values for the bulk region for the Ni (111) slab
model.

The distinctive differences in the Ni d band center are ob-
served at the interface. As shown in Figures 4 (f,i), the Ni d
band center of e4" and &4* calculated for the Ni/B-SisN4 inter-
facial region (Layer 1 and 7) are -2.19 and -1.99 eV, respec-
tively. Those for the Ni/a-SiO2 interfacial region are -2.13
and -1.73 eV, respectively. Compared with the d band cen-
ter of surface atoms for the Ni (111) slab model, the d band
center of the Ni atoms at heterointerface in both two inter-
facial models is found far away from the Fermi level. This is
ascribed to the interface construction which gives rise to the
electron delocalization of Ni at heterointerface resulting in
the downshift of the Ni d band center.

Figures 4 (f,i) also show the pDOS onto the N and O 2p
orbitals at heterointerface. It is found that the interfacial O
2p orbitals are relatively localized on the lower energy re-
gion, while the interfacial N 2p orbitals are distributed from
the lower energy side up to the vicinity of the Fermi level.

The projected crystal orbital Hamilton populations
(pCOHP) analysis is used to visualize the hybridization na-
tures of the Ni-N and Ni-O at the heterointerface. The bond-
ing and antibonding populations are represented by posi-
tive and negative -pCOHP, respectively. In this study, the -
pCOHP values are computed for the Ni-N and Ni-O bonds at
heterointerface. From the averaged pCOHP plotting in Fig-
ures 4 (g,j), it is found that the spin-down states for both Ni-
N and Ni-O hybridizations possessed lower populations for
the antibonding states, compared to their spin-up states.
Thus, the bonds at heterointerface for the spin-down states
are more attractive than those for spin-up states. To obtain
a more quantitative estimate of the bonding nature at het-
erointerfaces, we have calculated the average integrated -
COHP (-ICOHP) up to the Fermi level over the Ni-N and Ni-
0 bonds at heterointerface. In general, the greater the posi-
tive -ICOHP for a bond is, the more covalent nature of the
bond is.4° The average —-ICOHP values for Ni-N bonds at het-
erointerface are 0.69 and 0.83 for the spin-up and spin-
down states, respectively, while those for Ni-O bonds at het-
erointerface were 0.51 and 0.71 for them. This confirms that
more covalent bonds are generated between interfacial Ni
and N, which is potentially driven by the lower electroneg-
ativity of the N atom relative to that of the O atom as shown
in XPS analysis. It should be noted that such a strong orbital
hybridization can broaden the d band and downshift the d
band center of metal.4! Therefore, we can predict from the
DFT calculations that the Ni at heterointerface in the Ni/[-
SisN4 interface has a weaker interaction towards an adsorb-
ate which leads to the facilitated Hz desorption property ob-
served for the polymer-derived Ni/a-SizN4 in this study.

Conclusions

In this work, the EMSI between Ni nanoparticles and a-
SisN4 matrix was deeply investigated by experimental and
theoretical comparative studies. To understand and demon-
strate the EMSI, we have successfully synthesized the two
different nanocomposite systems, i.e., Ni nanoparticles em-
bedded within the a-SisN4 matrix and those within the a-
Si0z matrix through the PDC route. The present



experimental and theoretical studies highlight the following
results:

1. ATR-FTIR and Raman spectroscopic analyses revealed
that the monomeric modifier of Ni2* species as the Ni
precursor had high catalytic activity towards dehydro-
genation and hydrosilylation reactions to self-cross-
link poly(vinylmethyl-co-methyl)silazane under our
synthesis condition. Consequently, TG-MS analysis re-
vealed that the mass loss occurring in the early step of
the polymer-to-nanocomposite conversion was sup-
pressed in NiPSZ sample.

2. The elemental analysis showed that both anneal con-
ditions for the synthesis of the Ni/a-SizN4 and Ni/a-
Si02 samples were effective for the full nitridation and
oxidation of Ni/a-SiCN, as well as for the complete re-
moval of residual chlorine elements. Thus, the struc-
tural and textural properties of the Ni/a-SisNs4 and
Ni/a-Si0z samples were comparable.

3. H2-TPD profile analysis for the Ni/a-SisN4 and Ni/a-
Si02 samples indicated that the activation energy for
H: desorption from Ni of the Ni/a-SizN4 sample (47.4
k] molt) was apparently lower than that of the Ni/a-
Si02 sample (68.0 k] mol!). The decrease in the acti-
vation energy for the Hz desorption of the Ni/a-SizNa4
sample was governed by the downshift of the Ni d
band center due to the more covalent nature of Ni-N
bonds at heterointerface relative to that generated by
the Ni-O bonds at heterointerface.

Combined with the experimental and theoretical results,
the facilitated H: desorption property observed for the Ni
nanoparticles embedded within the a-SizN4 matrix can be
ascribed to the EMSI and well explained by d band theory.
The strong hybridization between the Ni and N at hetero-
interface exhibited the covalent natures, resulting in the fur-
ther downshift of the Ni d band center at the Ni nanoparti-
cles/a-SisNs heterointerfaces. Moreover, the embedment
structure of the Ni/a-SizN4 sample contributed to enlarging
the interfacial contact area, i.e., promoting the EMSI. As are-
sult, the d band center of the embedded Ni in the Ni/a-SizN4
was decreased, which resulted in facilitated hydrogen de-
sorption. Modulating the d band center of transition metals

is a pivotal strategy for improving the catalytic performance.

The catalytic activity of the Ni/a-SisNa sample with the
tuned Ni d band center has been under investigation and
will be published separately
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