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Introduction

Novel hydrogen chemisorption properties of
amorphous ceramic compounds consisting of p-
block elements: exploring Lewis acid—base Al-N
pair sites formed in situ within polymer-derived
silicon—aluminum—nitrogen-based systemst

Shotaro Tada,a Norifumi Asakuma,a Shiori Ando,a Toru Asaka,a Yusuke Daiko, :

b
Sawao Honda,a Masaaki Haneda,a Samuel Bernard, Ralf RiedelC and Yuji
*a
lwamoto

This paper reports the relationship between the H, chemisorption properties and reversible structural
reorientation of the possible active sites around Al formed in situ within polymer-derived ceramics
(PDCs) based on an amorphous silicon—aluminum-nitrogen (Si—Al-N) system. Al-modified polysilazane,
as a ceramic precursor, was first pyrolyzed at 1000 °C under flowing ammonia to generate a Si—Al-N-
based ceramic. XRD and HRTEM analyses confirmed the amorphous state of the titled ceramics. N,
adsorption—desorption isotherm measurements and HAADF-STEM observation of amorphous SiAIN
indicated that Al-incorporation in the early step of the process led to the generation of micro/
mesoporosity in the amorphous ceramic with nanopores of 1 to 4 nm in size. XPS and pyridine sorption
infra-red spectroscopy analyses revealed the in situ formation of Lewis acidic Al sites within the
amorphous Si—Al-N surface network. As a result, the Si—Al-N compound was highly moisture sensitive.
Then, to investigate the intrinsic properties of the highly reactive Al sites, the Si—Al-N compound was
pretreated at 400-800 °C under an inert atmosphere. Temperature-programmed-desorption (TPD)-
mass spectroscopy analysis of the pre-treated sample after H, treatment above 100 °C resulted in the
detection of a broad H, desorption peak at around 100 to 350 °C. The H, desorption peak intensity
apparently increased when H, treatment was performed at 150 °C, and the activation energy for H,
desorption was determined to be 44 kJ mol—. 2?Al MAS NMR spectroscopic analysis for the pre-treated
sample showed reversible local structure reorientation around reactive Al nuclei, and formation and
deformation of 5-fold coordinated Al by H, chemisorption and desorption, respectively. In addition, the
CO; hydrogenation reaction on the pre-treated sample was successfully demonstrated by TPD
measurements after exposure to a mixed gas of H, and CO, with a 4 : 1 ratio at 400 °C. These results
suggest that highly distorted 4-fold coordinated Al serves as a Lewis acid—base Al-N pair site to promote
H, chemisorption at T > 100 °Cfollowed by formation of a hydrogenated 5-coordinated Al unit where
CO; hydrogenation proceeds at T ¥2 400 °C.

therefore, the main studies demonstrated the interactions of H,
withsolidsurfacesinmanychemical processessuchascatalytic

The behavior of molecular hydrogen (Hz) on solid surfaces
covers fundamental surface phenomena such as adsorption,
diffusion, transformation, and desorption. In the simplest case,
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hydrogenation.'#

For decades, the major system known to react with H; is
transition metals (TMs)" because of their electronic properties
which allow H; to easily adsorb and dissociate onto the metallic
surface. TMs have partially occupied d-orbitals, which can
accept s electrons of Hy, while donating the d-electrons to the
s* antibonding orbital of H,. Consequently, the H—H bond is
weakened and cleaved—the so called homolytic dissociation of
H>. This paradigm shifted in 2006,°-¢ when a nonmetallic system
was discovered to reversibly dissociate H; across Lewis acidic
boron and Lewis basic phosphorous sites. Thereafter, similar



reactions were reported as a system called “Frustrated Lewis
Pairs (FLPs)” that were derived from simple combination of
electron donors and acceptors in which steric demands
precluded the Lewis acid—base adduct.® According to a theoret-
ical study on PR3/B(CeFs)s pairs (R ¥ tBu and CeHzMes),” the
reaction between FLPs and H; starts via the polarization of a H,
molecule induced by coordination of a H, molecule along the
B—P axis between FLPs. Molecular H; polarization along FLPs
occurs in the direction of P / B (P/H9*/H%—/B). The binary
polarization effect is associated with the reduction of the
repulsion forces on both sides of the H, molecule. Electron
transfer occurs through simultaneous P / s*(Hz) and s(H2) /
B donation in a push—pull manner and implies a progressive
weakening of the H—H bond and following heterolytic H;
dissociation into a proton (H*) and hydride ion (H™). In addi-
tion, as an extreme case of hydrogen chemisorption on inor-
ganic compounds consisting of p-block elements, H;
dissociation adsorption by 11—V nanostructured materials inthe
form of nanosheets and nanotubes has been predicted for novel
hydrogen storage materials.®'2 Indeed, group -V d
nanostructured materials—an unsaturated electron-deficient
group 111 element (electron acceptor site) and an electron-rich
group V element (electron donor site)—can be categorized as
Lewis acid—base components. Thus, heterolytic H; dissociation
and adsorption occur in the same manner as in the FLP case. In
particular, nanostructured aluminum nitride (AIN) materials
have been suggested mainly theoretically as attractive
compounds to offer a specific active site for the polarization of
a H> molecule on the materials surface and subsequent
heterolytic dissociation into H*/H— pairs.

Through a precursor route called polymer-derived ceramics
(PDCs),"3-22 we recently demonstrated!® the in situ growth &
nanostructured AIN into a robust, protecting silicon carbide (SiC)
matrix to form amorphous single-phase Si—AI-C—N ceramics at
low temperatures and an AIN/SIiC solid solution at high
temperatures. By changing the nature of the atmosphere (ammonia
instead of nitrogen) and considering the same commercially
available poly(vinylmethyl-co-methyl)silazane (Durazane® 1800,
silicon nitride precursor) chemically cross- linked with N,N-
dimethylethylaminealane (EtNMe,$AlIH3), we have designed a
novel amorphous single-phase ceramic based on the Si—Al-N
system at low temperatures. This inorganic compound consisting
of p-block elements has been character- ized in detail. Then, we
demonstrate that it displays reversible H, adsorption—desorption
properties governed by a possible Lewis acid—base pair site formed
in situ within the amorphous surface network. Thus, the active acid
sites of the amorphous surface network were investigated by X-ray
photoelectron spectroscopy (XPS) and infra-red spectroscopy
analyses whereas the H, adsorption and desorption behavior on
polymer-derived amorphous SiAIN was investigated by measuring
aprofile oftemperature-programmed desorption of hydrogen (H»-
TPD). The local molecular structure was monitored in detail by
2TAl  solid-state  magic-angle spinning Nuclear Magnetic
Resonance (MAS NMR) before and after H, treatment. In
addition, for further proof of the hydrogen chemisorption
properties of this

ceramic, CO»-hydrogenation reactions were demonstrated by
TPD measurements.

Experimental procedure
Synthesis of polymer-derived SiAlN ceramics

As previously reported by our groups,’ a single-source
precursor was first synthesized by chemical modification o
commercially available Durazane® 1800, poly(vinylmethyl-co-
methyl)silazane (PSZ, Merck KGaA, Darmstadt, Germany) with
alane N,N-dimethylethylamine (EtNMe,$AIH;—ADMEA, 0.5 M

intoluene, Sigma-Aldrich Japan, Tokyo, Japan). The reaction of
PSZ and ADMEA relies on both dehydrocoupling and hydro-
alumination reactions (Fig. S17). For the present investigations,

we applied a nominal atomic Al/Si ratio of 0.33 corresponding to
amolar ratio between the monomeric units of ADMEA and PSZ.

The handling of the chemicals and reagents was performed

under an inert atmosphere of pure argon (Ar) using standard

Schlenk techniques and vacuum/Ar lines. PSZ (4 mL, 63 mmol)
was dissolved in 16 mL of anhydrous toluene at room temper-
ature followed by cooling downto 0 °C. Then, 42 mL (21 mmol)

of ADMEA was added dropwise to the PSZ solution under stir-
ring. When the addition was completed, the temperature was
naturally increased up to room temperature and the stirring was

continued for 24 h. Then, the solvent was distilled off under
vacuum at 60 °C to afford Al-modified PSZ (Al-PSZ).

Chemical modification performed in this study was moni- tored
by attenuated total reflection Fourier transform infra-red (ATR-
FTIR) spectroscopy using a FTIR spectrometer (FT/IR- 4200IF,
JASCO Corporation, Tokyo, Japan) with attachment of ATR
equipment (ATR PRO 550S-S/570S-H, JASCO Corporation,
Tokyo, Japan) at a resolution of 4 cm—. The typical ATR-FTIR
spectra of Al-PSZ samples with different Al/Si atomic ratios shown
in Fig. S27 indicate that and
dehydrocoupling reactions occur.

Al-PSZ was placed in a quartz crucible loaded in a quartz tube
in which atmospheric conditions can be varied between NHs
and N gasses during pyrolysis. Then, the synthesized single
source precursor was pyrolyzed to afford a SiAIN ceramic
material under an NH3; flow at 1000 °C for 2 h with a heating rate
of 3 °C min—! and subsequently flushed with N, and cooled
down to room temperature with the same rate of 3 °C min—,
The as-pyrolyzed samples are labelled SiAIN. According to the
same pyrolysis route, a reference sample free of aluminum and
derived from as-received PSZ was prepared. It is labelled SiN.

both hydroalumination

Characterization techniques

Transmission electron microscope (TEM) observations and
high-angle annular dark-field-scanning transmission micro-
scope (HAADF-STEM) observations were performed on the as-
pyrolyzed SiAIN sample using an atomic-resolution analytical
microscope, JEOL JEM-ARM200F (JEOL Ltd., Tokyo, Japan)
operated at an accelerating voltage of 200 kV.

The powder X-ray diffraction (XRD) patterns of the pyrolyzed
samples were measured on a flat sample stage, using Ni-filtered



CuKa radiation (Model X'pert, Philips, Amsterdam, The
Netherlands).

The textural properties of the pyrolyzed samples were eval-
uated by measuring N adsorption and desorption isotherms at
—196 °C under relative pressures ranging from 0t0 0.99 (Model
Belsorp Max, BEL Japan Inc., Osaka, Japan). The pore size
distribution was analyzed by MP?% and BJH?* methods. H
adsorption—desorption measurements at —193 °C were per-
formed by the same outgassing procedure mentioned for N
adsorption—desorption isotherm measurements as described
above. Asreference samples, commercially available crystalline
AIN (99.9%, Kojundo Chemical Laboratory Co.,Ltd., Japan) and
zeolite (type HY, HSZ-320HOA, Tosoh Co., Ltd., Tokyo, Japan)
were evaluated in the same manner.

The chemical composition of the pyrolyzed samples was
determined as follows:

wt%(Si + Al) ¥z 100% — wt%(C) — wt%(0) — wt%(N) (1)

The carbon content was analyzed using a carbon analyzer
(non-dispersive infrared method, Model CS844, LECO Corpo-
ration, Michigan, USA); the oxygen and nitrogen contents were
measured using an oxygen nitrogen hydrogen analyzer (inert-
gas fusion method, Model EMGA-930, HORIBA, Ltd., Kyoto,
Japan). The Al/Si ratio was determined using an energy disper-
sive X-ray spectrometer (EDS, Model JSM-6010LA, JEOL Ltd.,
Tokyo, Japan) mounted on a scanning electron microscope
(SEM, Model JSM-6010LA, JEOL Ltd., Tokyo, Japan). The
chemical compositions of the pyrolyzed samples are listed in
Table 1.

To investigate the chemical bonding-state of the SiAIN
sample, X-ray photoelectron spectroscopic (XPS) measurements
were performed using an X-ray Photoelectron Spectrometer
(PHI5000, ULVAC-PHI, Inc., Japan) withan Al Ka X-ray source
operated at 14 kV and 14 mA. Analignment onthe C 1s peak was
performed before survey scans. Deconvolution of each spec-
trum was performed using the Igor pro 7 fitting engine. A
program package of X-ray Photoelectron Spectroscopy Tools
(XPST) was used in this study. Non-linear curve-fittings were
performed using the Pseudo-Voigt function?®> with a Gauss-
Lorentz ratio of 0.3.

To investigate the surface bonding nature of the SiAIN
sample, diffuse reflectance infrared Fourier transform (DRIFT)
spectroscopic analysis was performed. The sample was diluted
to 5wt% by mixing with nano-diamonds (NDs, IRM 5-12, Tomei
Diamond Co., Ltd, Tokyo, Japan). An alumina cup was filled

Table 1 Chemical composition of 1000 °C-pyrolyzed samples

with the diluted sample and loaded in the measurement
chamber. DRIFT spectra were recorded at specific temperatures
of 150, 250, 300, 350, 400, 450, 500, and 600 °C under flowing Ar.
Pyridine adsorption was in situ monitored for the sample loaded
in a potassium bromide (KBr) pellet by measuring FTIR spectra
at a resolution of 4 cm—* (Model JASCO FT/IR 4200, JASCO.,
Tokyo, Japan). The signal-to-noise ratio was improved by aver-
aging 64 scans. Measurements were conducted by using a
custom designed IR cell which allowed heat-treatment of the
sample in situ as well as the introduction of various gassesand/
or pyridine vapor through a precise valve system. Prior to the
measurements, the SIAIN sample was maintained at 400 °C
under vacuum. Then, pyridine sorption IR data were recorded
after introduction of 10 Torr of pyridine vapor and subsequent
removal of the vapor under vacuum at R.T.

Hydrogen adsorption and desorption properties of polymer-
derived SiAIN ceramics

To study the H, adsorption and desorption properties,
temperature-programmed-desorption of hydrogen (H2-TPD)
was performed using a catalyst analyzer (Model BELCAT-A,
MicrotracBEL Corp., Osaka, Japan) fixed with a quadrupole
mass spectrometer (Model BELMASS, MicrotracBEL Corp.,
Osaka, Japan). The setup of the career-gas flow was 50cm?
min—. 250 mg of sample was placed in a channel-shaped quartz
tube with an initial diameter of 6 mm. The quartz tube was
hermetically connected to the system with the aid of O- rings.
Temperature-programmed heating was always managed with a
thermocouple which was inserted to the bottom of the quartz
tube. The SiAIN sample was maintained under Ar at 800 °C and
subsequently exposed to pure H; for 5 min at specific
temperatures (100 °C and 150 °C). After cooling ©50 °C, the
gas was changed from H; to Ar and maintained for 60 min at 50
°C. The TPD-curve was recorded under Ar up to 600 °C with a
heating rate of 5 °C min—.

The local structure around the Al atoms in the SiAIN sample
before and after H, treatment at 150 °C was intensively studied
by 27Al solid-state MAS NMR spectroscopic analysis with a 600
MHz NMR spectrometer (Model INM-ECAG600II, JEOL Ltd.,
Tokyo, Japan) operating at a static magnetic field of 14.01 T
(155.4 MHz). The diameter of the rotor used in the MAS probe
was 3.2 mm. All experiments were performed at R.T. with  a
spinning rate of 20 kHz. The typical ?’Al resonance was
acquired using a single pulse of 90° (1.2 ms width in this study)
with arecycle delay of 2 s. Deconvolution of each spectrum was

Composition
Composition (wt%) (at%)
EDS (AI/Si ratio) Elemental analysis (wt%)
Atomic ratio
Name Si Al C N (0) to Si
SiN 65.0 0 1.6 325 0.9 Si1C0.06N1.00 (O0.02)
SiAIN 51.9 17.3 0.1 21.8 9.0 SizAlg35No g4 (Oo.30)



performed by using the Igor pro 7 fitting engine. Non-linear
curve-fittings were carried out using the Lorentzian-type profile.
For further proof of the presence of chemisorbed hydrogen on
the SiAIN sample, TPD measurements were performed on the
SiAIN sample after exposure to a mixed gas with a 4 : 1 molar
ratio of H, and CO; or pure CO; at 400 °C for 60 min. The post-
reaction TPD-MS profile of CO, (m/z ¥ 44) was recorded.

Results and discussion
General characterization of polymer-derived SiAlN

As shown in the XRD patterns presented in Fig. S3,7 the pyrol-
ysis of Al-modified PSZ under flowing NH3; leads to an X-ray
amorphous SiAIN sample. To investigate the nanostructure and
the crystallinity of the SiAIN sample in more detail, TEM has
been performed. The High-Resolution TEM (HRTEM) images
depicted in Fig. 1a and b show contrast between adja- cent areas
without grain boundaries while the selected area electron
diffraction pattern (SAED) as the inset in Fig. 1b exhibits a
typical amorphous halo pattern, which highlights the

conclusions made by X-ray diffraction. For further analysis of
the observed contrasts shown in Fig. 1a, scanning TEM imaging

13 5 1% 7
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Fig. 1 TEM observation of polymer-derived amorphous SiAIN. (a)
HRTEM image, (b) high magnification TEM image and the corre-
sponding SAED patternobtained, (c) BF-STEMimage, (d) HAADF-STEM
image and (e) line scanning result for the spot with dark contrast in (d).

(STEM) has been conducted (Fig. 1c and d). The spot with bright
contrast observed in the bright-field (BF) image (Fig. 1c) turned to
black spots in the dark-field (DF) mode with High Angle
Annular Dark Field detector—HAADF (Fig. 1d). Thus, the line
scanning result for the selected spot with relatively clear dark
contrast in the DF-image (Fig. 1d) indicates the presence of
voids of approximately 3.3 nm in diameter size as shown Fig. le.
To confirm the presence of pores in the sample, we have
investigated porosity at the micro and mesoscopic length scale
by N adsorption—desorption isotherm measurements at
—196 °C. Asreference data, the SiN sample and another SiAIN
sample which was pyrolyzed under flowing N, at 1000 °C
(labelled SIAIN@N_) have been investigated for comparison.
The results are shown in Fig. S4 and S5.1 The SiAIN sampleat
—196°C exhibitedatypel + 1V isothermaccordingtothe lUPAC
classifications,?®27 while the SiN (Fig. S4at) and SIAIN@N;
samples (Fig. S5at) showed no interaction with N2. The Bru-
nauer—Emmett—Teller (BET) surface area dSh%4 P of the SiAIN
sample has been measured to be 165 m? g—1. The pore size
distribution curve (PSD) in the micropore range characterized
by the MP method'® exhibited a peak centered at 1.2 nm (Fig.-
S4bt), whereas there was no distinct peak in the mesopore
range in the BJH plotZ# although we can identify the existence of

a certain porosity with a pore size range of approximately 2 to
4 nm (Fig. S4c¥). Thisis consistent with the observed mesopores
in the STEM images and this highlights that the SiAIN sample
displays bimodal porosity which is expected to offer molecular
reactivity through diffusion or dispersion phenomena.

It is generally recognized that the formation of micro/
mesopores in PDCs is due to the release of gaseous by- products
during the polymer-to-ceramic conversion process because of
reactions such as transamination, condensation and
dehydrocoupling reactions. However, such micro-/meso-
porosity—which is formed in situ—is in general unstable in the
high temperature regime of the polymer-to-ceramic conversion,
i.e., 700-800 °C, and therefore collapses.?® This is why the SiN
sample—formed by pyrolysis of PSZ at 1000 °C under NHz—is
nonporous (Fig. S4at). In contrast, it turns out that micro/
mesoporosity stays stable in the SiAIN sample in the tempera- ture
range of 700—1000 °C under flowing NHz (Fig. S4 and S5b}) most
probably because reactions still occur in the high temperature
regime of the polymer-to-ceramic conversion, e.g., reactions of the
SiAIN samples with hydrogen which is gener- ated by dissociation
of NHg, i.e., partial cleavage of the amor- phous network. This is
confirmed through TG experiments which have been performed
under flowing NH3—N; (at a fowratio of 60 : 40) mixed gas and He.
The results are shown in  Fig. S6 and S7,1 respectively. A
continuous weight loss above 700 °C was identified during the
conversion of Al-modified PSZunder the NH3—N> gas flow leading
to the SiAIN sample whereas no weight loss is identified above 800
°C during the conversion of PSZ into the SiN sample (Fig.
S67). In addition, such a difference above 800 °C was not
observed when the conver-
sions of Al-modified PSZ and PSZ were monitored under He
(Fig. S7t). Indeed, SIAIN@N> was nonporous (Fig. S5at).
Therefore, micro/mesoporosity formation was governed by the



reaction with hydrogen derived formed in situ due to the
thermal decomposition of NHs.

Table 1 lists the chemical composition of the as-pyrolyzed
samples. The measured Al/Si atomic ratio of the SiAIN sample
is 0.35 which is consistent with the nominal atomic Al/Si ratio of
0.33 fixed at the polymer level. In addition, the residual carbon
content in the SiAIN sample is as low as 0.1 wt% because of the
use of an NH3 atmosphere,?° while the oxygen content is rela-
tively high (9.0 wt%) most probably because of the general
procedure of elemental analyses in air for a few minutes.

The bonding nature at the surface of the SIAIN sample was
assessed by XPS analysis. The wide scan spectrum of SiAIN
sample is shown in Fig. S8.1 Besides the intense lines of the
constituent elements (N 1s, Si 2p and Al 2p) and unavoidable
carbon contaminant, the strong line of O 1s is observed. This
indicates that a certain amount of oxygen is present at the surface
of the SiAIN sample. Fig. 2a and b show the high- resolution Si 2p
and Al 2p peaks, respectively. The deconvolu- tion of the Si 2p
spectrum (Fig. 2a) yields a major peak at
101.6 eV andaminor peak at 103.2 eV assignedto Si—N and Si—O
bonds, respectively.39-3' The deconvolution of the Al 2p spec-
trum (Fig. 2b) also yields two peaks at 73.6 and 74.4 eV assigned
to Al-N and AI-O bonds, respectively.32 However, the relative
peak area ratio Aa—o/Aai—n is much higher than Asi—o/Asi-n in the
Si 2p spectrum as shown in Table S1.§

To identify the origin of the oxygen contaminant in more
detail, diffuse reflectance infrared Fourier transform (DRIFT)
spectroscopic analysis was performed. The typical DRIFT
spectra of the SiAIN sample recorded at different temperatures
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Fig. 2 High-resolution X-ray photoelectron spectra of amorphous
SIAIN: (a) Si 2p and (b) Al 2p line.

Absorbance (a.u.)

L L I e e
4000 3800 3600 3400 3200 3000 2800 2600
Wavenumber (cm™')

Fig. 3 DRIFT spectra for amorphous SiAIN recorded at specific
temperatures ranging from 150 to 600 °C under Ar.

under an Ar flow are shown in Fig. 3. The SiAIN sample exhibits
broad absorption bands around 3550 cm—! (nO—H) and 3300
cm—! (nN—H). With increasing temperature from 150 to 600
°C, the absorption band intensity around 3550 cm—! apparently
decreases. Accordingly, the absorption band around 3550 cm—
Lis attributed to the O—H groups of chemisorbed water. These
results revealed, in addition to the presence of  a certain form
of porosity, the existence of a certain number of highly reactive
Al sites which can be easily occupied by water molecules under
ambient moisture conditions. Based on the high reactivity of Al
sites formed in situ within the amorphous SiAIN surface, we
used pyridine as a probe molecule for the quantitative analysis
of the surface acidity of the SiAIN sample by FTIR
spectroscopy. Prior to the measurements, the SiAIN sample was
pre-treated at 400 °C under vacuum to remove the
chemisorbed water. The differential spectrum after pyridine
adsorption on the pre-treated SiAIN sample at R.T. is presented
in Fig. 4. It highlights the characteristic bands attributed to
pyridine coordinated on Lewis acid sites (Py-L) at 1629 and
1455 cm—1,33 thus revealing that the highly reactive Al sites in
the SiAIN sample work as surface Lewis acid sites. As a conse-
quence, we suggested that Al sites located at the surface of the
SiAIN sample are expected to serve as preferential chemisorp-
tion sites for gas molecules such as hydrogen molecules (H) as
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Fig. 4 Differential FT-IR spectrum of the pre-treated SiAIN sample
after pyridine adsorption at room temperature.



predicted for nanostructured AIN.8-'2 Before the investigation, a
pre-treatment step was performed on the SiAIN sample by heat-
treatment under an inert atmosphere at a sufficiently high
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Fig. 5 (a) Volumetric H, adsorption and desorption isotherms at
—193 °C for PTSIAIN and commercially available crystalline AIN and
zeolite samples. (b) The correlation between the H, uptake and
measured BET surface area.

(@)

temperature of 400-800 °C to allow removing the chemisorbed
water from the sample surface. The pre-treated SiAIN sample is
labelled PTSIiAIN.

Hydrogen adsorption and desorption properties of polymer-
derived SiAIN

At first, volumetric H; adsorption and desorption isotherms at
—193 °C of the PTSIAIN sample were recorded over the relative
pressure range of 0 to 0.99, and compared with those of
commercially available crystalline AIN
dmeasured Spee ¥ 3:3 m? g—'p and zeolite (type HY, measured
SRt Y2 807 M2 g~ 1) (Fig. 5a). The H, adsorption—desorption at

—193 °C of the PTSIAIN sample is fully reversible. In addition,
the H, uptake at 1 atm increases along with the BET surface areas
of the PTSIAIN sample and reference samples (Fig. 5b). These
results indicate that the PTSIAIN sample exhibits typical H;
physisorption behavior at —193 °C. Then, temperature-
programmed-desorption of hydrogen (H2-TPD) was performed on
the PTSIAIN sample to study the hydrogen chemisorption
properties. Prior to the measurements, the PTSIiAIN sample was
maintained under Ar at 800 °C and subsequently exposed to H, at
specific temperatures (Twz2 ¥ 100, 150 °C) for 5 min (labelled
H,PTSIAIN sample). The typical H,-TPD profiles of the
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Fig. 6 (a) H,-TPD profiles for the PTSIAIN sample: blue and red solid lines represent H, exposure temperatures (Ty,) of 100 and 150 °C for 5 min,
respectively. The dashed line represents the TPD profile without H, treatment. (b) H,-TPD mass profiles for PTSIAIN after H, exposure at 150 °C
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H>PTSiAIN samples are shown in Fig. 6a. The H,-TPD profile
after the Hp-treatment at 100 °C (T2 ¥ 100 °C) exhibits a single
peak at approximately 100 to 350 °C. The peak intensity
apparently increases for Ha-treatment performed at 150 °C (T2
%4150 °C) whereas no peaks were detected without H, exposure
(PTSIAIN sample, black-line in Fig. 6a). Simultaneous in situ
mass analysis during peak detection (Fig. 6b) confirmed the
presence of a single desorbed H, component. It should be noted
that the Ho-TPD profiles of reference samples, i.e., commercial
crystalline AIN and HY zeolite samples (Fig. S9F), show no
desorption peak under the same measurement conditions (Th2
Y 150 °C). The activation energy for H, desorption was esti-
mated by Redhead analysis: the activation energy for desorption
of component i (DEg,i) can be calculated from the slope of the
straight line obtained by plotting In(b/Ty?) vs. 1/T, where band
T, are the temperature ramping rate and absolute peak
temperature, respectively.3435 In this study, Tuz ¥4 150 °C wes
applied, and the H,-TPD profiles were measured by varying b
from 3 to 10 °C min—?! (Fig. 6¢). Both the H; desorption peak
intensity and T, increase consistently with b, and the resulting
plot successfully provides a straight line with a specific slope ©
give DEg w2 of 44 kd mol—? (Fig. 6d) which is sufficiently high to
be assigned as hydrogen chemisorption.

To understand such a behavior, the local structure around the
Al atoms in the PTSIAIN sample before (PTSIiAIN) and after
(H2PTSiAIN) H; treatment at 150 °C was studied by 2’Al solid-
state MAS NMR spectroscopy. The 2Al MAS NMR spectra are
recorded for the PTSiAIN sample stepwise after each treatment

as follows: the PTSiAIN sample is exposed to H,at 150 °C for 6 h
(HPTSIAIN sample), and then the H PTSIAIN sample is post

2 2

heat-treated at 450 °C for 1 h under Ar (labelled H,PTSIAINAY).
The 2 Al MAS NMR signal in the spectrum of the PTSiAIN sample
is shown in Fig. 7a. The deconvolution of the broad ¥Al MAS
NMR signal provides major signals around 95 and 65 ppm
assigned to distorted tetrahedral Al (Aly) units3:37 represented as
AINs—Ly (L % N, O and H, x ¥ 1-3), and five-fold coordinated Al
(Aly) units36:38:3% represented as AINs—Ly (x ¥4 1-4), respec-

tively. Minor signals detected around 35 and 6 ppm are assigned
to highly distorted octahedral Al (Alv) units and normal Aly,
units, respectively.3¢ By comparing the spectra of the PTSIAIN
and H2PTSIAIN samples (Fig. 7b), the relative intensity of the
signal around 65 ppm apparently increases (red signal)
compared to the initial one (black signal). Then, after post-
treatment under Ar at 450 °C for 1 h (H2PTSiAINAr sample),
the relative intensity of the blue signal around 65 ppm is
observed to decrease in the spectrum of the H,PTSiAINAr
sample to an intensity close to that of the black signal. The
increase in the signal intensity around 65 ppm after H, treat-
mentat 150 °C (H,PTSiAl sample) clearly indicates the chemical
interaction of the guest molecules with Al. Then, the decrease of
the peak around 65 ppm after the post-treatment at 450 °C
(H2PTSiAINAr sample) indicates the desorption of guest mole-
cules chemisorbed to Al. This behavior is in good agreement
with the H,-desorption behavior in H»-TPD profiles described
above. The changes of the line-shape in the Al MAS NMR
spectra and the H,-TPD profiles suggest that occurrence of
reversible local structure reorientation around active Al nuclei,

94.9 ppm
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Fig. 7 (a) A typical 2 Al MAS NMR spectrum of the PTSIAIN sample. The
black line represents experimental data, the blue line represents curve-
fitting results indicated by Lorentzian curves and the red dashed line
represents sub-peaks. (b) 2’Al MAS NMR spectra recorded for PTSIAIN

stepwise after each treatment as follows: The PTSIAIN sample (Black
line) was exposed to H, at 150 °C for 6 h (H,PTSIAIN sample, Red line),
and then H,PTSIAIN was post heat-treated at 450 °C for 1 h under Ar
(Blue line).

and formation and deformation of Aly units, by adsorption and
desorption of H, gas molecules, respectively. The formation of

Aly units in H.PTSIAIN indicates that 5-fold coordinated local
structure formation is more favorable.

In the case of crystalline AIN, the 27 Al MAS NMR spectrum
exhibits a sharp signal near 110 ppm (ref. 35) due to the highly
symmetric AIN4 unit consisting of three covalent bonds together
with one dative bond formed as a Lewis acid—base adduct (sps
hybridization). Thus, there is no site for H, chemisorption on
the crystalline AIN. In addition, the peak intensity of the Al
units at 95 ppm after Hy treatment has not changed at all (Fig.
7b). Thus, these fully occupied tetrahedral sites detected for the
crystalline AIN and PTSIAIN samples do not serve as H:
chemisorption sites. Moreover, the signal peak intensity of the
Al units around 35 and 6 ppm has not changed after the H,
treatment. These results indicate that the preferential H;
chemisorption sites of the PTSIiAIN are undetectable by 27Al
MAS NMR spectroscopy.

As reported previously,*® Al sites with a strong distortion of
the symmetry are “NMR-invisible”. The preferential H;
chemisorption sites are thought to be H,-accesible
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Fig. 9 Post reaction TPD-MS profiles of CO, (m/z 44)Ainder an Ar flow.
The measurements were performed after exposure to a mixed gas with
a4 : 1 molar ratio of H, and CO; (Red) and pure CO, at 400 °C (Blue).

unoccupied asymmetric sites having the coordination number
lower than 4. In addition, the Al sites are intensively distorted
compared with the NMR-visible Aly units (x ¥2 1V, V and V1),
and thus preferentially stabilized via Hz-chemisorp- tion to
form Aly units.

As one possible highly distorted unoccupied site (denoted as
Alyn), we suggest a pseudo three-coordinated Al site stabilized
by weekly coordinated two N ligands within the SiAIN amor-
phous network shown in the following proposed reaction
scheme for H, chemisorption (Fig. 8): the starting coordination
of Al as a monomer precursor is three-coordinated (Fig. 8, 1).
After the chemical modification of PSZ with 1 followed by
crosslinking of the polymer network, the Al in Al-PSZ is con-
verted to mainly 4-fold coordination to afford mixed AIN4—Cx (X
Y 1, 2) tetrahedral units via hydroalumination as well as dehy-
drocoupling reactions (Fig. 8, 2 as AIN3C and 3 as AIN,C,)."?
Then, the pyrolysis under NH3; up to 1000 °C leads tothe
formation of distorted Al,y  units (Fig. 8, 4) accompanied by

a certain fraction of unoccupied Aly, units (Fig. 8, 5) due to Al-C
bond cleavage by the hydrogen formed in situ above 500 °C
under an NH3 flow as discussed above. The fraction of Aly, units
in PTSIAIN served as a Lewis acid site to give Aly units via the
coordination of nucleophiles such as H>O or pyridine (Sp2p;
hybridization#'-42), which is observed at 65 ppm in Fig. 7a. h
addition, H, chemisorption at T > 100 °C detected by H,-TPD
analysis was thought to be promoted by the Lewis acid—base Al—
N pair site in a push—pull manner analogous to that of FLPs as
mentioned above: molecular H» polarization starts on a
partially unoccupied p, orbital of Alu, and spz lone pair of
nitrogen. This promotes electron transfer through simulta-
neous s(Hz) / Al and N ./ s*(Hz) and donation in a push—pull
manner implying a progressive weakening of the H—H bond,
which results in the formation of the hydrogenated Al unit
having 5-fold coordination (Fig. 8, 6).

Accordingto a previous report onthe DFT calculations for H;
adsorption on nanostructured AIN, the energy barrier between
the initial state and transition state of the H, molecule was
estimated to be 86 kJ mol—1, while the one for transition from
physisorption to chemisorption of the H, molecule was
—10.6 kI mol—.'2 The DEgn, of the H,PTSIAIN sample (44
kJ mol—?) in this study is lower than the one predicted for
nanostructured AIN (approximately 97 kJ mol—?). This was
thought to be explained by the following difference in the
chemical bond formations as discussed above: the nano-
structured AIN is predicted to form an Al unit (sps hybridiza-
tion) via the strong Al-H and N—H s-bond formations,'? whereas
the SIAIN sample is suggested to form an Aly unit (spzp:
hybridization) i.e. formation of a slightly elongated and weak
hydrogenated structure along the p, axis as 6 in Fig. 8.41:42

5- B+ (H I
¥ 0=C=0 /
\\N ‘ H 8+ o- ?_r i‘- O\
===H C=0 CO, +H
o | 3 s co vy e 2+ Hp
v DN A g N TR o O WoNS L0 N | Mresooce
N— Al N—Al AN, ON—A — “N—AIL
7 ~y T N O N / 0\ < T=400°C / N,
0 H 0 N 0N
1 He L o 2 )
fi T>100°C £ N i
\\ \\ \\ L ¥ \\ r
T 5 6 7

Fig. 10 Possible reaction scheme for CO, hydrogenation on polymer-derived amorphous SiAIN.



For further experimental proof of the presence of chem- isorbed
hydrogen on the SiAIN sample, the CO; hydrogenation reaction on
the PTSIAIN sample was demonstrated by TPD measurements
after exposure to a mixed gas with a 4 : 1 molarratio of H, and CO,
or pure CO; at 400 °C. The post-reaction TPD-MS profiles of CO,
(m/z Y2 44) are shown in Fig. 9. TheTPD-MS profile after pure CO;
treatment exhibits a very weskand broad peak around 100 °C. In
contrast, the profile after teH,—CO, mixed gas treatment exhibits
a broad but distinct CO; desorption peak from 350 to 650 °C. The
temperature range above 300 °C found for CO, desorption
corresponds to the re- ported thermal decomposition of formic acid
(HCOOH) or formate (HCOO—) to release CO, and Hyp.434
Fig. 10 shows a possible reaction scheme for CO, hydrogenation.
As discussed above, the exposure of the PTSIAIN sample to H;
leads to the formation of H,PTSIAIN (6) which can be coordinated
with CO; via the dipole-induced dipole interaction to give the
adduct intermediate H; (7). Then, CO, hydrogenation proceeds to
yield HCOO(H) which subsequently decomposes to release CO;
and Hy at T~ 500 °C.

Conclusions

In this study, an inorganic compound consisting of p-block
elements, namely silicon, aluminum and nitrogen elements
distributed within an amorphous network and displaying novel
hydrogen chemisorption properties was synthesized by pyrol-
ysis of aluminum-modified polysilazane as a ceramic precursor
at 1000 °C under flowing NH3. We experimentally demonstrated
the relationship between the H, chemisorption properties and
structural reorientation of the active Al sites formed in situ
within the polymer-derived amorphous SiAIN surface network.
The results can be summarized as follows:

1. HRTEM and STEM analyses and N, adsorption—desorp-
tion isotherm measurements at —196 °C revealed micro/
mesoporosity formation in the SiAIN sample in the high
temperature regime of pyrolysis (700—1000 °C) under NHs.

2. Chemical composition analyses, DRIFTS and XPS
measurements revealed that the incorporation of Al into the
amorphous silicon nitride matrix resulted in the formation of Lewis
acidic Al characterized by pyridine sorption FTIR.

3. H2-TPD measurements revealed the unique reversible H;
adsorption and desorption properties of the titled compound.
The measured activation energy for H,-desorption (DEg n2) was
approximately 44 kJ mol—2, which was sufficiently high to be
assigned as hydrogen chemisorption.

4. Reversible H; chemisorption and desorption were
successfully identified by 27Al MAS NMR spectroscopic analyses:
the results strongly suggested that local structural reorientation
reversibly occurs between undetectable highly distorted Al sites
and clearly detectable Aly units by H; adsorption and
desorption.

5. The highly distorted Al sites served as a Lewis acid—base
AI-N pair site which was suggested as a possible H> chemi-
sorption site, and a pseudo three-coordinated Al site was
proposed for the one possible H, chemisorption site.

6. CO, hydrogenation on the amorphous SiAIN sample
surface was successfully demonstrated by TPD measurements
after sample exposure to a mixed gas with a 4 : 1 ratio of H, and
CO; at 400 °C. The results are clear evidence that H, chem-
isorbed on the Lewis acid—base AlI-N pair site.

There is still room for further study on optimizing hydrogen
adsorption—desorption properties by controlling several mate-
rial parameters such as the chemical composition and micro/
mesoporosity. Moreover, the unique Hy-affinity of present
SiAIN suggests other applications such as a novel non-oxide
catalysis support which is recently highlighted for the impres-
sive catalytic activities in hydrogenation of polymer derived
transition metal/Si-based non-oxide ceramic nanocomposites of
palladium silicide containing SICN by Motz and Kempe et al.,?
and Ni-SiOC by Wilhelm and Rezwana et al.,?" or Pt-TiN/SizNy4
nanocomposites which in our very recent study?? showed
enhanced catalytic performance for dehydrogenation of sodium
borohydride in water. Therefore, polymer-derived amorphous
SiAIN ceramics are expected to have an impact on catalytic
processes as a transition or noble metal-free advanced material
and be of significant interest for clean energy applications such
as advanced hydrogen production, storage and transportation
systems.
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In this study, aluminum (Al)-modified polysilazane, as a single-source precursor, was first
synthesized by chemical modification of a commercially available Durazane® 1800,
poly(vinylmethyl-co-methyl)silazane (PSZ, silicon nitride precursor) with alane N,N-
dimethylethylamine (EtNMe2-AlH3—ADMEA). The reaction of PSZ and ADMEA relies on
both dehydrocoupling and hydroalumination reactions (Fig. S1).

HIOIN W
H_N] | R o
Si \\s/ + EtNMe,-AlH; —— > Al-modified PSZ
| oant | 02 1) EtNMe,-AlH; dropwise to PSZ-toluene solution at 0 °C
2) Stirring at 0 *C for 1h following reaction at R.T. for 24h
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Hydro- Al__CH
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Fig. S1 Schematic representation of the synthesis of Al-modified PSZ through PDCs route.
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The chemical modification performed in this study was monitored by attenuated total reflection
flourier transform infra-red (ATR-FTIR) spectroscopy using FTIR spectrometer (FT/IR-
4200IF, JASCO Corporation, Tokyo, Japan) with attachment of ATR equipment (ATR PRO
550S-S/570S-H, JASCO Corporation, Tokyo, Japan) at a resolution of 4 cm-. The typical
ATR-FTIR spectra of AI-PSZ samples with different Al/Si atomic ratios shows in Fig. S2. The
FT-IR spectra shows that the intensity of the bands corresponding to the Csp—H band at 3048
and 1402 cm-1slightly reduces. In parallel, the intensity of the bands assigned to N—H bands at
3381 and 1173 cm-reduces more significantly. These changes indicate both hydroalumination
and dehydrocoupling reaction occur in parallel. FTIR (ATR/cm1): v(N-H)

= 3350 (m); v(Csp—H) = 3048 (w); v(Cspz—H) = 2950 (m), 2900 (vw); v(Si—H) = 2130 (vs);
v(Al-H) = 1820 (m); v(C=C) = 1596 (vw); §(C-C, vinyl) = 1402 (w); 6(Si—CHs3) = 1250

(vs); 6(SiaN—-H) = 1175 (vs); 6(Si—N) = 840-1020 (vs); and 6(Si—C) = 700-850 (m).
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Fig. S2 ATR-FT-IR spectra for as-received PSZ and Al-modified PSZ.



In this study, AI-PSZ was pyrolyzed at 1000 °C under flowing ammonia (NHs) to generate a
silicon-aluminum-nitrogen-based ceramic. Powder X-ray diffraction (XRD) patterns of the
pyrolyzed samples were measured on a flat sample stage, using Ni-filtered CuK[] radiation
(Model X’pert, Philips, Amsterdam, The Netherlands). The XRD patterns of as-pyrolyzed
samples are shown in Fig. S3. The XRD pattern of as-pyrolyzed SiAIN (SIAIN) is X-ray
amorphous and does not show any difference with the Al-free sample, i.e., the as-pyrolyzed
silicon nitride (SiN) sample, prepared through the same pyrolysis procedure.
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2
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£

SiN
20 30 40 50 60
2 theta (°)

Fig. S3 Typical XRD patterns of samples after pyrolysis at 1000 °C under flowing NHs.

Textural properties of pyrolyzed samples was evaluated by measuring N2 adsorption and
desorption isotherms at —196 °C under the relative pressures ranging from 0 to 0.99 (Model
Belsorp Max, BEL Japan Inc., Osaka, Japan). The pore size distribution was analyzed by MP?
and BJH? methods. The results are shown in Fig. S4. The SiAIN sample at —196 °C exhibited
atype I+IV isotherms according to the IUPAC classifications® 4, while the SiN sample showed

N
no interaction with N2 (Fig. S4a). The Brunauer-Emmett-Teller (BET) surface area ( SBEzT) of

the SiAIN sample has been measured to be 165 m? g-1. The pore size distribution curve (PSD)
in the micropore range characterized by the MP meshod? exhibited a peak centered at 1.2 nm
(Fig. S4b), whereas there was no distinct peak in the mesopore range by the BJH plot? although
we can identify the existence of a certain porosity with a pore size range of approximately 2 to

4 nm (Fig. S4c). In addition, Fig. S5 shows a N2 adsorption and desorption isotherm of the
10



SiAIN sample pyrolyzed at 700 °C which has low porosity due to the collapse and close of the
pore.
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Fig. S4 (a) N2 adsorption-desorption isotherms at —196 °C for the polymer-derived amorphous
SIAIN and SiN samples, and pore size distribution curves of the SiIAIN sample characterized
by (b) MP plot and (c) BJH plot.
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Fig. S5 Reference data of N2 adsorption and desorption isotherms at —196 °C. Polymer-
derived SiAIN pyrolyzed (a) at 1000 °C under N2 and (b) at 700 °C under NHs .

Thermalgravimetric (TG) analysis for the polymer-to-ceramic conversion was performed
under flowing mixture of NH3 and N2 (60:40 in flow ratio) (Model TGA 92 16.18 Setaram,
Inc., Newark, CA, USA) or He (Model JIMS-Q1500GC, JEOL Ltd., Tokyo, Japan). The TG-
curves under the mixed NHs-N2 gas flow were monitored up to 1000 °C with a heating rate of
5 °C min-! (Fig. S6), while those under He flow were monitored up to 1000 °C with a heating
rate of 10 °C min-1 (Fig. S7).

A contentious weight loss above 700 °C is identified during the conversion of the Al-
modified PSZ leading to the SiAIN sample whereas no weight loss is identified above 800 °C
during the conversion of PSZ into the SiN sample (Fig. S6), in contrast, such the difference
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above 800 °C is not observed when the conversions of Al-modified PSZ and PSZ were
monitored under He (Fig. S7).
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Fig. S6 TG-curves of PSZ and Al-PSZ under flowing
NH3-N2 (60:40 in flow ratio) mixed gas.
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Fig. S7 TG-curves of PSZ and Al-PSZ under flowing He.
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To investigate the chemical bonding-state of the SIAIN sample, X-ray photoelectron
spectroscopic (XPS) measurements were performed using X-ray Photoelectron Spectrometer
(PHI 5000, ULVAC-PHI, Inc., Japan) with an Al Ka X-ray source operated at 14 kV and 14
mA. An alignment on the C 1s peak was performed before survey scans. The wide scan
spectrum of SiAIN sample is shown in Fig. S8. Besides the intense lines of the constituent
elements (N 1s, Si 2p and Al 2p) and unavoidable carbon contaminant, strong line of O 1s is
observed. This indicates a certain amount of oxygen is present at the surface of the SiAIN
sample. The summary of XPS characterization for amorphous SiAIN sample lists in Table S2.
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Fig. S8 Wide scan x-ray photoelectron spectrum of polymer-derived SiAIN.

Table S1 Summary of XPS characterization for amorphous SiAIN sample.
(@) Al 2p and (b) Si 2p.

@ Bang (al2p) B'”d'z‘e%)e“ergy Area (%)
Al-N 73.5 78.0
Al-O 74.7 22.0
(b) Binding energy
Band (Si 2p) (eV) Area (%)
Si-N 73.5 98.8
Si-O 74.7 1.2
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To study the H2 adsorption and desorption properties, temperature-programmed-desorption of
hydrogen (H2-TPD) was performed using a catalyst analyzer (Model BELCAT-A,
MicrotracBEL Corp., Osaka, Japan) fixed with a quadrupole mass spectrometer (Model
BELMASS, MicrotracBEL Corp., Osaka, Japan). Prior to the measurement, the sample was
maintained under Ar at 800 °C and subsequently exposed to H: at specific temperatures (Trz =
100, 150 °C) for 5 min. Hz-TPD profiles of the reference samples are shown in Fig. S9. The
amorphous silicon nitride which is derived from the as-received PSZ, commercial crystalline
AIN and HY zeolite samples show no desorption peak under the measurement condition (T2
= 150 °C), while the H2-TPD profiles of the H2PTSIAIN sample exhibits a single peak at
approximately 100 to 350 °C under the same condition (TH2 = 150 °C). As referential data, the
volumetric amount of hydrogen desorption briefly estimated for the H2PTSIAIN sample is
approximately 1.1 mL gt which was calculated based on the relative ratio of the peak area of
H2-TPD curve, Tu2 = 150 °C in Fig. S9, to that of well-known metal hydride, MgH2 measured
at our lab.
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Fig. S9 Comparison of H2-TPD profiles of PTSIAIN sample with those of reference
samples of SiN sample, commercially available crystalline AIN and zeolite samples.
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