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Nickel-containing silicon oxycarbonitride ceramic nanocomposites are synthesized from hydrous nickel
acetate and poly(vinyl)silazane (Durazane 1800) or perhydropolysilazane NN120-20 (A) (PHPS). A room
temperature chemical reaction results in Ni-containing polysilazane precursors which are transformed
into ceramic nanocomposites with nickel nanoparticles (2—4 nm) upon pyrolysis at elevated temperatures
(700-1100 °C) under an argon atmosphere. The ceramic nanocomposites derived from the Durazane
1800-Ni precursor by the thermolysis process at 700 and 900 °C manifest a microporous structure with a
BET specific surface area of ~361 and ~232 m? g~ respectively. In contrast, all pyrolyzed samples
derived from the PHPS-Ni precursor exhibit a nonporous structure. The Ni/SIOCN ceramic nano-
composites — tested in a plug-flow fixed-bed reactor — display significant catalytic activity in dry methane
reforming to syngas. The highest CH, reaction rate of 0.18 mol min~* gy~ is observed at 800 °C for the
sample derived from the PHPS-Ni precursor by pyrolysis at 900 °C. All these make the materials developed
in this work, i.e. nickel nanoparticles in situ formed in the SIOCN ceramic matrix, as promising candidates
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Introduction

Metal nanoparticles can be used for a wide range of applica-
tions varying from spintronics to electrocatalysis and hetero-
geneous catalysis."™ However, the low chemical stability and
sintering of metal nanoparticle catalysts under operating con-
ditions limit their practical applications. These problems have
been solved by embedding these metal nanoparticles into
ceramic supports such as silica,® alumina,” zirconia,® and other
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metal oxides.”™* Although these supports are commercially

available, they display several drawbacks, such as poor thermal
conductivity and chemical reactivity at high temperatures.
Silicon-based polymer-derived ceramics (PDCs), which are well
known for their excellent thermomechanical properties, high
thermal stability, and high resistance towards corrosion and
oxidation under extreme environmental conditions,">™” might be a
promising candidate for replacing these commercial supports.
Micro-mesoporous PDCs with high surface areas have been
reported as promising catalytic supports.'®>° For instance, metal-
containing (e.g. Co and Ni) SiOC nanocomposites with hierarchical
porosity, derived from polysiloxane polymers, show high catalytic
activity for CO, methanation and Fischer-Tropsch synthesis."®>*2*
Similarly, some transition metal-containing (e.g. Cu, Ru, Pd, and
Ir) SiCN nanocomposites have been reported as heterogeneous
catalysts for liquid-phase oxidation,> hydrogeneration,®*” and
sustainable synthesis.>®

Silicon-based PDCs have been synthesized in single- and
multi-phase as well as nanocomposite structures by thermal
pyrolysis of organosilicon polymer precursors denoted as pre-
ceramic polymers.?*! Metal-containing PDC nanocomposites
have been commonly prepared by direct mixing of preceramic
polymers with metal/metal oxide powders, followed by thermolysis
under a controlled atmosphere.*>> However, this approach
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might lead to pore blocking effects, heterogeneous distributions,
and agglomeration of the metal nanoparticles in the ceramic
supports. Therefore, the in situ formation of metal nanoparticles
during the synthesis of the microporous/mesoporous PDC matrix
has been alternatively applied. This approach can be achieved by
the thermolysis of (i) commercially available metallopolymers or
(ii) organosilicon polymers modified by metallorganic com-
pounds. Metallopolymers are usually pyrolyzed at relatively low
temperatures. For instance, uniform metallic o-Fe nanoparticles
with an average size of 4 nm have been in situ formed in the SiC
matrix during the thermolysis of poly(ferrocenylsilanes) (PFSs) at
700 °C under a nitrogen atmosphere.*® However, this synthesis
approach is greatly restricted by the variety of available metallo-
polymers. In contrast, the chemical modification of preceramic
polymers with metallorganic compounds has been widely used
because most of the organosilicon polymers contain functional
groups, such as Si-H, N-H, and -CH=—CH,, which can easily react
with metallorganic compounds to obtain metal-modified polymer
precursors. Metal carbonyls,”” metal alkoxides,®® metal
acetylacetonates,® and bis(cyclopentadienyl) metal dichlorides
(Cp,MCl,)* are a few examples of metallorganic compounds that
can react with preceramic polymers. Nevertheless, some metal-
lorganic compounds are extremely toxic, and harsh reaction
conditions are usually required. Recently, Motz et al. have
developed a molecular approach to incorporate transition
metals (e.g. Fe, Ni, Cu, and Pt) into the PDC matrix by the
chemical modification of polysilazane HTT1800 with amino-
pyridinato metal complexes.>>*'™** In situ formation of nickel
nanoparticles during the reaction of the polysilazane HTT1800
polymer with trans-[bis(2-aminoethanol-N,0)diacetato-nickel(u)]
in an ice bath under an argon atmosphere appeared to be a quite
complex process due to the complicated and time-consuming
synthesis of the nickel(n)-containing complex.***’

In our previous work, we designed and successfully synthe-
sized several M/SiOCN nanocomposites (M = Mn, Fe, Co, Cu, Zn,
and Ag) by chemical reaction of poly(vinyl)silazane (Durazane
1800) with metal acetates followed by pyrolysis of as-derived
precursors.*® Most of the metal nanoparticles were in situ formed
in the synthesized precursors during the reaction at room tempera-
ture. Transition metals (Fe and Co) catalyzed the cross-linking of
polymer precursors, which in turn increased the final ceramic
yield. Compared with previous approaches, our synthesis method
appeared to be advantageous, owing to the very simple reaction
conditions (in an ice bath under an argon atmosphere), the use of
rather inexpensive poly(vinyl)silazane (Durazane 1800), and easily
accessible commercial metal acetate materials. Accordingly,
in the present work, we extend our approach to synthesize
Ni-containing precursors by reacting nickel(n) acetate tetrahydrate
with either poly(vinyl)silazane (Durazane 1800) or carbon-free
perhydropolysilazane NN120-20 (A) (PHPS). These two polymers
are chosen for the present study because they possess different
molecular structures, which allows us to study the influence of
the hydrocarbon side groups, such as methyl and vinyl groups of
Durazane 1800 on the chemical compositions, microstructures
and catalytic properties of the resulting ceramic nanocomposites.
We mainly focus on the clarification of the reaction mechanism
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between nickel(n) acetate tetrahydrate and polysilazanes through
comprehensive characterizationof the synthesized Ni-containing
precursors. In addition, the polymer-to-ceramic transformation
process, phase compositions, and porosity development in the
pyrolyzed ceramic nanocomposites are investigated. The catalytic
performance of obtained Ni/SIOCN ceramic nanocomposites
(porous SiOCN ceramic matrix-supported very fine Ni nano-
particles) towards dry reforming of methane (DRM) with carbon
dioxide is evaluated for the first time. As compared with previous
studies on Ni-based catalysts,'"">*”* the obtained Ni/SIOCN
catalysts show remarkable catalytic activity towards the DRM
process even though the catalyst configuration was not optimized
for this particular reaction. Thus, the in situ formation of nickel
nanoparticles in the PDC matrix can be a promising approach to
prepare heterogeneous catalysts for the DRM process.

Experimental methods

Materials

Nickel(u) acetate tetrahydrate (Ni(Ac),-4H,0, >99.9) and anhydrous
tetrahydrofuran (THF, >99.99%) were obtained from Sigma-
Aldrich. Poly(vinyl)silazane Durazane 1800 and NN120-20 (A) that
is a 20 wt% solution of perhydropolysilazane (PHPS) in di-n-butyl
ether were purchased from durXtreme GmbH, Germany. Argon gas
used during both the reaction and pyrolysis steps was used as
received (>99.999%).

Synthesis of Ni-containing polysilazane precursors

All synthesis reactions were carried out according to the following
procedures reported recently:*® 4 ¢ Durazane 1800 or 20 g NN120-20
(A) (i.e. 4 g PHPS) was first dissolved in 50 mL anhydrous THF
and then added into a dropping funnel. Similarly, 1.6 g Ni(Ac),:
4H,0 was dispersed in 50 mL anhydrous THF in another flask.
The flask and dropping funnel were then assembled in a glove-
box without allowing both reactants to be mixed. The reaction
assembly was immediately removed from the glovebox. The flask
containing nickel acetate tetrahydrate solution was connected to
Schlenk-lines and submerged in an ice bath (—6 °C). Polymer
and nickel acetate tetrahydrate were then mixed in the flask by
opening the valve of the dropping funnel under slow argon flow.
The synthesis process continued under slow argon flow and was
stirred for 24 h until the end of gas liberation. Finally, the THF
solvent was removed under vacuum for at least 5 h, and the
synthesized Ni-containing precursors were collected in the glovebox.
The synthesized Ni-containing precursors derived from Durazane
1800 and PHPS were denoted as Du1800-Ni and PHPS-Ni precursors,
respectively.

Synthesis of Ni/SiOCN ceramic nanocomposites

Ceramic nanocomposites were obtained by the thermolysis of
the synthesized Du1800-Ni and PHPS-Ni precursors in a tube
furnace using a quartz Schlenk tube under flowing argon
(approximately 40 mL min~") at three different pyrolysis tempera-
tures (700, 900, and 1100 °C). In a typical pyrolysis route,
the obtained Ni-containing precursors were heated from room

© 2021 The Author(s). Published by the Royal Society of Chemistry
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temperature to 250 °C with a rate of 50 °C h™", held for 2 h at
250 °C, heated from 250 °C to a final pyrolysis temperature (700,
900 or 1100 °C) with a rate of 50 °C h™* and held for 3 h at this
temperature and finally cooled to room temperature with a rate
of 180 °C h™". The ceramic nanocomposites obtained by pyrolyzing
the Du1800-Ni precursor at 700, 900, and 1100 °C are labeled
as 700Ar-Du1800-Ni, 900Ar-Du1800-Ni, and 1100Ar-Du1800-Ni,
respectively, while, the samples obtained at the same tempera-
tures but from the PHPS-Ni precursor are denoted as 700Ar-
PHPS-Ni, 900Ar-PHPS-Ni and 1100Ar-PHPS-Ni, respectively. The
schematic of the synthesis of Ni/SIOCN ceramic nanocomposites
is shown in Fig. S1 (ESIf).

Catalytic tests

Catalytic tests were performed using a plug-flow fixed-bed
reactor. For a given test, 25 mg of catalyst was diluted using
quartz (washed and calcined, 200-800 pum particle size, from
Merck) to a total volume of 0.5 cm® and implemented inside a
quartz tubular reactor (4 mm inner diameter, 400 mm of
length). The reactor was mounted inside a Reetz GmbH oven,
and a k-type thermocouple placed at the packed-bed height
next to the reactor wall allowed for temperature control. Gas
flow was controlled with different mass flow controllers (MFCs)
by Bronkhorst High-Tech B.V. CH, (purity of 99.95%), CO,
(purity of 99.995%), H, (purity of 99.999%), and N, (99.999%)
gases were purchased from Air Liquide. All the catalytic tests
were performed at reactant ratios of CH,: CO,:N, =1:1:3 and
GHSV =120000 N mL h™" g, ". Heating to 500 °C and cooling
after catalysis were performed under the N, flow of 30 N mL min ™"
and 20 °C min~'. Before testing, the catalysts were in situ
reduced at 500 °C using a 10% H,: N, (v/v) of 30 N mL min "
for 1 hour. Gas characterization was performed using a 7890A
gas chromatograph (GC) from Agilent Technologies equipped
with FID and TCD detectors. Prior to testing, the GC was
calibrated using calibration gas bottles purchased from Deuste
Gas Solutions. To ensure reproducibility, the back pressure of
the GC was controlled using a Swagelok K-series pressure
regulator. A carbon balance was performed to all data points
and was always above 95%.

Characterization methods

Attenuated total reflectance Fourier transform infrared spectro-
scopy (ATR-FTIR) measurements of the synthesized Ni-
containing precursors and pyrolyzed samples were measured
from 550 cm ™" to 4000 cm™ " in the glovebox using Nicolet iS5
(Thermo Fisher Scientific, USA) and Specac Golden Gate (Waltham,
MA, USA) with a diamond plate. X-ray photoelectron spectro-
scopy (XPS) was performed on an ESCALAB 250Xi (Thermo
Fisher Scientific, USA). The size of the X-ray spot on the sample
was 100 um. The samples for X-ray photoelectron measurement
were prepared by sprinkling a small amount of sample powders
onto the surface of sticky carbon conductive tape on the sample
holder in the glovebox. All XPS spectra were calibrated using the
C 1s core line with a binding energy of 284.8 eV. The released
gases during the synthesis were determined using a gas chromato-
graphy system (Agilent 7820A, USA) equipped with a thermal

© 2021 The Author(s). Published by the Royal Society of Chemistry
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conductivity detector. Synchrotron X-ray diffraction (XRD) measure-
ments were carried out at the beamline 12.2.2 of the Advanced
Light Source (Lawrence National Berkeley Laboratory, California,
USA) using monochromatic synchrotron radiation with 4 = 0.495 A
(25 keV/30 um spot size) in the angle-dispersive transmission mode
using an RDI flat panel detector with the dark image and strain
correction. The patterns were measured on the sample powder
placed in 0.7 mm capillaries. For the in situ synchrotron XRD
experiments, about 1 mg of the catalysts powder was heated in a
0.7 mm outer diameter quartz capillary (Hilgenberg GmbH,
Germany) under quasi flowing conditions (CH,:CO,:N, =1:1:3
and 1:2:3). The gases were injected through a 0.5 mm outer
diameter tungsten tube. The capillary is heated at a 10 °C min ™"
heating rate in an infrared heated SiC tube furnace as described
elsewhere.>*>® The patterns were recorded using a PerkinElmer flat
panel detector (XRD 1621, dark image, and strain correction).
A NIST 660b LaB6 standard was used to calibrate the measure-
ment. Elemental analysis (for Si and Ni) was performed with
inductively coupled plasma optical emission spectroscopy (ICP-
OES) in a Horiba Scientific ICP Ultima2 (Horiba, Japan). The
powder samples were digested in an aqueous suspension with
the addition of HNO; and HF at 200 °C for 5 h in an autoclave.
The polymer to ceramic conversion was investigated in an argon
atmosphere with a heating rate of 5 °C min " with thermal
gravimetric analysis (TGA) on a STA 409 PC LUXX (Netzsch,
Germany) coupled with a mass spectrometer OMNi Star GSD
320 (Pfeiffer Vacuum, Germany). Solid-state nuclear magnetic
resonance (NMR) spectra were recorded with a Bruker Avance
400 MHz spectrometer operating at 100.56 MHz for 3¢, 79.44 MHz
for 2°Si, and 399.88 MHz for 'H. 'H-'*C and 'H-*°Si cross-
polarization magic angle spinning (CP-MAS) NMR experiments
were carried out at a MAS rate of 10 kHz using a 4 mm MAS HX
double-resonance probe. The "H n/2 pulse length was 3.1 ps, and
two pulse phase modulation (TPPM) heteronuclear dipolar
decoupling was used during acquisition. The spectra were
measured using a contact time of 2.0 ms and a recycle delay of
2 s. All **C and *°Si spectra are referenced to those of external
tetramethylsilane (TMS) at 0 ppm for **C and *°Si using adamantane
and tetrakis(trimethylsilyl)silane (TKS) as secondary references,
respectively. The finely ground sample powders were inserted
into the NMR rotor with a funnel in the glovebox. Transmission
electron microscopy (TEM) images and energy-dispersive X-ray
spectroscopy (EDX) spectra were obtained using an FEI Tecnai
G2 20 S-TWIN equipped with a LaB6-source at 200 keV accelera-
tion voltage (FEI, USA). The samples for TEM analysis were
prepared in the glovebox by dispersion in anhydrous THEF,
followed by dropping them onto a copper grid covered with a
carbon film. Particle size distribution was calculated from TEM
images using the Nano measurer software by quantifying 100
particles. X-ray absorption near-edge spectroscopy (XANES) was
performed in the transmission mode at beamline KMC-2 of the
BESSY-II synchrotron light source at Berlin, Germany, equipped
with a graded Si-Ge(111) double crystal monochromator to char-
acterize the oxidation states of Ni in the synthesized Ni-containing
precursors.”® The samples were prepared in the form of powder
applied onto adhesive Kapton tape. High harmonics were rejected
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by detuning the monochromator so that the intensity of the beam
on the samples was 65% of the maximum possible intensity.
Reference spectra were simultaneously measured for energy
calibration. X-ray absorption fine structure (XAFS) measure-
ments were carried out with a novel self-developed wavelength-
dispersive spectrometer in von Himos geometry to characterize
the oxidation states of Ni in the pyrolyzed Ni/SiOCN ceramic
nanocomposites.”” The spectrometer was equipped with a micro-
focus X-ray tube, a curved Highly Annealed Pyrolytic Graphite
mosaic crystal, and a hybrid photon counting CMOS detector
with 512 x 1030 pixel and a pixel size of 75 pum x 75 pm. The
tube was operated with a high voltage of 16 kv and a current of
200 pA. The references (Ni foil, Ni,Si, and NiO) were prepared
as powders on scotch tape while the samples were prepared as
wax-pellets (with Hoechst wax C), due to their lower concen-
tration of Ni, with 13 mm pellet diameter. All references and
samples were constantly moved during the measurements to
minimize the effects of local thickness inhomogeneity. The beam
size on the samples was around 3 mm x 3 mm. The gathered
spectral range covered the Ni K absorption edge at 8332 eV. The
EXAFS evaluation was performed by using the Demeter
software.’® Nitrogen sorption measurements were carried out
using a QuadraSorb Station 4 apparatus (Quantachrome, USA).
Isotherms were recorded at 77 K after degassing under vacuum
at 150 °C for 12 h before the actual measurement. The surface
area was calculated using Brunauer-Emmett-Teller (BET) calcu-
lations. All nitrogen sorption data were analyzed using the
Quantachrome/QuadraWin software version 5.05.

Results and discussion

Chemical structure and formation mechanisms of the
synthesized Ni-containing polysilazane precursors

As displayed in Fig. 1, the ATR-FTIR spectrum of Durazane 1800
shows the characteristic absorption bands of poly(vinyl)silazane:
the bands attributed to —Si-NH-Si- groups such as N-H stretch-
ing at 3382 cm " and the vibration of the NH unit bridging two

PHPS-Ni precursor

Du1800-Ni precursor

Durazane 1800

o TN
CH=CH, “c.y

Ni(AC),.4H,0

Transmittance (a.u.)

T T d T " T T T ' T . T "
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Fig.1 The ATR-FTIR spectra of Dul800-Ni and PHPS-Ni precursors
along with reactants Ni(Ac),-4H,O, Durazane 1800, and PHPS.
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silicon atoms at 1162 cm™*

. The bands related to vinyl silyl
groups (CH,—CH-Si-) are also observed as C-H vibrations at
3042 and 3006 cm !, C=C stretching at 1590 cm ', and
scissoring of terminal methylene at 1402 cm . The strong
absorption band assigned to Si-H vibration appears at
2116 cm ™. The main characteristic band of Si-CH; groups is
located at 1255 em ™' with two bands at 2953 and 2896 cm ™ *
corresponding to the C-H stretching."**® Similarly, the ATR-
FTIR spectrum of PHPS shows the bands associated with N-H
(3382 cm™"), Si-H (2146 cm™ ') and Si-NH-Si (1170 cm ™ ').
A remarkable decrease in the intensity of absorption bands
corresponding to Si-H and -NH- (in -Si-NH-Si-) groups is
observed in the ATR-FTIR spectra of synthesized Du1800-Ni and
PHPS-Ni precursors. Moreover, new bands related to the C=0
vibration (1712 em ') and acetate group (1561, 1414, and
1368 cm™ ') are detected in the spectra of both precursors. The
absorption bands corresponding to C—O0 vibration can be mainly
attributed to the formed Si-OOCCH; in the synthesized precur-
sors. These results suggest the successful chemical reaction
between the nickel acetate tetrahydrate with both polymers.*®
Additionally, for the synthesized Du1800-Ni precursor, the absorp-
tion bands at 3042 and 3006 cm ™" that were attributed to the vinyl
groups vanished, which can be explained by a hydrosilylation
reaction between Si-H and -Si-CH—CH,. Although the hydro-
silylation reaction usually takes place at T > 120 °C in pure
polysilazanes,*>®" previous works showed that the presence of
inorganic catalysts such as transition metals or metal complexes
could remarkably lower this reaction temperature.***®

The chemical structure of the Du1800-Ni precursor was
further confirmed by "*C{'"H} and *°Si{'"H} CPMAS NMR char-
acterization (Fig. 2). As displayed in Fig. 2a, the **C {'"H} CPMAS
NMR spectrum of the Du1800-Ni precursor shows the charac-
teristic signal shift of the CH;COO- group with a chemical shift
at 20 ppm (-CH3) and 167 ppm (C=0), which are not observed
for Durazane 1800 (Fig. S4, ESIT). Moreover, the NMR signals
corresponding to vinyl groups (-CH—CH,-), which are found
between 128 and 142 ppm in the spectrum of Durazane 1800,
vanish in the synthesized precursor.®? These results confirm
the chemical reaction between nickel acetate tetrahydrate and
polymer as well as the hydrosilylation reaction between
-CH,—CH,- and Si-H groups, which agrees with ATR-FTIR
results. The NMR signals between —10 and 4 ppm in the
spectra of Durazane 1800 and Dul800-Ni precursor can be
assigned to the carbon atoms of aliphatic groups bonded to a
silicon atom (Si-CHj). These results are also in accordance with
the >°Si {'"H} CPMAS NMR spectrum (Fig. 2b), which shows the
presence of Si(CH3)(CH,CH,)N, and Si(CH;3)(H)N, units in the
synthesized Dul800-Ni precursor at —8 and —25 ppm,
respectively.®>®* The weak signal observed at —35 ppm can be
assigned to the residue Si(CH=—CH,)N; units in the Du1800-Ni
precursor.®*%>%¢ The signals between —40 and —60 ppm might
be owed to Si-OOCCH,.*’

The oxidation states of incorporated nickel on the surface
of synthesized Ni-containing precursors were investigated by
X-ray photoelectron spectroscopy (XPS). As shown in Fig. 3, XPS
Ni 2p spectra of Du1800-Ni and PHPS-Ni precursors can be

© 2021 The Author(s). Published by the Royal Society of Chemistry
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1
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Fig. 2 The (a) **C {*H} CPMAS and (b) 2°Si {*H} CPMAS NMR spectra of the Du1800-Ni precursor.

deconvoluted into two doublet peaks characteristic of 2p,,, and
2ps,, spin-orbit splitting. The doublet peak observed at 852.7 and
869.9 eV can be assigned to metallic Ni° while the doublet at 855.5
and 872.7 eV can be attributed to Ni**. The broad peaks at 861.1
and 877.0 eV are satellite peaks corresponding to Ni 2p;, and
2p1s, respectively, which is in good agreement with previous
reports on metallic Ni and NiO compounds.®®*”° These results
suggest the in situ formation of metallic Ni during the reaction
between nickel acetate tetrahydrate and poly(vinyl)silazane
Durazane 1800 or PHPS polymers. Most probably, the surface of
metallic Ni nanoparticles formed in both precursors (as indicated
by TEM, see below) is oxidized to Ni*".

The oxidation states of nickel in the synthesized Ni-
containing precursors were further confirmed by X-ray absorp-
tion near-edge spectra (XANES) characterization. Fig. 4a shows
the normalized Ni K-edge XANES spectra of Du1800-Ni and
PHPS-Ni precursors as well as those of Ni compounds used as
reference materials. The first derivative spectra of the XANES
are shown in Fig. 4b. The pre-edge peak, which depends on the
oxidation states of the 3d transition element,”"”” in the synthe-
sized Du1800-Ni and PHPS-Ni precursors is located at energies
between those of reference Ni® foil (8333 eV) and Ni**(Ac),-
4H,0/Ni**O (8331 eV) references. This indicates that nickel

Intensity (a.u.)

T T T T T T T
880 875 870 865 860 855 850
Binding Energy (eV)

oxidation states in the synthesized precursors are between Ni°
and Ni**, which is consistent with the XPS results (Fig. 3).
Nanocrystalline nickel particles in the synthesized Du1800-Ni
precursor is also confirmed by the high-resolution XRD patterns
(Fig. S6a, ESIT and Fig. 13a). The high-resolution XRD pattern
of the Du1800-Ni precursor manifests clear reflections of the
metallic nickel phase (ICDD-PDF-00-004-0850), while that of the
PHPS-Ni precursor exhibits an amorphous structure (Fig. S6b,
ESLt and Fig. 13b).

As revealed by the TEM characterization, the Du1800-Ni
precursor consists of homogeneously distributed nickel nano-
particles (Fig. 5a) with an average size of ~2.4 nm (Fig. 5c) in
an amorphous polymer matrix. In contrast, although nickel
nanoparticles are not observed in the PHPS-Ni precursor
(Fig. 5b), EDX analysis shows the presence of the nickel
element in the amorphous polymer matrix (Fig. 5d). This result
can be due to the too tiny size of formed nickel nanoparticles to
be observed, which agrees with high-resolution XRD results
(see the next section). The particle size of nickel in this sample
is found to be ~2.5 nm even after pyrolyzing at 700 °C in an
argon atmosphere (see the next section). The incorporation of
metallic Ni and Ni**-compounds in the PHPS-Ni precursor is
also confirmed by XPS (Fig. 3) and XANES (Fig. 4) results.

(b)

Intensity (a.u.)

T T T T T T T
880 875 870 865 860 855 850
Binding Energy (eV)

Fig. 3 The Ni 2p X-ray photoelectron spectra of (a) Dul800-Ni and (b) PHPS-Ni precursors. Sat. denotes the satellite peaks.
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According to ATR-FTIR, **C {"H} and *°Si {'"H} CPMAS NMR,
XPS, XANES, XRD, and TEM characterization, the mechanisms
involved in the reaction of Ni(Ac),-4H,O with poly(vinyl)silazane
Durazane 1800 can be explained as follows. As shown in Fig. 6,
the acetate groups of Ni(Ac),-4H,0 react first with Si-H groups
of Durazane 1800, causing the formation of acetosilyl groups
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(a) The normalized Ni K-edge XANES spectra and (b) the corresponding first derivative of Du1800-Ni and PHPS-Ni precursors as well as reference

(CH3COO-Si-), Ni nanoparticles, and H, gas. The in situ forma-
tion of metallic Ni nanoparticles in this step might be due to
electron transfer from negatively charged hydrogen in -Si-H to
Ni*" in the Ni(m) acetate that results in Ni** reduction with in situ
formation of metallic Ni nanoparticles, H, evolution, and forma-
tion of acetic acid. Then the formed acetic acid might react with
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o

Ni cy
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Energy (keV)

Fig. 5 TEM images of (a) Dul800-Ni and (b) PHPS-Ni precursors. (c) The particle size distribution of formed nickel nanoparticles in the Du1800-Ni

precursor. (d) EDX spectrum of the PHPS-Ni precursor.
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Fig. 6 Schematic of possible mechanisms of reaction between poly(vinyl)silazane Durazane 1800 and Ni(Ac),-4H,O that leads to the formation of

metallic nickel nanoparticles.

-Si-H and -Si-NH-Si- groups of Durazane 1800, releasing
gaseous H, and NHj, respectively. The release of gaseous H,
and NH; during the reaction is confirmed by gas chromatography
(Fig. S5, ESIt), and HCI titration, respectively. Moreover, gaseous
bubbles and changes in solution color are observed during this
chemical reaction (Fig. S2, ESIf). Our finding is in line with
recently proposed mechanisms for the endothermic reaction of
polysilazanes with carboxy end groups of the unsaturated
polyesters.”® This proposed reaction mechanism also agrees with
our previous report on the mechanism involved in the reaction of
polysilazane HTT1800 with trans-[bis(2-aminoethanol-N,0)diacetato-
nickel(n)].** As PHPS consists also of active groups such as -Si-H and
-Si-NH-Si- (Fig. S3, ESIt), similar reaction mechanisms might be
involved in its reaction with Ni(Ac),-4H,0. However, a hydro-
silylation reaction between -Si-H and -Si-CH=—CH, groups in
Durazane 1800 might take place under these reaction conditions,
forming carbosilane bonds (-Si-CH,-CH,-Si-) in the synthe-
sized Du1800-Ni precursor.

The transformation of Du1800-Ni and PHPS-Ni precursors into
Ni/SiOCN ceramic nanocomposites

The pyrolysis of Du1800-Ni (Fig. 7a and b) and PHPS-Ni (Fig. 7c
and d) precursors is accompanied by the evolution of gaseous
H, (m/z = 2), CH, (m/z = 16), NH; (m/z = 17) and CO, (m/z = 44)
as well as the distillation of oligomer fragments (m/z = 41, 42,
52, 55). For the Du1800-Ni precursor, the NH; evolution corre-
sponds to the transamination reaction and CH, evolution
originates from the decomposition of Si-CHj;, Si-OOCCH3;, or
the cleavage of C-C bonds, both cause the weight loss of ~17%
at T < 500 °C. Since the PHPS polymer does not contain carbon
in its backbone chain, CH, evolution should be attributed to
the decomposition of side groups (i.e. -Si-OOCCHj; units) in

© 2021 The Author(s). Published by the Royal Society of Chemistry

the PHPS-Ni precursor. This suggestion is confirmed by detecting
CHCO' (m/z = 41) and CH,CO" (m/z = 42) ions in the same
temperature range (see Fig. 7b and d). A high amount of H, is
released during the cross-linking of the PHPS-Ni precursor and
the weight loss is ~7% at T' < 500 °C, which is much lower than
that observed for the Du1800-Ni precursor. The CH, evolution
and H, evolution due to the dehydrocoupling reaction of Si-H/Si-
H and Si-H/N-H groups are responsible for the weight loss of ~8
and 5% at T > 500 °C for Du1800-Ni and PHPS-Ni precursors,
respectively. These results differ significantly from those reported
for the pyrolysis of unmodified Durazane 1800 and PHPS
polymers.*®’* For instance, the gaseous NH; and H, evolved
below 200 °C for Du1800-Ni and PHPS-Ni precursors were not
observed during the thermolysis of unmodified polymers. These
results can be explained by the desorption of gaseous NH; and H,,
that are formed during the synthesis process (see Fig. 6) and
adsorbed on the surface of the Ni-containing precursors. Besides,
the hydrocarbon oligomers (m/z = 52 and 55) detected in the
temperature range of 200-400 °C are not observed during
the pyrolysis of unmodified polymers. This result suggests that
the in situ formed metallic nickel nanoparticles in the precursors
might catalyze the formation of these hydrocarbons. In addition,
the cross-linking and polymer-ceramic transformation processes
are completed at 900 and 700 °C for Durazane 1800 and PHPS
polymers, respectively. In contrast, for Du1800-Ni and PHPS-Ni
precursors, the weight losses are observed with the evolution of
H, up to 1100 °C. This finding can be explained by the activation
of dehydrogenation reactions by nickel nanoparticles. Finally,
Du1800-Ni and PHPS-Ni precursors show a ceramic yield of ~75
and 88%, respectively, which is much higher than reported values
for unmodified Durazane 1800 (~66%) and PHPS (~80%)
polymers.*®’* These results can be explained by the increased

Mater. Adv., 2021, 2,1715-1730 | 1721
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Fig. 7 Results of simultaneous thermal gravimetric (dashed lines) and mass spectrometry analysis of (a and b) Dul800-Ni and (c and d) PHPS-Ni

precursors.

cross-linking degree of the polymer upon chemical modification
with nickel acetate tetrahydrate (see Fig. 6).

The cross-linking and polymer-ceramic transformation pro-
cesses of Dul800-Ni and PHPS-Ni precursors were further
confirmed by ATR-FTIR characterization. Fig. 8 shows the ex situ
ATR-FTIR spectra of ceramic nanocomposites derived from
Du1800-Ni and PHPS-Ni precursors by pyrolyzing at different
temperatures under an argon atmosphere for 3 h. The intensity
of absorption bands corresponding to N-H (3343 em™'), C-H

1100°C

Du1800-Ni precursor

Transmittance (a.u.)

Si-N
Si-NH-Si
Si-C

—r—r———— T
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

(2960 em™ "), Si-H (2152 ecm™ '), C=0 (1712 cm '), and -COO*
(1610-1330 cm™') gradually decreases with increasing pyrolysis
temperature. For the Du1800-Ni precursor that pyrolyzed at 900
and 1100 °C, broad absorption bands attributed to Si-O (1026 cm ™),
Si-N (904 cm ™), and Si-C (766 cm™ ") are observed, suggesting the
formation of SIOCN ceramic. As shown in Fig. 8b, the formation of
SiOCN in the PHPS-Ni precursor occurs at lower pyrolysis tempera-
ture (700 °C) than that of the Du1800-Ni precursor (900 °C), which
agrees with the results of TG-MS analysis (Fig. 7).
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Fig. 8 ATR-FTIR spectra of (a) Dul800-Ni and (b) PHPS-Ni precursors thermally treated at 250 °C, 450 °C, 700 °C, 900 °C, and 1100 °C under an argon

atmosphere for 3 h.
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Chemical composition and structure of Ni/SIOCN ceramic
nanocomposites

In the next step, the chemical and phase compositions of
Ni/SiOCN ceramic nanocomposites obtained by the pyrolysis
of synthesized Ni-containing precursors at 700, 900, and
1100 °C under an argon atmosphere for 3 h were characterized
using ICP-OES, XRD, XAFS, and TEM techniques. As shown in
Table S1 (ESIT), the weight ratio Si/Ni in the pyrolyzed Du1800-
Ni and PHPS-Ni samples is 4.1 + 0.1 and 6.3 £ 0.1, respectively,
regardless of the pyrolysis temperatures. In contrast, the analysis
of the X-ray photoelectron spectra survey reveals that the surface
composition (especially C, O, and N amount) varies significantly
with the pyrolysis temperature (see Tables S2 and S3, ESIY).
These results are in good agreement with TG-MS analysis, which
indicates the continuous evolution of gaseous species that
in turn causes composition changes during the pyrolysis of
precursors up to 1100 °C.

As shown in Fig. S6a (ESIt), the high-resolution XRD pattern
of the 700Ar-Du1800-Ni sample obtained by pyrolysis of the
Du1800-Ni precursor at 700 °C under an argon atmosphere
reveals the presence of graphitic carbon (ICDD-PDF-03-065-
6212) and nanocrystalline metallic nickel (ICDD-PDF-00-004-
0850). The latter reacts partially with the SiOCN matrix
at higher pyrolysis temperatures to form the nickel silicide
Ni,Si (ICDD-PDF-00-048-1339) phase in 900Ar-Du1800-Ni and
1100Ar-Du1800-Ni samples. In addition to the Ni,Si phase,
crystalline SiC (ICDD-PDF-00-049-1428) is formed in the
1100Ar-Du1800-Ni sample. Although the formation of SiC in
polymer-derived ceramics usually takes place at temperatures
higher than 1400 °C,”® previous works reported that manganese
and iron could act as catalysts and lower its formation tem-
perature to 1100 °C.*® For 700Ar-PHPS-Ni and 900Ar-PHPS-Ni
samples, only nanocrystalline metallic nickel is detected in
their XRD patterns, while nickel silicide Ni,Si (ICDD-PDF-00-
048-1339) and NiSi (ICDD-PDF-00-038-0844) phases are formed

4.0
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in the 1100Ar-PHPS-Ni sample by increasing the pyrolysis
temperature to 1100 °C (Fig. S6b, ESIt). The XRD reflections
corresponding to the metallic Ni phase in PHPS-Ni samples are
much broader than those of the same phase in Du1800-Ni
samples, suggesting the smaller crystallite sizes of Ni in PHPS-
Ni samples. These results are in good agreement with the TEM
characterization, as discussed below.

X-ray absorption fine structure (XAFS) measurements were
conducted to obtain further information about phase composi-
tions in the pyrolyzed samples. The Ni K-edge XAFS spectra of
pyrolyzed samples, as well as nickel compounds (Ni, Ni,Si, and
NiO), used as reference materials, are shown in Fig. 9. As shown
in Fig. S7 (ESI), the linear combination fitting (LCF) of normalized
Ni K-edge XAFS spectra of pyrolyzed samples with those reference
materials confirms the presence of both metallic Ni and Ni,Si
phases in all samples. The weight ratio Ni,Si/Ni in pyrolyzed
Du1800-Ni and PHPS-Ni samples is found to increase with
increasing pyrolyzing temperature, which agrees with the XRD
results. Additionally, small weight fractions of the NiO phase
(<12 wt%) are found in all samples. No NiO phase is detected by
XRD characterization, which might be due to its low crystallinity
or amorphous structure.

The results of TEM characterization of 700Ar-Du1800-Ni
(Fig. 10a and b) and 700Ar-PHPS-Ni (Fig. 10d and e) samples,
as well as EDX mapping of the 1100Ar-Du1800-Ni sample
(Fig. S9, ESIT) confirm the homogeneous distribution of Ni
nanoparticles in the amorphous SiOCN matrix. The average
size of the nanoparticles in 700Ar-Du1800-Ni and 700Ar-PHPS-Ni
samples is around 3.6 and 2.5 nm, respectively (Fig. 10c and f).
Turbostratic carbon is observed only in the 700Ar-Du1800-Ni
sample (Fig. 10b), which agrees with XRD results (Fig. S6a, ESIT).
Raman spectra also confirm the formation of turbostratic carbon,
which is characterized by the D and G bands,”® in all pyrolyzed
Du1800-Ni samples (Fig. S8, ESIT). In contrast, for those samples
derived from the PHPS-Ni precursor, both D and G peaks are not
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Fig. 9 The Ni K-edge X-ray absorption fine structure (XAFS) spectra of Ni/SIOCN samples derived from (a) Dul800-Ni and (b) PHPS-Ni precursors at
different pyrolysis temperatures as well as reference materials (Ni, Ni,Si, and NiO).
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respectively.

observed. Typically, the free carbon phase in polymer-derived
ceramics has not yet been found upon thermolysis between
700 and 900 °C, and higher pyrolysis temperatures are usually
required to initiate the formation and precipitation of turbostratic
carbon.””®! However, the presence of transition metal catalysts
such as Ni and Fe in PDCs can greatly lower its formation
temperature.”*®> In addition, no turbostratic carbon is observed
in the 700Ar-PHPS-Ni sample, which can be explained by the
carbon-free backbone chain of the PHPS polymer.

Porosity and surface area of Ni/SiOCN ceramic nanocomposites

Fig. 11 shows nitrogen physisorption isotherms of Ni/SIOCN
ceramic nanocomposites derived from Du1800-Ni and PHPS-Ni
precursors at different pyrolysis temperatures. 700Ar-Du1800-
Ni and 900Ar-Du1800-Ni samples derived from the Du1800-Ni
precursor exhibit type I isotherms corresponding to micro-
porous materials, while the 1100Ar-Du1800-Ni sample shows
a nonporous structure. Accordingly, 700Ar-Du1800-Ni and
900Ar-Du1800-Ni samples possess a BET specific surface area
of ~361and ~232 m>g ™, respectively, which are much higher
than that of the 1100Ar-Du1800-Ni sample (6.8 m* g~ ). Inter-
estingly, all Ni/SiOCN ceramic nanocomposites derived from
PHPS-Ni precursor manifest nonporous structures with a low
BET specific surface area of ~9, ~7.5, and ~7 m”> g~' for
700Ar-PHPS-Ni, 900Ar-PHPS-Ni, and 1100Ar-PHPS-Ni, respec-
tively. The nucleation and growth of micropores in PDCs can be

1724 | Mater. Adv, 2021, 2, 1715-1730

explained by the amount and type of gaseous species released
during the polymer-to-ceramic transformation process such as
H,, CH4;, NH;, and other hydrocarbons.®® For instance, the
PHPS polymer has no hydrocarbon units in its backbone chain
(Fig. S3, ESIY). Therefore, the thermolysis of the PHPS-Ni
precursor results in the evolution of few gaseous species such
as H, and NH; in addition to a small amount of gaseous CH,
from the decomposition of acetate groups. Consequently, all
Ni/SiOCN ceramic nanocomposites derived from the PHPS-Ni
precursor show nonporous structures with a low surface area.
In contrast, Durazane 1800 is a hydrocarbon-rich polymer, and
its thermolysis results in the release of several gaseous hydro-
carbons. Therefore, micropores are formed in 700Ar-Du1800-Ni
and 900Ar-Du1800-Ni samples during the pyrolysis of the
Du1800-Ni precursor at 700-900 °C. However, the generated
micropores are not stable and will collapse with increasing
thermolysis temperature. Thus, the 1100Ar-Du1800-Ni sample
exhibits a nonporous structure. Moreover, our previous work
showed that the in situ formed metallic nickel nanoparticles
could also play a role in the formation and stability of these
micropores in the PDCs during thermolysis.** As discussed
above, nickel nanoparticles can catalyze the formation of
hydrocarbon species and reduce the critical barrier for the
formation of gaseous species during the polymer-to-ceramic
transformation, which facilitates the heterogeneous nucleation
of pores due to the release of small gas molecules such as H,,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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CH,, and NH;. In this way, micropores are prone to be formed
instead of macropores and abnormal pore growth. In addition,
higher cross-linking of the precursors through the formation of
carbosilane units can enhance the pore stability during the
pyrolysis. Moreover, nickel nanoparticles lower the formation
temperature of turbostratic carbon by some hundred degrees.
Accordingly, the formed nickel nanoparticles and turbostratic
carbon with higher mechanical stability than that of the
neighboring microporous matrix behave as nanofillers and
reinforce the microporous structure, subsequently increasing
the stability of micropores in the entire matrix of the sample.

Catalytic properties of Ni/SiOCN ceramic nanocomposites in
dry reforming of methane

Dry reforming of methane (DRM) with carbon dioxide is a
promising process to convert the two main greenhouse gases
into CO/H, mixtures with a ratio close to unity (eqn (1)).**
Typical deviation from the unity H,:CO ratio and higher CO,
reaction rates compared to CH, are due to the occurrence of the
reverse water gas shift (RWGS) reaction (eqn (2)). The DRM
process has been chosen as a representative catalytic system
containing supported nickel nanoparticles that perform under
harsh conditions.

CO;(gas) + CHy(gas) — 2CO(gas) + 2H(gas) (1)
AHsgg = 274 kJ mol ™!

CO;(gas) + Ha(gas) — CO(gas) + H,O(gas) @)
AHogg = 41 kJ mol™!

The deactivation of catalysts that are mainly caused by nickel
particle sintering (the decrease of active surface area) and
potentially via coke formation can contribute to the decrease
of reaction rates at a given temperature. Surface carbon forma-
tion resulting from CO disproportionation or CH, decomposi-
tion (eqn (3)-(5)) has been claimed to deactivate the catalyst or
also to be involved in the reaction mechanism,*>*>#¢ although
an excess carbon can plug the reactor.®” Another option can be
the transformation of the active metal nickel nanoparticles to

© 2021 The Author(s). Published by the Royal Society of Chemistry

their silicide phases,®® which displays a diminished activity

toward syngas formation. The occurrence of the different
potential deactivation mechanisms will be later discussed using
post-catalytic XRD, XPS, and TEM data.

2C0(gas) — COy(gas) + Cs  AHapgy = —172 kI mol™!  (3)

CO(gas) + Hy(gas) — Cs + H,O(gas) ()
AHsge = —131 kJ mol ™!

CHy(gas) + 2Ha(gas) + Cy  AHagg = 75 kJ mol ™! (5)

The catalytic properties of Ni/SiOCN ceramic nanocomposites
derived from Du1800-Ni and PHPS-Ni precursors are studied in
the DRM process in a plug-flow fixed bed-reactor at reactant ratios
of CH,:CO,:N, =1:1:3 and GHSV = 120000 NmL h™" g, ', as
shown in Fig. 12. All samples show low or no activity towards DRM
at 500 °C, which is most possibly due to the low detection limit of
the GC. At higher temperatures such as 600 °C, 700 °C, and 800 °C,
all samples show activity for the DRM process. The reaction rates
increase with temperature due to the endothermic nature of the
DRM reaction. For all catalytic tests, the reaction rate of CO, is
always higher than that of CH,. This can be attributed to the
occurrence of the reverse water gas shift (RWGS) reaction (eqn (2)),
which further reacts to CO, and produces the observed deviation
from the unity of the H, : CO ratio. However, the CO, reaction rate
is a little lower than that of CH, for catalyst 900Ar-PHPS-Ni, which
is caused by more injection of CO, than expected into the reactor.
For the samples derived from the Du1800-Ni precursor, all show
very close reaction rates when measured at 500 and 600 °C.
However, with increasing test temperature, catalyst 900Ar-
Du1800-Ni shows much better performance, and the CH, reaction
rate at 700 and 800 °C is around 0.08 and 0.16 mol min~" gy,
respectively (Fig. 12a). Moreover, all the Du1800-Ni precursor
derived samples display remarkable stability at all temperatures
tested, suggesting a soft deactivation effect. All catalysts derived
from the PHPS-Ni precursor show very low reaction rates at 500 °C
and 600 °C (Fig. 12b). The reaction rate is greatly increased when
the test is conducted at 700 °C except for catalyst 1100Ar-PHPS-Ni,

Mater. Adv,, 2021, 2,1715-1730 | 1725


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ma00917b

Open Access Article. Published on 25 January 2021. Downloaded on 1/20/2026 8:18:56 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
020
0] (@) 800 C
T ;'0..0.0.
& 0.16- 700Ar-Du1800-Ni ©0000000
= e o 900Ar-Du1800-Ni
£ 0.14 . i
£ o 4 2 1100Ar-Du1800-Ni JAANAEL s
2 700 C ,annn
£ 0] e®eoee ” aas
s -
£ 0.08 690000
©
@ 0.06 AR
<
© 0.04 600°C “,a84a4
S 002 500°C .0d.
& 0000
000{ ¢B85EC ga0002
T T T T T T
0 2 4 6 8 10
TOS (h)

View Article Online

Materials Advances

020
0151 (B) 800 C
* Zo0164 ¢ © T00Ar-PHPS-Ni
2 900Ar-PHPS-Ni
E 0.14 4 2 1100Ar-PHPS-Ni
g 0124 700 C
< 0104 JRT 00
s o*
§ 0.08 006000
@ 0.06 ¢
e
] ] <
% 0.04 500 600 C A,
& 0.02- aXaas 28,42
e a A
ooo] 2BB828% 8a°RXX TT 0454 Aas
T T T T T T
0 2 4 6 8 10
TOS (h)

Fig. 12 CO, and CHy, reaction rates for the tests at 500 °C, 600 °C, 700 °C, and 800 °C, using a plug-flow fixed-bed reactor at reactant ratios of
CH4:CO5: Ny = 1:1:3 and GHSV = 120000 N mL h™ gc,«* (open and filled symbols represent CH, and CO, reaction rate, respectively).

which displays a moderate increase in terms of the reaction rate
and a strong deactivation effect. In contrast, the catalysts pyrolyzed
at 700 and 900 °C show an increase in the reaction rate at higher
testing temperatures. This activation phenomenon might be
explained by changes in the crystallite/particle size, a phase transi-
tion, and/or the removal of turbostratic carbon caused by oxidation
with CO, or H,O. Surface carbon oxidation can also occur via
eqn (4). Although H,O is not introduced as a reactant, it can be
produced by the RWGS and oxidize carbon to produce CO and H,.
Our HRTEM investigations on PHPS-Ni catalysts showed that the
metallic Ni nanoparticles are embedded in carbon onions, which
might reduce their catalytic activity. Removal of carbon can clean
the catalyst surface, exposing more nickel to reaction and thereby
increasing reaction rates.>® The 900Ar-PHPS-Ni catalyst exhibits the
best performance among all samples with the highest CH, reac-
tion rate of 0.18 mol min~"' gy " at 800 °C. The reason for the
differences in the performance of these samples can be explained
by differences in the catalyst configuration, which includes the
surface area (Fig. 11), initial nickel nanoparticle size (Fig. 10), and
chemical compositions (Fig. 9 and Fig. S6, ESIt).

The catalytic performance (reaction rate of CH,) in our work
is summarized in Table S4 (ESIf). As compared with other
studies (Table S5, ESIt),"” > our prepared Ni/SiOCN catalysts
show remarkable catalytic activity towards the DRM process
even though the catalyst configuration was not optimized for
this particular reaction. This demonstrates that the in situ
formation of nickel nanoparticles in the PDC matrix is a
promising approach to prepare heterogeneous catalysts for
the DRM process. Catalyst design and optimization can further
improve the performance of this type of catalyst for the DRM
and other catalytic processes that occur on supported nickel
nanoparticles.

To understand the catalytic performance, post-catalytic
characterization is required on the spent catalysts. However,
the spent catalysts recovered from the plug-flow fixed-bed
reactor after the catalytic tests contain quartz powder to dilute
the catalysts and ensure homogeneous temperature and pres-
sure across the catalytic bed. These impurities in the spent

1726 | Mater. Adv, 2021, 2,1715-1730

catalysts might add difficulties during the preparation of the
samples for post characterization as well as the interpretation
of the results of characterization. Therefore, the catalytic tests
were repeated without using any powder for dilution in a
recirculating batch reactor initially containing a CH,: CO,: Ar =
1:1:8 mixture at 1000 mbar of pressure, as detailed in the
ESL{ All samples showed activity towards the DRM and the
production of syngas as demonstrated by the conversion of CO,
and the detection of CO and H, in the MS spectra (Fig. S10,
ESIT), therefore allowing the use of the spent catalysts for
further characterization. The high-resolution XRD patterns of
the catalysts before and after DRM tests are shown in Fig. 13.
For each given catalyst, the patterns of PHPS-Ni catalysts before
and after DRM generally reveal no noteworthy phase transitions
during catalysis. In contrast, a new set of XRD reflections
corresponding to the NiSi phase are observed in the patterns
of 900Ar-Du1800-Ni and 1100Ar-Du1800-Ni catalysts after the
DRM test. Moreover, the full width at half maximum (FWHM)
of the Ni(111) reflection belonging to each sample is slightly
decreased after the DRM test, suggesting the slight increase in
the crystallite size of metallic nickel in the catalysts. The
increase in the crystallite size of metallic Ni (i.e., crystallinity)
in the 900Ar-Du1800-Ni catalyst under different DRM condi-
tions is also confirmed by in situ synchrotron XRD experiments
(Fig. S11, ESIt). As shown in Fig. S1la (ESIt), the XRD reflec-
tions corresponding to the metallic Ni phase become more
intense and sharp with time during the pre-reduction step in a
H, atmosphere at 600 °C as well as under DRM reactions at 600
and 800 °C. In contrast, no remarkable structural changes are
observed for the 1100Ar-PHPS-Ni sample during the pre-
reduction step and DRM reactions (see Fig. S11b, ESIt), which
agrees with the ex situ XRD results. This might be due to the low
activity of this sample towards DRM (see Fig. 12b). The forma-
tion of nickel silicide and the sintering of nickel particles can
result, to some degree, in catalyst deactivation.’*®® This deac-
tivation is soft for the time on stream tested as proved by the
catalytic tests previously. Surface carbon formation resulting from
CO disproportionation or CH, decomposition (eqn (3)—(5)) can be

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Room-temperature high-resolution XRD patterns of (a) Du1l800-Ni and (b) PHPS-Ni precursors and their derived ceramic nanocomposites after
pyrolysis at 700 °C, 900 °C, and 1100 °C before and after DRM. Reference material patterns are Ni (ICDD-PDF-00-004-0850), Ni,Si (ICDD-PDF-00-048-
1339), NiSi (ICDD-PDF-00-038-0844), SiC (ICDD-PDF-00-049-1428) and C (ICDD-PDF-03-065-6212).

another reason for the deactivation of the catalyst.’>%>%¢ However,
the formation of surface carbon cannot be confirmed from XRD
results because all Du1800-Ni group samples contain graphitic
carbon before interaction with the DRM reactants. Similarly, the
PHPS-Ni group samples display no graphitic reflections before or
after DRM, suggesting that (if formed) surface carbon resulting from
eqn (3)~(5) is amorphous or below the technique’s detection limit.

The Ni 2p X-ray photoelectron spectra of all samples before
and after the DRM test are shown in Fig. S12 (ESIt). The peaks
at 855.8 eV and 873.4 eV that are associated with Ni** disap-
peared after the DRM test, which suggests the reduction of the
NiO phase in the samples to metallic Ni or nickel silicide under
DRM conditions. This change is logical if we consider the
reductive nature of the effluent gas composition after DRM.
As shown in Fig. S13 (ESIf), the C 1s X-ray photoelectron
spectra of all samples before and after DRM can be fitted with
four peaks at 284.1, 284.8, 286.3, and 288.6 eV, which can be
assigned to C-Si, C-C, C-N, and C-O bonds, respectively.®® For
Ni/SiOCN samples derived from the Du1800-Ni precursor, the
main peak in the spectra is due to C-C bonds in graphite or
amorphous carbon, while the main peak in the spectra of
PHPS-Ni samples is assigned to C-Si bonds. Moreover, the
analysis of the spectrum survey (Tables S2 and S3, ESIT) reveals
that the amount of carbon on the surface of Du1800-Ni samples
is much higher than that on the surface of PHPS-Ni samples
and increases after DRM. This result points out the formation
of surface carbon from eqn (3)—(5). For the PHPS-Ni samples
(except for the sample pyrolyzed at 700 °C), the carbon content
on the surface of the catalysts after DRM slightly increases.
These results complement XRD analysis and suggest that the
carbon content on the surface of catalysts increases after DRM.
No remarkable increase in the amount of graphitic carbon can
be observed by XRD, suggesting that the formed carbon might
be amorphous or in a low amount.

Fig. 14 shows the TEM characterization performed on the
catalysts after DRM-atmosphere exposure. Several multiwalled
sp’-carbon nanotubes are formed on the surface of the spent
900Ar-Du1800-Ni catalyst, produced from CH, decomposition

© 2021 The Author(s). Published by the Royal Society of Chemistry

or CO disproportionation. In contrast, a small number of
carbon nanotubes are formed on the surface of the spent
1100Ar-PHPS-Ni catalyst. The presence of surface carbon is
not necessarily linked to catalyst deactivation, as under specific
conditions surface carbon can act as an intermediate toward
the generation of syngas by oxidation with CO,.>® Therefore,
the presence of nanotubes on the 900Ar-Du1800-Ni samples
does not necessarily point to higher deactivation but can be a
result of an increased CH, cracking activity, which produces the
necessary intermediate for the reaction with CO,. This fact has
been supported by an increased reaction rate for this type of
catalyst, as shown in Fig. 12a. TEM characterization further
complements XRD and XPS data and highlights that carbon
formation is a surface phenomenon mainly occurring on the

Ok 7%
‘3"*

Fig. 14 TEM images of the (@ and b) 900Ar-Dul800-Ni and (c and d)
1100Ar-PHPS-Ni catalysts after the DRM test in a recirculating batch
reactor.
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surface of Du1800-Ni samples. The relatively small amount of
graphitic carbon results in no observable bulk changes for the
Du1800-Ni samples but a significant increase of the surface
carbon concentration, as proved by XPS. For these catalysts, the
formation of carbon nanotubes does not lead to catalyst deactiva-
tion as verified by remarkably stable reaction rates of the Du1800-
samples for the duration of the catalytic tests. All synthesized
samples have proved their activity for CH, and CO, conversion to
produce syngas, and we anticipate their applicability to other
catalytic reactions performed on supported nickel nanoparticles.

Conclusions

Ni-Containing polysilazane Du1800-Ni and PHPS-Ni precursors
have been synthesized through the chemical reaction of
Ni(Ac),-4H,0O with poly(vinyl)silazane (Durazane 1800) and
perhydropolysilazane NN120-20 (A) (PHPS), respectively. Nickel
nanoparticles are in situ formed during the reaction between
Ni(Ac),-4H,0 and -Si-H groups of the polymers. The formed
Ni nanoparticles in Ni-containing precursors are stable after
pyrolyzing at 700 °C under an argon atmosphere, but they react
with the SiOCN matrix at higher pyrolysis temperatures
(=900 °C) to form the nickel silicide (Ni,Si) phase. The ceramic
nanocomposites derived from the Du1800-Ni precursor by
pyrolyzing at 700 and 900 °C show a high BET specific surface
area of ~361 and ~232 m” g~ ', respectively, while all the
pyrolyzed samples derived from the PHPS-Ni precursor exhibit
a nonporous structure. Catalytic tests for the dry reforming of
methane process reveals that all samples are active towards
syngas formation, but the samples pyrolyzed at 900 °C show the
best performance. Demonstrated by its applicability to the dry
reforming of methane reaction, in situ formation of nickel
nanoparticles in PDCs shows great potential as a preparation
method for heterogeneous catalysts.
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