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ABSTRACT: Ni—polysilazane precursors were synthesized from polysilazane and trans-
[bis(2-aminoetanol-N,0)diacetato-nickel(II)]. The Ni—polysilazane precursors are
superparamagnetic indicating formation of nanosized nickel particles (~2—3 nm)
confirmed by HRTEM as well. The as-obtained Ni—polysilazane precursors were
thermolized at 700 °C and transformed to ceramic nanocomposites, manifesting a
nanoporous structure, revealing a BET surface area of 215 m’g ' a micropore surface
area of 205 m> g~ ', and a micropore volume of 0.113 cm® g~ . Although Si—C—N—
(O) ceramics derived from the native polysilazane are nonporous, the pronounced
development of porosity in the Ni/Si—C—N—(O) system was attributed to (i) the
stabilizing effect of carbosilane bonds, which prohibit the formation of macropores
during thermolysis; (ii) the reduced barrier for heterogeneous pore nucleation as a
result of in situ created nickel nanoparticles; and (iii) the reduced viscous flow of the
pores due to the presence of nickel nanoparticles and turbostratic carbon. The
formation of turbostratic carbon is due to the reactions catalyzed by nickel nanoparticles that result in graphene stacking as
inferred from the STA—MS studies.

KEYWORDS: micropores, polymer-derived ceramics, polysilazane, nanocomposite, superparamagnetic, graphene stacking,
nanosized nickel

B INTRODUCTION

Tunable synthesis of ceramics with desired porosity has
received considerable attention in the last decades mainly due
to their promising functionalities as hydrogen storage materials,
molecular sieves and catalysts.' " Silicon-based ceramics in
general and micro- and mesoporous silica (SiO,) in particular
have recently attracted large attention. A desired porosity in
polymer- and sol—gel-derived SiO, is usually achieved through

composition as well as a proper thermal treatment, i.e., curing
and thermolysis of the preceramic polymers under controlled
atmosphere, is rec!*uired for the engineering of PDCs with
tailored porosity.”***** For example, highly microporous
Si—C—N ceramics were synthesized via mixing polysilazanes
with micrometer-sized SizNy, SiC and AIN fillers and subsequent
thermolysis at 700—900 °C in gaseous ammonia.”” The draw-
back of this approach is the susceptibility of the resulting

the variation in synthesis and thermolysis conditions."* >* An
example is polysilazane-derived SiO, with micropores of about
0.3 nm in diameter.” In another approach, sol—gel-derived SiO,
embedded with metal nanoparticles preserves a microporous
structure and shows reversible hydrogen adsorption and mod-
erate to excellent hydrogen purification capability."> >" The
drawback of microporous SiO, is its degradation under hydro-
thermal conditions, which limits its applications.22 Hence, there
is a continuous need in the development of novel ceramic mate-
rials with desired porosity and stability. Promising candidates are
silicon-based polymer-derived ceramics (PDCs), e.g., polysila-
zane-derived ternary Si—C—N and quarternary Si—C—N—(O)
systems, with excellent thermal and chemical stability.**>” As
the Si—C—N—(O) ceramics, synthesized from native polysila-
zanes, are usually nonporous, a modification of the polymer
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silicon imidonitride structure to hydrolysis."> Furthermore,
micrometer-sized fillers limit the application of the polymer-
derived ceramic products in membrane reactors and hydrogen
separation modules, which require submicrometer coatings.””*’

In the present manuscript, we report a new approach toward
desired porosity in Ni/Si—C—N—(O) nanocomposites derived
from Ni—polysilazane precursors. The chemical modification of
the initial polysilazane structure through desired reactions with
an OH-bearing Ni(II) complex changes the mechanism of polymer-
to-ceramic transformation resulting in the formation of micro-
and mesoporous nanocomposites. In this way, our study provides
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Figure 1. (a) Schematic reaction mechanisms involved in the synthesis of Ni—polysilazane precursors: (I) the reaction between the OH groups of the
ethanolamine coordinated by Ni(II) in the Ni(II) complex with the silicon centers of polysilazane HTT, causing the decrease in the number of
—Si—NH—Si— linkages in the Ni—polysilazane precursors and the concomitant evolution of gaseous NH3 during the synthesis of the Ni—polysilazane
precursors (see Figure 4 in the Supporting Information for the reaction mechanisms leading to NH; evolution); (II) the hydrosilylation reaction
between —Si—H and —Si— CH=CH, groups in the Ni—polysilazane precursors with the formation of carbosilane bonds, —Si—C—C—Si— (see text for
details). (b) Summary of the products after the reaction of polysilazane HTT with the Ni(II) complex; carbosilane bonds, —Si—O—CH,—CH,—NH,
bonds, and in situ nickel nanoparticles formation. (c) Proposed reaction mechanism for the in situ formation of nickel nanoparticles involving electron

transfer from partially negative charged hydrogen in Si—H group to Ni**

in the Ni(II) complex.

Table 1. Amount of the Ni(II) Complex Used for the Synthesis of the Ni—Polysilazane Precursors (S1, $2, and S3) and the
Elemental Composition of Si—C—N—(0) and Ni/Si—C—N—(0O) Nanocomposites Derived Therefore

sample polysilazane HTT S1

Ni(II) complex (wt %) 6.3

Ni (wt %) 0 0.96

Si (wt %) 45.05 4195

C (wt %) 18.83 16.75

N (wt %) 1621 11.77

O (wt %) 13.34 20.18

H (wt %) 35 2.7

empirical formula Si;Cp.97N0.7100.62Hz 17

0.011 Ni/Si;Co,93No.5600.84H 1 80

S2 S3
27.0 40.0
443 8.87
33.00 33.15
19.59 20.10
6.55 3.32
31.19 2843
2.6 2.16

0.064 Ni/SilC1.385N0,4001.65H2,21 0.13 Ni/SilC1.41N0.2001.5Hl,83

a fundamental approach on how to transform polymer-derived
ceramics into hybrid nanoporous materials underlying mechan-
isms involved in the development of the porosity in Ni/
Si—C—N—(O) nanocomposites.

B EXPERIMENTAL METHODS

Materials. Ni/Si—C—N—(O) composites were synthesized by
the reaction of a commercially available polysilazane (HTT 1800, KiON

Specialty Polymers, polysilazane HTT hereafter, see Figure 1a) reacted
with trans-[bis(2-aminoetanol-N,O)diacetato-nickel(II)] (synthesized in
our laboratory, Ni(II) complex hereafter) in anhydrous tetrahydrofuran
(299.98, Sigma Aldrich). All reactions were carried out under inert
atmosphere (99.999% argon).

Polysilazane HTT Specifications. The molecular gel permeation chro-
matography (GPC) of the polysilazane HTT dissolved in tetrahydrofuran
indicated a multimodal molecular mass distribution with a strong signal
below 250 g mol ! and M,, = 208, M,, = 264, and M, = 620 g mol ™!

4113 dx.doi.org/10.1021/cm200589n |Chem. Mater. 2011, 23, 4112-4123



Chemistry of Materials

800

[e2]

o

o
T

- Profile A
—e— Profile B
—&— Profile C

Temperature (° C)
N N
o o
o o

0 8 16 24 32 40 48
Time (h)

Figure 2. Temperature profiles A, B, and C, used for the thermolysis of
the Ni—polysilazane precursors S1, S2, and S3.

Elemental analysis gave a composition (wt %) of 43.5 Si, 22 N, 26 C and
8.4 H that corresponds to the empirical formula Siy;1N¢ 11Co16Ho61
with trialkylsilyl/hydrosilyl as the end groups.®**

Synthesis of Ni(ll) complex. The Ni(Il) complex was synthesized in
our laboratory (Figure 1a) using nickel(Il) acetate tetrahydrate (=99.0%,
Sigma Aldrich), ethanolamine (>99.0%, Sigma Aldrich) and absolute ethanol
(=98, Sigma Aldrich). Nickel(Il) acetate tetrahydrate was dissolved in
absolute ethanol and mixed with ethanolamine in a molar ratio of 1:3. The
resulting bluish clear solution was stirred in air for 24 h and used for the cry-
stallization of single crystals of the blue Ni(II) complex, which was separated
from the solution, washed, and dried in air at 40 °C. The single-crystal XRD
pattern (Xcalibur diffractometer with Mo K, radiation) confirmed the forma-
tion of trans-[bis(2-aminoetanol-N,O) diacetato-nickel (II) ].

Synthesis of Ni—Polysilazane Precursors. Three precursors
with different initial content of the Ni(II) complex, i.e., 6.3 (sample S1,
see Table 1), 27.0 (sample S2,) and 40.0 wt % (sample S3), were
synthesized according to the following procedure. Prior to synthesis, the
Ni(II) complex was dried under vacuum at 18 Pa for at least S h at 40 °C
and directly transferred to the glovebox. After the addition of an appro-
priate amount of polysilazane HTT to the desired amount of the Ni(II)
complex the reaction vessel was immediately removed from the glove-
box and submerged in an ice bath. Then anhydrous tetrahydrofuran
(THF) was added to the reaction vessel under rapid flow of Ar, kept in
the ice bath, and the as-resulted solution was stirred for S to 7 h.
Afterward the temperature was increased to 14—17 °C by placing the
reaction vessel into an 2-propanol bath and the synthesis was continued
under slow Ar flow using standard Schlenk technique until the end of the
ammonia liberation. The color of the reaction mixture changed from
blue to green and at the end of the reaction the color became dark brown
(see Figure 6 in the Supporting Information). Finally, the THF was
removed under vacuum at 40 °C for at least 5 h and the Ni—polysilazane
precursors were collected in the glovebox.

Synthesis of Ni/Si—C—N—(O) Nanocomposites. Thermoly-
sis of the as-synthesized Ni—polysilazane precursors was performed in a
tube furnace under flowing Ar (approximately 75 mL/min) applying
three different temperature (thermolysis) profiles. The profiles are de-
noted as Profile A, Profile B, and Profile C (Figure 2).

Profile A: the precursors were heated to 200 °C with a rate of
100 °Ch ™}, hold for 2 h at 200 °C, from 200 °C with arate of 100°Ch ™"
to 700 °C, hold for 2 h at 700 °C, and finally cooled to room temperature
with a rate of 50 °Ch™".

Profile B: the precursors were heated from room temperature with a
rate of 100 °C h™" to 200 °C, hold for 4 h at 200 °C, further heated to
300 °C with a rate of S0 °C h™ ", hold for 6 h at 300 °C, further heated to
400 °C with a rate of 50 °C h™ ", hold for 6 h at 400 °C, further heated to
700 °C with a rate of 25 °C h ™', and finally cooled to room temperature
with a rate of 50 °Ch™".

Profile C: the precursors were heated from room temperature with a
rate of 100 °C h™ " to 200 °C, hold for 4 h at 200 °C, further heated to
300 °C with arate of 50 °Ch ™!, hold for 10 h at 300 °C, further heated to

Si-CH3
-CH=CH,  siH N-H z
— =
— 0 =
HTT o5 15
S1 e ' 3
A 13.6 %

—— . 216 7/1

s3 \ 400 =&

AN \ N \ \ \ N \ N \
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Figure 3. 'H NMR spectra of the polysilazane HTT and the

Ni—polysilazane precursors S1, S2, and S3. An arrow points out at the
chemical shift, which confirms the formation of —OSiCH; bonds.

400 °C with a rate of 50 °C h™, hold for 10 h at 400 °C, further heated
to 500 °C with a rate of S0 °Ch ™!, hold for 10 h at 500 °C, further heated
to 700 °C with a rate of 100 °C h™", and finally cooled to room tem-
perature with a rate of S0 °C h™".

As the thermolysis Profile C resulted in the formation of Ni/Si—C—
N—(O) nanocomposites with the highest surface area and micropore
volume (see text for details), only Ni/Si—C—N—(O) nanocomposites
obtained from the thermolysis Profile C were subjected to a detailed
structural characterization as described in the section Structure of
Ni/Si—C—N—(O) Nanocomposites.

Characterization. 'H, *C, *°Si, and 2D 'H, *C HSQC (heteronuclear
single quantum coherence) NMR spectra were recorded on a Bruker DRX
500 MHz spectrometer using specimens dissolved in THF—d®. 2D 'H, *C
HSQC spectra were collected with 2048 points in f2 and 256 points in
f1 over a bandwidth of 10 ppm in "H and 180 ppm in "*C with four scans per
f1 value and a recycle time of 2 s (giving a total acquisition time of ca. 1 h).

Raman spectra were recorded on a confocal Horiba HR800 Raman
microscope by using an excitation laser with a wavelength of 514.5 nm.
FT-IR spectra were recorded on a Nicolet Nexus 470 FTIR spectro-
meter with a nitrogen-purged optical bench (Nicolet, Madison, WTI)
equipped with a DTGS detector. X-ray diffractograms were obtained
by a STOE X-ray diffractometer with Ge (111) monochromator and
Mo K, radiation.

Simultaneous thermal analysis coupled with mass spectrometry
(STA—MS) was performed using a Simultaneous Thermoanalyzer
Netzsch STA 449 C Jupiter and a Quadrupole mass spectrometer
QMS 403 C Acolos with a heating rate of 5 °C/min under argon
atmosphere and a gas flow of 250 mL/min. Chemical analysis of carbon,
nitrogen and oxygen was carried out using GMBH C-200 (carbon
analyzer, Leco Instrumente) and TC-436 (nitrogen and oxygen analy-
zer, Leco Instrumente). The nickel, silicon, and hydrogen contents were
determined at the Mikroanalytisches Labor Pascher (Remagen, Bend-
orf-Germany) applying the coupled plasma atomic emission spectros-
copy (Thermo Instruments, iCAP 6500) and elementanalyzer (Pascher).
The results of the elemental analysis are given in Table 1.

Pore volume and surface area analysis of the selected ceramic powders
were carried out according to Brunauer—Emmett—Teller (BET)
method by N, sorption isothermal analysis at —196 °C (77 K, Model
Autosorb-1, Quantachrome Instruments, USA) after powdered samples
were outgassed at 150 °C for 24 h. Microporosity analysis of ceramic
powders was evaluated by adsorbed layer thickness method (t-method).

High resolution transmission electron microscopy (HRTEM) was
performed at a FEI CM20STEM instrument operated at 200 kV (FEI,
Eindhoven, The Netherlands). Sample preparation involved dispersing
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Figure 4. 2D 'H, "*C HSQC spectra of the Ni—polysilazane precursor $3, revealing the formation of —Si—C—C—Si— and —O—SiCHj; bonds.
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Figure S. Micro-Raman spectra of the polysilazane HTT and the
Ni—polysilazane precursors S1, S2, and S3 with the Ni(II) complex
content of 6.3, 27, and 40 wt % used in the synthesis, respectively,
manifesting the decrease in Si—H, —CH=CH,, and —NH— bonds in
the Ni—polysilazane precursors.

the powder in ethanol and deposing the dispersion on a carbon coated
Cu-grid (Plano, Germany), followed by light carbon coating to minimize
charging under the incident electron beam.

Magnetic properties were studied using a magnetic property mea-
surement system (MPMS, Quantum Design) utilizing a superconduct-
ing quantum interference device (SQUID). Magnetic behavior was
studied for a temperature range of —260 to 25 °C with a constant
applied field, furthermore the magnetization as a function of applied field
(from —15000 to 15000 Oe) was recorded at 25 °C.

The molecular weight distribution of the polysilazane HTT was
determined by gel permeation chromatography (GPC) on a Waters system.
The eluting solvent was HPLC grade THF at a flow rate of 1.2 mL/min.
The retention times were calibrated against known monodisperse
polystyrene standards, 18700, 5120, 2200, 1200, and 870, with M,,/
M, values <1.09.

B RESULTS AND DISCUSSION

Structure of Ni—Polysilazane Precursors and the Reaction
Mechanism Involved in Their Synthesis. The comprehensive
'H (Figure 3), BC (Figure 1 in the Supporting Information), 296
(Figure 2 in the Supporting Information) and 2D 'H, *C HSQC
(Figure 4) NMR, Raman (Figure S), FTIR (Figure 6), XRD
(Figure 7), SQUID (Figure 8), and HRTEM (Figure 9)
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Figure 6. FTIR spectra of the polysilazane HTT, and the
Ni—polysilazane precursors S1, S2 and S3 with the Ni(II) complex
content of 6.3, 27, and 40 wt % used in the synthesis, respectively.

characterization of as-synthesized Ni—polysilazane compounds
implies that the polysilazane HTT structure is massively influ-
enced through reaction with the Ni(II) complex. Basically, three
main effects are implied: (A) the reaction between the OH
groups of the ethanolamine coordinated by Ni(II) in Ni(II)
complex with the silicon centers of the polysilazane HTT
resulting in the decrease of number of —Si—NH—Si— linkages
in the Ni—polysilazane precursors and in the evolution of
gaseous H, and/or NH; (Figure 1a, scheme I, and Figure 4 in
the Supporting Information) (B) the hydrosilylation reaction
between —Si—H and vinyl (—Si—CH=CH,) groups in the
Ni—polysilazane precursors resulting in the formation of
carbosilane bonds, —Si—C—C—Si— (Figure la, scheme II),
and (C) reduction of Ni** and in situ formation of nickel
nanoparticles distributed in the polymeric matrix (Figure 1c).
The summary of the main reaction products is mentioned in
Figure 1b.

As analyzed from the 'H NMR spectra (Figure 3), the
intensity of the —Si—H and —Si—CH=CH, groups with the
chemical shift at ~4.5 and ~6 ppm, respectively, is considerably
reduced in the Ni—polysilazane precursors if compared to those
in the polysilazane HTT. Furthermore, the 2D 'H, "*C NMR
spectra show that the decrease in intensity (in S1 and S2) and the
disappearance (in S3) of the —Si—H and —Si— CH=CH, groups
are accompanied by the formation of —Si—C—C—Si— units
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(Figure 4). The observed chemical shifts at 1.12—0.78, 9.91—
4.01, and —21.90 ppm for "H NMR, "*C NMR, and *’Si NMR,
respectively, are in a good agreement with those reported
previously for carbosilane dendrimers.>® It is important to note
that in pure polysilazanes, the hydrosilylation occurs at T >
120 °C,**** whereas in the Ni—polysilazane precursors, the
carbosilane bonds already form at room temperature. This find-
ing clearly indicates the catalytic activation of the hydrosilylation
reaction by the Ni(Il) complex similar to previous reports on

S3, Ni-polysilazane
=]
e $3, Ni/Si-C-N-(O)
Z 2. NI/SLC-N-(O)
[
2 S1, Ni/Si-C-N-(O)
£
(111)
| (ZIOO) (220)  (311)
i i
15 20 25 30 35 40 45
26, (°)

Figure 7. XRD patterns of the Ni—polysilazane precursor S3 before
thermolysis and Ni/Si—C—N—(O) nanocomposites after the thermo-
lysis of the Ni—polysilazane precursors S1, S2, and S3 with the Ni(II)
complex content of 6.3, 27, and 40 wt % used in the synthesis,
respectively. At the bottom the diffraction pattern of nickel (ICDD
PDF 65—2865, space group Fm3m (No. 225), a = 3.5240 A) is shown.
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Figure 8. (a) Magnetization of the Ni—polysilazane precursor S3 as a
function of temperature. (b) Field dependence of the magnetization
recorded at 25 °C indicating typical superparamagnetic character
confirming the formation of nickel nanoparticles in the Ni—polysilazane
precursor S3. Inset, close-up of field dependence of the magnetization in
400—1200 Oe range emphasizing lack of area under the curve.

other nickel containing catalysts.”> >” A competitive vinyl addi-
tion reaction via vinyl groups®® ** is less probable because in
pure polysilazanes it requires much higher temperature of about
400 °C compared to 120 °C needed for hydrosilylation.**

The reaction between the OH groups of the ethanolamine
coordinated by Ni(II) in Ni(II) complex with the silicon centers
of the polysilazane HTT (Figure 1a, scheme I, and Figure 4 in the
Supporting Information) is confirmed by (a) the 2D 'H, *C
NMR spectra (Figure 4) and by (b) an additional experiment
involving polysilazane HTT and ethanolamine (Figure 3 in the
Supporting Information). An appearance of the —OSiCH;
chemical shift at 0.70—0.40 ppm is found in the "H NMR spectra
of the Ni—polysilazane precursors, i.e., at slightly higher values
than that of the —SiCHj in the polysilazane HTT (0.417 to
—0.0S ppm). The shift downfield of about 0.5 —0.4 ppm,
indicated with an arrow in Figure 3, is due to the electron
withdrawing by the substituted OH groups in ethanolamine
(—O—SiCHj3). The N—H chemical shift in the polysilazane
HTT (bs, 1.66—0.824 ppm in the "H NMR spectra, Figure 3) is
gradually replaced by a chemical shift at 1.12—0.78 ppm and resi-
dual N—H chemical shift at 1.4—1.2 ppm in the Ni—polysilazane
precursors.

The Raman (Figure S) and FTIR (Figure 6) spectra confirm
the proposed reaction mechanisms (Figure 1 here and Figure 4
in the Supporting Information). Thus, the decrease in num-
ber of —Si—NH—Si— linkages in Ni—polysilazane precursors
is analyzed also via the decrement in the intensity of the
—Si—NH-—Si— bands (Figure S). The polysilazane HTT shows
Raman bands at 3383 cm ' (—=NH-), 3052 cm ' (—~CH=
CH,), 2965 and 2902 cm™ ' (—CHj), 2140 cm ™' (Si—H), and
1593 cm ™' (—CH=CH,). In the Ni—polysilazane precursors,
the Raman band intensities related to —NH—, Si—H and vinyl
groups are drastically reduced, which is in agreement with the

H NMR results (Figure 3). In the polysilazane HTT the
following IR bands are found: the bands related to vinylsilyl
groups (CH,=CHSi—) are found as C—H vibrations at 3046
and 3006 cm ™', and C=C stretching at 1592 cm ! (Figure 6).
A strong Si—H absorption band appears at 2129 cm™ . The
bands ascribed to —Si—NH—Si— groups include N—H stretch-
ing at 3379 cm ™' and Si—N vibrations at 1173 cm ™. Si—CHj

groups were detected by their characteristic band at 1255 cm ™",

together with methyl C—H vibrations at 2957 and 2896 cm™ .
In the Ni—polysilazane compounds, the intensities of the
C—H vibration at 3046 cm ™' and 3006 cm " related to the vinyl

group, as that of Si—H and —NH— (in —Si—NH—Si—) groups

room temperature, in situ formed
nickel nanoparticles

Figure 9. TEM (left) and HRTEM (right) images of the Ni—polysilazane precursor S3 showing the in situ formed nickel nanoparticles in the

polysilazane matrix modified via reaction with the Ni(II) complex.
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Figure 10. Results of simultaneous thermal gravimetry (dashed lines) — mass spectromety analysis of the polysilazane HTT and the Ni—polysilazane
precursors S1, S2 and S3. Part 1: evolution of species with m/z = 2 (black), 16 (red), 17 (blue), 28 (pink), and 44 (green).

are reduced confirming our "H NMR and Raman results. At the
same time the intensity of new IR bands related to C=O
vibration, 1590—1570 cm ', of the acetate anion and N—H
bending from ethanolamine, 1710 cm grow with increasing
content of Ni(II) complex.

Simultaneously with the structural modification of the poly-
silazane HT'T, the Ni** in the Ni(II) complex is being reduced at
room temperature forming nanosized nickel particles dispersed
in the polymeric matrix as confirmed by XRD (Figure 7, top) as
well as by SQUID measurement (Figure 8). High-resolution
transmission electron microscopy (HRTEM) studies unambigu-
ously exhibit the distribution of the nickel nanoparticles in the
modified polysilazane matrix (Figure 9). The XRD pattern of the
Ni—polysilazane precursor S3 manifests vague reflections of
metallic nickel (ICDD-PDF-65—2865, space group Fm3m (No.
225), a = 3.5240 A). The SQUID characterization of the same
specimen indicates a superparamagnetic behavior (details are
given in the following paragraph), which is due to the in situ
formed nickel nanoparticles homogeneously distributed in the
nonmagnetic amorphous polysilazane matrix. The nickel nano-
particles are most probably formed either (i) due to the in situ
reduction of Ni** in the Ni(Il) complex by hydrogen released from
the nucleophilic substitution of —OH groups of the ethanolamine in
the Ni(II) complex at the Si—H sites of the polysilazane HTT
(see Figure 4 and § in the Supporting Information)*" or (i) due
to the reaction between the Ni(II) complex and the Si—H bonds
of the polysilazane HTT as suggested in Figure 1c.*>*

The SQUID measurement shown in Figure 8a reveals a typical
characteristic for paramagnetic samples. Ferromagnetic magne-
tization curve can not be detected in the full temperature range.
This finding is a clear indication that the nickel is present only
below a critical size, which leads to the so-called superparamag-
netic state, common to ferromagnetic materials, when present as
nanoparticles. Field dependence of the magnetization further
confirms the latter results (Figure 8b) showing no hysteresis
loop, a close up can be seen in the inset, which is a definite proof

4117

of superparamagnetism indicating the formation of very small
nickel nanoparticles. Nickel nanoparticles with sizes above ~10 nm
would show a strong ferromagnetic signal,44 which is well
detectable in the highly sensitive SQUID measurement setup,
since the SQUID signal is an average over the entire sample and a
nonlocal method. Thus, it can be concluded that all the nickel
nanoparticles are below the critical size. HRTEM images further
confirm the latter conclusion (Figure 9).

Simultaneous Thermal Analysis-Mass Spectrometry (STA-
MS) Characterization during the Transformation of Ni—
Polysilazane Precursors into Ni/Si—C—N—(O) Nanocompo-
sites. The thermolysis of the polysilazane HTT (Figure 10) is
accompanied by the evolution of gaseous H, (m/z = 2), CH,
(m/z=16) and NH; (m/z = 17) as well as by the distillation of
oligomer fragments (m/z = 41—44). The H, evolution (maxi-
mum at ~250 °C) is due to the dehydrocoupling reactions of
Si—H/Si—H and Si—H/N—H groups—with simultaneous dis-
tillation of oligomer fragments that condense in the capillary be-
fore reaching the MS detector’>—which are responsible for
the weight loss of ~12.4% at T < 300 °C. The NHj; evolution
(maximum at ~350 °C) corresponds to transamination reac-
tions causing a weight loss of ~9.6% at 300—530 °C.>*** The
CH, evolution (maximum at ~600 °C) originates from either
the decomposition of Si-CHj; groups or the cleavage of C—C
bonds providing a weight loss of ~12% at 530—750 °C.>* The
distillation of oligomer fragments (m/z = 41—44, maximum
at ~150—250 °C) is confirmed by the detection of Si—H bonds
at 2140 cm ™' analyzed via in situ FTIR measurements and was
reported for other polysilazanes as well.*

The thermolysis of the Ni—polysilazane precursors S1, S2, and
S3 (Figures 10 and 11) differs significantly from that of the
polysilazane HT'T both concerning the nature as well as kinetics
of the evolved gaseous species (for more details, see the Support-
ing Information) and is in agreement with the suggested struc-
tural modifications of the Ni—polysilazane precursors. The first
remarkable difference is the substantial increase in H, evolution
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Figure 11. Results of simultaneous thermal gravimetry (dashed lines) —mass spectrometry analysis of the Ni—polysilazane precursors S1, S2, and S3.
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Figure 12. Scheme of the catalytic formation of graphene from transient nickel cyclobutadiene complex; the subsequent stacking of the graphene layers

results in the formation of turbostratic carbon.

at T > 400 °C, which increases with higher nickel content. This
finding is explained by the activation of dehydrogenation reac-
tions by nickel nanoparticles.* The second difference is the shift
in the NH; evolution to lower temperatures (~260 °C) if com-
pared to that of the native polysilazane HTT (~350 °C); the
reduced temperature of NHj3 evolution is due to the decomposi-
tion of —Si—O—(CH,),—NH, groups formed in the Ni—
polysilazane precursors (see Figure 1 here and Figure 4 in the Sup-
porting Information). The third and the most interesting difference
is the evolution of species with m/z = 50—58 at 250—550 °C;
the highest intensity was observed for m/z = 52 with a maximum
at 543,355, and 253 °C for S1, S2, and S3 precursors, respectively
(Figure 11).

As these species were not found during the thermolysis of pure
polysilazane HTT and the m/z values between 50 and 58 are
related to the evolution of hydrocarbons C,H,, (x = 2—10), it is
logically to conclude about the formation of hydrocarbons
catalyzed by the in situ formed nickel nanoparticles which has
to be considered here.2?*7* Indeed, the species with m/z = 52
is ascribed to C,H," emanating from ionization of cyclobuta-
diene,* " which is an unstable compound,‘%’55 and its detec-
tion in the gas-phase by mass-spectrometry from ijonized
acetylene clusters, (C,H,)", (including C;H,") was reported.®
This finding explains the formation of turbostratic carbon in
Ni/Si—C—N—(O) nanocomposites (see next section). Nickel

nanoparticles formed in the Ni—polysilazane precursors S1, S2, and
S3 could facilitate the formation of the nickel—cgrclobutadiene
complexes such as bis(cyclobutadiene)nickel.*” %’ Additionally,
nickel catalyzes the formation of species such as pyrene.”'
Transient nickel—cyclobutadiene complexes could undergo
further dimerization® and polymerization to form graphene
layers that, after stacking, finally results in the formation of
turbostratic carbon (Figure 12).

Structure of Ni/Si—C—N—(O) Nanocomposites. The ther-
molysis of Ni—polysilazane precursors in argon is completed at
800 °C as confirmed by the thermal analysis (see previous section
and Figure 7 in the Supporting Information). The Ni—polysilazane
precursors manifest higher ceramic yields at ~800 °C as compared
to that of the polysilazane HTT because of the formation of
carbosilane bonds, which are not affected by the main chain
depolymerization through transamination and exchange of Si—N
bonds during the thermolysis of polysilazanes.>**

The XRD patterns of the thermolized Ni—polysilazanes, i.e.,
Ni/Si—C—N—(O) nanocomposites, reveal the presence of an
amorphous Si—C—N—(O) matrix containing embedded nano-
crystalline nickel particles (ICDD-PDF-65-2865, space group
Fm3m (No. 225), a = 3.5240 A) (Figure 7). HRTEM analyses
of the two samples (i) the polysilazane HTT and (ii) the Ni—
polysilazane S3 after thermolysis confirm that the reference
material (ie., ceramic derived from the polysilazane HTT) is
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Figure 13. HRTEM images of the thermolysis product of the (a) polysilazane HTT (reference sample) and that of the (b—d) Ni—polysilazane
precursor S3 with the Ni(II) complex content of 40 wt % upon thermolysis at 700 °C. The thermolysis product of the polysilazane HTT is fully
amorphous, as indicated by the inset (diffraction patterns obtained by Fourier filtered transform (FFT)). In contrast to a, the Ni/Si—C—N—(O)
nanocomposite revealed a dark, spherical contrast resulting from the precipitation of crystalline nickel nanoparticles, 2—3 nm in diameter. Note that in
the Ni/Si—C—N—(O) nanocomposite the turbostratic carbon was observed throughout the entire sample, suggesting a strong catalytic reaction of the
nickel nanoparticles. No lattice fringes or lattice points are seen in the nickel nanoparticles in b and ¢; however, when using a rather high defocus setting of
the objective lens (first pass band), the crystallinity of even very small nanoparticles could be verified in d.

Figure 14. Low-magnification TEM images of the Ni/Si—C—N—(O)
nanocomposites obtained from the Ni—polysilazane precursors S2 and
S3 showing homogeneous distribution of the nickel nanoparticles with
2—3 nm in diameter.

completely amorphous with no residual (nano)porosity visible
within the bulk (Figure 13a). The thermolysis product of the
Ni—polysilazane precursor S3 is predominantly amorphous;
however, a dark, spherical contrast is clearly visible, which verifies
the precipitation of small, 2—3 nm in diameter sized nickel
nanoparticles (Figure 13b). It should be noted that in Figure 13b,
no lattice fringes or lattice points are seen; however, when using a
rather high defocus setting of the objective lens (1st pass band),
the crystallinity of even the very small nickel nanoparticles could
be verified (Figure 13d). Low-magnification TEM images indi-
cates similar size and homogeneous distribution of nickel nano-
particles in the Ni/Si—C—N—(O) nanocomposites obtained
from the Ni—polysilazane precursors S2 and S3 (Figure 14).
No changes in the size as well as in the distribution of the nickel
nanopartilces were observed.

s3
S
© s2
2
2 s1
Qo
£
2500 2000 1500 1 1000 500
Raman shift (cm )

Figure 1S5. Raman spectra of the thermolysis products (i, Ni/
Si—C—N—(O) nanocomposites) of the Ni—polysilazane precursors
S1, S2, and S3 with the Ni(II) complex content of 6.3, 27, and 40 wt %
used in the synthesis, respectively.

The most intriguing feature of the Ni/Si—C—N—(O) nano-
composites is the presence of free carbon, as shown in Figure 13c.
Typically, upon thermolysis at temperatures ranging be-
tween 800 and 900 °C, the excess of free carbon phase is not
yet found in polysilazane based ceramics and higher thermolysis
temperatures are required to initiate the formation and the
precipitation of turbostratic carbon.”>"® In the presence of
nickel nanoparticles, the formation of free carbon was confirmed
at a temperature as low as 700 °C. The mechanism of the preci-
pitation of turbostratic carbon is described in the previous sec-
tion (Figure 12). Note that the carbon phase shown in
Figure 13c, indicated by arrows, was found throughout the entire
volume of the sample.

The precipitation of turbostratic carbon is also confirmed
by the appearance of the D and G bands at approximately
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ammte

1350 cm ™' and 1582 cm ™', respectively, in the Raman spectra
(Figure 15) which are due to in-plane bond stretching of sp”
carbon.”® The C/H and O/N ratios in the as synthesized Ni/
Si—C—N—(O) nanocomposites increases simbatly with the
nickel content (Figure 17a). The increase in the C/H ratio is
explained by the dehydrogenation active nickel nanoparticles
which increase the ratio of sp” to sp> carbon as confirmed by the
Raman spectra (Figure 15) and by the observation of turbos-
tratic carbon in HRTEM (Figure 13). The increase in the O/N
ratio is due to the nucleophilic substitution of —OH from the
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Figure 16. Nitrogen physisorption isotherms (red triangle, adsorption;
blue circle, desorption) of the thermolysis products (i.e, Ni/Si—C—
N—(O) nanocomposites) of the Ni—polysilazane precursors S1, S2, and
S3 with the Ni(II) complex content of 6.3, 27, and 40 wt % used in the
synthesis, respectively, manifesting the Type I isotherm, while the
thermolysis product (ie., Si—C—N—(O)) of the polysilazane HTT is
nonporous.

ethanolamine in the Ni(II) complex at the Si centers of poly-
silazane HTT, replacing Si—NH—Si linkages by —O—SiCHj
groups.

Porosity Characteristics of Ni/Si—C—N—(0O) Nanocompo-
sites. Nitrogen physisorption isotherms manifest that the
Si—C—N—(O) ceramics derived from the polysilazane HTT
are nonporous, while the Ni/Si—C—N—(O) nanocomposites
derived from the Ni—polysilazane precursors reveal type I iso-
therms which are typical for microporous materials (Figure 16)
and possess specific surface area, micropore surface area, and
micropore volume, e.g, 215, 205 m* g_l, and 0.113 cm’® g_l,
respectively, for the S3-derived Ni/Si—C—N—(O) nanocom-
posite. The specific surface area and the micropore volume of the
Ni/Si—C—N—(O) nanocomposites increase with the nickel
content (Figure 17b) as well as with the C/H and O/N ratios
(Figure 17c, d). These features could be understood within the
framework of the Gibbs nucleation theory,”” addressing the nuc-
leation and growth of the pores.

Generally, in polymer-derived ceramics, the nucleation of the
pores is due to the volatization of decomposition products
formed during the polymer-to-ceramic transformation. Further
formation of volatile species at the nucleated pores walls leads to
the pore growth. These processes induce a transient porosity in
PDCs during the thermolysis; the latter is not stable, disagpear-
ing very fast as the thermolysis temperature increases.””** 7! Fo
example, in the polysilazane-derived Si—C—N—(O) ceramics
the pores starts to collapse at T > 600 °C,” i.e., Si—C—N—(O)
ceramics pyrolyzed at 600 °C show type I isotherms with the
specific surface area of about 350 m> g~ ', whereas those
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Figure 17. (a) C/H (carbon to hydrogen molar ratios) (blue square) and O/N (oxygen to nitrogen molar ratios) (red circle) in the Ni/Si—C—N—(O)
nanocomposites as a function of nickel content, (b—d) specific surface area (black square), micropore surface area (red circle), and micropore volume
(blue triangle) of the polysilazane HTT, and S1-, S2- and S3-derived ceramics, i.e, Si—C—N—(O) and Ni/Si—C—N—(O) nanocomposites,
respectively, as a function of (b) nickel content, (c) C/H, and (d) O/N molar ratios.
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Figure 18. (a, c)Surface area and (b, d) micropore volume of the Ni/Si—C—N—(O) ceramics resulted from the Ni—polysilazane precursors S1, S2,
and S3 with the Ni(II) complex content of 6.3, 27, and 40 wt % used in the synthesis, respectively, as a function of the measured nickel content (a, b) and
the calculated specific surface area of nickel nanoparticles in the Ni/Si—C—N—(O) ceramics (c, d), thermolyzed according to the profile A, B, and C.

pyrolyzed at 700 °C have negligible porosity and specific
surface area.

The thermolysis profile C with the slow heating rate and the
longest intermediate holding times (Figure 2) results in the
formation of Ni/Si—C—N—(O) nanocomposites with the high-
est specific surface area and micropore volume (Figure 18; see
also the Supporting Information, section Influence of the Ther-
molysis Profiles on the Porosity Development). Similar depen-
dence of the specific surface area and the micropore volume on
the thermolysis conditions have already been reported for micro-
porous Si—C—N—(O) with SiC and AIN fillers.”” The differ-
ence in the porosity characteristics can be attributed to the
kinetics of reactions occurring during thermolysis, which is
influenced by the heating rates and holding times.”>*® Slow
heating rates and long intermediate holding times (especially at
early stages of the thermolysis) provide sufficient time for
completing the cross-linking reactions, that stops the distillation
of the polymer fragments during the later stages of the thermo-
lysis which in turn reduces the abnormal pore growth. The speci-
fic surface area or the micropore volume of Ni/Si—C—N—(O)
nanocomposites strongly depends on the nickel content of the
Ni—polysilazane precursors (Figure 18) indicating the influence
of the in situ formed nickel nanoparticles in the Ni—polysilazane
precursors on the porosity development in Ni/Si—C—N—(O)
nanocomposites most probably through the mechanism of
heterogeneous nucleation of pores (refer to the section Influence
of Nickel Content on the Porosity Development in the Support-
ing Information for additional discussions).”> However, as the

nickel nanoparticle content increases from sample S1 to S3, less
difference was found in the specific surface area or the micropore
volume of Ni/Si—C—N—(O) nanocomposites resulting from
different thermolysis profiles (Figure 18). The similarity in the
specific surface area and micropore volume of the Ni/Si—C—
N—(O) nanocomposites with high in situ formed nickel nano-
particles content (Ni—polysilazane precursors S2 and S3) is dis-
cussed to be due to the similar size and distribution of nickel
nanoparticles (Figure 14).

As the formation mechanism, structure, composition and the
porosity characteristics of the Ni/Si—C—N—(O) nanocompo-
sites differ significantly from those of the Si—C—N—(O) cera-
mics, this implies a common mechanism involved in the formation
of nickel nanoparticles, precipitation of turbostratic carbon and the
development of porosity. These common features are as follows:

(i) The nickel nanoparticles in the Ni—polysilazane precur-

sors reduce the critical barrier for the formation of gaseous
species during the polymer-to-ceramic transformation and
facilitate the heterogeneous nucleation of pores due to the
release of gas molecules such as H, and CH,.”* As the rigid
carbosilane bonds formed in the Ni—polysilazane precur-
sors are not affected at the temperatures of transamination
and exchange reactions (200—500 °C),*** the distillation
of large polymer fragments does not occur. In this way the
formation of macropores and the abnormal pore growth is
significantly constrained. Furthermore, higher cross-link-
ing due to the formation of carbosilane units enhances the
evolved pore stability during the polymer (Ni—polysilazane
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precursors) to ceramic nanocomposite (Ni/Si—C—N—(0O))
transformation.”

(i) The dehydrogenation-active nickel nanoparticles de-
crease the starting temperature of the formation of turbo-
stratic carbon by some hundred degrees. The previous
studies showed that the turbostratic carbon reinforces the
mechanical stability of the surrounding matrices.”* This
effect could be easily understood if we consider the struc-
ture of turbostratic carbon as being constructed of hexag-
onal basal planes of perfect graphene sheets which are
randomly rotated along the ¢ axis (instead of regular ...
ABAB... stacking),” graphene itself possesses the highest
intrinsic strength.”® Accordingly, the turbostratic carbon
with higher mechanical stability than that of the neighbor-
ing nanoporous matrix behaves as in situ formed nano-
filler, and subsequently reinforces the nanoporous struc-
ture and reduces the nanopores collapse as a result of
viscous flow,***7" stabilizing the micro/mesoporosity
developed in the entire matrix of the Ni/Si—C—N—(O)
nanocomposites.

B CONCLUSIONS

In summary, a novel strategy to synthesize nanoporous cera-
mics is proposed. The addition of a Ni(II) complex to a poly-
silazane effectively turn a nonporous polymer derived ceramic to
a nanoporous material. Nickel nanoparticles formed in situ
during the synthesis of Ni—polysilazane precursors play a major
role in modifying the mechanism of polymer-to-ceramic trans-
formation. They facilitate the precipitation of turbostratic carbon
and the heterogeneous nucleation of pores. Furthermore, re-
placement of unstable silazane linkages by stable carbosilane
bonds which are not affected by the main polymer chain de-
polymerization during thermolysis, prohibits the distillation of
small polymer fragments limiting pore growth and formation of
macrovoids.

B ASSOCIATED CONTENT

© Supporting Information. Results of the 'H, *C, *’Si
NMR, and STA—MS characterizations for the Ni—polysilazane
precursors, FTIR of the Ni/Si—C—N—(O) nanocomposites.
Further details of the reaction mechanisms involved in the
synthesis of the Ni—polysilazane precursors. This material is
available free of charge via the Internet at http://pubs.acs.org/.
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