IEESAPPLIED MATERIALS

Research Article

INTERFACES

www.acsami.org

High-Temperature Stability and Saturation Magnetization of
Superparamagnetic Nickel Nanoparticles in Microporous
Polysilazane-Derived Ceramics and their Gas Permeation Properties

Mahdi Seifollahi Bazarjaniﬁk’ti Mathis M. Miiller,” Hans-Joachim Kleebe,” Yvonne ]i.ittke,§ Ingolf Voig’c,§
Mehrdad Baghaie Yazdi,T Lambert Alﬂf,T Ralf Riedel,Jr and Aleksander Gurlo™

"Fachbereich Material-und Geowissenschaften, Technische Universitit Darmstadt, Jovanka Bontschits Strasse 2, D-64287 Darmstadlt,

Germany

SFraunhofer Institute for Ceramic Technologies and Systems, Michael-Faraday Strasse 1, D-07629 Hermsdorf, Germany

© Supporting Information

ABSTRACT: Superparamagnetic Ni nanoparticles with diam-
eters of about 3 nm are formed in situ at room temperature in
a polysilazane matrix, forming Ni/polysilazane nanocomposite,
in the reaction between a polysilazane and trans-bis(aceto-
kO)bis(2-aminoethanol-k*N,O )nickel(IT). The thermolysis of
the Ni/polysilazane nanocomposite at 700 °C in an argon
atmosphere results in a microporous superparamagnetic Ni/
silicon oxycarbonitride (Ni/SiCNO) ceramic nanocomposite.
The growth of Ni nanoparticles in Ni/SiICNO ceramic
nanocomposite is totally suppressed even after thermolysis at
700 °C, as confirmed by HRTEM and SQUID character-
izations. The analysis of saturation magnetization of Ni
nanoparticles in Ni/polysilazane and Ni/SiCNO nanocompo-
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sites indicates that the saturation magnetization of Ni nanoparticles is higher than expected values and infers that the surfaces of
Ni nanoparticles are not oxidized. The microporous superparamagnetic Ni/SiCNO nanocomposite is shaped as a free-standing
monolith and foam. In addition, Ni/SiCNO membranes are fabricated by the dip-coating of a tubular alumina substrate in a
dispersion of Ni/polysilazane in THF followed by a thermolysis at 700 °C under an argon atmosphere. The gas separation
performance of Ni/SiCNO membranes at 25 and 300 °C is assessed by the single gas permeance (pressure rise technique) using
He, H,, CO,, N,, CH,, n-propene, n-propane, n-butene, n-butane, and SF4 as probe molecules. After hydrothermal treatment,
the higher increase in the hydrogen permeance compared to the permeance of other gases as a function of temperature indicates
that the hydrogen affinity of Ni nanoparticles influences the transport of hydrogen in the Ni/SiCNO membrane and Ni
nanoparticles stabilize the structure against hydrothermal corrosion.
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B INTRODUCTION

Microporous silica (SiO,) is widely studied as membranes for
hydrogen separation and purification, which are typically
synthesized by sol—gel method"” and chemical vapor
deposition (CVD).>~ However, the application of SiO,
membranes is limited because of the degradation of micro-
porous structure under hydrothermal conditions.” Si-containing
ceramics derived from preceramic polymers (so-called polymer-
derived ceramics, PDCs) have gained particular attention in
recent years. They have been applied as novel materials for
environmental and energy applications," "* including gas
separation.'>'*"> However, PDCs are also characterized by
limited hydrothermal stability which hinders their application
for gas separation.

Here, we apply a novel synthetic approach to in situ form Ni
nanoparticles in a polysilazane which after thermolysis leads to
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the formation of suitable Ni/silicon oxycarbonitride (SiCNO)
nanocomposites for gas separation.

Our interest for the application of Ni nanoparticles in
SiCNO ceramics originates from the fact that metal (e.g,
Ni)'"® and metal oxide (e.g, Co0;0,)* nanoparticles have
been used to enhance the stability of silica membranes under
hydrothermal conditions.>'®'7'7>! Here, we explore the
possibility to extend the application of well-dispersed Ni
nanoparticles in a SiCNO ceramic for the preparation of
membranes which are stable under hydrothermal conditions.

The dispersion of metallic nanoparticles in PDCs is usually
achieved by mixing preceramic polymers with proper additives
followed by thermolysis under a controlled atmosphere. For
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example, M/SiCNO (M = Nji, Fe) ceramics are synthesized at
~700—1000 °C under an inert atmosphere from polysilazanes
mixed with Fe/Fe;0, and Ni powders.”” The drawback of this
approach is the nonuniform dispersion and agglomeration of
nanoparticles. The uniform dispersion of nanoparticles in the
PDC nanocomposites is achieved by the thermal decom-
position of (i) metallopolymers, and (ii) polymers reacted with
organometallic compounds.

Among different methods used for the synthesis of Ni
nanoparticles, solution phase synthesis has been most widely
applied; because of simplicity, flexibility and better control over
size as well as the distribution of Ni nanoparticles.**
However, a major problem in the solution phase synthesis is
the agglomeration and growth of nanoparticles, which is
avoided by using surfactants and block copolymers.***” In
addition, the thermal treatment of nanoparticles at high
temperatures destroys the organic shells leading to the growth
of nanoparticles and their agglomeration.*®

Here, we apply Superconducting QUantum Interference
Device (SQUID) to characterize the size of superparamagnetic
Ni nanoparticles encapsulated in a polysilazane and micro-
porous SiCNO ceramic nanocomposite, Ni/polysilazane, and
Ni/SiCNO, respectively. This analysis shows that the growth
and agglomeration of very small Ni nanoparticles (2—3 nm) are
totally suppressed even at temperatures as high as 700 °C
under an argon (Ar) atmosphere. Further analysis of the
saturation magnetization (Ms) of Ni nanoparticles based on a
core—shell model indicates that the developed synthetic
strategy for the preparation of Ni/polysilazane and Ni/
SiCNO nanocomposite preserves the surfaces of Ni nano-
particles against oxidation. This is important, as the Ni
nanoparticles that are well-preserved in the ceramic matrix
have H, affinity and increase the H, permeance of as-prepared
Ni/SiCNO membrane specifically after hydrothermal treat-
ment.

B EXPERIMENTAL METHODS

Synthesis of Ni/Polysilazane and Ni/SICNO Nanocompo-
sites. We have recently reported the in situ formation of Ni
nanoparticles at room temperature, during the course of reaction
between the poly(vinylmethyl)-co-poly(methylhydro)silazane (poly-
silazane hereafter, Figure la, e) and trans-bis(acetato-kO)bis(2-
arr;grla)ooethanol—kzN,O)nickel(H) (Ni(II)-complex hereafter, Figure 1b,
£).

This reaction results in a stable dispersion of Ni nanoparticles in
THF (Figure lg). After removing THF under vacuum, a super-
paramagentic material, containing well-dispersed Ni nanoparticles is
obtained. The in situ formation and stabilization of the Ni
nanoparticles are achieved by (i) the reducing silane groups, and (i)
in situ formed amphiphilic molecules, respectively.

The reaction between the polysilazane and Ni(ii)-complex causes
the release of some of silazane bonds in the form of ammonia.”* The
Ni/polysilazane sample used here is the result of the reaction between
40 wt % Ni(Il)-complex and the polysilazane. The elemental
composition of the thermolysis product of this Ni/polysilazane sample
at 700 °C (the details of thermolysis profile are mentioned in the next
section) indicates, Si, C, N, O, and H content of 33.15, 20.10, 3.32,
2843, and 2.16 wt %, respectivelgy, corresponding to empirical formula
of 0.13Ni/Si,C, 4;No,0; sH, g3

Ceramic Monolith, Foam, and Membrane Preparation. The
Ni/polysilazane was subjected to the variety of different shaping
techniques and thermolyzed based on the following thermolysis profile
to fabricate Ni/SiCNO ceramic monolith, foam, and membrane.

Thermolysis Profile Applied for the Synthesis of Ni/SICNO
Monolith, Foam, and Membrane. The specimens were thermolyzed
under Ar flow (75 cm® min™") by the following thermolysis profile:
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Figure 1. (a, e) Polysilazane reacted with (b, f) 40 wt % Ni(II)-
complex to form (c, g h) superparamagnetic Ni/polysilazane
nanocomposite. (d) Nucleophilic substitution of ethanolamine and
acetate groups at the Si centers in the polysilazane replaces silazane
linkages (-Si-NH-Si-) with aminoethoxysilyl (NH,CH,CH,0Si-) and
acetoxysilyl (CH;COOSi-) groups forming amphiphilic polysilazane
molecules. (g) Ni nanoparticles are encapsulated by amphiphilic
polysilazane molecules and are sterically stabilized in solution. (g)
Dispersion of Ni/polysilazane in THF results in (h) a super-
paramagnetic elastomer, which after thermolysis at 700 °C transforms
into (i) a superparamagnetic Ni/SiCNO nanocomposite.
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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 50 °C
h™%, hold for 10 h at 300 °C, further heated to 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
50 °C h™, hold for 10 h at 500 °C, further heated to 700 °C with a
rate of 100 °C h™’, and finally cooled to room temperature with a rate
of S0 °C h™".

Green Body and Ceramic Monolith Preparation. The Ni/
polysilazane nanocomposite was heated under Ar flow (75 cm®
min~!) to 235 °C with a rate of 100 °C h™!, hold for 3 h, and
cooled down to room temperature with a rate of 50 °C h™". Then the
obtained chunk was well-milled in a glovebox to obtain a fine powder.
The latter powder was warm pressed at 200 °C and 50 kN for 2 h to
make the green body. The as-prepared green body was thermolyzed
using the above-mentioned thermolysis profile to obtain ceramic
monolith.

Ceramic Foam Preparation. Using Schlenk techniques, a cross-
linked polyurethane foam template was immersed in a 5 wt %
dispersion of Ni/polysilazane nanocomposite in THF for S min, and
then it was taken out and dried for 10 min under Ar flow at room
temperature. This procedure was repeated for S times. Afterward, the
foam template coated with the Ni/polysilazane precursor was
thermolyzed on the basis of the above-mentioned thermolysis profile
to obtain the ceramic foam.

Deposition of Membranes. The alumina tubular substrate coated
with a graded porous structure was supplied from Fraunhofer IKTS
(Hermsdorf). In a glovebox, the inner surface of a y-alumina coated
tubular substrate was dip coated in the S wt % dispersion of Ni/
polysilazane nanocomposite in THF for 1 min, and then it was dried
for 4 h at room temperature. The Ni/polysilazane coating was
thermolyzed using the above-mentioned thermolysis profile to obtain
the ceramic membrane. The whole procedure was repeated 3 times.

Hydrothermal Treatment. The hydrothermal treatment of
membranes was performed at 180 °C and S0 bar for 24 h, using
H,0 and air mixtures (50/50).

Characterization. The Ni content was determined at the
Mikroanalytisches Labor Pascher (Remagen, Bendorf-Germany),
applying the Coupled Plasma Atomic Emission Spectroscopy
(Thermo Instruments, iCAP 6500) and Elementanalyzer (Pascher).

X-ray powder patterns were obtained by a STOE X-ray
diffractometer with Ge (111) monochromator and Mo K, radiation.

High resolution transmission electron microscopy (HRTEM) was
performed at a FEI CM20STEM instrument operated at 200 kV (FEI,
Eindhoven, The Netherlands). For Ni/SiCNO nanocomposite,
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powder was dispersed in ethanol and deposed on a carbon coated Cu-
grid (Plano, Germany). For the Ni/polysilazane nanocomposite, a
droplet from the Ni/polysilazane dispersion in THF was deposed on
the carbon coated Cu-grid (Plano, Germany). The latter samples were
lightly carbon-coated to minimize charging under incident electron
beam.

Dynamic light scattering (DLS) was performed on diluted (1/20)
Ni/polysilazane nanocomposite dispersed in THF using Nano ZS
(Malvern Instruments) with a laser wavelength of 532 nm capable of
measuring particle size range of 0.6 nm to 2 ym. The size distribution
of the nanoparticles was averaged from five reproducible measure-
ments.

Magnetization was measured by a Magnetic Property Measurement
System (MPMS, Quantum Design), using a Superconducting
QUantum Interference Device (SQUID) in the temperature range
of 2 to 300 K with an applied field of S00 Oe. Furthermore, the
magnetization as a function of applied field (from —15 000 to 15 000
Oe) was recorded at 300 K.

Infrared spectra were recorded with a Bruker Vertex 70 FT-IR
spectrometer (Bruker, USA) in transmission geometry, using KBr
pellets.

Gas Permeance Characterizations.®’ The single gas permeance of
the membranes was measured applying the pressure rise technique in a
dead end cell using gases with different kinetic diameters: He (0.26
nm), H, (0.289 nm), CO, (0.33 nm), N, (0.36 nm), CH, (0.38 nm),
n-propene (0.44 nm), n-propane (0.43 nm), n-butene (0.45 nm), n-
butane (0.47 nm), and SF¢ (0.51 nm) at 25 and 300 °C. After
evacuating feed- and permeate-site and tempering the module and gas
pipes at the specific temperatures the gas streamed into the feed room
and pressure increase on permeate site was measured. From linear part
of the pressure increase mass flow was determined. Ideal
permselectivity was calculated as the ratio of the permeance of a gas
to that of H,.

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

Bl RESULTS AND DISCUSSION

High-Temperature Stability of Ni Nanoparticles in
Silicon Oxycarbonitride Ceramics. We demonstrate
quantitatively here that the encapsulation of Ni nanoparticles
in the polymeric matrix prevents their growth and agglomer-
ation, resulting in their unique stability even after polymer-to-
ceramic transformation at a high temperature under an inert
atmosphere.

Figure 2a displays the temperature dependence of the zero-
field-cooled (ZFC) magnetization of the Ni/polysilazane and
Ni/SiCNO nanocomposites measured at 500 Oe.

Neither a maximum in the temperature-dependent magnet-
ization (Figure 2a), nor a hysteresis loop and remnant
magnetization in the field-dependent magnetization (Figure
2b) is observed, indicating Ni nanoparticles in so-called
superparamagnetic state.

The extremely reduced blocking temperature, which is below
2—3 K in the Ni/polysilazane and Ni/SiCNO nanocomposites
(Figure 2a) points out that the size of the Ni nanoparticles is
well-below 10 nm.**

In the next step, we calculate the magnetic moment and size
of the Ni nanoparticles dispersed in the polysilazane and
SiCNO ceramics, by a reported procedure.”>~>°

In a superparamagnetic material with the thermal energy
larger than the magnetic anisotropy energy, the standard

Langevin function describes the magnetization M as
follows>¢~38
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Figure 2. Temperature-dependent magnetization at 500 Oe with (a)
zero-field-cooling and (b) field-dependent magnetization at 300 K
with a close-up in the inset of Ni/polysilazane (A) and Ni/SiCNO
(O). The measured data (points) in b are fitted with the Langevin
function (black lines, see eq 1 and text for details).

M [ uH ) (KbT)

— =cothl — | - | —

M, KT uH (1)
where M, refers to saturation magnetization, p is average
magnetic moment of a particle, k, is the Boltzmann constant, T
is temperature, and H is applied magnetic field.

After fitting the field-dependent magnetization of the Ni/
polysilazane and Ni/SiCNO with the Langevin function (eq 1,
black lines in Figure 2b), we obtain the saturation magnet-
ization and the average magnetic moment for the Ni/
polysilazane and Ni/SiCNO nanocomposites, M, = 0.602 +
0.008 emu g~ /u = 1209 + 29 py and M, = 0.680 + 0.008 emu
g/ = 1516 + 39 py, respectively (uy is the Bohr magneton).

The average magnetic moment u of a Ni nanoparticle,
containing “N” nickel atoms and each nickel atom with the
magnetic moment fiy; is calculated by eq 2%

= Nuy, ()

When Ni nanoparticles contain more than ~400 Ni atoms, pi;
becomes independent of the size and equals to that of the bulk
value for Ni (py; & 0.57 pg).>°

The number of Ni atoms calculated by eq 2, fitted u values
and g & 0.57 pg is 2121 + S1 and 2659 + 68 atoms in the
Ni/polysilazane and Ni/SiCNO nanocomposites, respectively.
The diameter (nm) of spherical Ni nanoparticles is calculated
by eq 3

6A N
D= ;—— = (0275UN)
7pN, (3)

where A, and p are the relative atomic weight (58.70 g mol™")
and density (8.91 g cm™) of Nj, respectively, and N, is the
Avogadro number (6.023 X 10** mol™").

The diameter of the Ni nanoparticles from eq 3 is 3.5 + 1
and 3.8 = 1.1 nm in the Ni/polysilazane and Ni/SiCNO
nanocomposites, respectively. These values show fair agree-
ment with the diameter of Ni nanoparticles determined by
HRTEM and DLS (Table 1).
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Table 1. Average Ni Nanoparticles Diameter (nm) for Ni/
Polysilazane and Ni/SiCNO Nanocomposites Determined
by Complementary Methods: SQUID, HRTEM, and DLS

method SQUID HRTEM DLS
Ni/polysilazane 3.5+ 1.0 25+05 3.0+ 06
Ni/SiCNO 3.8 + 1.1 3.0+ 0.7

Therefore, the uniform dispersion of nearly monodisperse Ni
nanoparticles in the Ni/polysilazane and Ni/SiCNO nano-
composites is confirmed simultaneously by dynamic light
scattering (DLS, Figure 3), high-resolution transmission
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Figure 3. Size distribution of Ni nanoparticles determined by dynamic
light scattering (DLS) from dispersion of Ni/polysilazane in THF
(diluted; 1/20, average, and standard deviation are indicated).

electron microscopy (HRTEM, Figure S1 in the Supporting
Information) and superconducting quantum interference device
(SQUID, Figure 2) characterizations.

In the next section, we demonstrate that the Ni nanoparticles
are so well-protected against oxidation in the modified
polysilazane and SICNO matrixes that their saturation magnet-
ization values are much higher than expected ones.

Anomalous High Saturation Magnetization (M) of Ni
Nanoparticles in Ni/SiCNO and Ni/Polysilazane Nano-
composites. The magnetic properties of materials at nano-
scale are considerably different from those in bulk,* e.g., the
significant reduction of magnetic moments is observed in
nanoparticles.***" This effect is explained by a core—shell
model in which a shell of disordered spins significantly reduces
the overall magnetic moment of a bulk-like magnetic core
(Figure 4a).>** %

a)

Ni/SiCNO

Figure 4. (a) Core—shell model describing (blue) disordered shell and
(red) magnetic core, (b) scheme of microstructure of Ni/polysilazane,
and (c) Ni/SiCNO nanocomposites with embedded Ni nanoparticles.

For example, the decrease of M in iron and maghemite
nanoparticles with respect to that of the bulk is explained by
oxide and disordered surface layers with a thickness of 1 and 1.5
nm, respectively.*"**

We investigate here an anomalous effect, ie., an unusually
higher than expected M, of Ni nanoparticles in the Ni/
polysilazane and Ni/SiCNO nanocomposites, when compared

to that typically observed in the Ni nanoparticles of comparable
size.

In the core-sell model the saturation magnetization (M,) is
proportional to the volume fraction of the magnetic core (M,

eq 4)

D—MT

MS = MSO( D

(4)

where D is the diameter of a nanoparticle and d is the thickness
of a nanoparticle disordered shell (Figure 4). Therefore, as the
particle size decreases the contribution of the disordered layer
increases significantly approaching the limiting size value for
total magnetic disorder.' For example, the maghemite
nanoparticles with the diameter of about 3 nm and magnetic
dead shell of 1.5 nm possess M, close to zero.*>*/#45

The constant thickness of this disordered surface layer in
nanoparticles suggests the microscopic effects that are
responsible for the decrease in M, with the reduction in
particle size are independent of the size of nanoparticles.

The first effect is the surface anisotropy that significantly
reduces M, at a given temperature.** Furthermore, the decrease
in the coordination number of atoms on the surfaces of
nanoparticles induces a weakening in the exchange interactions
of the surface atoms with the surrounding ones; the results of
that is an increased magnetic anisotropy compared to that in
the core.” Another effect is related to the presence of
impurities (e.g., the surface oxidation of ferromagnetic metallic
nanoparticles) on the surfaces of nanoparticles that reduce the
magnetic moment of nanoparticles. For example, in Ni
nanoparticles a rough estimation shows that every oxygen
atom destroys the contribution of one Ni atom to
ferromagnetism and leads to a strong decrease in magnet-
ization.*®

Our specimens, ie., the Ni/polysilazane and Ni/SiCNO
nanocomposites, allow us to show the determining role of
oxygen impurities on the M, of Ni nanoparticles embedded in
protective polysilazane polymer and silicon oxycarbonitrides
ceramic matrixes.

Here, we apply the core—shell model to describe the
dependence of M on the size of Ni nanoparticles from the
literature and compare them with the M; of Ni nanoparticles
reported here. Table 2 and Figure 5 display this comparison.

Using eq 4, a fair fit is obtained for the previously published
literature data (Figure Sa), which yields a magnetically dead
shell, with the thickness of d = 1.53 #+ 0.3 nm and M, = 50.9 +
6 emu g, in very good agreement with the bulk M of Ni (55
emu g~'), confirming the coherence of core—shell model.

The validity of this model is further confirmed by plotting
M,"? as a function of D' (Figure Sb). The results are
surprisingly consistent, indicating almost constant thickness of
disordered layer in the Ni nanoparticles with diameters
between 4.2 and 60 nm.

Interestingly, our specimens (Ni/polysilazane and Ni/
SiCNO) do not obey the trend of the other Ni nanoparticles.
Using the magnetic dead shell with the thickness of d = 1.53 +
0.3 nm and the M; of bulk Ni as 50.9 emu g~', the core—shell
model predicts M; close to zero for the Ni nanoparticles with
the diameters of 3.5 and 3.8 nm, much lower than the
experimental values of 9.7 and 7.6 emu g ' for the Ni
nanoparticles in the Ni/polysilazane and Ni/SiCNO nano-
composites, respectively.

dx.doi.org/10.1021/am501892z | ACS Appl. Mater. Interfaces 2014, 6, 12270—12278
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Table 2. M, (emu g~ ') at 300 K as a function of size (nm) of
spherical fcc-Ni nanoparticles”

size M, ref

60 40 50

35 48.5 S1

21 21 52

16 27 50

13 27.9 S3

11 19 S3

7 7.9 S3

N 2.5 in the Supporting Information of ref 54
42 2.1 33

3.8 7.64° Ni/SiCNO
3.5 9.67° Ni/polysilazane

“M; of the Ni nanoparticles in the Ni/polysilazane and Ni/SiCNO
nanocomposites are calculated from the fitted M, (Figure 2b), taking
into account the Ni nanoparticles contents in each case. bM,(Ni
nanoparticles) = M,(Ni/polysilazane, 0.60) X 100/6.20 = 9.67 emu
g . °M,(Ni nanoparticles) = M,(Ni/SiCNO, 0.68) X 100/8.87 = 7.64
emu g~

50 =
= = Literature data 51
Z 47 Fitting line =
(22
S 30+
IS Ni/polysilazane
D204 | e
~ Ni/SICNO
§ 10 ! 2
- *
* 53 a)
0 T
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23 Ni/SICNO !
2 N
82 Nt
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0 | ] ] 1 |
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Figure S. (a) Experimentally measured saturation magnetization, M,
of spherical fcc-Ni nanoparticles at 300 K as a function of their
diameter, D, from the literature (blue square)***°~>* fitted by eq 4.
Black line, M, = 50.8 X (1—2 X 1.53/D) R* = 0.93. (b) Linearization
of the pervious plot, where the constancy of thickness of the
magnetically disordered layer, d, as a function of the particles size, D,
can be observed, M,'/> = 3.70 x (1-2 X 1.53 x D7), R* = 0.96. The
Ni/polysilazane and Ni/SiICNO nanocomposites are indicated with
red asterisks and are not used in the fitted curves.

As the Ni/polysilazane and Ni/SiCNO nanocomposites
show no blocking temperature (Figure 2a), the effect of dipole
moments and interactions between the Ni nanoparticles can be
completely neglected at 300 K. Therefore, only surface eftects
are responsible for the anomalous high M values in the Ni/
polysilazane and Ni/SiCNO nanocomposites.

We assume that the high M; in the Ni/polysilazane and Ni/
SiCNO nanocomposites are because of thinner magnetic dead
shell. We explain thinner magnetic dead shell in our specimens,
in comparison to that of other Ni nanoparticles, 1.53 + 0.3 nm,
by the stabilizing effect of polymeric and ceramic matrixes.

12274

The lower level of oxygen impurities could play a
determining role, ie. the thinner magnetic dead shell of the
Ni nanoparticles in the Ni/polysilazane and Ni/SiCNO
nanocomposites could be due to a lower level of oxygen
impurities in the shell of Ni nanoparticles. This is easily
understood taking into account the synthesis techniques and
the microstructure of our specimens. We applied strict Schlenk
techniques in an oxygen-free and moisture-free atmosphere
throughout the synthesis and characterization of our specimens.
Amphiphilic polysilazane molecules protect Ni nanoparticles—
in situ generated in polysilazane—against the diffusion of
oxygen.

The Ni/SiCNO nanocomposite has higher nickel content
and larger Ni nanoparticles compared to the Ni/polysilazane
nanocomposite, 8.9 wt % and 3.8 nm in the Ni/SiCNO
nanocomposite vs 6.9 wt % and 3 nm the Ni/polysilazane
nanocomposite, respectively. However, the M, of Ni nano-
particles in the Ni/SICNO nanocomposite is smaller, 7.6 +
0.09 emu g, than that of Ni/polysilazane nanocomposite, 9.7
+ 0.12 emu gfl.

The Ni/SiCNO nanocomposite is produced by the
thermolysis of Ni/polysilazane at 700 °C under an Ar
atmosphere. During the thermolysis of the Ni/SiCNO
nanocomposite, the surfaces of the Ni nanoparticles are
affected by oxygen diffusion from the matrix, resulting in a
thicker dead shell and a reduction in the M, of the Ni
nanoparticles, compared to those in the Ni/polysilazane
nanocomposite. However, we have to note that the thickness
of the magnetic dead layer in the Ni nanoparticles of the Ni/
SiCNO nanocomposite is still lower than the other reported Ni
nanoparticles,****7>® resulting in much higher M, value in the
Ni nanoparticles of the Ni/SiCNO nanocomposite compared
to the Ni nanoparticles of comparable size.

In the following section, we show that the Ni/SiCNO
nanocomposite can be shaped to prepare a wide variety of
structures, including ceramic membranes.

The high M, value of Ni nanoparticles in Ni/SiCNO
nanocomposite indicates that the surfaces of Ni nanoparticles
are free of oxide layers, which could bring interesting affinity
with gas species such as H, during gas separation.

Ni/SiCNO Ceramic Monolith, Foam, and Membrane.
Figure 6a displays Ni/SiCNO monolith thermolyzed at 700 °C
with 80% yield and 15% contraction compared to the original
green body.

Figure 6b shows Ni/SiCNO ceramic foam obtained by a dip
coating of polyurethane foam as a sacrificial template into the

a)

b)

Figure 6. Ni/polysilazane is shaped to make (a) ceramic monolith, (b)
ceramic foam, and (c) ceramic membrane.

dx.doi.org/10.1021/am501892z | ACS Appl. Mater. Interfaces 2014, 6, 12270—12278
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Ni/polysilazane nanocomposite dispersion in THF followed by
thermolysis at 700 °C under an inert atmosphere. The
formation of Ni/SiCNO ceramic foam is associated with 72%
yield and 20% contraction compared to the original Ni/
polysilazane nanocomposite and polyurethane foam template,
respectively.

Figure 6¢ displays a thin Ni/SiCNO membrane obtained by
a dip-coating of y-Al,O; coated tubular substrate into the Ni/
polysilazane nanocomposite dispersed in THF followed by
thermolysis at 700 °C under an inert atmosphere. The Ni/
SiCNO bulk ceramics obtained from the thermolysis of the Ni/
polysilazane nanocomposite at 700 °C under an inert
atmosphere are nanoporous, revealing a BET surface area of
215 m* g7, a micropore surface area of 205 m* ¢!, and a
micropore volume of 0.113 cm® g™'.*” In the next section we
describe the gas permeance characteristics of Ni/SiCNO
membrane.

Gas Permeance Characteristics of Ni/SICNO Mem-
brane. The gas permeance characteristics of the Ni/SiCNO
ceramic membrane before and after hydrothermal treatment are
summarized in Tables 3 and 4 (extended tables are indicated in
Tables S1 and Table S2 in the Supporting Information) and
Figure 7.

Table 3. Single Gas Permeance (S.G.P.) before and after
Hydrothermal Treatment (H.T.) at 25 and 300 °C for He,
H,, CO,, C,H,, and SF,

S.G.P. (X 1077 mol m 2 s™! Pa™!)

T (°C) H.T. He H, CO, C,Hyg SF¢
25 before 13.56 20.23 5.75 5.82 2.54
25 after 7.53 11.32 2.48 2.79 1.35

300 before 15.10 2042 3.95 3.28 1.89
300 after 16.62 35.12 5.86 7.09 3.55

Table 4. Hydrogen Permselectivity Characteristics (Ratio of
Permeance of H, to Permeance of Other Gases) for Ni/
SiCNO Ceramic Membrane at 25 and 300 °C before and
after Hydrothermal Treatment

T(°C)  HT. He H,  CO, CH SE)
theoretical Knudsen permselectivity (at;,)
141 1.0 4.69 5.29 8.54

experimental permselectivity before and after
hydrothermal treatment (H.T.) at 25 and 300 °C

25 before 1.49 1.0 3.52 3.47 8.00
25 after 1.50 1.0 4.56 4.06 8.38
300 before 1.35 1.0 S.17 6.23 10.80
300 after 2.11 1.0 6.00 4.95 9.89

The gas permeance of as-prepared membrane (Figure 7a)
before hydrothermal treatment indicates that increase in
temperature leads to the decrease in the permeance (P) of
gases (except for slight increase in He and H, permeance),
delineating that the Knudsen diffusion is responsible for the gas
transport in the membrane

ed 8 0.5
)
7L \ 92MRT ()
where ¢, d,, 7, L, R, T and M are the porosity of the membrane,
pore diameter, tortuosity, mean membrane thickness, gas

constant, absolute temperature and molecular weight of the
diffusing gas. The experimental permselectivities are close to
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Figure 7. Permeance characteristics of Ni/SiCNO ceramic membrane
(a) before and (b) after hydrothermal treatment at 25 and 300 °C.

those of the theoretical Knudsen values (ay, Table S2 in the
Supporting Information), which are inversely proportional to
the molecular mass of molecules that are intended to be
separated

0.5
M2
(2
M, (6)

After the hydrothermal treatment, the temperature depend-
ence of gas permeance is reversed (Figure 7b), ie, as the
temperature increases, the gas permeations increase as well.

To simulate the effects of the hydrothermal treatment, Ni/
SiCNO ceramic powder (obtained from the thermolysis of the
Ni/polysilazane) is treated under hydrothermal conditions.
After the hydrothermal treatment, the Ni/SiCNO ceramic
powder has a very low N,-adsorption, indicating a BET surface
area of less than S m* g™".

It is noteworthy that before hydrothermal treatment the Ni/
SiCNO ceramic powder has a BET surface area of 215 m* g™}, a
micropore surface area of 205 m> g, and a micropore volume
of 0.113 cm® ¢! (BET isotherm is shown in Figure S4 in the
Supporting Information).”” The permeance of the membrane
after hydrothermal treatment at 300 °C has increased compared
to 25 °C. Therefore, the microporous structure of the Ni/
SiCNO membrane after hydrothermal treatment contains
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micropores that are smaller than those before the hydrothermal
treatment.

A typical reaction which is suggested to be responsible for
the closure of micropores of microporous silica membranes is
the condensation of silanol (Si—OH) bonds.® The as-formed
Si—OH bonds before or after hydrothermal treatments tend to
condense back to siloxane (Si—O—Si) bonds. The Si—OH
bonds on the surfaces of the pores follow the thermodynamic
principles to reduce the Gibbs free energy on the surfaces of the
pores. This could be achieved only by reducing the surface
energies, which favor the closure and disappearance of the
pores.

The evidence that the formation of Si—OH groups are
responsible for the instability of membranes is related to the
fact that the microporous silica membranes that are produced at
about 600 °C are highly hydrophobic and are more stable than
those that are prepared at lower temperatures.>™®

The XRD pattern of the Ni/SiCNO ceramic powder after
hydrothermal treatment indicates that the Ni nanoparticles are
partially reacted and transformed into nickel hydroxide hydrate
(Figure S2 in the Supporting Information).

Furthermore, some of the OH- groups of nickel hydroxide
hydrate formed on the surface of the Ni nanoparticles during
hydrothermal treatment have reacted with the -SiOH bonds of
the ceramic matrix, resulting in the formation of Ni—O-Si
units. The formation of OH— and Ni—O-Si bonds is
confirmed by the FTIR spectrum of the Ni/SiICNO ceramic
powder after hydrothermal treatment (see Figure S3 in the
Supporting Information), which shows a shoulder at 940—910
cm™! and a broad band at 3700—3100 cm™", which are ascribed
to the presence of Ni—O—Si and OH— bonds, respectively.

The hydrothermal stability of the Ni/SiCNO could be
related to the Ni—O—Si bonds, which are interpreted to be
responsible for the hydrothermal stability of Ni/SiO,
membranes as well.'®"” The formation of Ni—O—-Si bonds
increases the network density of the matrix leading to the
observed hydrothermal stability.

A careful investigation of the results in Table 4 and Figure 7b
shows that after the hydrothermal treatment, the permeance of
gases is higher as the temperature increases and the H,
permeance is enhanced even more significantly compared to
that of other gases at 300 °C. This finding could be because of
the shrinkage of microporous structure of the membrane,
providing in situ formed micropore channels with approx-
imately 0.3 nm in size, suitable for the activated diffusion of
hydrogen observed for silica membranes.

However, as shown in Table 4 and Figure 7b (after the
hydrothermal treatment), at 300 °C, the increase in the
permeance of helium (the smallest gas molecule) compared to
25 °C is still apparently lower than that of hydrogen.

Accordingly, the dominant reason for the apparent enhance-
ment in the hydrogen permeance is not only related to the
contribution of the activated diffusion. Therefore, as indicated
in Table 4 and Figure 7b, the increase in the hydrogen
permeance at 300 °C should be considered also selective.

The in situ formed Ni—OH during the hydrothermal
treatment are highly reactive, and easily reduced to be nickel
species. This is confirmed by the heat treatment of a sample
under H, (compare Figure S2b and c in the Supporting
Information) and is reported for the Ni/SiO, membranes as
well. '

In other words, a reason for the more pronounced
enhancement in the hydrogen permeance at 300 °C compared

to that of 25 °C after hydrothermal treatment could be related
to the well-known hydrogen affinity of the metal nickel.*” =’

In summary, after the hydrothermal treatment the large
micropores in the ceramic matrix collapse and the shrinkage of
the microporous structure of ceramic matrix occurs, whereas
some defects and large pores are retained. Therefore, the
Knudsen diffusion through the defects and large micropores
becomes influenced by the effect of activated diffusion because
of the in situ formed micropore channels, with the opportunity
for the additional selective mechanism for the transport of H,
molecules because of their affinity with the surfaces of Ni
nanoparticles.

Outlook for Design of Catalytic Membrane Reactors.
Here, we describe the potential of developed synthesis and
shaping techniques for the construction of catalytic membrane
reactors. The catalytic hydrogenation of carbon dioxide to
methane (Sabatier reaction) is an important catalytic reaction.%

Highly dispersed Ni nanoparticles on supports have shown
high potential for Sabatier reaction.”” Our synthesis strategy is
potentially applicable for the design of catalytic membrane
reactors and could meet the requirements involved in their
design.

We have demonstrated in the current work that (i) different
shapes of Ni/SiCNO ceramic can be fabricated, (ii) high
permeances through ceramic membranes are obtained, (iii) Ni
nanoparticles show affinity with respect to hydrogen and they
stabilize the structure under hydrothermal conditions.

The fabrication of a tubular porous ceramic reactor from Ni/
SiCNO material is possible, which could be combined with a
selective microporous ceramic layer. This membrane and
catalyst composite could reduce the scale and increase the
productivity of a potential membrane reactor.

B CONCLUSIONS

The Ni nanoparticles are in situ formed at room temperature in
a reaction between the Ni(II)-complex and the commercial
polysilazane HTT. Electron transfer from negatively charged
hydrogen in the silane group (Si>-H™) to the Ni** in the
Ni(1I)-complex induces the Ni** reduction with simultaneous
nucleophilic substitution of ethanolamine at the Si centers,
which leads to the formation of aminoethoxysilyl groups
(NH,CH,CH,0Si-) and acetoxysilyl (CH;COOSi-) groups. As
a result, the Ni nanoparticles become in situ stabilized by the
amphiphilic polysilazane molecules, protecting them against
agglomeration and growth.

After the thermolysis of the Ni/polysilazane nanocomposite
at 700 °C under an Ar atmosphere, the average size and
superparamagnetism of Ni nanoparticles are preserved in the
Ni/SiCNO nanocomposite, indicating a higher than expected
saturation magnetization as well.

The Ni/polysilazane nanocomposite (solution) can be
shaped to prepare a variety of ceramics, including ceramic
monolith, foam and membrane. The gas separation perform-
ance of synthesized membranes shows that the presence of Ni
nanoparticles is effective to prepare hydrothermally stable
membranes.

Our synthesis and design strategy is well-extendable to other
transition metals allowing for the synthesis of metal/
polysilazane and metal/ceramic nanocomposites. Potential
candidates are Fe, Co, and Cu; this work is now on going.
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