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A B S T R A C T

Metal-containing (Mn, Fe, Co, Cu, Zn and Ag) polysilazane precursors are synthesized via one-step chemical
reaction of metal acetates with poly(vinyl)silazane (Durazane 1800) at room temperature under argon atmo-
sphere. The ATR-FTIR spectra of the synthesized metal-containing precursors reveal that the metal acetates used
in the synthesis catalyze the hydrosilylation reaction between -Si-H and -Si-CH––CH2 groups in polysilazane. The
XPS and XRD characterizations indicate that the metallic phase is directly generated in precursors after the re-
action of Durazane 1800 polymer with Fe(CH3COO)2, Co(CH3COO)2⋅4H2O, CuCH3COO, Cu(CH3COO)2, AgCH3-

COO. Ceramic nanocomposites containing either metal or metal silicide are obtained after the pyrolysis of the
synthesized metal-containing precursors at 700 �C and 1100 �C under argon atmosphere.
1. Introduction

Silicon-containing polymer-derived ceramics (PDCs) are promising
candidates for a wide range of high-temperature applications due to their
higher thermal stability, good corrosion and oxidation resistance, as well
as excellent thermomechanical properties [1–3]. Si-containing PDCs can
be synthesized as nanocomposites by varying architecture or chemical
composition of preceramic precursors [4]. Among them,
metal-containing PDCs nanocomposites are of great interest in engi-
neering fields due to their magnetic, electrical and catalytic properties
[5–8].

Metal-containing PDCs nanocomposites are usually synthesized via
active fillers control pyrolysis (AFCOP) process by the direct blending of
preceramic precursors with active fillers of metal powders such as Ti [9],
Cr [10], Fe [11], and Ni [12] or metal oxides such as Fe3O4 [13], ZnO
[14], and TiO2 [15]. These active fillers can reduce the shrinkage and
porosity generation of the ceramic nanocomposites during the pyrolysis
process. Thus, AFCOP can be considered as a near-net-shape technique to
provide the possibility to produce large-size and fully densified
polymer-derived ceramic parts. Moreover, the obtained ceramic nano-
composites may exhibit improved thermochemical and functional
lin.de (M.F. Bekheet).
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properties compared with pure phases [16–19]. However, active fillers
are limited with their particle size and heterogeneous morphology. The
dispersed filler particles are usually observed in the ceramic matrix due
to the insolubility of inorganic powders in organic solvent used in the
synthesis [13,20].

Therefore, attention has been directed towards molecular pathways
such as the pyrolysis of organometallic polymers containing both orga-
nosilicon and metals in their structure [21–24]. Organometallic com-
plexes usually can be pyrolyzed at relatively low temperature 400–600
�C, which will lead to the formation of metal clusters homogeneously
dispersed in ceramic matrix. Indeed, the dispersion of metal at the atomic
level in the polymer precursors can help in the control of both the stoi-
chiometry and microstructure of the derived ceramics. For instance, a
ferromagnetic ceramic composites containing iron, silicon, carbon ele-
ments were synthesized through the thermal decomposition of poly(-
ferrocenylsilanes) [25]. However, this synthesis approach is limited by
the restricted variety of available precursors. The more general molecular
approach is to use organometallic compounds such as iron and cobalt
carbonyls [26–29], which are extremely toxic and easily vaporize during
the ceramization process at high temperature. Metal alkoxides such as
aluminium isopropoxide or early transition metal alkoxides, for example,
il 2020
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titanium n-propoxide and hafnium n-butoxide, have shown the potential
to interact with polymer precursors to form Si–O-M units with the evo-
lution of alkanes [30–33]. However, for the late transition metals (such
as Co, Cu and Pd) that would be very interesting for catalysts, the cor-
responding metal alkoxides are not available. Recently, we reported the
in situ formation of Ni nanoparticles in nanoporous silicon oxy-
carbonitride ceramic matrix via a chemical reaction of polysilazane
HTT1800 polymer with trans-[bis(2-aminoetanol-N,O)
diacetato-nickel(II)] single crystals [34]. Similarly, a molecular
approach for the modification of polysilazane HTT1800 with amino-
pyridinato metal complexes was developed to introduce several transi-
tion metals (e.g. Fe, Cu, Ni, Pt, Pd) into PDCs matrix [35–38]. However,
despite trans-[bis(2-aminoetanol-N,O)diacetato-nickel(II)] single crys-
tals and aminopyridinato metal complexes can be synthesized in good
yield and are also soluble in most organic solvents, but their synthesis is
complicated and time-consuming.

In this work, we report a one-step chemical approach to synthesize
metal-containing polysilazane precursors via the reaction of metal ace-
tates with poly(vinyl)silazane (Durazane 1800). This chemical modifi-
cation approach is advantageous, owing to the very simple reaction
condition (in an ice bath under argon atmosphere), the use of rather
inexpensive poly(vinyl)silazane (Durazane 1800) and easily accessible
commercial metal acetate materials. The obtained metal-containing
polysilazane precursors as well as their derived ceramic nano-
composites after pyrolyzing at 700 �C and 1100 �C under argon atmo-
sphere are characterized using several techniques such as ATR-FTIR, XPS,
XANES, STA-MS and XRD.

2. Experimental section

2.1. Materials

Metal acetates - Mg(CH3COO)2⋅4H2O (98%), Mn(CH3COO)2⋅4H2O
(99%), Mn(CH3COO)3⋅2H2O (97%), Mn(CH3COO)2 (98%), Fe(CH3-
COO)2 (99.99%), Co(CH3COO)2 (99.99%), Co(CH3COO)2⋅4H2O
(99.99%), CuCH3COO (97%), Cu(CH3COO)2 (98%), Zn(CH3COO)2
(99.99%), Zn(CH3COO)2⋅2H2O (�98%), AgCH3COO (99%) and anhy-
drous tetrahydrofuran (THF, � 99.99%) were obtained from Sigma-
Aldrich, Germany. Poly(vinyl)silazane Durazane 1800 was purchased
from durXtreme Gmbh, Germany.

2.2. Synthesis of metal-containing precursors

All synthesis reactions were carried out under standard Schlenk
technique in vacuum/argon-line. Schlenk flask was dried at 80 �C over-
night before pumping under vacuum and filling with argon (>99.999%)
for the synthesis. The chemical reactants were stored in an argon-filled
glovebox (MBraun MB200B; O2 and H2O concentrations kept at < 0.1
ppm) to avoid the oxidation of the polymer or the metal acetates. 18 g of
Durazane 1800 was first dissolved in 50 mL anhydrous tetrahydrofuran
(THF) and then transferred into a dropping funnel. In another round-
bottom flask, 1.44 g (which corresponds to 8 wt% relative to the
weight of Durazane 1800) or 7.2 g (which corresponds to 40.0 wt%
relative to the weight of Durazane 1800) of metal acetate was dispersed
in 50 mL anhydrous THF. The reaction vessel was then immediately
removed from the glovebox after connecting round-bottom flask with the
dropping funnel and the round-bottom flask was submerged in the ice
bath (�6 �C). Before mixing the two solutions together, the round-
bottom flask was connected with Schlenk vacuum/argon-lines. The
synthesis process was continued under argon flow and stirring for 24 h at
room temperature until the end of gas liberation. Finally, the THF solvent
was removed under vacuum for at least 5 h and the synthesized metal-
containing precursors were collected in the glovebox.
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2.3. Pyrolysis of the synthesized metal-containing precursors

Pyrolysis of the synthesized metal-containing precursors was per-
formed in a tube furnace with Schlenk tube under flowing argon
(approximately 40 mL/min) applying two different pyrolyzed tempera-
ture of 700 �C and 1100 �C. The precursors were heated from room
temperature to 250 �C with a rate of 50 �C h�1, hold for 2 h at 250 �C,
from 250 �C to 700 �C or 1100 �C with a rate of 50 �C h�1, hold for 3 h at
700 �C or 1100 �C, finally cooled to room temperature with a rate of 180
�C h�1.

2.4. Characterizations

Fourier Transform Infrared Spectroscopy (FTIR) in attenuated total
reflectance (ATR) mode was carried out in Thermo Fisher Scientific
Nicolet iS5 (USA) in the range of 4000 cm�1 to 550 cm�1. X-ray photo-
electron spectroscopy (XPS) was performed with K-Alpha TM (Thermo
Scientific, USA). X-ray absorption near-edge spectroscopy (XANES) was
collected 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 [39]. The samples were
prepared in the form of powder applied onto adhesive Kapton tape. High
harmonics were rejected 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. XANES data were analyzed with the Athena software pack-
age. The polymer to ceramic conversion was investigated in argon with a
heating rate of 5 �C min�1 with thermal gravimetry analysis (TGA) on
STA 409 PC LUXX (Netzsch, Germany) coupled with a mass spectrometer
OMNi Star GSD 320 (Pfeiffer Vacuum, Germany). The X-ray diffraction
was performed with Bruker AXS D8 ADVANCE X-ray diffractometer with
CoKα1. Measurements were carried out between 10 and 90� 2θ value,
with a step size of 0.02� and 3 s per step. The Inductively coupled
plasma-optical emission spectrometry (ICP-OES) analysis was used to
confirm the amount of Si and metal in the ceramic nanocomposites py-
rolyzed at 1100 �C under argon.

3. Results and discussion

3.1. Chemical structures of synthesized precursors

Fig. 1 and Fig. S3 show the chemical structure of the poly(vinyl)
silazane (Durazane 1800), which is a copolymer containing 20% of
methyl/vinyl and 80% of methyl/hydride substituted silazane units, and
different metal acetates used in the synthesis of metal-containing poly-
silazane precursors. It can be clearly seen that the reaction of some metal
acetates such as Mn(Ac)3.2H2O, Fe(Ac)2, Co(Ac)2, Co(Ac)2.4H2O, CuAc,
Cu(Ac)2 with Durazane 1800 is accompanied with a change in the colour
of these metal acetates into black, while the reaction of AgAc with
Durazane 1800 lead to the formation of grey precipitates. In contrast, no
change in colour was observed during the reaction of Zn(Ac)2, Zn(A-
c)2.2H2O, and Mn(Ac)2 with the polymer. However, gaseous bubbles
were observed during the reactions of all these metal acetates with the
polymer regardless of whether colour changes or not, suggesting the
releasing of some gases such as H2 or NH3 (see Fig. S3). It seems there is
no reaction happened between Mg(Ac)2.4H2O, Mn(Ac)2 and Durazane
1800 at this temperature (�6 �C), because no colour changes and gaseous
bubbles can be observed during reaction. The status of the synthesized
metal-containing precursors is summarized in Table 1.

Fig. 2 shows the ATR-FTIR spectra of Durazane 1800 polymer as well
as the synthesized metal-containing precursors using 40 wt% of different
metal acetates relative to the weight of Durazane 1800. The spectrum of
Durazane 1800 shows the expected absorption bands of polysilazane, as



Fig. 1. Schematic of the synthesis of metal-containing precursors Du1800-
Mn2.W, Du1800-Mn3.W, Du1800-Fe2, Du1800-Co2, Du1800-Co2.W, Du1800-
Cu1, Du1800-Cu2, Du1800-Zn2, Du1800-Zn2.W and Du1800-Ag1 from Dura-
zane 1800 and metal acetates Mn(Ac)2.4H2O, Mn(Ac)3.2H2O, Fe(Ac)2, Co(Ac)2,
Co(Ac)2.4H2O, CuAc, Cu(Ac)2, Zn(Ac)2, Zn(Ac)2.2H2O and AgAc.
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reported in the literature [38,40]. The absorption bands at 3382 cm�1

and 1162 cm�1 can be assigned to the N–H stretching and the vibration of
-NH- unit bridging two silicon atoms, respectively. The band at 1590
cm�1 represents the C––C stretching vibration, along with the vinyl group
absorbs at 1402 cm�1 due to the scissoring of terminal methylene. The
C–H vibration of vinyl group occurs at 3042 cm�1. The strong absorption
band assigned to Si–H vibration appears at 2116 cm�1. The character-
istics band of Si–CH3 groups locates at 1255 cm�1, coupled with C–H
stretching at 2953 cm�1 and 2896 cm�1. A decrease in the intensity of
absorption bands at 2116 cm�1 and 1162 cm�1, which are attributed to
the Si–H and Si–NH–Si groups, respectively, are observed in the spectra
of all the metal-containing polymer precursors. Moreover, for precursors
Du1800-Mn3.W, Du1800-Fe2, Du1800-Co2, Du1800-Co2.W,
Du1800-Cu1, Du1800-Cu2, the band at 3042 cm�1, which is assigned to
the vibration of C–H bond in the vinyl groups, is vanished. This result
suggests that hydrosilylation reaction between Si–H and -Si-CH––CH2
may take place at room temperature, leading to the formation of carbo-
silane bonds (-Si-C-C-Si-) (see Scheme 2 in Fig. S3a). It has been reported
that hydrosilylation reaction usually starts at 100–120 �C in pure poly-
silazanes [41,42]. However, the presence of inorganic catalysts such as
transition metals or metal complexes could remarkably increase the
hydrosilylation rate as well as lower the temperature required for
3

hydrosilylation [43–46]. Simultaneously, the absorption bands observed
at 1712 and 1369 cm�1, which can be assigned to C––O and -COO�1,
respectively, in the spectra of all the synthesized metal-containing pre-
cursors [47], indicating the reaction between the polymer and acetate
groups (see Scheme 1 in Fig. S3a and Fig. S3b). However, the broad
absorption band located at around 1561 cm�1 and 1414 cm�1 can be
attributed to the -COO�1 group that from the unreacted metal acetates
[47]. The ATR-FTIR spectra of some metal acetates are shown in Fig. S2.
These results point out at three main effects took place during the reac-
tion of Durazane 1800 polymer with metal acetates: (i) the reaction be-
tween the acetate groups of metal acetate with the silicon centers of
Durazane 1800, causing the decrease in the number of Si–H and
Si–NH–Si groups in the obtained precursors and the concomitant evo-
lution of gaseous H2 and NH3 during the synthesis (Fig. S3a, Scheme 1
and Fig. S3b), (ii) the hydrosilylation reaction between -Si-H and
-Si-CH––CH2 groups in the Durazane 1800 with the formation of carbo-
silane bonds, leading to the formation of carbosilane bonds –Si-C-C-Si-
(Fig. S3a, Scheme 2), and (iii) hydrolysis reactions of different functional
groups, such as Si–H and Si–N–H, yielding silanol groups that are further
condensed to form highly crosslinked Si–O–Si bonds (Fig. S3a, Scheme
3–5).

Fig. S1 shows the ATR-FTIR spectra of metal-containing (Mn, Fe and
Zn) polymer precursors prepared from corresponding metal acetate with
different contents (i.e. 8 and 40 wt% that relative to the weight of
Durazane 1800). The intensities of absorption bands at 2116, 1162 and
3042 cm�1, which are attributed to the Si–H, Si–NH–Si and C–H groups,
respectively, decreased remarkably with an increasing amount of metal
acetate. Moreover, the intensity of absorption bands observed at 1712
and 1369 cm�1, assigned to C––O and -COO�1, respectively, increased
with an increasing amount of metal acetate. These results suggest the
increase in the hydrosilylation rate (see Scheme 2 in Fig. S3a) as well as
the reaction between the polymer and acetate groups (see Scheme 1 in
Fig. S3a and Fig. S3b) with an increasing amount of metal acetate.
Moreover, the high amount of metal acetate is beneficial for an
increasing ceramic yield after pyrolysis. Therefore, other metal-con-
taining precursors were synthesized with 40.0 wt% of metal acetates
relative to the weight of Durazane 1800.

3.2. Oxidation states of metals in the synthesized precursors

The oxidation states of incorporated transition metals in the synthe-
sized metal-containing precursors are investigated by X-ray photoelec-
tron spectroscopy. As shown in Fig. 3, XPS Mn 2p spectrum of Du1800-
Mn2.W precursor can be fitted with doublet peak at 641.5 and 653.0
eV and satellites at 645.5 and 657.0 eV, which is in good agreement with
the previous reports for MnO [48,49]. XPS Fe 2p spectrum of
Du1800-Fe2 precursor can be deconvoluted into three doublet peaks. The
doublet peak located at 707.0 and 719.9 eV can be assigned to the
metallic iron Fe0, while, the two additional doublets corresponding to
oxidized iron Fe2þ and Fe3þ were observed at higher binding energies.
The broad peaks at 715.4 and 729.0 eV are satellite peaks corresponding
to Fe 2p3/2 and 2p1/2, respectively [50,51]. This result suggests the
presence of unreacted Fe(Ac)2 in the Du1800-Fe2 precursors, which
agrees with XRD results (Fig. 6b). XPS Co 2p spectrum of Du1800-Co2
precursor can be fitted with doublet peak located at 780.9 and 797.0
eV and satellites at 785.3 and 802.4 eV, which is in good agreement with
the previous reports for CoO [52,53]. In contrast, the XPS Cu 2p spectrum
of Du1800-Cu2 precursor composed of only doublet peak at 932.4 and
952.5 eV, which is characteristic of metallic copper [54]. Similarly, only
doublet peak is observed at 368.3 and 374.3 eV in the XPS Ag 3d spec-
trum of Du1800-Ag1 precursor, which is characteristic of metallic silver
[55]. The XPS Zn 2p spectrum of Du1800-Zn2.W precursor exhibits the
binding energies of Zn 2p3/2 at about 1021.7 eV and Zn 2p1/2 centred at
1044.8 eV. However, it is difficult to distinguish the oxidation state of Zn
from this result because of the small difference between binding energies
of Zn0 and Zn2þ (i.e. ~0.3 eV). Therefore, we applied X-ray absorption



Table 1
Oxidation states of metal and phase composition of specimens obtained in the reaction between Durazane 1800 and metal acetates content of 40 wt % relative to the
weight of Durazane 1800.

Metal acetates The observations
of the reaction

Synthesized
precursors

Surface oxidation states
of metal states in the
synthesized precursors
(XPS results)

Oxidation states of
metals in the
synthesized precursors
(XANES results)

Phase compositions (XRD results)

Synthesized
precursors

Nanocomposites
pyrolyzed at 700 �C/
3h Ar

Nanocomposites
pyrolyzed at 1100 �C/
3h Ar

Mn(AC)2.4H2O Becomes dark
pink, gaseous
bubbles

Du1800-
Mn2.W

Mn2þ Mn(Ac)2.4H2O amorphous SiC, Si2N2O, Mn5Si3

Mn(AC)3.2H2O Becomes black,
gaseous bubbles

Du1800-
Mn3.W

amorphous amorphous SiC, Si2N2O, Mn5Si3

Fe(AC)2 Becomes black,
gaseous bubbles

Du1800-Fe2 Fe0, Fe2þ, Fe3þ Fe(Ac)2 Fe SiC, Fe5Si3, C

Co(AC)2 Becomes black,
gaseous bubbles

Du1800-Co2 Co2þ Co(Ac)2 Co, Co2Si Co, Co2Si, CoSi

Co(AC)2.4H2O Becomes black,
gaseous bubbles

Du1800-
Co2.W

Co Co, CoSi CoSi

CuAC Becomes black,
gaseous bubbles

Du1800-Cu1 Cu, Cu2O Cu Cu, Cu3Si, Cu4Si

Cu(AC)2 Becomes black,
gaseous bubbles

Du1800-Cu2 Cu0 Cu0 Cu, Cu2O Cu Cu

Zn(AC)2 No colour
change, gaseous
bubbles

Du1800-Zn2 Zn2þ amorphous Zn Zn

Zn(AC)2.2H2O No colour
change, gaseous
bubbles

Du1800-
Zn2.W

Zn2þ Zn(AC)2.2H2O amorphous amorphous

AgAc Precipitates,
gaseous bubbles

Du1800-Ag1 Ag0 Ag Ag Ag
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near-edge spectroscopy (XANES) to determine the oxidation state of Zn in
this precursor.

Fig. 4a and c display the Cu K-edge of Du1800-Cu2 precursor and Zn
K-edge XANES spectra of Du1800-Zn2, Du1800-Zn2.W precursors, as
well as those Cu and Zn compounds used as reference materials. The
latter contains Cu and Zn cations in defined oxidation states. The first
derivatives of XANES spectra of these materials are shown in Fig. 4b and
d. The XANES spectra of these specimens consist of two characteristic
features. The pre-edge feature, which is observed in the K-edge XANES of
most 3d elements, is attributed to the transitions from 1s orbital into the
final bound state in 3d orbitals, while, the main absorption edge feature is
due to the transitions from 1s orbital to p-orbitals. The energies of these
two edge features depend on the oxidation state of 3d elements in the
solid-state materials [56,57]. As shown in Fig. 4a, the main characteristic
feature of Cu(II) XANES spectra is a shoulder at around 8988.0 eV, which
Fig. 2. The ATR-FTIR spectra of metal-containing polysilazane precursors derived fr
weight of Durazane 1800).

4

can be attributed to 1s→4p transitions. A weak absorption peak at about
8977.0 eV can be clearly observed in the first derivative spectra of Cu(II)
XANES (Fig. 4b). This peak is due to the dipole-forbidden, quad-
rupole-allowed 1s→3d electronic transition that indicates a significant
feature for Cu(II) because there is no 3d vacancy in the Cu foil. As shown
in the first derivative spectra of XANES, Du1800-Cu2 precursor exhibits
the same peak position at 8981.0 eV with Cu foil and the small peak
8979.0 eV that located between Cu(II) and Cu foil. The Cu foil and
Du1800-Cu2 precursor show the similar first derivative spectra. This is a
strong indication of the predominant character of metallic Cu in
Du1800-Cu2 precursor. The Zn K-edge normalized XANES spectra of
Du1800-Zn2 and Du1800-Zn2.W precursors and their first derivative
spectra of the XANES are shown in Fig. 4c and d, respectively. The d shell
in Zn is fully occupied and so it is not possible to observe a pre-edge peak
that is related to the 1s→3d electronic transition in the normalized
om Durazane 1800 and metal acetates (all of them – at 40 wt% relative to the



Fig. 3. X-ray photoelectron spectra (XPS) of Du1800-Mn2.W, Du1800-Fe2, Du1800-Co2, Du1800-Cu2, Du1800-Zn2.W, Du1800-Ag1 derived from Durazane 1800 and
metal acetate content of 40 wt% relative to the weight of Durazane 1800.
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XANES spectra as Cu. The peak at around 9661.6 eV, a prominent feature
of Du1800-Zn2 and Du1800-Zn2.W precursors in their first derivative
spectra, is between the peak position of ZnO and zinc acetate but very
close to that of ZnO (9661.3 eV), suggesting the formation of
Zn2þ-compounds (e.g. ZnO) in Du1800-Zn2 and Du1800-Zn2.W pre-
cursors. These results are in good agreement with XPS results. The
oxidation states of incorporated transition metals in the synthesized
5

metal-containing precursors as revealed from XPS and XANES charac-
terizations are listed in Table 1.

The completeness of the reaction between the Durazane 1800 poly-
mer and different metal acetates could be proven from the final oxidation
states of different transition elements in the synthesized metal-containing
polysilazane precursors. As shown in Table 1, which summarized the
results of XPS, XANES and XRD characterization, no metal acetates



Fig. 4. The normalized X-ray absorption near-edge spectra (XANES) at (a) Cu K-edge of Du1800-Cu2 precursor compared as well as the reference materials (Cu foil,
CuO and Cu(Ac)2) (c) Zn K-edge of Du1800-Zn2 and Du1800-Zn2.W precursors compared to the reference materials (Zn foil, ZnO, Zn(Ac)2 and Zn(Ac)2.2H2O). Their
first derivative spectra are shown in (b), (d), respectively.

J. Wang et al. Open Ceramics 1 (2020) 100001
residue were observed in the precursor samples when transition elements
present in the metal states, suggesting the completeness of the chemical
reaction between the Durazane 1800 polymer and corresponding metal
acetates. In contrast, the transition elements exist as divalent cations in
the synthesized precursors due to the incomplete of the reaction and the
presence of some metal acetate residues in the samples.
3.3. Cross-linked precursors and their conversion into metal/SiOCN
ceramic nanocomposites

In the next step, the cross-linking process of the synthesized metal-
containing precursors and their conversion into metal/SiOCN ceramic
nanocomposites under argon atmosphere were investigated by a Simul-
taneous Thermal Analysis (STA) characterization (Fig. 5 and Fig. S2). As
shown in Fig. 5, the differential thermal analysis (DTA) of Durazane 1800
in argon atmosphere shows two exothermic peaks at 250 �C and 550 �C
accompanied by a weight loss of 25% and 9%, respectively. In-situ MS
spectra collected during the pyrolysis process reveals that the weight loss
at 250 �C can be attributed to the transamination reaction by detecting
the evolution of NH3 gases (m/z ¼ 17) and CH4 (m/z ¼ 16) evolution
originates from the decomposition of Si–CH3 or the cleavage of C–C
bonds. The dehydrocoupling reactions between Si–H/Si–H and Si–H/
N–H groups, which can be identified by the evolution of hydrogen (m/z
6

¼ 2), could be responsible for the second stage of weight loss at 550 �C.
No mass loss or gas evolutions are observed above 900 �C, suggesting the
complete transformation of Durazane 1800 polymer into the amorphous
SiCN ceramics. The ceramic yield resulted from polysilazane Durazane
1800 after completing pyrolysis at 1100 �C is 66%. These results agree
with other previous reports for polysilazanes [58]. On the other hand, the
pyrolysis of the synthesized metal-containing precursors shows different
results in comparisonwith those of pure polymer. For instance, the in-situ
MS spectra of all metal-containing precursors exhibit the evolution of
CO2 (m/z ¼ 44) below 400 �C, which is not observed for the pure
polymer and might be due to the thermal decomposition of acetate group
from metal acetates. Moreover, most of metal-containing precursors
show a continuous weight loss during the whole pyrolysis step up to
1100 �C with the evolution of H2. The weight loss observed at low
temperature (i.e. < 200 �C) from some metal-containing precursors such
as Du1800-Co2, Du1800-Co2.W, Du1800-Cu1, Du1800-Cu2 and
Du1800-Zn2 is accompanied with the evolution of NH3 (m/z ¼ 17) gas,
suggesting the adsorption of some ammonia residues on the surface of
metal-containing precursors. This ammonia residue could be formed
during the reaction of metal acetates and Durazane 1800 [34]. As shown
in Table 2, most of the synthesized metal-containing precursors exhibited
higher ceramic yields if compared with pure polymer, which can be
explained by the increase in the cross-linking degree of the precursors



Fig. 5. Results of simultaneous thermal analysis (upper panels)-mass spectrometry (bottom panels) of Durazane 1800, Du1800-Mn2.W, Du1800-Mn3.W, Du1800-Co2,
Du1800-Co2.W, Du1800-Cu1, Du1800-Cu2 and Du1800-Zn2 samples.
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Fig. 6. XRD patterns of synthesized metal-containing precursors from Durazane 1800 and metal acetates content of 40 wt % relative to the weight of Durazane 1800 as
well as their derived ceramic nanocomposites pyrolyzed at 700 �C and 1100 �C under argon for 3h.
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Table 2
Ceramic yields and element (Si, metal) composition (ICP-OEM results) of the metal-containing nanocomposites pyrolyzed at 1100 �C for 3h under argon.

Polymer precursor Expected ceramic yields (%) Ceramic yields (%) Expected Si:M (Weight ratio) Si content (wt%) Metal content (wt%) Si:M (Weight ratio)

Durazane 1800 – 66 45.05 – –

Du1800-Mn2.W 53.57 76.3 3.36 31.86 9.13 3.49
Du1800-Mn3.W 53 72.6 3.68 35.23 7.55 4.67
Du1800-Fe2 56.3 72.8 2.35 35.43 10.37 3.42
Du1800-Co2 56.7 72.8 2.27 35.58 9.6 3.7
Du1800-Co2.W 53.9 71.7 3.19 32.53 9.81 3.32
Du1800-Cu1 62 72.8 1.46 36 13.03 2.76
Du1800-Cu2 57.1 64.9 2.16 30.86 12.53 2.46
Du1800-Zn2 57.3 65.7 2.12 36.45 13.36 2.73
Du1800-Zn2.W 55.7 66.3 2.53 42.82 9.42 4.55
Du1800-Ag1 65.6 77.7 1.17 26.83 28.97 0.93
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upon chemical modification with metal acetates. However, Du1800-Cu2
and Du1800-Zn2 precursors show a ceramic yield of 64.9% and 65.7%,
respectively, which are slightly lower than that of Durazane 1800. In
general, the ceramic yields obtained from STA measurement were found
to be higher than the expected ceramic yields (calculated from the weight
loss of individual polysilazane and metal acetate used without chemical
reaction between them), which can be explained by the increase in the
degree of cross-linking of the polymer due to the presence of metal
acetates.

Furthermore, the metal content in ceramics obtained by pyrolysis of
synthesized metal-containing precursors at 1100 �C under argon envi-
ronment was also confirmed by ICP characterizations. As shown in
Table 2, all the metals were successfully introduced inside the ceramic
matrix. The weight ratio of Si:M in most pyrolyzed samples were found in
good agreement with the experimental weight ratio used in the synthesis
of the metal-containing precursors.
3.4. The composition of pyrolyzed precursors

In the next step, the crystallinity and phase compositions of the metal-
containing precursors as well as their ceramic products obtained from
pyrolysis in argon atmosphere at 700 �C and 1100 �C have been deter-
mined by XRD characterization and shown in Fig. 6 and Fig. S5-S8. As
shown in Fig. 6a and Fig. S5, XRD pattern of Mn-containing Precursor
Du1800-Mn2.W obtained from the reaction of Durazane 1800 with
Mn(Ac)2.4H2O exhibits some XRD reflections, which can be indexed to
the monoclinic structure (SG: P21/c) of Mn(Ac)2.4H2O. In contrast, no
XRD reflections are observed in the XRD pattern of Mn-containing pre-
cursor Du1800-Mn3.W obtained from the reaction of Durazane 1800
with Mn(Ac)3.2H2O, indicating the amorphous structure of the precur-
sor. This result suggests Mn(Ac)3.2H2O is fully reacted with the polymer,
while, Mn(Ac)2.4H2O is partially reacted at these reaction conditions.
However, the pyrolysis of both Du1800-Mn2.W and Du1800-Mn3.W
precursors at 700 �C results in the formation of amorphous ceramic
products, while, crystalline Mn5Si3 (PDF No. 89–2414), Si2N2O (PDF No.
84–1813) and β-SiC (PDF No. 73–1708) phases are formed in both
samples with increasing the pyrolysis temperature to 1100 �C. As re-
ported in Ref. [12,59], MnO can be reduced by methane gas at 760 �C
and can undergo carbothermal reduction in the presence of hydrogen at
920 �C, forming manganese carbide. Therefore, the formation of Mn5Si3
in nanocomposites derived from Mn-containing precursors
Du1800-Mn2.W and Du1800-Mn3.W that pyrolyzed at 1100 �C under
argon could be resulted from the reaction of the formed manganese
carbide with the SiOCNmatrix, which agrees with previous work [12]. In
pure SiOCN ceramic, crystalline Si2N2O phase normally occurs at around
1500 �C [60], while in Mn/SiOCN nanocomposites, Si2N2O and SiC have
been formed at much lower temperature. According to Ref. [61], when
the N/O ratio in Si–O–C–N system is close to 2, nanoclusters of stoi-
chiometric Si2N2O may be formed even with a positive enthalpy of for-
mation. These interesting results suggest the introduction of manganese
into SiOCN ceramic can greatly lower the crystalline temperature of
9

Si2N2O and SiC from amorphous SiOCN ceramic.
Similar to Mn(Ac)2.4H2O, Fe(Ac)2 is not fully reacted with the poly-

mer as few of its corresponding XRD reflections are observed in the XRD
pattern of Fe-containing precursor Du1800-Fe2 (Fig. 6b and Fig. S6). This
result is good agreement with XPS results (Fig. 3) that suggests the
presence of both Fe0 and Fe2þ ions in the sample. The pyrolysis of this
precursor at 700 �C leads to the formation of metallic iron phase (PDF No.
87–0722) and small amounts of graphitic carbon (PDF No. 75–2078),
suggesting that the Fe(Ac)2 residue and iron oxides in precursor Du1800-
Fe2 are further reduced to form metallic Fe phase during the thermal
cross-linkage process. According to Ref. [62], as iron oxides are ther-
modynamically unstable in this temperature range with respect to the
carbothermal reduction to metallic Fe. Further increase in the pyrolysis
temperature to 1100 �C results in the formation of Fe5Si3 (PDF No:
89–2047) and β-SiC (PDF No. 73–1708) phases due to the reaction of Fe
metal with the amorphous SiOCN matrix. The formation β-SiC phase is
consistent with previous studies reported that β-SiC nanofibers could be
grown in polymer-derived ceramics via the well-known vapor-
–liquid–solid (VLS) mechanism with Fe acting as the metal catalyst [63,
64]. As iron shows good catalytic properties for the formation of
graphitic carbon in PDCs during pyrolysis process [35], we can easily find
the graphitic carbon peak on the XRD pattern and carbon nanotubes in
the microstructure. Therefore, we can suppose the formation of SiC can
be attributed to the reaction of SiO(g) with graphitic carbon (SiO(g) þ
2C(s) → SiC(s) þ CO(g)) or CO (SiO(g) þ 3CO(g) → SiC(s) þ 2CO2(g))
[63,64].

XRD results of Co-containing precursors Du1800-Co2 and Du1800-
Co2.W (Fig. 6c and Fig. S7) reveal that the reaction of hydrous
Co(Ac)2.4H2O with Durazane 1800 polymer is completed, leading to the
formation of Co metal in amorphous SiOCN matrix. In contrast, anhy-
drous Co(Ac)2 is partially reacted with the polymer as XRD reflections
corresponding to Co(Ac)2 are observed in the XRD pattern of Du1800-
Co2 precursor. The pyrolysis of Du1800-Co2 precursors at 700 �C leads
to the formation of Co metal and Co2Si. With further increasing pyrolysis
temperature to 1100 �C results in the formation of CoSi phase in the
sample. The formation of cobalt silicide in PDCs can be attributed to the
reaction of cobalt metal with the SiOCN matrix. The high pyrolysis
temperature will facilitate the reaction of Si in SiOCN matrix with re-
sidual Co metal to form metastable Co2Si first and then CoSi. These re-
sults are consistent with previous works showed that the metastable
Co2Si phase is usually formed in PDCs at lower pyrolysis temperature
before the formation of CoSi at higher temperature [6,26,63]. However,
for Du1800-Co2.W precursors, silicon-rich cobalt silicide phase CoSi
starts to be crystallized by pyrolysis at 700 �C due to the reaction of Co
metal present in the precursor sample with Si in SiOCN matrix. With
increasing the pyrolysis temperature to 1100 �C, the formation of CoSi
phase is completed and no more Co metal observed in this sample. The
difference in the phase composition between Du1800-Co2 and
Du1800-Co2.W samples after pyrolysis can be explained by the differ-
ence in chemical properties of cobalt compound in the precursor samples
as Co metal and Co(Ac)2 are found in Du1800-Co2.W and Du1800-Co2
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precursors, respectively. Similarly, the chemical structure of polymeric
precursors in both samples can also be different that will affect silicon
diffusion rate to react with Co metal to form cobalt silicide phases during
pyrolysis.

On the other hand, XRD patterns of Du1800-Cu1 and Du1800-Cu2
precursors (Fig. 6d and Fig. S8) show that the reaction of anhydrous
CuAC and Cu(Ac)2 with Durazane 1800 polymer results in the formation
of Cu and Cu2O. Comparing the intensities of XRD reflections corre-
sponding to Cu and Cu2O phases in both samples indicates that Du1800-
Cu1 sample has a higher amount of Cu2O phase if compared with that in
Du1800-Cu2 sample. These results suggest the low stability of CuAC
under these synthesis conditions; thus, it is transformed into Cu2O before
reacting with the polymer. However, this Cu2O phase is metastable and
reduced to metallic Cu by pyrolyzing precursor at 700 �C. The formed Cu
metal in Du1800-Cu2 precursor is found to be very stable under both
pyrolysis temperatures. In contrast, the pyrolysis of Du1800-Cu1 pre-
cursors at 1100 �C leads to the formation of copper silicide phases (i.e.
Cu3Si and Cu4Si) due to the reaction of Cu metal with the amorphous
SiOCN matrix, which is in good agreement with reported Cu–Si phase
diagram [65]. The formation of copper silicide phases at 1100 �C in
Du1800-Cu1 but not in Du1800-Cu2 sample can be explained by the
difference in the crystallite size of Cu metal in both samples. As it can be
seen from Fig. 6d, the XRD reflections corresponding to Cu metal in
Du1800-Cu1 pyrolyzed at 700 �C are much broader than those of Cu
phase in Du1800-Cu2 sample pyrolyzed at the same temperature, sug-
gesting the smaller size of Cu crystallites in Du1800-Cu1 if compared
with that in Du1800-Cu2 sample. This small crystallite size of Cu metal
might facilitate its reaction with Si in the SiOCN matrix to form copper
silicide phases.

As shown in Fig. 6e, crystalline Zn(AC)2.2H2O is observed in the XRD
pattern of Du1800-Zn2.W precursor and no crystalline Zn-based com-
pounds are indicated after the pyrolysis of this precursor at 700 �C and
1100 �C. In contrast, despite Du1800-Zn2 precursor also exhibits an
amorphous structure but not crystalline zinc acetate phase can be found
in this precursor. Moreover, the pyrolysis of Du1800-Zn2 precursor at
700 �C and 1100 �C results in the formation of Zn metal, which is
consistent with previous reported Zn–Si phase diagram [66]. These re-
sults suggest that Durazane 1800 polymer has been reacted with anhy-
drous Zn(AC)2 but not with hydrous Zn(AC)2.2H2O.

XRD pattern of Du1800-Ag1 (Fig. 6f) precursor shows the formation
of Ag metal after the reaction of anhydrous AgAc with Durazane 1800
polymer. The stability of formed Ag metal even after the pyrolysis of
Du1800-Ag1 precursor at 1100 �C is in good agreement with the reported
phase diagram of Ag–Si that suggests no possible reactions between Si
and Ag at these conditions [67]. The phase compositions of the synthe-
sized precursors as well as pyrolyzed nanocomposites are summarized in
Table 1.

4. Conclusions

In this report, we propose a one-step chemical route to synthesize
metal-containing (Mn, Fe, Co, Cu, Zn and Ag) precursors through a very
simple chemical reaction of metal acetates with poly(vinyl)silazane
Durazane 1800 in an ice bath under argon atmosphere. The ATR-FTIR
spectra reveal the decreased signal intensity that attributed to the Si–H
(2116 cm�1) and Si–NH–Si (1162 cm�1) groups. In addition, for pre-
cursors Du1800-Mn3.W, Du1800-Fe2, Du1800-Co2, Du1800-Co2.W,
Du1800-Cu1, Du1800-Cu2, the absorption band corresponding toC–H
vibration at 3042 cm�1 that related to the vinyl groups are vanished. This
means hydrosilylation reaction between -Si-H and -Si-CH––CH2 may
happen at room temperature. The XPS and XRD results of the synthesized
precursors indicate the direct formation of metallic phase in precursors
Du1800-Fe2, Du1800-Co2.W, Du1800-Cu1, Du1800-Cu2 and Du1800-
Ag1 after the reaction. Metal or metal silicide containing nano-
composites can be obtained when the synthesized precursors are pyro-
lyzed at 700 �C and 1100 �C for 3h under argon atmosphere. However,
10
the reaction mechanism between metal acetates and Durazane 1800 is
still unclear, and further discussion will be conducted in our future work.
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