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A B S T R A C T   

Herein, we introduce a bottom-up material design approach of optically selective SiC-based nanocomposite 
objects. Precursors have been firstly synthesized by reaction of allylhydridopolycarbosilane with titanium and 
boron complexes before a pyrolysis at 1000 ◦C in flowing argon to deliver single-phase amorphous Si–Ti–C–N(B, 
H) ceramics. The later was then heat-treated up to 1800 ◦C under argon. Relatively dense nanocomposites made 
of TiCxN1-x (0 ≤ x ≤ 1) nanocrystals homogeneously formed in situ in a SiCxN4-x-type phases (0 ≤ x ≤ 4) have 
been isolated after heat-treatment at 1400 ◦C. Above 1400 ◦C, our experimental data showed a continuous 
evolution of carbon and nitrogen contents up to 1800 ◦C due to carbothermal reduction reactions forming 
carbide phases while releasing nitrogen-containing species. Thus, heat-treatment at 1800 ◦C led to porous and 
fully crystallized TiC(N)/SiC(B) nanocomposites that displayed a maximal optical selectivity of 1.67 measured at 
room temperature; a value significantly increased compared to the SiC(B) counterpart.   

1. Introduction 

Producing sustainable, renewable and low CO2 emission electricity is 
a worldwide challenge. In an increasingly carbon-constrained world, 
solar energy technologies represent one of the least carbon-intensive 
means of electricity generation. Among such technologies, Concen
trating Solar Power (CSP) plants are utility-scale generators that pro
duce electricity by using mirrors or lenses to reflect and efficiently 
concentrate (focus) the sun’s light energy onto selective solar absorbers 
(SSAs). The latter - surfacic (e.g., tubes) or volumetric (e.g., honeycomb 
structures) - are designed to maximize sunlight absorption and minimize 
the heat loss that would naturally be generated from the surface as 
infrared radiation [1,2]. 

The operational temperatures range of the SSAs is categorized as low 
(< 100 ◦C), mid (100 ◦C < T < 400 ◦C) and high (T > 400 ◦C) tem
perature [3]. Currently, SSA work at a maximum temperature of 700 ◦C 
[4]. However, photothermal conversion of solar radiation will constitute 

a source of energy of significant importance for a large number of ap
plications if higher temperatures – typically above 900 ◦C - are reached. 
This will allow improving the efficiency of the thermal-to-electricity 
conversion with the consequence of increasing the Carnot efficiency of 
the power generation system [3,5]. 

Silicon carbide (SiC) offers unique features such as a light weight, an 
excellent thermal shock resistance performance, a high strength, an 
oxidation resistance, and a grey-black color for high temperature ap
plications compatible with the operating conditions of further CSP sys
tems [6,7]. Its oxidation resistance is linked to the formation of a 
passivating oxide layer which provides a thermal stability up to 
~1400 ◦C [8]. However, despite good sunlight absorption in the solar 
spectrum, SiC has a high thermal emittance, leading to a poor optical 
selectivity [9]. 

Group IV borides, carbides or even nitrides are propitious as solar 
absorbers according to their inherent spectral selectivity and lower 
thermal emittance [9–15]. TiC is one of the prominent choices [15,16]. 
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TiN also exhibits an inherent spectral selectivity which can be used for 
designing SSAs [17]. However, transition metal carbides and nitrides 
tend to oxidize in the targeted operating temperature range [18–20]. 
Therefore, to maximize the energy absorbed by the SSAs while the heat 
loss from them to the environment is minimized and their stability 
preserved above 900 ◦C, engineered composites combining a robust and 
durable matrix such as SiC and optical selective materials among group 
IV borides, carbides or nitrides represent the future of SSAs. 

Excellent spectral selectivity has been recently attributed to nano
composite structures made of MN precipitates (M = Cr) distributed in an 
AlN(O) matrix [21]. It has been particularly shown that the incident 
light was scattered by the CrN nanocrystallites and the optical path was 
enlarged. With the particle density increasing, coupling of plasmons 
between neighboring particles even took place, beneficial to the trans
mission of heat [22]. However, such nanocomposites are exclusively 
prepared as coatings (=surfacic) and cannot offer a large flexibility in 
terms of available compositions. Furthermore, the AlN(O) matrix tends 
to oxidize in the targeted operating temperatures. 

Recent reports suggested that the Polymer-Derived Ceramics (PDCs) 
route is a convenient way to synthesize nanoscaled transition metal 
nitrides (TMNs) and/or carbides (TMCs) into a robust and covalently- 
bonded silicon nitride (Si3N4) and/or carbide (SiC) matrix [23–33]. 
Furthermore, this route can be associated to a shaping process such as 
warm-pressing (WP) or a sintering step [34,35] to form both volumetric 
and surfacic SSAs. 

Following this strategy, the synthesis and processing of SiC-based 
nanocomposites upon modification of allylhydridopolycarbosilane 
(AHPCS) with tetrakis(dimethylamino)titanium (Ti[N(CH3)2]4) and/or 
borane dimethylsulfide (BH3⋅S(CH3)2, BDMS) is addressed. The sche
matic representation of our approach is described in Fig. 1. The material 
has been characterized at each step of the process and we propose 
extensive structural and textural characterizations of the final nano
composites. As a proof of concept, we explored the hemispherical 
reflectance of these materials at room temperature (RT) and demon
strated their promising optical selectivity. 

2. Experimental methods 

2.1. Materials 

The synthesis of the precursor is carried out in a purified argon 

atmosphere passing through a column of phosphorus pentoxide and then 
through a vacuum/argon line by means of standard Schlenk techniques. 
The cleaned glassware is stored in an oven at 95 ◦C overnight before 
being connected to the vacuum/argon line, assembled and pumped 
under vacuum for 30 min and then filled with argon. All chemical 
products are handled in an argon-filled glove box (Jacomex, Campus- 
type; O2 and H2O concentrations kept at ≤0.1 ppm and ≤0.8 ppm, 
respectively). Toluene (99.85%, Extra Dry over Molecular Sieve, Acro
Seal(R)) was purchased from Acros Organics™. Allylhy
dridopolycarbosilane (AHPCS labeled SMP-10, Starfire Systems® 
Incorporation, New York, USA), with a density of 0.998 g cm− 3 was 
stored in a freezer and used as-received. Anal. Found (wt%): Si 54.8, C 
35.0, H 8.3, O 1.9. [Si1.0C1.5H4.2]n (Normalyzed to total 100 wt % (total of 
wt% was 98.5 wt%) and reference to Si1.0. Oxygen content (below 2 wt%) 
omitted in the empirical formulae). FTIR (ATR/cm− 1): ν (C–H) = 3076 (s), 
3010 (s), 2954 (w), 2910 (s), 2895 (m), 2852 (m); ν (Si–H) = 2121 (vs); δ 
(allyl) = 1611 (m); δ (CH2) = 1360 (m); δ (Si–CH3) = 1251 (m); δ 
(Si–CH2–Si) = 1049 cm− 1 (s); δ (Si–H) = 940 cm− 1 (s); δ (CH3) = 850 
cm− 1(s); ν (Si–C) = 780 (s). 1H NMR (300 MHz, CDCl3, δ/ppm): 0.05 (br, 
SiCH3), 0.4 (w, SiCH2), 1.56–1.9 (w, Si–CH2–CH––CH2), 3.4–3.8 
(SiH3C), 3.8–4.1 (SiH2CH2), 4.85–5.05 (Si–CH2–CH––CH2), 5.71–5.93 
(Si–CH2–CH––CH2). Tetrakis(dimethylamino)titanium (Ti[N(CH3)2]4, 
99.99%) was obtained from Acros Organics™, stored in a fridge and 
used without further purification. It is labeled TDMATi. Borane dime
thylsulfide BH3⋅S(CH3)2 solution (2.0 M in toluene) was obtained from 
Acros Organics. It is labeled BDMS. 

2.2. Precursor synthesis 

4.0 g of AHPCS (83.1 mmol referred to the number of monomer units 
in the polymer (i.e., (Si(CH2CHCH2)HCH2)0⋅1(SiH2CH2)0.9) was dis
solved in extra dry toluene (100 ml) in a three-necked round-bottomed 
flask equipped with a Teflon-coated magnetic stir bar and a magnetic 
stirrer. Then 3.7 g of TDMATi (16.6 mmol) was added to the solution 
with a syringe under argon atmosphere at room temperature to reach a 
molar ratio (n(Si):n(Ti)) of 5. Reaction synthesis occurred under 
vigorous stirring at toluene reflux for three days. On the third day, the 
solvent was removed under vacuum via an ether bridge (100 ◦C/ 
1.5•10− 1 mbar) to release a viscous sample labeled ATi. Anal. Found (wt 
%): Si 27.5, Ti 10.7, C 37.8, N 13.7, H 8.7, O 1.6. [Si1.0Ti0.2C3.2N1.0H8.8]n 
(Normalyzed to total 100 wt % (total of wt% was 99.1 wt%) and reference to 

Fig. 1. Schematic diagram of the general process of designing SiC-based nanocomposite objects from Ti and B-modified polycarbosilanes and provided chemical, 
structural and optical fingerprints. 
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Si1.0. Oxygen content (below 2 wt%) omitted in the empirical formulae). 
FTIR (KBr/cm− 1): ν (C–H) = 2960 (s), 2910 (s), 2848 (s), 2791 (s); 
ν(Si–H) = 2115 (s); δ (CH3) = 1457 (s); δ (CH2) = 1360 (m); δ(C–N) =
1294 (s); δ(Si–CH3) = 1250 (m); δ (C–H): 1150 (s); δ (Si–CH2–Si) = 1049 
cm− 1 (s); δ (CH3) = 850 cm− 1(s); ν (Si–C) = 780 (s). 

In order to form a polymer more adapted to the warm-pressing (WP) 
process, AHPCS was also reacted with BDMS according to our previous 
reports [36,37] prior to the addition of TDMATi. Thus, in a first step, the 
reaction of AHPCS with BDMS occurred in toluene at 0 ◦C according to 
an atomic ratio (Si:B) of 30 in a three-necked round-bottomed flask 
equipped with a dropping funnel and a gas inlet tube. 4.0 g of AHPCS 
(83.1 mmol) were introduced under argon flow in the three-necked 
round-bottomed flask equipped with a Teflon-coated magnetic stir bar 
and a magnetic stirrer, then dissolved in extra dry toluene (50 mL). In 
parallel, further 50 mL of toluene was introduced in the dropping funnel 
before adding BDMS (1.4 mL, 2.8 mmol). After cooling of the 
AHPCS-containing flask to 0 ◦C, BDMS was added dropwise to the 
AHPCS solution under stirring. After the addition was completed, the 
temperature was increased naturally up to room temperature (RT) and 
the mixture was stirred for three days. Then, two processes were con
ducted according to the targeted polymer:  

(1) Solvent was removed under vacuum via an ether bridge (100 ◦C/ 
1.5•10− 1 mbar)) to release a solid sample labeled AB. This 
polymer served as a reference sample. Anal. Found (wt %): Si 
52.9, B 0.7, C 35.6, H 8.9, O 1.9. [Si1.0B0.03C1.6H4.7]n (Normalyzed 
to total 100 wt % (total of wt% was 99.3 wt%) and reference to Si1.0. 
Oxygen content (below 2 wt%) omitted in the empirical formulae). 
FTIR (KBr/cm− 1): ν (C–H) = 2910 (s), 2850 (s); ν(Si–H) = 2113 
(s); δ(CH3) = 1457 (s); δ (CH2) = 1360 (m); δ(Si–CH3) = 1250 
(m); δ (Si–CH2–Si) = 1049 cm− 1 (s); δ (Si–H) = 940 cm− 1 (s); δ 
(CH3) = 850 cm− 1(s); ν (Si–C) = 780 (s).  

(2) Solvent was kept and 3.7 g of TDMATi (16.6 mmol) was added 
with a syringe under argon atmosphere at RT and then reacted 
according to the route previously described for the synthesis of 
ATi. A solid boron- and titanium-modified AHPCS labeled ABTi 
was delivered. Anal. Found (wt %): Si 31.8, B 0.4, Ti 9.1, C 38.1, 
N 10.2, H 8.9, O 1.5. [Si1.0B0.03Ti0.2C2.8N0.7H7.8]n (Normalyzed to 
total 100 wt % (total of wt% was 99.0 wt%) and reference to Si1.0. 
Oxygen content (below 2 wt%) omitted in the empirical formulae). 
FTIR (KBr/cm− 1): ν (C–H) = 2960 (s), 2910 (s), 2848 (s), 2789 
(s); ν(Si–H) = 2110 (s); δ (CH3) = 1457 (s); δ (CH2) = 1360 (m); 
δ(C–N) = 1294 (m); δ(Si–CH3) = 1250 (s); δ (BC3): 1182 (s); δ 
(C–H): 1152 (s); δ (Si–CH2–Si) = 1049 cm− 1 (s); δ (CH3) = 850 
cm− 1(s); ν (Si–C) = 780 (s). 

2.3. Two-step precursor heat-treatment 

As synthesized polymers were placed in alumina boats to be intro
duced in a sealed tube under argon atmosphere to prevent any oxygen 
contamination of the samples during the transfer to the furnace. Pow
ders were then introduced under argon flow into a silica tube from a 
horizontal furnace (Carbolite BGHA12/450B). The tube was then 
evacuated (0.1 mbar) for 30 min and refilled with argon (99.995%) to 
atmospheric pressure. Subsequently, the samples were subjected to a 
cycle of ramping of 5 ◦C.min− 1 to 1000 ◦C in flowing argon (dwelling 
time of 2 h at 1000 ◦C). A constant flow (120 mL min− 1) of argon was 
passed through the tube during the pyrolysis cycle. After cooling under 
argon atmosphere, samples were stored in a glove-box for character
ization. Samples were labeled P-T with P the type of polymer, i.e., A, 
ATi, AB and ABTi and T being the two first digits of the temperature at 
which the polymer had been exposed. For the high temperature (T >
1000 ◦C) investigation, samples pyrolyzed at 1000 ◦C were subsequently 
introduced in a graphite furnace (Nabertherm VHT-GR) for heat- 
treatments. The furnace was pumped under vacuum (1.10− 1 mbar), 
refilled with argon and maintained under a constant flow of argon (200 

mL min− 1) during the whole heat treatment. The program consisted of a 
5 ◦C.min− 1 heating ramp up to the maximum temperature fixed in the 
range 1400–1800 ◦C, dwelling at the selected temperature for 2 h and 
cooling down to RT at 5 ◦C.min− 1. Samples were labeled P-T with P the 
type of polymer, i.e., A, ATi, AB and ABTi and T the two first digits of the 
temperature at which the polymer had been exposed (1400, 1600 and 
1800 ◦C). 

2.4. Pellet preparation 

In order to design nanocomposite objects, the ABTi sample was 
introduced in a sealed stainless-steel bowl in the glove-box to be then 
ball milled at 200 rpm for 40 min before being warm-pressed. Then, 1 g 
of each ball-milled sample was introduced in a heated steel die (AINT- 
25-H with a 25 mm internal diameter) in the glove-box then uniaxially 
pressed using a Specac Atlas Autotouch Press-40T at 74 MPa or 100 MPa 
and heated to the set temperature (from 100 to 110 ◦C) at a heating rate 
of 5 ◦C/min. The selected temperature and pressure were held for 0.5 h. 
The pressure on the samples was then slowly deloaded during cooling 
down to RT within 1 h. Typical dimensions of the cylindrical green 
bodies were of a diameter of 25 mm and a thickness of 1.5 mm. The 
procedure to perform the pyrolysis and heat-treatment were similar to 
those applied for powders. As a change, the samples were subjected to a 
cycle of ramping of 1 ◦C.min− 1 to 1000 ◦C, dwelling there for 2 h, and 
then cooling down to RT at 2 ◦C.min− 1. For the high temperature (T >
1000 ◦C) investigation, the samples underwent a heating program 
through a cycle of ramping of 5 ◦C.min− 1 to various temperatures in the 
range 1000–1800 ◦C, dwelling at the selected temperature for 2 h and 
then cooling down to RT at 5 ◦C.min− 1. 

2.5. Characterization 

The chemical structure of the polymers was determined by trans
mission FTIR spectroscopy using a Nicolet Magna 550 Fourier 
transform-infrared spectrometer. The liquid-state 1H NMR data of 
AHPCS were obtained from a Bruker AVANCE 300 spectrometer using 
CDCl3 as a deuterated solvent. The 13C and 29Si solid-state NMR spectra 
of solid samples were recorded with a Bruker AVANCE 300 spectrometer 
using 4- or 7-mm Bruker probes at a spinning frequency of 5 or 10 kHz. 
13C CP MAS experiments were performed with ramped-amplitude cross- 
polarization in the 1H channel to transfer magnetization from 1H to 13C. 
(Recycle delay = 3 s, CP contact time = 1 ms, optimized 1H spinal-64 
decoupling). Single pulse 29Si MAS NMR spectra were recorded with a 
recycle delay of 60 s. Chemical shift values were referenced to tetra
methylsilane for 13C and 29Si. The 11B solid state NMR spectra were 
recorded on a Bruker AVANCE 700 spectrometer using a 4 mm Bruker 
probe and a spinning frequency of 12 kHz. They were acquired using a 
spin-echo θ-τ-2θ pulse sequence with θ = 90◦, to overcome problems 
related to the probe signal. The τ delay (83 μs) was synchronized with 
the spinning frequency. The chemical shift values were referenced to 
BF3

. OEt2 for 11B. The static 47,47Ti NMR experiments were recorded on a 
Bruker AVANCE 700 spectrometer using a 4 mm Bruker probe. A 
DFS− WURST− QCPMG sequence [38–40] was used. Chemical shifts 
were referenced to TiCl4 for 49Ti. Chemical analyses of the polymers 
were performed using a combination of several methods at Mikroana
lytisches Labor Pascher (Remagen, Germany). Thermogravimetric ana
lyses (TGA) of samples were performed in flowing argon at 5 ◦C.min− 1 to 
1000 ◦C using alumina crucibles at ambient atmospheric pressure (STA 
449 F3, Netzsch GmbH, Selb, Germany) coupled with a mass spec
trometer (Omnistar, Pfeiffer Vacuum GmbH, Asslar, Germany) at the 
outlet. The phase composition of ceramic samples - ground as fine 
powders – were analyzed from XRD data obtained with a Bruker D8 
Advance diffractometer. The scan was performed using the CuKα1/2 
radiations, from 20 to 90◦ 2θ with a step size of 0.02◦ and acquisition 
time of 0.9 s per step. The diffraction patterns were analyzed using the 
Diffrac + EVA software with the JCPDS-ICDD database. Raman 
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spectroscopy microanalyses were carried out with a Renishaw InViaR
eflex using 2 excitation laser wavelengths of 532 nm and 785 nm. 
High-temperature TG analyses of samples pyrolyzed at 1000 ◦C were 
done up to 1800 ◦C using a Setaram, Setsys apparatus at a heating rate of 
5 ◦C/min in flowing argon. Samples were observed by JEOL IT300 
scanning electron microscope. These microstructural observations were 
completed by chemical analyses using an Oxford X-ray dispersive 
spectrometer (EDX). Elemental analyses of the pyrolyzed powders were 
completed by instrumental gas analysis (IGA) techniques for carbon (C) 
content measurements using a Horiba Emia-321V and for oxygen (O), 
nitrogen (N) and hydrogen (H) content measurements using a Horiba 
EMGA-830. The silicon (Si) and titanium (Ti) contents were determined 
by Inductively Coupled Plasma-Optical Emission Spectrometry 
(ICP-OES) using a PerkinElmer Optima 8300 instrument. To investigate 
it, the materials are first mineralized (dissolved using a strong acid 
medium). All the compositions have been normalized to Si1.0. Further 
observation on powders was done by transmission electron microscopy 
(TEM) with a JEOL JEM 2100F. The density of nanocomposite objects 
was investigated by hydrostatic weighing and compared to those of 
crushed powders studied by Helium pycnometry (Micromeritics, 
AccucPyc II 1340). Two spectrophotometers were used to measure the 
total spectral reflectance of the bulk samples. Over the wavelength range 
from 0.28 to 2.5 μm, the near-normal hemispherical reflection spectrum 
was acquired using a PerkinElmer Lambda 100 spectrophotometer. Over 

the wavelength range from 2.5 μm to 25 μm, the hemispherical direc
tional reflectance (R∩,θ) was recorded using a Shimadzu UV 
3600UV–vis–NIR spectrophotometer. A mathematical treatment 
(Mathematica software) was used to get access to the final optical pa
rameters such as the emittance ε (infrared region) and the absorbance α 
(UV–visible region) from the spectroscopy data. 

3. Results and discussion 

3.1. Precursor syntheses 

Our first attempt consisted to perform the reaction between AHPCS 
selected as a SiC matrix precursor and a low molecular weight com
pound (tetrakis(dimethylamino)titanium, TDMATi) acting as a TiCxN1-x 
precursor leading to the ATi sample. The latter was first characterized by 
FTIR spectroscopy to confirm the ATi sample structure. Data were 
compared to those of AHPCS, labeled A, to highlight the main changes 
occurring in the structure of AHPCS after chemical modification. 

The FTIR spectrum of A (Fig. 2a) shows a series of bands attributed to 
the bonds and groups commonly identified in AHPCS [41,42]. The main 
changes observed in the spectrum of the ATi sample (Fig. 2a) are the 
decrease of the relative intensity of the band assigned to Si–H bonds 
(2115 cm− 1) with respect to the intensity of the Si–CH3 band (1251 
cm− 1) while the set of bands in the range of 2800–2950 cm− 1 broadened 

Fig. 2. a) FTIR spectra of A, AB, ATi5 and ABTi5, b) 13C CP MAS NMR and c) 29Si MAS NMR spectra recorded for ATi and ABTi and d) main structural motifs present 
in Ti-modified AHPCS based on combined FTIR and NMR spectroscopies. 
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and two new bands appeared at 2791 cm− 1 (C–H stretching in NCH3 
units) and 1457 cm− 1 (NCH3 bending). The latter highlights the intro
duction of –NCH3 groups from TDMATi in the structure of AHPCS. To 
corroborate this assumption, the bands appearing in the spectrum of the 
ATi sample around 1290 cm− 1 can be tentatively attributed to N–C bond 
stretching. Based on these observations and according to previous re
ports [23,25,26,28,33], FTIR spectroscopy confirms the establishment 
of Si–N(CH3)–Ti linkages in the ATi sample via the reaction of SiH 
groups present in A with TDMATi releasing methane. Beside this, it 
should be pointed out a decrease of the intensity of bands assigned to the 
vibration of C–H bond in the allyl groups present in AHPCS (1611 cm− 1 

(C––C stretch in CH––CH2) and 3076 cm− 1 (C–H stretch in 
CH2–CH––CH2)). This suggests that polymerization of the allyl groups 
and/or hydrosilylation reaction of the latter (with Si–H units) - leading 
to the formation of carbosilane chains (-Si-C-C-C-Si-) - occurred. As the 
hydrosilylation process starts at temperatures of ca. 100–120 ◦C [40] 
and that reaction of AHPCS and TDMATi occurs at toluene reflux 
(around 120 ◦C), this reaction can be envisioned; especially considering 
the catalytic activity of TDMATM (TM = Ti, Zr, Hf) toward hydro
silylation [22,27,32]. 

To achieve a better understanding of the local carbon and silicon 
environments in the polymer, 13C and 29Si solid-state NMR spectra of the 
polymers were recorded (Fig. 2b–c). The cross-polarization (CP) tech
nique was used for 13C NMR experiments to obtain spectra with 
reasonable acquisition times and signal-to-noise ratios. The 13C CP MAS 
NMR spectrum of ATi (Fig. 2b) exhibits four signals around 0, 20, 39 and 
50 ppm. The signal around 0 ppm is very broad and can be safely 
assigned to carbon atoms of aliphatic groups bonded to a silicon atom 
[43,44]. The large width of the signal can be due to the presence of two 
contributions involving SiCHx (x = 2 and 3) unit-containing environ
ments: SiCH2 groups from the polycarbosilane backbone and pendant 
SiCH3 groups. The resonance around 20 ppm attributed to C–CH2 units 
is consistent with the fact that hydrosilylation reactions and/or poly
merization of allyl groups occurred in the system [37]. This is confirmed 
with the absence of signals at 115 and 135 ppm in the spectrum of the 
ATi sample. The signal around 39 ppm appears as a doublet and might 
be assigned to carbon atoms linked to nitrogen, thereby N–CH3 units in 
two types of environments, i.e., SiC2RN (R = H or CH2) and/or SiC2N2, as 
already proposed for a polymer resulting from the reaction between 
AHPCS and TDMAHf (Hf = Hafnium) [23]. The signal around 50 ppm is 
tentatively attributed to an –OCH3 environment already present in 
AHPCS [37]. To complete our investigation, the experimental solid-state 
29Si MAS NMR spectrum of the ATi sample was recorded at 7T (Fig. 2c). 
It is composed of a set of 5 signals: those around − 11 and – 38 ppm are 
already identified in the 29Si NMR spectrum of AHPCS and reported in 
the literature [45,46]. They can be assigned to SiHC3 and SiH2C2 units, 
respectively. Additional signals not observed in AHPCS are attributed to 
HSiNC2 environments at − 18 ppm and to SiN2C2 at − 5 ppm whereas 
there is also a shoulder around 5 ppm that is assigned to SiNC3 envi
ronments [35,47–49]. Thus, solid-state NMR spectroscopy confirms the 
introduction of Ti in the AHPCS network via the formation of Si–N 
(CH3)–Ti- bridges. The main structural motifs composing the ATi sample 
are summarized in Fig. 2d. 

However, although we succeeded in the synthesis of a preceramic 
polymer containing Si, C, N, Ti and H elements as a potential nano
composite precursor, the shaping potential of ATi, a highly viscous gel, 
remained poor. Thus, we could not form any shape that could be useful 
to investigate the spectral selectivity of the derived nanocomposite ob
jects after the thermochemical conversion and crystallization. Because 
we targeted the preparation of pellets, the warm-pressing (WP) process 
can be envisioned [34]. However, a solid sample has to be prepared. As a 
consequence, we introduced boron in the ATi sample network via the 
quantitative hydroboration of AHPCS with BDMS (atomic Si:B ratio of 
30) leading to the intermediate AB sample [36,37] prior its reaction with 
TDMATi. The chemical modification of AHPCS by BDMS leads to a solid 
compound - AB - which can be warm-pressed at 120 ◦C under a pressure 

of 74 MPa to produce boron-doped SiC pellets by a heat-treatment at 
high temperatures (1000–1500 ◦C) [36,37]. Thus, we suggested that the 
post-modification of AB with TDMATi leading to the ABTi sample 
should not impair the WP ability of AB; in contrast, it would be even 
more appropriate toward WP because the reaction with TDMATi in
troduces N(CH3)x (x = 1 and 2) units as shown via FTIR and NMR 
spectroscopies that are well known to act as plasticizers during a shaping 
at low temperature (< 200 ◦C) [50,51]. The ABTi sample – a solid 
compound as expected - was thoroughly characterized by FTIR and 
solid-state NMR spectroscopies as presented in Fig. 2 along with the 
results obtained from the ATi sample. Data have been compared to those 
of the AB sample [37]. 

The FTIR spectra of ABTi and ATi samples (Fig. 2a) are similar. The 
main changes are the broadness of the bands at around 1450 cm− 1 and 
1150 cm− 1. Especially, the band at around 1150 cm− 1 seems to contain 
two contributions and especially one in the higher wavenumber domain 
around 1180 cm− 1. It could represent the signature of a trigonal planar 
coordination of boron connected to three carbon atoms, expected at 
1181 cm− 1 [52–54]. The investigation of the 13C and 29Si solid-state 
NMR spectra (Fig. 2b and c) confirms the similar structures between 
the ATi and ABTi samples; thereby the pre-addition of boron into 
AHPCS does not alter the further reaction with TDMATi. Indeed, nitro
gen is incorporated at molecular scale in the ABTi sample because of the 
presence of signals attributed to NCH3 environments in the 13C NMR 
spectrum of the sample ABTi (Fig. 2b) and SiNC3 (~5 ppm), SiN2C2 
(~-5 ppm) and SiHNC2 (~-18 ppm) in the 29Si NMR spectrum (Fig. 2c). 
However, the relative intensity of the signals is modified and the 29Si 
NMR signal related to Si–N bonds is very broad. This tends to indicate a 
higher degree of crosslinking of the ABTi sample compared to ATi. This 
confirms that the pre-addition of B to A forming AB represents the 
determining factor to increase the crosslinking degree of ABTi. 

11B NMR investigations show the presence of a much broader signal 
in the spectrum of the ABTi sample compared to that identified in the 
spectrum of the AB sample (which was characterized again in the pre
sent paper, see Fig. 1SI in ESI). In the latter, as the boron content is very 
low, and because it was difficult to explain the formation of BH3C and 
BH4 environments, we assumed that the main signal is attributed – in 
part – to boron-oxidized environments, i.e., BO4 groups (δiso ~ 0 ppm) 
and probably also BO3 [37]. The signal identified in the spectrum of the 
ABTi sample tends to be extended toward higher shifts indicating het
erogeneity in the local chemical environment of boron atoms. We sug
gested that the nitrogen present in the systems can have also an impact: 
during their investigations of a boron-modified poly-(
allylmethylsilazane) by 11B NMR spectroscopy, Berger et al. observed 
signals between 5 and 30 ppm assigned to trigonally coordinated boron 
BN3 units, and indicated that the presence of B–C bonds is unlike [54]. In 
addition, BN2H, BNH2 and BCNH environments were identified at 
28–31 ppm, 37–38 ppm and 39–43 ppm, respectively [54]. Thus, the 
presence of B–O (abstraction of oxygen atoms from AHPCS and/or at
mosphere) and B–N bonds (abstraction of nitrogen atoms from N(CH3)2 
groups) in the ABTi sample can be envisioned although their content is 
expected to be low according to the low boron content in the polymer as 
indicated in Table 1. 

Empirical formulas reported in Table 1 confirm the incorporation of 
nitrogen, titanium and/or boron in the AHPCS network after reaction 
with BDMS and/or TDMATi. Compared to the chemical formula of 
AHPCS ([Si1.0C1.5H4.2]n, the elemental analysis data of ATi and ABTi 
samples - which respectively allowed to determine a chemical formula of 
[Si1.0Ti0.2C3.2N1.0H8.8]n and [Si1.0B0.03Ti0.2C2.8N0.7H7.8]n - confirm that:  

i) B does not hinder the further addition of Ti at atomic scale as 
confirmed by the calculated Si:Ti ratio of 5 in both samples,  

ii) C, N and H contents significantly increase in the ATi and ABTi 
samples. 

Based on the empirical formulas, the increase of the C, N and H 
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contents is most probably related to a high portion of -Ti[N(CH3)2]x (x =
1 to 3) units as side groups that do not further react during the synthesis 
progress. Thus, we can conclude that the ATi and ABTi samples display a 
higher degree of crosslinking than AHPCS because of the formation of 
carbosilane chains, -Si–N(CH3)–Ti- bridges (in both ATi and ABTi) and/ 
or B–O, B–C and/or B–N bond-based units (in ABTi). Their networks is 
surrounded by pendant –N(CH3)2 groups. Before investigating the 
design of pellets by WP of ABTi, we investigated its conversion into 
nanocomposites as powders. 

3.2. Polymer to ceramic conversion 

In this section, we discuss the thermal behavior of the ABTi sample 
up to 1000 ◦C in flowing argon as monitored by TG experiments 
(Fig. 3a). Its behaviour has been compared to those of AHPCS (A), AB 

and ATi recorded in the same conditions. 
The TG behavior of AHPCS (A) is well referenced in the literature 

[23,37,41,42] with three distinct and consecutive weight losses leading 
to a final ceramic yield (mass of the polymer/mass of the resulting ce
ramics) around 72%. 

In our previous report, we highlighted the positive impact of the 
incorporation of boron in AHPCS (atomic Si:B ratio of 30) to signifi
cantly increase its ceramic yield (Fig. 3a) [37]. Herein, the AB sample 
confirmed the increase of the ceramic yield by 19% compared to A as 
referenced in Ref. [37]. 

The reaction of TDMATi with A and AB leads to the ATi and ABTi 
samples which display a similar TG profile with a one-step weight loss 
occurring mainly in the temperature range 200–600 ◦C. Compared to A, 
the 125–250 ◦C temperature range behavior of ATi shows a lower 
weight loss because the distillation of low molecular weight species at 

Table 1 
Elemental composition of the polymers (Normalyzed to total 100 wt % (total of wt% was above 98.5 wt%) and reference to Si1.0. Oxygen content (below 2 wt%) omitted in the 
empirical formulae).  

Samples Element content (wt%) Empirical formulas 

Si B Ti C N H O 

A 54.8 – – 35.0 – 8.3 1.9 Si1.0C1.5H4.2 

AB 52.9 0.7 – 35.6 – 8.9 1.9 Si1.0B0.03C1.6H4.7 

ATi 27.5 – 10.7 37.8 13.7 8.7 1.6 Si1.0Ti0.2C3.2N1.0H8.8 

ABTi 31.8 0.4 9.1 38.1 10.2 8.9 1.5 Si1.0B0.03Ti0.2C2.8N0.7H7.8  

Fig. 3. a) TG curves recorded during the decomposition of A, AB, ATi and ABTi samples in flowing argon, b) 29Si MAS NMR and c) 11B MAS NMR spectra recorded 
for AB_10, ATi_10 and ABTi-10 and d) XRD patterns and e) Raman spectra of A_10, AB_10, ATi_10 and ABTi_10 samples. 
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low temperature is reduced. This confirms that the degree of cross
linking of ATi is higher than that of A. In contrast, the decomposition of 
ATi is accelerated at intermediate temperature (450–600 ◦C) compared 
to A: it is associated with a release of dimethylamine (m/z = 44; See 
Fig. 2SI in ESI) fragments (not identified for AHPCS) indicating the 
occurrence of condensation reactions involving side groups of the type 
–N((CH3)2)x (x = 1 → 3). This is even more obvious by observing the TG 
behavior of the ABTi sample which exhibits a much higher weight loss 
than AB while being similar to ATi. This observation indicated that ATi 
and ABTi contain a high portion of –N(CH3)2 groups as side groups in 
their structure mainly responsible of their weight loss occurring at in
termediate temperature through the release of dimethylamine (See 
Fig. 2SI in ESI). 

After pyrolysis at 1000 ◦C, 29Si MAS NMR spectra (Fig. 5a) of the 
samples labeled ATi_10 (obtained from the ATi sample) and ABTi_10 
(obtained from the ABTi sample) display a signal centered around − 25 
ppm attributed to multi units going from SiC4 unit positions such as 
those identified in the spectra of A_10 (not shown) and AB_10 [37] 
(coming from the native polymer, AHPCS (sample A)) as reported in 
Fig. 3b to SiN4 unit positions (i.e., formation of Si–N(CH3)–Ti- bridges in 
the ATi and ABTi samples) [28]. As a consequence, we attributed this 
broad signal to SiCxN4-x (0 ≤ x ≤ 4) units [48,49,53]. It should be 
pointed out that 13C CP MAS NMR spectra could not be recorded owing 
to the lack of protons after a pyrolysis up to 1000 ◦C. 

The 11B MAS NMR spectrum of the ABTi_10 sample (Fig. 3c) shows a 
broad resonance ranging from − 25 to +40 ppm, which could correspond 
to several environments including amorphous B4C [55], BCxO3-x (x = 0, 
1, 2) [37] and BN3 groups [50]. In comparison, the 11B MAS spectrum of 
the AB_10 sample (formed by the pyrolysis of AB at 1000 ◦C) showed a 
larger signal that extends up to 70 ppm suggesting the presence of B4C, 
BCxO3-x (x = 0, 1, 2) and BC3 [37]. Thus, solid-state 11B MAS NMR 
confirms that the post-addition of TDMATi on AB affects the boron 
environment in the derived ceramics by developing B–N bonds in the 
material. 

The diffuse peaks in the XRD patterns of the ATi_10 and ABTi_10 
samples (Fig. 3d) reveal that as-pyrolyzed samples are poorly crystal
lized with a very small crystal size. They display the signature of a face- 
centered cubic (fcc) TiN phase (powder diffraction file (ICDD PDF 
number: 00-038-1420)) according to the positions at 2θ around 36.5◦, 
42.6◦, 62.3 and around 75.0◦ attributable to the (111), (200), (220) and 
(311) reflections, respectively. However, because we cannot exclude the 
presence of TiC (ICDD PDF: 00-032-1383) regarding the identification of 
diffuse peaks; we assigned those peaks to the TiCxN1-x (0 ≤ x ≤ 1) phase 
resulting from the solid solution between TiC and TiN. The XRD patterns 
of the ATi_10 and ABTi_10 samples are clearly different from those 
recorded for the A_10 and AB_10 samples which exhibit broad peak 
characteristic of a β-SiC phase (ICDD PDF number: 00-029-1129; (111), 
(220) and (311) peaks) and sp2 C ((002) peak). Thus, this tends to 
indicate that the presence of the TiCxN1-x (0 ≤ x ≤ 1) phase in the ATi_10 
and ABTi_10 samples inhibits the crystallization of SiC. The presence of 

sp2 C was confirmed in all the materials by Raman spectroscopy (Fig. 3e) 
through the appearance of the bands of the defect-induced D (coming 
from the breathing mode A1g of the sp2 rings) and graphitic G bands 
(arising from the stretching mode E2g of the sp2 C–C bonds) at ~1310 
cm− 1 and ~1600 cm− 1, respectively. Because the D-mode is caused by 
disordered structure in sp2-hybridized carbon systems and considering 
that the G band is characteristic of highly ordered carbon species, the I 
(D)/I(G) ratio - similar in all sample - confirms the relatively high degree 
of disorder in all samples prepared at 1000 ◦C. 

Previous results are highly reflected in the chemical formula of the 
sample determined by EDX (Table 2). Although EDX is not appropriate 
for light elements such as B, C, N and O, there is a clear tendency: data of 
the ATi_10 and ABTi_10 samples demonstrate that the initial Si:Ti 
atomic ratio fixed in the polymers (Si:Ti = 5) is more or less retained in 
the derived ceramics (Si:Ti = 3.7–3.9) and that they confirm the pres
ence of nitrogen. All ceramics display an excess of carbon considering 
that carbon can be linked to Si and Ti (and possibly to B for boron- 
containing samples). It should be pointed out that C, N, O and H con
tents of the A_10 and ATi_10 samples have been measured by IGA. 
techniques (see experimental part) for more accuracy. In addition, the Si 
and Ti contents were measured by ICP-OES (see experimental part). It is 
obvious that the carbon and nitrogen contents significantly increased in 
Ti-containing samples as expected. Therefore, Ti-containing samples 
prepared at 1000 ◦C are made of a highly disordered SiCxN4-x (0 ≤ x ≤ 4) 
phase, sp2 C and possibly boron carbide, oxide and/or nitride phases in 
which a TiCxN1-x phase (0 ≤ x ≤ 1) nucleated. 

3.3. High temperature behaviour of materials prepared at 1000 ◦C 

As-pyrolyzed samples appear to be stable up to 1400 ◦C although the 
reference A_10 and AB_10 samples seem to be slightly decomposed most 
probably according to the evolution of hydrogen from the ceramic 
network in this temperature range as already discussed in our previous 
paper [56]. Above 1400 ◦C, different behaviours are observed. A fast 
and single weight loss continuously occurs up to 1700 ◦C for the ATi_10 
and ABTi_10 samples. In contrast, the weight loss recorded for the A_10 
sample is relatively low – although continuous up to 1800 ◦C - and the 
boron-containing samples systematically display a higher weight loss 
compared to their boron-free counterparts. 

Because of the presence of oxygen in the A_10 sample (Table 2), the 
measured weight loss can be attributed to the evolution of gaseous 
species containing oxygen, such as CO and SiO [57]. The latter easily 
reacts with free carbon to form stoichiometric SiC at a higher temper
ature. Considering also the presence of a low oxygen content in other 
samples, these reactions might be responsible of a minor part of the 
decomposition of Ti-modified ceramics above 1400 ◦C. However, such 
materials also contain nitride or carbonitride phases which have been 
identified by solid NMR spectroscopy and XRD. Such phases are also 
well known to undergo carbothermal reduction reactions above 1450 ◦C 
involving nitrogen and therefore inducing a weight loss [58]. Thus, the 

Table 2 
Elemental composition of the samples pyrolyzed at 1000 ◦C estimated by EDX and for the samples A_10 and ATi_10 by ICP (Si and Ti) and by hot gas extraction 
techniques (C, N, O, H).  

Samples Element content (wt%) Empirical formula 

EDX 

Si B Ti C N O 

A_10 56 – – 40 – 4 Si1.0C1.7 

AB_10 49 5 – 41 – 5 Si1.0B0.3C2.0 

ATi_10 37 – 16 25 13 7 Si1.0Ti0.3C1.7N0.7 

ABTi_10 26 3 12 36 20 3 Si1.0B0.3Ti0.3C3.2N1.5  

ICP (Si, Ti) and hot gas extraction (C, N, O, H)   
Si B Ti C N O H  

A_10 58.9 – – 36.5  3.6 1.0 Si1.0C1.5H0.5O0.1 

ATi_10 33.9 – 15.1 33.0 14.1 3.5 0.4 Si1.0Ti0.3C2.3N0.8H0.3O0.2  
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large weight loss recorded for the ATi_10 and ABTi_10 samples is mainly 
attributed to the decomposition of the carbonitride phases that compose 
them including SiCxN4-x (0 ≤ x ≤ 4), TiCxN1-x (0 ≤ x ≤ 1) and B(C)N 
phases by free carbon. The higher weight losses recorded for 
boron-containing samples is difficult to explain but could be related to 
the highest nitrogen content of these materials (see Table 2). To support 
this discussion, we first investigated solid-state 29Si and 47,49Ti NMR 
spectroscopy (Fig. 4b and c), Raman spectroscopy and XRD (Fig. 5) of 
intermediates isolated at 1400 ◦C, 1600 ◦C and 1800 ◦C. 

The investigation of the 29Si MAS NMR spectrum (Fig. 4b) confirms 
the relative stability of ATi_10 and ABTi_10 upon heat treatment to 
1400 ◦C under argon. SiCxN4-x (0 ≤ x ≤ 4) environments are still iden
tified in the spectra of ATi_14, and ABTi_14 samples. A radical change is 
observed from 1400 ◦C to 1800 ◦C, in good agreement with the behav
iour observed by TGA. ATi_18 and ABTi_18 exhibit only SiC4 environ
ments on the 29Si MAS NMR spectra confirming the occurrence of 
carbothermal reduction reactions above 1450 ◦C; thereby the decom
position of the SiCxN4-x (0 ≤ x ≤ 4) units into SiC4 units. Carbothermal 
reduction reactions are also confirmed with the investigation of the 
47,49Ti NMR spectra of the ATi_14, ATi_18 and ABTi_18 samples 
(Fig. 4c). 47,49Ti NMR spectra of TiC and TiN were recorded as references 
and are consistent with those previously reported in the literature [59] 
with 49Ti resonances centered around − 300 and − 750 ppm and 47Ti 
resonances centered around − 600 and − 1000 ppm in TiC and TiN, 
respectively. Both NMR active isotopes of titanium (Ti) have almost 
identical gyromagnetic ratios so that even at 16.4 T the resonance fre
quencies differ only by a few kHz. Moreover, they have relatively large 

quadrupole moments (Q(47Ti) = 0.29.1028 m2, Q(47Ti) = 0.24.1028 m2) 
resulting in large signals with overlapped resonances from the two 
isotopes. 

Whereas at a temperature of 1400 ◦C (ATi_14) the large signal shows 
a maximum at about − 1000 ppm suggesting that Ti elements are pre
dominantly bound to N elements, the signal is shifted at less negative 
chemical shift values at 1800 ◦C (ATi_18 and ABTi_18). This indicates 
that a part of N atoms is replaced by C atoms in the coordination sphere 
of Ti atoms, again confirming the occurrence of carbothermal reduction 
reactions above 1400 ◦C, here the reaction of the TiCxN1-x phase (0 ≤ x 
≤ 1) with free carbon. In contrast to SiCxN4-x (0 ≤ x ≤ 4) units which are 
fully converted into SiC4 units, the Ti-based phase still contain residual 
nitrogen even after a heat-treatment at 1800 ◦C. To support these 
findings, we analyzed the evolution of the free carbon phase in the 
ABTi_14, ABTi_16 and ABTi_18 samples by Raman spectroscopy 
(Fig. 5a) and XRD (Fig. 5b). Related data for ABTi_14, ABTi_16 and 
ABTi_18 samples are presented in Fig. 4SI in ESI. 

The presence of the free carbon phase was confirmed in all the ma
terials at all temperatures from 1400 to 1800 ◦C through the appearance 
of the bands of the defect-induced D and graphitic G bands (Fig. 5a). In 
addition to these bands, the ATi_18 (see Fig. 3SIa in ESI), ABTi_16 
(Fig. 5a) and ABTi_18 (Fig. 5a) samples showed a band identified as the 
traversal optical band of the cubic phase of SiC at 780 cm− 1, thereby 
confirming solid-state 29Si MAS NMR data. All these previous observa
tions are deeply highlighted by X-ray diffraction (Fig. 5b) performed on 
the same samples. 

ATi_14 (see Fig. 3SIb in ESI) and ABTi_14 (Fig. 5b) samples show 

Fig. 4. a) TG curves recorded during the decomposition of A_10, AB_10, ATi_10 and ABTi_10 samples in flowing argon, b) 29Si MAS NMR and c) 47,49Ti NMR QCPMG 
spectra recorded for ATi_14, ABTi_14 (only 29Si), ATi_18 and ABTi-18. 
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only broad peaks in their similar XRD patterns that can belong to very 
large TiCxN1-x (0 ≤ x ≤ 1) crystals. These broad peaks are at a mid- 
position between the two references that could be approximated by 
the Vegard law [60] to a TiC0.5N0.5 phase. When increasing the 
heat-treatment temperature, a β-SiC phase (ICDD PDF: 00-029-1129) is 
identified in both patterns of ATi_16 (see Fig. 3SIb in ESI) and ABTi_16 
(Fig. 5b) confirming the crystallization of the matrix. This TiCxN1-x (0 ≤
x ≤ 1)/β-SiC composite structure is confirmed at higher temperature 
through the XRD patterns of ATi_18 (see Fig. 3SIb in ESI) and ABTi_18 
(Fig. 5b). According to the Vegard law of peaks position of the TiCxN1-x 
(0 ≤ x ≤ 1) phase, final compositions of TiC0.87N0.13 and TiC0.95N0.05 for 
the nanophase are calculated for ATi_18 and ABTi_18, respectively. 
They confirm that nitrogen is still bonded to Ti even after heat-treatment 
to 1800 ◦C. 

To assess the phase micro-/nanostructure of these materials, the 
ATi_14 sample has been investigated by TEM (Fig. 6). Because previ
ously investigated characterization showed close similarities between 
the ATi_14 and ABTi_14 samples, only the former has been investigated. 
Then, we investigated both ATi_18 (Fig. 7a and b) and ABTi_18 (Fig. 7c 
and d) samples. Fig. 6a depicts a ATi_14 specimen consisting of homo
geneously dispersed small nuclei (dark contrast) embedded in a 
featureless matrix characteristic of an amorphous network. The Selected 
Area Electron Diffraction (SAED) pattern (insets in Fig. 6a) identifies 
distinct rings which can be indexed to the (111), (200) and (220) planes 
of a TiCxN1-x phase (0 ≤ x ≤ 1) at 0.255, 0.221 and 0.157 nm, respec
tively. The higher magnification image in Fig. 6b isolates nanocrystals 
with a size ranging from 3 to 6 nm and a fringe spacing of 0.25 nm 
matching the (111) lattice fringe of a TiCxN1-x (0 ≤ x ≤ 1) phase. These 
nanocrystals are surrounded by an amorphous matrix containing sp2 

carbon ribbons. As a consequence, the materials prepared at 1400 ◦C 
(ATi_14 and ABTi_14) can be described as nanocomposites made of 
TiCxN1-x nanocrystals surrounded by free carbon and an amorphous 
matrix; most probably SiCxN4-x (0 ≤ x ≤ 4) as identified by solid-state 
NMR. 

Fig. 7 displays the TEM images of the ATi_18 (Fig. 7a) and ABTi_18 
(Fig. 7b and c) samples. The increase of the heat-treatment temperature 
to 1800 ◦C (ATi_18 sample) highlights the highest crystallinity of the 
material made of two populations of crystal size. The corresponding EDX 
mapping and SAED patterns made of distinct spots identify TiCxN1-x as 
the smallest crystals (size below 100 nm) and SiC representing the 
biggest crystals. A same level of crystalline quality and similar TiCxN1-x 
nanocrystal sizes are identified in the ABTi_18 sample (Fig. 7b). The 
corresponding SAED pattern (inset of Fig. 7b) is composed of distinct 

spots that are ascribed to the (111), (200), (220), (311) and (222) planes 
of the fcc structure of TiCxN1-x. The TEM micrograph of the ABTi_18 
sample in Fig. 7c shows that the crystalline TiCxN1-x nanoparticles 
display a generally hexagonal shape which renders the generation of a 
particle size distribution quite difficult. 

Fig. 5. a) Raman spectra and b) XRD patterns of ABTi_X samples with X = 14, 16 and 18.  

Fig. 6. (a) Low magnification TEM image of the surface with the corresponding 
selected area electron diffraction pattern as insert and b) HRTEM image of the 
ATi_14 sample. 
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3.4. Spectral selectivity of nanocomposite objects 

As mentioned previously, the ABTi sample is shaped into pellets in 
order to investigate – as a proof of concept - the room temperature (RT) 
spectral selectivity of the derived nanocomposites in the solar spectrum. 
Thus, we have prepared the ABTi_X samples (X = 10, 14, 16 and 18) as 
pellets by integrating a warm-pressing (WP) stage after the synthesis of 
ABTi. The ABTi sample exhibits sufficient plasticity to be warm-pressed 
at 110 ◦C for 30 min under 80 MPa and form crack-free pieces after 
pyrolysis at 1000 ◦C (ABTi_10). Then, the samples have been heat- 
treated in the temperature range 1400 ◦C (ABTi_14) - 1800 ◦C 
(ABTi_18) in flowing argon to follow the evolution of the textural 
properties (Table 3) and hemispherical reflectance (Fig. 8) of pellets 
according to their temperature of preparation. It should be mentioned 
that pellets display similar XRD patterns than those recorded for powder 
analogs (See Fig. 4SI in ESI). 

Table 3 gathers the results obtained from hydrostatic weight of bulk 
analogs (ρa apparent density, ρb bulk density and O.P Open Porosity). 

The bulk density increases with the temperature of preparation ac
cording to the extended crystallization of the materials. However, data 
also show that the carbothermal reduction reactions previously 

discussed develop an open porosity in the bulk ABTi_16 and ABTi_18 
samples, especially if compared to bulk samples derived from AB (i.e., 
AB_18). It has been reported that the total hemispherical emissivity can 
notably increase with the increase of the surface roughness/porosity 
[11]. For instance, an increase of the porosity from 5 to 30 vol% in 
HfC-based materials led to significant gain of emissivity from 0.4 to 0.55 
[11]; thereby a decrease of the selectivity. Within this context, the effect 
of the temperature of preparation of these materials on their RT spectral 
selectivity which is defined by the absorptance:emittance ratio [61] has 

Fig. 7. (a) Low magnification TEM image of the ATi_18 sample with the corresponding selected area electron diffraction patterns and EDX spectra identifying 
TiCxN1-x and SiC crystals, b) low magnification TEM image of the ABTi_18 sample and c) HRTEM image of a TiC crystal identified in the ABTi_18 sample. 

Table 3 
Densities determined by hydrostatic weight for bulk, (ρa apparent density, ρb 
bulk density and O.P Open Porosity).  

Samples ρa (g.cm− 3) ρb (g.cm− 3) O.P (%) 

ABTi_10 2.15 2.29 6 
ABTi_14 2.28 2.57 11 
ABTi_16 1.98 3.18 38 
ABTi_18 2.34 3.27 29 
AB_18 2.33 2.85 18  

Fig. 8. Hemispherical reflectance of the ABTi_X (X = 10, 14, 16 and 
18) samples. 
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been investigated. Absorbance in the solar spectrum wavelength and 
emittance in the infrared one are both related to hemispherical reflec
tance by Kirchhoff law. Fig. 8 plots the evolution of the hemispherical 
reflectance versus the wavelength for the ABTi_X samples (X = 10, 14, 
16, 18). 

As expected, the reflectance is very low below λ = 2500 nm and is 
independent of the temperature of preparation of the samples. It is close 
to expectation for an ideal SSA in the solar spectrum. Then, above λ =
2500 nm (where it should reach 1 for an ideal SSA), the reflectance 
evolution is directly linked to the temperature at which the sample is 
prepared. In particular, the ABTi_18 sample demonstrated the highest 
and more stable reflectance in the wavenumber range 2500–10000 nm. 
At 10000 nm, the reflectance evolves through the Christiansen point 
which is due to absorption mechanisms in the far-infrared range (lattice 
vibration), causing the material to behave like a blackbody (low 
reflectance = high emissivity, assuming Kirchhoff’s law of radiation) 
[62]. Thus, above 10000 nm, the reflectance profile is characteristic of a 
highly crystallized SiC phase [63] in the ABTi_18 sample (also in the 
ABTi_16 sample) as shown with the AB_18 sample (See Fig. 5SI in ESI). 
The highly crystallized SiC phase in the ABTi_18 and AB_18 samples 
leads to a higher hemispherical reflectance above 2500 nm and there
fore a better general selectivity value as calculated from Fig. 8 and re
ported in Table 4. 

In Table 4, we can clearly observe the contribution of the TiCxN1-x 
phase in situ generated in the SiC matrix for the ABTi_18 sample. It 
shows a selectivity increased by more than 20% (up to 1.675) compared 
to the AB_18 sample. This value represents one of the highest selectivity 
reported so far for SiC-based materials [63–65], especially by consid
ering the relatively high porosity of the materials and the presence of 
residual carbon. Thus, further works will consist to minimize the high 
porosity of these materials and investigated SiC precursor leading to a 
lower free carbon content in the derived SiC matrix. 

4. Conclusion 

Within the present study, titanium and/or boron-modified poly
carbosilanes (AHPCS) have been synthesized and used as precursors of 
SiC-based nanocomposites. The chemistry behind the polymer synthesis 
and pyrolysis was investigated in details and the high temperature 
behaviour of derived amorphous ceramics was critically followed. 
Whereas the addition of Ti at molecular scale introduced side groups 
that affected the weight change of AHPCS during the further polymer-to- 
ceramic conversion, the incorporation of B allowed increasing the 
crosslinking degree of the Ti-modified polycarbosilane to allow forming 
pellets by warm-pressing. The final nano-/microstructure evolved ac
cording to the heat-treatment temperature fixed in the range 
1000–1800 ◦C. The amorphous single-phase ceramics produced at 
1000 ◦C led to nanocrystalline-TiCxN1-x (0 ≤ x ≤ 1)/amorphous-SiCxN4-x 
(0 ≤ x ≤ 4) nanocomposites after heat-treatment at 1400 ◦C. In the 
temperature range of 1400–1800 ◦C, a large weight loss occurred in the 
samples involving the release of nitrogen to form porous and highly 
crystallized nanocomposites composed of TiCxN1-x (0 ≤ x ≤ 1) and SiC 
crystals with free carbon. The highest spectral selectivity is reached with 
the samples prepared at 1800 ◦C which is the results of the presence of 
the TiCxN1-x (0 ≤ x ≤ 1) crystals confined in the SiC matrix. However, 
there is still room for further studies on optimizing the spectral selec
tivity of these materials by considering specific process parameters that 
can contribute to increase the TiC(N) volume fraction while decreasing 
the porosity and free carbon. In addition, high temperature selectivity is 
required to confirm the benefit of these nanaocomposite structures 
compared to monolithic SiC. These opportunities are now being 
addressed. It is anticipated that this will lead to SiC-based nano
composites with a high optical selectivity. 
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