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Abstract: To control ZrC oxidation, one method is to coat the surface with SiC. This project therefore
aims at grafting polymeric precursors on functionalized ZrC surfaces en-route to synthesizing ZrC/SiC
core/shell composites. The exposed surface on the zirconia side of t-Zr0»(001) (tetragonal ZrO,) on top
of a ZrC(100) substrate is first modified in presence of water. Water preferentially adsorbs molecularly
and a subsequent functionalization with allylchlorodimethylsilane (ACDMS) in a Sy reaction, appeared
quite weak. However, the subsequent grafting of a repetitive unit of the polymeric precursor, built from
diphenylsilane and 1,4-diethynylbenzene monomers through a hydrosilylation reaction, is a highly
favorable and exothermic reaction. As the main problem occurs during the nucleophilic substitution

reaction between ACDMS and hydroxyl groups on the surface, two bifunctional organic molecules, 3-
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butenoic acid as well as glycolic acid, were also exploited. 3-butenoic acid adsorbed strongly to the Zr
atoms of the surface, through chelating effects of the carboxylic acid group. The subsequent
hydrosilylation reaction with a repetitive unit of the preceramic precursor was also a favorable
exothermic reaction, indicating a promising approach for the grafting of organic macromolecules. In
parallel, to associate experimental results, methyldiphenylsilane was grafted onto functionalized ZrC

using 3-butenoic acid.

1. Introduction

Zirconium carbide (ZrC) is a non-oxide ceramic with a high melting point of =3400 °C. It exhibits excellent
mechanical and physical properties. The presence of these properties are advantageous and as such, ZrC
is used in several applications including the aerospace industry 2. Another great advantage is the
presence of an extremely high melting point. It is being considered in the nuclear industry as a structural
and fission product barrier coating material for tri-isotropic (TRISO) coated nuclear fuel used in higher

temperature reactors.® This makes it suitable for replacing or being used in addition to the currently



used ceramic silicon carbide (SiC, melting point of roughly 2700 °C).** Moreover, aside from the
aforementioned excellent properties that make it applicable in a wide range of areas, a major setback is
its easy oxidation. Thus, ZrC forms low refractory oxides (porous) at lower temperatures of 500-600 °C.°
This problem is a serious difficulty in its numerous applications as the excellent physical and mechanical
properties are deteriorated once it begins to oxide. The various accounts have been given on the
oxidation at different conditions, and also on the various low index surfaces of ZrC. All studies have
shown extremely strong interactions of oxygen with ZrC surfaces. Both theoretical and experimental
analyses have been performed on the ZrC(111) surface.”*! All these studies showed a complete
dissociation of oxygen into atomic species and its adsorption at three-fold hollow sites between three
surface Zr atoms. On the ZrC(100) surface, several accounts have been given on the oxidation of this

surface and all showed extreme reactivity of this surface with oxygen.1?1®

Oxygen dissociates
completely into atomic species and adsorbs at an mmc site between two metals and one C atom on the
surface. Only one theoretical report has been given on the oxidation of ZrC(110) surface, and the
conclusion is a very exothermic dissociative adsorption oxygen leading to the final formation of a ZrO,
layer on the ZrC surface.”

The nature of the oxide layer formed on the ZrC surface is not fully elucidated. A ZrO-like layer of ZrOy
(1 < x<2) has been observed on the ZrC surface.’® The presence of this layer was observed to activate
the ZrC(100) surface for further reaction with other molecules.r” A separate study also reports the
formation of a monolayer of oxygen atoms adsorbed on the ZrC(100) surface without any further
diffusion of oxygen into the bulk ZrC, thus passivating the ZrC surface.” A similar feature was also
observed for the ZrC(111) surface.” However, separate studies identified ZrO, as the oxide layer on ZrC

and established crystallographic relationships between the ZrC and ZrO, facets that form the

interface.®!® Several other experiments revealed ZrO; as the oxide phase formed on ZrC with the



appearance of cubic, tetragonal and monoclinic phases at different temperatures with the release of
CO, gas. 2%

Aside from all the studies carried out on the oxidation of ZrC nanoparticles, no attempts have been
made to control this oxidation and to maintain physical and mechanical properties that are required for
the applications ZrC is known for. In this respect, it becomes imperative to develop a technique that
provides protection from oxidation on ZrC surfaces. A viable method is to coat ZrC particles with SiC.
Indeed, SiC forms protective oxide layers at higher temperatures of 1400 °C but does not oxidize at
lower temperatures.

The conventional method in order to produce ZrC/SiC composites is to use conventional powders of SiC
and ZrC, which are mixed and then sintered. The problem with this method is the heterogeneity of the
sintered powders (i.e. densified materials). To control the composition and the structural homogeneity
of the ceramics, the use of pre-ceramic precursors is a promising alternative.?®?” SiC ceramics produced
from polymeric precursors are known for their outstanding high temperature properties.?®?® Thus, ZrC

surfaces have to be modified first, to perform a grafting of the polymeric precursors in a second step,

before pyrolysis of the hybrid objects (Figure 1).

1. Functionalization Pyrolysis @
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Figure 1. Scheme of the strategy to synthesize ZrC/SiC core/shell composites



However, there are only a few theoretical studies on the functionalization of ZrC with small molecules
such as water or organic/organometallic compounds, described in the literature. For instance, the
interaction of ZrC surfaces with water was recently described and led to the formation of hydroxyl
groups onto the non-oxide ceramic.3%3! Another contribution to the field revealed interactions between
vinyl groups from polycarbosilanes and the metallic Zr in ZrC.32 Thus, the exploitation of the affinity of
vinyl groups of polyvinylsilanes on ZrC allowed for an improvement of the microstructural homogeneity
in the resulting composites.3® The nature of the bonds that developed between preceramic polymers on
ZrC surfaces were, however, not investigated. The ability of the coating to be confined onto ZrC after a
suitable pyrolysis will depend on the nature of the interactions of polycarbosilanes with ZrC surfaces.
Surface modification and molecular grafting are crucial to control and must be properly characterized.
This work aimed at providing new details on the efficiency of covalent polymer grafting on pre-
functionalized ZrC particles, from both theoretical and experimental points of view.

The initial part of the manuscript considers an oxidized ZrC surface with t-ZrO,. Then, the next part
deals with the functionalization of the exposed ZrO, surface with water, using atomistic
thermodynamics, further functionalization with allyl(chloro)dimethylsilane (ACDMS) and subsequent
grafting of macromolecules SiC precursors. In the next section, the functionalization process of ZrC is
initiated with carboxylic acids allowing for a further direct grafting of macromolecules. A final section

gives conclusions and perspectives.

2. Experimental

2.1 Calculation schemes and methodology

2.1.1 General Calculation Method

The Vienna Ab-initio Simulation Package (VASP)** based on Mermin’s® finite temperature DFT was used

for all calculations. The electronic configurations used for Zr, C, O, H and Si are [Kr]4d?5s?, [He]2s%22p?,



[He]2s%2p%, 1s! and [Ne]3s23p?, respectively. The core electrons as well as the core part of the valence
electrons were represented with the Projector Augmented Wave-function (PAW) pseudo-potential in
order to reduce the number of planewaves required for the description of the electronic
wavefunction.?® The generalized gradient approximation (GGA) as parametrized by Perdew, Burke and
Ernzerhof (PBE) was used for the exchange correlation part of all calculations.3” A Methfessel-Paxton
smearing scheme was used by setting the gamma parameter to 0.1 eV and an optimized energy cut-off
of 500 eV was used to expand the plane wave basis set in describing the valence electrons.?® . A
standard Mohkhorst-Pack special grid of 9 x 9 x 1 k-points was used for all surface calculations.®® These
parameters were defined in the study of the ZrC oxidation.” The self-consistent field (SCF) procedure for
resolving the Kohn-Sham equations, convergence is assumed to be reached when two successive
iterations have energy changes of 1 x 10 eV. For all surface calculations, the positions of all the ions in
the three top most layers were allowed to relax until the net forces acting on them were smaller than
102 eV/A while keeping the bottom atoms fixed to mimic bulk properties.

For all surface calculations (1 x 1) unit cells were used except for lower coverage where larger surface
supercells are considered. A vacuum of 12 A is used to separate two periodically repeated slabs to
prevent any unphysical surface-surface interactions. The slab used for all calculations is made up of a t-
Zr0,(001) (tetragonal ZrO,) phase on top of a ZrC(100) substrate as shown in Figure 2. According to a
previous experimental analysis, this slab configuration was selected. A preliminary analysis showed ZrC
substrate thickness to have negligible influence on the adsorption properties of the exposed ZrO;

surface and hence only two layers of ZrC were used as substrates.



Figure 2. A (2 x 2) ZrC(100)/t-Zr0,(001) slab. Color scheme: Red = O atoms, Yellow = Zr atoms, light blue

= Catoms

The (1 x 1) cell lattice parameters are a=b=4.736 A and c=35 A. The (1x1) cell exposed two oxygen and
one zirconium atoms on the first layer and have an area of 22.433 A2
Both molecular and dissociative adsorption modes were considered for adsorption and reactivity of

molecules on the surface. The adsorption energy is calculated as in equation 1:

Eads = _[Emol/Surf - ESurface - Emol] eq. (1)

In equation 1, Emoysurf is the DFT energy of the surface with adsorbed molecules on it, Esyace is the energy
of the free surface and En is the energy of the molecule in the gas phase. A positive adsorption energy
means that the adsorption reaction is exothermic.

The effect of coverage is also investigated through the use of appropriate supercells to model coverages

of 0.25 monolayer (ML), 0.50 ML, 0.75 ML and 1.0 ML. The coverage is determined by the ratio between



the water molecule and the surface oxygen atoms and such should be double for comparison with the
number of accessible Zr atoms. A similar approach is used for further grafting of polymeric precursors on

the functionalized surface.

2.1.2 Atomistic Thermodynamic Model

In order to provide a relationship between the 0 K calculated properties in DFT and experimentally
relevant conditions, the already well-established atomistic thermodynamic model is used.** The
assumption is that, the adsorbed molecules on the surface are in thermodynamic equilibrium with the
gas phase serving as a reservoir for the gas phase molecules. We can then define a Gibbs free energy of
adsorption (4,G) as a function of thermodynamic parameters like temperature, pressure and chemical

potential through equation 2:

86 = [ 8Eg + AEzppomoysury — A ) nu(T, )| eq.(2)

The zero-point energy (ZPE) contribution of the molecule upon adsorption on the surface is considered
through the term AEzpgmoi/sury) While AEy (= —Eqq4s) is the electronic energy difference between
the surface with adsorbed molecules, the free surface and the free molecule in gas phase and is
approximated by their respective DFT energies. Au (T,p) defines the difference in chemical potential of
the gas phase molecules and all other released species in the reaction. Changes in the chemical potential

of gas phase molecules contain temperature dependent terms as shown in equation 3:

P
Au(T,P) = Ap°(T) + RT1n (F) eq.(3)



Statistical thermodynamics is used to calculate the evolution of the chemical potential of the gas phase
molecules due to the adsorption as follows:

Aﬂo(T) = [Evib(0—>T) + Erot + Etrans] + RT — T(Svib + Srot + Strans) eq. (4‘)

These contributions can be obtained from standard statistical thermodynamic formulae through
combination with calculated frequencies at equilibrium geometries. The values of Au°(T) are calculated
for the gas phase molecule at different temperatures. All contributions in the gas phase are considered
while the adsorbed molecules are considered immobile with no rotational and translational degrees of
freedom but only vibrational degrees of freedom. Thermodynamic stability plots are obtained at
different temperatures and pressures with the calculated (A.G) values. The plots include effects of the

different coverage.

2.2 Materials and measurements

Allylchlorotrimethylsilane (97%), 3-butenoic acid (96%), glycolic acid (95%), methyldiphenylsilane (97%),
Platinum(0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane complex solution (Karstedt's catalyst), toluene
(99.8%) and diethylether (99%) were obtained from Alfa Aesar. All the products were used as received.
The ZrC used in this work was synthesized by a carbothermal reduction using a mixture of ZrO,
(monoclinic, 99.5%, Alfa Aesar, Germany) and carbon (amorphous carbon black, 99.25%, Prolabo,
France).* The starting powders of zirconia (15.6 g) and carbon (4.4 g) were mixed using a low speed
planetary ball mill. Then the mixture was treated at 1750°C for 8 h in a graphite furnace (V.A.S. furnace,
Suresnes, France) under flowing argon. The phase composition of the obtained powders was ZrCo.9600.04
(04-002-5304), detected by X-ray diffraction (Siemens D5000, Germany) using Cu K, radiation. To
determine the grain size distribution of the zirconium carbide powder, laser granulometry analyses were

performed (AccuPyc Il 1340, Micro-metrics France S.A. Verneuil Halatte, France). The specific surface



area (SSA) of powders was measured thanks to the gas adsorption method (ASAP 2010, Micromeritics
France S.A., Verneuil Halatte, France). Samples (600 mg) were degassed at 250°C for 12 h. Analyses were
then carried out at 77 K under nitrogen (99.999%, Air liquide). The BET specific surface area was
calculated from the nitrogen adsorption data in the relative pressure range from 0.05 to 0.30. The
surface of the raw and functionalized ZrC was analyzed by X-ray photoelectron spectroscopy (XPS,
Kratos Axis Ultra DLD spectrometer), using a monochromatic Al K, source (1486,6 eV). All binding energy
scales were charged referenced to the C 1S peak (285.0 eV) arising from surface contamination. The
area analyzed was 300 um x 700 um. The pass energy was 20 eV for the high-resolution spectra and 160
eV for the surveys. Simultaneous TG/DTA-MS measurements were performed with a NETZSCH STA 449
F3 apparatus coupled with a gas analysis system (OMNISTAR) in a stream of argon at a heating rate of
10°C/min. In order to remove the oxygen content of the system three consecutive blank runs with a TG-
sample holder and the same Al,O; crucible were further used. In order to distinguish the evolved
gaseous products, whether it comes out from background or not, the results were compared with the
blank run. The Zeta-potential measurements were obtained using a Zetasizer Nano ZS instrument (DLS,
Malvern). The samples were suspended in water (0.001 wt %, pH=7.0) and three consecutive

measurements of 60 scans were recorded at 25°C for each experimental condition.
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2.3 Synthesis

2.3.1 Functionalization of ZrC surface with organic molecules

1 g of as-synthesized ZrC core particles was dispersed in 10 mL of diethylether by sonication. In order to
perform an efficient functionalization, the dispersion was treated with a large excess of (140 equiv.,
assuming a maximum of 10 OH per nm? onto the surface) organosilane or carboxylic acids, i.e. either
allylchlorodimethylsilane (ACDMS), glycolic acid (GA) or 3-butenoic acid (BA) [43-45]. After 24 h at 20 °C,
the mixture was separated by filtering and washing with diethylether 5 times, repeatedly. Finally, the

resulting functionalized particles were dried at 100 °C for 1 h.

2.3.2 Reaction of functionalized ZrC-butenoic acid (FZrC-BA) with methyldiphenylsilane (MDPS)

A 50 mL round-bottom flask was charged with 1 g of FZrC-BA particles in 10 mL of toluene.
Subsequently, 2 drops of Karstedt's catalyst were added into the suspension with magnetic stirring at
room temperature for 10 minutes. Then, 0.69 mL of MDPS (140 equiv., assuming all the OH groups were
functionalized by BA) in 10 mL of toluene were gradually added into the suspension. The hydrosilylation
was performed with a constant stirring for 24 h at 75°C. After completion, the grafted particles were
separated from the suspension by filtration and then washed several times by toluene and finally

diethylether.

3. Results and discussion
3.1. Surface functionalization with H,O: a theoretical approach
The initial study involved functionalizing the exposed surface with an appropriate molecule such as

3031 \we achieved

water. The use of water was motivated by the fact that, in our previous studies,
functionalizing the bare ZrC surfaces with water through the production of surface hydroxyl groups.

Considering both molecular and dissociative adsorption modes of water, the number of water molecules

has been increased stepwise. The first water molecule was adsorbed in a dissociative mode with an OH

11



on top of Zr while the remaining H atom was adsorbed on an oxygen atom from the surface. The
hydroxyl group was not bridged. The distance between a surface Zr and an O atom of the OH group is
2.11 A while the surface O-H distance was 1.05 A. The hydrated surface was further stabilized by
hydrogen bonding between the OH group and the proton located on the surface as indicated by the
large O-H distances. In order to form a bond with the hydroxyl group, the surface Zr atoms were
displaced from their equilibrium position and relaxed upwards from their initial position. The adsorption

energy for the first water molecule was 0.69 eV.

Figure 3. (2 x 1) ZrC(100)/t-ZrO,(001) surface with adsorbed water molecules: (a) adsorption of 1 water
molecule and (b) adsorption of 2 water molecules. Color scheme: red = O atoms, yellow = Zr atomes, light

blue = C atoms, gold = H atom

The adsorption of a second water molecule was a molecular one. Furthermore, the adsorption of the
second molecule leads to the displacement of the proton from the surface to the OH group restoring the

15t water molecule, to increase the hydrogen bond network, as indicated by the second adsorption (0.94
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eV) that is larger than the 1st one. The equilibrium geometry first (0.5 ML) and second (1 ML) water
molecules adsorbed on the surface are shown in Figure 3. There was an increase in bond distances
between the surface Zr atom and O of the water molecules: 2.37 A and 2.44 A.

Intermediate coverages (0.25 ML and 0.75 ML) have been studied in a 2x1 supercell. The calculated

adsorption energies at different coverages are provided in Table 1.

Table 1. Adsorption energies of water at different coverage on ZrC(100)/t-ZrO,(001) exposed surface

Coverage 0.25 ML 0.50 ML 0.75 ML 1.00 ML

Eads/eV/ H.0 1.03 0.69 0.89 0.94

According to these results, the adsorption energies depend on the coverage. At 0.25 ML (dissociative
adsorption) where there were almost no interactions with other hydroxyl groups, the adsorption energy
is high. It decreased to reach a minimum of 0.50 ML for a dissociative adsorption. It began to increase
again at a higher coverage due to the formation of the hydrogen bond network between the non-
dissociated water molecules.

Figure 4 provides a density of states (DOS) plot for the adsorbed water on the surface. Figure 4 (top)
shows a projected DOS for the surface atoms before adsorption of water molecules. The exposed
surface is made up of ZrO; units. This ZrO, part presents a large gap between the conduction and
valence bands. The metallic character of the system that can be seen in the insert (TDOS plot), is due to
the ZrC support. However, the energy gap on the surface demonstrates that the conduction is localized
in the support and that it does not modify the DOS on the surface. In parallel, the characteristic OH band
in water was observed at -9.7 to -9.4 eV (Figure 4 bottom). Interactions of the water oxygen 2p with Zr

(p and d) are localized in the [-6,-3] eV region demonstrating the covalent nature of the bonding.
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Figure 4. PDOS of surface (top) with TDOS of the exposed surface (insert of top figure), PDOS of H,0 on

exposed surface (bottom)

A thermodynamic treatment of the water molecule adsorption was also considered. The stability plot is
given at three different temperatures by plotting the Gibbs free energy of the reaction A.G against
partial pressures of water at different coverages (Figure 5). The lowest line of such a plot is the most

stable water coverage. The plots were presented at room temperature (298.15 K), 400 K and 500 K.
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Figure 5. Stability plot for adsorption of water on ZrC(100)/t-ZrO,(001) exposed surface

It is clear that at room temperature, the surface is fully covered by water at pressures higher than 10°°

bar. The bare surface is recovered at ultra-high vacuum pressures. It is noteworthy that the hydroxyl

groups only present on the surface within 10® to 10 bar. The water molecules are easily removed

from the surface as the temperature is increased. By increasing the temperature to 400 K, hydroxyl

groups can be obtained within 103> to 10° bar. The nature of the surface is defined both by the

temperature and the water partial pressure.
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3.2 Functionalization with allyl(chloro)dimethylsilane: experimental and theoretical points of view

With the main aim of grafting a preceramic polymeric precursor on the surface, the next step is to
further functionalize the surface with allyl(chloro)dimethylsilane (ACDMS).*? This reaction is schemed in
Figure 6. At this point, we used the fully hydrated surface for the functionalization with ACDMS. As

demonstrated in Figure 5, this coverage is stable over a wide range of water partial pressures.

OH /

HO__ _OH = | Et,0 or nBu20
@ + _\—Sli—CI HO
/ T/°C, 24h
HO” 1 o Va \ P 48 /s|/\/

OH
OH

ZrC
FZrC

Figure 6. General procedure for the functionalization of deagglomerated ZrC with
allyl(chloro)dimethylsilane (ACDMS) leading to functionalized ZrC (FZrC-ACDMS).* Visible OH groups

represent a part of water molecules adsorbed on the surface.

Interaction of the hydrated surface with ACDMS is analyzed through calculation of the energy of the
reaction. The reaction is considered to be a nucleophilic substitution with the release of HCl gas and

leading to the presence of allyldimethylsilyl (ADMS) functional groups onto the surface (equation 5).

ZrC/Zr0;—H,0 + ACDMS > ZrC/ZrO,—HO—ADMS + HCI eq. (5)

The calculated energy is -0.13 eV. This reaction energy shows that the process is not strongly
exothermic. The starting point of the calculation was molecular water adsorbed on the surface on which
the ACDMS was grafted. During the reaction one proton (from H,O) moved to a surface O atom and

ACDMS reacted with the resulting OH group in the nucleophilic substitution reaction. Thus, this

16



endothermic surface rearrangement contributed to the calculated total energy of -0.13 eV. Therefore,
the functionalization with ACDMS was not a favored process and might not lead to a highly
functionalized surface even if the departure of the gas HCl may displace the equilibrium in the forward
direction. The resulting structure after the surface is functionalized with ACDMS, which is shown in

Figure 7. The bond distance between O and Si (ACDMS) is 1.68 A.

& = = J
[TIR T F T ey | |

Figure 7. Hydrated ZrC(100)/t-Zr0,(001) exposed surface modified with ADMS functional groups. Color

scheme: Red = O atoms, Yellow = Zr atoms, light blue = C atoms, Gold = H atom, Grey = Si atom

An attempt to functionalize the ZrC surface with ACDMS was experimentally carried out via a
nucleophilic substitution reaction In order to corroborate results from the theoretical approach.** To
confirm the organic covalent grafting of obtained samples, XPS, TG/DTA-MS and zeta potential
measurements were used. The survey spectra from XPS of a clean surface and a monomer grafted on

the surface, are shown in Figure 8.
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Figure 8. The full scan XPS survey for ZrC and FZrC-ACDMS

The survey spectrum clearly showed the presence of Si with a significant intensity, in addition to C, O
and Zr contributions in the functionalized powder. This observation could be directly correlated with the
grafting of the organosilane moiety onto the ZrO surface. To go further in the comprehension of the XPS

results, deconvolutions of the high-resolution spectra were considered.
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Figure 9. XPS profile of FZrC-ACDMS (a) C 1s (b) O 1s (c) Zr 3d and (d) Si 2p peaks

The deconvolution spectra of C 1s, O 1s and Zr 3d (Figure 9a-c) are composed of 4, 3 and 4 components,
respectively. However, no significant chemical shifts were observed in comparison with the starting ZrC
powders. Nevertheless, the deconvolution curves for Si (Figure 9d) can be fitted into two components
respectively at 102.28 eV and 103.55 eV. The lower was attributed to a SiOZr environment and the more
energetic could be correlated with a SiC3O environment.*>** Focusing on the elemental composition on
the surface (Table 2) performed by XPS, the atomic concentration of oxygen and zirconium diminished
(from 40.8 to 30.7 %, and from 12.3 to 7.2%, respectively), and the carbon content increased (from 46.9

to 57.2 %) after the functionalization leading to FZrC-ACDMS.
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Table 2. Elemental composition (atomic percentage) performed by XPS on the particle surface for FZrC-

ACDMS, in comparison with ZrC

Sample C (%) 0 (%) Zr (%) Si (%)
ZrC 46.9 40.8 12.3 -
FZrC-ACDMS 58.7 30.7 7.2 3.3

These results could be due to the attachment of a carbon enriched organosilane moiety. Moreover, no
chlorine atoms were observed, which strongly supported that the attachment came through
nucleophilic substitution reaction, and that the filtration was sufficient to remove impurities. In parallel,
to confirm the success of the functionalization, TGA/DTA combined with quadrupole mass spectrometer
tests were performed on both samples (raw and functionalized). Figure 10 shows TGA/DTA curves, with
the corresponding gaseous species formed during thermal decomposition under argon flow. Even in
such an atmosphere, the starting powders showed a slight weight loss by releasing carbon dioxide,
followed by a slight increase in weight at 1000°C. This event is most likely attributed to the oxidation of
ZrC then the weight decreased until 1400°C associated with the evolution of carbon dioxide as
evidenced by corresponding mass spectra (Figure 10d). It is interesting to note that H; releases (m/z=2)
around 600°C (Figure 10 b), were already proposed theoretically in a previous paper.3! Indeed, oxygen
modified ZrC can react with water molecules to form hydroxyl groups at the surface, and heating at
higher temperatures can lead to the liberation of dihydrogen. The same phenomena were also observed
for FZrC-ACDMS. Nevertheless, the initial weight loss and subsequent weight gain were more

pronounced than the former.
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Figure 10. Simultaneous TG/DTA-MS base line corrected curves of (a) ZrC & FZrC-ACDMS; and gas

evolution curves of various gaseous species: (b) hydrogen, (c) methyl ion, and (d) carbon dioxide

According to the mass spectrum of FZrC-ACDMS, new volatile species were found corresponding to
m/z=15 around 380°C. This contribution was assigned to methyl ions, in addition to di-hydrogen (m/z=2)
and carbon dioxide (m/z=44). This was an obvious confirmation of the presence of organosilane moiety
on the surface of ZrC. Furthermore, the obtained zeta potential value of suspensions of FZrC-ACDMS (-
26 mV) was higher than that of ZrC (-5 mV). It indicated more repulsive interactions between the

particles than the starting powders,* proving the functionalization.
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3.3 Grafting of preceramic precursor using grafting-to approach

To access hybrid core-shell systems, the next step was the grafting of a polycarbosilane precursor onto
the functionalized surface.***>® To achieve this goal, a grafting-to approach was undertaken. In this
route, an already synthesized macromolecule is covalently bonded to the functionalized surface (Figure

11).

N >Si \/\/ y % fr’d
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/
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Si i\ 75°C,24 h
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FZrC R
Grafted polycarbosilane

Figure 11. Grafting-to approach using a polycarbosilane precursor®>*®

The macromolecule was synthesized from diphenylsilane and 1,4-diethynylbenzene monomers. Due to
the grafting-to approach used in the synthesis, we decided to model the macromolecule as the
monomer unit (i.e. HSi(Ph),CH=CH-C¢Hs-CH=CH,). This reaction used the final Si-H bond of the
macromolecule in a hydrosilylation reaction to attach the macromolecule to the alkene group of the
allyldimethylsilane moiety on the modified surface. The energy of the reaction process was calculated
using the monomer unit model. According to the results, the hydrosilylation reaction was theoretically
observed to be a favorable exothermic reaction with a reaction energy of -0.79 eV. As such, the grafting-
to approach will yield the desired grafted preceramic precursor on the modified surface, as it was
experimentally demonstrated in a previous paper.*? The grafted macromolecule through the grafting-to

approach is shown in Figure 12.
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Figure 12. Grafted macromolecule through a hydrosilylation reaction. Color scheme:

Red = O atoms, Yellow = Zr atoms, light blue = C atoms, Gold = H atom, Grey = Si atom

The grafting of the macromolecule resulted in a blockage of several of the sites available in the vicinity
of ADMS sites. The bond distance between Si of the grafted macromolecule and the terminal carbon

ACDMS was 1.89 A.
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3.4 Functionalization with carboxylic acids

As noted in previous sections, there might be problems with the surface modification when water was
used. Water will mainly exist as a molecular species and the functionalization with ACDMS is not a highly
favorable reaction due to the low exothermic nature of the adsorption and its removal at low
temperature. Another approach that could be considered was to explore bifunctional organic
compounds such as carboxylic acid that can be used to modify the surface before the functionalization
with ACDMS, in order to by-pass the hydration step. In light of this approach, several organic molecules
were screened. These functionalizing molecules included both hydroxyl and carboxylic acid groups.
Indeed, carboxylic acids could react with the surface of the ceramic and the hydroxyl functional group
would then be free to react with ACDMS in a second step. To achieve this goal, the compounds that
were initially considered and tested were small monofunctional (ethanoic acid) or bifunctional

carboxylic acids: lactic acid, oxalic acid, ethanoic acid and 4-hydroxybenzoic acid (Figure 13).
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Figure 13. Carboxylic acids considered to functionalize the surface of ZrC: (a) oxalic acid, (b) lactic acid,

(c) 4-hydroxybenzoic acid, (d) glycolic acid (GA), (e) ethanoic acid, (f) 3-butenoic acid (BA)
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According to the theoretical results of calculated adsorption energies for the five different molecules
(Table 3), all the compounds exhibited a strong interaction with the exposed surface through the
carboxylic acid groups. We explored the adsorption through one O atom of the carboxylic acid group
and the chelating effect of the two oxygen atoms. The chelating groups exhibited stronger interactions

with surface Zr atoms with a protonation of surface O atoms.

Table 3. Adsorption energies for chelating group of different bifunctional organic molecules

Organic molecule Oxa?hc Lactic acid Ethanoic acid 4-hydroxybenzmc Glycolic acid
acid acid (GA)
Eaqs (eV/ molecule) 1.26 0.99 1.03 0.84 1.28
ArE
(Next nucleophilic +0.58 +0.40 - +0.15 +0.95

substitution reaction
with ACDMS)

To compare these results to experimental data, glycolic acid (GA) was selected, as it led to the
strongest interaction with the exposed surface. The functionalization protocol was similar to the
procedure used for the reaction of ACDMS with ZrC in toluene. To access the surface composition of the

modified surfaces, XPS analyses were considered (Figure 14).
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Table 4. Elemental composition (atomic percentage) performed by XPS on the particle surface for

different FZrC, in comparison with ZrC

Sample C (%) 0 (%) Zr (%) Si (%)
ZrC 46.9 40.8 12.3 -
FZrC-GA 51.6 38.5 8.0 -
FZrC-BA 58.7 31.6 9.5 -
FZrC-BA+MDPS 66.3 26.7 2.9 4.2
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Figure 14. XPS for FZrC-GA (a) survey spectrum; (b) C 1s; (c) O 1s; (d) Zr 3d



First, the survey spectrum showed that the sample surface was mainly composed of C, O, Zr elements
(Figure 14a). A minor contamination of Na was detected, which was likely due to the presence of Na in
glycolic acid. Although the deconvolution curves (C 1s, O 1s and Zr 3d, Figure 14b-d) were similar to the
analysis of starting powders, it can be observed from the elemental composition on the surface that Zr
concentration was slightly reduced (8.0 %), carbon value increased (51.6 %) while the oxygen content
(38.5 %) remained almost constant (Table 4). These observations could definitely be attributed to the
ZrC surface coverage with glycolic acid molecules. In addition, to confirm these results, the thermal

decomposition of the hybrid objects was observed with a particular attention paid to the released

gaseous species during the treatment (Figure 15).
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As can be seen in Figure 15a, the weight loss occurred from 110 to 400°C. In this temperature range,
two stages of mass loss were identified. The first quick mass loss (~3 %) observed between 110 and
130°C was related to water (Figure 15c) and glycolic acid (bp = 100°C) molecules. This step was followed
by ~5 % weight loss detected between 150 and 400°C. This event could be attributed to the
decomposition of the organic molecules attached to the surface of ZrC. Different gaseous species (H.O
and CO;) were evidenced on this temperature range according to the corresponding mass spectra
(Figure 15c and 15d). Interestingly, it was noticed that the CO, evolution occurred in three steps (Figure
15d). The sharp evolution in the very early period (155°C), was believed to be caused by the
decomposition of glycolic acid attached onto the core surface.*’ Again, a higher zeta potential value of -
25 mV showed more repulsive interactions between the particles than in the case of the starting
powder, proving a change onto the surface of ZrC powders. Thus, these experimental results on the
functionalization with glycolic acid were in good agreement with theoretical calculations, which yielded
an adsorption energy of 1.28 eV through the carboxylic acid group (Table 3).

Following the functionalization of the surface with a pendant hydroxyl functional group, a further
modification of the modified ZrC surfaces with ACDMS was tested in a nucleophilic substitution reaction
(Table 3). The reactions between ACDMS and the considered hydroxyl groups generated on the surface,
were all endothermic with values between 0.15 and 0.95 eV/molecule (Table 3). It therefore became
obvious that the nucleophilic substitution reaction involving ACDMS, and hydroxyl functional groups did
not seem appropriate for further grafting.

From this point of view, it was necessary to consider bypassing the nucleophilic substitution reaction of
ACDMS by employing an organic bifunctional reagent that could be adsorbed directly onto the exposed
surface, while exploring the other alkene functional group in the “grafting-to” approach in order to graft

macromolecules.
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3.5 Functionalization with 3-butenoic acid and further grafting of a “macromolecule model”

As discussed in the previous section, there was a need to consider different functional groups for the
functionalization step. For the purpose of the work, 3-butenoic acid was selected as a good candidate:
indeed, in the same molecule, an available carboxylic acid was present for an adsorption onto the
exposed surface, and an available double bond could then be used for the next hydrosilylation reaction
in the “grafting-to” approach. The calculated adsorption energy for 3-butenoic acid on the exposed
surface using the chelating properties of the carboxylic acid group was of 1.00 eV. It indicated a strong
interaction with surface Zr atoms through two O atoms of the organic molecule (Figure 16). The
calculated bond distances between the surface Zr atom and the chelating O atoms were 2.35 A and 2.32

A.

Figure 16. Adsorption of 3-butenoic acid on ZrC(100)/t-ZrO,(001) exposed surface. Color scheme: Red =

O atoms, Yellow = Zr atoms, light blue = C atoms, Gold = H atom

Focusing on the density of states (Figure 17), a plot was obtained for the adsorbed 3-butenoic acid on
the surface in order to check the electronic structure. The DOS showed the bonding between O atoms of

the chelating group in 3-butenoic acid and Zr atoms on the exposed surface. The bond was typically of Zr
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—d mixing with O —p between -6.4 eV and -7.4 eV while the interaction with the Zr-p orbitals was located

around -3 eV.
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Figure 17. PDOS of 3-butenoic acid on ZrC(100)/t-ZrO,(001) showing bonding with the surface

After a functionalization with 3-butenoic acid, the grafting-to approach was used to graft the preceramic
macromolecules as described before, by utilizing the double bond of 3-butenoic acid for the
hydrosilylation reaction. This reaction was highly favorable as observed in section 3.3 when the
hydrosilylation reaction was carried out through the use of ACDMS. The calculated reaction energy for
the hydrosilylation reaction was of -0.94 eV showing a favorable reaction.

Additionally, instead of using the monomer unit obtained from diphenylsilane and 1,4-
diethynylbenzene, methyldiphenylsilane (MDPS, CHsSiH(Ph),) was used for the hydrosilylation reaction
after functionalizing with the ZrC surface with 3-butenoic acid, in order to simplify the system used, and
to compare it with the experimental data. The calculated reaction energy for the hydrosilylation
reaction using MDPS as the macromolecule was -1.08 eV indicating a highly exothermic process. It could
be concluded that the use of MDPS would give a slightly more favorable hydrosilylation reaction than

the macromolecule obtained from diphenylsilane and 1,4-diethynylbenzene monomer units.
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For the experimental procedure, in the first step, 3-butenoic acid (BA) was attached to the surface of ZrC
and then followed by a hydrosilylation reaction with MDPS, as a representative monomer unit in
solution. To verify the functionalization and further grafting, XPS spectra for BA modified ZrC (FZrC-BA)

and grafted surfaces (FZrC-BA+MDPS) were obtained (Figures 18 and 19).
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Figure 18. XPS for FZrC-BA (a) survey spectra; (b) C 1s; (c) O 1s; and (d) Zr 3d

31



528

(b) (c)
Cis O1s
= = =
g 5 5
a £ £
5 < 8
> >
[ £ c
£ 2 £
£ £ £
T T T T T T T T T T T T T
600 500 400 300 200 100 0 292 290 288 286 284 282 280 538 536 534 532 530
Binding energy (eV) Binding energy (eV) Binding energy (eV)
(d) (e)
Zr 3d Si2p
= =
e c
3 =
g d
2 z
[7] 7]
<
s 8
= =
T T T T T T T T T T
188 186 184 182 180 178 105 104 103 102 101 100 99

Binding energy (eV)

Binding energy (eV)

Figure 19. XPS for FZrC-BA+MDPS (a) survey spectra; (b) C 1s; (c) O 1s; (d) Zr 3d; and Si 2p

First, the presence of silicon in FZrC-BA+MDPS samples was clearly identified by the corresponding

survey XPS spectrum (Figure 19a). All other spectra and binding energies obtained (Figures 18 and 19)

were similar to those explained previously (Figure 9). However, the elemental concentration at the

surface was considerably altered in both FZrC-BA and FZrC-BA+MDPS surfaces when compared with

starting ZrC powders (Table 4). After the functionalization with BA, an increase was observed for the

atomic percentage of C (from 46.9 to 58.7%). In parallel, O and Zr atoms were detected less with a

diminution of 9.2% and 2.8%, respectively. Particularly, for FZrC-BA+MDPS, the surface was mainly

composed of C (66.3 %), O (26.7 %) and Si (4.2%), with the smallest amount of Zr obtained up to this

point (2.9 %). This evolution indicated that the shell surface was predominantly occupied by

organosilane moiety.
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Secondly, the TG-DTA and corresponding MS analyses were performed for the two samples (Figure

20).
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Figure 20. Thermal decomposition pattern of FZrC-BA and FZrC-BA+MDPS (a) base line corrected TG-DTA

curves and gas evolution curves of various gaseous species (b) methyl ion, (c) carbondioxide & (d) phenyl

ion.

The thermal behavior of the samples showed a first mass loss of ~¥9 % in the temperature range from

100°C to 450°C, in the case of FZrC-BA+MDPS. This event was more pronounced than for FZrC-BA (2 %),
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in the same temperature range. According to the corresponding MS curves (Figure 20b-d), the major
decomposition products were CO, (m/z=44) and H, (m/z=2) in both cases. Nevertheless, in addition to
these events, methyl ion (m/z=15), phenyl ion (m/z=77) and traces of water were also detected in FZrC-
BA+MDPS samples. Moreover, the obtained zeta potential value of FZrC-BA+MDPS (-39 mV) was far
higher than FZrC-BA (-26 mV) and the suspension stability was found to be comparatively good.
However, these results were not conclusive for the success of the hydrosilylation reaction. Hence, in
order to verify the attachment of MDPS to the pendant alkene with a platinum catalyst, the
hydrosilylation reaction was carried out without a Pt(0) catalyst. According to TG/DTA-MS analyses, the
results displayed a comparable thermal decomposition pattern of FZrC-BA, but no methyl (m/z=15) or
phenyl (m/z=77) ions species were observed. Thus, the hydrosilylation reaction leading to FZrC-
BA+MDPS was validated for the functionalized ZrC surface, as the catalyst is necessary to perform this
addition. Hence, the approach using first a complexation of zirconium then a hydrosilylation reaction
between the alkene functional groups and the hydrogenosilane from MDPS, could lead to the
attachment of macromolecules onto the ZrC surface. This efficient route, proved both by theoretical and
experimental methods, could lead to a new hybrid material platform in the field of non-oxide ceramics,
to access core-shell structures. The exact amount of surface coverage molecules still remained a

scientific obstacle that will be thoroughly examined in our future work on this subject.
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4. Summary and conclusion

DFT studies were performed on the functionalization of ZrC surfaces with further grafting of preceramic
organic precursors with the aim of controlling the chemical process to synthesize ZrC core/SiC shell
composites. This work was carried out on the exposed surface of ZrO, on a ZrC substrate, which was
studied in a previous work. In the first part of the study, the exposed surface was modified with water.
There was an adsorption of molecular water molecules at a wide range of pressures with hydroxyl
groups appearing at extremely low water partial pressures. The resulting hydrated surface was further
functionalized with ACDMS in a nucleophilic substitution reaction with the release of HCl gas. A
rearrangement in the adsorbed molecular water to hydroxyl groups was theoretically observed when
ACDMS was adsorbed, and the interaction of ACDMS with the OH groups was rather weak. However,
further grafting of a polymeric precursor using a hydrosilylation reaction was a highly favorable
exothermic reaction.

Due to the weak interaction between ACDMS and the hydroxyl groups on the surface, other alternatives
were originally examined with different bifunctional organic molecules in which one functional group
could be used to adsorb on the surface, and the other functional group used to react with ACDMS. Lactic
acid, ethanoic acid, oxalic acid and 4-hydroxybenzoic acid were all tested. They all exhibited strong
adsorption to the surface but the reaction with ACDMS was unfavorable and indicated the route of a
nucleophilic substitution reaction using ACDMS as inappropriate for the intended goal. 3-butenoic acid
was finally used to exploit the availability of a carboxylic acid for strong gripping to the surface through
chelating effect of the two oxygen atoms, and a subsequent usage of the terminal alkene bond for the
hydrosilylation reaction. This reagent gave excellent unprecedent results, both on theoretical and
experimental aspects, with a favorable adsorption onto the surface and an exothermic hydrosilylation
reaction in the grafting-to method with a molecule representative of the macromolecule (MDPS). These

promising results showed the possibility of optimizing the interaction between organic molecules and an

35



inorganic surface of a non-oxide ceramic (ZrC). The generated hybrid systems could clearly represent a

potential hybrid compound bank to ease the access to original core-shell systems.
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