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Synthesis of Oxynitride Powders via Fluidized-Bed Ammonolysis, Part I:

Large, Porous, Silica Particles

Clint R. Bickmore™ and Richard M. Laine’

Department of Materials Science and Engineering and Department of Chemistry, University of Michigan,

Reaction of silica (SiO,) with triethanolamine (TEA,
N(CH,CH,OH),) and ethylene glycol (EG) under conditions
(~200°C) where byproduct water is removed resulted in
the formation of the neutral silatrane glycolate complex,
N(CH,CH,0),SiOCH,CH,0H (or TEASiOCH,CH,0H) in
essentially quantitative yield. Solutions of this neutral pre-
cursor in EG, when rapidly pyrolyzed and then oxidized at
500°C, formed porous ceramic powders with high specific
surface areas (>500 m?/g). These powders were nitrided
via ammonolysis in a fluidized-bed reactor at temperatures
of 700°-1000°C. The resulting nitrided powders were
characterized by thermal and chemical analyses, diffuse
reflectance infrared spectroscopy, gas sorption, and X-ray
photoelectron spectroscopy. The apparent activation energy
for the nitridation process was determined to be 54 kJ/mol.
Following nitridation, the powders were amorphous and
had nitrogen contents as high as 21 wt% with retained
surface areas >300 m?/g at 1000°C. Under the nitridation
conditions used, the extent of nitrogen incorporation corre-
lated linearly with increases in material density. This linear-
ity suggested that the change in density occurred primarily
because of changes in coordination that occurred as triva-
lent nitrogen replaced divalent oxygen in the glass structure
and nominally because of viscous flow. The linear density
increase also suggested that pore trapping did not occur
under these processing conditions. This work serves as a
model for ongoing studies on the nitridation of high-sur-
face-area ceramic powders produced by the rapid pyrolysis
of mixed-metal TEA alkoxides.

I

O XYNITRIDE glasses offer potential as lightweight structural
ceramics, in particular as oxynitride-glass fibers in com-
posites. By comparison with their oxide counterparts, they have
superior mechanical properties, which are derived from the
additional crosslinking obtained when trivalent nitrogen replaces
divalent oxygen in the glass network." The higher degree of
crosslinking provides increased stiffness with a nominal
increase in density, thereby displaying a higher relative modu-
lus (elastic modulus/density). For example, the relative mod-
ulus of “S” glass increases from 36 to 43 GPa-(g/cm’)™' by
introducing 3 at.% nitrogen."” Adding nitrogen also increases
the glass-transition temperature.' Consequently, the viscosity of
the nitrided glass is higher at any given temperature, manifest-
ing a barrier to crystallization, because of sluggish atomic
rearrangements, as well as the noted beneficial increase in
stiffness.
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Oxynitride glasses do not occur naturally; they must be syn-
thesized and then processed to a desirable form. Our goal is to
produce high-strength, oxynitride-glass fibers for composite
applications.” The presumption is made that the fibers will be
drawn from a glass boule; however, this does not preclude
producing fibers via precursor processing methods. Two
approaches predominate in processing oxynitride glasses: melt
processing®!! and gas/solid nitridation.'*>*

Melt processing entails melting compacts of mixed ceramic
powders (oxides and nitrides) at high temperatures (1500°-
1800°C) in nitrogen environments (1-10 atm (0.1-1 MPa))."
Homogenization of the powder compacts during melting is a
diffusional process; therefore, the time required at elevated
temperature increases as the melt viscosity, initial particle size,
and heterogeneity of the initial powders increases.'"->* The
viscosity of the melt can be lowered by increasing the pro-
cessing temperature; however, at higher temperatures, the
nitrides are prone to decompose, according to'

Si,N, — 3Si + 2N,
Si,N,0 — SiO(v) + Si + N,

M
@)

Two detrimental effects may result: elemental-silicon inclu-
sions and gas bubbles. These shortcomings may be avoided by
using lower temperature routes to oxynitride glasses, such as
gas/solid nitridation.

Gas/solid nitridation entails heating a ceramic precursor
(metal, metal oxide, organometallic, etc.) to moderate tempera-
tures (400°~1200°C) in a nitriding environment (flowing NH;,
N,, N,H,). Nitriding with NH,, a process called ammonolysis,
begins with reactions at the surface and may be generalized by
the following:'

2810, + 2NH, — Si,N,0 + 3H,0(») 3)
28i0 + 2NH, — Si,N,0 + H,0(v) + 2H, )
3810, + 4NH, — Si;N, + 6H,0(v) )

The reaction of NH, with the precursor surface is dominant
in nitrogen incorporation. A mechanism for nitrogen incorpora-
tion was proposed by Mulfinger'? and modified by others," as
depicted in Fig. 1. The schematic shows a simplified infinite
surface, where the lines denote an artificial barrier between the
solid and the vapor. This mechanism begins with the adsorption
of NH, onto Lewis acid sites on the surface, where it first reacts
to produce metal amide and hydroxyl groups (Fig. 1(a)). The
amide and hydroxyl groups react further to produce a bridging
imide and concurrently release a water molecule (H,0)
(Fig. 1(b)). Further condensation of the imide with another
metal hydroxyl gives the metal nitride and coincidentally
releases an additional water molecule (Fig. 1(c)). The law of
mass action for ammonolysis predicts that the forward direction
for reactions (3)—(5) will occur at low partial pressures of
water.""'>?* Thus, ammonolysis requires the continual removal
of water, which implies a dynamic-flow regime.

Even though nitridation is a surface event, the bulk phase and
surface morphology can greatly affect the rate and extent of
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Fig. 1. NH, reacting with a metal oxide surface, producing a metal
amide and an imide. ((a) reaction produces metal amide and hydroxyl
groups; (b) further reaction produces a bridging imide and water is
released; and (c) condensation with the imide with another metal
hydroxyl produces a metal nitride and more water is released).

nitrogen incorporation. In the bulk phase, diffusion rates are
generally much greater for amorphous materials than for their
crystalline counterparts.”® Consequently, amorphous precursors
have the advantage of faster homogenization of nitrogen. The
morphology of the ceramic precursor should be modified to
obtain high specific surface areas (SSAs) to maximize reaction
area and minimize diffusion distances. Continuous porosity
within particles, such that the internal pores contribute signifi-
cantly to the exposed surface area, provides a useful morphol-
ogy. Therefore, highly porous, amorphous powders should serve
as beneficial precursors to homogeneous oxynitride glasses.

Effective nitridation must balance the continual exchange of
gaseous reactants and byproducts. During ammonolysis of SiO,
(reaction (3)), water must be removed constantly to maintain
favorable nitriding conditions. Fluidized-bed reactors (FBRs)
are ideal for such reactions, because the fluidizing gas removes
reaction byproducts while providing homogeneity in the bed.
One drawback to fluidization is maintaining the force balance
between the settling force on the particle and particle buoyancy
resulting from the flowing gas. High buoyancy, common with
ultrafine particles, results in entrainment rather than fluidiza-
tion. For example, Wusirika,'"” in a systematic study on the ammo-
nolysis of fumed silica (high surface area, amorphous powder)
was able to obtain high-nitrogen-content SiO,N, glasses (<22
wt% nitrogen). Unfortunately, fumed silica is very fine and is
entrained at the high flow rates required to sweep away byprod-
uct water. One solution to this problem is to use coarser parti-
cles that contain extensive internal porosity. Coarse particles
are also less prone to electrostatic agglomeration.” The nitrided
coarse particles can then be comminuted to give more useful
finer particles.

The goal of the work described here is to produce amorphous
oxynitride powders by ammonolysis in an effort to evaluate and
understand the parameters that lead to effective nitridation. The
results of this work will be applied to the synthesis of multi-
component oxynitride glasses and fibers."”'* The approach we
have taken is to develop a processing window for the pyrolytic
conversion of the silatrane glycolate complex, N(CH,CH,0),-
SiOCH,CH,OH (or TEASiOCH,CH,0OH), to high-surface-area,
amorphous oxide powders. These powders offer the desired
high internal porosity, coupled with large particle sizes, and are,
henceforth, called LPSPs (large, porous, silica particles; LPSPs
refers to powders made by the two-step pyrolysis described in
section IT). The LPSPs are subsequently nitrided by heating in
an ammonia FBR. The focus has been to define the processing
window for nitridation based on the kinetic parameters, temper-
ature, and time while monitoring surface area.

(1) Synthesis

(A) Reagents: Amorphous silica (SiO,) was received as a
gift (Cab-O-Sil, Cabot, Tuscola, IL) and used as received
(99.8% purity). Triethanolamine (TEA, N(CH,CH,OH),) was
purchased (Aldrich Chemical, Milwaukee, WI) or received as a
gift (Dow Chemical, Midland, MI). TEA from both sources was
used as received (98% ). Analytical- or reagent-grade ethylene
glycol (EG, HOCH,CH,OH) was purchased (Mallinckrodt,
Paris, KY). EG recovered from reactions (see below) was redis-
tilled to remove water and recycled into the reactions.

(B) Silatrane Glycolate, N(CH,CH,0);SiOCH,CH,OH:
Typical reaction conditions are as follows and are discussed in
detail elsewhere. Silica (30 g, 0.5 mol) was mixed with 1 equiv
TEA (75 g, 0.5 mol) in ~600 mL EG in standard schlenkware
equipped with a mechanical stirrer and a still head. The mixture
was heated under N,, maintaining slow distillation (~200°C).
Over a period of 8 h, ~1 L of EG and byproduct water were
distilled off with periodic replenishment of EG. Concurrent
with distillation, the solution became clear, where the clarity of
the solution indicated complete reaction and formation of the
silatrane glycolate complex. Once the solution cleared, distilla-
tion was continued to concentrate the solution until the still-
head temperature exceeded the boiling point of EG (typically
205°-210°C). The solution was allowed to cool. The product
yield is essentially quantitative.

(2) Powder Preparation

Pyrolysis and oxidation treatments were performed in a
fused-silica process tube, as shown in Fig. 2. The process tube
was assembled such that a tube (28 cm X 2.7 cm inside diame-
ter) with one end closed was mounted to an O-ring ball joint,
and the corresponding socket was fitted with a gas exit port and
an Ace-Thred™ (Ace Glass, Vineland, NJ) tube fitting, which
secures a gas inlet tube (7 mm inside diameter). The gas exit
was fitted with a trap to condense evolved organics. Pyrolyses
were conducted (Model Carbolite CTF 12/65, Bamford Mill,
Sheffield, U.K.) in a vertical tube furnace equipped with a
programmable controller and feedback thermocouple (Model
818P, Eurotherm, Reston, VA).

A two-step pyrolysis process, with the furnace held isother-
mally at 500°C, was used to convert the silatrane glycolate to
an oxide powder. The first pyrolysis step was an isotherm for
4 h in flowing N, (250 mL/min) to decompose and evolve most
of the organics from the sample. This step was begun by pour-
ing the concentrated precursor solution (~50 g solution, 20
wt% ceramic yield) into the bottom of the process tube and then
inserting the tube into the preheated furnace. (Note: care must
be taken to trap the EG and volatile pyrolysis products that are
produced during the pyrolysis.) After cooling, the powder was
ground (—100 mesh) with an alumina mortar and pestle. The
second pyrolysis step was a fixed-bed oxidation at 500°C for
24 h in flowing O, (500 mL/min) to oxidize residual carbon.
The resulting material consisted of LPSPs.

(3) Nitridation

A FBR was used for ammonolysis, as shown in Fig. 3. The
FBR was constructed with the following fused-silica compo-
nents: a gas inlet tube (7 mm inside diameter), to feed NH;
through the hot zone to the bottom of the furnace, and a process
tube (25.4 mm diameter) fitted with a porous silica frit (coarse,
25.4 mm diameter; Ace Glass) as the diffuser. The control
thermocouple is embedded in the furnace refractory; therefore,
to compensate for the cooling effect of the gas flow, a calibra-
tion curve was created. The calibration curve was determined
by attaching a chart recorder to a chromel-alumel thermocouple
inserted into a fuzed-quartz closed tube with an outside diame-
ter of 5 mm and positioned in the powder bed. The furnace was
heated according to the standard heating schedules (see below),
and sample temperatures were calculated from the chart. The
furnace was located inside a fume hood during heat treatments.
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Fig. 2. Schematic of process tube fitted in tube furnace.

The ammonia supply was controlled by a solenoid, integrated
with an automatic timer, and a safety shutoff, in case of a
power failure.

Ammonolyses were conducted by loading amorphous oxide
powder samples (1 g) onto the diffuser frit of the FBR, heating
at 10°C/min to the desired furnace temperature (700°, 800°,
900°, or 1000°C), and holding isothermally for the desired time
(4, 12, or 24 h) under flowing NH; (1.5 L/min). Temperatures
are reported as furnace temperature, with the exception of the
Arrhenius plot, which is plotted as sample temperatures (675°,
761°, 845°, and 938°C, determined from the calibration curve
for the furnace temperatures shown above). The NH; flow rate

—
Gas =-

Inlet

Thermocouple

Fig. 3. Schematic of fluidized-bed reactor (FBR) fitted in tube
furnace.

of 1.5 L/min was set empirically by determining the state of
full fluidization at ambient conditions.*

(4) Characterization

(A) Thermal Analysis: Thermogravimetric analysis (TGA)
and differential thermal analysis (DTA) were performed (Ther-
mal Analyst 2200 with Hi-Res™ TGA 2950, TA Instruments,
New Castle, DE). TGA consisted of heating at constant ramp
rates (10°, 20°, and 50°C/min) and dynamic HiRes TGA ramp
rates of 50°C with a HiRes sensitivity of 4. The HiRes feature
allows rapid heating rates that are dynamically modulated, thus
they maintain high resolution during regions of weight loss by
having a preset weight-loss rate trigger the dynamic ramp rate
to slow. Dynamic ramp rates aid in separating closely stacked
thermal events. The TGA balance flow meter was set at 40
mL/min N,, whereas the purge flow meter was adjusted to 60
mL/min of either N, or dry air.

(B) Gas Sorption: Surface areas and pore-size distributions
were determined by nitrogen adsorption at 77 K using the
volumetric technique on a sorption analyzer (Model ASAP
2000M, Micromeritics Instrument Corp., Norcross, GA). Sam-
ples were degassed at 110°C for 2 h and then at 400°C until the
outgas rate was <5 pm Hg/min (typically 4 h). The SSAs were
determined by the Briinauer—Emmett—Teller (BET) multipoint
method with at least five data points with relative pressures of
0.001-0.20. Pore-size distributions were determined with the
density functional theory using the nitrogen on carbon at 77 K
with the slitlike pores model. Analysis was performed using the
software package supplied with the instrument.

(C) Scanning Electron Microscopy: Powder morpholo-
gies were examined by scanning electron microscopy (SEM)
(Model S800, Hitachi, Tokyo, Japan) operated at 5 keV. The
sample was affixed to the aluminum sample holder with an
adhesive tab (Ted Pella, Redding, CA). The sample was sputter
coated with gold/paladium for 45 s at 10 mV, which corre-
sponds to a film thickness of 100 A (10 nm).

(D) Diffuse-Reflectance Infrared Fourier Transform Spec-
troscopy. Diffuse-reflectance infrared Fourier transform
(DRIFT) spectra®=* were obtained on a bench (Galaxy Series
3020, Mattson, Madison, WI) continuously purged with N,,
adapted with a diffuse reflectance accessory (Model DRA-2CO,
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Fig. 4. Synthesis of the silatrane glycolate complex.

“Praying Mantis;” Harrick Scientific, Ossining, NY). The non-
absorbing medium used was potassium bromide (KBr) (ICL,
Garfield, NJ) powdered from a single crystal with an alumina
mortar and pestle. Powder specimens were prepared as follows:
(i) 0.3-0.5 wt% analyte was added to the KBr chunks (e.g.,
2 mg analyte to 450 mg KBr); (ii) the mixture was ground with
an alumina mortar and pestle; and (iii) the dilute samples were
packed firmly in the sample holder, leveled off at the upper
edge, and transferred to the FTIR sample chamber (brief expo-
sure to air). Typical scan conditions were 1000 scans at 4 cm™'
resolution. All data are reported in Kubelka—Munk units, so
that intensity values are nearly linear with concentration.

(E) Chemical Analysis: Samples were submitted for anal-
ysis of carbon, hydrogen, and nitrogen content (CHN);" CHN
analysis (Model 2400 CHN Elemental Analyzer, Perkin-Elmer,
Norwalk, CT) was performed at a temperature of 1075°C, with
helium as a carrier gas. Powder specimens (1.5 mg) were loaded
into tin capsules with powdered tin (6—10 mg) as a combustion
aid. Acetanilide was used as a reference standard and was
analyzed in the same manner as the samples. Each powder
was analyzed twice. Both analyses were reported to give an
indication of sample homogeneity.

(F) Helium Pycnometry: Density measurements for the
samples were made using a helium pycnometer (Model Accu-
Pyc 1330 V2.01, Micromeritics Instrument Corp.). Reported
densities are an average of five values and have a standard
deviation <0.003 g/cm’.

(G) X-ray Photoelectron Spectroscopy: Chemical binding
states were determined by X-ray photoelectron spectroscopy
(XPS) (Model PHI 5400 XPS, Perkin-Elmer). The X-ray source
was MgK (1253.6 eV) operated at 15 kV and 300 W. The
analysis chamber was maintained at 5 X 107° torr (~7 X
1077 Pa). The analyzer pass energy was 17.9 eV in steps of
0.1 eV. Powder specimens were pressed by hand between two
sheets of indium foil; the sheets were separated, and one was
mounted to the specimen holder. Tabulated values were taken
as midpoints from full width at half maximum (FWHM) of the
plotted data.

(H) X-ray Diffractometry: Samples were analyzed by
powder X-ray diffractometry (XRD) with a rotating anode
goniometer (Rigaku Denki Co. Ltd., Tokyo, Japan). Specimens
(25 mg) were dusted on a glass specimen holder swabbed with
petroleum jelly and placed in the diffractometer. Scans were
measured from 5°-80° 26 at a scan speed of 1° 26/min in 0.05°
26 increments with monochromatic CuKa (A = 0.154 nm)
radiation operated at 40 kV and 100 A. Peak positions were
referenced to standard International Centre for Diffraction Data
(ICDD, Newtowne Square, PA) files.

*CHN analysis was performed by the Department of Chemistry analytical services,
University of Michigan.

\S\i -0/ OH
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III. Results

(I) Synthesis

The silatrane glycolate complex is synthesized by reaction of
mixtures of silica powder with TEA in EG (Fig. 4). Reaction
occurs best when the mixture is heated to EG distillation tem-
peratures. TEA is a triol that reacts to form a tridentate “sila-
trane” complex.>* The reaction goes to completion such that
only the product remains in the reaction vessel. The reaction
byproduct is water, which is removed along with distilling EG.
On complete reaction, the solution is concentrated such that
pourability is maintained at room temperature.

On heating, the silatrane complex will undergo condensation
and ring-opening polymerization to form oligomers and poly-
mers.** Initiation of the polymerization process is suggested by
dimerization, as shown in Fig. 5. As will become evident, such
polymerization reactions appear to be necessary to develop the
highly porous microstructure that results during pyrolysis.

(2) Powder Preparation

Pyrolysis is the chemical decomposition or other chemical
change brought by the action of heat. TGA decomposition
studies of the precursor solution used to prepare LPSPs give
insight into how thermal processing may affect the resulting
powder properties. Three modes of mass loss are exhibited in
Fig. 6: volatilization, decomposition, and oxidation. The first
mass loss (ambient to <350°C) results primarily from volatil-
ization of EG from excess solvent and as a byproduct of con-
densation (Fig. 5). The amount of excess EG present and the
extent of polymerization (in solution) greatly affect the precur-
sor viscoelastic properties and the ceramic yield. The loss of
EG has the direct effect of increasing the viscosity.

The remaining two modes of mass loss correspond to the
conversion of the precursor to a ceramic. The second mode of
loss (325°-375°C) is due to decomposition of the organic
ligands. The mass loss triggers the dynamic ramp rate to slow
the heating rate to a nearly stepwise isothermal condition
(~345°C). During decomposition, the organic portion of the
precursor is destroyed, marking the transition to a ceramic. The
third mode of loss (375°-700°C) is due to oxidation of residual
organic matter and pyrolytic carbon (~10 wt%). Oxidation
commences with decomposition (second mode) and extends
to temperatures >700°C; however, because oxidation exhibits
more dependence on time than temperature, isothermal treat-
ments can be substituted. Figure 6 shows a ceramic yield of
20 wt%, as compared to the theoretical yields of 25.5% and
29.3% for the products in Figs. 4 and 5. The decomposition
temperature delineates the lower boundary for bulk pyrolysis.

Pyrolysis conducted on the precursor above the decomposi-
tion temperature results in the formation of a ceramic as well
as organic byproducts. The byproducts are important in the
development of the powder morphology, as will be discussed.

o \s/
I\
57 So”

— \ +

Fig. 5. Condensation dimerization of silatrane glycolate complex.
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The precursor solution can be rapidly pyrolyzed to leave a porous
ceramic, which, after oxidation of pyrolytic carbon, exhibits a
pore-size distribution as shown in Fig. 7 (see two-step pyrolysis
in section II(2)). The pore-size distribution appears to be tri-
modal: 7.8 = 0.3, 14 = 2,and 28 = 10 A (0.78 = 0.03,1.4 =
0.2, and 2.8 * 1 nm, respectively). The total pore volume is
0.26 cm?/g, and the specific volume extrapolated from Eq. (6),

p=2+ 1.35[N] (6)

where p is the density and [N], the measured nitrogen concen-
tration, is 0.5 cm®/g; thus, one third of the apparent particle
volume is porosity. The first two pore-size modes account for
50% of the total pore volume. The corresponding micrograph
of the particles is shown in Fig. 8.

The LPSPs are X-ray amorphous, thus limiting structural
characterization; however, the nature of the amorphous network
can be assessed from DRIFTS studies.**~*® Infrared (IR) spec-
troscopy provides information about surface species as well
as bulk.”

DRIFTS spectra of untreated LPSPs are shown in Fig. 9; the
1300-1400 cm™' region is expanded in the inset. The main
absorption bands, the 1094 cm™ peak with a shoulder at
1175 cm™!, are ascribed to threefold degenerate stretching of
SiO, tetrahedra. The weak shoulder at 975 cm™ is assigned
to v(Si—O) of silanol groups. The weak peak at 812 cm™" is
assigned to an Si—O-Si bending mode, and the strong peak at
454 cm™! with a shoulder at 475 cm™! is ascribed to O—Si—O
bending. The weak, sharp peak at 3740 cm™' corresponds to
v(O-H) of isolated OH groups, and the two broad peaks at
3200 and 3650 cm™' are associated with hydrogen-bonded
v(OH), e.g., adventitious water.

There are several IR-active surface species that can form
via reactions (3)—(5) and Fig. 1—for example, silanol groups
(=Si(OH)), amides (=Si(NH,)), and imides (or silazane)
(=Si—-NH-Si=). The bulk consists of a network of Si(O,N),
subunits with a variety of O:N ratios. Some of the characteristic
absorption frequencies taken from the literature are shown in
Table 1. The peak positions tabulated are taken from materials
with long-range periodicity, such as crystalline ceramics and
relatively simple, linear polymers. Therefore, the actual peaks
in the nitrided LPSP spectra broaden and shift accordingly.
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Broad peaks are indicative of absorption environments that
have a disruption of long-range order, as seen in amorphous
materials or materials with distributions in composition, such
as tetrahedral Si(O,N),.

DRIFTS spectra of ammonolyses for 4 h at successive
temperatures are shown in Fig. 10. The spectra have features
similar to those of amorphous silica,* yet they deviate with
increasing processing temperature. The spectra show several
features: (i) bands at 1200 and 1100 cm™' that occur from
threefold degenerate stretching vibrations of the Si(O,N), struc-
tural unit; (ii) bands centered at 800 and 460 cm™', due to
Si—0-Si and O-Si—O bending vibrations, respectively; and
(iii) a shoulder at 970 cm™" indicative of Si—N bending. How-
ever, included in this envelope of peaks are contributions from
the stretching vibrations of nonbridging Si—O at 960 cm™
resulting from silanol groups.

The changes seen in these spectra are atypical of an amor-
phous material subjected to these heat treatments. The large
free volume associated with pyrolyzed precursors decreases
with the extent of annealing. The decrease in free volume mani-
fests an increase in short-range order. Thus, the normal trend
for IR absorptions in amorphous materials is a sharpening of
peaks with increased processing temperature;* however, the
broadening observed here is a result of the changes in composi-
tion that accompany the temperature change, where nitrogen
now occupies some of the oxygen sites. This partial substitution
creates envelopes of absorptions about characteristic positions.
Thus, the peaks associated with lattice vibrations are broader
and shifted (from expected SiO, values) to lower wavenumbers
(1060 cm ™" and broad shoulder) and exhibit relative intensities
that reflect increases in nitrogen content with increases in pro-
cessing temperature.

The high-wavenumber region (4000-1450 cm™) of the
DRIFTS spectra in Fig. 10 shows a decrease in the isolated
hydroxyl v(OH) vibration at 3740 cm™', with respect to
as-processed LPSPs (see Fig. 9). The peaks at 3200 and
3380 cm™! can be assigned to NH stretches. As stated earlier,
there are several possible OH and NH species, as well as com-
plexes with physisorbed NH;, that account for these absorp-
tions. The peak at 1550 cm™' likely results from bending
vibrations of NH, groups with shoulders at 1540 and 1560 cm™"

100

-
J

80

60

Weight Loss (wt.%)

Temperature (C)

Fig. 6. TGA of silatrane glycolate complex in air (ceramic yield ~20 wt%).
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Fig.7. Pore-size distribution for LPSPs after two-step pyrolysis at 500°C; incremental and cumulative pore volume plotted as a function of

pore width.

from related species.'® The peak at 1400 cm™" is attributed to
bending in NH,*.*

The nitrogen content of LPSPs (4 h of nitridation) is plotted
in the Arrhenius format in Fig. 11. An Arrhenius activation
energy of 54 kJ/mol was calculated with a preexponential con-
stant of 2900. Nitridation for longer time intervals appears
to approach the nitrogen saturation limit of silicon oxynitride
(Si,N,0) and, therefore, does not follow the same behavior.

The helium pycnometry densities (p in Eq. (6)) of LPSPs
nitrided in a FBR in 1.5 L/min NH; are plotted as a function of

Fig. 8. SEM micrograph of LPSPs as-prepared (500°C).

the measured nitrogen concentration in Fig. 12. The powder
densities increase linearly as temperature increases at a given
time and as time increases at a given temperature.

A plot of the BET SSAs as a function of temperature is
shown in Fig. 13. An estimate of diffusion distances can be
made by comparing equivalent spherical radii calculated from
the SSAs and p values. If we assume the particles are spherical,
we can derive a worst-case diffusion distance. Initially, the
LPSPs have a density of 2.0 g/cm®, a SSA of 525 m?/g, and a
worst-case diffusion distance of 2.9 nm; whereas, after nitrida-
tion at 1000°C for 4 h, the SSA value of 300 m*/g and p value
of 2.17 g/em® give a worst-case final diffusion distance of
4.6 nm. The marked decrease in SSA between 800° and 900°C
is likely the onset of sintering of the internal porosity. Very
importantly, recall that the external surfaces only negligibly
influence the SSA.

Entrainment of powder has the effect of classifying the
nitrided LPSPs, as evident in the SEM micrograph shown in
Fig. 14. The figure shows large particles similar to Fig. 8, yet
with minimal evidence of fine particles. The particles have
similar texture, with no evidence of grain formation or vapor-
deposited growths.

Nitrogen concentrations plotted against time for processing
at 900° and 1000°C are shown with saturation curves fitting

[N] = N%[1 — exp(—#/7)] )

where N, = 20 and 20.5 wt% and T = 6.5 and 3.8, respectively,
in Fig. 15. The saturation constant is less than the expected 28
wt% for Si,N,O. The average hydrogen content by chemical
analysis, over all the 4 h data, is 0.71 = 0.14 wt%. No correla-
tions are evident between measured hydrogen content and pro-
cessing time or temperature.

XRD of LPSPs as processed and nitrided at 1000°C for 24 h
appears in Fig. 16. The main feature is due to scattering by
tetrahedral Si(O,N),. The pattern from the nitrided powder is
broader and skewed toward higher 26 values than the
as-processed LPSPs.
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Fig. 9. DRIFTS spectra of untreated LPSPs (inset expanded 10X).

XPS data was compared to that in the literature*~* to pro-
vide additional characterization of the nitrided materials. The
data tabulated in Table II are presented in terms of binding-
energy differences for a sample nitrided at 1000°C for 4 h with
an NH, flow rate of 1.5 L/min. Evaluating the data by means of
binding-energy differences, rather than absolute values, mini-
mized ambiguities in absolute energies stemming from charge
buildup common to ceramics. The binding energies measured
were for the Si-2p, O-1s, and the N-1s photoelectrons. The
sample was analyzed as nitrided (unground) and following a
postnitridation grinding with a mortar and pestle (ground). The
purpose was to compare the binding states of the outermost
surfaces with those of surfaces exposed by grinding. The pores
were assumed to act as critical flaws during grinding such that
pore surfaces would be exposed on grinding. The values found
(A(Si,N) = 295.2-295.5 eV) are in good agreement with those

of crystalline Si,N,O (295.6-295.7 eV). Furthermore, the data
for the ground and unground samples show no significant
differences.

IV. Discussion

The primary objectives of the model study described here
were to examine the utility of processing nitrided glasses using
highly porous powders derived from polymer precursors and to
develop a well-defined fluidized-bed process for nitridation. In
the following sections, we briefly discuss the synthesis of the
silatrane glycolate precursor, the methods developed for the pro-
duction of LPSPs from this precursor, and our efforts to define
an optimum set of parameters for processing high-nitrogen-
content oxynitride amorphous powders.

Table I. Characteristic Infrared Absorption Frequencies for Si-N and Si—O Moieties

Peak position

(em™) Absorption mode Reference
475 0-Si-0 Bending 40
800 Si—0-Si Bending 39,40
850-900 Si—-N-Si 41
900 Si—-NH-Si asymmetric stretch from bridging silazane 16
932,938 Si—NH, from silylamine and disilazane groups 16
960 Si—0, nonbridging Si—O such as silanol 40, 42
1170 N-H imide bend 43
1200, 1100 Threefold degenerative stretching of SiO, tetrahedra 39,40
1550 and shoulders Geminal Si(NH,), 16
1840 Lattice combination vibration 16
3200 Molecular water 39
3333 —NH stretching vibrations 12
3380 —NH stretching vibrations arising from silamine (Si—-NH,) 42
3508 OH stretch 12

3740 Free hydroxyl or isolated silanol groups 39
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Fig. 10. DRIFTS spectra of LPSPs nitrided for 4 h at (a) 800°, (b) 900°, and (c) 1000°C by ammonolysis in a FBR. Intensities are in Kubelka-Munk

units, and the 4000—1450 cm ™! region is 10X the 1500—400 cm ™' region.

(I) Synthesis

Inexpensive, high-ceramic-yield precursors are key to devel-
oping economically viable chemical routes to ceramics. Thus,
our recent discovery of the direct synthesis of silatrane gly-
colate from silica, TEA, and EG (Fig. 4) provides significant
motivation for examining its use as a ceramic precursor.** In
this study, the silatrane glycolate was synthesized using fumed
silica as the silicon source; however, the same reactions can be
conducted with inexpensive silica sources including beach
sand, fused silica, and diatomaceous earth,***-

(2) Powder Preparation: Pore Development via Pyrolysis

A processing window for bulk pyrolysis was developed by
combining information from TGA with our goal of producing
a high-SSA, low-carbon-content powder. The viscosity of the
precursor solution is a function of temperature and EG concen-
tration. Increases in precursor viscosity have important conse-
quences on microstructural and pore development. As the
viscosity increases during pyrolysis, transport of volatiles from
interior regions is inhibited, resulting in nucleation and growth
of gas bubbles. As the polymer/EG mixture is further heated,
any remaining EG will contribute to the gaseous expansion and
will foam the viscoelastic polymer. Polymer solvation by the
residual EG will further aid in the swelling process. This combi-
nation of pressurization and swelling can result in large volume
expansions and leave a highly porous, foamed structure. At this
point, the porous structure is a polymer network strained by the
pressurized pores and will collapse from surface tension if heat
(i.e., pressure source) is removed prior to the polymer being
rendered infusible. The porous structure can be retained by
heating rapidly through decomposition.

Pyrolysis forms the metal oxide structure, volatile organic
products, and pyrolytic carbon. Processing conditions for bulk
pyrolyses greatly affect powder properties. In particular, the
SSAs of powders were markedly different based on heating
schemes. Higher SSAs were obtained when samples were
placed in a furnace preheated to 500°C (525 m*/g) than when
samples were ramped at 10°C/min to 500°C (250 m?/g). The
advantage of preheating over ramping is that sufficient thermal
energy is available to induce polymerization and decomposition
reactions in the material while sufficient EG vapor is present to
foam the polymer.

Additionally, greater porosity was exhibited in powders
pyrolyzed in flowing N, rather than flowing air, presumably
because greater elasticity is retained in the polymer when it
does not undergo coincidental oxidative crosslinking. This elas-
ticity is essential to precursor swelling and is only present while
the precursor has polymeric behavior. In contrast, decomposi-
tion in air can oxidize (crosslink) the polymer ligands, eliminat-
ing viscoelastic properties. Moreover, the gases from oxidized
ligands will not aid viscoelastic expansion by polymer solva-
tion. Thus, pyrolysis in N, promotes the development of porous
ceramic powders, albeit without providing oxidation of pyro-
lytic carbon.

Following the N, isothermal pyrolysis, the resulting material
was ground to provide flowable powders and then subjected to
an additional isothermal pyrolysis in O, to remove residual
carbon. Carbon removal was performed through oxidative iso-
thermal treatments above the decomposition temperature, with
higher temperatures resulting in faster rates. The optimal tem-
perature was determined by monitoring the SSA, pore-size
distribution, and carbon content as functions of processing tem-
perature. A balance of carbon removal and pore development
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Fig. 11. Nitrogen content of LPSPs as a function of nitridation temperature for powders in a FBR for 4 hin 1.5 L/h NH,. Data are averages of at

least two runs (=7%).

was achieved for pyrolyses conducted at 500°C, resulting in (<150 pwm) was chosen to reduce the effects of electrostatic
a light-colored, low-carbon ([C] < 1 wt%), high-SSA (525 agglomeration, which inhibits flowability. The drawback to the
m?/g) powder. Flowable powders are necessary for fluidiza- large size is longer diffusion distances through the pore network
tion and were obtained by grinding and classifying the pyro- for the gaseous reactants and products, which increases the time
lyzed precursor powders (—100 mesh). The large particle size required for oxidation and ammonolysis. The ground powders
2.40
2.35
E ’"
2.30
225 *
E -1 "
= @
.§\2.20—:
g :
A2.15 ®
2.10
2.05
] @
2.0 %—""m—+—"+—+—"F—"——-——rT——
0 5 10 15 20 25

Nitrogen Concentration (wt.%)

Fig. 12. Pycnometric densities of LPSPs nitrided in a FBR in 1.5 L/min NH; plotted as a function of measured nitrogen concentration. Data are
averages of two or more runs (*=5%) for temperatures of (H) 700°, (@) 900°, and () 1000°C, and times of 4, 12 (marked with a single prime, "), or
24 h (marked with a double prime, ).
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Fig. 13. BET analysis of LPSPs nitrided in a FBR for 4 hin 1.5 L/h
NH,. Plotted are the (M) oxidized and (A) nitrided powders.

were oxidized in a fixed-bed regime, where the flow rate was
adjusted periodically to eliminate channeling.*

Rapid pyrolysis of the precursor in N, followed by oxidation
results in a porous material. The porosity can be classified into
two pore types, as seen in the pore-size distribution (Fig. 7): the
first type consists of two narrow distributions, whereas the
second type is a broad mesoporous distribution. A model to
describe this pore distribution follows. During pyrolysis, a solu-
tion forms that contains a nonequilibrium mass of reactive
species; therefore, many of the solution precipitation concepts
should apply, where a nucleus forms and continues to grow into
a three-dimensional interconnected molecular network. The
domains that form from each nucleus continue to grow until the
reactants are consumed or abutment with another domain occurs.
The structures of these domains can simply be the interconnect-
ing lattice as described by Scherer’’ and also Brinker and
Scherer” and would give well-defined pore structures, as seen

Fig. 14. SEM micrograph of LPSPs nitrided in a FBR at 1000°C for
12 hin 1.5 L/h NH,.
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in the first type. The second smooth, broad, mesopore distribu-
tion is indicative of interdomain pores. The high porosity pro-
vides a large reaction surface for ammonolysis.

(3) Nitridation

The nitridation scheme we envison is transport of NH, to the
particle surface, gas/solid reaction at the surface, and diffusion
of nitrogen species in the bulk. Ammonolysis is a gas/surface
interface reaction and occurs readily at the temperatures stud-
ied. IR studies and chemical analysis provide evidence of the
reactions depicted in Fig. 1 at all the temperatures studied. We
make the assumption that the near surface becomes saturated in
a short time; therefore, viewing the nitridation process as a
constant composition surface that is diffusion limited is best.
These constraints are the motivation for developing amorphous
powders with high SSAs. Additionally, ammonolysis requires
continual exchange of gaseous species (the reacting gas (NH;)
and the reaction byproduct (H,0), reaction (2)), which leads
to concentration gradients in the gas that can result in a hetero-
geneous distribution of nitrogen in the product. An initial
ammonolysis study with flow over a fixed bed confirmed the
dependence of nitrogen contents on flow rate. Nitrogen contents
increased as the flow rate increased, until a local maximum was
achieved, and values tailed off with further increases in flow
rates. Heterogeneous powder beds resulted in these experi-
ments, with higher nitrogen contents for powder near the sur-
face of the bed.

An ammonolysis technique was sought wherein homoge-
neous powders would be inherent by design, e.g., a FBR.
One advantage of a fluidized system is that overfluidization,
although inefficient, does not result in heterogeneous powders.
To ensure against channeling or dead zones, the flow rate for
full fluidization was set at ambient temperature. Thus, as the
gas expands with temperature, there is an increase in the flow
rate. The increase in flow rate beyond full fluidization entrains
fine particles and is evidenced by the lack of fine particles in the
SEM micrograph shown in Fig. 14. Fluidized-bed reaction of
LPSPs has two main advantages: (i) the length of percolation of
NH, is minimized to the scale of the particle, as opposed to the
depth of the powder bed for fixed-bed reactions of finer parti-
cles, and (ii) homogeneity is maintained in the powder bed by
the stirring action of the fluid.

The temperature effects of nitridation were studied to
develop an understanding of the nitridation process. An activa-
tion energy of 54 kJ/mol was calculated from the data in Fig. 11.
Wausirika'” reports an activation energy for nitridation (76
kJ/mol) that compares to the diffusion of several species in
silica (water, 72 kJ/mol; hydrogen, 37 kJ/mol; and nitrogen, 109
kJ/mol). The Wusirika experiments were conducted in dynamic
flow (10 L/min in a 2 L furnace) over a bed of powder (fumed
silica, 180 m*/g, d = 14 nm). Furthermore, the Wausirika calcu-
lations separate the NH, partial pressure dependence and time
from the preexponential term; thus, the nitrogen content in the
silica exhibits a linear dependence on the NH; partial pressure
and a square-root dependence on time. The conclusion is that a
diffusion mechanism is the rate-limiting process. Although
there are significant differences in the experimental design,
these results are quite reasonable and served as a foundation for
our experimental design.

The lower activation energy in our study can be attributed to
transport-limited phenomena that diminish thermal effects. The
extensive porosity of LPSPs provides an increase in reaction
surfaces available; however, the pore widths are quite small
(<100 A (<10 nm)) and restrict gas flow. Because of the small
pore sizes, transport of gaseous reactants and products to/from
the reaction sites of internal pore surfaces is likely to limit the
rate of ammonolysis. Gas transport in this environment is likely
to be in the Knudsen flow regime and, therefore, would be
negligibly influenced by thermal activation.

A second mass-transport limitation is homogenization of
nitrogen by diffusion in the bulk phase. Nitrogen diffuses
slowly at the low-to-moderate temperatures used in the studies



November 1996 Synthesis of Oxynitride Powders via Fluidized-Bed Ammonolysis: Large, Porous, Silica Particles 2875
25

[\®)
[=]
1

1000°C 1

. 900°C

10

N Concentration (wt.%)

Time (h)

Fig. 15. Chemical analysis of LPSPs nitrided in a FBR at 900° and 1000°C in 1.5 L/h NH;. Data points represent the averages and standard
deviations of several determinations.

L o
50 cps
z (b)
[72]
=
3
=
(a)
i i } } }
10 20 30 40 50 60

2 Theta

Fig. 16. Powder XRD of LPSPs (a) as processed and (b) nitrided at 1000°C for 24 h.

Table II. Binding-Energy Differences (eV) for Nitrided LPSPs*

Sample condition’ A(Si-2p — O-1s) A(O-1s — N-1s) A(Si-2p — N-1s)
Unground 430.0 134.5 295.5
Ground 430.1 134.9 295.2
Si,N,0% (1120°C, 4 h) 429.8 134.5 295.3
Si,N,0% (1120°C, 24 h) 430.0 134.6 295.4
Si,N,0%* 295.6
Si,N,* 295.7
Si,N,0%* 430.0 134.5 295.5
Silica glass*® 427.6
Quartz* 430.6

*LPSP nitrided in a fluidized-bed reactor at 1000°C for 4 h in 1.5 L/min NH;. 'Superscripts denote
reference source.
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described here; therefore, avoiding homogenization by bulk
diffusion is necessary. Fortunately, the potential problems asso-
ciated with slow bulk diffusion can be partially resolved by
retaining high SSAs during nitridation. Surface reactions
become the dominating factor under this hypothesis, with bulk
homogenization becoming rate limiting on surface saturation.
Powders examined by DRIFTS show the surface species
expected for the reactions shown in Fig. 1, where a decrease in
silanol groups, with a concurrent increase in amine groups,
indicates progression through the reaction series. These surface
reactions form Si—(NH,), groups and are highly dependent on
the partial pressure of water, thus requiring the exchange of
gaseous reactants and products as stated above.

Homogenization is highly dependent on the mobility of the
diffusing species. The mobility is a function of the driving
force, the mobile species, and the lattice. As concentration
gradients decrease, the driving force for further diffusion
decreases, and homogenization rates decrease correspondingly.
Habraken et al.” suggest that the NH, species, rather than
atomic nitrogen, diffuse, and a portion of the nearly constant
hydrogen content seen in these studies can be attributed to
silazane groups in the bulk as well as at surfaces.

The mobility of the diffusing species also is greatly affected
by the free volume in the glass. Densities increase as the pro-
cessing increases, thus potentially lowering the free volume
and, hence, lowering the mobility. Many parameters in the
system change with processing, thus limiting the conclusions
that can be made in regard to diffusion rates or mechanisms.

Saturation of the nitrogen content of LPSPs appears to occur
at ~21 wt% for processing at 1000°C, as seen in Fig. 15.
Thermodynamic studies* on the nitridation of amorphous silica
gel suggest that the nitrogen concentration should approach a
composition equivalent to Si,N,O (28 wt% nitrogen 40 at.%) at
1000°C. The calculations justify the driving force for nitrida-
tion; however, the enthalpy of crystallization to Si,N,O does
not aid the process, because the materials remain amorphous.
Additionally, the low saturation limit is influenced by the single
mechanism assumed for the model (Eq. (7)). However, nitrida-
tion rates are strongly influenced by surface reactions, where
reactions similar to those shown in Figs. 1(a) and (b) deplete
the surface of silanol groups in favor of NH, (compare DRIFTS
spectra in Figs. 9 and 10(a)). At later stages, nitridation must
proceed via bulk diffusion, which likely occurs at a slower rate.
Thus, a model that incorporates the slower bulk diffusion step
may better describe the latter stages of nitridation.

Van Weeren et al.,*” in studies on the ammonolysis of silica
gel, observed that a composition similar to that of Si,N,O was
obtained after extended periods. However, solid-state nuclear
magnetic resonance (NMR) indicated the presence of all five
SiO,_,N, species, with a global composition approaching that
of Si,N,O. No evidence for the formation of Si,N,O was
observed, implying that Si,N,O does not really form during
nitridation, as predicted on thermodynamic grounds.” They
suggest that nitridation may only slow down as the composition
approaches Si,N,O. One reason may be that the silica surface
is fully transformed to silicon nitride (Si;N,) and no oxygen
remains to be replaced. Hence, only by bulk diffusion will
equilibration bring oxygen back to the surface such that further
nitridation can occur. Based on kinetic arguments alone, Si;N,
should be the final phase formed. The question of whether it is
more stable than Si,N,O in a nitriding environment, where
crystallization of Si,N,O does not occur, remains to be proven.

The uniformity in the XPS data (Table II) indicates that
reactions occur on the interior pore surfaces, which implies that
transport of NH, and H,O across the boundary layer of the
fluidized particles occurs readily. Similarly, transport of these
species through the porous network also occurs. Comparison of
the powder XRD patterns also corroborates the incorporation of
nitrogen, where the skewing of the X-ray peak toward higher
20 is attributed to the various statistical combinations of
Si(O,N),."” The five separate Si(O,N), tetrahedral environments
have all been observed by solid-state **Si NMR.*
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Given that large-scale viscous flow was not encountered in
these nitridation studies, the decrease in surface area with
increases in processing can be attributed to the loss of porosity.
More importantly, the loss of porosity appears to proceed with-
out pore entrapment, because a linear increase in p was observed
with processing. Helium pycnometry measures the specific vol-
ume of the material accessible to helium; therefore, it is a
measure of the apparent density of a material. If the loss in pore
area observed by BET was due to pore entrapment, an increase
in specific volume as a function of processing would be
expected, i.e., lower apparent density. This finding is critical
to the overall purpose of this research. If pore closure were
predominant during sintering, the material would be rendered
useless as a precursor to monoliths or fibers. The increase in
density with processing then can be attributed to a combination
of the compositional change (oxide to oxynitride) as well as the
loss of free volume with processing (annealing).”

Fluidized-bed reactions of LPSPs appear to be a viable tech-
nique for synthesis of silicon oxynitride powders and may be
a general method of nitriding aluminosilicates as well. The
significance of reducing diffusion distances must be reiterated.
Because chemical reactions and diffusion are thermally acti-
vated processes, the energy added to sustain diffusion may be
too great, thus inducing glass decomposition reactions, e.g.,
reactions (1) and (2). Nitriding LPSPs appears to provide access
to the same materials with lower processing temperature
requirements than melt processing, thereby minimizing poten-
tial problems. This is accomplished by creating a high-SSA
material, although the cost of doing so is lengthy gas-diffusion
distances resulting because of the tortuous porous pathways.
The thermal stability of these porous powders may be useful
themselves as supports in filtration or catalysis.

V. Summary

Silatrane glycolate provides ready access to large, porous,
silica particles (LPSPs) via a two-step isothermal pyrolysis
process. The first step—pyrolytic decomposition in nitrogen—
generates a highly desirable porous powder that contains meso-
pores as well as micropores. The second step oxidatively
removes residual organics and pyrolytic carbon. The LPSPs
have high specific surface areas because of internal porosity.
Nitridation of LPSPs in a fluidized-bed reactor produces amor-
phous oxynitride powders with high nitrogen content (up to 21
wt%). The Arrhenius activation energy for nitridation has been
calculated to be 54 kJ/mol. This activation energy is lower than
previous work and is likely due to mass-transport limitation in
the vapor phase, as opposed to the bulk phase.

Powder density measurements show increases in density that
can be directly correlated with increases in nitridation times
and temperatures. Densification correlates with nitrogen con-
tent and indicates that the contraction of the crosslinked net-
work occurs as a result of nitrogen substitution for oxygen.
X-ray photoelectron spectroscopic characterization of the pow-
ders has established that binding-energy differences are similar
to those reported for silicon oxynitride and that the nitridation
process extends into the interior surfaces. This study serves as a
model for nitridation of multicomponent glasses, which will be
described in forthcoming papers.
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