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Cellulose nanocrystal (CNC) aerogels are coated with thin conformal layers of Al,Os using
atomic layer deposition to form hybrid organic/inorganic nanocomposites. Electron probe
microanalysis and scanning electron microscopy analysis indicated the Al,O; penetrated more
than 1500 um into the aerogel for extended precursor pulse and exposure/purge times. The
measured profile of coated fiber radius versus depth from the aerogel surface agrees well with
simulations of precursor penetration depth in modeled aerogel structures. Thermogravimetric
analysis shows that Al,O5; coated CNC aerogel nanocomposites do not show significant thermal
degradation below 295 °C as compared with 175 °C for uncoated CNC aerogels, an improvement

of over 100°C. © 2014 American Vacuum Society. [http://dx.doi.org/10.1116/1.4882239]

. INTRODUCTION

Cellulose nanocrystals (CNCs) are high aspect ratio nano-
particles that can be derived from a variety of materials such
as plants, algae, and sea animals. Their size varies from 3 to
20 nm in cross section and 50 to 2000 nm in length. CNCs are
biocompatible and essentially nontoxic with a strength rival-
ing aluminum and a modulus surpassing that of carbon steel.
Because of these unique properties, CNCs have recently been
the subject of a great deal of research exploring a variety of
applications ranging from biomedical devices to optical com-
ponents. They have also been widely proposed as reinforcing
fillers in polymers." However, the well-known sensitivity of
CNCs to oxidation at low temperatures has limited their abil-
ity to be incorporated into polymers, which typically require
high temperature processing (>200°C) in oxygen containing
environments.> Although application of a thin surface coating
might provide oxidation resistance to CNCs, CNCs are typi-
cally produced in aqueous solutions and agglomerate or form
films upon drying, making coating difficult. Recent work,
however, has shown that CNCs can be readily formed into
aerogels, which possess a unique microstructure of loosely
spaced particles with very high porosity, low density, and
high surface area.'”* The aerogel morphology allows not only
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for unique architectures, but also makes available the CNC
surface to interaction with process gases, opening the possibil-
ity of coating aerogel CNCs with protective thin films.
Although coating of such high surface area porous substrates
is not possible with standard deposition techniques such as
sputtering, evaporation, or traditional chemical vapor deposi-
tion (CVD), atomic layer deposition (ALD) is well-suited for
the task.*™® ALD is a chemical vapor deposition technique in
which precursors and reactants are introduced sequentially to
the reaction chamber. Deposition takes place via self-limiting
surface reactions so that the film builds up one layer at a time,
allowing for highly uniform and conformal coating of thin
film inorganic oxides over high aspect ratio porous and large
surface area structures.” ALD coatings have been applied to
woven cotton fibers to control wettability'® and conductiv-
ity,!" and applied to CNC aerogels for a variety of purposes
such as to increase biocompatibility,'* to form a high surface
area TiO, substrate for dye sensitized solar cells,'? to create
inorganic nanotube aerogels using sacrificial CNC aerogel
templates,14 to form reusable floating oil absorbents,lS’16 and
to demonstrate photoselective super-absorbency of water.'” It
has recently been shown that ALD films of Al,O5 as thin as
25nm make excellent moisture permeation barriers."® ALD
Al,O; films have also been shown to protect other
carbon-based structures from oxidation, in one case increasing
the oxidation temperature of carbon fibers by 60°C."
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In this work, ALD is used to deposit conformal Al,O3
coatings on CNC aerogels to improve oxidation resistance
for incorporation as reinforcing fillers in polymers. Electron
probe microanalysis (EPMA) is used to measure the penetra-
tion of Al into the aerogel. Scanning and transmission elec-
tron microscopy (SEM and TEM) are used to monitor
coating conformality and thickness as a function of depth in
to the aerogel. To assist interpretation of EPMA, SEM, and
TEM data, the penetration depth of the ALD Al,O; film into
the CNC aerogel is modeled based on the work of
Yanguas-Gil and Elam.”° Finally, thermogravimetric analy-
sis (TGA) is used to assess the effectiveness of the coatings
in preventing oxidation related weight loss.

Il. EXPERIMENT

CNCs are prepared from pure cotton cellulose by hydro-
chloric acid hydrolysis using a previously described
method.?"*? In the first step of this two-step process, com-
minuted cellulose is subjected to hydrolysis by immersing in
2.5M HCI at 100°C for ~30min. The resulting aqueous
CNC-containing mixture is then subjected to oxidation, con-
verting the surface C6 primary hydroxyls to carboxylic acids
via (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) medi-
ated carboxylation.*® Briefly, 200ml of 1% CNC suspen-
sion is slowly stirred with 140 mg of TEMPO (70 mg/g CNC)
and 360 mg of NaBr (180 mg/g CNC). The reaction is initi-
ated by adding an initial aliquot of 6% hypochlorite (NaClO)
to the reaction mixture. A pH of 10.2-10.5 is maintained by
adding dilute NaOH via a pH controller for 4 to 8 h. The reac-
tion is quenched with 3040 ml of ethanol and then purified
by dialysis. Carboxylate content on the CNC surface is deter-
mined via conductometric titration against 0.05N NaOH.
Typical values of carboxylate content are ~1 mmol/g CNC.
The surface charge imparted by the carboxylate groups sets
up repulsive forces between the colloidal particles that result
in a spontaneous and stable dispersion of CNC particles in an
aqueous suspension. The prepared CNCs are further proc-
essed by carefully layering an organic solvent (acetone) over
the aqueous CNC dispersion containing 1.0%—1.5% carboxy-
lated CNCs (solvent: CNC dispersion = 5:1). The solvent is
decanted and replaced 3—4 times over the course of 5 days
forming a CNC organogel (gel in organic solvent). After a
dry organogel (all residual water replaced with acetone) is
obtained, the solvent is removed by soaking the organogel in
liquid CO, at 1200 psi and 25°C for 18-24h. The vessel
is then slowly vented and refilled every 30 min (AP=
*+200psi, 3x), followed by soaking in supercritical CO,
(1500 psi, 35°C) for 1h, after which the vessel is depressur-
ized at less than 100 psi/min. A highly porous, white solid is
obtained, as shown in Fig. 1(a). Typical densities of the aero-
gels are between 0.05 g/cm® and 0.1 g/cm®.

Al,O5 films are deposited on approximately 10 X 5 x 5 mm
pieces of CNC aerogel via ALD in a Arradiance Gemstar™
flow-through hot wall reactor at either 80 °C or 150 °C using
trimethylaluminum (TMA, Al(CHj3);) and water as reactants.
To reduce residual absorbed water, all aerogels are baked out
in the deposition chamber at 150°C under approximately
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FiG. 1. (Color online) Photographs of (a) uncoated and (b) ALD coated CNC
aerogels.

1 Torr N, for 24 h prior to ALD. Samples baked out at 80°C
are found to be fractured and blackened during ALD, presum-
ably from TMA reacting with residual water.

A typical ALD cycle for coating a planar surface consists
of four basic steps: (1) a pulse of the first reactant is intro-
duced, which reacts with functional groups on the substrate
surface; (2) reaction products as well as excess and physi-
sorbed reactants are purged away with an inert gas (typically
N»); (3) a pulse of the second reactant is introduced, which
reacts with the chemisorbed layer of the first reactant; (4)
excess reactant and reaction products are again purged away
with inert gas.” These steps are repeated to deposit a film
with the desired thickness. In order to coat a high aspect ratio
structure such as an aerogel, the four step sequence described
above must be modified. After steps (1) and (3), additional
exposure steps are added during which the substrate is
allowed to "soak" in the reactant gas for a period of time
prior to the purge step to allow the reactant sufficient time to
diffuse into and out of the porous substrate. To enable this, a
stop valve to the vacuum pump is closed prior to reactants
being pulsed into the chamber. Similarly, the purge steps are
extended to give the excess reactants and reaction products
enough time to diffuse out again. Finally, compared to planar
substrates, a larger dose of reactants must be used to account
for the high surface area of the aerogel.*”'*'7 This is
accomplished by increasing the reactant pulse times. ALD
Al,O3 coatings are investigated with respect to ALD pulse
time, and exposure and purge time. Depositions of 15, 50,
and 272 ALD cycles are used with a range of reactant pulse
times (20, 60, 180, 500, 1000, and 2000 ms), and exposure
and purge times (30, 120, and 600s). Note that for all ALD
coatings discussed in this work, the exposure and purge
times are set equal and thus are given as one value. A typical
coated aerogel is shown in Fig. 1(b).

Al,Oj3 film thickness is measured on planar silicon witness
samples via ellipsometry, accounting for a thin native oxide.
To investigate Al,O3 penetration, the penetration of Al atoms
into aerogel samples is measured by EPMA using a Cameca
SX-100 Electron Microprobe. Al,O3 coated aerogel samples
are embedded in epoxy (SPURRS, Ted Pella, Inc.), cross sec-
tioned, and then polished prior to EPMA measurements. To
examine the microstructure as well as Al,O3 penetration,
other coated aerogels are cleaved and the fracture surface is
examined using either an FEI QUANTA 600F SEM or an
FEI NOVA NanoSEM 230 high resolution SEM. To examine
coating conformality, TEM images of select coated samples
are collected on a FEI Titan 200kV TEM/STEM.
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Weight loss curves of coated and uncoated aerogels are
collected in a TA Instruments TGA Q500 thermogravimetric
analyzer (TGA). TGA is performed on small whole (unbro-
ken) pieces of coated aerogel with masses of 5-10mg
[Fig. 1(b)]. All TGA measurements are conducted in air with
a heater ramp rate of 10°C/min. Data are plotted both as
weight percent versus temperature and log differential
weight % versus temperature. Differential weight % data are
averaged over seven data points to reduce noise (for the sam-
ple and sweep rates used, there is less than a 1 °C change in
temperature over seven data points).

The TMA penetration depth in the CNC aerogels is mod-
eled in Matlab based on the work of Yanguas-Gil and
Elam,”® which is based on the model developed by Gordon
et al*” generalized to fit an arbitrary geometry. The CNC
fiber structure is approximated as a cubic network of cylin-
ders.?® The spacing of the cylinders is adjusted to fit SEM
observations, either 100 nm or 160 nm center to center. The
critical time 7. to coat a feature of length L is given by

2 _
=l (1 _log(l=¢) C)), )
Dy o

where D is the precursor diffusivity, y is the precursor excess
number, o is the Damkohler number, c is the coverage frac-
tion (0.9999 for this model), and A is a correction factor that
we have added to account for reaction chamber dependent
transport time and assumptions in the model as discussed
below. The precursor excess number, 7, represents the ratio
of available precursor molecules, Ny, to the number of avail-
able reaction sites, Ng, and is given by

Ny V
V= — = — 2
N g 050, ()

where V is unfilled volume of our aerogel model, S is the sur-
face area, n is the precursor concentration at the aerogel sur-
face, and s( is the surface area of one adsorbed precursor
molecule. Finally, « represents the ratio of the diffusion
time, f4;¢r, to the reaction time, f,.,., and is given by

faite 1 5 v
B Ireac - 4L ’ D ﬁOv )
where s is the surface area per unit volume, vy, is the root
mean square thermal velocity of a precursor molecule, and
Po is the reaction probability. 5y is assumed to be 1 for ALD
by TMA and H,0.?’

In our model, ¢. is set equal to the exposure time and
Egs. (1)—(3) are used to solve for L, giving the expected pen-
etration depth of each pulse. As seen in Eq. (1), #. includes
the planar saturation time plus an aspect ratio dependent
term. Note that the model does not include the time required
to transport the TMA from the ALD valve to the sample sur-
face, which may be significant and varies with reactor
design.?’ In addition, a constant pressure during deposition
is assumed, but the actual reactor pressure increases gradu-
ally during the exposure step as the pump line is closed and
nitrogen still flows into the chamber. To account for
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variations in transport time and reactor pressure, a correction
factor of A =30 is applied to fit the modeled profile to SEM
measured profiles.

Equations (1)—(3) are used to generate the relationship
between the aerogel penetration distance, L, and the coated
fiber radius, 7.y, at depth L for a given set of pulse and expo-
sure times. The ratio V/S is calculated from 7y, and the value
no is dependent upon pulse time. The L versus 7.y relationship
is used to model the ALD penetration profile as a function of
ALD cycles for a given average growth per cycle (GPC) and
initial CNC fiber radius. The GPC used for modeling is based
on the planar silicon witness coupons included in each aerogel
run, and the initial CNC fiber radius is determined from TEM.
Changing the deposition temperature from 150 °C to 80°C is
found to have little impact on the modeled profiles.

To generate model ALD thickness profiles a sharp bound-
ary is assumed to exist between the coated and uncoated
regions for each ALD pulse. For all areas of the aerogel less
than distance L from the surface, the GPC is added to the
thickness of the coating during each cycle. For depths
beyond L, no thickness is added. As the CNC fibers (cylin-
ders in the model) are coated, they increase in radius and
reduce the porosity, decreasing the V/S ratio of the cylinder
network and increasing ., reflecting the reduced ability of
TMA to penetrate the network. Assuming that the buildup of
film thickness throughout a deposition is sufficient to cause a
reduction in L, the final oxide thickness profile consists of
three regions: (1) Near the surface, defined by the minimum
penetration depth, L., the coating thickness is determined
by the number of cycles times the GPC. We refer to this
region as cycle-limited. (2) Between L,;, and the initial pen-
etration depth, L,.x, ALD penetration is limited by the
decreasing porosity of the film, so that the coating thickness
transistions from the maximum thickness in the surface
region to zero. We refer to this region as penetration limited.
(3) No ALD pulses reach beyond L.y, so deeper portions of
the aerogel remain uncoated.

lll. RESULTS AND DISCUSSION
A. Imaging and deposition modeling

A TEM cross section of coated aerogel taken near the
aerogel surface is shown in Fig. 2. This sample is coated
with 50 cycles of Al,O; at 80°C with 500 ms pulses and
120s exposure and purge times. The dark, hollow looking
tubes in the image show a conformal ALD Al,O; coating
surrounding the CNC fibers. In this portion of the sample,
the ALD coating is 11 nm thick, and the CNC fibers have an
average radius of 4 nm.

Shown in Fig. 3 are cross-sectional EPMA images of
CNC aerogels coated at 150°C with 50 cycles of ALD
Al,O3. In Fig. 3(a), each ALD cycle consisted of 180 ms
pulses with 600 s exposures and purges. There are three dis-
tinct regions of Al intensity evident in Fig. 3(a): an outer
layer approximately 350 um deep with high Al counts, an
inner layer beyond 350 um where the Al signal decreases
with depth, and an uncoated interior region. Al penetration
of at least 550 um is evident. In preparation for EPMA, the
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FiG. 2. Cross sectional TEM image of a CNC aerogel coated with 50 cycles
of ALD Al,O; using 500 ms pulses and 120s exposures and purges. This
lift-out was taken near the aerogel surface.

aerogel was broken at a depth of approximately 550 ym, and
thus, penetration may have exceeded 550 um in this sample.

In Fig. 3(b) and the higher magnification inset 3(c), each
ALD cycle consisted of shorter 20ms pulses and only 30s
exposures and purges. For these conditions, the Al pene-
trated just 50 um into the aerogel. Three regions of Al inten-
sity are again apparent: a 20 um thick outer region with high
Al counts, an inner region at a depth of 20-50 um with
decreasing Al counts, and an uncoated interior region.
Comparing the two deposition conditions in Figs. 3(a) and
3(b), it is seen that increasing the pulse time from 20 ms to
180 ms and the purge and exposure times from 30s to 600 s
resulted in approximately a 10x greater penetration of the
ALD coating into the aerogel.

The three distinct regions in each of the EPMA images
are in agreement with simulation results. Shown in Fig. 3(d)
are simulated plots of fiber radius versus penetration depth
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Fic. 3. (Color online) Cross-sectional EPMA images of CNC aerogels
coated with 50 cycles of ALD Al,O5 at 150°C using either (a) 180 ms
pulses with 600 s exposures and N, purges or [(b) and (c)] 20 ms pulses with
30s exposures and N, purges. Image in (c) is a zoomed in view of (b).
Shown in (d) is a plot of simulated fiber radius vs depth for both of these
conditions. The plateau (cycle limited) regions in (d) correspond to the high
Al regions and the decreasing (penetration limited) regions correspond to
the low Al regions in the EPMA images.
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for aerogels coated with 50 cycles of ALD Al,O3 at 150°C
using either 180 ms pulses and 600 s exposures and purges
[same as Fig. 3(a)] and 20 ms pulses and 30 s exposures and
purges [same as Fig. 3(b)]. The fiber radius is modeled as the
initial uncoated fiber radius plus 0.17nm GPC within the
simulated precursor penetration depth. (The aerogel fiber—
center to fiber—center spacing used in the precursor penetra-
tion model is 100 nm, based on the experimental profiles for
272 cycles with the same conditions shown in Fig. 5.) As the
fiber radius increases with each ALD cycle, porosity is
reduced and diffusion inhibited, decreasing the simulated
precursor penetration depth, L, and leading to three distinct
regions in the fiber radius versus penetration depth profile, as
described above. The near-surface cycle-limited region,
where fiber radius is only a function of the number of ALD
cycles, corresponds to the high Al count region in Figs.
3(a)-3(c). The transition or penetration-limited region, in
which fiber radius decreases with depth corresponds to the
low Al count region in Figs. 3(a)-3(c). Finally, the uncoated
region corresponds to the no Al count region deep in the in-
terior. As seen in Fig. 3(d), the depth of both the cycle and
penetration limited regions is predicted to increase for the
longer pulse and exposure/purge times as there is a larger
number of molecules available to coat the surface and more
time for the molecules to travel into the aerogel. This is also
in agreement with the EPMA data.

Shown in Fig. 4 are cross-sectional SEM images of CNC
aerogels coated with 272 cycles of Al,O; using (a) 20 ms
pulses and 30s exposures and purges at 150°C, (b) 180 ms
pulses and 600s exposures and purges at 150°C, and (c)
1000 ms pulses and 600 s exposures and purges at 80 °C. 272
cycle coatings are used to produce larger fiber radii for easier
SEM imaging. Insets in each low magnification image are
higher magnification images taken at various depths from
the surface of the aerogel. For Fig. 4(a) the insets are at (i)
10 um, (ii) 45 pm, and (iii) 70 um. For Fig. 4(b), the insets
are at (i) 50 um, (ii) 120 um, and (iii) 300 um. For Fig. 4(c)
the insets are at (i) the surface, (ii) 390 um, and (iii)
1220 um. These images show that the coated aerogels have
larger diameter fibers and lower porosity near the surface
than deeper inside, confirming that the ALD coating is
thicker near the surface than deeper inside. The transition to
a more open morphology (smaller fiber diameters) occurs
deeper into the aerogel with increased pulse times [compare
Fig. 4(b) with Fig. 4(a)] and with increased exposure and
purge time [compare Fig. 4(c) with Fig. 4(b)].

Shown in Fig. 5 is a plot of SEM measurements (Sym-
bols) and simulations (dashed lines) of fiber radius versus
depth into the aerogel for the samples from Fig. 4: CNC
aerogels coated with 272 cycles of Al,O; using either
20ms/30s, 180ms/600s, or 1000 ms/600s pulse/exposure
times, respectively. The measured profiles of the
180 ms/600 s and 20 ms/30 s samples appear to be fully pene-
tration limited whereas the 1000 ms/600 s sample appears to
be cycle-limited to a depth of 500um and
penetration-limited beyond that.

To model the 180 ms/600 s and 20 ms/30 s profiles, a fiber
spacing of 100nm, a GPC of 0.17 nm, and an uncoated fiber



041508-5 Smith et al.: Improved oxidation resistance of organic/inorganic composite atomic layer

041508-5

Fic. 4. SEM images of fracture cross sectioned CNC aerogels coated with 272 cycles of Al,O5 using either (a) 20 ms pulses and 30's exposures and purges at
150°C, (b) 180 ms pulses and 600 exposures and purges at 150 °C, or (c) 1000 ms pulses and 600 s exposures and purges at 80 °C. Insets show morphology for
(a) at (i) 10 um, (ii) 45 pum, and (iii) 70 pum; for (b) at (i) 50 pum, (ii) 120 pm, and (iii) 300 um; and for (c¢) at (i) 10 pm, (ii) 390 um, and (iii) 1220 um from the

surface.

radius of 4 nm (from Fig. 2) are used. These same parameters
are used to model the 50 cycle profiles in Fig. 3. The CNC
fibers in the 1000 ms/600s sample are more openly spaced
than in the other samples and reached a radius of up to 70 or
80 nm, well above the 40 or 50 nm radius, which appeared to
fully close off the porosity in the other samples. To model
the 1000 ms/600 s profile, a fiber spacing of 160 nm, a GPC
of 0.22nm, and the same uncoated fiber radius of 4 nm are
used. Note that the GPC values for all three conditions,
determined from Si witness wafers, are well above the
0.1 nm GPC typically observed for planar ALD Al,O3, sug-
gesting that there is some CVD component. One possible ex-
planation is that the purge times used are inadequate and the
porous aerogel acted as a virtual leak of reactants into the
chamber, leading to CVD and increased GPC. It is observed
that a TMA only deposition run with no water intentionally
introduced into the chamber resulted in a thin, approximately
6 nm thick coating on the aerogels. Examining Fig. 5, it is
apparent that the simulations capture well the trends in the
measured thickness profiles. For the 1000 ms/600 s data, the
diameter of the aerogel sample is only about 3 mm, and it is
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Fic. 5. (Color online) Measured (symbols) and simulated (lines) plots of
fiber radius vs depth from the surface for aerogels coated with 272 cycles of
Al,O5 using 20ms pulses and 30s exposures/purges at 150°C, 180 ms
pulses and 600s exposures/purges at 150 °C, and 1000 ms pulses and 600 s
exposures/purges at 80 °C.
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coated all the way through the interior so that the fiber radius
in the middle is about 40 nm, well above the uncoated fiber
radius.

Comparing Figs. 3 and 5, it is seen that using 272 ALD
cycles instead of 50 cycles resulted in a greater reduction in
L, causing the penetration limited region to dominate the
final thickness profile.

B. Decomposition testing

To evaluate the effectiveness of ALD Al,O3 coatings in
preventing weight loss at elevated temperatures in oxidizing
environments, TGA weight loss measurements are per-
formed in air on whole (unbroken after ALD coating) pieces
of CNC aerogel. Shown in Fig. 6(a) is a plot of the remain-
ing weight fraction versus temperature for an uncoated CNC
aerogel and several CNC aerogels coated with ALD Al,O3
under various deposition conditions. In general, it is seen
that total weight loss at 450 °C is reduced as the pulse time
(dose) and exposure/purge times (diffusion time) are
increased. This reduction is largely because as the pulse and
exposure/purge times are increased, the CNC aerogels
become more fully coated with Al,Oj3, increasing the frac-
tion of the total mass composed of noncombustible Al,O3.
The "knee" or initial slope change in each curve corresponds
to the decomposition onset temperature (7Ty,se¢) at which sig-
nificant breakdown of the aerogel begins. The shift of the
Tonser knee to higher temperatures with longer pulses and
purge/exposures indicates that, rather than just adding non-
combustible mass, the more complete Al,O5 coatings better
protect the aerogel from oxidation. To better assess Topger, @
plot of the log differential weight % versus temperature for
the same data is shown in Fig. 6(b). Ty is taken as the
crossing point between the downward sloping baseline and a
linear extrapolation of the initial upward slope. As seen in
Fig. 6(b), Tonser increases with increasing pulse time. This
trend may be observed more clearly in Fig. 7.

Shown in Fig. 7 are multiple plots of the average Tonser
versus (a) pulse time for various exposure and purge times,
(b) exposure and purge time for various pulse times, and (c)
number of ALD cycles. Figure 7(d) shows Ty,s versus
wt. % Al,O5; (the weight gain during ALD divided by
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FiG. 6. (Color online) (a) TGA weight fraction vs temperature curves for CNC aerogels coated with ALD Al,O5 with various numbers of cycles and pulse times and
120 s exposure and purge times along with an uncoated reference CNC aerogel sample. (b) Log linear plot of differential weight % vs temperature for the same data.
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post-ALD weight). In general the T, improves roughly
with pulse time, exposure/purge time, ALD cycles, and ash
content. Overall, Ty, may be increased from ~175°C for
uncoated aerogels up to ~295°C for aerogels coated with
ALD Al,Os3. Note that the 150°C vacuum bake out
(uncoated, baked) prior to deposition caused no significant
change in Tyser-

Looking more closely first at Fig. 7(a), it is seen that
Tonser increases with pulse time (dose) appearing to saturate
above 1000 ms. In Fig. 7(b), it is seen that for large doses
(pulse times above 500 ms, as roughly indicated by the dot-
ted line), even exposure/purges as short as 30 s may lead to a
large increase in Topee. For smaller doses (roughly indicated
by the dashed line), the improvement in T, iS NOt as great,
and T, exhibits a greater dependence on exposure/purge
time. Overall, depositions with large doses (pulse times),
even with modest purge and exposure times, offer the best
improvement in T, likely because they effectively coat
the largest portion of the aerogel.

The data in Fig. 7(c) suggest that the thicker 272 cycle
coatings do not result in substantial improvement in 7o
over the thinner 50 cycle coatings. It also can be seen that
TMA only depositions (without intentionally introduced
water vapor) also provide a slight increase in Ty as might
be expected from a thin layer of Al,O5. As discussed above,
the deposition of ~6nm Al,O; during the nominally
TMA-only deposition may be due to residual water vapor
trapped in the aerogel.

Figure 7(d) shows that T, increases roughly with the
weight percent AlL,O3; (wt.%, ALD mass/total mass).
However, it is seen that the depositions that add the most
Al,O3 do not necessarily provide the greatest improvement
in Topeer. For example, many of the 272 cycle coatings (blue
diamonds) show reduced improvement in T, as compared
to the 50 cycle depositions (red squares) with comparable
wt. % Al,Oj3. This is likely because the thickness deposited
by the 50 cycle coatings is already sufficient to protect the
aerogel, whereas the additional cycles in the 272 cycle coat-
ings preferentially add more mass near the surface as the po-
rosity of the aerogel is closed off for the thicker coatings.
This extra mass increases wt. % Al,O; without improving
Tonser- The best improvements in Ty are provided by the
50 cycle films with optimum dose and purge/exposure condi-
tions so as to minimize excess Al,O5 deposition.

IV. CONCLUSIONS

CNCs are renewable fibers with promising mechanical
properties, but the low temperature at which degradation
occurs due to oxidation limits their use as reinforcing fillers
in polymers with melt temperatures above roughly 175°C.
In this work, we formed an organic/inorganic nanocomposite
by conformally coating CNC aerogel scaffolds with thin
layers of Al,O3 via ALD. SEM results showed Al,O3 pene-
tration of greater than 1500 um for appropriate ALD dose,
exposure, and purge conditions. SEM images showed that
Al,O3 coatings are conformal throughout the aerogel but
decrease in thickness as a function of depth from the aerogel

JVST A - Vacuum, Surfaces, and Films

041508-7

surface, suggesting that the penetration depth of successive
ALD cycles decreases as the film is grown. A reduction in
penetration depth with successive cycles is in agreement
with trends predicted by simulation models, indicating that
the decrease in penetration depth is due to the reduction of
CNC aerogel porosity caused by the ALD coating increasing
the radius of the CNC fibers. TGA showed that the Al,O3
coatings are effective in increasing the decomposition onset
temperature, Tonser, 0f CNC aerogels, and that more com-
pletely coated aerogels are better protected against oxida-
tion. For the best coatings, we found that T, is increased
by 120°C, from 175 °C to 295 °C. Based on our results, it is
anticipated that the hard, wear-resistant Al,O3 coating and
increased allowable processing temperature should allow
coated aerogels to be incorporated into a wide variety of
polymers, resulting in polymer/Al,O3 coated CNC aerogel
composites with improved mechanical properties. Combined
with the renewable nature of CNCs, these improved proper-
ties may make ALD coated CNC aerogel composites an
attractive alternative as a reinforcing filler in polymers.
Future work will focus on the addition of coated CNC aero-
gels into polymers to form composites. Finally, CNC aero-
gels are electron beam sensitive and thus difficult to image.
We have found that even a thin ALD Al,O; coating greatly
improves the stability of the aerogel structure when exposed
to an electron beam and we anticipate that thin ALD Al,O3
coatings will enable improved fundamental studies of the
process-microstructure relationships in these aerogels.
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