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ARTICLE INFO ABSTRACT

Keywords: Metals and ceramics in nanometric forms attract much attention due to their unique properties, yet their stability
Nanoparticles is often questioned. Nevertheless, the shape and size instabilities are thought to be suppressed at ambient con-
Coarsening

ditions, especially for refractory materials with high melting points. Contrary to this notion, here we report
gradual coarsening of sub-10 nm corundum (a-AlyO3) nanoparticles during room-temperature storage, indicating
active surface diffusion at a surprisingly low temperature (13% of the absolute melting point). Prolific surface
diffusion is confirmed by in-situ transmission electron microscopy mechanical deformation, performed at room
temperature and demonstrating remarkable high-strain-rate Coble pseudoelasticity. Anomalously small activa-
tion energy and growth stagnation are found in high-temperature coarsening experiments, suggesting additional
chemical driving forces beyond purely physical capillarity. We expect similar phenomena may also exist in other
ceramic materials, which is an important factor to consider for quality control, storage, and applications of ul-

Surface diffusion
Coble creep
Alumina (a-Al,03)

trafine nanomaterials.

1. Introduction

Corundum, a-Al;Og, is a high-melting-point material with various
applications as structural ceramics, refractories, and catalyst supports
[1-8]. It is the thermodynamically stable phase of alumina polymorphs
[9-12], and many applications critically rely on its high-temperature
stability and chemical inertness. Ultrafine a-Al,O3 nanoparticles with
high sinterability and large surface area are long sought for ceramic
processing and catalysis, yet the synthesis remains challenging. The
reason is that low-temperature synthesis often results in metastable
phases such as y- and 6-Al;03, and their conversion to a-Al;O3 requires
high temperature (>~1100 °C) to overcome the large kinetic barrier,
which unavoidably coarsens the particle size [13-16]. This challenge
has recently been addressed by either mechanochemical method [17,18]
or direct milling of coarse a-Al,O3 powders [19,20], and high-purity
disperse a-Al,O3 nanoparticles with tunable sizes down to 3.3 nm
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have been successfully produced [19]. It directly enables pressureless
sintering of dense nanocrystalline Al;O3 ceramics [21-24], and the su-
perior stability of high-surface-area a-Al,Os support has also been
demonstrated under harsh hydrothermal conditions (at 150 °C = 423 K)
for Fischer-Tropsch synthesis [25]. The latter stability is not totally
unexpected considering the high melting point of AlyO3 (T,=2072°C =
2345 K) and the phase stability of a-Aly0s3.

Against the above background on the stability of refractory a-AlyOs,
we recently found remarkably active surface kinetics of sub-10 nm
a-Al;O3 nanoparticles at room temperature (~0.13Ty,), which form
aggregates with strong inter-particle bonding (sometimes quoted as
“sintering neck”) and gradually coarsen during extended-time storage
from months to years. The formation of aggregates is known for ceramic
nano powders, and it severely affects the sinterability of ultrafine
powders. In our case, we first noted different sintering results of simi-
larly processed green bodies using as-synthesized and ambient-
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condition stored a-AlpO3 nanoparticles. (The prolonged storage was
accidental due to much-delayed experiments during covid-19
pandemic.) The former powder can be sintered to ~90% relative den-
sity (average grain size Gyg=42 nm, Fig. 1a) at 1150 °C without holding
and two-step sintered to 99% relative density (Gayg=39 nm, Fig. 1b) at
1100 °C without holding and then at 975 °C for 40 h. In comparison,
sintering the latter powder at 1150 °C without holding results in only
~80% relative density and larger Gayg=114 nm (Fig. 1c). The lowered
density is apparently due to aggregation of the powders and the larger
Gavg is due to localized sintering and subsequently accelerated grain
growth without pore pinning. Interestingly, close inspections of the
stored a-Al,O3 nanoparticles revealed unexpected coarsening, i.e., par-
ticle growth that requires active surface diffusion. This motivates the
present study, which reports the morphological evolution, especially the
coarsening kinetics, of a-Al;0O3 nanoparticles at room temperature. We
further confirmed the active surface diffusion by room-temperature in-
situ transmission electron microscopy (TEM) deformation, which shows
remarkable high-strain-rate (~0.01 s~) pseudoelasticity in real-time.
We found anomalously small activation energy (~0.25 eV) and
growth stagnation in high-temperature coarsening experiments, sug-
gesting additional driving force beyond classical physical capillarity.
The influence of surface chemical adsorption and the implications on
other materials will be discussed. To this end, we expect similar surface-
diffusion-mediated physical processes in other ceramic nanostructures,
enabling novel processing and designs at the nanoscale (e.g., cold
welding with or without chemical “solder” [26,27]).

2. Experimental methods

a-Al,03 nanoparticles were prepared by ball milling, followed by
acid corrosion and centrifuge separation [19]. Micron-size high-purity
(99.999%) a-Al,03 powders were ball-milled under 250 rpm for 20 h
using stainless-steel grinding balls and jars. The milled powders were
corroded in 12 mol L ™! hydrochloric acid (HCI) at room temperature for
10 h, and then separated using different concentrations of HCl solutions
and centrifuge-collected using 12 mol L™ HCI as the coagulation agent.
By adjusting the concentration of HCI in the separation step, a-Al,03
nanoparticles with different sizes were obtained. The obtained a-AlyO3
nanoparticles have >99.9% purity as we characterized previously [22].
For acid etching process of the stored a-Al;O3 nanoparticles or those
after heat treatment, the samples were etched using 4 mol L™ HCl in
ultrasonic bath at room temperature and then centrifuge-collected at 15,
000 rpm. The acid etching process was completed within one hour and it
does not affect the size and crystallinity of a-Al,0O3 nanoparticles.

A phase of the a-Al;03 nanoparticles was characterized by X-ray
diffraction (XRD) on Rigaku D/max-2400 diffractometer with Cu K,
radiation under 40 kV and 100 mA. The fractured surfaces of the sin-
tered samples were characterized by scanning electron microscopy
(SEM; Tescan LYRA3 XMU). Morphology, high-resolution transmission
electron microscopy (HRTEM) and selected area electron diffraction
(SAED) of a-Al;O3 nanoparticles were characterized by transmission
electron microscopy (TEM; FEI Tecnai G2 F30, FEI, USA) and Cs-TEM
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(Spectra 300, Thermo Fisher Scientific Inc., USA) operated under 300
kV. Thermogravimetric analysis (TGA) was conducted in air at 5 °C
min~! on Perkin-Elmer Pyris Diamond thermal analyzer. Temperature-
programmed in-situ diffuse reflectance infrared Fourier transform
(DRIFT) spectra were measured on Bruker Invenio® spectrometer
equipped with a detector for Fourier transform spectroscopy (DTGS
detector) and a Harrick high-temperature environmental chamber with
ZnSe windows. The samples were first purged at 30 °C for 10 min in
flowing Ar (flow rate: 10 ml min 1), and then heated to 390 °C at 5 °C
min~!. An infrared Fourier (IR) spectrum was collected every 5 °C
during heating.

For in-situ TEM deformation, a-Al,O3 nanoparticles (NP#8) were
dispersed in deionized water in ultrasonic bath at room temperature for
45 min to form a suspension with a particle concentration of 0.05 g L 1.
W tips were prepared by electro-chemical etching using 2 mol L~} NaOH
solution. a-AlyO3 nanoparticles were loaded onto a carrier W tip (top W
tip in Fig. 4) by dipping the tip in the suspension of a-Al;Os nano-
particles for ~1 s, followed by natural drying in air. Two W tips were
accommodated in a customer-modified Nanofactory TEM holder (Sup-
plementary Figure S1). In-situ deformation experiments were conducted
in JEOL 2010F TEM under an acceleration voltage of 200 kV. A dose-rate
experiment was carried out to obtain low-dose-rate imaging to minimize
the electron beam effects.

3. Room-temperature coarsening

We synthesized dispersed ultrafine a-Al,O3 nanoparticles by ball-
milling micron-size high-purity a-Al;O3 powders, followed by acid
leaching (for impurity removal) and corrosion (for dispersion), separa-
tion, and centrifuge collection [19]. Examples of the as-synthesized
pristine a-Al;O3 nanoparticles are shown in Fig. 2a for NP#1 with an
average particle size d,yg=3.4 nm (size distribution plotted in Fig. 2d in
red), and Fig. 2e for NP#2 with d,y,=5.0 nm and a narrow size distri-
bution (size distribution plotted in Fig. 2h in red). (See Supplementary
Note S1 for the measurement/statistics methods of particle size and size
distribution, and Supplementary Figure S2 for an example of the mea-
surement process.) However, notable differences were found after
extended-time storage at ambient conditions (both powders were stored
in closed plastic centrifuge tubes in the laboratory). After 730 days of
ambient-condition storage, the initially dispersed a-Al,O3 nanoparticles
(which form soft agglomerates and can be easily separated by ultrasonic
treatment and electron beam during TEM measurements) form partially
densified aggregates (Fig. 2b for NP#1 and Fig. 2f for NP#2), where
strongly bonded particles can no longer be easily separated. We
confirmed no phase transition took place and both NP#1 and NP#2
remained in the a phase after storage (see XRD, data in Supplementary
Figure S3). To quantify the coarsening, the aggregates were etched in
acid at room temperature, which was able to separate the particles (well
dispersed after etching, as shown in Fig. 2c for NP#1 and Fig. 2g for
NP#2) without causing any size change. (Control experiments to
exclude etching-induced size change were conducted. a-AlpO3 nano-
particles have the same dayg, size distribution, and crystallinity before

Fig. 1. Microstructure of sintered Al,O3 ce-
ramics. (a) Partially sintered sample using as-
synthesized a-Al,O3; nanoparticles by heating
to 1150 °C without holding (ramping and
cooling rate: 5 °C min~ 1. (b) Fully sintered
sample using as-synthesized a-Al,O3 nano-
particles by first heating to 1100 °C without
holding (ramping rate: 5 °C min~!), then cool-
ing to 975 °C (cooling rate: 10 °C min~*) and
holding for 40 h (cooling rate: 5 °C min~ ). (¢)
Partially sintered sample using covid-19 stored
a-Al,03 nanoparticles (at room temperature for
730 days) by heating to 1150 °C without hold-
ing (ramping and cooling rate: 5 °C min1).
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Fig. 2. Room-temperature coarsening of stored a-Al,O3 nanoparticles. (a-c) Morphology of pristine NP#1 (a), and 730-day stored NP#1 before (b) and after (c) acid
etching. (d) Particle size distributions of pristine and 730-day stored NP#1. (e-g) Morphology of pristine NP#2 (e), and 730-day stored NP#2 before (f) and after (g)
acid etching. (h) Particle size distributions (accumulative fraction f vs. particle size d) of pristine and 730-day stored NP#2. The inset of (a), (c), (e) and (g) show

HRTEM images of the corresponding a-Al,O3 nanoparticles (scale bar, 2 nm).

and after the same acid etching process as shown in Supplementary
Figure S4.) Measurements on the etching-separated particles show a
definite size increase, from davg=3.4 nm to 5.1 nm (50% increase) for
NP#1 and from 5.0 nm to 6.7 nm (34% increase) for NP#2 after 730-day
storage (their size distributions shown in Fig. 2d and 2h in blue,
respectively).

We confirmed that the room-temperature coarsening is a general
phenomenon for other batches of synthesized a-AloO3 nanoparticles
with dayg ranging from 4.0 nm to 10.5 nm. Examples (Fig. 3) include: (1)
NP#3 with initial dayg=3.7 nm coarsens to dayg=5.7 nm after 850 days;
(2) NP#4 with initial dayg=5.2 nm coarsens to dayg=6.7 nm after 960
days; (3) NP#5 with initial dayg=6.7 nm coarsens to dayg=8.6 nm after
850 days; (4) NP#6 with initial dayg=6.3 nm coarsens to dayg=8.5 nm
after 730 days; (5) NP#7 with initial ds=10.5 nm coarsens to
davg=11.2 nm after 730 days; (6) NP#8 with initial dayg=4.0 nm
coarsens to dayg=4.8 nm after 133 days, to 5.2 nm after 313 days, and to
5.3 nm after 382 days; (7) NP#9 with initial d,yg=4.3 nm coarsens to
davg=4.7 nm after 140 days, to 5.5 nm after 325 days, and to 5.7 nm after
390 days. In addition, after storage, we noted a monotonic decrease in

730days I Pristine
M [ After storage
850 730
days days
— 8t 960 2 2
w 0 >
S gso s oy 283
5 days 3 ©y 3 § 3
b 4 HHH H

H*+
©

#3 #4 #5 #6 #T7 #8

Fig. 3. Room-temperature coarsening of variously produced a-Al,Os; nano-
particles. Comparison of the average particle size dayg of NP#3 to NP#9 before
and after storage.

both the standard deviation ¢ of the normalized size distribution (i.e.,
narrowed size distribution) and the average aspect ratio of the particles
(i.e., improved particle sphericity). (Detailed data are summarized in
Supplementary Table S1. The skewness of the normalized particle size
distribution is also listed, but no clear trend has been identified.)
Interestingly, exceptionally small 6=0.20 was obtained for NP#1 after
730-day storage, which is even smaller than ¢=0.215 for the theoretical
size distribution given by Lifshitz, Slyozov, and Wagner (LSW) for Ost-
wald ripening [28,29]. We confirmed that phase of these batches of
nanoparticles also did not change after storage and remained in the a
phase. By comparing the XRD patterns of as-synthesized and stored
nanoparticles, we found that the crystallinity of the nanoparticles
improved and the micro-strain ¢ decreases after storage. For example,
for NP#8, the intensity of (2 1 4) peak at 20 around 66.5° increases after
382-day storage (Supplementary Figure S5) and micro-strain ¢ decreases
from 7.19x 1072 in the as-synthesized state to 5.93x10~° after 133 days
and to 4.86x107°> after 313 days (See Supplementary Note 2 for the
detailed calculation method.).

We used the following two supportive methods to track the coars-
ening. First, we calculated the average grain size D from the peak
broadening of the XRD data. (See Supplementary Note 2 for the detailed
calculation method and Supplementary Figure S6 for an example of the
calculation process. This method is only supportive and not preferred
because of possible micro-strain.) The results in Supplementary Table S2
show that the D of a-Al,O3 nanoparticles increased after storage, e.g.,
NP#8 with initial D = 4.2 nm increases to D = 4.6 nm after 133 days, to
4.8 nm after 313 days, and to 4.9 nm after 382 days. Second, we
calculated D from specific surface areas Sgpr measured by Brunauer-
Emmett-Teller (BET) method. (See Supplementary Note 3 for the de-
tails. This method is only supportive and not preferred because of ag-
glomerations of ultra-fine nanoparticles.) The results in Supplementary
Table S3 show that the Spgr of @-Al;03 nanoparticles decreased sharply
after storage and without acid etching (mainly due to aggregation), and
even after the acid etching process, the Spgr still showed a decrease
(caused by coarsening). For example, NP#1 with initial Sggr=210 m?/ g
decreased to 117 m?/g without acid etching and 187 m?/g after acid
etching after 730-day ambient-condition storage.

Based on the above results, we conclude that sub-10 nm a-Al;03



H. Yang et al.

nanoparticles indeed undergo aggregation, coarsening and shape
changes—slow yet still pronounced over an extended time of months to
years—at ambient conditions. Since the a-Al;O3 nanoparticles were
stored in powder form and not in any solutions, it demonstrates active
surface diffusion at room temperature, which is as low as ~0.13T, of
Aly03. (In addition to surface diffusion enabled particle coarsening,
diffusionless oriented attachment could be another coarsening mecha-
nism, especially for nanoparticles with large contact stresses. However,
because the average aspect ratio of the particles decreased after storage
as shown in Supplementary Table S1, diffusionless oriented attachment
that would increase the aspect ratio of the particles [30] should not be
the primary mechanism for coarsening in our experiments.) This finding
is especially surprising because AlyO3 is known for the sluggish grain
boundary and lattice diffusivity even at elevated temperatures (e.g.,
>1000 °C) [31-37], which makes Al;03 ceramics difficult to sinter and
Al,03 scale useful to protect high-temperature alloys.

4. In-situ room-temperature deformation

We next proved the active room-temperature surface diffusion by an
in-situ deformation experiment inside TEM. Surface-diffusion-mediated
pseudoelasticity has been previously reported in Ag nanoparticles [38],
where sub-10 nm single crystal of Ag can be deformed pseudoelastically
upon loading and recover its original shape after unloading that mini-
mizes the surface energy (thus not plastic deformation). The process can
take place at room temperature (~0.24Ty, of Ag) in real time because the
strain-rate of Coble pseudoelasticity scales with (size)’g, and the surface
diffusion activation energy may also be particle curvature dependent,
which enable extremely high strain rate and low temperature for ul-
trafine nanoparticles. Therefore, we decided to conduct similar experi-
ments on our sub-10 nm a-Al;03 nanoparticles, albeit room temperature
means even a much lower homologous temperature for Al,O3 than Ag.
(Room temperature is ~0.13Tp, of Al;O3, and 0.13Tp, of Ag is 161
K=-112 °C.) Fig. 4a shows a ~5 nm a-Al»O3 nanoparticle (NP#8)
loaded on a tungsten (W) tip on the top and a to-be-loaded W tip on the
bottom. When the bottom W tip started to contact the a-Al;O3 nano-
particle in Fig. 4b, the nanoparticle experienced a mixed compression
and shear force and was deformed. The deformation became larger in
Fig. 4c-d as the bottom W tip displaced further with respect to the top W
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tip, setting a strain of ~80-100% for the nanoparticle. The “loading”
process from Fig. 4b to 4d took ~100 s, thus the estimated strain rate is
roughly on the order of 0.01 s~1. During “unloading” (Fig. 4e-h), when
the tip moved back to its original position, the nanoparticle changed its
shape to a less deformed state (Fig. 4f). Afterwards, the nanoparticle was
still partially bonded to the bottom W tip and kept deforming along with
the moving direction of the tip and in the opposite direction of the
“loading” cycle (Fig. 4g). Eventually, the nanoparticle was detached
from the bottom tip and rapidly relaxed from the highly deformed shape
towards its original shape (Fig. 4h). The entire deformation cycle was
recorded in Supplementary Video S1.

The observations above are clearly not plastic deformation, as the
unloaded nanoparticle relaxes its shape regardless of the huge strains
during the loading process. The nanoparticle does not fracture either,
even though severe deformation, large shear strain, and high strain rate
are all involved. Such a low-temperature pseudoelasticity has not been
observed for a-Al,03 (whose ultrafine nanoparticle form has only been
synthesized recently), neither in other ceramic materials to the best of
our knowledge. While we acknowledge electron beam radiation may
have some effects (e.g., accelerating the surface diffusion) and is difficult
to be completely ruled out, we confirmed the shape and crystallinity
a-Al;O3 nanoparticles are stable under the employed beam conditions
(Supplementary Video S2). Therefore, we expect the observations to be
valid and relevant to similar deformation conditions. Meanwhile, it
should be pointed out that the Coble pseudoelasticity observed here
relies on surface diffusion of crystalline a-Al,O3 particles (each particle
is a small piece of single crystal). It is different from the diffusion and
deformation mechanisms of amorphous Al,O3, whose thin-film form has
been reported to be plastically deformable at room temperature [39,40].

5. Higher-temperature coarsening kinetics

To better understand the underlying mechanism, we conducted high-
temperature annealing experiments in air to investigate the coarsening
kinetics of NP#8. (A different batch of NP#8 was used in this section,
which has an initial davg=4.1 nm.) Fig. 5a shows dayg of as-synthesized
a-Al;O3 particles before and after heat treatment at 100 °C, 150 °C,
200 °C, and 250 °C for different times. (Detailed morphologies and size
distributions are plotted in Supplementary Figure S7. Selected XRD data

Fig. 4. Pseudoelastic deformation of a-Al,O3 nanoparticles. (a) Initial configuration before loading. (b-g) Dynamic shape evolution during loading (b-d) and
unloading (e-g). (h) Configuration after unloading. Red arrows on the bottom-left denote the moving direction of the bottom W tip with respect to the top W tip.



H. Yang et al.

6.5 logK (nm3/h)
‘ 1.0,
60r  2500C
— *
g 55- A A 0.0
~ 2OOOC 20 24 28
b% 50 @ ° 109/T (K1)
) 150°C =
4.5F 100°C

40 ‘ L L L L
0 10 20 30 40

Time (h)

Acta Materialia 255 (2023) 119038

b
10t 700°C A A
A [ ]
—_ [ J
E gl 4 600°C
~ [
g) A
Rl o
6~““‘
[ ]
4 I I I I I

of
w
(o]
©
-
N
-
o

Time (h)

Fig. 5. High-temperature coarsening kinetics of a-Al,03 nanoparticles. (a) Average particle size vs. annealing time at 100 °C, 150 °C, 200 °C, and 250 °C. (b) Average
particle size vs. annealing time at 600 °C, and 700 °C. Inset of (a): Arrhenius plot of the calculated kinetic parameter K.

as well as the calculated average grain sizes are plotted in Supplemen-
tary Figure S8 and summarized in Supplementary Table S4, respectively,
all of which show a phase.) We tried to fit the data at 150-250 °C using
cubic growth law for the classical Ostwald ripening process

d3 _ d3

avg avg,0

= Kt = Koexp( — E, | kgT)t (€8]

where dayg is the average particle size before heat treatment, t is the
time, K is a kinetic parameter with an Arrhenius form, K and E, are the
pre-exponent factor and activation energy of K, respectively, kg is the
Boltzmann constant, and T is the absolute temperature. However, the
data of dgvg do not show good linearity (Supplementary Figure S9) and
growth stagnation can be clearly seen in both dayg-t plot in Fig. 5a and
dgvg—t plot in Supplementary Figure S9. Nevertheless, we proceeded with
Eq. (1) to calculate K(T) (inset of Fig. 5a, 100 °C data also included) and
analyzed the temperature dependence. It gives anomalously small acti-
vation energy of 0.25+0.02 eV, too small to account for any mass
diffusion process via surface, grain boundaries, or lattice of Al;O3. (For
example, activation energy in the range of 3.2-9.2 eV for oxygen grain
boundary diffusion, 4.6-4.8 eV for pipe diffusion, 4.2-8.6 eV for creep,
and 3.2-6.5 eV for sintering; for more details, see Ref. [24] and [37].) It
may be related to some non-classical mechanisms such as the motion of
clusters on the surface [41,42], solution (adsorbed water)-enhanced
surface diffusion [43,44], surface/lattice structural change driven
coarsening [45,46], which have different temperature dependence and
different growth law. On the other hand, such a weak temperature
dependence shares similarities with cold sintering experiments [47],
where large applied stresses and long holding time result in relatively
low-temperature densification (e.g., at 150-200 °C) with the aid of
solvents (e.g., water).

Annealing data at higher temperatures of 600 °C and 700 °C reveal
another striking feature. As shown in Fig. 5b, at both temperatures, dayg
grows rapidly in the first hour, then saturates to a plateau at ~6 nm until
4 h, next transits to another fast-growing stage at ~4-5 h to ~8 nm at
600 °C and ~9 nm at 700 °C, and finally reaches a second stagnated
stage after 5 h. (Detailed morphologies and size distributions are plotted
in Supplementary Figure S10-11. Selected XRD data as well as calcu-
lated average grain size D are plotted in Supplementary Figure S12 and
summarized in Supplementary Table S4, respectively, all of which show
a phase.) The transition in coarsening kinetics at 4-5 h suggests a
possible change in the growth mechanism, which we believe is due to
the removal of chemically adsorbed (chemisorbed) water species and
the change in surface structure (details shall be discussed in the
following section). Before this potential desorption event, the 600 °C
and 700 °C annealed nanoparticles have similar dayg of ~6 nm at the
plateau at 1-4 h. This relatively athermal observation is consistent with
the small activation energy found in 100-250 °C annealing experiments.
Higher-temperature annealing experiments (e.g., at 800 °C) resulted in
substantial sintering, after which individual particles can no longer be

separated by the etching process. We therefore did not proceed further.

6. Surface adsorption and desorption

Ultrafine nanoparticles with large surface areas are known to adsorb
a substantial amount of water at ambient conditions. To quantify the
amount of the adsorbed water, we conducted TGA for both the pristine
and the 505-day stored NP#8. As shown in Fig. 6a, both samples show
continuous weight loss up to 800 °C. The total weight loss is 21.6 wt%
for the pristine sample and 21.7 wt% for the stored sample. Using a
spherical model with 4.0 nm diameter and 3.96 g cm™ theoretical
density for a-Al,03 nanoparticles and 1.0 g cm ™ density for adsorbed
water species, we estimate 21.6-21.7 wt% water corresponds a water
adsorption layer of ~0.6 nm in thickness on the surface. This is much
beyond monolayer coverage. Furthermore, as the physically adsorbed
(physisorbed) water species are expected to be removed at lower tem-
peratures than the chemically adsorbed ones, we noted the weight loss
of the stored sample shifts to higher temperature than the pristine
sample, thus having more chemically adsorbed water. This also supports
the active surface relaxation during storage. Meanwhile, the smooth
weight loss curves do not have obvious loss peaks, which seems to
suggest the adsorption strength has a continuous distribution and there
might not be a definite boundary between physical and chemical ad-
sorptions of the ultrafine a-Al,O3 nanoparticles. Lastly, we conducted in-
situ DRIFT spectroscopy to characterize the stored NP#8. Fig. 6b shows
DRIFT spectra as a function of the measurement temperature T from 40
°C to 390 °C. While the physically adsorbed water molecules (charac-
terized by the broad peak at 3321 cm™! [48-50]) rapidly weakens at
40-100 °C, the strong peak at 3724 cm ™! assigned to isolated hydroxyl
groups [48-52] (a form of chemically adsorbed water species) exists up
to the highest measurement temperature of 390 °C (it has little changes
beyond 260 °C, which indicates strong chemical adsorption). These re-
sults are consistent with the physical picture presented in the literature
for surface adsorption of a-Aly03, which has an intermediate surface
structure between a-Al,O3 and y-Al(OH)3; and a surface termination of
monolayer -OH group, followed by molecularly adsorbed water in a
partially order overlayer on top of the -OH group terminated surface
[50,52-54]. The existence of strong chemical adsorption above 390 °C
from DRIFT and the continuous weight loss up to 800 °C from TGA also
support a possible final-step desorption and surface relaxation/recon-
struction after hours’ annealing at 600 °C and 700 °C, which may
explain the growth transition in Fig. 5b.

7. Discussions

Room-temperature coarsening of oxide nanoparticles has been pre-
viously reported in ZnO [55], a functional ceramic used in electronics,
sensing and optics [56,57]. The pristine ZnO nanoparticles grew from
11.7 nm to 15.6 nm after 175 days at room temperature. Growth
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Fig. 6. Characterizations of surface adsorbed water species. (a) TGA of pristine and 505-day stored NP#8. (b) In-situ DRIFT spectra of 505-day stored NP#8.

stagnation, the effect of water vapor partial pressure, and the existence
of chemically adsorbed surface water species were reported. Our ob-
servations are consistent with the previous results in ZnO nanoparticles,
yet the growth rate of our a-Al,O3 nanoparticles seems to be much
slower than the ZnO case, even though the two materials have similar
melting points (T,=2072 °C for Aly;03 vs. 1975 °C for ZnO). For
example, in our case, NP#1 grows by 1.7 nm (from 3.4 nm to 5.1 nm) in
730 days, compared with a total growth of 3.9 nm for ZnO nanoparticles
in 175 days. Assuming a cubic growth law dg’vg—vt for both materials, we
estimate that the surface diffusivity is about two order of magnitude
slower in a-Al,O3 nanoparticles than ZnO nanoparticles at room tem-
perature. While the estimation is rough, it does tell an even more active
surface kinetics in “hydrated” ZnO surface than in a-AlyOs3. This pre-
diction agrees with the sintering practices of the two materials. Adsor-
bed water species have been reported to enhance the ZnO sintering, as
shown by spark plasma sintering of “humid” ZnO nanoparticles at <400
°C under applied mechanical pressure (50 MPa) and fast heating rate (up
to 200 K min’l) [58,59]. With the addition of acetic acid solution and
long-time holding using a warm press, ZnO nanoparticles can also be
“cold-sintered” to above 90% theoretical density below 300 °C [47]. In
contrast, to date there are no reports on adsorbed water-enhanced sin-
tering in the case of a-Al;03 and its cold sintering remains challenging.
While this indicates different effects of adsorbed water species on
a-Al;03’s surface kinetics compared to ZnO’s, the state of the art may
also be partially due to the unavailability of commercial ultrafine
a-Al;03 nanoparticles. (Most popular commercial a-Al,O3 fine-powders,
such as Taimicron by Taimei Chemicals and AKP series by Sumitomo
Chemical, all have particle sizes above 100 nm.) Therefore, encouraged
by our new observations of remarkable room-temperature surface ki-
netics of sub-10 nm a-Al,0O3 nanoparticles, we believe that there is
plenty of space to explore, from conventional sintering to novel func-
tionality, at ultrafine scale. For example, there may be a substrate effect
for a-Al,03 nanoparticle catalyst support to enhance catalyst activity
and durability, and it may be possible to produce high-quality ceramic
coating by direct high-velocity nanoparticle impacts. These possibilities
will be explored in the future.

8. Conclusions

To summarize, by tracking particle morphology during ambient-
condition storage and in-situ TEM deformation experiments, we
demonstrated surprisingly active surface diffusion of sub-10 nm a-Al;03
nanoparticles at room temperature of 0.13Ty. The high-strain-rate
Coble pseudoelasticity indicates that morphological evolution may
also be possible under other large external stimuli at macroscopic scales.
The higher-temperature annealing experiments show growth stagna-
tion, weak temperature dependence and transition in the growth
mechanism of the coarsening kinetics. These observations are related to
surface adsorption/desorption of water species and surface relaxation,
which are supported by TGA and DRIFT results. To the end, our findings

point out the “living” features of sub-10 nm a-Al;O3 nanoparticles,
which can be used beneficially for engineering applications or detri-
mental as the improperly stored powders may degrade and lose activity.
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Supplementary Note S1. Measurements and calculations of particle sizes, size distributions
and aspect ratios of particles.

Particle sizes and size distributions were measured along the longest direction over >500 particles
from TEM images using a Nano Measurer software. An example of the measurement process is
shown in Supplementary Figure S2. Aspect ratios of the particles were calculated as the ratio of
the longest and shortest directional dimensions of each particle measured by Nano Measurer
software. Over >300 particles were calculated to obtain the aspect ratio of the particles for each

batch of a-Al,O3 nanoparticles.
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Supplementary Note S2. Estimation of the average grain size and micro-strain by

Halder-Wagner’s method.

For nanoparticles, especially those powders after ball milling, the broadening of Bragg diffraction
peaks (fwow) mainly comes from three parts [S1], the instrumental broadening (Binsu), Size
broadening (fsize) caused by grain refinement and micro-strain broadening (fsain) caused by
crystal imperfection and distortion. The combination of size broadening fsi.c and micro-strain
broadening fin is also called physical broadening (5). The diffraction peaks profiles for our
powders and the silicon reference sample have a Gaussian component, and for this, the following

equations are applicable [S2]:
ﬂtotalz =B+ instr2 = ﬂsizez + strain2 + instr2 (S1)
The instrumental contribution to peak broadening was estimated from the silicon data to be
Bine =0.00297 —2.83373x107° x (26) + 2.4088x 107 x (26)* (S2)

where 26 is the diffraction angle in radians. Since the line profiles broadened by micro-strains
Pswain can be represented to a good approximation by a Gaussian function, and the broadened by
grain refinement S, can be represented to a good approximation by a Cauchy function [S3, S4],
Halder & Wagner have demonstrated that the integral breadth of a line profile produced by the

convolution of a Gaussian profile with a Cauchy profile is [S5]

2
&_FEﬁstrainj =1 (83)
B B

For the broadening caused by grain refinement was estimated from the Debye-Scherrer’s formula
as [S6]

kA
R 4
Pae Dcos0 (54

where D = average grain size, k = shape factor (0.89), and A = wavelength of Cuk, radiation
(0.15406 nm). For the broadening caused by micro-strain (¢) was calculated using the formula
[S7]

Btrain = 4€tan o (S5)

where fswin 1S in radians 26. By substituting Eq. (S1), Eq. (S4), Eq. (S5) into Eq. (S3) and
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rearrangement, a dimensionless function of the broadening is obtained,

ﬁtotal2 _ﬁinstrz :ﬂx (ﬂtotal _ﬂinstr)l/2 +16£2

S6
tan” @ D tan @ x sin @ (56)

Eq. (S6) is also called Halder-Wagner (HW) method [S8]. When a plot of (Biota>~Binsu®)/tan?d is
made against (Bow-Binstr)/(tanf*sind), the average grain size can be obtained from the slope
(kA)/D of straight line and micro-strain can be obtained from the intercept 16¢2.

A representative plot of (Biow’Binst’)/tan’0 against (Brotai-Binstr)’?/(tanf*sinf) is shown in
Supplementary Figure S6. Using the Halder-Wagner method, the average grain sizes of some
batches of a-Al,Oz nanoparticles after extended-time storage at ambient conditions (for NP#8, the
grain size of as-synthesized was also calculated) were calculated and presented in Supplementary
Table S2. The calculated average grain sizes of the NP#8 nanoparticles before and after

high-temperature annealing under some parameters are shown in Supplementary Table S4.
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Supplementary Note S3. Specific surface areas of a-Al,O3; nanoparticles.

Specific surface areas of a-Al,O; nanoparticles were determined by Brunauer-Emmett-Teller
(BET) method using N> adsorption measurement at 77 K on Micrometrics ASAP 2020M surface
area analyze. The nanoparticles were degassed at 200 °C for 5 h before the BET measurements.
The measured specific surface areas (Sger) of some batches of a-Al,O3 nanoparticles before (i.e.,
as-synthesized pristine) and after extended-time storage at ambient conditions (including before
and after acid etching) are shown in Supplementary Table S3. Note that due to the presence of
chemically adsorbed water (which is difficult to completely remove even at higher temperatures)
on the surface of a-Al,O; nanoparticles, and the sintering (form densified aggregates) and
coarsening of the nanoparticles during the degassing process (i.e., heat treatment), the measured
specific surface area of the a-AlO3 nanoparticles is difficult to agree with (less than) its
theoretical specific surface area (Sper=60/p/dave, Where p is the density of a-Al,Os taking 3.96

g/cm? and dav is the average particle size).
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Supplementary Figure S1 Image of (a) the customer-modified Nanofactory TEM holder, and (b)

the two W tips for in-situ deformation experiments.
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Supplementary Figure S2 An example of using a Nano Measurer software to measure particle
size and size distribution. The a-Al>O3 nanoparticles shown here is 850-day stored NP#3 after acid

etching.
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Supplementary Figure S3 XRD of (a) NP#1 and (b) NP#2 after 730-day storage. Both patterns

match the reference of a-Al,O3 phase plotted in green.
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Supplementary Figure S4 Morphology of (a) pristine NP#8 and (b) NP#8 after acid etching at
room temperature. (c) Particle size distributions and (d) XRD of the two materials show that the
acid etching process does not alter the size and crystallinity of a-Al,O3 nanoparticles. Insets of

(a,b): SAED patterns confirming a-Al>O; phase for both samples.
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Supplementary Figure S5 XRD of as-synthesized pristine and stored NP#8. All the patterns

match the reference pattern of a-Al>Os3 phase in green.
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Supplementary Figure S6 A representative Halder-Wagner plot of (Bt —Binst®)/tan?6 against

(BrotarBinstr) */(tan@*sind). The data shown here were calculated from the XRD of NP#8 after
313-day storage.
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Supplementary Figure S7 Morphology of NP#8 (a) in pristine state, and heat-treated at (b) 100

°C for 40 h, (c) 150 °C for 5 h, (d) 150 °C for 10 h, (e) 150 °C for 20 h, (f) 200 °C for 5 h, (g) 200

°C for 10 h, (h) 200 °C for 20 h, (i) 250 °C for 5 h, (j) 250 °C for 10 h, (k) 250 °C for 20 h, and (1)

their particle size distributions. Insets of (a-k): SAED patterns confirming a-Al>O3 phase for all

samples. All samples (expect for the pristine one) were acid-etched at room temperature before

TEM measurements.
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Supplementary Figure S8 XRD of NP#8 heat-treated at 100 °C for 40 h and 150 °C for 20 h.

Both patterns match the reference of a-Al,O3 phase plotted in green.
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Supplementary Figure S9 d..® plotted against annealing time at 100 °C, 150 °C, 200 °C, and 250

°C of NP#8.
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Supplementary Figure S10 Morphology of NP#8 (a) in pristine state, and heat-treated at 600 °C
(b) without holding, (c) for 0.5 h, (d) for 1 h, (e) for 2 h, (f) for 3 h, (g) for 4 h, (h) for 4.5 h, (i) for
4.75 h, (j) for 5 h, (k) for 10 h, and (1) for 15 h, and (m) their particle size distributions. Insets of
(a-1): SAED patterns confirming a-Al,Os phase for all samples. All samples (expect for the

pristine one) were acid-etched at room temperature before TEM measurements.
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Supplementary Figure S11 Morphology of NP#8 (a) in pristine state, and heat-treated at 700 °C
(b) without holding, (c) for 0.5 h, (d) for 1 h, (e) for 2 h, (f) for 3 h, (g) for 4 h, (h) for 4.5 h, (i) for
4.75 h, (j) for 5 h, (k) for 10 h, and (1) for 15 h, and (m) their particle size distributions. Insets of
(a-1): SAED patterns confirming a-Al,Os phase for all samples. All samples (expect for the

pristine one) were acid-etched at room temperature before TEM measurements.
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Supplementary Figure S12 XRD of NP#8 heat-treated at 600 °C for 4 h, 600 °C for 15 h, and

700 °C for 4 h. All patterns match the reference of a-Al,O3 phase plotted in green.
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Supplementary Table S1 Number N of measured particles, average particle size dayg, standard
deviation ¢ of normalized particle size (normalized by davg), skewness SK of the normalized
particle size distribution, and average aspect ratio AR of pristine a-Al,O3 nanoparticles and stored

ones after storage time ¢.

Pristine After storage

N dag(m) o SK AR |f(days) N dag(nm) o SK AR

NP#1 | 1474 34 027 0.68 1.47 730 869 5.1 020 -0.26 1.29

NP#2 | 1614 5.0 030 082 136 | 730 754 6.7 025 056 1.29

NP#3 | 1292 3.7 029 0.69 1.37 850 900 5.7 026 020 1.29

NP#4 | 1225 5.2 031 089 134 | 960 1031 6.7 028 045 131

NP#5 | 1398 6.7 034 025 1.40| &850 1108 8.6 033 033 1.28

NP#6 | 1214 6.3 046 054 1.48 | 730 1737 8.5 034 059 143

NP#7 | 931 10,5 049 1.09 1.45 730 1384 11.2 048 093 1.36

NP#8 | 1478 4.0 031 077 1.51 133 1237 4.8 029 0.57 143

313 953 5.2 028 0.76 1.38

382 2366 53 030 0.63 1.35

NP#9 | 1255 43 035 0.67 146 140 1322 4.7 026 035 1.34

325 1604 5.5 027 052 134

390 1601 5.7 028 0.55 1.30
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Supplementary Table S2 Average grain sizes D of a-Al,Oz nanoparticles before and/or after
storage time ¢ in ambient atmosphere at room temperature. (=0 day refers to as-synthesized

pristine nanoparticles.)

t (days) D (nm)

NP#1 730 4.0+0.1
NP#2 730 5.940.1
NP#3 850 5.1+0.2
NP#4 960 6.0+0.1
NP#6 730 7.0+0.1
NP#8 0 4.2+0.1
133 4.6+0.1

313 4.8+0.2

382 4.9+0.1
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Supplementary Table S3 The specific surface areas (Sper) of pristine a-AlO3 nanoparticles and

stored ones after storage time 7 (including before and after acid etching).

Pristine After storage

Before acid etching

Sger (M%/g) t (days)
Sger (M?/g)
NP#1 210 730 117
NP#2 184 730 87
NP#5 176 850 /

After acid etching
SgeT (M%/g)
187

163

156
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Supplementary Table S4 Heat treatment temperature, holding time and average grain sizes D of
NP#8 before and after being heat-treated at different parameters. Data on the first row are for the

as-synthesized pristine NP#8.

Temperature (°C) Holding time (h) D (nm)
/ / 4.2+0.1
100 40 4.54+0.1
150 20 4.6+0.1
4 5.7+£0.2
600
15 9.0+0.1
700 4 6.5+0.2
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Supplementary Video S1 In-situ TEM deformation experiment on a-Al>O3 nanoparticles. The top
W tip is the carrier tip. The bottom W tip is a fresh tip for deformation. Video plays at x16 speed
of real time.

Supplementary Video S2 a-Al,O3 nanoparticles show stable size and crystallinity under the same
electron beam condition as the in-situ TEM deformation experiments. Video plays at x16 speed of

real time.
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