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ABSTRACT: Our simple and uniquely cost-effective solvent-deficient
synthetic method produces 3—5 nm Al,O; nanoparticles which show promise
as improved industrial catalyst—supports. While catalytic applications are
sensitive to the details of the atomic structure, a diffraction analysis of alumina
nanoparticles is challenging because of extreme size/microstrain-related peak
broadening and the similarity of the diffraction patterns of various transitional
AL, O; phases. Here, we employ a combination of X-ray pair-distribution
function (PDF) and Rietveld methods, together with solid-state NMR and
thermogravimetry/differential thermal analysis-mass spectrometry (TG/DTA-
MS), to characterize the alumina phase-progression in our nanoparticles as a _
function of calcination temperature between 300 and 1200 °C. In the solvent- ok
deficient synthetic environment, a boehmite precursor phase forms which
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transitions to y-Al,O; at an extraordinarily low temperature (below 300 °C),
but this y-Al,O; is initially riddled with boehmite-like stacking-fault defects that steadily disappear during calcination in the range
from 300 to 950 °C. The healing of these defects accounts for many of the most interesting and widely reported properties of the

y-phase.

1. INTRODUCTION

The Al,O; (alumina) phase diagram is notoriously complex,
having at least 15 reported structural phases (Figure la—b).' ">
The alumina system contains four hydroxide and three
oxyhydroxide phases which can, upon heating, transform to
one or more of the seven metastable “transitional” Al,O; phases
before reaching the thermodynamically stable alpha phase.
Adding to the complexity, slight changes in the synthetic
conditions, impurities, initial crystallite size, and/or hydro-
thermal history of the sample alter the phases and trans-
formation temperatures observed.'”*~"” Hence, a plethora of
transition pathways have been reported.**'$~> Fi§ure 1c
4,10,14,2

shows the most commonly reported sequences.

The phase transformations of alumina have been widely
studied because alumina is a technologically and industrially
important material with different applications for different
phases. For example, the oxyhydroxide boehmite phase and the
hydroxides gibbsite and bayerite are used in antacids,” as
adjuvants in some vaccines,”* and as the feedstock for the
manufacture of many other aluminum compounds including
aluminum metal. The hard, high-temperature alpha Al,O;
phase (a-Al,O; or corundum) is widely used as a refractory
material, as a pigment in paints and sunscreens, and as an
abrasive material in sandpapers, cutting tools, and even
toothpastes. The metastable transitional AlL,O; phases (chi

(x), eta (), kappa (x), gamma (y), delta (), theta (6)) are
porous and can be dehydrated and “activated” for use as

-4 ACS Publications  © 2013 American Chemical Society

4411

adsorbents or desiccants. The most widely used of these
transitional phases is the y phase; its porous nature, intrinsically
high surface area, and catalytic activity”> make it a popular
catalyst support for a variety of processes including hydro-
carbon processing,>®>” the dehydration of alcohols,>*?’
automotive exhaust gas processing (as in catalytic convert-
ers),>*! and the Fischer—Tropsch process of converting CO
into hydrocarbons for use as fuel.>*~>*

In many of these applications, particularly those of the a and
7 phases, alumina nanoparticles are gaining interest and
attention. For example, a-Al,O; nanoparticles produce finer
grades of sandpapers and allow for thinner layers of paints and
sunscreens. Also, y-Al,O; nanoparticles produce catalyst
supports with much more surface area per unit mass than
bulk particles, thereby producing catalysts with higher
dispersion and efficiency.

We have recently developed a synthetic method™ capable of
producing very small (<5 nm) metal oxide nanoparticles such
as ALO;. In this method, solid reagents (a metal salt and a
bicarbonate salt) are ground together for S—30 min, forming a
precursor that is then calcined for 1-3 h to yield the metal
oxide product. The method is unique in that a traditional
solvent is not employed when mixing the reagents, and the
resulting “solvent-deficient” synthetic environment seems to
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Figure 1. (a, b) XRD patterns of the 15 reported structural phases of the Al,O; system. Part (a) shows the 4 hydroxide and 3 oxyhydroxide phases of
the alumina family, namely, pseudoboehmite, boehmite (00-001-0774), diaspore (01-070-2138), gibbsite (00-012-0460), bayerite (00-020-0011),

nordstrandite (00-018-0031), and doyleite (00-038-0376) where the numbers in parentheses are the reference numbers of the experimental
retrieved from the ICDD database. Part (b) shows the thermodynamically stable alpha phase® with the gamma,'® delta,' theta,'® eta,

Fatterns
0 chi,'

kappa,'® and tohdite® transitional AL,O, phases (the patterns shown are simulations of those in the given references). (c) Most commonly reported

phase transformation pathways of the Al,O; system.*'*'%*?

cap particle growth, enabling a single procedure to produce
nanoparticles of an unprecedentedly wide range of metal oxides
without the use of capping agents.*® The versatility, simplicity,
and cost efficiency of the method make it attractive for a variety
of applications, but careful structural characterization is
necessary to ensure suitability.

Here, we investigate the structure and properties of Al,O;
nanoparticles produced by our solvent-deficient method as a
function of synthetic calcination temperature. Transmission
electron microscope (TEM) and Brunauer—Emmett—Teller
(BET) analyses of the particle size, morphology, surface area,
and pore size suggest that this new Al,O; product is a superior
candidate for adsorption and catalyst support applications. A
combination of X-ray pair-distribution function (PDF) and
Rietveld methods, together with solid-state ’Al NMR and
thermogravimetry/differential thermal analysis-mass spectrom-
etry (TG/DTA-MS) measurements, demonstrate that the

4412

metastable y-Al,O; phase favored in catalytic applications is
achieved at unusually low calcination temperatures, and that the
subsequent high-temperature evolution of the local structure
explains some of the most interesting and important properties
of y-Al,Os, including its tendency to be fine-grained, retain
hydrogen, have S-coordinated Al sites, and display continuous
sintering. Comparisons to previous structural analyses are
presented alongside the results and interpretation.

2. EXPERIMENTAL SECTION

2.1. Sample Preparation. Alumina nanoparticles were synthe-
sized using a proprietary solvent-deficient method.***® One large
batch of the precursor material was prepared by using a mortar and
pestle to grind 275.94g of Al(NO;);-9H,O (reagent grade purity,
VWR) with 174.45g of NH,HCO; (reagent grade purity, VWR) for
15—20 min, forming a solid precursor in slurry form. The precursor
slurry was then dried for 12 h in air at 100 °C using a Thermo
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Scientific oven. The dried precursor was split into 23 portions, roughly
8.1 g each. Using the Thermo Scientific oven, one sample was calcined
at each 50 °C increment between 100 and 1200 °C by heating it in air
at a rate of S °C/min to its set temperature and then holding this
temperature for 2 h before being allowed to cool to room temperature.
Throughout the text of the discussion, each sample will be referred to
by its calcination temperature; for example, the “300 °C alumina”
refers to the sample in which the alumina precursor was calcined at
300 °C for 2 h. Creating this suite of samples enabled us to study the
phases produced through the entire range of synthetic temperatures
while still being able to perform ambient temperature diffraction
experiments.

In addition to our own suite of Al,O; nanoparticles, we collected
PDF data on commercial samples of alumina. This included two
samples of boehmite (Sasol and SkySpring Inc.), one sample of a-
ALO; (Alfa Aesar), and four samples of y-AL,O; including two samples
from Sasol (one pure y-Al,O; sample and one mixture of the y-, §-, and
O-phases) and two samples from Alfa Aesar (one labeled as a catalyst
support and one simply labeled as having 99.99% purity).

2.2. Experimental Methods. Preliminary powder X-ray diffrac-
tion (XRD) data were collected using a PANalytical X'Pert Pro
diffractometer with a Cu source and a Ge-111 monochromator that
provides a Cu—K,, (4 = 1.5406 A) radiation. X-ray PDF data were
collected at the 11 ID-B beamline®” of the Advanced Photon Source
(APS) at Argonne National Laboratory using synchrotron radiation of
energy 58.2636 keV (4 = 0.2128 A). For each sample, 10 mg of
powder were loaded into a 1.0 mm inner-diameter polyimide
(Kapton) capillary, and 2-D images of the diffraction data were
collected out to a maximum value of Q = 29.5 A~ under ambient
conditions using a Perkin-Elmer area detector. The Fit2D software
package®® was used to integrate the 2D ring patterns into 1D powder
diffraction patterns. The PDFgetX2 software package® was used to
extract G(r), the experimental PDF,* using a maximum value of Q =
24.5 A™" in the Fourier transform. PDF refinements were performed
using the PDFgui program.*!

Transmission electron microscope (TEM) images of the alumina
nanoparticles were recorded using a FEI Philips Technai F20
Analytical STEM operating at 200 kV. Specimens were prepared by
dispersing the alumina in ethanol, placing a drop of the very dilute
solution on a Formvar/carbon film supported by a 200 mesh Ni grid
(Ted-Pella Inc.), and allowing the ethanol to evaporate. Images were
recorded in standard high resolution mode.

Thermogravimetric and differential-thermal analyses (TG/DTA)
were performed using a Netzsch STA 409PC. Mass spectrometry
(MS) measurements were collected in tandem with the TG/DTA
measurements using a quadrupole MS unit built in-house.* To
characterize the water loss and thermal behavior of the Al,O; during
calcination between 300 and 1200 °C, three TG/DTA-MS measure-
ments were recorded in which 30—40 mg of the 300 °C alumina were
loaded into an alumina crucible and heated at a rate of either 5°/min
from 25 to 1100 °C or 3°/min from 25 to 1300 °C under a flowing He
atmosphere.

*’Al magic angle spinning (MAS) NMR experiments were
conducted for the alumina samples calcined at 350, 500, 700, 900
1000, and 1100 °C. The data were collected on a 800 MHz (18.8 T)
Varian dual solids/liquids NMR spectrometer operating at a *’Al
frequency of 104.16 MHz. The samples were spun in 1.6 mm zirconia
rotors at 35 kHz to avoid overlap between the central transition and
the first order spinning sidebands. A total of 2048 scans were collected
using a 310 ns (7/12) pulse for nonselective excitation along with a 1s
recycle delay.** All spectra were collected under identical conditions
and externally referenced to a 1 M aluminum chloride solution. The
ratios of tetrahedral to octahedral coordination environments were
quantified by fitting under their respective resonances.

The BET specific surface area and Barrett—Joyner—Halenda (BJH)
pore size of each Al,O; sample were determined from N, adsorption at
77 K using a Micromeritics TriStar II instrument. For these
measurements, roughly 200—300 mg of each sample were degassed
at 200 °C for ~24 h to remove adsorbed moisture. The samples were
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allowed to equilibrate to room temperature prior to being cooled to 77
K for data collection.

3. RESULTS AND DISCUSSION

3.1. Physical Properties. The TEM images in Figure 2a—c
illustrate the 3—5 nm diameters of the roughly spherical Al,O;
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Figure 2. Physical properties characterizations of alumina nano-
particles synthesized via the solvent-deficient method. (ab,c) High
magnification TEM images using mass/thickness contrast (a,b) and
dark field contrast (c) to establish the 3—5 nm size of the roughly
spherical Al,O; crystallites formed via calcination temperatures
between 300 and 950 °C (the images shown are from the 700 °C
sample). (d) Image of the large, sintered Al,O; agglomerates produced
above 1000 °C (the image shown is from the 1100 °C sample). (ef)
Low magnification images showing the agglomerated nature of both
(e) the y-ALO; from Alpha Aesar and (f) the AL, O, synthesized using
the solvent-deficient method (the 700 °C sample). (g) BET surface
area vs calcination temperature. (h) BJH pore volume/diameter vs
calcination temperature. (i) Comparison of the BET pore size
distributions from commercial (Sasol Pural, blue) and solvent-

deficient-method (red) AlL,O;.

crystallites produced by our new synthetic method at
calcination temperatures between 300 and 950 °C. Only
these few representative images are shown because the particle
size and morphology remain essentially constant in this
temperature range. Beyond this temperature, the crystallites
sinter to form particles >60 nm in size (Figure 2d); but
between 300 and 950 °C the crystallites simply aggregate to
satisfy the characteristically high surface energies of small
nanoparticles,* forming the agglomerates seen in Figure 2f.
These agglomerates are mesoporous and have high surface
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areas (Figure 2g—h), though as the figures show, the surface
area and pore volume decrease steadily with increasing
temperature as is ubiquitously reported for Al,O; Above
roughly 950 °C, a rapid drop in surface area occurs, consistent
with the TEM observation that the particles are sintering.

As Figure 2e—f show, commercial samples exhibit the same
agglomerated morphology as our Al,O; calcined between 300
and 1000 °C. However, the Al,O; agglomerates formed via the
solvent-deficient process have a significantly higher average
surface area (Table 1) than most commercial samples that have

Table 1. Surface Area, Pore Size, and Crystallite Size of
Al,O; Synthesized via the Solvent-Deficient Method
Compared to Commercially Available Products

BET surface area crystallite size pore diameter

(m?/g) (nm) (nm)
BYU alumina 250 3-5 1.85
Davison Mi- 170-230 22
286
Grace Mi-286 300—350 22 5.0
Sasol Puralox 147 30 6.0
Sasol Catalox 191 4.0

been calcined at comparable temperatures, which we attribute
to the smaller crystallite sizes of the particles within the
agglomerates. Because higher surface area allows for greater
catalyst dispersion, which correlates to increased efficiency, our
alumina is a promising candidate for adsorption and catalyst
applications. Specifically, the small pore sizes (Figure 2h) are
suitable for the noble metal catalyst used in exhaust gas
processing. Additionally, the distribution in pore size (Figure
2i) is roughly half that of commercial materials, which would
enable more uniform catalyst sites to form on supports made
using our alumina.

These TEM and BET analyses thereby suggest that the
physical properties of our AL, O; are as good as or possibly
better than those of commercially available materials for
adsorption and catalyst support applications. Most of these
applications are specific to the y-Al,O; phase, however, so to

truly gauge the industrial viability of our Al,O; we found it
necessary to carefully determine the phase progression realized
by this new solvent-deficient synthetic method.

3.2. Potential Transition Pathways. A mixture of
techniques such as FTIR, TG/DTA, TEM, and NMR are
sometimes employed to analyze the structural evolution of
Al,Oj, but most past work has relied primarily on XRD.>***~>*
As Figure la—b illustrate, the unique XRD pattern of each
AlO; phase identifies the structure much like a fingerprint.
Accordingly, we collected XRD data for alumina calcined every
50 °C from 100 to 1200 °C to identify the phases produced by
the solvent-deficient method as a function of temperature. As
Figure 3 shows, at 100 °C, the dried and rinsed precursor
strongly resembles boehmite (Figure 3a). By 1100 °C, the
alumina clearly matches a-Al,O; (Figure 3c).

With boehmite as the initial phase, there are at least three
routes through which the thermodynamically stable a-Al,O;
phase can form, according to the excellent review by Wefers
and Misra.'’ Poorly crystalline boehmite has been reported to
transform first to #-Al,O; and then 6-Al,O; on its way to a-
ALO; (boehmite—n—0—a), whereas well-crystallized boeh-
mite is thought to transform first to y-Al,O; and then 6-Al, O,
before reaching a-Al,O; (boehmite—»y—0—a).'° A third
pathway involving a §-Al,0; phase (boehmite—y—5—60—a)
is also commonly reported,”** though no crystal structure has
been determined for §-Al,O;. Similarly, y-AL,O; (an unsolved
crystal structure) is sometimes reported to precede or coincide
with 7-ALO3,>**° though it is more commonly reported in the
gibbsite—y—k—a transition pathway.>'? Still other studies
involving extremely small boehmite crystallites found that both
the 6 and 6 phases were completely absent from the
boehmite—y—d6—60—a pathway, resulting in the greatly
simplified boehmite—y—a pathway in which the y—a
transition occurs at significantly lower temperatures (~1050
°C) than a-ALO, is typically formed (1100—1200 °C).18%7
Unfortunately, as Figure 3b shows, in the crucial temperature
range between 300 and 1000 °C, the small crystallite sizes (3—5
nm) of our alumina result in extremely broad diffraction peaks
which make it difficult or impossible to distinguish between the
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Figure 3. Normalized XRD patterns of (a) the alumina precursor rinsed and dried at 100 °C compared to highly crystalline AIOOH boehmite
(ICDD #01-074-2899), (b) the 700 °C Al,O; sample compared to several transitional AL,O; phases (patterns simulated from those given by Wefers
and Misra'®), and (c) the 1100 °C Al,O; sample compared to highly crystalline a-ALO; (ICDD #04-006-9730).
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Figure 4. (a) PDF data throughout the full range of calcination temperatures (300—1200 °C). Two phase transitions are visible: (1) an abrupt
transition between 1000 and 1100 °C to the a-phase, and (2) a broad transition between 300 and 1000 °C. (b) The evolving ratio of the 2nd and
3rd peaks provides evidence of a broad transition from boehmite to a metastable Al,O, phase between 300 and 1000 °C. (c) The PDF data of this
metastable phase (950 °C sample, green) match the commercial y-Al,05 samples from Sasol (black) and Alfa Aesar (red) significantly better than
the y/8/6-Al,0; mixture from Sasol (blue), as the difference curves at the bottom of the graph indicate [blue curve = (y/5/6 mixture) — (950 °C
sample)], [red curve = (y from Alfa Aesar) — (950 °C sample)]. Alumina synthesized via the solvent deficient method thus appears to follow a

boehmite—y—a pathway.

various transitional phases (7, &, 6, 15, ¥, k) whose diffraction
patterns are already very similar.

3.3. Quantitative Phase Comparisons and Evidence of
Local Structure in y-Al,O;. To differentiate between the
several transitional phases, we attempted Rietveld analyses,
which have been reported previously for alumina nanoparticles
significantly larger (>20 nm) than our 3—5 nm particles.'”'®*
However, the extremely broad diffraction peaks of our smaller
alumina nanoparticles pushed the Rietveld method beyond its
natural limits, resulting in ambiguous and sometimes unphysical
refinements. We thus turned to pair distribution function
(PDF) analysis,*”® a powerful local-structure probe that is
being increasingly applied to the study of nanopar-
ticles.**%' =% Previous PDF studies of the boehmite®® and
y-alumina** phases have provided useful structural information.

In the present work, the PDF method was applied to a series
of Al,O; samples that were calcined at temperatures between
300 and 1200 °C (Figure 4a). The data reveal visual evidence
for only two transitions. Most recognizably, between 1000 and
1100 °C, a rapid and drastic transformation occurs in the PDF
which we know from our preliminary XRD analyses (Figure 3c)
to be the transition to the a-Al,O; phase. The second and less
obvious transition (highlighted in the inset of Figure 4b) occurs
smoothly between 300 and 1000 °C, where we see a steady
evolution of the ratio of the second (r =~ 2.8 A) and third (r =
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3.4 A) peak intensities, suggesting a transition from boehmite
to one of the transitional Al,O; phases. Other than this low-r
evolution, however, no visually obvious changes occur in the
PDF between 300 and 950 °C except that the high-r peaks
become more distinct (see Figure 4b), indicating that the
coherence length increases with calcination temperature.

As Figure 4c shows, PDF data from the transitional Al,O;
phase match the PDF data from commercial y-Al,O; samples
very well. The high-r data in particular resemble y-Al,O; more
strongly than Sasol’s y/6/6-Al,0; mixture, as the difference
curves best illustrate. Thus, alumina nanoparticles synthesized
via the solvent-deficient method initially appear to follow the
simplified boehmite—y—a pathway reported in other studies
of small ALO; particles."®>’

[To be certain that only one transitional ALO; phase is
present and that it is indeed y-Al,O;, we fit models of the eta
(17),* gamma (y),"" theta (6),* and kappa (x)* ALOj; phases
against PDF data from our 700, 800, and 950 °C samples. For
the y phase, we tested both cubic” and tetragonally distorted"’
structures. Because the tetragonal-y model yielded better fits
than the cubic-y model against data from our 700 °C alumina
and from three y-Al,O; samples from Sasol and Alfa Aesar, we
subsequently ignored the cubic model. Hereafter, we imply the
tetragonal model whenever we refer to models of y-ALO;.]
(The 5-AL, 05 and y-AlL,O; phases could not be tested because
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their structures are unknown.) Each of these four structures has
roughly the same face-centered cubic (fcc) lattice of oxygen
anions, though each is distorted in different ways and to
different extents. All contain a mixture of both tetrahedrally and
octahedrally coordinated Al as well, though the placement of
the Al cations within the oxygen lattice is different for each
structure. Given these similarities, it is perhaps not too
surprising that all four phases can passably fit the data (Figure
S).

The 7 and y phases in particular yielded very comparable fits
(Figure Sa—b). Aside from the tetragonal distortion, the
tetragonal-y and cubic-# phases are so similar (differing only in
that the Al site occupancies are a little different and that one-
third of the Al positions display slightly more displacive
disorder in # than in y) that distinguishing them with different
labels seems rather artificial. Hereafter, we will refer to both
phases collectively as y-AL,O;.

Despite the similarities, there are also important differences
between the fits in Figure S. The y model (Figure Sa—b) fits the
PDF data significantly better at high-r (above 8 A) than at low-
t, as evidenced by the difference curves at the bottom of each
panel. Conversely, the 0 and « structures (Figure Sc—d) fit very
well at low-r but noticeably worse than y at higher r, trends that
were also observed with commercial y-Al,O5 samples (see the
Supporting Information). The PDF study of y-Al,O; by Paglia
et al.** also noted a decrease in fit quality of the y phase at r < 8
A, which was attributed to the y-ALO; local structure being
different from the average structure.

To explain these observations, we likewise assert that the
local structure of our transitional phase differs from the average
structure. Though the average structure is best modeled by the
y structure, we do not believe that the 6 and x phases are
accurate representations of the local structure of our transi-
tional phase; instead, we suspect that both structures have
sufficiently large unit cells and sufficient displacive freedom to
imitate salient features of the actual local structure. Specifically,
the monoclinic cell of the & phase contains five unique atoms,
all having two positional degrees of freedom, and the
orthorhombic cell of the x phase contains 9 unique atoms, all
on general symmetry positions. This freedom allows the AlOq
octahedra and AlO, tetrahedra to relax/distort into substan-
tially noncubic configurations (see Figure 6). Assuming such
distortions occur in a semi-random fashion from one unit cell
to the next (i.e, at r < 8 A), they should average out on longer
length scales so that the high-r PDF still matches the average
structure associated with the y phase. We thus propose that y-
AL Oj; (regardless of the synthetic method) contains random-
ized, noncubic polyhedral distortions that cause the local
structure and average structures to differ.

In agreement with such a semirandom local structure, one
first-principles computational study of y-alumina®’ determined
that 40% of the Al atoms reside in nonspinel positions that vary
locally within a crystallite. Of these 40%, two-thirds were on c-
type Wyckof sites, and the remainder were on a variety of
Wryckoff sites distinct from the usual a, ¢ and d sites to
minimize local lattice distortions. Their work suggests that it is
more important to have cations in certain Miller planes than on
particular Wyckoff sites; hence the formation of a variety of
local Al environments across the crystal.

We conclude that the y-Al,O; label is appropriate for the
transitional Al,O; phase that results from our solvent-deficient
synthesis, just as it is for numerous commercial materials. But
one must appreciate that y-Al,O;, irrespective of synthetic
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graph.

method, has a highly flexible local structure, so that any average

structure is merely an idealization of a more complex reality.
3.4. Temperature Evolution. Having determined that our

synthetic method forms the y phase, it was still necessary to
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Figure 6. AlO4 octahedra (light blue) and AlO, tetrahedra (dark blue) from the 7, 7, 6, and « (&, b, ¢, and d, respectively) transitional Al,O; phases.

quantify the phase mixture of the Al,O; product as a function of
calcination temperature. Modeling the 300—1200 °C PDF data
usmg a mixture of the boehmite,* tetragonal y-ALO;,"" and a-
A1203 average-structure models (Figure 7), we found that our
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Figure 7. Phase fractions obtained from the initial PDF analyses of a
mixture of the boehmite, y and a phases, which simultaneously fit both
low-r and high-r regions with the same model.

7-Al,O; transforms to a-Al,O; between 1000 and 1100 °C,
with the transition being nearly complete by 1050 °C. This is a
rather low a-phase transition temperature, but is consistent
with the results of previous studies of small Al,O; nano-
particles."®” A direct y-to-a transition and a corresponding
reduction in the transition temperature thus seems to be a
general result for small Al,O; particle sizes.

These initial efforts simultaneously fitted the same model to
both the low-r and high-r regions of the PDF pattern. Two
peculiar features were evident in these initial fits: (1) a
significant fraction (~30%) of the y-Al,O phase was present at
the unusually low temperature of 300 °C, and (2) the boehmite
phase did not disappear until roughly 800 °C, which is rather
high for an oxyhydroxide. We subsequently collected TG/DTA
and MS data in tandem to see if the water loss required by the
transition from the boehmite phase (AIOOH) to the y-Al,O4
phase persists up to 800 °C. As Figure 8 shows, water loss
indeed continues through 800 °C, but the amount of H,O
evolved cannot justify the rather large boehmite phase fractions
(~30%) still present above 600 °C in the initial PDF analyses.

A re-evaluation of the initial PDF fits revealed that the
boehmite phase did not model the data well even at the lowest
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Figure 8. TG/DTA-MS analysis of the 300 °C sample heated at 5 °C/
min from 25 to 1200 °C. H,O evolved below 300 °C is attributed to
adsorbed water loss. The small fraction of H,O evolved between 300
and 800 °C is attributed to the healing of boehmite-like stacking faults
in the y phase. The evolution of NO (375—500 °C) is likely due to the
decomposition of residual, adsorbed nitrate species from the synthesis.
In the inset, positive DTA values represent exothermic events; the
small peak between 1000 and 1100 °C likely corresponds to the y—a
transition. The constant and steadily increasing exothermic signal
below this transition may correspond to the slow healing of boehmite-
like features/defects in the alumina with increasing temperature.

calcination temperature of 300 °C (Figure 9a), except for the
first two peaks at r = 1.8 and r = 2.8 A (Figure 9a inset). In
contrast, the y-Al,O; phase alone models the data surprisingly
well at 300 °C (Figure 9b) and throughout the entire
temperature range up to 950 °C, particularly at high-r when
r-series fits are performed (Figure 9d). The y-AlOj structure
does not yield great low-r fits (Figure 9c) because our average-
structure models do not adequately treat the local structure; but
the low-r data still match y-Al,O; far better than boehmite at all
calcination temperatures between 300 and 950 °C.

While this is a provocative result, 300 °C is still an atypically
low temperature at which to observe the y-Al,O; phase,
particularly as the primary or sole component; reports of which
we are aware only show the y-Al,O; phase appearing in the

dx.doi.org/10.1021/ic302593f | Inorg. Chem. 2013, 52, 44114423
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Figure 9. (a,b) PDF data from the 300 °C sample (black) and fits (red) based on the (a) boehmite®® and (b) y-Al,O,'" structures. The insets
highlight the first few PDF peaks, which the boehmite structure successfully models. (c,d,e) PDF refinements at (c) low-r values (r < 7.8 A) and (d)
high-r values (r > 7.8 A) using only the average y-Al, O structure for samples calcined between 300 and 950 °C. (e) PDF refinements at low-r using

the local y-Al,Oj structure proposed by Paglia et al.**

range 450—650 °C (Figure 1c).*'%**”° To illuminate the
matter, we performed *’Al MAS NMR analyses on several
representative samples (Figure 10). Al MAS NMR is an
effective tool for distinguishing the y-Al,O; phase from the
boehmite and a-Al,O; phases because Al coordination is
exclusively octahedral in both the a-Al,O; and boehmite
phases’" whereas it is roughly 70% (+2%) octahedral and
~30% tetrahedral in the y-Al,O, phase.ll’54 The Al
coordination ratios quantified from the data in Figure 10 are
given in Table 2 (see the Supporting Information for the fits
used in the integrations). Though there is a slight conversion of
octahedral to tetrahedral coordination between 300 and 700
°C, the Al coordination is already predominantly y-like at 300
°C and remains so through 1000 °C, thereby supporting the
conclusion that y-Al,O; is the primary phase throughout this
temperature range.

The NMR data in Figure 10 and Table 2 also reveal a
significant amount (>5%) of S-coordinated Al sites in the y-
Al O3, which is in agreement with several other high resolution
27Al MAS NMR studies of y-AL,O;.%*”>"7® The fraction of these

4418

sites increases slightly from 300 to 700 °C and then decreases
substantially between 900 and 1000 °C (Table 2), as was
observed in at least one of these studies.”” Several groups have
suggested that these S-coordinated sites are surface sites,>>7>73
though others have reasoned that they may exist in within the
crystal.”’

3.5. Temperature Evolution Revisited. Together, the
Al MAS NMR and PDF data indicate that y-ALO; is the
dominant phase in our samples calcined at temperatures
between 300 and 1000 °C. Though the y-Al,O; phase fits the
high-r data well at all temperatures (Figure 9d), the low-r fit
quality steadily decreases with decreasing temperature (Figure
9¢) because of local-structure effects. We explained previously
that the @ and x models were able to artificially fit the low-r
region of the high-temperature data (700—950 °C) somewhat
better because of their greater displacive freedoms. But we now
point out that even lowering the symmetries of the y, 8, or k
models to P1 in their respective unit cells fails to accommodate
the most distinct feature in the low-r temperature series; no
matter how much displacive freedom is allowed, none of the

dx.doi.org/10.1021/ic302593f | Inorg. Chem. 2013, 52, 44114423
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Figure 10. 7Al MAS NMR data for the 350, 500, 700, 900, 1000, and
1100 °C samples showing the ratios of tetrahedral, pentahedral, and
octahedral AP** (at shifts of roughly —70, —35, and —10 ppm,
respectively) in each sample.

Table 2. Quantification of the 4-, 5-, and 6-Coordinated Al
Sites in Alumina Samples Calcined at 350, 500, 700, 900,
1000, and 1100°C from 2’Al MAS-NMR Data“

4-coord. Al S-coord. Al 6-coord. Al
boehmite 0 0 100%
7-ALO, 30% 0 70 (+£2)%
a-ALO, 0 0 100%
350 °C 19% 5.4% 75%
500 °C 20% 5.2% 75%
700 °C 27% 6.4% 67%
900 °C 31% 2.7% 66%
1000 °C 30% 2.0% 68%
1100 °C 0 0 100%

“The ratios of Al coordination typical to the boehmite, ¥, and «a
alumina phases are given for reference in bold at the top of the table.

transitional alumina structures can imitate the steady low-
temperature evolution of the ratio of the second and third peak
intensities (Figure 4b), which we will call R, ;.

Recall that the one helpful feature of the boehmite model
was that it nicely fit these low-r peaks at low temperatures
(Figure 9a), which leads us to more closely examine their
origins in the structure. For both the boehmite and y-Al,O;
phases, we find that the first peak in the PDF (r ~ 1.8 A)
represents nearest-neighbor Al—O distances, the second peak (r
~ 2.8 A) includes both nearest-neighbor O—O and Al—Al
distances, and the third peak (r ~ 3.4 A) primarily represents
third-nearest-neighbor Al—O distances. However, the layered
boehmite (AIOOH) structure shown in Figure 11a illustrates
that the O—O separations between oxygen atoms in adjacent
layers would provide an additional contribution to the second
peak in boehmite, making it somewhat higher for boehmite
(Figure 4b) than for y. And in the y phase, the inclusion of
several longer Al—Al distances causes the area of the third peak
to be significantly larger than for boehmite.

Figure 12 tracks the R,/; ratio as a function of calcination
temperature, where it clearly shifts from a more boehmite-like
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between the oxygen columns on opposite sides of a hydroxide layer,
which must be resolved (by a z/2 translation) to form the y phase.
Otherwise, stacking faults will be present in the oxygen sublattice, with
residual OH groups and awkwardly coordinated Al bridging the gap.
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Figure 12. Ratio of the 2nd/3rd PDF peak intensities (red squares)
between 300 and 1000 °C which evolves from a boehmite-like value
(blue triangles) to a y-like value (green triangles), providing evidence
for a boehmite-like local structure within y-Al,O; that disappears with
increasing temperature.

ratio at 300 °C to a very y-like ratio, achieving nearly complete
conversion to a y-like ratio by 800 °C. Because the existence of
an extended boehmite structure is convincingly refuted by the
high-r PDF analyses in Figure 9d and the NMR data in Table 2,
we instead hypothesize that a boehmite-like local structure
initially exists within the y-Al,O; calcined at 300 °C, but then
slowly evolves/disappears as the material is subsequently
heated to higher temperatures. Conveniently, Paglia et al. has
suggested just such a local structure model to account for the
low-r misfits observed in their PDF study of highly crystalline y-
Al,O, prepared at 600 °C.*

We observe that a boehmite-to-y transition can be effected by
(1) removing all of the OH groups between the boehmite
layers in Figure 11a, (2) translating every other boehmite layer
by z/2 in Figure 11b, and (3) shifting 30% of the octahedral Al
atoms to tetrahedral sites. In the local-structure model of Paglia
et al,** the translation step is left out leaving stacking-fault
defects in an otherwise fcc oxygen sublattice, which are then
bridged by awkwardly coordinated Al atoms in the gap (see the
reference for a visual representation). We therefore reason that
the low-r evolution in our PDF data as the calcination
temperature is raised from 300 to 800 °C represents the healing
of such boehmite-like stacking-fault defects.

Using the model of Paglia et al,** we fit the low-r PDF data
(1.5 A < r <78 A) from our Al,O; nanoparticles prepared

dx.doi.org/10.1021/ic302593f | Inorg. Chem. 2013, 52, 4411-4423
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(green), and a-AL,O; (red) as a function of calcination temperature. (c) Phase progression of the Al,O; nanoparticles synthesized via the solvent-

deficient method.

between 300 and 950 °C. The results are impressive
throughout the entire temperature range, as Figure 9e shows.
However, we strongly caution the reader not to interpret this
result too literally. The key to fitting the low-r local-structure
data is a combination of displacive flexibility and a model that
accommodates the right kind of interatomic displacements. The
Paglia model has both, but is still ultimately a relatively small
supercell with a very limited range of local environments that
are so distorted in both our low and high-temperature fits as to
be grossly unphysical. Additionally, because the model has a
static defect concentration, it cannot accommodate the
elimination of the defects at high temperatures; instead, the
atomic positions take up the slack by becoming increasingly
inappropriate.

While the local structure model of Paglia et al. is conceptually
very helpful, a properly refinable boehmite-like local structure
model that evolves realistically with temperature would require
a big-box modeling approach in which a variety of boehmite-
like planar defects are incorporated into the average y-Al, O,
structure and minimized against both energy and experimental
PDF data. Such a study is left to future endeavors. To quantify
the local defect population as a function of temperature, we
took a simpler approach of refining a mixture of the boehmite
and y-Al,O; average structures at low-r only from 300 to 950
°C, where local-structure effects are relevant (Figure 13a). The
refined boehmite phase fraction then provides a rough measure
of the defect concentration (Figure 13b). At each temperature,
we also performed a single-phase refinement of the y-Al,O;
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average structure at high-r only (Figure 13a). The fits were of
very high quality (see Table S1 in the Supporting Information
for fit details) and revealed a surprisingly high (40%) defect
concentration at 300 °C, which steadily decreases with
increasing temperature. The defects were nearly gone by 800
°C and completely gone by 950 °C, just prior to the
transformation to a-Al,O;.

4. CONCLUSIONS

The y-Al,O; produced using our solvent-deficient synthetic
method are a promising candidate for catalyst support and
adsorption applications because of the small 3—5 nm particle
size, high surface area, and mesoporous nature of the
agglomerates. X-ray PDF, 27Al MAS NMR, and TG/DTA
analyses show that a boehmite precursor phase initially forms
but transforms to y-Al,O; upon calcination to 300 °C, a much
lower temperature than previously considered possible. This y
phase is initially riddled with boehmite-like defect planes either
within the particles or at interparticle interfaces, which heal as
temperature increases, as manifested by the evolution of the
R, 3 peak ratio in the low-r PDF data. At 1050 °C, the y-Al, O,
phase abruptly and directly transforms to a@-Al,O;. This
simplified boehmite—y—a pathway and low y—a trans-
formation temperature appear to be a general result for very
small alumina nanoparticles.

We hypothesize that the layered-oxyhydroxide structure of
our boehmite precursor has an abnormally low water/OH
content because of the solvent-deficient environment in which

dx.doi.org/10.1021/ic302593f | Inorg. Chem. 2013, 52, 44114423
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it was formed, as we have found with other oxyhydroxide
materials formed via this method.** Such a precursor would
already have a substantial number of oxide bridges across the
incomplete hydroxide layers, which explains why the y phase is
able to form as such a low temperature. Of course, there is also
a general tendency toward lower transformation temperatures
in smaller particle sizes;">'”***"% but the formation of the y
phase below 300 °C is extraordinary and requires a different
mechanism.

At 300 °C, the y phase still has a substantial concentration of
boehmite-like stacking-fault defects. Instead of having a distinct
mobility threshold temperature, these defects heal slowly over a
wide range of annealing temperatures from 300 to 800 °C,
explaining the impressive H,O sorbent abilities of y-Al,O; and
the high-temperature H retention often reported in the
literature®*®* and also seen in our own TG/DTA-MS analyses
(Figure 8). It is likely that OH groups, absorbed/adsorbed
H,0, and bridging Al atoms stabilize these gaps in the structure
and inhibit the locally diffusive healing process. A wide variety
of local configurations with different stabilization energies then
results in a very broad transformation.

The awkward configurations of the bridging Al atoms that
stabilize the stacking faults could explain the significant fraction
of pentacoordinated Al sites observed exclusively in the y phase
of Al,O;. Indeed, some of the bridging Al in the Paglia et al.
local structure must be pentacoordinated; and the healing of
the stacking-fault defects would nicely explain the observed
decrease in the concentration of pentacoordinated sites with
increasing temperature (Table 2).

A high-concentration of stacking-fault defects should also
reduce the crystallinity (ie., X-ray coherence length) of our
nanoparticles. The healing of these defects provide an
explanation for the substantial increase in crystallinity apparent
in the PDF data between 300 and 1000 °C (Figure 4a) despite
the fact that no substantial increase in average crystallite size is
detected in TEM images. We suspect that the “amorphous”
phase often reported between the boehmite and y phases in the
300—500 °C range (Figure 1c) is actually y-Al,O5 with a high
concentration of boehmite-like stacking-fault defects.

Because several “’Al NMR studies have reported pentacoor-
dinated Al to be on the surface,>>” the boehmite-like defect
planes (adsorbed H,O, pentacoordinated Al) may be
preferentially located at interparticle interfaces within the larger
agglomerates seen in TEM images (Figure 2a—f). The healing
of surface defects, resulting in mild sintering, explains the steady
decrease in BET surface area with increasing temperature
(Figure 2g) that is ubiquitously observed for y-Al,O; The
resulting relaxation of the structure as the stacking faults heal
also explains the steady exothermic signal in the DTA
measurements in the range between 300 and 1000 °C (inset
of Figure 8). In short, an evolving boehmite-like defect
structure within y-Al,O; can potentially account for many of
its most intriguing and useful properties. And because many of
these properties are common to y-Al,O; materials formed by
other synthetic processes, the evolving boehmite-like local
structure that we have identified may be generally relevant.

B ASSOCIATED CONTENT

© Supporting Information

(1) PDF data from two commercial y-ALO; samples are fit
using the ¥, 7, 6, and « phases, demonstrating the presence of a
comparable y-like local structure in samples of varied origin;
(2) 2’Al MAS NMR data for the 350, 500, 700, 900, 1000, and
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1100 °C samples, shown together with the fitted curves used to
integrate the peak areas and thereby quantify the 4, S, and 6-
coordinated Al in each sample, and (3) tables of the final PDF
fit parameters. This material is available free of charge via the
Internet at http://pubs.acs.org.
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