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ABSTRACT: Boehmite (y-AIOOH) and gibbsite (a-Al-
(OH);) are important archetype (oxy)hydroxides of alumi-
num in nature that also play diverse roles across a plethora of
industrial applications. Developing the ability to understand
and predict the properties and characteristics of these
materials, on the basis of their natural growth or synthesis
pathways, is an important fundamental science enterprise with
wide-ranging impacts. The present study describes bulk and
surface characteristics of these novel materials in compre-
hensive detail, using a collectively sophisticated set of
experimental capabilities, including a range of conventional
laboratory solids analyses and national user facility analyses such as synchrotron X-ray absorption and scattering spectroscopies
as well as small-angle neutron scattering. Their thermal stability is investigated using in situ temperature-dependent Raman
spectroscopy. These pure and effectively defect-free materials are ideal for synthesis of advanced alumina products.

KEYWORDS: gibbsite, boehmite, aluminum oxides, nanoplates, material synthesis, thermal decomposition, neutron scattering,
temperature-dependent Raman

H INTRODUCTION paint, coating, and metallurgy.lz’13 Boehmite and gibbsite are
also used in sensitive or specialized applications. For example,
gibbsite is used as a substrate for treatment of stomach diseases
and also serve as a vaccine adjuvant,''* and boehmite is used
as a host material for the light-emitting diodes (LEDs).'
However, in support of this diversity of research and

Aluminum (oxyhydr)oxide nanomaterials are widespread in
nature and industry, yet development of structurally and
chemically well-defined model phases for fundamental and
applied research needs is still lacking. In particular, the
minerals boehmite (aluminum oxyhydroxide, y-AIOOH) and

gibbsite (aluminum hydroxide, a-Al(OH),) are abundant development areas is an underdeveloped capability in precision
synthesis of representative model phases of specifically tailored

natural ores of aluminum as well as being important raw
particle size and shape at the nanoscale. Gibbsite is monoclinic

materials in industrial applications as adsorbents,' > fire

retardants,” coatings,5 catalysts,é’7 polishing agents, fillers, (P2y/c space group) with a tabular pseudohexagonal habit
and fuel cells.® They are important precursors for the synthesis
of different alumina products, such as y-/5-Al,0;, 7-ALO, ™! Received: November 2, 2018
and a-ALO; """ which are widely used in specialized Accepted: November 26, 2018
industries including filler, catalysis, glass, ceramics, purification, Published: November 26, 2018
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Figure 1. Crystal structure of gibbsite (a) and boehmite (b). Blue, red, and white spheres represent aluminum, oxygen, and hydrogen atoms,

respectively.

(Figure la). The morphology of lab-synthesized gibbsite
nanoparticles was always visualized as hexagonal-shaped plates,
which includes two dominant (001) basal surfaces with four
(110) and two (100) edge surfaces.' In contrast, boehmite is
orthorhombic (Cmcm space group) with a tabular pseudohex-
agonal or rhombic habit (Figure 1b). The morphology of lab-
synthesized boehmite nanoparticles was always visualized as
pseudohexagonal-shaped plates or rhombic-shaped plate,
which includes two dominant (010) basal surfaces with two
(100) and four (101) or with four (101) faces as edge
surfaces.” Current methods for tailoring gibbsite and boehmite
particles, however, rely on additive-assisted hydrothermal
approaches and typically lack phase purity, size, and shape
control within narrow distributions or produce materials of
unknown surface composition or structures because of an
emphasis on bulk properties alone.”’”"” The challenge
primarily relates to achieving structurally and chemically
phase-pure materials from bulk interiors to the outermost
surface while also controlling size and shape. Part of the
problem stems from application of a limited set of character-
ization tools that can incompletely describe both bulk and
surface properties.

In recent previous work our team successfully laid out new
protocols for synthesizing structurally and chemically well-
defined model gibbsite and boehmite materials, primarily on
the basis of bulk characterization.””*" Our efforts have focused
on developing additive-free and novel morphology and size-
controlled synthesis protocols that result in precision high
quality materials with maximal yield.***'

The purpose of the present work is to report on a
characterization campaign directed at achieving a comprehen-
sive state-of-the-science understanding of the bulk and surface
properties of these materials. This study goes well beyond
earlier work by comprehensively describing and comparing the
structures and properties of synthetic gibbsite and boehmite
nanoparticles in an integrated fashion using a robust suite of
characterization tools. Here we feature gibbsite and boehmite
nanoplates with average sizes of ~280 and ~35 nm,

7116

respectively, characterizing their structure and properties in
detail using X-ray photoelectron spectroscopy (XPS) for
surface composition and various morphology and structure
characterization tools collectively spanning surface-to-bulk
aspects, such as transmission electron microscopy (TEM),
scanning electron microscopy (SEM), and atomic force
microscopy (AFM). Bulk properties were also assessed using
X-ray diffraction (XRD), nuclear magnetic resonance (NMR)
spectroscopy, Fourier-transform infrared spectroscopy (FTIR),
X-ray pair distribution function (PDF), and extended X-ray
absorption fine-structure spectroscopy (EXAFS) with data
modeling constrained by ab initio molecular dynamics (AIMD)
simulations. Furthermore, we examined the thermal stability of
these two materials using in situ temperature-programmed
Raman spectroscopy and thermal gravimetric analysis/differ-
ential thermal analysis (TGA/DTA). Finally, we begin to
address the aggregation behavior of these two nanomaterials
using Brunauer—Emmett—Teller (BET) measurements and
small-angle neutron scattering (SANS).

The results are presented in a logical flow from microscopic
morphology to bulk structure, bulk and surface chemical
properties, and thermal stability and aggregation behavior. The
integrated findings not only add to the knowledge database
about relationships between nucleation and growth pathways
and nanophase property outcomes but also serve as an
important reference for the application of these materials for
synthesis of advanced alumina products.

B SYNTHESIS, MEASUREMENT, AND DATA
ANALYSIS METHODS

Preparation of Hydrated Aluminum Hydroxide [AI(OH);]
Gel Precursors. Aluminum nitrate solution (0.25 M) was prepared
by dissolving AI(NO;);9H,0 (ACS reagent, >98%, Sigma-Aldrich)
in deionized (DI) water, and then 1 M NaOH (>98%, Sigma-
Aldrich) solution was added to adjust the solution pH value to around
S, or 10, to precipitate the A(OH); gel precursors for the synthesis of
gibbsite and boehmite, respectively. Note: the pH of the 025 M
AI(NO,), was around 2 due to the hydrolysis of AI** ions; the 1 M
NaOH was used to adjust the solution pH to 5 or 10 to form the
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Al(OH); gel. After stirring for 1 h, the gellike precipitates were
collected by centrifuging using 8600 rpm and then were washed with
DI water three times to remove the residue-soluble salts.

Synthesis of Gibbsite Nanoplates.”® Al(OH), gel-like precip-
itates made from pH S as described above were dispersed into DI
water, and then the suspension was poured into a 20 mL Teflon liner;
the pH value was then titrated to around S with 1 M NaOH. Note:
the pH of the gel solution was slightly less than 5; 1 M NaOH was
also used to adjust the solution pH to 5. The concentration of AI** in
the suspension was 0.5 M, and the volume of the suspension was 16
mL, which is the 80% of the volume of the liner. Then the Teflon liner
was sealed into a Parr vessel and which was then heated to 80 °C in a
rotation oven (10 rpm) for 72 h. The resulting white precipitate was
collected by centrifuging using 8600 rpm and then washed with DI
water three times. Finally, the gibbsite solids were dried at 80 °C in an
electric oven overnight.

Synthesis of Boehmite Nanoplates.”’ Al(OH), gel-like
precipitates made from pH 10 as described above were dispersed
into DI water, and then the suspension was poured into a 20 mL
Teflon liner; the pH was then titrated to around 10 with 1 M NaOH.
The concentration of AI’** in the suspension was 0.5 M, and the
volume of the suspension was 16 mL. Then the Teflon liner was
sealed into a Parr vessel and was heated to 200 °C in a rotation oven
(10 rpm) for 48 h. The resulting white precipitate was collected by
centrifuging using 8600 rpm and then washed with DI water three
times. Finally, the boehmite solids were dried at 80 °C in an electric
oven overnight.

Scanning Electron Microscopy (SEM). The morphologies of
synthetic gibbsite and boehmite were characterized by SEM (FEI,
Helios NanoLab 600i). Prior to imaging, using a sputter coater, onto
both samples a carbon thin film layer around 5 nm thick was
deposited to enhance the electrical conductivity electron beam
imaging.

Transmission Electron Microscopy (TEM). The morphologies
of synthetic gibbsite and boehmite were also characterized by TEM
(FEI Titan TEM). To mount samples onto TEM grids, they were first
dispersed into DI water using a bath sonicator for ~5 min. These
suspensions were then drop cast onto standard TEM grids (Lacey
Carbon, 300 mesh, Copper, Ted Pella, Inc.) and then dried at
ambient conditions. All samples examined in the TEM used an
acceleration voltage of 300 kV for optimal imaging results.

Atomic Force Microscopy (AFM). The thickness and surface
roughness of the synthetic gibbsite nanoplates were characterized by
AFM (Dimension Icon, Bruker) operating in contact mode with
standard silicon nitride tips (MLCT, Bruker). Typical imaging
conditions used include a 1 Hz scan rate and a selected resolution
of 512 X 512 pixels. The sample was prepared by drop casting gibbsite
aqueous suspensions onto Si wafers (Nova Electronic Materials Ltd.)
and then removing the residual suspension after 30 min using a high-
purity N, gas stream (99.9%). The sample was washed using DI water
three times and then dried using the same high-purity N,. Prior to
sample drop casting, the Si wafers were cleaned with DI water using
sonication twice and then sonicated in ethanol once. Finally, the Si
wafers were plasma cleaned under Ar atmosphere for 30 min and then
were treated by an ozone cleaner for another 30 min just prior to use.

X-ray Diffraction. The crystal phases of the synthetic gibbsite and
boehmite were examined by XRD (Philips X’pert Multi-Purpose
diffractometer, PANAlytical) equipped with a Cu anode operated at
40 mA and 50 kV. To mount these powder samples, they typically
were lightly compressed using a clean glass microscope slide into a
traditional well sample holder. To minimize preferred orientation for
gibbsite, which given its prominent platelet form would tend to self-
align under light compression, an additional pattern was recorded in a
capillary sample using a microbeam diffractometer (Rigaku Rapid II)
equipped with a rotating Cr anode. All XRD patterns were analyzed
by whole-pattern fitting using Topas vS (Bruker AXS), and the crystal
structures were obtained from the Inorganic Crystal Structure
Database (Fachinformationzentrum Karlsruhe, Germany).

Synchrotron X-ray Pair Distribution Function. Room temper-
ature synchrotron X-ray diffraction and total scattering data were
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recorded for the synthetic gibbsite and boehmite in polyimide
capillaries, at the Advanced Photon Source (APS), Argonne National
Laboratory, on beamline 11-ID-B. We used a rapid-acquisition pair
distribution function (RaPDF) method, with an X-ray energy of 86.7
keV (4 = 0.1430 A).*> We used a PerkinElmer amorphous Si two-
dimensional image-plate detector (2048 X 2048 pixels and 200 X 200
mm pixel size) for two-dimensional data collection, with a sample-to-
detector distances of ~950 and ~180 mm for X-ray diffraction and for
PDF data, respectively. These two-dimensional diffraction data were
converted to one-dimensional form using the Fit2D software suite™
and using a CeO, powder standard for calibration. The normalized
total scattering patterns, S(Q), were produced in the program
PDFgetX2** by subtracting polyimide container scattering, utilizing
the appropriate sample composition, and applying standard
corrections for the area detector setup.”” PDF patterns, G(r), were
calculated via Fourier transformation of the total scattering data,
utilizing a Q range of 0.1-26 A™".

Rietveld refinement of synchrotron diffraction data and local
structure PDF refinements were performed in Topas Academic v6>>>°
and calculations of partial PDFs from resulting models were
completed in the PDFgui suite.”” The instrumental related dampening
(dQ, instrumental fwhm of S(Q))*” and broadening (Q,)** for PDF
fitting were refined by fitting standard Ni powder data between 1 and
100 A. The dQ and Q, were refined to be 0.041 and 0.017 A% These
two values were fixed during further structure refinements. A sinc
function (sin(Qr)/Qr) was convoluted to the calculated PDF to
account for the termination effect due to the finite Q,,,, used for
Fourier transform.”® An empirical PDFgui-type deltal (delt1/r) term
was used to model the correlated motion.”” A predetermined double-
Gaussian function for a nanoplate with two characteristic lengths
(thickness, I;, and width, ,) was used as a numerical approximation
for the characteristic particle shape to correct for the effects intrinsic
to PDF modeling of small nanoparticles using bulk models.”* "

Synchrotron Al K-Edge Extended X-ray Absorption Fine
Structure (EXAFS) Spectroscopy. Al K-edge EXAFS spectra for
gibbsite and boehmite were acquired at the Advanced Light Source
(Berkeley, CA) at beamline 6.2.1.2. To mount samples, powder was
lightly pressed into indium foil, which both secures the sample and
minimizes charging during measurements, which was then attached to
the Cu metal sample holder using silver paint. A reference spectrum
collected on corundum (@-Al,O3) was used to calibrate the energy
scale.”” The EXAFS signal was monitored at room temperature in
total electron yield (TEY) mode over the scan range from 1520 to
1850 eV. EXAFS data were background corrected and analyzed using
the Athena interface to the IFEFFIT program.>

Simulation of EXAFS Using Density Functional Theory.
Calculations were performed using the pseudopotential plane-wave
density functional theory (DFT) module (NWPW) of the NWChem
computational chemistry package.’* The calculations made use of the
generalized gradient approximation (GGA) exchange-correlation
functional of Perdew, Burke, and Ernzerhof***® (PBE) with (gibbsite)
and without (boehmite) the Grimme dispersion corrections.>’
Softened Hamann pseudopotentials®® modified into a separable
form suggested by Kleinman and Bylander®” were used for aluminum
(10), oxygen (2), and hydrogen (0), with the number of core
electrons shown in parentheses. The plane-wave cutoff energy was
993 eV (73 Ry).

A constant-pressure geometry optimization (ionic positions, cell
volume, and cell shape are allowed to relax) was first performed for
both the gibbsite (P2,/c space group) and boehmite (CmCcm space
group) unit cells with 4 X 8 X 4 and 12 X 3 X 12 k-point meshes,
respectively, and a supercell was then created by scaling the optimized
unit cell 1 X 2 X 1 and 2 X 1 X 3 for gibbsite and boehmite,
respectively. A 29-ps NVT (constant number of particles, constant
volume, and constant temperature) ab initio molecular dynamics
(AIMD) simulation was then performed for each of the two supercells
with the Car—Parrinello approach.**”** An integration time step of
0.12 fs was used for the equations of motion with a fictitious mass of
750 au for the electronic degrees of freedom. The temperature was set
to 25 °C and was kept constant via Nosé—Hoover thermostats with
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Figure 2. SEM and TEM images of gibbsite (a—c) and boehmite (d—f) nanoplates.

periods of 1200 au for both the ions and electrons. All hydrogen
atoms were treated as deuterium atoms to allow for improved
adiabatic decoupling of the electron and ionic motion.

After discarding the first 2 ps of each simulation, a configuration
was collected every 60 fs to generate a pool of 450 configuration from
each AIMD simulation. For each configuration, a cluster with a radius
of 6 A centered around one Al atom (randomly selected but the same
for each configuration) was generated to calculate all scattering paths
with effective distances less than the cluster radius for a Al K core hole
of the central atom using FEFF9.*~* For gibbsite, which has two
symmetrically distinct Al positions, the procedure was repeated for
another Al atom in the other crystallographic site, but the difference
between the signals due to the two sites was negligible. The Sy’
parameter (0.922) calculated by FEFF9 was used in all calculations,
and a value of 2 eV was used for AE, for both materials. For each
material, the EXAFS spectra of all configurations were averaged for
comparison with experiment. The Fourier transform was applied to
averaged EXAFS spectra using IFEFFIT*® in the range 1.5 < k < 8.3
A~" with dk = 1 A7, weighted by k% and truncated using a Hanning
window.

Nuclear Magnetic Resonance (NMR) Spectroscopy. Room
temperature single-pulse *’Al magic-angle spinning (MAS) NMR
measurements were performed with a commercial 3.2 mm pencil-type
probe and a Varian-Inova 850 MHz NMR spectrometer operating at a
magnetic field of 19.975 T; corresponding *’Al Larmor frequencies
were 221.413 MHz. We used a single pulse sequence with a pulse
width of 0.5 us (corresponding to a solid 7/4 pulse) and *’Al radio-
frequency (rf) field strength of 83.3 kHz (i.e., 3.0 us for liquid z/2
calibrated by using 1 M Al(NO;); aqueous solution). Each spectrum
was acquired using an acquisition time of 20 ms and a recycle delay
time of 1 s, which was shown to be long enough to allow all aluminum
species signals to be observed quantitatively.”” A 1 M AI(NO;),
aqueous solution (0 ppm) was used as a chemical shifts reference.
Both hydrated (as-synthesized samples) and dehydrated ’Al MAS
NMR spectra were acquired with an accumulation number between
20000 and 60000 scans to ensure observation of any trace
undercoordinated alumina species. As-synthesized samples were
dried at 80 °C overnight before analysis. Dehydrated versions of
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these samples were prepared in a vacuum oven evacuated to about
107 Torr and then heated to 50 °C for 12 h, before cooling and
loading the samples into sealed 3.2 mm MAS rotors while inside a
nitrogen-filled glovebox to avoid exposure to air.

X-ray Photoelectron Spectroscopy (XPS). Survey and narrow
scan XPS measurements were taken with a PHI VersaProbe II X-ray
photoelectron spectrometer located at the University of Notre Dame,
using a monochromatic Al Ka X-ray source and a hemispherical
electron energy analyzer. Survey scans were used to assess any
impurities as well as relative composition, collected using a pass
energy of 187.85 eV. More detailed elemental scans were made using
a pass energy of 23.5 eV. Samples were first affixed to an aluminum
SEM stub using a conductive double stick carbon tab from Ted Pella,
Inc. The stub with the material attached was then coated in a thin
layer of iridium (~1.5 nm) to mitigate differential charging effects as
the instrumental charge correction methods were deemed insufficient.
Survey scans were taken prior to coating the sample with iridium.
Data analysis was completed using PHI MultiPak.

Fourier-Transform Infrared Spectroscopy (FTIR). FTIR
measurements were performed in transmission mode using a Bruker
Vertex 70. Each measurement consisted of 256 scans taken from 400
to 4000 cm ™" with a resolution of 4 cm™". Samples for measurements
were prepared by mixing with KBr and pressed into a pellet prior to
analysis.

Raman Spectroscopy. Raman spectra were obtained using a
Bruker Senterra Raman microscope equipped with a Linkham variable
temperature vacuum translation stage at Georgia Tech. An excitation
wavelength of 532 nm (20 mW) and a XSO objective lens were
typically used, assuring no beam induced damage or heating occurred.
About 5 mg of either boehmite or gibbsite powder was deposited on a
copper plate, and 5 mg of water was added to make a slurry. Air
drying resulted in a dense flat layer that was placed on a heating plate
in the spectrometer and pumped to about 0.1 Torr. Spectra were
taken with a resolution of 9—15 cm™ with ten scans and a scan time
of 10 s over the range of 70—3700 cm™'. Scans were made at a
constant temperature with a heating rate of 20 °C/s between scans.

Nitrogen Adsorption/Desorption Isotherms. Specific surface
area, porosity, and size of the particles were obtained using a
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Figure 3. XRD patterns of gibbsite (lower in a) and boehmite (upper in a) nanoplates and (b) detail of boehmite XRD pattern compared with
simulated patterns incorporating either isotropic or anisotropic crystallite size broadening.

Quantachrome Autosorb 1 with nitrogen gas as the adsorbate, with
analysis via the Brunauer—Emmett—Teller (BET) method. Measure-
ments were performed on ~0.25 g of material, which was first
outgassed at a temperature of 105 °C for about 20 h. Data were
analyzed using the included Autosorb analysis software.

Thermal Gravimetric Analysis/Differential Thermal Anal-
ysis. TGA/DTA measurements were performed using a TGA/DSC-1
from Mettler Toledo. Approximately 30 mg of the powders was
pressed into a 100 pL aluminum crucible and heated from 25 to 600
°C at a rate of 10 °C/min under a nitrogen flux of 50 mL/min.
Background scans were collected on the empty crucible and
subtracted out using the STARe software.

Small-Angle Neutron Scattering (SANS). Small-angle neutron
scattering experiments were performed to characterize the gibbsite
and boehmite grain sizes; methodological details have been reported
elsewhere*®*® and are therefore summarized briefly. Neutron
scattering measurements were performed on the NGB30-SANS and
BTS-USANS spectrometers at the National Institute of Standards and
Technology (NIST) Center for Neutron Research (NCNR)**™3 on
aqueous dispersions. The wavelength was 2.38 A with a wavelength
resolution A4/A = 0.059. Data were collected over a Q range from 4.2
X 107 to 2.7 X 107* A™!, which corresponds to sizes from 2400 A to
~15 pm. The horizontal Q resolution (full width at half-maximum,
fwhm) was 2.5 X 1075 A=.*° Standard titanium cells were used with a
1 mm path length and two 1 mm thick quartz glass windows with the
beam incident along the surface normal. Approximately 1 wt % solid
was used. To keep the sample suspended during the measurement,
these cells were placed in a sample tumbler**** and rotated along an
axis parallel to the beam at ~10 rpm. The grain size distributions were
calculated using the total nonnegative least-squares approach coded in
the Irena plugin for IGOR*® Each was run 10 times to estimate
uncertainties, assuming, in each case, spherical grains. Details of
analysis of the scatterin_g data are provided in Ilavsky™® and Jemian
and Anovitz and Cole.’

B RESULTS AND DISCUSSION

Morphology Characterization. We begin with micro-
scopic characterization to first build a visual impression of the
physical characteristics of the synthetic materials. SEM, TEM,
and AFM were performed to characterize the size and
morphology of the gibbsite and boehmite nanoplates. Atomic
scale structural details that provide context for particle
morphology are provided in the Introduction and Figure 1.
As shown in Figure 2a—c and Figure S1, gibbsite nanoplates
are hexagonal-shaped particles with the average size around
280 nm, the basal surface (001) with four (110) faces and two
(100) faces on sides (diffraction pattern analysis in the Figure
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2c); however, boehmite nanoplates are rhombic-shaped
particles with the average size around 35 nm (Figure 2d—f),
the basal surface (010) with four (101) faces on sides
(diffraction pattern analysis in the Figure 2f). As shown in
Figure S1, the average thickness of gibbsite nanoplates was
~18 nm. The average thickness of boehmite nanoplates was
~6 nm, which was measured by TEM. Microscopically
observed particle dimensions are compared to detailed fits to
XRD data below.

Structural Characterization. We now turn attention to
the bulk structure of the gibbsite and boehmite nanoplates,
which was characterized in detail using conventional and
synchrotron-based XRD and data modeling. Figure 3a shows
corresponding powder XRD patterns. The diffraction patterns
are in good agreement with reference data for the respective
compounds, although gibbsite shows strong preferred
orientation of the (002) peak near 18° 26. This observation
is consistent with the large thin plate morphology seen by SEM
with the surface of the plates being approximately parallel to
(001). To eliminate the preferred orientation, a second pattern
was collected on a microbeam XRD instrument using a sample
loaded into a glass capillary.

Both patterns showed peak shapes, and in particular peak
widths, that did not vary smoothly with diffraction angle as
would be expected from isotropic size or strain effects. In the
case of boehmite, the pattern could be simulated well using a
model that incorporated anisotropic crystallite sizes. Figure 3b
shows the results of Rietveld refinements for isotropic or
anisotropic size broadening. In the isotropic case, the crystallite
size refined to 17 nm but the simulated pattern is too sharp for
the (020) peak while too broad for the (002) peak. An
anisotropic model®® provided a much better fit and resulted in
an average crystallite size of 28 X 10 X 31 nm? in the g, b, and ¢
directions, respectively, consistent with the SEM and TEM
results described above.

The gibbsite pattern could not be satisfactorily modeled with
size broadening alone but required the additional incorpo-
ration of microstrain broadening. Both broadening sources
required anisotropic models, and for strain the phenomeno-
logical model described by Stephens® was employed. A
hexagonal model was chosen because it gave the greatest
improvement in fit for the fewest refined parameters. Figure S2
shows the Rietveld fits for different combinations of size and
strain, using the capillary data where preferred orientation
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Figure 4. Results of Rietveld refinement of the (a) gibbsite and (b) boehmite nanoplates using X-ray diffraction data from 11-ID-B. First 80 A of
PDF fits of 1 to 100 A (c) gibbsite and (d) boehmite nanoplate X-ray PDF data, resulting from models with an anisotropic particle shape function.

Table 1. Crystal Structure of Gibbsite Nanoplates, Al(OH);, Refined Using X-ray Diffraction Data from 11-ID-B“

atom Wyck X y z occ By (A%
All 4e 0.1694(18) 0.0374(15) 0.0021(14) 1 1.20(7)*
A2 4e 0.333(2) 0.5104(15) 0.0004(15) 1 1.20(7)*
01 4e 0.072(2) 0.152(3) 0.3985(16) 1 0.8
02 4e 0.092(3) 0.133(3) 0.107(2) 1 0.8
03 4e 0.281(2) 0.712(2) 0.1096(17) 1 0.8
04 4e 0.396(3) 0.140(3) 0.393(2) 1 0.8
0s 4e 0.407(2) 0.212(3) 0.1073(16) 1 0.8
06 4e 0.7496(19) 0.146(3) 0.0933(15) 1 0.8

“Al(OH); SG P12,/cl, a = 8.6645(7) A, b = 5.0594(4) A, ¢ = 12.5281(19) A, = 129.443(7)°, dioiropic = 44(2) nm, R, = 4.78%, Rpyoq, = 3.12%,
R,, = 6.16%, GoF = 6.88. Refined values are given with estimated standard deviation from refinement in parentheses. Parameters with an asterisk

were constrained to be equivalent.

could be eliminated. Clearly the refinement that included both
size and strain is best. The improvement is not simply the
result of adding more refineable parameters because there are
consistent trends of misfit with 20. If only strain is modeled,
the low angle peaks are too sharp and the high angle peaks too
broad. The reverse is true for the size-only fit and arises
because of the different 20 dependencies of size and strain
broadening. The average crystallite size obtained from the best
gibbsite fit was 34 X 50 X 9 nm? and similar sizes were
obtained whether strain was considered or not.

Results of Rietveld refinement of the synchrotron XRD data
for the gibbsite and boehmite nanoplates are shown in Figures
4a and 4b, respectively. Lattice parameters, isotropic atomic
displacement parameters (B,,) for Al (with all O isotropic
atomic displacement B,,s held fixed to 0.8 A%), and fractional
coordinates of the atoms were refined in space group (SG)
P12,/cl for gibbsite60 and SG CmCm for boehmite.® Tables 1
and 2 list the refined parameters resulting from fitting. Results
are consistent with previously reported gibbsite and boehmite

Table 2. Crystal Structure of Boehmite Nanoplates, AIOOH,
Refined Using X-ray Diffraction Data from 11-ID-B“

atom  Wyck X y z occ B, (A%)
Al 4c 0 0.68048(23) 1 1 0.183(5)
o1 4c 0 0.29276(38) 1 1 0.8
02 4e 0 0.07959(36) 1 1 0.8

“AlIOOH SG CmCm, a = 2.86351(21) A, b = 12.20722(18) A, ¢
3.68868(29) A, I, = 242(9) nm, I, = 5.76(4) nm, R, = 6.37%, Rpypge =
3.36%, R,, = 8.31%, GoF = 7.98. Refined values are given with
estimated standard deviation from refinement in parentheses.
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nanocrystalline structures, with goodness of fit values, Ry of
6.16% and 8.31%, respectively. Both models required size
broadening parameters; isotropic in the case of gibbsite and
anisotropic (ellipsoidal) in the case of boehmite. In addition to
the isotropic size broadening, anisotropic strain broadening is
again required to model the X-ray diffraction pattern of
gibbsite.*”

The isotropic crystallite dimension from the gibbsite data
refinement was 44(2) nm, which is considerably smaller than
the 280 X 280 X 18 nm?® dimensions observed via microscopy
but agree well with laboratory XRD fitting. By contrast,
ellipsoidal particle dimensions determined by Rietveld analysis
for boehmite are 24.2(9) nm X 5.76(4) nm, which compares
well to the 35 nm X 6 nm dimensions found via microscopy.
Crystallite sizes determined from diffraction are indicative of
average structural coherent grain size in particular crystallo-
graphic directions (depending on the model) and thus often
vary significantly from the shapes and dimensions observed via
microscopy, small-angle scattering, and other morphology
sensitive probes. The large discrepancy between microscopy
and diffraction-based size estimates in the case of the gibbsite
nanoplates indicates that the plate-shaped particles observable
by SEM are each composed of smaller domains of coherent
crystallinity, approximately half the thickness of the plates and
one-sixth their breadth. The regions between these domains
are likely to contribute to the remaining misfit in the Rietveld
analysis as well as being areas of higher reactivity. On the other
hand, the close agreement in diffraction and microscopy based
estimates in the case of the boehmite nanoplates indicates
highly crystalline (single or small number of grain) particles.
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To gain deeper insight into the coherent particle
dimensions, the materials were also characterized by X-ray
PDF analysis. The first 80 A of 100 A fits to X-ray PDFs of the
gibbsite, and boehmite nanoplates are given in Figure 4c,d.
Similar models were used to those in Rietveld refinement,
except both local structure data sets required anisotropic
particle shape models to fit the specific PDF intensity decay at
high r. It should also be noted that gibbsite fractional
coordinates were held fixed to the values determined from
Rietveld analysis (Table 1) to reduce the number of free
parameters for real-space fitting. The fit quality over the full
range of the PDF is excellent in both cases, with resulting
goodness-of-fit, R, of 18.62% for gibbsite and 14.18% for
boehmite data sets. Refined model parameters from fits to the
local structure are given in Tables S1 and S2. The results again
support the observation of phase pure, high quality crystalline
nanoplates. However, there are significantly higher atomic
displacement values for Al and O sites in gibbsite nanoplates
relative to those in boehmite nanoplates, another possible
indicator of structural disorder. It should be noted that in this
size regime (tens of nanometers) estimates of coherent particle
dimensions from analysis of Bragg data offer greater sensitivity
than analysis of X-ray PDF data. Nonetheless, anisotropic size
models are needed to fit the high-r PDF, and both samples
indicate a particle width at least 2 times larger than particle
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thickness. These estimates vary again relative to the diffraction
and microscopy determined dimensions.

A closer look at the quality of local structure fits to the two
nanoplate data sets is given in Figure S3a for gibbsite and in
Figure S3b for boehmite. The calculated partial PDFs,
corresponding to Al—O, O—O, and Al—Al pair—pair distances
in each model, are shown for reference below that data and the
fits. Results up to the first 10 A in real space show that the local
atomic structures are well-fit with the crystallographic models
applied. While the quality of the fits rules out significant local
structural distortions involving the X-ray sensitive elements in
the samples (Al and O), as well as significant amorphous
components and impurities, there are a few structural features
at low r that suggest slight structural distortions in either bulk
or surface structures relative to long-range crystalline models.
In particular, the first sets of O—O correlations centered at
~2.4 A in gibbsite, and ranging between approximately 2.5 and
2.8 A in boehmite, are not well captured. Local Al-O
correlations beyond the first neighbor (between approximately
3.5 and S A) are also slightly misfit. Several structural
modifications were attempted in each case to capture the
local distortions present in the Al—(O/OH)4 octahedral units,
but it was evident from these attempts that an oxygen sensitive
probe (such as neutron total scattering) may be needed to
determine the detailed nature of the slight distortions present.
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Neutron PDF studies would also allow determination of the
H(D) atomic coordinates and H(D)-bearing local structure in
these samples. Such attempts are complicated by the need for
synthesizing deuterated gibbsite and boehmite nanocrystals but
could be pursued in the future.

To gain a more localized perspective on the structures,
synchrotron X-ray absorption and scattering spectra were
collected. Interpretation of the experimental Al K-edge XANES
spectra for these gibbsite and boehmite samples can be found
in our previous gibbsite’” and boehmite" synthesis papers. Al
K-edge EXAFS spectra of the gibbsite and boehmite samples
are shown in Figure S along with spectra calculated from
AIMD simulations, which provides a less ambiguous basis for
EXAFS data interpretation than traditional shell-by-shell
fitting. Good agreement was obtained between experimental
and calculated spectra (Figure S) considering that only one
adjustable parameter was used for the calculated spectra (AE,,
to adjust the position of the K-edge; see Methods section).
Although slight differences in intensity can be seen in the
Fourier transforms between theory and experiment, the
simulations reproduced all the major peaks. The good
agreement indicates that the simulations reproduce well both
the structure and dynamics (i.e., thermal disorder) of the bulk
materials. In addition, the good agreement indicates that the
materials used in the measurements were of good crystalline
quality (i.e., negligible structural disorder), generally consistent
with the results of XRD and X-ray PDF analyses.

Chemical Properties. Like XANES and EXAFS, NMR is
also a powerful tool for site-level structural characterization of
these nanomaterials. *’Al MAS NMR was collected on the
gibbsite and boehmite samples for its ability to quantify
proportions of Al coordination sites, including lower
coordinated Al sites that might exist at surfaces or grain
boundaries, as well as assessing changes upon dehydration.
Figure 6 summarizes the Al MAS NMR results obtained on
the gibbsite (al—a3) and the boehmite (c1—c3) as well as
their dehydrated samples (b1—b3, and d1—d3), respectively.
The use of high field of 850 MHz and moderate MAS spinning
rate of 20 kHz allow the detection of tetrahedral (Al;) species
(60—75 ppm) and pentahedral (Al,) species (~25 to ~4$
ppm) in addition to the expectedly abundant octahedral (Aly)
species (with peak centered at about 10 ppm for gibbsites) (a
and b series). A careful comparison reveals no changes on the
Alg line shapes between the as-synthesized and the dehydrated
gibbsites as evidenced in a3 and b3 in Figure 6 and Figure S4.
The peak is asymmetric with a representative shoulder peak
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centered at ~11.8 ppm clearly observed, a typical feature for
the quadrupolar line shape associated with the octahedral site
of the gibbsites at high field of 850 MHz. After dehydration,
the amount of low coordinated Al and Al sites is increased
(Figure S4) likely due to the removal of the surface adsorbed
H,0O molecules that are weakly bound to the surface Al, and
Alp sites. Dehydration allows more bare low coordinated
alumina sites to be detected, a result that is consistent with our
prior observations.”” The relative percentages of Al and Alp
for gibbsites over the entire spectrum by peak integration are
extremely low, i.e, 0.006% (Alr) and 0.2% (Alp) for the as-
synthesized sample, 0.02% (Al;) and 0.5% (Alp) for the
dehydrated gibbsites, indicating that the synthesized gibbsites
are very pure with generally negligible surface defects reflected
by Al and Aly sites. It is also possible that this low density of
lower coordinated Al sites is associated with minor bulk defects
tied to the slight polycrystalline characteristic of the gibbsite
identified by XRD and PDF above.

In contrast to the gibbsite, there are no Al sites detected by
MAS NMR on the boehmite samples even when it is
dehydrated (Figure 6 and Figure S4). However, dehydration
introduces observable line broadening on the Alg peak; the full
width at half-peak heights (FWHP) changes from 634 to 742
Hz for the as-synthesized and the dehydrated samples,
respectively. The peak for Aly is more symmetric compared
to the case of gibbsite, reflecting the increased Al, symmetry in
boehmite. The amount of Al, is slightly increased (Figures S4-
c2 and $4-d2) upon dehydration and the peak center for Alp is
shifted upfield from about 36 to 31 ppm (Figure S4). The
exact reason for this upfield shift of Al, site is unknown but
may be due to the partial rearrangement of the alumina surface
defect sites during the dehydration process. Like the case of
gibbsites, the relative amount of Al is extremely small, i.e.,
only about 0.2% for the as-synthesized and 0.4% for the
dehydrated samples. This result clearly shows that the
synthesized boehmite sample is extremely pure with extremely
small amount of defect Al sites.

FTIR was performed to complement the Al site-level
characteristics of these materials with spectral information
that emphasizes the structural hydroxyl content. Figure SSa
displays the FTIR spectrum for gibbsite. In the hydroxyl
stretching region, three distinct peaks at 3468, 3528, and 3614
cm™' are present, along with a shoulder around 3395 cm™".
The low-frequency hydroxyl region shows a few peaks along
with several shoulders. Other sources report more peaks in
both areas for synthetic gibbsite, though this is likely due to a
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Figure 8. Temperature-dependent (25—350 °C) Raman spectra for (a, b) boehmite and (¢, d) gibbsite.

difference in material size.”>** In fact, the overall spectrum for
gibbsite almost exactly matches that seen for a synthetically
produced gibbsite of a similar size.”’

Figure SSb shows the FTIR spectrum for boehmite. In the
hydroxyl stretching region, two distinct peaks at 3076 and
3281 cm™! are seen along with a small shoulder at 3525 cm™.
In the hydroxyl bending region, there are six distinct peaks
with several shoulders. The shoulder at 3525 cm™ is more
pronounced in natural boehmite samples though Iess
pronounced in synthetic boehmite samples.””®” A few extra
peaks in the hydroxyl bending region are present in natural
boehmite samples but do not seem to be present in synthetic
samples.”” The peak widths are what is expected for the size of
the boehmite sample.

XPS was used to specifically characterize the cleanliness and
composition of the nanomaterial surfaces. Survey XPS scans,
with an information depth generally <5 nm, taken of both
gibbsite and boehmite revealed no detectable impurities other
than the inevitable adventitious carbon, which was used to
charge correct the spectra. One can observe in the inset shown
in Figure 7a the Al 2p peaks at 74.5 eV and the O 1s peaks at
531.6 and 533.2 eV for gibbsite. The peak at 531.6 eV is
attributed to the AI-O—H cluster found within the crystal
structure while the peak at 533.2 eV is attributed to adsorbed
water.”® The oxygen 1s peak for boehmite shows three
contributions: one at 530.7 eV, one at 532.0 eV, and one at
533.3 eV (Figure 7b). The peak at 530.7 eV is attributed to the
Al—O—Al structure and should be in a 1:1 ratio with the peak
at 532.0 eV, which belongs to the structural hydroxyls.”® The
skewed ratio is likely due to an excess of adsorbed water. The
peak at 533.3 eV is due to adsorbed water on the surface.

Thermal Stability. Because of the intrinsic importance of
the water/hydroxyl content to the structural and chemical
quality of these materials, we performed detailed character-
ization of temperature-dependent water loss and correspond-
ing structural response as assessed by Raman spectroscopy.
The mass loss curves and the heat flow curves are shown in
Figure S6 for both gibbsite and boehmite. For gibbsite, a
shallow endotherm corresponding to a mass loss of 0.8%
appears at 100 °C and is likely due to the loss of adsorbed
water, an endotherm only found in synthetic gibbsite.”® Two
more endotherms occur at 265 and 310 °C and correspond to
mass losses of 5.1% and 21.1%, respectively. The second of
these endotherms can be attributed to the formation of
boehmite or a boehmite-like structure, which should give a
theoretical mass loss of 23.1%.°” The final endotherm occurs at
530 °C and corresponds to a mass loss of 34.6% that can be
attributed to the dehydroxylation of the boehmite or a
boehmite-like structure to alumina.®’

The boehmite sample also shows an endotherm at 100 °C
with a mass loss of 0.8% that can thus be attributed to the loss
of adsorbed water. A shallow endotherm follows at 295 °C
with a mass loss of 1.6% and is the start of the dehydroxylation
of boehmite.”® The final endotherm occurs at 520 °C and
corresponds to a mass loss of 12.1%. Dehydroxylation to
alumina is complete by 550 °C.

In situ temperature-dependent Raman spectra are shown in
Figure 8. Boehmite exhibits two strong Raman bands in the
high wavenumber region at 3075 and 3223 cm™' (Figure 8a),
which are assigned to the hydroxyl stretching (u-OH).”””!
Phonon mode analysis indicates that the two peaks correspond
to vibrations in which the H atoms on either side of the Al-O
layer move sympathetically (lower frequency peak) or
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antisympathetically (higher frequency peak). Both bands
undergo a strong red-shift and intensity decreases with
increasing temperature. A measurement taken after cooling
back to room temperature indicated these bands were not
permanently altered by being heated to 350 °C. However, the
fwhm of the bond at 3075 cm™ changed from 52 to 56 cm™,
possibly indicating slightly increased disorder in the interlayer
hydrogen arrangement upon heating. There are two bands in
the hydroxyl translation region seen at 739 and 672 cm™'
(Figure 8b).”” The band at 672 cm™" decreases in intensity and
experiences a red-shift as the temperature is increased while
the band at 739 cm™" is weak and becomes difficult to discern
with increasing temperatures. Both the location and intensity
of these bands are preserved when the sample is cooled back to
room temperature. Three distinct peaks appear in the Al-O
stretching region at 495, 449, and 360 cm™}, and all of them
show a slight decrease in intensity and a red-shift upon heating.
The Raman spectra indicated that no major permanent
changes occur for boehmite up to 350 °C. This result is not
unexpected as the TGA reveals only a 2% mass loss at 350 °C
and no major endotherms prior to that temperature.

Gibbsite contains six crystallographically distinct OH groups
each having Cl1 site symmetry (cf. the Supporting Informa-
tion). Three of them (OH;, OH,, and OH, in the Figure 1a)
parallel to the (001) face to form intralayer hydrogen bonds,
and another three (OH; OHs, and OHg) form interlayer
hydrogen bonds.”” In theory, six OH stretching peaks should
be detected in the Raman spectrum.”” However, there are only
four peaks at 3619, 3524, 3434, and 3362 cm™" observed in the
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u-OH region of gibbsite Raman spectrum (Figure 8c,d). The
O---O distances between interlayer OH groups are shorter than
the one between intralayer OH groups. Shorter O---O
distances lead to stronger hydrogen bonding, which induce
lower OH stretching frequencies. Peaks at 3619 and 3524 cm™!
are composed of OH, and OH,/OH,, respectively, and peaks
at 3434 and 3362 cm™" are composed of OHg and OH,/OHj,
respectively.””’* All u-OH bonds experience a red-shift and a
decrease in intensity as a function of temperature. The fwhm of
the bond at 3619 and 3524 cm™ changed from 25 to 27 cm}
then to 30 and 24 cm™! to 25 cm™), then to 27 cm™),
respectively, when the temperature changed from 25 to 200
°C, and then to 300 °C. This behavior indicates the formation
of disordered structures/defects. However, there were no
obvious changes for the peaks at 3434 and 3362 cm™, which
pointed out the interlayer hydrogen bonds are more stable
than the intralayer hydrogen bonds. When the temperature
increased to 350 °C, both peaks at 3619 and 3524 cm™
disappeared, which agree well with the TGA data and showed
the transformation of the gibbsite to y-alumina."' In the
hydroxyl bending region, two peaks were observed at 1052 and
1024 cm™. There was no shift and the intensity of the peak at
1052 cm™ decreased steadily until it disappeared at 300 °C.
The peak at 1024 cm™" displayed a red-shift with increasing
temperature and disappeared by 300 °C. The hydroxyl
deformation region shows several peaks occurring at 896,
822, 714, 571, 545, and 509 cm™'. The bands at 896 and 822
cm™! experience no shift and slowly decrease in intensity until
disappearing at 350 °C. The peak at 714 cm™" sees a slight red-
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shift and is gone by 250 °C. The bands at 571 and 545 cm™
appear to merge together with increasing temperature. In the
Al-O stretching region, all peaks were observed at 433, 396,
381, 324, 284, 261, and 249 cm™' virtually disappear by 350
°C.

The investigation using temperature-dependent Raman
spectroscopy showed there is no phase transformation of
boehmite when heating up to 350 °C, but there are disordered
structures/defects formed in boehmite nanoparticles after
heating. There are disordered structures/defects formed in
gibbsite nanoparticles when heating to 200 °C and the phase
transformation of gibbsite to y-alumina happens when heating
to 350 °C period. There is no evidence support the formation
of boehmite during the heating.

Surface Area and Aggregation Behavior. Finally, we
extended our characterization study into understanding the
physical behavior of these nanomaterials in aggregate, which
relates back to their bespoke individual particle-level character-
istics. We first analyzed the dry unconsolidated material using
BET. Isotherms for nitrogen adsorption/desorption on
gibbsite and boehmite are presented in Figures S7a and S7b,
respectively. The isotherms do not show major deviations
which is indicative of relatively smooth particles. The specific
surface area as obtained using a multipoint BET methodology
was determined to be 43.9 m*/g for gibbsite and 46.8 m?/g for
boehmite. This may be compared to the calculated geometric
surface areas of around 51 m?/g and 150 m?/g, respectively,
which are based on the measured size and thickness from the
SEM, TEM, and AFM images. The fact that the measured
surface areas are smaller than the calculated geometric values
reflects minor (gibbsite) and substantial (boehmite) aggrega-
tion in these dried powders. SEM (Figure 2a,d), TEM (Figure
2bse), and AFM (Figures S1 and S8) images show that the
aggregation of gibbsite and boehmite nanoplates often
occurred in an aligned fashion along the basal surface normal
direction. In particular, the gibbsite nanoplates frequently
displayed this mutually oriented aggregation (Figure 2a),
suggesting the possibility of relatively strong interparticle van
der Waals attraction, forces that are considered primary
contributors to crystallographically oriented nanoparticle
attachment.”

We performed SANS to investigate the grain size and
aggregation behavior of the gibbsite and boehmite nanoplates
dispersed in aqueous suspension. SANS results indicate that
the size distribution of the gibbsite is somewhat broader than
that for boehmite. As shown in Figure 9a, several different size
distributions were observed. These appear to be largely
separate rather than representing a broad polydisperse
distribution. As with the boehmite, there were relatively few
larger aggregates formed in this sample, although their
concentration is about an order of magnitude larger (Figure
9b). Peaks for radii near 100 A likely represent the radius of
the boehmite plates, suggesting a fairly narrow size
distribution.

B CONCLUSIONS

Structurally and chemically precise gibbsite and boehmite
nanoplates have been synthesized with controlled sizes of
~280 and ~35 nm, respectively, as part of a larger synthesis
campaign that is developing flexible and additive-free protocols
for systematically tunable aluminum (oxyhydr)oxide nanoma-
terials. Using a comprehensive integrated set of analytical
capabilities, this study demonstrates that these protocols yield
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materials that are essentially ideal for fundamental research on
the chemical and physical properties of gibbsite and boehmite
for diverse applications. Major conclusions can be summarized
as follows. First, the nanoscale morphology is precisely
controlled over a narrow size and shape distribution, with
particle characteristics readily relatable back to their nominal
atomic-scale crystal structures. Second, the materials are
compositionally pure, both in the bulk and at their surfaces,
to the limits associated with air contact. Third, they contain
minimal to no detectable structural defects. Finally, their
thermal stabilities are consistent with expectations for the pure
bulk phases, including expected phase transitions, such that
there appears to be no special nanoscale physics in play in
these particles at these dimensions. These materials can
therefore be viewed as homogeneous single-phase materials at
the individual particle level, on average. It can thus now be
claimed that chemically and structurally ideal gibbsite and
boehmite nanoparticles of controlled uniform size and shape
can now be readily produced for synthesis of advanced alumina
products, using additive-free synthesis protocols that motivated
the current comprehensive characterization study.
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