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ABSTRACT: Five-coordinated Als (Al(V)) on the surface of aluminas play
important roles when they are used as catalysts or catalyst supports. However,
the comprehensive characterization and understanding of the intrinsic
structural properties of the Al(V) remain a challenge, due to the very small
amount in commonly used aluminas. Herein, the surface structures of γ-Al2O3
and Al(V)-rich Al2O3 nanosheets (Al2O3−NS) have been investigated and
compared in detail by multinuclear high-field solid-state NMR. Thanks to the
high resolution and sensitivity of ultra-high-field (up to 35.2 T) NMR, the
arrangements of surface Als were clearly demonstrated, which are substantially
different from the bulk phase in γ-Al2O3 due to the structure reconstruction. It
reveals for the first time that most of the commonly observed Al(V)s tend to
exist as aggregated states on the surface of γ-Al2O3, like those in amorphous
Al2O3−NS liable to structure reconstruction. Our new insights into surface
Al(V) species may help in understanding the structure−function relationship of alumina.

■ INTRODUCTION

Transition aluminas with different structures and morphologies
have been widely used as catalytic materials. As a typical
alumina with high surface area and thermal stability, γ-Al2O3
has shown extensive applications in hydrodesulfurization,
syngas to methanol, DeNOx, and propane dehydrogenation
reactions as industrial catalyst supports.1,2 The intrinsic Lewis
acid sites (three-, four-, and five-coordinated Al) in γ-Al2O3
confer them with good acid catalytic properties for alcohol
dehydration, olefin isomerization reactions, etc.1 Because of its
important practical applications, extensive studies on the
structure of surface Al and hydroxyl species have been carried
out utilizing infrared spectroscopy (IR), solid-state NMR
spectroscopy, high-resolution transmission electron micros-
copy (TEM), temperature-programmed desorption, as well as
theoretical calculations, to get a deeper understanding of the
active sites for catalytic reactions and anchor sites when they
are used as catalysts or catalyst supports.3−10 Nevertheless, the
intrinsic low crystallinity makes detailed structural character-
ization of Al on the surface of γ-Al2O3 at the atomic level
extremely challenging.11−13 Five-coordinated Al (Al(V)),
claimed as “Super 5”, is a very important surface Al species
for both the active site for dehydration reactions and the
anchor site for loading catalysts.4 For example, the surface
Al(V) Lewis acid sites are ascribed to the active sites for
alcohol dehydration reaction.14,15 It is also suggested that
Al(V)s on alumina are the binding sites of active metal atoms
such as Pt, Pd, Ru, etc.16−20 Indeed, various Al2O3 with

abundant Al(V) were synthesized and proved to be good
catalysts or catalyst supports.21−24 Besides, Al(V) on the
surface of γ-Al2O3 was also found to be very critical for phase
transformation from γ-Al2O3 to α-Al2O3, which is strongly
related to its thermal stability as catalyst support.21,25

Theoretical calculations demonstrate that Al(V)s exist on
both the (100) surface and microfacets (111) in the
reconstructed surface of γ-Al2O3.

26−29 Very recently, it was
proposed that the macroscopically defined (110) surfaces in
rhombus-platelet γ-Al2O3 can be reconstructed into (111) and
(100) segments, where Al(V) was derived from six-
coordinated Al (Al(VI)) at the (100) surface by removal of
hydroxyl groups.30 However, the intrinsic structure related to
Al(V) of γ-Al2O3 is far from well-known, as it is a very small
amount in γ-Al2O3, while almost all the reported Al(V)-rich
aluminas are in the amorphous phase.
Solid-state NMR spectroscopy is a very powerful tool for

exploring the local structure of materials at the atomic level
regardless of their crystalline or amorphous properties.31−33

Various 27Al NMR techniques including 27Al MAS, 1H−27Al
CP/MAS, 1H−27Al HMQC, 27Al DQ, and MQ MAS NMR
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have been used to study alumina materials.4,34 For commonly
used γ-Al2O3, Al(V) presents only on the surface and in a very
small amount, and its contribution to the signals in the one-
pulse 27Al MAS NMR spectra is negligible and difficult to
study in detail.35 Recently, it was reported that 1H−27Al
HMQC or CP/MAS NMR can significantly enhance the
signals of Al(V), and two kinds of Al(V) species with
significantly different quadrupolar coupling constants (Qcc)
(10 MHz Vs 1−3 MHz) were proposed.36−38 However,
suffering from low intensity and spectral broadening for 27Al
NMR, very few detailed studies on the intrinsic structures
related to these Al(V) species have been reported. With the
advance of ultra-high-field NMR technology, the detection
sensitivity and spectral resolution of the quadrupolar nucleus
can be significantly enhanced, providing an opportunity for
detailed characterization of Al(V).
Herein, we carried out a comparative investigation on

Al(V)-rich Al2O3−NS and γ-Al2O3 thermally treated under

conditions similar to their practical applications, to elucidate
the structural characteristics of Al(V) in γ-Al2O3. Benefiting
from the significantly enhanced sensitivity and resolution of
the ultra-high field up to 35.2 T, 27Al−27Al DQ/SQ correlation
NMR experiments allowed us to explore direct Al−O−Al
connections on the surface of γ-Al2O3. By using advanced
multinuclear and multidimensional MAS NMR techniques,
surprisingly similar features regarding the coordination
environment of surface Als and their corresponding hydroxyl
groups, selective removal of hydroxyl groups, as well as the
distribution of Al(V), were unraveled for γ-Al2O3 and Al2O3−
NS.

■ RESULTS AND DISCUSSION

TEM images and XRD patterns of γ-Al2O3 and Al2O3−NS are
shown in Figure S1 and S2, respectively. γ-Al2O3 shows
irregular aggregates of nanocrystals, and Al2O3−NS shows a
long thin sheet morphology as the amorphous phase similar to

Figure 1. 27Al MAS NMR spectra and the corresponding deconvolutions of pristine (bottom) and dehydrated aluminas at 350 °C (middle) and
550 °C (top), γ-Al2O3 (a) and Al2O3−NS (b), acquired at 18.8 T and MAS rate of 20 kHz. Note that the absolute errors for the deconvolution are
±0.2% for Al(V) and ±1% for Al(V, VI) in γ-Al2O3, while for Al2O3−NS, the absolute errors are about ±3% due to the spectral overlap.

Figure 2. 1H MAS NMR spectra of pristine (bottom) and dehydrated aluminas at 350 °C (middle) and 550 °C (top), γ-Al2O3 (a) and Al2O3−NS
(b), recorded at 18.8 T and MAS rate of 20 kHz.
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previous reports.39 27Al MAS NMR spectra of γ-Al2O3 and
Al2O3−NS before and after dehydration at different temper-
atures and the relative amount of each Al species analyzed by
dmfit software according to 27Al MQ MAS NMR (Figure S3)
are shown in Figure 1.40 The pristine γ-Al2O3 (Figure 1a)
shows two main peaks at 11 and 69 ppm and minor signals at
35 ppm, corresponding to six(VI)-, four(IV)-, and five(V)-
coordinated Al, respectively. After dehydration at 350 and 550
°C, there is only a slight decrease of Al(VI) accompanied by
the increase of Al(IV). As only a very small amount of Al(V) is
present in γ-Al2O3, the quantitative analysis of this Al species is
challenging, and opposite trends were reported during the
dehydration or preparation of catalysts.16,41,42 In contrast, for
pristine Al2O3−NS (Figure 1b), there is significant signal
intensity for the Al(V) at 37 ppm, and the signal of Al(VI)
appears at a relatively higher field near 7 ppm. After
dehydration at 350 °C, the relative amount of Al(VI) decreases
significantly and Al(V) becomes dominant (about 50%). More
specifically, the Al(VI) decreases by about 36%, Al(V) and
Al(IV) species increase by about 23% and 13%, respectively.
The results clearly demonstrate that Al(V) may be formed
from the hydration of Al(IV) or dehydration of Al(VI).
Although a very small change of the amount of Al(V) for γ-
Al2O3 was seen, its signal was broadened significantly upon the
dehydration treatment (Figures 1a and S3a−c). It suggests that
Al(V) is different for γ-Al2O3 under different dehydration
status, implying some Al(V) was transformed into Al(IV) and
also formed from Al(VI) simultaneously.

1H MAS NMR spectra of pristine and dehydrated Al2O3
samples are shown in Figure 2, where the intensity or vertical
scale is normalized to the sample weight. The pristine γ-Al2O3
and Al2O3−NS show signals of hydrogen-bonded and
physisorbed water at 4.5 and 4.8 ppm, respectively.41 After
dehydration at 350 °C, for both γ-Al2O3 and Al2O3−NS, three
main groups of signals are observed at −0.2 to 0.3, 0.8 to 2.0,
and above 2.5 ppm, corresponding to isolated terminal,
double-, and triple-bridged hydroxyl groups, respectively.36 It
is noted that the major signals of hydroxyl groups in Al2O3−

NS near 0.3 and 2.0 ppm are also present in γ-Al2O3. However,
the relative intensities are different, and specifically, the major
signal of the terminal hydroxyl locates at 0.3 ppm for Al2O3−
NS but −0.2 ppm for γ-Al2O3, and the main double-bridged
hydroxyl groups present at 2.0 ppm for Al2O3−NS but 1.6 ppm
for γ-Al2O3. When elevating the dehydration temperature to
550 °C, most hydroxyl groups (∼70% according to integrated
area compared with 350 °C dehydrated sample) were desorbed
for Al2O3−NS. On the contrary, only the signals at 0.3, 1.6,
and ∼3.0 ppm hydroxyl groups on γ-Al2O3 decrease
apparently. The results clearly indicate that the surface
hydroxyl groups in γ-Al2O3 have significantly different thermal
stability, although the overall stability is much better than
those of amorphous Al2O3−NS.
In order to probe the spatial distribution of different

hydroxyl groups on the alumina surface, 1H−1H DQ/SQ
correlation NMR experiments were further carried out, and the
spectra are shown in Figure 3. The correlation peaks mean that
the spin pairs have close spatial proximity. It is worth noting
that the terminal hydroxyl groups (−0.2 to 0.3 ppm) in γ-
Al2O3 show very weak autocorrelation signals (i.e., signals
arising from chemically equivalent species in close proximity)
along with the diagonal, and a very weak correlation peak (2.0
ppm, 0.3 ppm) was also observed. Three strong correlation
peaks between terminal hydroxyl and double-bridged hydroxyl
groups (A: −0.2 to 0.3 ppm, 1.6 ppm), double-bridged and
double-bridged hydroxyls (B: 1.2 ppm, 1.6 ppm), as well as
triple-bridged hydroxyl groups and double-bridged hydroxyl
(C: 2.5−5 ppm, 1.6 ppm) are observed. The results
demonstrate that the double-bridged hydroxyl at 1.6 ppm
correlated with all the other hydroxyl groups in γ-Al2O3. As for
Al2O3−NS, strong autocorrelation peaks were observed for
terminal (D: 0.3 ppm, 0.3 ppm) and double-bridged hydroxyl
groups (E: 1.2 ppm, 1.2 ppm). In addition, the spatial
proximities between the terminal hydroxyl and bridged
hydroxyl groups (F: 2.0 ppm, 0.3 ppm) and double-bridged
hydroxyl groups (G: 1.6 ppm, 2.0 ppm) were observed. It is
worth noting that both samples show strong correlations for

Figure 3. 1H−1H DQ/SQ correlation NMR spectra of 350 °C dehydrated γ-Al2O3 (a) and Al2O3−NS (b) acquired at 18.8 T and MAS rate of 20
kHz. The BABA sequence was used for 1H−1H dipolar recoupling, and the mixing time was 0.4 ms.
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the signals near 1.2−2.0 ppm (B and G), which means that
these double-bridged hydroxyl groups have close spatial
proximity to each other. The proximity of hydroxyl groups
may accommodate the dehydration process at high temper-
atures. For instance, the hydroxyl groups at 1.2−1.6 ppm are
mainly hydroxyl groups removed after 550 °C dehydration for
γ-Al2O3, as shown in Figure 2a. This is also the case for Al2O3−
NS, where most hydroxyl groups were removed after 550 °C
dehydration, due to the spatial proximity for all of them.
The information on connectivity between hydroxyl groups

and surface Al species can be obtained by performing 2D
1H−27Al correlation NMR spectroscopy, where the through-
space D-RINEPT (refocused insensitive nuclei enhanced by
polarization transfer)43,44 method was used. Both 27Al and 1H
detected 1H−27Al D-RINEPT NMR spectra were acquired, as
shown in Figure 4. 27Al detected 1H−27Al D-RINEPT
spectrum of dehydrated γ-Al2O3 (Figure 4a) indicates that
the terminal hydroxyl groups at −0.2 ppm correlate with
Al(IV), and the double-bridged hydroxyl groups at 1.6 ppm
correlate with Al(V) and Al(VI), while the double-bridged
hydroxyl groups near 2.0 ppm correlate with Al(IV). The
triple-bridged hydroxyl groups above 2.5 ppm are mainly

correlated with Al(VI). These results are consistent with
previous reports.36 Thanks to the higher sensitivity and
resolution of 1H dimension in the 1H detected D-RINEPT
spectrum (Figure 4b), additional correlations can be
unambiguously discriminated between terminal hydroxyl
groups at 0.3 ppm and Al(IV). Moreover, the correlation
peak between triple-bridged hydroxyl groups above 2.5 ppm
and Al(V) was also observed. In comparison, on the surface of
Al2O3−NS (Figure 4c), the terminal hydroxyl groups at 0.3
ppm correlate with both Al(IV) and Al(V), while double-
bridged hydroxyl groups at 2.0 ppm correlate with all Al(IV),
Al(V), and Al(VI), whereas the 1H detected D-RINEPT
spectrum (Figure 4d) shows that the double-bridged hydroxyl
groups at 1.6 ppm mainly correlate with Al(VI) and the triple-
bridged hydroxyl groups above 2.5 ppm mainly correlate with
Al(V). It is worth noting that all the hydroxyl−aluminum
correlations in Al2O3−NS are observable in γ-Al2O3 (clearly
shown in 1H detected D-RINEPT spectra Figure 4b and d),
and the only difference is that they have different relative
intensities, whereas 1H−27Al D-RINEPT spectra of both
pristine samples (Figure S4) indicate that surface Al(IV) and

Figure 4. 1H−27Al D-RINEPT correlation NMR spectra of 350 °C dehydrated γ-Al2O3 (a,b) and Al2O3−NS (c,d) using 27Al (left) and 1H (right)
detection acquired at 18.8 T and MAS rate of 20 kHz. The dipolar recoupling SR41

2 sequence was applied during the mixing periods, and the
optimized recoupling times were 0.6 and 1.0 ms for 27Al and 1H detected D-RINEPT NMR experiments, respectively.
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Al(V) show similar features with signifcantly narrower 27Al
peaks due to smaller QCC.
In order to obtain the information on the connectivity of Al

with different coordination environments for pristine and
dehydrated Al2O3,

27Al−27Al DQ/SQ NMR experiments were
further carried out. It should be noted that 27Al−27Al DQ/SQ
NMR signals are very sensitive to Al−Al distance (see Figure
S5 for details). As shown in 27Al−27Al DQ/SQ NMR spectra
of γ-Al2O3 with different RF carrier frequencies (Figure S6a−
c), although the DQ excitation efficiency is also affected by the
carrier frequency, it can still be concluded that Al(VI) was
spatially correlated with Al(IV), indicative of the off-diagonal
peaks, and also strongly autocorrelated, indicative of the
diagonal peak. In contrast to the previous report, the weak
correlation among Al(IV) was also observed when the center
of RF was moved near Al(IV).45 The absence of all correlation
peaks related to Al(V) may be due to its very small amount in
γ-Al2O3 and large quadrupolar interaction. In comparison,
27Al−27Al DQ/SQ NMR spectrum of Al2O3−NS (Figure
S6d−f) demonstrates that each aluminum species has
autocorrelation, and the correlations with the other two Al
species, similar to previously reported Al(V)-rich amorphous
mesoporous alumina utilizing the dynamic nuclear polarization
(DNP) technique.46 It means that all the connectivities among
Al(VI), Al(V), and Al(IV) exist for amorphous mesoporous
alumina and Al2O3−NS, but the question whether Al(V) on
the surface of γ-Al2O3 has similar features as Al2O3−NS
remains to be answered. In order to have efficient NMR
sensitivity and resolution, we further carried out 27Al MAS and
DQ/SQ NMR experiments for dehydrated γ-Al2O3 and

Al2O3−NS at the currently accessible highest field (35.2 T)
spectrometer, and the corresponding spectra are shown in
Figure 5. As shown in 1D 27Al MAS NMR spectra (Figure
5a,b), the significantly enhanced spectral resolution was
achieved at the ultrahigh magnetic field. Note that the five-
coordinated Al takes 3.5% (±0.2%) of total Als γ-Al2O3, which
is slightly different from that derived at 18.8T (Figure 1), and
the similar slight deviation was observed for Al2O3−NS. It
should be expected that the significantly improved spectral
resolution at ultra-high field can lead to higher accuracy on
quantitative analysis. For the 27Al−27Al DQ/SQ spectrum
(Figure 5c), autocorrelations of Al(IV) and Al(VI) and
correlation between Al(IV) and Al(VI) from bulk phase
were observed to be similar to that of pristine γ-Al2O3.
Surprisingly, Al(V) in γ-Al2O3 presents a strong autocorrela-
tion peak comparable to much more abundant Al(IV) and
Al(VI), even though it only accounts for 3.5% of the total Al
(Figure 5a), which was never observed even using the DNP
NMR technique.35 In addition, the correlation peak between
Al(V) and Al(IV) is also observed. Note that with the RF
carrier frequency closer to Al(VI), the correlation peaks with
Al(VI) become stronger, and the weak correlation between
Al(V) and Al(VI) can also be observed (Figure S7). For
dehydrated Al2O3−NS, the 27Al−27Al DQ/SQ NMR experi-
ment (Figure 5d) demonstrates that Al(V) and Al(IV) have
strong autocorrelation signals, as well as a strong correlation
between them. However, weak autocorrelation peaks were
barely observed for Al(VI) due to the resonance offset.
Compared with the 27Al 1D MAS NMR spectra of γ-Al2O3 and
Al2O3−NS, there is a significant enhancement of 27Al DQ

Figure 5. Ultra-high-field 2D 27Al−27Al DQ/SQ correlation (bottom) and corresponding 1D 27Al MAS NMR spectra (top) of 350 °C dehydrated
γ-Al2O3 (a,c) and Al2O3−NS (b,d) acquired at 35.2 T and MAS rate of 30 kHz. The BR22

1 sequence with RF field strength of 15 kHz was used for
27Al−27Al dipolar recoupling, and the recoupling time was 0.8 ms.
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MAS NMR signals of Al(V) for γ-Al2O3 but not for Al2O3−NS,
although the RF carrier frequencies for both samples are the
same. Therefore, the RF carrier frequency does not play a
dominant role at this point. Since Al(V) were proposed to only
exist on the surface of γ-Al2O3, the presence of these
correlation peaks of surface Al species (Al(V)−Al(V),
Al(V)−Al(IV), Al(V)−Al(VI)) highly suggests that these
spin pairs have closer spatial proximity than those in the
bulk phase. It is in accordance with previous reports that the
enhanced contrast of surface in TEM images was due to the
modified surface structures with excess cations (more dense
Al3+) at the surface of γ-Al2O3.

47 These 27Al−27Al DQ/SQ
NMR results clearly illustrate that Al(V) in γ-Al2O3 have the
same characteristics as Al2O3−NS with respect to Al
connectivities (highlighted by red in Figure 5); that is, Al(V)s
are spatially autocorrelated and also correlated with Al(IV).

1H−1H DQ/SQ and 1H−27Al D-RINEPT NMR demon-
strate that the connectivities between Al and hydroxyl of γ-
Al2O3 contain all the features that are present on Al2O3−NS.
27Al−27Al DQ/SQ NMR results suggest that the Al−O−Al
connectivities found in Al2O3−NS (highlighted by red in
Figure 5) are also included in γ-Al2O3 excluding bulk Al(VI)−
Al(VI) and Al(IV)−Al(VI) connectivities. All these results
allow us to infer that the surface structures related to Al(V) in
γ-Al2O3 should be similar to those in Al2O3−NS. For both γ-
Al2O3 and Al2O3−NS, various Al(V)s should exist: (1) Al(V)
from Al(IV) due to adsorption of water; (2) Al(V) from
Al(VI) after dehydration by removing bridged hydroxyls.
Possible models for the formation of Al(V)s are demonstrated
in Scheme 1a−e, while only Al(V)s with smaller quadrupolar
interaction are observed in 27Al MQ MAS NMR (Figure S3).
Two kinds of Al(V)s were proposed from 1H−27Al HMQC/
CP MAS NMR, i.e., one with strong quadrupolar interaction
(10 MHz); the other with weak quadrupolar interaction (1−3
MHz) for dehydrated γ-Al2O3.

36,38 Theoretically, Al(V)s with
square pyramidal structure are mainly present on the surface of
(100), where only Al(V)s were exposed.28,30 Al(V)−O−Al(V)
(derived from Al(VI) by dehydration with the shortest Al−Al
distance, Scheme 1a) connectivities at the surface of (100) can
well explain the strong autocorrelation of five-coordinated Al in
27Al−27Al DQ/SQ NMR. If Al(V)s with square pyramidal
structure were mainly derived from the dehydration of surface
Al(VI)s with terminal hydroxyl groups after dehydration above

375 °C as previously reported,30 the correlation peaks between
Al(VI) and terminal hydroxyl groups should be clearly
observed in 1H−27Al D-RINEPT NMR at moderate
dehydration temperature of 350 °C. On the contrary, the
1H−27Al D-RINEPT NMR results indicate that the terminal
hydroxyl groups are mainly correlated with Al(IV) and Al(V)
(Figure 4). In fact, Al(V) species with high symmetry were
proposed to exist and even observed in liquid solutions, and
they are also stable on the surface of hydrated alumina.48−50

Al(V) in γ-Al2O3 exposed at ambient conditions might be
mainly from the Al(IV) after adsorption of water (Scheme 1b),
which shows symmetric signals in 27Al MAS NMR (Figure 1
and Figure S4). The surface reconstruction via the removal of
bridged hydroxyl groups of Al(VI)s also forms Al(V)s (Scheme
1c,d) with strong quadrupolar interactions (Figure 1 and
Figure 4) on γ-Al2O3, which should be another reasonable
explanation for the formation of the Al(V) dominant structure
upon the dehydration, as revealed by 1H MAS NMR and
predicted by theoretical calculations.51 As is clearly shown in
27Al MAS NMR, the dehydration treatment leads to the
structural reconstruction in Al2O3−NS, where about 77%
Al(VI) was transformed into Al(IV)/Al(V). Once most of the
hydroxyl groups were removed, no significant changes of Al
coordination status were observed upon further dehydration
even at 550 °C. Moreover, when Al2O3−NS was wetted by
water, almost all the Al(IV)s and Al(V)s could be transformed
into Al(VI) (Figure S8). The flexibility of Al coordination for
Al(V)-rich alumina was also previously reported for ρ-alumina,
which was too sensitive to moisture to be transformed into
hydroxides and oxyhydroxides with Al(VI).4,52 It was further
confirmed by 1H−27Al D-RINEPT spectra that the surface Al
experience significantly different quadrupolar interactions for
both samples in pristine and dehydrated status (Figures 4 and
S4). Therefore, the structures of most Al(V) at the surface of γ-
Al2O3 are highly similar to the Al(V) dominant structures such
as amorphous Al2O3−NS. Indeed, very high Al(V) content was
reported on the deposited amorphous Al2O3 thin films as well
as mechanically milled γ-Al2O3.

21,53,54 In fact, we can roughly
estimate that the relative amount of Al(V) on the surface of γ-
Al2O3 can reach up to 26% via ultra-high-field 1H−27Al
HMQC NMR spectra (Figure S9), which is an appreciable
amount of the total surface Al. Our findings on the
extraordinary coordination environment, Al(V) related con-

Scheme 1. Proposed Models for the Formation of Five-Coordinated Al
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nections, and viable structure reconstruction may confer
distinct roles on Al(V) for active sites, binding sites, or as
nucleation center for sintering of alumina.15,16,25

■ CONCLUSIONS
The structural properties of Al(V) species in alumina were
comprehensively studied by a combination of high-field
multinuclear and multidimensional MAS NMR. The results
demonstrate that amorphous Al2O3−NS can be a representa-
tive phase to the commonly observed surface Al(V) in γ-Al2O3.
Quantitative 27Al MAS NMR indicates the flexible coordina-
tion numbers of Al changing from six, five, to four for both
aluminas. 1H MAS and DQ/SQ NMR data demonstrate the
hydroxyl groups on the surface of γ-Al2O3 with close spatial
proximity that are viable to be removed under high-
temperature dehydration resulting in surface structure
reconstruction. Moreover, it is evidenced for the first time
that most Al(V) species tend to aggregate into Al(V) domains
on the surface of γ-Al2O3 like Al2O3−NS, rather than
tetragonal pyramid coordination on the (100) surface
previously predicted from theoretical models. It is believed
that these new insights into surface Al(V) species would help
to understand the structure−function relationship of Al2O3
when used as catalyst and catalyst supports.
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