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ABSTRACT: 17O solid-state NMR spectroscopy is widely used to
investigate metal oxide surfaces and is increasingly recognized for
the unique insights into surface structures. Given the low natural
abundance of the 17O nucleus (0.037%), 17O surface-selective
isotopic labeling is commonly employed in relevant studies.
Conventional thermal treatment (CTT)-labeling methods rely on
rapid 17O/16O exchange may yield insufficient labeling on less
reactive surfaces. Our approach uses atomic layer deposition
(ALD) epitaxial growth to directly deposit 17O onto metal oxide
surfaces regardless of surface reactivity. This method minimizes the
formation of excessive surface hydroxyl groups, reducing over-
lapping NMR signals and enabling better 17O NMR identification
of hydroxyl groups, as observed in Al2O3. Moreover, heteronuclear
27Al{17O} J-HMQC NMR analysis reveals that the CTT method
creates more correlations between penta-coordinated Al sites and hydroxyl groups in Al2O3 compared to ALD, indicating that the
labeling techniques vary in their effectiveness at different surface sites.

Surface oxygen ions in metal oxides play a crucial role across
various fields, including heterogeneous catalysis,1 chemical

sensing,2 environmental remediation,3 solar fuel photocatal-
ysis,4 and battery technologies.5 Therefore, deciphering these
surface structures at the atomic scale to establish correlations
with observed properties has been a focal point of research for
many years.6−8 In contrast to traditional surface determination
methods that rely on high vacuum, such as microscopy,9 which
only probe a limited area of a particle and lack volume-
averaging capabilities, 17O solid-state nuclear magnetic
resonance (ssNMR) has emerged as a complementary
technique that is capable of providing site-specific insights
representing the entire sample, even under atmospheric
pressure conditions.6,10,11 However, the extremely low natural
abundance of the only NMR-active stable oxygen isotope, 17O,
presents a significant challenge to its widespread usage in many
scenarios.12,13 Over the past 3 decades, significant advance-
ments have been made in developing isotopic labeling
strategies to increase the concentration of the 17O nucleus in
the target samples under investigation.6,12 These strategies
include ionothermal synthesis using 17O-enriched water
(H217O),

14 high-temperature thermal treatment with 17O-
enriched oxygen gas (17O2) at temperatures of 673 K or
higher,15 and mechano-synthesis using H217O in a ball-milling

apparatus.16 Nevertheless, these methods predominantly label
the bulk, leading to limited selectivity for the surfaces, which is
crucial for applications in adsorption and catalysis. In 2015,
Wang and co-workers17 demonstrated a surface-selective
enrichment approach using ceria nanomaterials as an
illustrative example, with H217O coupled with thermal
treatment at relatively low temperatures (less than 373 K).
Since then, the combined approach of this labeling method
with 17O solid-state NMR spectroscopy and density functional
theory calculations to investigate the detailed surface structure
of metal oxides and related gas adsorption/activation has
become increasingly popular.18−27 However, this conventional
thermal treatment (CTT)-labeling method highly relies on
surface reactivity,6 which limits its broader applicability.
Therefore, there is a pressing need to develop alternative 17O
surface-selective labeling approaches.
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Atomic layer deposition (ALD) is a technique for controlled
surface fabrication characterized by its atomic-level growth
control. It involves exposing a substrate to alternating chemical
vapors, allowing reactions to occur in a self-limiting and
sequential manner.28−31 This technology is notable for its
precise thickness control and excellent uniformity across
surfaces.28 Specifically, ALD utilizes highly reactive metal−
organic compound precursors that react with water to enable
the epitaxial growth of many oxides, such as MgO,32 ZnO,33

and Al2O3.
34 In this study, we developed a method for efficient

17O surface-selective labeling using ALD. This technique
involves a single reaction cycle where metal−organic
compounds react with H217O, ensuring that the majority of
17O is incorporated into the surfaces rather than the bulk. By
conducting high-field and two-dimensional correlation 17O
NMR measurements, we were able to detail the surface
structures of Al2O3 under different labeling schemes. This
study introduces an alternative 17O surface-selective labeling
approach to reveal the surface structures of metal oxides.
Extending this ALD-based 17O-labeling approach to investigate
the detailed surface structures of other metal oxides can be
readily envisaged. Many metal oxide surfaces, such as TiO2,
MgO, ZrO2, HfO2, ZnO2, Ta2O5, Nb2O5, and V2O5,

32−34 can
be deposited by ALD using H2O as the oxygen source.
Additionally, it highlights the importance of selecting
appropriate labeling schemes for tailoring different surface
sites.
In a typical 17O-labeling procedure using ALD, an

organometallic precursor [such as Mg(CpEt)2,
32 Zn-

(CH2CH3)2,
33 Al(CH3)3,

28,34 etc.] reacts with the original
hydroxyl groups on the surface of the metal oxide particles, all
within a controlled temperature and vacuum chamber. The
ALD process comprises three steps (Figure 1): (1) A short

pulse of the organometallic precursor reacts with the
substrate’s hydroxyl groups, forming M−O−M(CH3)x−1
species (where M represents the metal element and x is its
valence state) and the byproduct of gaseous CH4. (2) A purge
of H217O converts M−O−M(CH3)x−1 into 17O-labeled M−
O−M(OH)x−1 [abbreviated by M−O−M(17OH)x−1] and
continues to release the byproduct of gaseous CH4. (3) The
M−O−M(17OH)x−1 species are usually converted into 17O-
labeled M2

17Ox layers through dehydroxylation processes at
elevated temperatures. Unlike traditional ALD processes in
which multiple cycles are used to form a relatively “thick” layer,
this ALD-based labeling method completes in a single cycle,
depositing one layer onto the surface of metal oxides. In
contrast to the CTT approach (Figure S1), which relies on the

rapid exchange of lattice oxygen (16O) with adsorbed H217O,
the ALD method employs highly reactive organometallic
precursors that directly incorporate 17O anions into the surface
lattice and, therefore, does not depend on surface reactivity.
To demonstrate the feasibility of the proposed ALD-based

17O surface-selective labeling scheme, Al2O3, a metal oxide
crucial for heterogeneous catalysis,35−37 is employed as a
model to illustrate this approach. Its surface hydroxyl groups
and aluminum cations serve as Brønsted and Lewis acidic sites,
respectively, which are essential in facilitating many hydration
and dehydration reactions.28 Al2O3 nanoparticles were
prepared by annealing boehmite colloidal powders and were
then subjected to 17O labeling with ALD (one cycle; see
methods) and CTT methods, respectively. The resulting
samples were named ALD-Al2O3 and CTT-Al2O3 according to
the labeling scheme. The powder X-ray diffraction (XRD)
patterns depicted in Figure S2 reveal minimal distinctions and
can be collectively indexed as Al2O3. This observation suggests
that the labeling processes did not alter the bulk structure.
High-resolution transmission electron microscopy (HRTEM)
images (Figure S3) reveal that these labeled nanoparticles
present dimensions ranging from approximately 2 to 6 nm in
width. The Brunauer−Emmett−Teller (BET) surface areas of
ALD-Al2O3 and CTT-Al2O3 (Figure S4a and Table S1) are
measured as 172.4 and 195.4 m2 g−1, respectively, while their
average pore sizes remain consistent at around 5.5 nm (Figure
S4b). Potential impurities containing carbon or nitrogen
originating from the boehmite colloidal precursor or the
surrounding environment are not discernible through 13C{1H}
cross-polarization (CP) magic angle spinning (MAS) NMR, as
illustrated in Figure S5, nor through elemental analysis, as
indicated in Table S1. Thus, surface impurities can be
disregarded in a subsequent investigation.
17O MAS NMR measurements on ALD-Al2O3 (Figure 2a)

and CTT-Al2O3 (Figure 2b) were then conducted at two field
strengths of 19.6 and 9.4 T, respectively. Because the NMR
shift and line width of a quadrupolar nucleus (spin number I >
1/2, such as 17O and 27Al) depend on the strength of the
applied magnetic field (i.e., a higher field gives rise to a
resonance with the center of gravity at a higher frequency and a
narrower line width),38 the 17O NMR signals exhibit noticeable
shifts and a reduction in overall line broadening at 19.6 T
compared to those observed at 9.4 T. The moderately broad
17O signals at 11 ppm for ALD-Al2O3 and 10 ppm for CTT-
Al2O3 at 19.6 T, respectively, shifting to −45 and −23 ppm at
9.4 T, can be attributed to hydroxyl groups on the surfaces of
Al2O3 according to previous studies;

39 the peak at 48 ppm at
19.6 T, which shifts to 40 ppm at 9.4 T in both samples, can be
ascribed to the surface tri-coordinated oxygen anions (O3Cs);

39

and the shoulder peak at 68 ppm, which remains unaffected by
both the field strength and labeling method, can be assigned to
the surface tetra-coordinated oxygen anions (O4Cs).

39 Notable
differences in NMR shifts are observed for the hydroxyl groups
and O3Cs at different magnetic fields, stemming from
substantial quadrupolar interactions. Conversely, the similarity
in the frequencies of the signals due to the presence of O4Cs at
19.6 and 9.4 T is associated with their very small quadrupolar
interaction. In contrast to the prominent 17O signals observed
in CTT-Al2O3 (10 ppm at 19.6 T and −23 ppm at 9.4 T),
which originate from surface hydroxyl species, the intensities of
these signals in ALD-Al2O3 (11 ppm at 19.6 T and −45 ppm at
9.4 T) are relatively low, suggesting that the ALD-labeling
approach introduces fewer hydroxyl groups. Using the same

Figure 1. Schematic of the ALD-assisted 17O surface-selective isotopic
labeling scheme. “M” refers to the complexed metal cation.
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batch of the unenriched γ-Al2O3 substrate, we prepared a
second ALD-Al2O3 sample under identical ALD conditions.
Figure S6 compares its 17O NMR spectrum (recorded at 19.6
T) with that shown in Figure 2a. The similar shifts, signal to
noise, and line widths in both spectra demonstrate that our
ALD-labeling scheme is reproducible.
Nevertheless, despite employing ALD labeling and high-field

recording (19.6 T), the resolution of 1D 17O NMR remains
insufficient for distinguishing distinct hydroxyl species. This
limitation is likely due to the broadening caused by wide
chemical shift distributions resulting from hydrogen bonds and
moderately large quadrupolar interactions. We subsequently
conducted 2D multiple quantum MAS (MQMAS)37 NMR
experiments, which are powerful for removing second-order
quadrupolar line broadening (Figure 3 and Figure S7).
According to the observed shifts at F2 and F1 dimensions
[illustrated by (δF2, δF1), where δF2 is equivalent to the center
of gravity (δCG) shown in the 1D spectra in Figure 2], NMR
parameters, including quadrupole-induced shift (δQIS), quad-
rupolar interaction product (PQ), and isotropic chemical shift
(δiso), can be extracted (Table S2). δQIS and PQ are related to
quadrupolar interactions, which are magnetic-field-dependent,
while δiso is unaffected by the external magnetic field.40,41
These NMR parameters follow the relationships outlined
below41

= ×(10/17)F1 iso QIS

= +F2 iso QIS

= × P v6000 ( / )QIS Q L
2

where vL is the Larmor frequency of the 17O nucleus at 19.6 T
(112.7 MHz). The peak at (68, 68) ppm in the spectrum of
ALD-Al2O3 (Figure 3a), which represents surface O4C sites,
exhibits identical values for both δF2 and δF1. This indicates the
very small quadrupolar interaction associated with this site,
consistent with the data in Figure 2. This signal is very small in
the spectrum for CTT-Al2O3 in Figure 3b, likely due to the
optimized MQMAS parameters focusing primarily on enhanc-
ing strong signals, leaving weaker ones less pronounced. The
resonance at (48, 52) ppm, attributed to the surface O3C site, is
observed in both samples. The difference of 4 ppm
corresponds to a δQIS of −2.5 ppm at 19.6 T and a PQ of
2.3 MHz. Hence, the quadrupolar interaction of the O3C sites
is more pronounced compared to that of the O4C sites. The
broad peak centered at 11 ppm in the 1D data of ALD-Al2O3
(top line in Figure 2a) splits into three distinct resonances in
the 2D MQMAS spectrum (Figure 3a). These resonances,
positioned at (21, 48), (11, 40), and (6, 33) ppm, are
attributed to the triply bridging (μ3-OH), doubly bridging (μ2-
OH), and singly terminal (μ1-OH) hydroxyl groups,
respectively.42,43 The slices corresponding to the three
resonances in Figure 3a were extracted along the F2 dimension
and fitted (Figure S8). The various NMR parameters extracted
[δiso, quadrupole coupling constants (CQ), and asymmetry
parameters (η)] indicate distinct local environments for the
associated hydroxyl species. For CTT-Al2O3, these sites
continue to overlap, and a broad peak at (11, 38) ppm can

Figure 2. 17O MAS NMR spectra of 17O-labeled ALD-Al2O3 and CTT-Al2O3 recorded at 9.4 and 19.6 T, respectively. The experimental durations
were 6.8 min at 19.6 T and 11.1 h at 9.4 T for ALD-Al2O3, and 6.8 min at 19.6 T and 2.8 h at 9.4 T for CTT-Al2O3.

Figure 3. 17O MQMAS spectra of 17O-labeled ALD-Al2O3 and CTT-Al2O3. External field, 19.6 T; MAS rate, 16 kHz; and recycle delay, 0.5 s. The
experiment takes 16.7 h for ALD-Al2O3 compared to 12.8 h for CTT-Al2O3.
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be observed in the 2D MQMAS spectrum (Figure 3b), despite
the removal of second-order quadrupole broadening. This
disparity highlights that the broadening of the 17O NMR peaks
in CTT-Al2O3, corresponding to hydroxyl species, results from
both chemical shift distribution and quadrupole interaction,
whereas the broadening observed in ALD-Al2O3 primarily
results from quadrupolar interactions. In comparison to the
17O signals from O3C and O4C sites, the signals from hydroxyl
sites show larger differences in δiso and δF2, owing to larger PQ
values (2.3 or 0 MHz for O3C and O4C sites vs around 6 MHz
for hydroxyl sites) (Table S2). The stronger quadrupolar
interactions of these hydroxyl groups than the surface lattice
can be attributed to their binding with highly electronegative
hydrogen atoms.44
27Al NMR spectra are then recorded to complement the

observations in 17O NMR. The 27Al signals resonating at 12,
35, and 68 ppm are respectively attributed to the hexa-, penta-,
and tetra-coordinated Al sites (Al4C, Al5C, and Al6C sites)

35,39

(Figure S9). Because most Al4C and Al6C sites originate from
the bulk, while only Al5C sites are surface-derived,45 the
similarities in shifts, intensities, and line widths observed for
both ALD-Al2O3 and CTT-Al2O3 suggest that the ALD-
labeling scheme does not affect the amount of surface Al5C
sites.
Furthermore, the Al surface sites of Al2O3 can be selectively

observed through 2D correlation NMR techniques with 17O
surface-selective isotopic labeling. The 2D 17O{27Al} J-
heteronuclear multiple quantum coherence (HMQC) spec-
tra46 showcase chemical bond correlations of surface 17O to
27Al facilitated by scalar-coupling transfer (Figure 4). Based on
above-mentioned observations, the bare O4Cs, O3Cs, as well as
oxygen in μ3-OH, μ2-OH, and μ1-OH respectively resonate at
approximately 68, 48 (42/37), 21, 11, and 5 (2) ppm in the F1
dimension of panels a and b of Figure 4. Meanwhile, the
aluminum peaks appearing at 68, 35, and 12 ppm in the F2
dimension are owing to the Al4C, Al5C, and Al6C sites,
respectively. Under both labeling schemes, bare O3C exhibits
a strong correlation signal with all aluminum sites (Al4C, Al5C,
and Al6C), while bare O4C displays only a connection with Al4C.
Considering that CTT-Al2O3 exhibits stronger 17O NMR
resonance of surface hydroxyl groups compared to ALD-Al2O3,
different findings emerge when linking Al sites with O from
hydroxyl groups: (1) Strong Al6C−(μ3-OH), Al6C−(μ2-OH),
and Al6C−(μ1-OH) correlations are present in both spectra,
suggesting that a significant number of surface hydroxyl groups

can coordinate with Al6C sites in the triply, doubly, and singly
bonded forms; (2) In both samples, NMR correlations for
Al4C−O4C, Al4C−O3C, Al5C−O3C, and Al6C−O3C are observed,
while correlations for Al5C−O4C and Al6C−O4C are absent. This
indicates that labeling of these surface non-hydroxyl sites is
independent of the labeling methods used and that not all Al
environments can bond with surface O4C sites; (3) ALD-Al2O3
exhibits the Al4C−(μ3-OH) correlation, which is absent for
CTT-Al2O3; conversely, a strong Al5C−OH signal can be
observed for CTT-Al2O3 but not for ALD-Al2O3. These results
agree well with the mechanism for 17O exchange on γ-Al2O3
surfaces, in which H2O is activated at Al4C sites to form two
OH groups and generate a new Al5C site.

47−49 The contrast
highlights the varying effectiveness of different labeling
methods in enriching various surface hydroxyl groups, which
may result from differences in labeling mechanisms, i.e., 17O
surface deposition for the ALD scheme and 17O/16O exchange
for the CTT scheme. This emphasizes that selecting
appropriate 17O isotopic labeling schemes is essential for 17O
NMR studies of the Al2O3 surfaces. To differentiate specific
surface hydroxyl groups, which are the Brønsted acid centers
and are crucial for surface acidity/basicity modulations,36,37 the
ALD-based scheme may be more feasible. In contrast, when
surface coordination-unsaturated Al5C sites that serve as Lewis
acid centers or anchoring sites for supported species are
studied,35,50 the CTT method can be preferable. By comparing
the similar 27Al NMR spectra of ALD-Al2O3 and CTT-Al2O3
(Figure S9) and considering the FTIR data from the literature
that point to a similar OH formation mechanism,47−49 we
conclude that the ALD-grown sample is likely to resemble the
original γ-Al2O3. Therefore, we believe that neither the Lewis
nor Brønsted acid sites have undergone significant change.
We developed an ALD-based surface-selective 17O isotopic

labeling method specific to investigate metal oxide surfaces. In
comparison to the CTT scheme, which relies on surface
reactivity, the ALD-based method incorporates 17O anions
directly into the surface lattice, making it independent of
surface reactivity. As demonstrated with Al2O3, the ALD
scheme enables better NMR identification of surface hydroxyl
groups compared to the CTT approach. In contrast, the CTT
approach excels in labeling the oxygen sites connecting to
coordination-unsaturated penta-coordinated Al5C sites, the
primary anchoring centers for supported species, and thus
provides more detailed insights into the Al5C−hydroxyl group
correlations compared to the ALD scheme. These results

Figure 4. 2D 27Al{17O} J-HMQC correlation spectra of 17O-labeled ALD-Al2O3 and CTT-Al2O3. External field, 18.8 T; MAS rate, 16 kHz; and
recycle delay, 0.1 s. The experiment takes 10.3 h for ALD-Al2O3 compared to 7.9 h for CTT-Al2O3.

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://doi.org/10.1021/acs.jpclett.5c01138
J. Phys. Chem. Lett. 2025, 16, 6907−6913

6910

https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.5c01138/suppl_file/jz5c01138_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.5c01138/suppl_file/jz5c01138_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.5c01138/suppl_file/jz5c01138_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.5c01138?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.5c01138?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.5c01138?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.5c01138?fig=fig4&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.5c01138?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


demonstrate that the choice of isotopic labeling method
significantly influences the characterization of metal oxide
surfaces, and selecting a proper labeling method tailored to the
specific surface site is essential for effective investigations.
Experimental Section. Preparation of γ-Al2O3 Nano-

particles. γ-Al2O3 nanoparticles were synthesized via annealing
boehmite colloidal powders (Zhejiang Yuda Chemical Co.,
Ltd., China) at 823 K overnight.

17O Isotopic Labeling: ALD Scheme. Al2O3 deposition was
carried out using a home-built fluidized bed ALD reactor
(AngstromBlock Scale-F015 ALD system). The ALD process
was conducted at 473 K under a constant pressure of 160 Pa
and divided into two half-cycles. Before deposition, the Al2O3
substrate was annealed at 473 K to eliminate surface-adsorbed
impurities, followed by purging H216O vapor for 200 s to pre-
hydroxylate the Al2O3 substrate surfaces for enhancing
reactivity. In the first half-cycle, a 200 s pulse of Al(CH3)3
was applied to facilitate the reaction with the hydroxyl groups
on the Al2O3 surfaces, leading to the formation of Al−O−
Al(CH3)2 species on the surfaces of Al2O3. In the second half-
cycle, a 200 s pulse of 90% 17O-enriched H217O (∼2.1 mmol)
was introduced to convert the Al−O−Al(CH3)2 species into
17O-labeled Al−O−Al(OH)2. Subsequently, the obtained
samples were treated at 473 K to convert the Al−O−Al(OH)2
species into surface 17O-labeled Al2O3. Simultaneously, they
were purged with N2 for 30 min to eliminate any generated
CH4 gases before being transferred to a N2-filled glovebox for
further handling.
CTT Scheme. A 100 mg sample was subjected to evacuation

at 473 K for 3 h within a quartz tube connected to a vacuum
line for activation. Following cooling to 300 K, the tube was
infused with 90% 17O-enriched H2O vapor (∼0.4 mmol) and
maintained at room temperature for 20 h to achieve H217O
enrichment. Finally, the sample was re-evacuated at room
temperature to eliminate any residual H217O isotope.
Characterization of the 17O Labeled γ-Al2O3 Nanopowders.

The XRD measurements were carried out on a Shimadzu
XRD-6000 diffractometer using Cu Kα radiation (λ = 1.54 Å)
at 40 kV and 40 mA. HRTEM patterns were recorded on a
JEOL JEM-2100 instrument with an accelerating voltage of
200 kV. BET specific surface area data were collected with
nitrogen adsorption at 77 K on a Micromeritics Tristar 3020
apparatus. Pore size distribution information was calculated
from the desorption data through the Barrett−Joyner−
Halenda (BJH) method.

17O Solid-State NMR Spectroscopy. 17O single-pulse and
MQMAS data were recorded at a Larmor frequency of 112.7
MHz using a 3.2 mm MAS probe on a Bruker NEO
spectrometer operating at 19.6 T. A pulse width of 1.9 μs,
equivalent to a solution state π/6 flip angle, was applied. High-
field 27Al single-pulse and 2D 27Al{17O} J-HMQC correlation
NMR spectra were obtained at Larmor frequencies of 208.5
MHz (27Al) and 108.4 MHz (17O), respectively, on a Bruker
Avance III spectrometer operating at 18.8 T and equipped with
a 3.2 mm MAS probe. The pulse widths of 4.0 and 1.5 μs,
which correspond to the solution state π/6 flip angles of 27Al
and 17O nuclei, respectively, were used. Relatively low-field 17O
MAS NMR measurements were conducted at 54.2 MHz with a
Bruker Avance III 400 spectrometer at 9.4 T utilizing a 3.2
MAS probe. The excitation pulse with a width of 0.4 μs,
corresponding to a solution π/6 flip angle, was utilized for
single-pulse experiments. 17O and 27Al chemical shifts were
respectively referenced to distilled H2O and 0.1 M Al(NO3)3

at 0.0 ppm. All of the 17O-labeled samples were packed in a N2-
filled glovebox.
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