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As an emerging class of metal-free catalysts, frustrated Lewis pairs (FLPs) catalysts have been greatly
constructed and applied in many fields. Homogeneous FLPs have witnessed significant development,
while limited heterogeneous FLPs catalysts are available. Herein, we report that heterogeneous FLPs on
pentacoordinated Al**-enriched Al,Oz readily promote the heterolytic activation of H, and thus
hydrogenation catalysis. The defect-rich Al,Os was prepared by simple calcination of a carboxylate-
containing Al precursor. Combinatorial studies confirmed the presence of rich FLPs on the surface of the

defective Al,Os. In contrast to conventional alumina (y-AlLO3), the FLP-containing Al,Oz can activate H;
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Accepted Oth January 2024 in the absence of any transition metal species. More importantly, H, was activated by surface s in

a heterolytic pathway, leading to the hydrogenation of styrene in a stepwise process. This work paves

DOI 10.1039/d35c06425¢ the way for the exploration of more underlying heterogeneous FLPs catalysts and further understanding

Open Access Article. Published on 16 January 2024. Downloaded on 2/20/2026 9:21:02 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/chemical-science

1 Introduction

In catalytic hydrogenation of both chemical transformations
and biological functions, most of the hydrogen (H,) activation
processes occurred at the transition metal center.'” The
exploration of metal-free systems for H, activation is quite
appealing while rather challenging.® Until 2006, Stephan and
co-workers first reported one such unique system, the metal-
free zwitterionic phosphoniumborate, which could reversibly
activate H, under mild conditions. The proposed activation
center of hydrogen was frustrated Lewis acid-base pairs (FLPs),
which were defined as Lewis acids and bases sterically pre-
vented from interaction to form Lewis acid-base adjuncts.’
Since then, the traditional paradigm of Lewis acid-base chem-
istry was changed and development of new FLPs for promoting
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of accurate active sites and catalytic mechanisms of heterogeneous FLPs at the molecular level.

chemical reactivity was heatedly pursued.’®*® During the past
few decades, a large number of homogeneous FLPs catalysts
have been synthesized, which have found wide application in
the fields of hydrogenation catalysis, small-molecule activation,
organic chemistry, radical chemistry, transition metal chem-
istry, and enzyme models, as polymers and
materials.**°

Despite the significant progress, the studies on heteroge-
neous (semi-solid and solid) FLPs catalysts were rather
limited."”** The prominent examples included semi-solid (two-
phase) FLPs catalysts of imine or nitrile modified gold nano-
particles, as well as solid FLPs catalysts that covered atypical
oxides such as In,O;_,(OH), and CeO,_,.”**" The abundant
homogeneous while rare heterogeneous FLP catalysts indicated

as well

the difficulty in the design and preparation of heterogeneous
FLP catalysts, which was attributed to the poor understanding
of the structure-property relationship of solid FLPs. As such,
the development of simple and practical synthetic strategies,
detailed characterization of active sites, and insight into the
reaction mechanism of heterogeneous FLPs are of high
importance.

Among oxide supports used in industry, alumina is generally
considered to be inert to H, and thus make no contribution to
the hydrogenation process by supported metal catalysts. Close
examination of the literature revealed that, however, alumina
after dehydration treatment at 450-650 °C was able to hydro-
genate ethylene, in which the active sites were believed to
chemisorb and polymerize olefins on alumina.?*** Nevertheless,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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it remained elusive for the true active sites and the mechanism
of the hydrogenation process.

Herein, we report the simple synthesis of a new type of
pentacoordinated AI**-enriched Al,O3, in which a large number
of Lewis acidic and basic sites are co-present on the surface. The
rigidity of the solid lattice prevents them from interacting to be
acid-base adducts, thus giving access to heterogeneous FLPs
catalysts. Interestingly, the as-obtained Al,O; catalyst can acti-
vate hydrogen in the heterolytic pathway to produce equal
amounts of O-H®" and AI-H®™ in the absence of transition
metals. The heterogeneous FLPs exhibited nice catalytic activity
toward styrene hydrogenation in a stepwise mechanism.

2 Results and discussion

2.1 Preparation and characterization of the
pentacoordinated AP*-enriched AlL,O; catalyst

The pentacoordinated Al**-enriched defective Al,O; (denoted as
d-Al,0;) catalyst was prepared by calcining aluminum
hydroxide acetate, [Al(OH)(CH3COO),], at 500 °C in an inert
atmosphere (N, or Ar). The catalyst was first characterized by
solid state *’Al magic-angle spinning nuclear magnetic reso-
nance (*’Al MAS-NMR) spectroscopy (Fig. 1a).>* Three peaks at
chemical shifts of ~64, 33 and 6 ppm were assigned to AI*" in
tetrahedral (Al), pentahedral (Al,) and octahedral (Al,) coordi-
nation environments, respectively. Unexpectedly, a large
proportion of Al, was observed in the as-prepared d-Al,O;,*
while only Al; and Al, were present in the lattice of commercial
v-Al,O; (Fig. 1a).*® As surface atoms play a key role in both
substrate interaction and chemical transformation, we then
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Fig.1 (a) Solid state 2’Al MAS-NMR spectra of y-Al,Os and d-ALOs. (b)
Solid state 2’Al MAS-NMR spectra of d-Al,Os and NHs treated d-ALOs.
(c) Catalytic hydrogenation of styrene by d-AlLOs. (d) Catalytic
performance comparison of no catalyst, y-AlLOs, d-Al,Os and d-
AlLO3-treated with gaseous Lewis acid or base molecules of CO, and
NHs, respectively. Reaction time: 120 min.
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compared the relative content of surface Al, by using gaseous
Lewis base molecules of NH;.** As shown in Fig. 1b, the
coordination of NH; to surface Al, led to a decrease in the
intensity of the peak at ~33 ppm and correspondingly a distinct
increase of the peak at ~6 ppm, suggesting the conversion of Al,
to Al, after the treatment and thus the presence of rich Lewis
acidic sites (Al,) on the surface of d-Al,0;.*° The content of Al,
decreased from 39.1% in d-Al,O; to 23.8% in NH;-d-Al,O;
(Fig. S1 and Table S17). Thus, the portion of surface Al, was
estimated to be approximately 15.3% of the total AI*" sites. The
presence of surface Al, on d-Al,O; was also confirmed by in situ
Fourier transform infrared spectroscopy of adsorbed NH; (in
situ NH3-FTIR) and temperature-programmed desorption
coupled with mass spectrometry using NH; (NH3;-TPD-MS)
(Fig. S2t). We also revealed that the d-Al,O; surface featured
richer and stronger Lewis basic sites than that of y-Al,O; by in
situ CO,-FTIR and CO,-TPD-MS (Fig. S37), although the specific
surface area of y-Al,0; (176 m> g~') was higher than that of d-
Al,O; (78 m® g~ ') based on N, adsorption/desorption isotherms
(Fig. s47). With the Al, sites serving as the Lewis acid sites and
the surface oxygen species acting as the Lewis base sites, the
rigid structure of d-Al,O; prevented them from interacting to
form acid-base adducts, so obtained d-Al,O; was rich in FLPs.
In addition, X-ray powder diffraction (XRD) characterization
revealed that in comparison to well-crystallized y-Al,O3, d-Al,0;
was much less crystallized, indicating that AI’* ions in the
alumina lattice of d-Al,O; were highly disordered and in diverse
coordination modes (Fig. S51).***' Aberration-corrected high-
angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) and fast Fourier transform (FFT)
measurement also confirmed the amorphous characteristic of
d-Al,O; (Fig. S61). These results match well with those of the
solid state *’Al MAS-NMR.

2.2 FLPs as active sites for the catalytic hydrogenation of
styrene

With the presence of a large amount of FLPs on the as-obtained
d-Al,O3, we then employed the hydrogenation of styrene as
a model reaction to demonstrate the surface reactivity of d-
Al,O;. 50 mg catalyst of d-Al,O; and 20 pL styrene were added to
5 mL anhydrous toluene within a well-stirred autoclave, which
was then charged with H, to 1 MPa and kept at 100 °C. As shown
in Fig. 1c, d-Al,0; exhibited nice reactivity toward hydrogena-
tion, as ~100% styrene conversion was achieved within 4 h, and
the complete conversion was confirmed using "H NMR spectra
(Fig. S7t). Moreover, recycling tests revealed that the d-Al,O;
catalyst did not deactivate after 8 cycles, suggesting high
robustness of FLP structures on the d-Al,O; surface (Fig. S87).
We noted that the presence of FLPs on d-Al,O; was the key to
achieving the catalytic activity. In the control experiment where
no catalyst was used or y-Al,O; without surface FLPs was
employed, no reactivity was observed (Fig. 1d). In addition, we
also used a gaseous probe to validate the necessity of FLPs for
the hydrogenation. When NH; or CO, was used to neutralize
surface Al, or basic sites, the catalytic activity of the d-Al,O; was
significantly declined (Fig. 1d). Based on the above
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observations, we considered that FLPs were the real active
centers for the catalytic hydrogenation of styrene.

2.3 Heterolytic activation of H, on FLPs on d-Al,0;

The unexpected hydrogenation activity motivated us to deeply
understand the H, activation and hydrogenation mechanism
over the heterogeneous FLPs. The feature of activated hydrogen
species on the solid product was first characterized directly by
two-dimensional (2D) solid state heteronuclear correlation
(HETCOR) NMR spectroscopy.*>** Compared to H,-treated vy-
Al, O3, we detected an additionally intense cross peak linking
the Al site and H products in H,-treated d-Al,O; with a short
CP contact time (Fig. 2a and S97). This suggests that H species
are adjacent to Al sites.** Additionally, we confirmed the exis-
tence of Al,-bonded hydrogen species (Alp—Hsf) through in situ
H,-FTIR spectroscopy. An obvious peak in the range of 1730-
1970 cm ™! confirmed the presence of Alp—Ha’ in H,-treated d-
AlL,O;, and abundant O-H®' species were observed on the
surface of Hj-treated d-Al,O; (Fig. 2b). The above results
convincingly revealed that H, was activated at the FLP sites via
the heterolytic activation pathway with the formation of AIP—H?’*
and O-H°".*** Furthermore, considering the complicated
chemical environment of hydrogen species in the sample,*>*
some bound to FLPs while others not, we employed *H to probe
the hydrogen species on the FLPs to exclude other influencing
factors.®* As shown in Fig. 2¢ (red trace), the solid state *H MAS-
NMR spectra of D,-treated d-Al,O; showed a peak at 4.2 ppm
corresponding to the >H NMR signal of D,O (Fig. $107),° which
represented the activated hydrogen species on the FLPs. In
contrast to d-Al,O3, no *H signal was detected when y-Al,O; was
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Fig. 2 (a) 2D solid state *H—2’Al HETCOR spectrum of H,-treated d-
AL Os. (b) In situ Hy-FTIR of y-AlbOs, d-AlLO3 treated without H, and d-
AlLO3 treated with Ha. (c) Solid state 2H MAS-NMR spectra of D,-
treated d-AlLOz (denoted as #), D,-treated y-Al,Oz, # reacted with
styrene (denoted as &), and D,-treated &.
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Fig. 3 Structure of (a) d-AlbOs and (c) d-ALOz with heterolytically
dissociated H,. The colour code is shown in panel (d). Energetic
profiles of (b) H, activation over y-Al,Oz and d-AlL,Os, and (d) following
stepwise hydrogenation of C,H,4 over d-Al,Os.

treated with D, under the same conditions (Fig. 3¢, black trace).
These results clearly indicate that d-Al,O; with FLPs readily
activates H,, while y-Al,O; without FLPs did not. Moreover, in
situ D,-FTIR spectroscopy demonstrated that d-Al,O; activated
D, rather than y-Al,O3, as indicated by the distinct signal of the
O-D bond during the treatment of d-Al,O; with D, (Fig. S117).
The activated hydrogen species (O-H*" and Al-H®") formed on
the FLPs of d-Al,O; reacted readily with styrene. As shown by
solid state *H MAS-NMR, the *H signal of the deuterated species
from the d-Al,O; treated with D, disappeared upon the intro-
duction of styrene (Fig. 2c, blue trace). When the d-Al,O; cata-
lyst was treated with D, again after the reaction with styrene, the
’H signal reappeared (Fig. 2c, green trace).

DFT calculation was further applied to understand the
hydrogenation process.”*®* The structure of y-Al,0; was
constructed following the same method in our previous
study.*® The d-Al,0; model with surface Al, was constructed
from v-Al,O; following a dehydration process. Considering
the high surface concentration of Al, on the surface of d-Al,0;
reported in this work, 1/2 surface hydroxyl group was
removed. The resulting coordinatively unsaturated Al, site
and the deprotonated -O- site serve as the FLP center for the
H, activation and hydrogenation (Fig. 3a). By overcoming
a barrier of 0.30 eV (TS1), the heterolytic dissociation of H, at
the FLP site was exothermic by ~0.96 eV over d-Al,O; (Fig. 3b),
resulting in O-H®" and Al,-H°" (Fig. 3c). By contrast, the
dissociation of H, on y-Al,0; can be only realized on the
surface with reconstruction of the surface Al, with a barrier of
0.82 eV (TS1’) and endothermcity of 0.40 eV (Fig. S127),
implying that the activation of H, on the pristine y-Al,O; was
restricted. The hydrogenation of ethylene was further calcu-
lated to confirm that the heterolytically dissociated hydrogen
species were responsible for the catalytic hydrogenation. As
shown in Fig. 3d and S13,f the barriers for the stepwise
hydride and proton transfer from Alp—Haf and O-H®' to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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produce ethane were 0.31 (TS2) and 1.11 eV (TS3), respec-
tively, which was affordable under the catalytic conditions.

2.4 Stepwise hydrogenation mechanism

The catalytic hydrogenation mechanism utilizing O-H®" and
Al-H®™ species on FLPs was also verified by isotope-labelling
experiments. First, when D,-treated d-Al,O; was used to react
with styrene in anhydrous toluene, the characteristic peaks of
deuterated ethylbenzene were observed in >’H NMR spectra
(Fig. 4a), indicating that the D, dissociated on FLPs of d-Al,03
can deuterate styrene and thus verifying the results observed
in Fig. 2c. Correspondingly, when D, was used as the
hydrogen source and D, treated d-Al,O; as the catalyst, a very
strong signal of deuterated ethylbenzene without the pres-
ence of other impurities was observed in the >H NMR spec-
trum, further confirming that d-Al,O; can -catalyze
hydrogenation of styrene to afford ethylbenzene in ~100%
purity (Fig. 4b). Interestingly, we found that the number of D
atoms on the alpha carbon atom (C,) was significantly less
than that on the beta carbon atom (Cg). The peak area ratio,
ap: Bp, was calculated to be 1:2.6 (Fig. 4c). The results sug-
gested the existence of the hydrogen-deuterium exchange in
the hydrogenation process, which was an indication that the
hydrogenation reaction was performed in two steps rather
than one step.’” As expected, when D, and H, were used as
hydrogen sources respectively, a typical primary kinetic
isotope effect (KIE, ky /kp, > 5) was observed (Fig. 4d), so the
rate-determining step was the cleavage of the O-D bond.***
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Fig. 4 (a) 2H NMR spectra of toluene mixed with D,-treated d-Al,Oz
and p-ethylbenzene from reacting styrene with D,-treated d-Al,Os in
toluene. (b) 2H NMR spectra of toluene mixed with D,-treated d-AlL,Os3
and p-ethylbenzene from reacting styrene with D, and D,-treated d-
AlLOs in toluene. (c) Enlargement of the two peaks of ap and Bp in
Fig. 4a. (d) Primary kinetic isotope effect (PKIE) of styrene
hydrogenation.
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Based on the above systematic studies, the catalytic pathway
of the reaction was proposed (Fig. S147). The reaction begins
with the heterolytic activation of H, by FLPs of d-Al,O; to
produce O-H®" and Al-H®". Next, the active hydride species
react with the adsorbed styrene following an Eley-Rideal-like
mechanism, attacking (¢, and then the protons at the O atom
interact with «c. Finally, the obtained ethylbenzene was
released and the catalytically active sites were recovered.

2.5 d-Al,O; as the catalyst for hydrogenation of other
substrates

Furthermore, insight into the mechanism also motivated us
to explore the general applicability of the d-Al,O; catalyst.
Table 1 shows the results of these hydrogenation reactions.
First, d-Al,O; exhibited nice activity in the hydrogenation of
various olefins including aromatic and aliphatic olefins
(Table 1, entries 1-4). Moreover, the hydrogenation of
aromatic and aliphatic alkynes over d-Al,O; gave the corre-
sponding alkanes with excellent yields too (Table 1, entries 5-
9). These results strongly suggested that FLPs enabled the

Table 1 Hydrogenation of olefins, alkanes, benzaldehyde and aceto-
phenone catalysed by the d-Al,O5 catalyst”

Entry Substrate Product Yield (%)

© oY

¥ W NN »99.9

4? O O >99.9

5 @—: @—/ >99.5

7° <:>—: <:>—/ >99.9

gb /\/\ NN >99.0
NN

9? ‘\é\_ >99.5
OH

10° QCHO O_/ >98.5
(o] OH

“ Reaction conditions: 50 mg d-Al,Os;, 0.2 mmol substrate, 5 mL
anhydrous toluene. 5100 °C, 8 h, 1 MPa H,. ¢ 150 °C, 24 h, 4 MPa H,.
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hydrogenation of both terminal and internal carbon-carbon
multiple bonds. Since heterolytic activation of H, yielded
both O-H®" and AI-H®~ on the d-Al,O; surface, d-Al,0; should
allow the hydrogenation of polar unsaturated bonds.**** As
expected, we observed good catalytic performance in the
hydrogenation of benzaldehyde or acetophenone by d-Al,O3
(Table 1, entries 10-11).

3 Conclusions

In summary, amorphous Al,O; enriched with surface penta-
coordinated AI’* species has been synthesized via a simple
synthesis method. The co-presence of a large amount of Lewis
acidic and basic sites in the same rigid phase thus gave rise to
a new type of heterogeneous transition metal-free FLP catalyst.
The d-Al,O; catalyst is highly reactive to enable the heterolytic
activation of molecular hydrogen. In the hydrogenation of
styrene, the FLP-enriched d-Al,O; exhibited nice activity and
robustness, and more importantly, a stepwise hydrogenation
mechanism. Since heterolytic activation of H, yielded both O-
H®" and Al-H®" on the d-Al,O; surface, d-Al,O;, catalyzed the
hydrogenation of polar unsaturated bonds in aldehydes or
ketones. More work on employing FLP-rich oxides for the
discovery of other exciting catalysts should be further explored.

4 Experimental methods
4.1 General procedure for synthesis of d-Al,O;

For a typical synthesis process of d-Al,03;, 500 mg Al(OH)(CHj;-
COO), was transferred into a glass reaction tube (& = 1 cm). The
sample was heated to 500 °C at a rate of temperature increase of
1 °C min~" for 4 h under N, or Ar protection. After cooling to
room temperature, the white products were quickly transferred
to a dry centrifuge tube, sealed and stored in a desiccator, and
used for further characterization.

4.2 General procedure for treatment of d-Al,0; with gaseous
Lewis base molecules

For a typical treatment process, d-Al,O; was first synthesized by
the above method in a glass reaction tube. After cooling to room
temperature, high-purity gases (5 vol% NH3/Ar) at a rate of 20
mL min~" were passed with mass flow for 12 h. The products
were quickly transferred to a dry centrifuge tube, sealed and
stored in a desiccator, as well as used for further characteriza-
tion. The samples were marked as NH;-d-Al,O3.

4.3 General procedure for treatment of d-Al,O; with H, or D,

For a typical treatment process, d-Al,O; was first synthesized by
the above method in a glass reaction tube. After cooling to room
temperature, the sample was heated to 100 °C at a rate of
temperature increase of 1 °C min~"' for 2 h under H, or D,
protection. After cooling to room temperature, the products
were quickly transferred to a dry centrifuge tube, sealed and
stored in a desiccator, which was used for further character-
ization and applications.
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4.4 General procedure for catalysis tests

For a typical styrene hydrogenation reaction, a freshly prepared
50 mg catalyst of d-Al,O; was dispersed in 5 mL anhydrous
toluene, and then 20 pL styrene was added in an autoclave
under stirring. Next, the reactor was charged with H, to 1 MPa
and kept at 100 °C in an oil bath during stirring. The products
were analyzed by gas chromatography (GC9720Plus, Fuli
Instruments) for conversion determination. For other catalysts,
the reaction conditions were the same as above. In the catalyst
recycling test, after the first cycle was carried out for 150 min,
the same amount of styrene was added to the reactor and the
reaction was allowed to take place. As mentioned above, the
recycling was repeated another six times.

4.5 Solid state 2’Al MAS NMR characterization

Solid state >’Al MAS-NMR measurement (Fig. 1a) was performed
using a Bruker Avance NEO 600 MHz spectrometer with
a 3.2 mm probe head at a spinning rate of 20 kHz. Spectra were
accumulated for 1000 scans with a cycle delay of 2.5 s, using
a pulse width of /6. Solid state >’Al MAS-NMR measurement
(Fig. 1b) was performed using a Bruker Avance III 400 MHz
spectrometer with a 4.0 mm probe head at a spinning rate of 12
kHz. Spectra were accumulated for 256 scans with a recycle
delay of 2 s and a pulse width of 7t/2 was used. It is worth noting
that the magnetic field strength and pulse width hardly affected
the relative content of AI*" ions in the different coordination
environments in our test. The fitting of >’Al NMR spectra was
conducted using the Dmfit program, which includes the
quadrupolar interactions for *’A1 MAS NMR. The CzSimple
model was applied for the fitting, which implements a rapid
version of the Czjzek distribution of quadrupolar interaction.
The Gaussian isotropic model for d = 5 with an uncoupled
distribution of isotropic chemical shift was included in the
simulations. All the other parameters were freely variable
during the fitting.*

4.6 2D solid state *H->’Al heteronuclear correlation
(HETCOR) experiment

The experiment was performed on a Bruker Avance NEO 600
MHz spectrometer with a 3.2 mm probe head under MAS
conditions of 15 kHz with a very short CP contact time of 50 us.

4.7 Solid state 2H MAS NMR characterization

Solid state ’H MAS NMR spectra were recorded on a Bruker
Avance III NEO 600 MHz spectrometer with a 3.2 mm probe
head at a spinning rate of 15 kHz, and the spectra were accu-
mulated for 1024 scans with a cycle delay of 1 s, and a pulse
width of 7/2 was used.

4.8 Liquid state '"H NMR characterization

'"H NMR spectra were recorded on an AVANCE III 500 MHz
spectrometer.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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4.9 Liquid state >H NMR characterization

*H NMR spectra were recorded on an AVANCE III 850 MHz
spectrometer. All NMR data were processed on MestReNova
software.

4.10 In situ diffuse reflectance FTIR characterization

Typically, d-Al,O; was first synthesized in an in situ chamber of
FTIR (Thermo Fisher IS50) at 500 °C under Ar protection, and
the sample was cooled to 30 °C to acquire background. For in
situ NH;-FTIR, 5 vol% NH;/Ar was charged into the chamber at
a rate of 30 mL min " while pure Ar was turned off, and spectra
were collected until stable adsorption with NH;. In situ CO,-
FTIR spectra were recorded in the same way. In situ D,-FTIR
spectra were recorded in the same way except that the test
temperature is 100 °C.

4.11 TPD-MS characterization

Typically, NH;-TPD-MS was performed on a Micromeritics
AutoChem II 2920 instrument equipped with a mass spec-
trometer. The 100 mg d-Al,O; sample was first synthesized at
500 °C under Ar protection. The sample was then cooled to
room temperature and treated under 5 vol% NH;/He gas flow
for 30 min. The gaseous and weakly adsorbed NH; was subse-
quently removed by purging with He for 60 min. Subsequently,
the temperature was raised from room temperature to 700 °C at
a rate of 10 °C min " and the NH;-TPD profile was recorded by
using a mass spectrometer with a signal of m/z = 16. For CO,-
TPD-MS, 5 vol% CO,/He gas was used, and the CO,-TPD profile
was recorded by using a mass spectrometer with a signal of m/z
= 44.

4.12 N, adsorption/desorption characterization

N, adsorption/desorption measurements were conducted on
a Micromeritics ASAP 2020 gas adsorption analyzer. The freshly
prepared sample was first degassed at 300 °C for 8 h. Then, the
specific surface areas were determined using the Brunauer—
Emmett-Teller (BET) and Langmuir equations from the N,
sorption data.

4.13 XRD characterization

X-ray powder diffraction experiments were conducted on
a Rigaku Ultima IV using Cu Ka radiation. The operation voltage
and current were 40 kV and 30 mA, respectively. The scanning

speed was set to be 15 © min ™.

4.14 HAADF-STEM characterization

High-angle annular-dark-field (HAADF) images were acquired
using a JEOL 200F transmission electron microscope operated
at 200 keV. The attainable spatial resolution of the microscope
was 78 pm with a probe spherical-aberration corrector. Images
were acquired with the illumination semi-angle of 25 mrad and
probe current of 100 pA. The dwell time for image acquisition
was set at 10 microseconds per pixel to ensure a desirable
signal-to-noise ratio.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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4.15 Computational details

The spin-polarized density functional theory (DFT) calculations
were performed using the Vienna ab initio simulation package
(VASP5.4.4).°%” The core electrons were replaced by the
projector augmented wave (PAW) pseudopotentials,®*® and the
valence electrons were described by a plane wave basis set with
a cut-off energy of 400 eV. The electron exchange and correla-
tion were treated by Perdew-Burke-Ernzerhof (PBE) generalized
gradient approximation (GGA).® The k-point sampling was
generated by following the Monkhorst-Pack procedure with a 3
x 3 x 1 mesh.” The transition states (TSs) were determined
using the nudged elastic band (NEB) approach. The TS struc-
tures were optimized using a quasi-Newton algorithm. The
steady states and TSs were converged to a residual force smaller
than 0.03 eV A" and 0.05 eV A", respectively. All the minima
and TSs were confirmed by the vibrational frequency calcula-
tions. The reaction barrier was defined as AE, = Erg — Eg, Where
ER and Erg were the energies of the reactant on the slab and the
corresponding transition states, respectively.
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