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semi-hydrogenation by using
a bimetallic AgCu–C3N4 single atom catalyst†

Jingting Song, ‡a Xiangbin Cai, ‡b Zhongxin Chen, c Tie Wang, d Shibo Xi,e

Qikun Hu, a Ning Yan d and Kian Ping Loh *a

Metal-catalyzed semi-hydrogenation of alkynes is an important step in organic synthesis to produce diverse

chemical compounds. However, conventional noble metal catalysts often suffer from poor selectivity owing

to over-hydrogenation. Here, we demonstrate a high-loading bimetallic AgCu–C3N4 single-atom catalyst

(SAC) for alkyne semi-hydrogenation. The AgCu–C3N4 SACs exhibit higher activity and selectivity (99%) than

their low-loading variants due to the synergistic interaction of heteronuclear Ag–Cu sites at small inter-site

distances. Using a combination of techniques such as phenylacetylene-DRIFTS, H2-temperature

programmed desorption and DFT calculations, we showed that the cooperative bimetallic interaction

during alkyne semi-hydrogenation was achieved by isolated Ag centers as hydrogen activation sites and

isolated Cu centers as alkyne activation sites. Our work highlights the importance of achieving high catalyst

loading to reduce the inter-site distance in bimetallic SACs for cooperative interactions, which can

potentially open new catalytic pathways for synthesizing fine chemicals and pharmaceuticals.
Introduction

Metal-catalysed semi-hydrogenation of alkynes to alkenes is
critical in producing a wide range of bulk and ne chemicals.1,2

Traditionally, heterogeneous noble metal-based catalysts such
as Pd, Pt, and Ru are well-known hydrogen activation or
hydride-transfer catalysts.3–8 However, these noble metals bind
strongly to alkene and increase their residence time, which
results in over-hydrogenation to alkane.9 Consequently, semi-
poisoned catalysts such as Lindlar's catalyst10 are typically
utilized to transform alkyne to alkene.11 However, this leads to
sub-optimal utilization of noble metals and a trade-off between
catalytic activity and selectivity.

Single atom catalysts (SACs), where isolated individual metal
atoms are dispersed on a solid support, represent a new paradigm
in heterogeneous catalysis for maximizing atom utilization effi-
ciency.12,13 Noble metal-based SACs have garnered considerable
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attention as potential replacements for semi-poisoned catalysts in
alkyne semi-hydrogenation due to their ability to tune reactivity
and selectivity via regulation of the coordination environment.14–17

It has also been demonstrated that ultrahigh loading SACs can
trigger the multi-site mechanisms if two active metal neighbors
enjoy proximity interactions via high metal loading (>10 wt%).18,19

Integrating bi- or multi-metallic active sites in such SACs allows
the synergistic activation of reactants and drives a more efficient
catalytic process than mono-metallic SACs.20

Silver (Ag), despite being the least expensive noble metal, is
seldom used as SACs or in alkyne semi-hydrogenation owing to
its low reactivity in activating alkyne molecules.21,22 Herein, we
reported the incorporation of Ag–Cu bimetallic SACs on
graphitic carbon nitride (g-C3N4) with high Ag and Cu loading
(Ag: 9 wt%, Cu: 12 wt%). At high loading of the bimetallic SAC,
the inter-site distance is <∼0.65 nm, and this characteristic
feature is associated with superior activity and selectivity (99%)
in the alkyne semi-hydrogenation. H2-TPD and DRIFTS inves-
tigation suggests that the Ag site activates the hydrogen, while
the Cu site is responsible for alkyne adsorption. The high
loading of SACs on C3N4 promotes the proximity of Ag and Cu
SAC, facilitating the transfer of activated species and leading to
a more efficient and selective semi-hydrogenation process.
Results and discussion
Preparation of bimetallic AgCu–C3N4 SAC

Ultrahigh-loading bimetallic AgCu–C3N4 SAC was prepared by
an ion exchange method using K-intercalated g-C3N4 (C3N4-K)
as a startingmaterial (Fig. S1†). As shown in Fig. S2,† the C3N4-K
Chem. Sci., 2024, 15, 10577–10584 | 10577
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synthesized by the molten salt method has a nanosheet
morphology under transmission electron microscopy (TEM). X-
ray diffraction (XRD) patterns show an intercalation peak
emerging at 7.8°, and the most intense peak, corresponding to
the (002) plane of g-C3N4, shis to a higher angle in C3N4-K
compared to pristine g-C3N4. These are evident in the successful
intercalation of K+ ions, supported by the K 2p XPS signals
(Fig. S3†).23,24 Incubation of C3N4-K with silver and copper
ammonia solution initiates cationic exchange between Cu2+/Ag+

and K+ ions, where the larger-sized Ag+ and Cu2+ species are
incorporated in the exfoliated C3N4 nanosheet.25,26 Subsequent
thermal treatment of the SAC precursors under the N2 atmo-
sphere enhances the coordination between Cu/Ag and
substrate, giving a stable bimetallic AgCu–C3N4 SAC. By
adjusting the concentration of Ag and Cu ammonia complex,
bimetallic SACs with various Ag and Cu loadings up to 9 wt% Ag
and 12 wt% Cu, as well as monometallic SACs with Ag (Ag–C3N4)
up to 9 wt%, and Cu (Cu–C3N4) up to 21 wt% can be obtained for
further exploration of their catalytic performance in alkyne
semi-hydrogenation (Table S2†).
Fig. 1 Microscopic characterizations of bimetallic AgCu–C3N4 SACs. (A)
EDS mapping of Ag, Cu, C, and N in AgCu–C3N4. (C) Atomic resolution H
Ag and Cu atom sites of AgCu–C3N4. (E) Statistic distance distribution of t
HAADF-STEM images, where 65 Ag atoms and 131 Cu atoms are consider
ion-beam thinning (Ar+) for seconds to obtain very thin layers for high-re
2D-Gaussian fitting. The inter Ag–Ag, Cu–Cu, and Ag–Cu distances are ca
homo/hetero metal atoms. The typical Ag and Cu single atoms are mar

10578 | Chem. Sci., 2024, 15, 10577–10584
Characterization of bimetallic AgCu–C3N4 SACs

Unless otherwise specied, the as-prepared bimetallic AgCu–
C3N4 SAC (9 wt% Ag and 12 wt% Cu) exhibits good atomic
dispersion and shows a similar morphology to C3N4-K. Fig. S4†
demonstrates the retained nanosheet structure of the material
as evidenced by TEM. Additionally, no visible particle can be
identied within the nanosheet in AgCu–C3N4 SAC, consistent
with the absence of diffraction peaks assignable to Ag or Cu
nanoparticles in XRD patterns (Fig. S2†). Scanning trans-
mission electron microscopy (STEM) in the annular dark eld
imaging mode (STEM-ADF) further veries the atomic disper-
sion of Ag and Cu without detectable aggregation throughout
the nanosheet in Fig. 1A. Energy-dispersive X-ray spectroscopy
(EDS) analysis in Fig. 1B illustrates the co-existence of Ag and
Cu species with high elemental uniformity on g-C3N4. Typical
Ag and Cu sites can be identied in atomic-resolution STEM-
ADF images and are marked with pink and green circles,
respectively, in Fig. 1C. The statistical histogram of 196 atoms
in Fig. 1D conrms a Z-contrast difference of 1.72 for Ag/Cu on
the g-C3N4 support. This is reasonable, given their difference in
HAADF-STEM image of AgCu–C3N4 shows no particle aggregation. (B)
AADF-STEM image of AgCu–C3N4 SAC. (D) ADF intensity histogram of
he Ag–Cu, Ag–Ag, and Cu–Cu neighbors in the AgCu–C3N4 SACs from
ed. Samples with significant variation in thickness were pre-treated with
solution imaging. The Ag and Cu atomic coordinates are extracted by
lculated from the average distance fromonemetal to the nearest three
ked with pink and green circles. Scale bar: (A) 20 nm; (B and C) 2 nm.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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atomic mass and the imaging condition used. Taking the
atomic ratio of Cu/Ag (∼2.25) within the g-C3N4 support into
consideration, the inter-distance of heteronuclear Ag–Cu is
calculated from the average distance of one Ag atom to the
nearest three Cu atoms, which is <0.65 ± 0.01 nm for AgCu–
C3N4 SAC in Fig. 1E. We have also calculated the corresponding
homonuclear Ag–Ag (1.36 ± 0.03 nm) and Cu–Cu distances
(0.68 ± 0.01 nm) in the same sample. The Cu–Cu distance in
AgCu–C3N4 is similar to our previous report for 21 wt% Cu–C3N4

SAC (0.74 ± 0.13 nm, no activity).18

The electronic structure and coordination environment of
mono and bimetallic SACs were rst examined by X-ray photo-
electron spectroscopy (XPS). Both AgCu–C3N4 and Ag–C3N4 SAC
(Ag loading: 9 wt%) present two peaks at 368.3 and 374.3 eV in
the Ag 3d XPS spectra (Fig. 2A), corresponding to the Ag 3d5/2
and Ag 3d3/2 of the AgI species, respectively. Auger spectra were
further examined to distinguish between the Ag0 and AgI

species. The Ag MNN Auger features two peaks at ∼350 and
∼355 eV in AgCu–C3N4 and Ag–C3N4 SAC, respectively.27 This
agrees well with those in Ag2O, indicating the presence of AgI

species in both SACs. In Cu 2p XPS spectra, the spin–orbit
doublet at 932.7 eV for Cu 2p3/2 and 952.5 eV for Cu 2p1/2
(Fig. 2D) are assignable to CuI species in AgCu–C3N4 and Cu–
C3N4 (Cu loading: 21 wt%) SACs.28 This result was further sup-
ported by X-ray absorption spectroscopy (XAS). In Ag K-edge X-
ray absorption near-edge structure (XANES) spectra, the
AgCu–C3N4 and Ag–C3N4 SACs show a white line intensity close
to the Ag2O reference in Fig. 2B, suggesting an oxidation state of
+1. Additionally, AgCu–C3N4 and Cu–C3N4 SACs exhibit similar
absorption energy in the rising edge in the Cu K-edge XANES
spectra in Fig. 2C, which agrees with the CuI species in Cu2O.
The slight shi towards higher energy in absorption edge for
Fig. 2 Electronic structure of AgCu–C3N4 SAC. (A) Ag3d XPS, (B) Ag K-ed
and (F) Cu FT-EXAFS spectra of AgCu–C3N4 SACs. The dotted lines repr

© 2024 The Author(s). Published by the Royal Society of Chemistry
SACs may arise from surface absorption of the O2 molecules in
ambient conditions.18,29 The Fourier-transformed extended X-
ray absorption ne structure (FT-XAFS) of AgCu–C3N4 and Ag–
C3N4 SACs shows a dominant peak at ∼1.7 Å for the Ag–N
scattering path (Fig. 2E), which is distinguished from the oxide
(∼1.5 Å) and metallic species (∼2.7 Å). Meanwhile, AgCu–C3N4

and Cu–C3N4 SACs in Fig. 2F display a prominent peak at∼1.5 Å
from the scattering of the rst coordination shell (Cu–N), in
comparison with chloride (∼1.9 Å) and oxide (2nd shell coor-
dination at ∼2.8 Å) and metallic species (∼2.5 Å). No metallic
Ag–Ag, Cu–Cu, or Ag–Cu peak at >2.2 Å was observed for AgCu–
C3N4 SAC, suggesting that Ag and Cu exist as isolated single
atoms, consistent with the HAADF-STEM and XRD data.

Alkyne semi-hydrogenation using AgCu–C3N4 SAC

We selected the liquid-phase hydrogenation of 4-ethynylanisole
(1a) by ammonia borane complex (NH3$BH3) as a model reac-
tion to evaluate the catalytic performance of AgCu–C3N4 SACs.
As shown in Fig. 3A, pristine C3N4-K demonstrated no activity
for alkyne semi-hydrogenation owing to the lack of metal sites
for ammonia borane decomposition. Among all catalysts
examined, AgCu–C3N4 (9 wt% Ag, 12 wt% Cu) yielded the
highest selectivity and conversion (>99%) towards alkene 2a at
room temperature for 20 hours. Monometallic SAC composites
such as Ag–C3N4 (9 wt% Ag), Cu–C3N4 SACs (21 wt% Cu), and
their physical mixture (1 : 1, w/w) demonstrated poor or no
performance (<5%). Particle catalysts such as commercial 10%
Cu/C and Ag NP-C3N4 (23 wt%, a mixture of Ag nanoparticles
and single atoms, Fig. S10†) also failed to catalyze the alkyne to
alkene transformation. A homogeneous variant using AgNO3

and Cu(NO3)2 mixture gave poor activity (∼10%), even though it
can provide free-moving Ag+ and Cu2+ ions. This probably arises
ge XANES spectra, (C) Cu K-edge XANES spectra, (D) Cu2p XPS, (E) Ag
esent the FT-fitting curves.

Chem. Sci., 2024, 15, 10577–10584 | 10579



Fig. 3 Alkyne semi-hydrogenation using bimetallic AgCu–C3N4 SACs. (A) Reaction scheme for the model alkyne semi-hydrogenation reaction.
(B) Catalyst screening for the alkyne semi-hydrogenation. The inset shows the cycling stability of AgCu–C3N4 SAC. The 23 wt% Ag NP-C3N4

catalyst labelled with * contains Ag single atoms and clusters. (C) Dependence of catalytic performance on the Ag and Cu loading for mono- and
bimetallic SACs. The metal amount charged to the reaction system was kept the same (8 mol%) for catalysts with different metal loadings. (D)
DRIFTS spectra for phenylacetylene adsorption of AgCu–C3N4, Ag–C3N4 and Cu–C3N4 SACs, where black, green, sky blue, blue and purple lines
refer to the FTIR spectra of fresh catalysts (T0), catalysts with 2 hours phenylacetylene adsorption (T1), catalysts with argon purging for 30 min at
room temperature after phenylacetylene adsorption (T2), catalysts with subsequent argon purging for 30 min at 60 °C (T3), and catalysts with
subsequent argon purging for 30 min at 110 °C (T4), respectively. (E) TPD-H2 profiles of AgCu–C3N4, Ag–C3N4, Cu–C3N4 SACs and C3N4-K. (F)
DFT-calculated energy pathway for hydrogenation of 4-ethynylanisole by NH3BH3. Intermediates on the Ag1Cu1–C3N4 catalyst labelled in red
are involved in the semi-hydrogenation to alkene, whereas the blue one refers to the full hydrogenation towards alkane. Inset shows the
optimized configuration of each intermediates. The color scheme used: silver for Ag, orange for Cu, brown for C; grey for N, green for B, red for
O, and pink for H. Energy diagram of further hydrogenation towards alkane product is illustrated in Fig. S14.†

10580 | Chem. Sci., 2024, 15, 10577–10584 © 2024 The Author(s). Published by the Royal Society of Chemistry
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from the deactivation of the catalyst due to the reduction of
homogeneous Cu2+ and Ag+ ions in nanoparticles in a reducing
environment. These results suggest that the coexistence of Ag
and Cu single atoms on the C3N4 support is essential for the
reaction. The stability test suggested the excellent catalytic
performance of AgCu–C3N4 SAC without signicant decay aer
5 cycles. The structural stability of the spent catalyst was
conrmed by TEM and XAS, where the atomic dispersion nature
and identical coordination environment to fresh catalyst could
be retained in view of their similar XANES features and FT-
EXAFS prole in Fig. S11.†

To investigate the role of the Ag–Cu bimetallic system in
alkyne semi-hydrogenation, we have prepared a series of AgCu–
C3N4 SACs at various Ag/Cu loadings for reaction screening. As
shown in the contour in Fig. 3C, SACs with low metal loading
(3 wt% Ag, 2 wt% Cu) suffered from poor activity. Increasing the
Ag loading to 7 wt% (2 wt% Cu) gave a 25% yield of alkene, while
further increasing the Cu loading to 5 wt% (7 wt% Ag) did not
signicantly improve the activity (33%). The increase in metal
loading (>18 wt%) promoted higher catalytic efficiency (>99%). It
was also noticed that SAC with high silver and low copper loading
(15 wt% Ag, 1.5 wt% Cu) gave a 99% alkene yield. In comparison,
the one with high copper and low silver loading (4 wt% Ag,
12 wt% Cu) only achieved 23% conversion towards alkene, indi-
cating a direct correlation between the species activated at Ag
sites and the rate-determining step (RDS) of the reaction.
Fig. 4 The substrate scope of the AgCu–C3N4 SAC catalysed alkyne sem
alkynes containing borate, amine, hydroxyl groups, and (B) internal alkyn

© 2024 The Author(s). Published by the Royal Society of Chemistry
We further utilized diffuse reectance infrared Fourier
transform spectroscopy (DRIFTS) measurements and
temperature-programmed desorption (TPD) to identify the
intermediate species on Ag and Cu sites, respectively. In situ
variable temperature DRIFTS experiments using phenyl-
acetylene as a probe molecule were performed to detect the
dynamic desorption behavior of alkyne on the samples. As
shown in Fig. 3D, AgCu–C3N4, Ag–C3N4, and Cu–C3N4 SACs
exhibit similar adsorption behavior upon introducing phenyl-
acetylene at room temperature. The strong infrared bands at
3331 cm−1 and 3160–3025 cm−1 are associated with the C–H
bond vibration modes from alkyne and aromatic ring origi-
nating from the surface adsorbed phenylacetylene. The inten-
sity of these bands declines during argon purging. At 110 °C, the
characteristic vibration bands of phenylacetylene are still visible
on AgCu–C3N4 and Cu–C3N4 but gradually disappear on Ag–
C3N4. This indicates that the strong binding of phenylacetylene
on Cu-containing SACs promotes subsequent activation. In our
experiments, NH3$BH3 serves as a reductant and provides the
hydrogen source. Thus, we conducted H2-TPD measurement to
investigate the relative strengths of hydrogen absorption on the
surfaces of mono- and bimetallic SACs. As shown in Fig. 3E, the
H2 desorption temperature of 398 °C on AgCu–C3N4 and 410 °C
on Ag–C3N4 are higher than those reported on Ag particle
catalysts, which can be attributed to strong binding of H with
the atomic Ag+ sites. No prominent H2 desorption peak was
i-hydrogenation. (A) Multifunctional terminal aliphatic alkyne and aryl
es can be processed with AgCu–C3N4 SAC.

Chem. Sci., 2024, 15, 10577–10584 | 10581
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detected for the Cu SACs, suggesting Ag sites bindmore strongly
to H than Cu sites. This is consistent with the adsorption
energies calculated by DFT. Alkyne preferably binds on Cu while
hydrogen binds more strongly on Ag (Fig. S12†).

It is noteworthy that the reaction will not proceed with H2 (1
atm) as the hydrogenation agent. This excludes the role of in situ
generation of H2 (i.e., homo-cleavage) via Ag-catalysed dehydro-
genation of NH3BH3 for subsequent hydrogenation. To better
understand the hydrogenation process, we conducted the reaction
usingMeOD as the solvent. In the alkene product, the vinyl H near
aryl can be detected in the 1H NMR spectrum (Fig. S13A†). Addi-
tionally, the 11B NMR spectrum of the reaction ltrate (Fig. S13B†)
shows that the nal product of the B species is B(OCD3)4

−,30–32

indicating that the vinyl H close to aryl originates from the Hd−

attached to B. Furthermore, the deuteration of one terminal
hydrogen in the alkene product suggests that the other hydrogen
source for such semi-hydrogenation is the solvent methanol. This
inference is supported by the absence of alkene product when
using aprotic solvent instead of methanol (Table S4†).

Based on the experimental results mentioned above, we
propose a mechanism for the semi-hydrogenation of alkyne
with NH3BH3 catalyzed by AgCu–C3N4 through DFT calculations
in Fig. 3F. Firstly, alkyne and NH3BH3 adsorb on the Cu and Ag
sites, respectively (intermediate I & II). Then, the cleavage of the
B–H bond at the Ag site generates Hd− (intermediate III).
Subsequently, this Hd− undergoes nucleophilic attack on the
alkyne, adding to the internal carbon of the alkyne (interme-
diate IV). Simultaneously, the O–H bond in MeOH breaks, with
Hd+ adding to the terminal carbon to afford the product alkene
(intermediate V), while −OMe binds to the B center. Here, the
Hd− addition to alkyne is identied as the rate determining step
(RDS) with an energy barrier of 0.634 eV. This underscores the
signicance of high loading of Ag, as more Ag sites can generate
a higher concentration of Hd− in the local area. Also, the short
Ag–Cu distance further promotes efficient collision of Hd− with
alkyne to afford alkene. Next, the desorption of the alkene
requires overcoming a smaller energy barrier (product I)
compared to the release of the second Hd− from the B–H bond
(intermediate VI), which is the initial step of alkene hydroge-
nation. Therefore, semi-hydrogenation to alkene occurs rather
than full hydrogenation to alkane.

The highly selective semi-hydrogenation of alkyne can be
applied to remove trace amount of alkyne from alkene with an
alkene/alkyne ratio as high as 99 : 1 (Fig. S15†). Several alkyne
functionalities were also examined to extend the applicability of
AgCu–C3N4 SAC in alkyne semi-hydrogenation. The reaction
performs well with terminal aliphatic and aryl alkynes, toler-
ating boronate (2b), ester (2c), amine (2d), and hydroxyl (2e)
functional groups in the starting material (Fig. 4A). It is worth
noting that the successful semi-hydrogenation from pargyline
to 2d in a clean and mild manner suggests excellent scope for
synthesizing alkene-containing drugs via modication of
alkynes. Semi-hydrogenation of internal alkynes can also be
achieved. However, due to steric hindrance from the groups at
both terminals,33 the activation of internal alkynes is more
challenging. It requires a longer reaction time for complete
transformation than terminal alkynes (Fig. 4B).
10582 | Chem. Sci., 2024, 15, 10577–10584
Conclusion

In summary, we have successfully synthesized bimetallic AgCu–
C3N4 SAC, where the optimal composition for semi-hydrogenation
of alkyne was 9 wt% Ag and 12 wt% Cu. Bimetallic SAC integrates
the functionality of Ag SAC for hydrogen activation and Cu SAC for
alkyne activation. By achieving high metal loadings, the inter-site
distance is sufficiently small to facilitate the transfer of activated
species, rendering excellent catalytic activities and selectivity in
alkyne semi-hydrogenation towards alkene. Our work highlights
the importance of high catalyst loading for reducing the inter-site
distance between hetero-metal atoms in multi-metallic SACs. It
provides a new strategy for designing efficient SACs to manufac-
ture ne chemicals and pharmaceuticals.

Methods
Synthesis of K-intercalated g-C3N4 (C3N4-K)

20 g of melamine was loaded into a covered crucible and heated
in a muffle furnace at 550 °C for 4 h at 5 °C min−1 and then
allowed to naturally cool down to room temperature to yield g-
C3N4 as a light yellow solid. 1 g of the prepared g-C3N4 was
ground into ne powder rst and then further ne ground with
a mixture of 1.10 g KCl and 0.90 g LiCl in an agate mortar. The
mixture was then loaded into a covered quartz boat, transferred
to a tube furnace under 50 sccm of Ar gas, and then heated at
550 °C for 4 h at 5 °C min−1. Aer cooling to room temperature,
excessive salts were removed by repeated washing with deion-
ized water and ethanol. Finally, the sample was dried at 60 °C in
vacuum for 24 h to yield bright yellow powder.

Synthesis of bimetallic AgCu–C3N4 SACs

For a typical loading of 9 wt% Ag and 12 wt% Cu, 200 mg of
C3N4-K was rst sonicated to disperse in deionized water and
then slowly added with 3 mL of silver ammonia solution (72 mg
of AgCl dissolved in 6.5 mL of 6.5% ammonia solution) and
3 mL of copper ammonia solution (15 mL of 0.1 M CuCl2 with
0.8 mL of 28% ammonia solution).34,35 The mixed suspension
was stirred for 24 h at room temperature and then centrifuged.
The centrifuged sediment was washed with deionized water and
ethanol for a few times. Aer drying at 40 °C in vacuum for 24 h,
the green powder was loaded into a covered quartz boat,
transferred to a tube furnace under 50 sccm of Ar gas, heated at
550 °C for 4 h at 5 °C min−1, and allowed natural cooling down
to room temperature to obtain the AgCu–C3N4 SAC. The Ag and
Cu loading (including Ag–C3N4 and Cu–C3N4) can be tuned by
the amount of silver and copper ammonia solution.

Alkyne semi-hydrogenation using AgCu–C3N4 SACs

Typically, 8 mol% (regarding metal) of catalyst (or 5 mg of C3N4-
K) was loaded in a pre-dried vial containing solvent (MeOH, 1
mL), alkyne (0.1 mmol), and ammonia borane complex
(NH3$BH3, 0.5 mmol, 15 mg), and stirred at room temperature
for 20 h. Then, the solid catalyst was separated, and the reaction
suspension was treated with 1 M HCl (5 mL) and stirred vigor-
ously to quench the excess NH3$BH3. The crude product was
© 2024 The Author(s). Published by the Royal Society of Chemistry
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extracted with ethyl acetate (3 × 5 mL). The combined organic
layer was washed with brine (8 mL), dried over anhydrous
Na2SO4, and concentrated under reduced pressure. The crude
product was analysed by GC-MS, and the pure product was
obtained by ash column chromatography on silica gel or TLC
plate.

H2 temperature-programmed desorption (TPD)

H2-TPD was carried out on a Microtrac BELCat II instrument
with a thermal conductivity detector (TCD). Typically, 40 mg of
the sample was pre-dried at 80 °C for 1 h and cooled to 50 °C in
He ow. An H2/Ar mixture (10 vol%) was introduced into the
reactor at 50 mL min−1 and kept at 50 °C for 1 h. The sample
was then swept with pure Ar for 30 min to remove physically
adsorbed H2. Subsequently, the sample was heated in Ar up to
500 °C at 5 °C min−1, while the desorbed species was detected
by TCD.

Phenylacetylene DRIFTS measurement

DRIFTS measurements were performed on a Thermo Scientic
Nicolet iS50 instrument with a Hg–Cd–Te (MCT) detector and
a Praying Mantis high-temperature reaction chamber with ZnSe
windows. The powder sample was placed in an in situ pool and
pretreated in Ar at 20 mL min−1 at room temperature. Back-
ground spectrum was acquired until stable. Aer that, phenyl-
acetylene was purged to the reaction cell by amixture with Ar for
120 min at 50 mL min−1. Then, the gas was switched to pure Ar
and purged at room temperature for 30 minutes before col-
lecting DRIFTS spectra. DRIFTS spectra were also collected for
the subsequent heating in Ar at 60 °C for 30 min and 100 °C for
30 min, respectively.

Material characterization

The following equipment was used: STEM (JEOL ARM200F
equipped with ASCOR probe corrector at 80 kV),36 TEM (JEM
2010F, 200 kV), XPS (AXIS UltraDLD, monochromatic Al Ka),
XRD (Bruker D8), ICP-OES (PerkinElmer Avio 500, ppm level
accuracy). XANES/EXAFS: 50 mg of sample was ne ground
using a mortar and pestle before being pressed into an 8 mm
pellet. Measurements were carried out at the RIKEN SPring-8
Center (RSC), the Australian Nuclear Science & Technology
Organisation (ANSTO), and Singapore Synchrotron Light Sour-
ces (SSLS).37 Data analysis and simulation were conducted on
Athena, Artemis, and Hephaestus (Version 0.9.23).38

Data availability

All data are available from the authors upon reasonable request.
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