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Yanyan Liu,"* and Baojun Li"4*

SUMMARY

Zeolite-encaged metal nanoparticles (NPs) catalysts are emerging as a new frontier owing to their supe-
rior ability to stabilize the structure and catalytic performance in the thermal and environmental catalytic
reaction. However, the pore size below 2 nm of the conventional zeolites usually limits the accessibility of
metal active sites. Herein, Co-Cu NPs of about 2.5-3.5 nm were uniformly encapsulated in the intracrystal-
line mesoporous Silicalite-1 (S-1) through alkali-treatment ligand-assisted strategy. The obtained sample
(termed Co,Cu..,@HS-1) exhibited efficient activity and stability in the ammonia borane hydrolysis with
the highest TOF value of 21.46 moly2-molye '-min~". UV-vis DRS spectra indicated that intracrystalline
mesopores have greatly improved the openness and accessibility of the active sites, thus improving their
catalytic performance. The introduction of Cu regulates the electronic properties of Co, further increasing
hydrogen production activity. This research creates new prospects to design other high-performance hi-
erarchical porous zeolite-confined metal/metal oxide catalysts.

INTRODUCTION

Hydrogen energy is one of the most attractive green energy carriers due to high energy density and environment-friendly advantage.'~
Ammonia borane (AB) has been recognized to be the most promising candidates for chemical hydrogen storage materials for non-toxicity,
higher hydrogen content (19.6 wt%), and excellent stability at room temperature.® At present, the effective AB hydrogen production catalysts
are mainly divided into noble metals (Ru, Pd, Pt, and Rh) and non-noble metals (Co, Ni, Cu, and Fe).” Although the precious metals possess
very high intrinsic activity with turnover frequency (TOF) up to 10% min~", they are scarce and expensive. Non-precious metals are abundant,
cheap, and commonly used as active components in industrial catalysts, but the intrinsic activity is still far from satisfying the requirements of
practical applications. To substantially promote the intrinsic activity, the dual metal/site catalysts responsible for the efficient dissociation of
O-H in B-H and water molecules have been designed and constructed.'” ' The refined alteration of active sites in CoP/Co,P@carbon het-
erostructure via O modification had been studied to boost the catalytic activity for efficient NH3BH3 hydrolysis (turnover frequency,
TOF = 35min~")."® The migration and aggregation of bimetallic active site catalysts during the reaction have a negative effect on the catalytic

5

activity. Enhancing the adhesion strength of metal sites on the carrier or spatially isolating metal sites can prevents them from gathering and
growing together. Porous materials such as zeolites, carbon, and metal-organic materials (MOFs) are often used to stabilize the active site
using their spatial structure and provide molecular reaction channels.'**°

Encapsulation of metal nanoclusters or nanoparticles (NPs) into zeolites (metal@zeolite) have attracted extensive attention in recent years
due to remarkable promotion in the stability against sintering and unexpected shape selectivity on the basis of zeolites. Recently many stra-
tegies for fabricating metal@zeolite have been developed, including ligand-stabilized metal precursors methods,”'"** mercaptosilane-assis-
ted process,””* bottom-up approaches,”*?’ 827 and a metal-containing zeolite seed-directing crystallization
method.’>*" Nevertheless, there are still existing some limitations such as the molecule diffusion and the metal active sites accessibility for
these microporous zeolites confined catalysts because the pore size of the conventional zeolites is usually below 2 nm. A promising concep-
tion to resolve these problems is introducing meso or macropores in the zeolite to improve the mass-transfer efficiency and accessibility of the

an interzeolite transformation,

active sites.” Honggen Peng et al. have developed a facile two-step in situ mesoporogen-free dry-gel conversion method to successfully
prepare a single crystal intra-mesopore zeolite encaged Pd NPs.” Jing Gu et al. also synthesized Pt NPs encapsulated in the hierarchical
ZSM-5 catalysts via a two-step dry-gel conversion approach." The key point of the method is the prefabrication of mesopores in the
ZSM-5 zeolites in which the metallic species deposited, followed by coverage with S-1 synthesis gel and recrystallization of the dry-gel by
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Figure 1. Schematic diagram of the preparation of Co,Cu4,@HS-1

vapor-phase treatment. The uniform mesoporous structure and the nanosized crystals of the zeolite shell promoted the mass-transfer effi-
ciency and active site accessibility in the above two catalysts. Though there are many strategies to create meso or macro pores in the micro-
porous crystalline zeolites, it remains a challenge to construct single crystal zeolites with intracrystalline mesopores (intra-mesopores) and
confine the active metal NPs simultaneously.

In this paper, we developed an alkali treatment ligand-assisted method to encapsulate Co-Cu NPs within the intracrystalline mesoporous
S-1 successfully. The key point of our method is combing the ligand-protected strategy with the creation of additional mesopores in the
zeolite by alkali treatment. S-1 was first prepared under the hydrothermal condition, then were hydrothermally post-treated with the mixed
solution of ethanolamine (ETA), N,N,N-tripropyl-1-propanaminium bromide (TPABr) and N-[3-(trimethoxysilyl)propyllethylenediamine (TPE)
complexing Co and Cu species. To our delight, compared to the S-1 encaged Co and Cu NPs catalyst by in-situ ligand-assisted method, the
Co,Cuqx@HS-1 prepared by the alkali-treatment ligand-assisted method was more efficient in hydrogen production from AB. Cog ¢Cug 1@H-
S-1 show the best catalytic performance with a TOF value of 21.46 moly,-molye ™" -min~" at 303 K through the optimization investigation of Co
and Cu molar ratio and an excellent stability over six cycles during the NH3BH3 hydrolysis reaction.

RESULTS AND DISCUSSION
Catalysts characterization

The designed catalyst was synthesized by desilication-recrystallization process. This is shown in Figure 1. During the synthesis process the
zeolite (S-1) was added to the alkali treatment solution and TPE complexing Co and/or Cu metal solution. Then the obtained suspension
was crystallized to a mesoporous zeolite-encapsulated metal catalyst. TPE was a bifunctional ligand containing a chelating bidentate amine
functionality and an alkoxysilane moiety. During the post-treatment process, S-1 zeolites undergone the desilication and recrystallization.
Some Si species of S-1 removed to produce the mesopores, the silicon species in the TPE entered the S-1framework under the TPA* template
agent and the metal species are coated in the S-1 simultaneously. Therefore, the catalyst generates some mesopores while ensuring the
encapsulation of metal particles. The weight content and molar ratio of Co and Cu in the samples were verified by ICP-OES. The results
are shown in Table 1. It showed that the total amount of metal in the catalyst was controlled to 3-5 wt%.

The morphology, size, and elemental distribution of the Co1Cup@S-1 (Figure S1) and Cog¢Cug1@HS-1 samples were characterized by
HRTEM. Figures 2A-2E show that the Cog¢Cug1@HS-1 maintains the original ellipsoidal morphology of S-1, but there is a large number
of intracrystalline mesopores (bright portion in Figures 2A-2E) ranging from roughly 8 to 50 nm. Furthermore, there are some dark spots inside
the molecular sieve crystals in Figures 2D-2H. It indicates that the Co and Cu metals are uniformly embedded within the shell layer of the
hierarchical pore S-1 and are not encapsulated in the mesoporous cavity. This is due to the partial dissolution of the silicon species of S-1
crystals by alkali etching under hydrothermal conditions, the recrystallization of the silicon species in solution on the surface of the molecular
sieve in the presence of TPA+ and encapsulation of the metal species in the S-1 simultaneously. The inset particle size distribution plot in
Figure 2E illustrates that the average particle size of Co-Cu metal NPs is approximately 2.7 nm Figures 2F-2H show clear metal lattice stripes.
The lattice stripes with a spacing of 0.205 nm might be a combination of the (111) lattice spacing of Cu (0.21 nm) and the (111) crystal plane of
Co (0.19 nm).*>* Figure 2H shows the spacing of 0.243 nm lattice stripes is due to the (311) crystal plane of Co304.” The elemental mapping
of the Cog 9Cug 1@HS-1 catalyst (Figures 21-2N) shows that the elemental composition of the whole catalyst includes four kind of elements; Co
and Cu were uniformly distributed in the hierarchical pore S-1 molecular sieve. Figure S1 shows that about 2.7 nm Co NPs are uniformly
embedded within microporous S-1 zeolites and no mesopores are observed.

XRD of Co,Cuq,@HS-1 and Co,Cuq.,@S-1 are shown in Figures 3A and S2. It can be seen that each sample has a typical MFI characteristic
diffraction peak and the introduction of the metal species does not disrupt the topology of S-1. The characteristic diffraction peaks of the Co
oxides (20 = 45°) are not visible in the pattern,®® this indicates that the metallic Co species encapsulated within the molecular sieve are present
in a highly dispersed form corresponding to the metal particle size with 2.5 nm in the TEM. In addition, the characteristic diffraction peak at 43°
in Cog.gCug2@HS-1, Cog7Cug s@HS-1, and Cog ¢Cug4@HS-1 is attributed to copper oxide,*” and the intensity of this peak increases with Cu
content. It provides the proof that some larger Cu oxide particles occur when the Cu: Co molar ratio is above 0.25. In the same neutral
aqueous solution, the standard molar Gibbs free energies of Cu ion (64.77 kJ mol~") is much larger than that of Co ion (—58.2 kJ mol™"),
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Table 1. The composition of Co and Cu and textural properties of Co,Cu4.,@HS-1 samples

Pore volume

Surface area (m2<g’1) (cm3-g’1)
Sample Co (wt%) Cu (wt%) Molar ratio SgET SMic Sext Vrotal Ve
Co@HS-1 4.51 0 - 327 221 106 0.250 0.114
Co0.9Cup 1@HS-1 2.81 0.26 10.8 335 214 121 0.265 0.110
Cop.5Cup ,@HS-1 3.83 0.83 4.61 336 193 143 0.260 0.101
Cog.7Cup 3@HS-1 2.66 0.93 2.86 338 203 135 0.264 0.105
Cop6Cup 4@HS-1 291 1.55 1.88 340 203 137 0.261 0.105

so Cu is more likely to aggregate. Figure 3B shows the N, adsorption-desorption isotherms of the Co,Cuq,@HS-1 samples. The adsorption
isotherm types of all samples belong to type IV curves, indicating the presence of microporous structures in the samples. The obvious H1-type
hysteresis loops appeared at p/pg = 0.4-1.0 illustrate the occurrence of mesopores. The textural properties are shown in Table 1. In
comparison with Co1Cug@S-1 and CogoCug 1@S-1 prepared by in-situ ligand-assisted method, Co1Cus@HS-1and Cog9Cug 1@HS-1 sample
showed a significant increase in the external surface area and a slight increase in the total surface area. In addition, the total surface area
of Co,Cuq,@HS-1 series samples increased significantly with the increase of Cu content. Co1Cug@HS-1 and Cog 9Cug @HS-1 were analyzed
by XPS in order to know the chemical states and the electronic structures in Figures 3C and 3D. In both samples, spectra exhibited a doublet of
Co 2p3/2 and Co 2pq; peaks at about 780-785 and 795—801 eV, respectively. The presence of Co ions are also confirmed by intensive
“shake-up” satellites at about 787 eV and 804 eV.*° The value between the maxima of Co 2ps/, and Co 2p1,, peaks is 15.9 and 16.0 eV for
C01Cup@HS-1 and Cog oCug 1@HS-1, respectively. The Cog¢Cuo 1@HS-1 negatively shifted by 0.1 eV provided the intrinsic charge redistribu-
tion between copper and cobalt element and direct electron-enriched Co. Due to the small amount and confinement inner the
Cop.9Cug 1@HS-1, less relevant information can be observed to determine the oxidation state of Cu.

In order to investigate the local environment of Co and Cu in the microporous and mesoporous zeolite, UV-vis DRS spectra of Co,Cuy_,@S5-1
and Co,Cuy@HS-1 are presented in Figures 3E and 3F. In Figure 3F, the band at 210 nm is attributed to silica framework of S-1. According to the
reported literature, tetrahedral Co®* ions are identifiable by the triplet at 540, 580, and 625 nm as found in the compound CoAlL,O,""*? and the
spectrum of Coz0,4 was characterized by broad bands at 670 and 380 nm peaks.** For Co,Cu1.,@HS-1 series samples, a broad triplet absorption
band at 517, 580 and 650 nm exists in the d—d transition region of 500-700 nm. This is a typical characteristic of Co ion complexes, arising from
the tetrahedral Co?" (d) ground state exhibiting three symmetries and spin-allowed transitions: vy = “"Ay(F) — “To(F), va = *Aq(F) — “Tq(F),

Figure 2. HRTEM and elemental mapping images of Cog.9Cug 1@HS-1 samples
HRTEM images (A-H) and elemental mapping images (I-N) of Cog¢Cug 1@HS-1 samples.
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Figure 3. Characterization results of Co,Cu4,@HS-1 and Co,Cu,.,@S-1 samples

(A) XRD patterns and (B) N, adsorption-desorption isotherms of Co,Cu_,@HS-1 samples.
(C) XPS spectra of Co 2p of Co1Cug@HS-1.

(D) Cop9Cug.1@HS-1.

(E) UV-vis DRS spectra of Co,Cu,@S-1.

(F) UV-vis DRS spectra of Co,Cuq,@HS-1.

and v3 = *A(F) = *T4(P).* The band around 650 nm might be a combination of the 670 nm peak of Co30,4 and the 625 nm peak of the tetra-
hedral Co?*. In addition, for Cog9Cug 1@HS-1 the absorption band at 380 nm assigned to octahedral Co®* (HT) (1A1g - 1ng transition) is much
more pronounced. This indicated many Co3O, species existed in the Cog oCug @HS-1 catalysts, which was in good agreement with TEM results.
However, the band in the region of 300-700 nm was barely discernible in the Co,Cu@S-1 samples (Figure 3E), although these samples have
comparable cobalt content in comparison with Co,Cuy_@HS-1. These results indicated that openness and accessibility of the active sites of the
metal catalyst confined by molecular sieve can be greatly improved by constructing intracrystalline mesopores.

Catalytic performance

The catalytic activity of various samples and S-1 was evaluated using the hydrolysis of AB. S-1 zeolite has no catalytic activity at all for AB hy-
drolysis. The Co1Cug@S-1 and Cog9Cuq 1@S-1 samples synthesized by in-situ ligand-assisted method showed low activity to hydrogen pro-
duction of AB (Figure S3). When 45 mg AB was used for the reaction, the maximum hydrogen production was 8 and 20 mL, respectively, far
below the stoichiometric hydrogen production value. However, Co,Cu;_,@HS-1 samples exhibited the relatively high hydrogen production
capacity and Cog ¢Cug1@HS-1 had the highest TOF value with 21.46 min~" (Figures 4A and 4B). The main reason for the catalytic difference
between Co,Cuy_,@S-1 and Co,Cuy@HS-1 may be due to the presence of mesopores and the enhanced accessibility of Co active sites in the
Co,Cuqx@HS-1 catalysts.
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Figure 4. Hydrogen generation properties of NH3BH; hydrolysis catalyzed by Co,Cu4.,@HS-1 samples

(A) Hydrogen generation curves of the NH3BH3 hydrolysis catalyzed by Co,Cus_@HS-1 samples at 303 K.

(B) TOF value of Co,Cuy_,@HS-1 catalysts.

(C) Hydrogen generation curves for the NH3BH3 hydrolysis catalyzed by Cog9Cug 1@HS-1 at different temperatures.
(D) The corresponding hydrogen generation rates under different temperatures.

(E) The Arrhenius plot and E, value.
(F) Stability test with Cog9Cug 1@HS-1 at 303 K.

The specific rate and TOF curves of hydrogen generation catalyzed by Co,Cu;_,@HS-1 samples at 303 K are presented in Figures 4A and
4B. All of Co,Cu1x@HS-1 samples basically can reach the stoichiometric hydrogen production. Also, the rates of hydrogen production and
TOF value increase first with the increase of Cu proportion. When the molar ratio of Co and Cu was 9: 1, the highest TOF value with
21.46 min~" was obtained. As the Cu content continued to increase further, the TOF value of Co,Cuy@HS-1 catalyst decreased. The
Cu1Cop@HS-1 also has no catalytic activity at all for AB hydrolysis. There was an optimal molar value of Co: Cu ratio where the catalytic re-
action performance reached the highest point. The catalytic performance results indicated that Co should be the main active component and
Cu was electronic additive in the Co,Cuy_,@HS-1. But an appropriate amount of Cu can improve the hydrogen production activity of the cata-
lyst by regulating the electronic property of Co (seen in XPS). Therefore, the synergistic effect between Cu and Co could efficiently improve
the catalytic performance for the hydrolytic dehydrogenation of AB in agreement with the literature.*>*¢

Kinetics measurement of Cog ¢Cug 1@HS-1 catalyst was studied at various reaction conditions. The reaction of hydrogen generation cata-
lyzed by CopeCug1@HS-1 at various temperatures indicates that hydrogen production rate increases with temperature (Figure 4C). The
apparent activation energy (E,) is low (47.9 kJ mol™", Figure 4E), illustrating that the hydrolysis of AB could be easily activated by
Cop.9Cug 1@HS-1. Figure 4F exhibits the excellent stability of CogeCug 1@HS-1 catalyst for AB hydrolysis over six cycles. The curves of Fig-
ure S4C strongly supports the influence of increased CogoCug1@HS-1 concentration on hydrogen-generating rate. The logarithmic plots

iScience 27, 109745, May 17, 2024 5
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Table 2. Comparison of Cog 9Cug 1@HS-1 with reported catalysts for NH3;BH3 Hydrolysis

Catalyst T/K TOF E.(kJ-mol™") Reference
Co0.9Cug 1 @HS-1 303 21.46 47.98 This work
Co(5)@KD 303 20.05 32.6 Lee et al.*’
Cu/Zeolite-Y 298 0.78 51.8 Zahmakiran et al.*®
Cug 2Cog g/ MCM-41 298 15 38 Lu et al.*”

Co/SAG 303 7.26 46.4 Yu et al.*®

CoCu/C 298 28.67 51.9 Bulut et al.”’
Co@M41S 298 10.6 52 Luo et al.”
CoO,-PG 298 3.9 51.3 Wu et al.>®
Co-CoO,@GO-II 298 15.3 62.3 Guan et al.”
Co—NC/NFgno 298 3 64 Mehdi et al.>®
Co-B/MSP 303 2.77 - Patel et al.”
Co-SBA-5 313 0.35 - Herron et al.””
Co-B/SBA-15 298 4.58 43 Patel et al.”®
Ni@zeolite 298 5.08 54.4 Zahmakiran et al.”

have a positive slope indicating the first-order kinetics in the concentration of CogCug1@HS-1 (Figure S4D). Hydrogen-generating rate
almost remains unchanged increasing the concentration of AB (Figure S4A). So the hydrolysis of AB and AB concentration were zero-order
reaction. Comparision of Co0.9Cu0.1@HS-1 with reported catalysts was shown in Table 2.

Conclusions

In conclusion, Co-Cu NPs uniformly embedded in the intracrystalline mesoporous S-1 have been fabricated successfully by alkali-treatment
ligand-assisted methods. The Co,Cu;_,@HS-1 was more efficient in hydrogen production from AB. The Cog9Cug 1@HS-1 catalyst had the
highest hydrogen production efficiency with a TOF value of 21.46 molp;-molye ' -min~" through the optimization study of Co and Cu molar
ratio. Activation energy (E,) was calculated about 47.98 kJ mol~" after the kinetic test. The catalytic activity was maintained after six cycles of
stability tests. The Co,Cuy,@HS-1 prepared by the alkali-treatment ligand-assisted method possess the hierarchical pore structure with the
metal particle size of around 2.5 nm. The openness and accessibility of the active sites of Co,Cuy_@HS-1 have been greatly improved by intra-
crystalline mesopores, therefore, Co,Cuy_@HS-1 possess much higher hydrogen production properties than Co,Cu,@S-1. The introduction
of Cumakes the electron binding energy of Co move higher, further increasing hydrogen production activity. This research introduces a strat-
egy for developing hierarchical porous zeolite-confined metal/metal oxide catalysts, and illustrates the potential of using the metal/metal
oxide catalysts in liquid-phase chemical hydrogen storage reaction systems.

Limitations of the study

This study reports that Co-Cu NPs were embedded in the intracrystalline mesoporous Silicalite-1. Intracrystalline mesopores improved the
accessibility of the active sites and the introduction of Cu regulates the electronic properties of Co. Future research will focus on the resolution
of Co and Cu distribution in zeolite framework using more advanced characterization techniques.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

Tetraethoxysilane (TEOS), 28.4 wt% Sinopharm Group Chemical Reagent Co., Ltd. CAS: 562-90-3
Tetrapropylammonium hydroxide (TPAOH), 25 wt% Beijing Xingfu Institute of Fine Chemistry CAS: 4499-86-9
Cobalt nitrate (Co(NO3),-6H,0), AR, 99% Shanghai Maclin Biochemical Co., Ltd. CAS: 10026-22-9
Copper nitrate (Cu(NO3),-3H,0), AR, 99% Shanghai Maclin Biochemical Co., Ltd. CAS: 3251-23-8
Tetrapropylammonium bromide (TPABr), AR, 98% Shanghai Maclin Biochemical Co., Ltd. CAS: 1941-30-6
N-(2-aminoethyl)-3-aminopropyltrimethoxysilane (TPE), AR, 95% Shanghai Aladdin Biochemical Technology Co., Ltd. CAS: 1760-24-3
Ethanolamine (ETA), AR, 99% Sinopharm Group Chemical Reagent Co., Ltd. CAS: 141-43-5
Ammonia borane, AR, 99% Beijing Yinokai Technology Co., Ltd. CAS: 13774-81-7
Alcohol, AR Tianjin Fengboat Chemical Reagent Technology Co., Ltd. CAS: 64-17-5
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Professor Baojun Li (Ibjfcl@zzu.
edu.cn).

Materials availability

The study did not generate new unique materials. The readers can buy the chemicals to remake the materials as mentioned in the text.

Data and code availability

Data: All data reported in this paper will be shared by the lead contact upon request.
Code: This paper does not report the original code.
Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

This study does not use experimental models.

METHOD DETAILS

Preparation of catalysts

Synthesis of Silicalite-1 (S-1): The nanosized silicalite-1 zeolite crystals were synthesized under conventional hydrothermal conditions at 170°C
for 48 h from the starting gel with the molar composition of 1.0 SiO,: 0.2 TPAOH: 20 H,O. Typically, 15.6 g TPAOH solution (25 wt%) was first
mixed with the deionized water. Then, 20 g TEOS was dropwise added into the above mixture. The obtained solution was stirred at room
temperature for 3 h to make the solution clear. The solution was heated at 70°C to remove alcohol for 2 h, and then stirred to age at 45°C
for 24 h. After the aging, the mixed solution was put into a Teflon-lined stainless-steel autoclave and crystallized at 170°C for 48 h. The as-
synthesized solid products were then separated by centrifugation, washed by deionized water for several times, then dried at 80°C overnight,
and finally calcined in a 550°C muffle furnace for 6 h.

Synthesis of Cobalt-Copper@Silicalite-1 (CoxCux@S-1): Co,Cu1@S-1 was prepared by in-situ ligand-assisted method. A solution was
obtained by adding the metal precursor solution (a certain amount of Co(NO3),-6H,O and Cu(NO3),-3H,0 was dissolved in 5 mL H,O
and the total molar amount of metal was 2.25 mmol) drop by drop to TPE protector solution (1 g TPE was dissolved in 5 mL H,0). B solution
was obtained by mixing TEOS, TPAOH and water according to the molar composition of 1.0 SiO5: 0.2 TPAOH: 20 H,O. Then A solution was
added to B solution slowly under the stirring. The final obtained gels were aged at 45°C for 24 h and crystallized at 170°C for 48 h. The solid
product was separated by centrifugation, washed by deionized water for four times, dried overnight at 80°C and calcined in a muffle furnace at
550°C for 6 h under nitrogen atmosphere.

Synthesis of Cobalt-Copper@ Hierarchical-Silicalite-1 (Co,Cuy_,@HS-1): Co,Cu,@HS-1 was prepared by ligand-assisted alkali treatment
method. The S-1 was first prepared according to the synthesis of S-1in the experiment section. The metal precursor solution was prepared by
dropwise adding the aqueous solution of Co(NO3),-6H,0 and Cu(NO3),-3H,0 (2.25 mmol of total metal in 5 mL H,0) to the aqueous TPE
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solution (1 g TPE was dissolved in 5 mL H,O) under the stirring with a magnetic bar. The S-1 were hydrothermally post-treated with the mixed
solution of ETA, TPABr and metal precursor solution according to the molar ratio with 1.0 S-1: 0.66 ETA: 0.6 TPABr: 0.00225 metal (Cu and Co):
22.3 H,0 at 170°C for 48 h. The as-synthesized solid products were then separated by centrifugation, washed several times with pure water,
then dried at 80°C overnight, and finally calcined in a 550°C muffle furnace for 6 h under nitrogen atmosphere.

Characterization of catalysts

X-ray diffraction (XRD) were recorded on a Panalytical X'pert PRO diffraction-meter (40 kV, 40 mA) using Cu Ka radiation source
(X = 1.540598 A) at a scanning step of 1.2° min~" in the 260 range from 4° to 80°. N, adsorption-desorption isotherms were measured using
Micromeritics ASAP-2420 analyzer at 77 K. Prior to N, adsorption, all of the samples were evacuated under a vacuum for 3 h at 423K. Brunauer-
Emmett-Teller (BET) method was adopted to calculate the total surface area (Sge). Total pore volume (V,o) was determined by a single point
method from the volume adsorbed at p/pg = 0.95. The micropore surface area (Syio), external surface area (S, and the micropore volume
(Vimic) was calculated by the t-plot method. The elementary composition was measured by inductively Coupled Plasma Optical Emission Spec-
trometer Agilent 5110 (ICP). Transmission electron micrographs (TEM) were taken on a FEI Tecnai G? F20 X-Twin electron microscopes oper-
ating at 200 kV. XPS was collected on a Thermo Scientific Escalab Xi+ with an Al Ka. = 1486.60 eV and the binding energies were calibrated by
referencing the C 1s peak (284.8 eV) to reduce the sample charge effect.

Catalytic performance in the hydrogen generation by hydrolysis of AB

The amount of hydrogen evolution by hydrolysis of AB was determined by the drainage gas collection method. The catalyst (10 mg) finely
grounded is mixed with 2 mL deionized water. AB (45 mg) was dissolved in 3 mL deionized water. The two solutions were dispersed by ul-
trasonic for 1 min respectively. 25 mL round bottom flask was placed in a thermostatic water bath at 25°C with a self-stirring speed of
500 rpm. In addition, a water-filled measuring cylinder is placed upside down in the container to record the volume of hydrogen. Firstly, cata-
lyst dispersion was added into the round bottom flask and then the aqueous AB solution was again quickly poured into the round bottom
flask. The time started when the second bubble was generated and data was recorded each 5 mL hydrogen. In the cyclic stability test of cata-
lyst, the experimental procedures were the same as above. After the first experiment on hydrogen production by hydrolysis of ammonia
borane, then the new equal amount of AB was directly added to the reaction system, and the volume of hydrogen produced was tested
in the same way without treating the catalyst in any way. This operation is repeated until the cyclic stability test is over. In order to explore
the kinetics of the reaction system, the experiments on hydrogen production were carried out at different reaction temperatures and the
experimental procedures were the same as above.

The data of the whole stabilization phase of the reaction are used to calculate the rate of hydrogen generation rg and TOF value according
to the following two formulas:

. 50
° [t75 - tZS}Wcat
TOF = — "%

Neat[trss — tos]

tys represent the time required to produce 75 mL hydrogen, t,s represent the time required to produce 25mL hydrogen, we,: denotes the
mass of the active component in the catalyst, nyz is the number of moles of H, produced during the hydrogen produced volume from 25 to
75 mL, nea indicates the molar amount of active component in the catalyst.

QUANTIFICATION AND STATISTICAL ANALYSIS

This study does not include statistical analysis or quantification.
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