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Abstract 

 Hydrogen (H2) generation and storage are actively investigated to provide a green 

source of energy, and formic acid (HCOOH), a major product from the biomass, is 

regarded as a productive source of H2. Therefore, improvements in heterogeneous 

catalysts are called for. Here, a novel type of catalyst support is proposed involving 

simple addition of the mixture of metal ion precursors to core-shell ZIF-8@ZIF-67 
followed by reduction with NaBH4, with performances surpassing those obtained using 
nanocatalysts in ZIF-8 or ZIF-67. The nanocatalysts PdxAg were optimized with ZIF-
8@Pd2Ag1@ZIF-67 under visible light illumination for selective HCOOH 
dehydrogenation involving turnover frequency (TOF) value of 430 h−1 under light 
irradiation at 353 K. These results also reveal the crucial roles of the Pd sites 
electronically promoted in the presence of visible light by the Ag plasmon resonance 
and the advantageous core-shell MOF structure. In order to examine the potential 
extension of this catalyst improvement principle to other catalytic reactions, 4-
nitrophenol reduction, a benchmarking model of catalytic reaction, was tested, and the 
results also confirmed the large performance superiority of ZIF-8@Pd2Ag1@ZIF-67 
over Pd2Ag1@ZIF-8 and Pd2Ag1@ZIF-67, confirming the interest of the novel catalyst 
design. 
 
 
Keywords: double ZIF; hydrogen production; formic acid dehydrogenation; Pd-Ag 
nanoalloy; plasmonic acceleration 
 
 

Introduction 

Hydrogen (H2), is viewed as a key green source of energy for the close future.1–3 

Nowadays, however, only a very low percentage of H2 is made without fossil fuel, 

which limits its development.4 Formic acid (FA), with a hydrogen content of 4.4 wt %, 

has attracted attention a clean H2 source.5,6 In the course of dehydrogenation, FA 

decomposes to CO2 and H2 when a catalyst is utilized, according to Equation 1.  
 

HCOOH
catalyst
→     CO2 + H2             (1) 

G°298K = 35 KJ mol-1  
 
Both homogeneous and heterogeneous catalysts have been applied to FA 

dehydrogenation,7–12 but, in comparison with homogeneous catalysts, heterogeneous 
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catalysts can easily be separated and re-used.12 Jiang et al.13 developed a strategy using 

hydrophilic graphene oxide that has been reduced and N-doped (NH2-N-rGO) as 

support to prepare AuPd NPs catalysts (AuPd/NH2-N-rGO), this heterogeneous catalyst 

showing high capacity for dehydrogenation of FA with a turnover frequency (TOF) of 

21 783 per hour at 353 K. However, with the less costly, most studied AgPd alloys, TOF 

values are lower. In addition, excellent performance values using GO as supports are 

not reproducible upon recycling with this planar support due to NP aggregation. 

Nevertheless, synergistic effect in bimetallic heterogeneous catalysts have often been 

developed as efficient catalysts for catalytic FA dehydrogenation. This is related to the 

increased performances obtained,14–17 and PdAg has appeared as the most performing 

alloy, although the optimized compositions vary with different alloys.18–20 Liu et al. 

compared catalytic performance between Pd NPs and PdAg alloys for H2 generation 

using FA and highlighted the effect of synergy AgPd nanoparticles (NPs) in MOFs.21  
The photocatalytic generation of H2 from FA has received significant attention as an 

efficient dehydrogenation method to accelerate reactions.9,22–30 Nanogold, nanosilver 

and nanocopper materials have often been studied for their localized surface plasmon 

resonance (LSPR) effect, particularly in catalysis.31–35 Efficient sophisticated supports 

have been designed with complex multiple MOFs,36 often involving ZIFs. However, 

the design of efficient nanocatalysts confined in two MOFs is rare, but should provide 

here a benefit in terms of catalytic efficiency due to improved confinement of the 

nanocatalyst-substrate ensemble between the two ZIFs.36–43 Nanoparticles or 

nanoclusters sandwiched between two ZIFs are rare, because such nanoparticles require 

stabilization with polymers before organization in the nanostructure in order to avoid 

aggregation. In a very recent example, Lu and Yao's group disclosed ZIF-8@ZIF-67 as 

an excellent support of Pd-WOx nano-heterostructures44 for FA dehydrogenation 

because of its hollow and large surface and number of defects at the surface providing  

positive interaction between Pd-WOx and ZIF-8@ZIF-67.  
Inspired by the above ideas, the new type of heterogeneous catalyst, ZIF-

8@PdAgNPs@ZIF-67, has been constructed. The precursor metal ion complexes are 

introduced in the ZIF-8@ZIF-67 composite followed by reduction with NaBH4, in 

order to encapsulate the NP inside the outer ZIF-67 shell.  
The present work also focused on an understanding of the structure-activity relationship 

between the composition of the PdAg NPs intercalated between the two ZIFs and their 

catalytic activity in FA dehydrogenation. Therefore, primarily, the catalytic activities in 

for FA dehydrogenation of different ZIF-8@PdAg NPs@ZIF-67 nanomaterials with 

various Pd and Ag proportions in their alloys has been determined and finally optimized 

for the Pd2Ag NPs. Then, for this most active nanomaterial, transmission electron 

microscopy (TEM), high-resolution (HR) TEM including scanning transmission 

electron microscopy-EDS (STEM-EDS), Brunauer-Emmett-Teller (BET) equation 
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method, X-Ray Diffraction (XRD), X-ray Photoelectron Spectroscopy (XPS) and 

inductively coupled plasma optical emission spectroscopy (ICP-AES) measurements 

have been recorded. The catalytic performance was investigated, with the remarkable 

initial turnover frequency (TOF) value of 430 h-1 at 353 K under visible light 

illumination (λ = 427 nm) and high stability upon recycling five times without catalytic 

efficiency loss. A possible reaction pathway for FA dehydrogenation is also proposed. 

Finally, it was desirable to investigate whether the MOF improvement principle could 
be applicable to other catalytic reactions. Therefore, the rates of the standard 4-
nitrophenol reduction were compared among the catalysts ZIF-8@Pd2Ag1@ZIF-67, 
Pd2Ag1@ZIF-8 and Pd2Ag1@ZIF-67, confirming superiority of the former. 
 

Experimental methods 

Materials 

Potassium palladium(II) tetrachloride, sodium borohydride, formic acid, sodium 

formate, 2-methylimidazole, 4-nitrophenol, zinc nitrate hexahydrate and cobalt (II) 

nitrate hexahydrate were purchased from Sigma-Aldrich, and all of them were used 

without further treatment. Ultrapure water was obtained from Barnstead system for 

purification of water (Thermo Fisher Scientific Inc.) 

Catalyst preparations 

ZIF-8 : The synthesis of ZIF-8 was carried out according to a previous report.14] 

Specifically, zinc nitrate hexahydrate (0.03 mol, 9.91 g) in 250 mL MeOH was poured 

into a solution of 2-methylimidazole (0.125 mol, 10.27 g) in 250 mL MeOH. After 

stirring for 1d, the product was separated by centrifugation, washed several times with 

MeOH and dried at 333K under vacuum for 12 h, yielding a white solid.39  
ZIF-8@ZIF-67 : ZIF-8 (0.5 g) dispersed in 100 mL of MeOH was added into 100 mL 

of MeOH 2-methylimidazole (0.075 mol, 6.16 g) solution, stirred at r.t. to form solution 

A. Then a solution of cobalt (II) nitrate hexahydrate (0.02 mol, 5.82 g) dissolved in 100 

mL of MeOH was poured into the obtained solution A under stirring. The mixture was 

stirred during 24 h, and the purple product was separated using centrifugation and 

washed 3 times with MeOH, and dried at 333K under vacuum overnight.39 
ZIF-8@Pd1Ag1@ZIF-67: ZIF-8@ZIF-67 (100 mg) dispersed in 5 mL of MeOH was 

added to AgNO3 (0.0125 mmol) and K2PdCl4 (0.0125 mmol dissolved in 5 mL of water. 

After 30 min stirring, 2 mmol NaBH4
45 was added under continuous stirring, which 

produced ZIF-8@Pd1Ag1@ZIF-67 that was centrifugated and washed several times, 

then dried for 12 h under vacuum. 
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The preparations of the catalysts ZIF-8@Pd2Ag1@ZIF-67, ZIF-8@Pd1Ag2@ZIF-67, 

ZIF-8@Pd4Ag1@ZIF-67, ZIF-8@Pd1Ag4@ZIF-67, ZIF-8@Pd16Ag1@ZIF-67 and 

ZIF-8@Pd1Ag16@ZIF-67 were conducted following the same procedure. 

Catalysis of dehydrogenation of FA by ZIF-8@PdAg@ZIF-67 in the dark 

The catalytic reactions utilizing each of the nanocomposites for FA dehydrogenation 

were carried out in a two-necked round-bottom flask (50 mL) at 353K under ambient 

atmosphere. Specifically, 75 mg of as-prepared catalyst was kept in the flask with 2 mL 

water, and the catalytic reaction started immediately after adding a solution containing 

FA (3 mmol) and sodium formate (SF, 1 mmol). The gas volume generated was 

recorded from the change of the water level in the burette. 

Catalysis of dehydrogenation of FA by ZIF-8@PdAg@ZIF-67 under visible-light 
illumination 

The reactions under light were carried out by using the photocatalytic equipment 

PR160L, LED PhotoReaction Lighting (Kessil lighting company, USA). The LED-type 

lamps were switched on during 15 min before visible light illumination in order to make 

sure that the intensity of the light is stable. The decomposition of FA catalyzed by 

PdAg@ZIF-8@ZIF-67 was followed using the method mentioned above. The intensity 

of the irradiated light was adjusted switched from10 W to 40 W, including the intensity 

25% (10 W), 50% (20 W), 75% (30 W) and 100% (40 W), respectively. 

NaOH trap test 

To investigate the gas composition and the molar ratio of CO2 and H2 generated from 

the ZIF-8@PdAg@ZIF-67 catalyzed dehydrogenation of FA, a two-necked round-

bottom flask (50 mL) containing 5 M NaOH solution as a NaOH trap was connected 

between the reaction flask and the gas burette. 

Recyclability test 

For the recyclability test, the catalyst was separated after dehydrogenation using 

centrifugation and washing with distilled water three times. Then, the catalyst was re-

dispersed in a two-necked round-bottom flask (50 mL), and the same experimental 

operation was carried out for five cycles. 
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Results and discussion 
Nanocatalysts synthesis and characterization  
FA dehydrogenation was conducted using bimetallic nanomaterials prepared, via a 

typical wet chemical reduction approach, using prepared ZIF-8@ZIF-67 in MeOH and 

the metal salt using the following Pd/Ag ratios : 1:1, 1:2, 1:4, 1:16, 16:1, 4:1, 2:1 

dissolved in water, followed by fast reduction of the metal ions at r.t. with an aqueous 

solution of sodium borohydride. 46 The metal contents of the nanocatalysts were 

quantified by ICP-AES measurement (Table S1). The catalytic dehydrogenation of FA 

was performed in the dark with all the catalysts at 353 K including SF (nFA = 1 mmol, 

nSF = 3 mmol, Figure 1), and the catalytic activity varied as a function of the ratio of 

metals. The nanomaterial ZIF-8@Ag@ZIF-67 had almost no catalytic activity, whereas 

together with Pd in alloys, the catalytic activity increased together with Pd content. ZIF-

8@Pd2Ag1@ZIF-67 was the most active alloy catalyst for FA dehydrogenation, 

showing a TOFinitial value of 245. With further increasing the Pd proportion in PdxAg 

until pure ZIF-8@Pd@ZIF-67, the alloy catalyst became less active, highlighting the 

optimization of the synergy effect in the Pd2Ag alloy composition in ZIF-8@ZIF-67. 

Compared with Pd2Ag1@ZIF-8 and Pd2Ag1@ZIF-67 in dark condition (Figure 2a) and 

under light irradiation (Figure 2b), the nanocatalyst immobilized between the two ZIF 

layers exhibited higher catalytic performances than the same amount of Pd2Ag1 NPs 

immobilized inside ZIF-8 or ZIF-67, which is attributed to the specific sandwich 

structure of ZIF-8@ZIF-67 and reaction confinement herein. This is already true in the 

dark, but is even more marked under visible-light illumination, showing the importance 

of inter-ZIF confinement synergies. Furthermore, the TOF comparison with those 

obtained with other supports (Table S2), such as TiO2 
36 and carbon materials 17 shows 

that the catalytic activity of PdAg NPs immobilized on ZIF-8@ZIF-67 is very 

competitive and enhances the synergistic effect among the two metals of PdAg alloy by 

interaction with ZIF-8@ZIF-67. 
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Figure 1. Gas generation for FA dehydrogenation with different ratios of Pd/Ag supported on ZIF-

8@ZIF-67 versus time at 353K in dark. 

 

 

Figure 2. Gas generation for FA dehydrogenation supported on Pd2Ag1@ZIF-8, Pd2Ag1@ZIF-67 

and ZIF-8@Pd2Ag1@ZIF-67 vs. time at 353K(a) in the dark, (b) under visible light. 

 

Following this optimization of the proportion of the two metals in their AgPd alloys in 

ZIF-8@ZIF-67, the typical morphology and structure of the ZIF-8@Pd2Ag1@ZIF-67 

were characterized by TEM and HRTEM images (Figure 3a, b). As shown in Figure 3a, 

the nanocatalyst is composed of all nearly spherical particles with good dispersity 

without any agglomeration, and their mean diameter in the interlayer of ZIF-8@ZIF-

67 is about 2.4 nm (insert in Figure 3a). Additionally, the HRTEM results (Figure 3b) 
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reveal that the (111) lattice fringe distance of in situ synthesized face-centered cubic 

(fcc) PdAg alloy is 0.23 nm, between the (111) lattice spacing of fcc Ag (0.24 nm) and 

fcc Pd (0.22 nm).47 The ZIF-8@Pd2Ag1@ZIF-67 was further characterized by HAADF-

STEM image and STEM-EDS mapping (Figure 3c-g). Elemental mapping of the ZIF-

8@Pd2Ag1@ZIF-67 reveal a typical core-shell structure: the Zn element is mainly 

located inside, while the Co element is mainly dispersed in the shell part. 
The XRD study was carried out in order to investigate the ZIF-8@Pd2Ag1@ZIF-67 

crystalline structure. As shown in Figure S1, sharp peaks at 7.4° and 12.8°, indicate that 

the constructed core shell structure is highly crystalline.41 Diffraction peaks for Pd (111) 

(JCPDS No. 87-0643) at 40.1° and 46.6° are shown in ZIF-8@Pd2Ag1@ZIF-67. There 

are characteristic peaks of Ag in the XRD pattern because of its low loading content 

(0.8 wt% as shown in table S1) and the small size at the surface of the catalyst (Figure 

3a), similarly to previous literature results.48–51 

 

Figure 3. TEM image (a), HRTEM image (b), combined elemental mapping (c), Pd (d), Ag(e), Zn 

(f) and Co (g) compositional mapping of ZIF-8@Pd2Ag1@ZIF-67. 

 

The specific Brunauer-Emmet-Teller (BET) surface area and pore distribution of the 

parent ZIF-8, ZIF-8@ZIF-67 and ZIF-8@Pd2Ag1@ZIF-67 were found using N2 

adsorption-desorption isothermal measurements. All isotherms pertain to type-I 

isotherm and high N2 absorption at 77k, indicating the presence of a hollow metal-

organic frameworks architecture with high porosity (Figure S2-S4). The distribution of 

pore sizes and total volume of the pores of the samples were determined by density 
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functional theory (DFT) and Saito-Foley (SF) (Figure S2-S4 and Table 1). The pore 

diameter of the ZIF-8@ZIF-67 (1.75 nm) gradually increased compared to that of ZIF-

8 itself (1.39 nm), and the BET surface area of the ZIF-8@ZIF-67 (2160.8 m2 g−1) 

shows increase compared to ZIF-8 itself (1857.9 m2 g−1). This increment is attributed 

to the size increase of the shell of ZIF-67 on the surface of ZIF-8 itself without blockage 

of the pores at the core-shell interfaces.41,51,52 After the addition of PdAg NPs, the 

surface and total volume of the pores of ZIF-8@ZIF-67 indicated a decrease, which 

suggests that the core-shell ZIF pores are occupied by PdAg NPs, which is consistent 

with the HRTEM results (Figure 3). 
 
 
 
 

Table 1. Physical Properties of the nanocatalysts on ZIF-8. 

Sample BET surface area 
(m2·g-1) 

Average Pore 

Diameter (nm) 

Pore volume 

(cm3·g-1) 

ZIF-8 1,857.9 1.39 0.6456 

ZIF-8@ZIF-67 2,160.8 1.75 0.9478 

ZIF-8@Pd2Ag1@ZIF-67 1,287.56 1.9 0.6116 

 

Kinetic studies of ZIF-8@Pd2Ag1@ZIF-67 in the FA dehydrogenation reaction 

and comparison with Pd2Ag1@zif-8 and Pd2Ag1@ZIF-67 
The kinetic trends of the performances of ZIF-8@Pd2Ag1@ZIF-67 in the FA 

dehydrogenation reaction were evaluated at various concentrations of SF in the 1-4 

mmol range (Figure 4a) and in the temperature range of 313-353 K (Figure 4b). In order 

to explore the best concentration of SF, solutions with various molar ratios of FA and 

SF (1:1, 1:2, 1:3, and 1:4) were made toward FA dehydrogenation. The gas collected 

exhibits an increasing-decreasing shape, the highest gas generation being observed 

when the molar ratio FA/SF was 1: 3. Additional increase of the amount of SF resulted 

in the decrease of gas generation, which is assigned to a too high anion density 

([HCOO-]) saturating the nanocatalyst surface, which inhibits substrate activation by 

the surface Pd atoms. The data of the time dependence of H2 formation catalyzed by 

ZIF-8@Pd2Ag1@ZIF-67 at various temperatures is indicated in Figure 4b. According 

to the Arrhenius equation, the activation energy (Ea) of FA dehydrogenation is 19.6 ± 

1.3 kJ/mol (Figure S5). The highest gas generation was observed when the temperature 

was 353 K. Based on these experimental results, the optimized temperature further used 

was fixed at 353 K with the optimized molar ratio of FA/ SF, 1:3.  
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The stability and recyclability of the heterogeneous catalyst are playing a key role in 

industrial applications. Thus, the recycling experiments of ZIF-8@Pd2Ag1@ZIF-67 

were carried out for the dehydrogenation of FA at 353 K, the DATA being gathered in 

Figure 4c. The catalytic activity of ZIF-8@Pd2Ag1@ZIF-67 remained almost the same 

as that of the initial catalyst in H2 generation, exhibiting no significant decrease even 

after five recycling runs. The reason for which the gas amount generated in the fifth run 

was a little less than that of the fourth run, as already reported for other PdAg 

catalysts,21,53,54 probably is a low amount of PdAg NP aggregation.  

 
Figure 4. Plots of the gas generation vs. time for FA dehydrogenation catalyzed by ZIF-

8@Pd2Ag1@ZIF-67 (a) with various ratios of FA/SF; (b) at different temperature; (c) recyclability; 

(d) with and without NaOH trap (for CO2 gas). 

 

The gas generated from the dehydrogenation of FA catalyzed by ZIF-8@Pd2Ag1@ZIF-

67 was passed through a 5 M NaOH trap in order to investigate the gas composition 

and the CO2 / H2 molar ratio. The volume of gas was reduced to half with the NaOH 

trap, confirming the full absorption of CO2 and, importantly, the absence of CO (Figure 

4d). The of CO2/H2 molar ratio in the gas generated is 1:1, confirming the stoichiometry 

of FA dehydrogenation in Equation 1. 
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Visible-light-induced acceleration of ZIF-8@Pd2Ag1@ZIF-67-catalyzed FA 

dehydrogenation 

There have been very few reports on the visible-light-driven dehydrogenation of FA 

into H2 using MOFs as catalysts, to date.55–57 The photocatalytic performance of ZIF-

8@Pd2Ag1@ZIF-67 for the dehydrogenation of FA was tested under visible-light 

irradiation with various wavelengths (Figure 5a) and different intensities (Figure 5b). 

As shown in Figure 5a, the light source of λ = 527 nm was ineffective, as the amount 

of gas generated from FA dehydrogenation utilizing this wavelength of light was 

identical to that for the reaction without light irradiation. On the other hand, the light 

sources of λ = 370 nm and λ = 427 nm enhanced the dehydrogenation of FA, which 

signifies that the visible light is only efficient in the PdAg plasmonic domain. This 

confirms that it is the Ag plasmon excitation that boosts catalysis. Indeed, the UV-Vis. 

absorption spectrum of ZIF-8@Pd2Ag1@ZIF-67 is broad between 350 and 500 nm. A 

large enhancement was observed with λ = 427 nm light illumination, approaching the 

maximum of the plasmon wavelength (λ = 402 nm) for this nanocatalyst, the plasmon 

band intensity at 427 nm being close to the maximum at 402 nm (Figure S6).58 

Additionally, the effect of light intensity at λ = 427 nm on the photocatalytic 

dehydrogenation of FA catalyzed by ZIF-8@Pd2Ag1@ZIF-67 was examined (Figure 

5b), and the rate of H2 generation increased in the same time as that of light intensity. 

This indicates that the catalyst activity of ZIF-8@Pd2Ag1@ZIF-67 was easily 

controlled by the light intensity. These wavelength and intensity dependencies clearly 

confirm the positive role of the plasmon influence in boosting the catalytic performance 

and demonstrate the great promise of the ZIF-8@Pd2Ag1@ZIF-67 as a more efficient 

photocatalyst for H2 generation from FA. The contribution of photo thermalization 

induced by plasmon photons59–61 has been analyzed. The flask was covered with tin 

paper in order to inhibit direct visible light illumination, and a temperature probe was 

located inside the vessel that contained the reaction mixture to monitor the change of 

temperature during H2 generation from FA catalyzed by ZIF-8@Pd2Ag1@ZIF-67. The 

temperature changed within 2 °C was observed during the maximum reaction time 

(Figure S7a) and there was no significant change of gas generation between catalyzed 

by ZIF-8@Pd2Ag1@ZIF-67 with tin paper covered and in dark (Figure S7b). Thus, 

photothermalization is not the main responsible factor for the light-induced catalytic 

activity enhancement62,63 of the catalyzed FA dehydrogenation reaction. 
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Figure 5. Plots of the gas generation vs. time for H2 generation from FA catalyzed by ZIF-

8@Pd2Ag1@ZIF-67 under visible-light irradiation (a) with various wavelengths, (b) with various 

light intensities. 

 
The promotional role of the plasmonic effect was verified by XPS measurements 

(Figure 6) in order to investigate the surface chemical compositions and valence states 

before and after reaction under light. As a result, a possible mechanism for visible light-

enhanced FA dehydrogenation catalyzed by ZIF-8@Pd2Ag1@ZIF-67 is proposed in 

Scheme.1. First, SF coordinates onto the catalytic metal surface, transferring its 

negative charge onto the alloy. This increases the ability of the metal surface to carry 

out oxidative addition of the H--COOH bond, forming the intermediates HCOO* and 

H* that serve as ligands on the metal surface. On the alloy surface, the coordinated 

HCOO* group may be in equilibrium between its monohapto ( 1-OC(O)H) and 

dihapto chelate ( 2-O2CH) forms. However, the more flexible monohapto form is 

privileged toward further -elimination step giving the second hydride ligand H* on 

the metal surface while CO2 escapes from the surface. The last step, involving reductive 

elimination of the two surface ligands H* to give H2, is known to be accelerated by 

visible-light irradiation.64-67 The light illumination provokes plasmonic “hot” electron 

transfer from an Ag atom to a Pd atom of the alloy surface,55 which increases its electron 

density, favoring both the -elimination and reductive elimination steps. In sum, both 

SF anion coordination and plasmonic “hot” electron transfer from Ag are enriching the 

electronic state of Pd that is responsible for the key reaction steps. Combined with XPS 

results in Figure 6, the binding energy of Ag 3d at 376.23 and 370.23 eV before reaction 

moved after the reaction to higher values (376.78 and 370.61 eV) (Figure 6a), showing 

that the Ag atoms became charged more positively. In the same time, the Pd 3d (343.86 

and 338.38 eV) signals moved to lower values (343.20 and 337.89 eV) after reaction 

(Figure 6b), demonstrating that there was an electronic stimulation following the 

photoreaction. This high-energy plasmon-excited electron transferred from Ag to Pd, 

resulting from a heterogeneity of charge at the interface between Ag and Pd, results in 

the electronic enrichment of the nearby Pd atom.68,69  

ACCEPTED MANUSCRIPT / CLEAN COPY



 13 

 

Figure 6. XPS spectra of ZIF-8@Pd2Ag1@ZIF-67, (a) Ag region before and after reaction, (b) Pd 

region before and after reaction. 

 

Scheme 1. Proposed reaction pathway for visible light-enhanced H2 generation from FA catalyzed 

by ZIF-8@Pd2Ag1@ZIF-67. 

 
Comparison of the catalytic performances of ZIF-8@Pd2Ag1@ZIF-67, 

Pd2Ag1@ZIF-8 and Pd2Ag1@ZIF-67 in 4-nitrophenol reduction by NaBH4. 
The catalyst activities of the new nanocatalysts were examined upon reduction of 4-
nitrophenol (4-NP)70,71 with NaBH4 at 22 °C. Typically, the experimental solution was 
prepared by mixing 9 ml of freshly prepared aqueous NaBH4 (75 mg, 2 mmol) solution 
with 12 ml of aqueous 4-NP solution (3 mg, 0.02 mmol). Subsequently, 3.5 mg of  
catalyst was dispersed in 0.1 or 1.0 ? ml methanol and sonicated during 3 min. 
After sonication, the 0.1 or 1.0 ? ml of methanol solution containing the catalyst was 
added to the experimental solution, and the yellow solution gradually became colorless. 
UV–Vis. spectroscopy monitored the catalytic reaction progress between 250 and 
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550 nm. The absorbance change at 400 nm allowed to calculate the rate constant of the 
reaction. 
The course of the reaction was checked using the kinetics utilizing UV–Vis. 
spectroscopy at various intervals of time (Figure 7). The color of ZIF NPs catalysts 
(figure 7a) is white for Pd2Ag1@ZIF-8, deep purple for Pd2Ag1@ZIF-67, and light 
purple for ZIF-8@Pd2Ag1@ZIF-67. The absorption band at 400 nm only presented a 
slight decrease after 30 min without catalyst (Figure 7b). In the presence of catalyst, the 
reduction immediately started upon stirring, induction time (figure 7c-e). The band 
located at 400 nm corresponding to 4-NP absorption rapidly decreased. The plot of the 
consumption rate of 4-NP [−ln (C/C0)] vs. reaction time provides the apparent rate 
constant kapp (figure 7f). The reactions catalyzed by the different catalysts ZIF-
8@PdxAgy@ZIF-67 were all finished with 100% conversion within 4 minutes, showing 
the efficiency of all these nanocatalysts, ZIF-8@Pd2Ag1@ZIF-67 possessing the best 
catalytic ability. 
Table S3 shows the comparison of the apparent rate constants for 4-NP reduction with 
other transition metal NPs from the literature. In comparison with the three ZIF NPs 
catalysts in our work, ZIF-8@Pd2Ag1@ZIF-67 has the highest kapp value in the 
reduction of 4-NP by NaBH4. Compared to Au, Rh and α-Fe2O3 nanoparticles in the 
Table S3, ZIF-8@Pd2Ag1@ZIF-67 is the best, most active catalyst for 4-NP reduction 
with kapp of 1.8 × 10−2 s-1. 
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Figure 7. Time-dependent UV-vis. spectra for the reduction of 4-NP at 22 °C. (a) 

Catalyst images, (b) without catalyst, (c) in presence of Pd2Ag1@ZIF-8, (d) in presence 

of Pd2Ag1@ZIF-67, (e) in presence of ZIF-8@Pd2Ag1@ZIF-67 and (f) plot of ln(Ct/C0) 

vs. the time of reaction of the catalytic reaction. Ct and C0 are the concentrations of 4-

NP at the time t and the time 0, respectively. 
 

Conclusion 

A new mode of MOF encapsulation of NP catalyst has been probed with the composed 
ZIF-8@ZIF-67 structure, and the large decrease of the BET surface after encapsulation 
showed the success of this attempt. Thus, Pd–Ag alloy NPs of various metal 
compositions have been easily and successfully stabilized in the ZIF-8@ZIF-67 
structure, leading to stable monodisperse NPs. The characterization techniques 
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confirmed the core-shell structure, affording a highly effective and recyclable system 
for H2 production from FA dehydrogenation. In addition, the optimized synergy for  

AgPd in MOFs toward catalytic hydrogen generation from FA under light irradiation 

involves Ag to Pd plasmonic “hot” electron transfer provoking electronic enrichment 
at the Pd catalytic sites. As a result, a large acceleration of the reaction was obtained 
under visible-light illumination compared to that in the dark. The superiority of the 
confinement provided by the ZIF sandwich compared to only ZIF-8 or ZIF-67 support 
is found in the dark, but it is even more marked under light illumination, emphasizing 
the boosted advantage of using in the same time double ZIF and visible light comprising 
the plasmonic region. Electronically promoted Pd sites by the LSPR effect of Ag 

combined with electronic enrichment of Pd due to favorable SF coordination facilitated 

the key steps of FA dehydrogenation, improving the catalytic performance. Finally, a 
new detailed mechanism of FA dehydrogenation is proposed, explaining both the SF 
and light effect confirmed by XPS results. The new sandwiched NP confinement 
constraints appear to induce additional stereo-electronic synergies to those optimized 
here in the alloy, particularly with visible light. All these advances should improve the 
required parameters towards efficient H2 evolution from abundant and cheap FA, a 
major biomass product. 

In addition, the possible extension to other reactions of the new improved support using 
the ZIF-8@Pd2Ag1@ZIF-67 catalyst has been confirmed with the model 4-nitrophenol 
reduction reaction, showing the superiority of ZIF-8@Pd2Ag1@ZIF-67 compared to 
Pd2Ag1@ZIF-8 and Pd2Ag1@ZIF-67. 
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