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ABSTRACT: Here we report the synthesis of (multi)-layered Zeolitic Imidazolate Framework (ZIF-8/-67) composite particles via a 

sequential deconstruction-reconstruction process. We show that this process can be applied to construct ZIF-8-on-ZIF-67 composite 

particles whose cores are the initially etched particles. In addition, we demonstrate that introduction of functional inorganic nanopar-

ticles (INPs) onto the crystal surface of etched particles does not disrupt ZIF particle reconstruction, opening new avenues for de-

signing (multi)-layered ZIF-on-INP-on-ZIF composite particles comprising more than one class of inorganic nanoparticles. In these 

latter composites, the location of the inorganic nanoparticles inside each single MOF particle as well as of their separation at the 

nanoscale (20 nm) is controlled. Preliminary results show that (multi)-layered ZIF-on-INP-on-ZIF composite particles comprising a 

good sequence of inorganic nanoparticles can potentially catalyze cascade reactions. 
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INTRODUCTION 

A major obstacle to the practical application of diverse nano-

materials is the lack of methods to control their morphology.1, 2 

To date, several top-down (e.g. etching, lithography, etc.)3-5 and 

bottom-up (e.g. use of surfactants, controlled self-assembly, 

etc.)6-8 approaches have been employed to design nanomaterials 

with specific shapes. However, most advanced nanomaterials 

are not produced and shaped in a single step but rather consec-

utively, via top-down and bottom-up strategies. A well-known 

example is the production of integrated circuits9, whereby mul-

tiple steps of material deposition (bottom-up) are followed by 

consecutive photolithographic processes (top-down) in order to 

reach complex patterns of heterogeneous composition. In the 

field of inorganic nanoparticles (INPs), a common approach is 

to combine oxidative etching (top-down) with growth methods 

(bottom-up), which yields nanoparticles with unprecedented 

shapes.10-13 

Recent efforts to control the growth of metal-organic frame-

work (MOF) particles have aimed at discovering new shapes14 

and at making more complex, multicomponent (composite) par-

ticles, built by growing one MOF on top of another (known as 

MOF-on-MOF systems)15, 16 and by combining MOFs with 

other functional materials such as INPs17-19 and biosystems.20-22 

Among the many reported MOFs, the most studied case by far 

is that of the zeolitic imidazolate frameworks ZIF-8 and ZIF-

67, which are isostructural porous materials (SBET ~ 1400-1700 

m2/g) made of Zn(II) and Co(II) ions, respectively. Each ZIF is 

very interesting because one can epitaxially grow on top of the 

other one (bottom-up) to afford either ZIF-8-on-ZIF-67 or ZIF-

67-on-ZIF-8 particles.23-26 Also, ZIF-8/ZIF-67 particles can be 

etched (top-down) into novel shapes27, 28 or synthesized as hol-

low or yolk-shelled particles.29-34 Furthermore, both of these 

ZIFs can grow on the surface of INPs and biosystems, meaning 

that a rich variety of core-shell35-44 and layered composites17, 23, 

45 could be designed. 

With these advances, both MOF-on-MOF and etching ap-

proaches are now being combined, either sequentially (in said 

order) or simultaneously, to afford new ZIF-8/ZIF-67 particles. 

For instance, Li et al. and Muhler, Fischer et al. reported for-

mation of hollow Zn/Co ZIF particles in which ZIF-8-on-ZIF-

67 particles were built and then, the ZIF-67 core was etched due 

to its lower stability in MeOH compared to ZIF-8 under mild 

solvothermal conditions.46,47 Similarly, Tsung et al. have shown 

that pre-formed ZIF-8 particles could be simultaneously re-

grown and etched to create hollow ZIF-8 particles.31 And very 

recently, Liu, Huo et al. have applied regrowth processes fol-

lowed by etching to build multi-shelled hollow particles of the 

well-known MIL-101.29  

Herein, we report a novel strategy to construct ZIF-on-ZIF 

and (multi)-layered ZIF-on-INP-on-ZIF particles. Unlike the 

aforementioned combination (bottom-up/top-down) methods, 

our method begins with controlled etching followed by MOF-



 

on-MOF growth. Recently, we have demonstrated that colloidal 

ZIF-8 and ZIF-67 particles can be anisotropically etched into 

well-defined, unprecedented morphologies. With this decon-

structive method, truncated rhombic dodecahedral (tRD) and 

rhombic dodecahedral (RD) particles can be transformed into 

uniform cubic (C), hollow (H) or tetrahedral (T) particles (Fig-

ure S1). We show that these etched ZIF-8/-67 particles can be 

reversibly reconstructed to their initial shapes. This reconstruc-

tion entails growing ZIF-8 on the etched particles. Therefore, 

the sequential deconstruction-reconstruction process can be 

used to form ZIF-8-on-ZIF-67 particles whose cores are the in-

itially etched particles. In addition, we demonstrate that the in-

clusion of functional INPs on the crystal surface of etched par-

ticles does not disrupt particle reconstruction. This observation 

opens the possibility of using this sequential process to design 

(multi)-layered ZIF-on-INP-on-ZIF composites formed by 

more than one class of INPs. In these onion-like composites, the 

sequence of the INPs can be controlled from outside to inside 

the ZIF crystal, paving the way for using them for innovative 

cascade catalytic reactions. 

 

EXPERIMENTAL SECTION 

Materials. All materials were purchased from Sigma-Al-

drich with no further modification. 

Synthesis of tRDZIF-67, RDZIF-67 and tRDZIF-8 particles.  A 

solution of 0.6 g of Co(OAc)2·4H2O in 5 mL of DI water was 

added into a solution of 2.24 g of 2-methylimidazole (2-MiM) 

in 5 mL of deionized (DI) water, and the resulting mixture was 

homogenized by stirring for a few seconds. Then, the mixture 

was let at room temperature for 10 min to form tRDZIF-67 parti-

cles. RDZIF-67 particles were prepared using the same procedure 

as for the truncated ones, except that the mixture was let for 5 h 

at room temperature. In both cases, purple crystals were col-

lected and washed several times with methanol. Finally, the 

powder was dried under vacuum for 5 h at room temperature. 

In the case of tRDZIF-8 particles, a solution of 0.3 g of 

Zn(OAc)2·2H2O in 5 mL of DI water was added into a solution 

of 1.12 g of 2-MiM in 5 mL of DI water, and the resulting mix-

ture was homogenized by stirring for a few seconds. Then, the 

mixture was let at room temperature for 5 h to form tRDZIF-8 

particles. 

General route for etching ZIF-67 particles. The general 

method starts with the preparation of a colloidal ZIF-67 solution 

by ultrasonication of 25 mg of tRD or RD ZIF-67 particles in 

2.5 mL of DI water for 15 min. In parallel, 40 mg of xylenol 

orange (XO) was dissolved in 2.5 mL of DI water, and the pH 

of this etchant solution was adjusted by adding HCl or NaOH. 

Note here that the etching solution in this process is acidi-

fied/basified XO, which protonates the 2-MiM linkers, breaks 

the coordination bonds and sequesters the liberated Co(II) ions. 

The colloidal solution was then injected into the etchant solu-

tion, and the resulting mixture was stirred at 300 rpm for an op-

timized time (t). The final solid was collected by centrifugation 

and washed several times using methanol. The specific condi-

tions for each etching process were: CZIF-67: pH = 8.0 and t = 3 

h; and TZIF-67: pH = 3.5 and t = 3 h. Note here that, only for TZIF-

67, a second etching step was needed to obtain a uniform sample. 

This second etching step consisted on washing the primarily 

etched crystals with water, re-dispersing them in 1 mL of DI 

water, and incubating them with 1 mL of XO etchant solution 

at pH = 5.80 for 30 min. 

General route for growing ZIF-8-on-ZIF-67 particles. 

The general method started with the preparation of a colloidal 

ZIF-67 solution by ultrasonication of 5 mg of core ZIF-67 par-

ticles in 5 mL of methanol for 15 min. 2.5 mL of 2-MiM and 

2.5 mL of Zn(NO3)2·6H2O with varying concentrations (C) 

were added to the colloidal solution, and the resulting mixture 

was let at room temperature for a time t. Finally the re-grown 

particles were collected by centrifugation and washing steps 

with methanol. To make RDZIF-8-on-ZIF-67 crystals with CZIF-67 

or TZIF-67 core: C = 25 mM, t = 1 day; and with HZIF-67 core: C = 

25 mM, t = 4 days. To make tRDZIF-8-on-ZIF-67 crystals with 

CZIF-67 or TZIF-67 core: C = 10 mM, t = 1 day; and with HZIF-67 

intermediate: C = 25 mM, t = 1 day.   

Synthesis of Au nanoparticles (~9 nm diameter). Au NPs 

were produced following a previously reported protocol.48 In 

detail, a solution of 2.2 mM sodium citrate in DI water (150 

mL) was heated with a heating mantle in a 250 mL three-necked 

round-bottomed flask for 15 min under vigorous stirring. A con-

denser was utilized to prevent the evaporation of the solvent. 

After boiling had commenced, 1 mL of HAuCl4 (25 mM) was 

injected. The color of the solution changed from yellow to blu-

ish gray and then, to soft pink in 10 min. Under these conditions, 

the resulting particles (9 ± 2 nm, ∼3 × 1012 NPs/mL) were 

coated with negatively charged citrate ions and hence, they 

were well suspended in H2O. After the Au nanoparticle solution 

was cooled to room temperature, a solution of 0.5 g of polyvi-

nylpyrrolidone  (PVP, MW = 40,000) in water (20 mL) was 

added dropwise to the Au nanoparticle solution under continu-

ous stirring, and the mixture was further stirred at room temper-

ature for 24 h. Then, 600 mL of acetone were added to this mix-

ture and left overnight. The supernatant was removed, and the 

resulting nanoparticles were washed three times with methanol, 

and finally dispersed in methanol at a concentration of 0.6 

mg/mL.  

Synthesis of Au nanoparticles (~22 nm diameter). A solu-

tion of 2.2 mM sodium citrate in DI water (150 mL) was heated 

with a heating mantle in a 250 mL three-necked round-bot-

tomed flask for 15 min under vigorous stirring. A condenser 

was utilized to prevent the evaporation of the solvent. After 

boiling had commenced, 1 mL of HAuCl4 (25 mM) was in-

jected. The color of the solution changed from yellow to bluish 

gray and then to soft pink in 10 min. Then, the reaction was 

cooled until the temperature of the solution reached 90 oC, after 

that, 1 mL of a HAuCl4 solution (25 mM) was injected to the 

solution and stirred for 30 min. This process was repeated one 

more time. Under these conditions, the resulting particles (22 ± 

2 nm, ∼1.2 x 1012 NPs/mL) were coated with negatively charged 

citrate ions and hence, they were well suspended in H2O. After 

the Au nanoparticle solution was cooled to room temperature, a 

solution of 0.5 g PVP in water (20 mL) was added dropwise to 

the Au nanoparticle solution under continuous stirring, and the 

mixture was further stirred at room temperature for 24 h. Then, 

600 mL of acetone were added to this mixture and left over-

night. The supernatant was removed, and the resulting nanopar-

ticles were washed three times with methanol, and finally dis-

persed in methanol at a concentration of 1.4 mg/mL.48 

Synthesis of Au nanoparticles (~4 nm diameter). A solu-

tion of 2.2 mM sodium citrate in DI water (300 mL) was heated 

up to 70˚ C under vigorous stirring. Then, 0.2 mL of tannic acid 

(2.5 mM) and 2 mL of potassium carbonate (K2CO3, 150 mM) 

were added to the heated solution. Afterwards 2 mL of HAuCl4 

(25 mM) was injected, and the color of the solution changed 



 

from yellow to bluish gray to reddish orange in 10 min. The 

solution was stirred at the same temperature for 2 hours. Under 

these conditions, the resulting nanoparticles (3.6 ± 0.4 nm, 0.2 

mg/mL) were coated with negatively charged citrate ions and 

hence, they were well suspended in H2O. The same coating pro-

ducer as for Au nanoparticles (~9 nm diameter) was used to 

functionalize these nanoparticles with PVP.49 

Synthesis of cubic Pd nanoparticles (~18 nm diameter). 

547 mg of KBr, 100 mg of PVP (MW = 55,000), 51 mg of 

NaPdCl4 and 55 mg of l-ascorbic acid were added to 10 mL of 

DI water and heated to 80 ˚C under reflux and vigorous stirring 

for 3 h. After the nanoparticle solution was cooled to room tem-

perature, the nanoparticles were washed twice with a mixture of 

acetone and water and one time with methanol, and finally dis-

persed in methanol at a concentration of 0.5 mg/mL (size = 18 

± 2 nm).6  

Synthesis of icosahedral Pd nanoparticles (~13 nm diam-

eter): In a standard procedure for the synthesis of Pd icosahe-

dra, 160 mg of PVP and 20 µl of HCL (3M) were introduced 

into 4 mL of diethylene glycol (DEG) hosted in a 20 mL vial. 

This mixture was preheated in an oil bath at 105 ˚C for 20 min 

under magnetic stirring. Subsequently, 2 mL of DEG solution 

containing 31 mg of Na2PdCl4 was added using a pipette. After 

the reaction had proceeded for 1 h, it was quenched by immers-

ing the vial in an ice/water bath. Finally, the product was col-

lected by centrifugation, washed once with acetone and twice 

with water to remove DEG and excess of PVP, and finally dis-

persed in methanol at a concentration of 0.6 mg/mL (size = 13 

± 4 nm).50 

Synthesis of Cu/Pd nanoparticles (~10 nm diameter).  In a 

typical process, 10 mg of NaPdCl2, 36 mg of CuSO4 and 240 

mg of sodium citrate were added to a mixture of 40 mL DIwater 

and 20 mL ethylene glycol. This mixture was then heated in an 

oil bath up to 160˚ C in a 100 mL round-bottomed flask under 

vigorous stirring for 6 h. A condenser was utilized to prevent 

the evaporation of the solvent. After the nanoparticle solution 

was cooled to room temperature, a solution of 0.7 g PVP  (MW 

= 55,000) in water (10 mL) was added dropwise to the nanopar-

ticle solution under continuous stirring and the mixture was fur-

ther stirred at room temperature for 24 h. Then, 200 mL of ace-

tone were added to this mixture and left overnight. The super-

natant was removed, and the resulting nanoparticles were 

washed twice with water and twice with methanol, and finally 

dispersed in methanol at a concentration of 1.8 mg/mL (size = 

10 ± 3 nm, Cu:Pd = 1:2). 

Synthesis of Au(9nm)-on-ZIF-67 composites. 10 mg of the 

C/T/HZIF-67 was dispersed in 5 mL of ethanol in a sonication bath 

for 10 min and then, 10 mL of Au nanoparticle solution was 

added dropwise to the dispersion while stirring. The resulting 

composites were collected by centrifugation, washed twice with 

ethanol and dried at 60 oC overnight. 

Synthesis of tRDZIF-8-on-Au(9nm)-on-ZIF-67 composites.  

The same general route for growing tRDZIF-8-on-CZIF-67 was ap-

plied. The only difference is that we used Au(9nm)-on-CZIF-67 

cores in various shapes instead of only ZIF-67 cores. 

Synthesis of RDZIF-8-on-INPs-on-tRDZIF-8-on-Au(9nm)-

on-CZIF-67 layered composites. 10 mg of the tRDZIF-8-on-Au(9 

nm)-on-CZIF-67 crystals were dispersed in 5 mL of ethanol in a 

sonication bath for 10 min. Then, desired amount of the corre-

sponding INP (22 nm-in-diameter Au NPs, 13 nm-in-diameter 

icosahedral Pd NPs or 18 nm-in-size cubic Pd NPs) solution 

was added dropwise to the dispersion while stirring. The result-

ing composites were collected by centrifugation, washed twice 

with ethanol and dried at 60 oC overnight. The different INP-

on-tRDZIF-8-on-Au(9nm)-on-CZIF-67 composite crystals were fi-

nally subjected to a ZIF-8 growing using C = 10 mM and t = 1 

day. 

Synthesis of INP-on-tRDZIF-8 composites. The same general 

route for growing Au(9nm)-on-CZIF-67 was applied. 10 mg of 

tRDZIF-8 particles were dispersed in 5 mL of methanol in a son-

ication bath for 10 min. Then, 10 ml of Au (3 nm) nanoparticle 

solution, 1 ml of Cu/Pd (10 nm) nanoparticle solution or a mix-

ture of both nanoparticle solutions were added dropwise to this 

dispersion under continuous stirring. The different Au-on-

tRDZIF-8, Cu/Pd-on-tRDZIF-8 and Au/Cu/Pd-on-tRDZIF-8 compo-

sites were collected by centrifugation, washed twice with etha-

nol and dried at 60 oC overnight. 

Synthesis of INP-on-tRDZIF-8-on-INP-on-tRDZIF-8 layered 

composites. A similar methodology used for growing RDZIF-8-

on-INPs-on-tRDZIF-8-on-Au(9nm)-on-CZIF-67 layered compo-

sites was applied. 10 mg of INP-on-tRDZIF-8 particles were dis-

persed in 10 mL of methanol in a sonication bath for 10 min. 

Then, 5 mL of 25 mM 2-MiM and 5 mL of 25 mM 

Zn(NO₃)₂.6H₂O in methanol were sequentially added to this 

dispersion in this order, and left at room temperature without 

stirring for 10 min. The resulting particles were collected by 

centrifugation, washed twice with methanol and dried at 60 oC 

overnight. Then, 10 mg of these particles were dispersed in 5 

mL of methanol in a sonication bath for 10 min. Afterwards, 

desired amount of the corresponding INP (Au (3 nm) or Cu/Pd 

(10 nm)) solution was added dropwise to the dispersion under 

continuous stirring. The final particles were collected by cen-

trifugation, washed once with methanol and dried at 60 oC over-

night.  

General route for the catalytic reactions. A mixture of 1-

(prop-2-yn-1-yloxy)naphthalene (1) (2.32 mg, 12.7 µmol), 

K2CO3 (3.52 mg, 25.5 µmol), iodobenzene (PhI) (1.42 µL, 12.7 

µmol), Xantphos (0.37 mg, 0.63 µmol), mesitylene as internal 

standard (0.35 µL, 5.1 µmol) and the desired ZIF-8-based cata-

lyst (5 mol%) were mixed in 0.6 mL of dry toluene, in a 2 mL 

sealed vial. The dispersion was sonicated for 15 min and stirred 

for 6 days at 110 ºC. Afterwards, the raw solution was filtered 

through a silica pad, and 4 mL of ethyl acetate were passed to 

eluate all the generated products. The obtained components 

were analyzed and quantified by means of Gas Chromatography 

and 1H-NMR (see Table 1). Compounds 1, 2, 3 and 4 were syn-

thesized and characterized according to the literature.51-55 

Characterization. Powder X-ray diffraction (PXRD) pat-

terns were collected on an X'Pert PRO MPDP analytical dif-

fractometer (Panalytical) at 45 kV, 40 mA using Cu Kα radia-

tion (λ=1.5419Å). Nitrogen adsorption and desorption measure-

ments were done at 77˚ K using an Autosorb-IQ-AG analyser 

(Quantachrome Instruments). Field-Emission Scanning Elec-

tron Microscopy (FE-SEM) images were collected on a FEI 

Magellan 400L scanning electron microscope at an acceleration 

voltage of 1.0–2.0 kV, using aluminum as support. High-angle 

annular dark-field scanning transmitted electron microscopy 

(HAADF-STEM) images were obtained with a FEI Tecnai G2 

F20 at 200 kV. Metal contents of all composites were deter-

mined by Inductively Coupled Plasma – Optical Emission 

Spectroscopy (ICP-OES). These measurements were performed 

using an ICP-OES Perkin-Elmer, model Optima 4300DV pre-

vious digestion of the composites in a mixture of HNO3 and HCl 



 

(1:2) at 220 ºC. Gas chromatography product analyses were per-

formed on an Agilent 7820A gas chromatograph equipped with 

a HP-5 capillary column (30 m x 0.32 mm x 0.25μm). The in-

jection was carried out on a split/splitless automatic injector Ag-

ilent G4513A, in split mode with ratio 100:1 with an injected 

volume of 1μL. The detection was conducted by a flame ioni-

zation detector (Agilent 7820A GC-System). 1H-NMR data 

concerning product identity were collected with a Bruker 400 

AVANCE (Serveis Tècnics de Recerca, University of Girona) 

spectrometer in the corresponding deuterated solvent (CDCl3) 

and calibrated relative to the residual protons of the solvent. 

1,3,5-trimethoxybenzene (mesitylene) was used as internal 

standard. 



 

  

 
 

Figure 1. Schematic illustration of the synthetic conditions used to construct the different ZIF-8-on-ZIF-67 particles according to the 

sequential deconstruction-reconstruction strategy. 
 

 

 
 

Figure 2. (a-c) FE-SEM images of single particles showing the formation of RDZIF-8-on-CZIF-67 (a), RDZIF-8-on-TZIF-67 (b) and RDZIF-

8-on-HZIF-67 (c) particles built by the deconstruction-reconstruction strategy. Right-hand panel: the corresponding elemental mapping 

(EDX) results, showing the distribution of Zn (green) and Co (violet). (d) FE-SEM images showing the evolution of the formation of 

RDZIF-8-on-HZIF-67. 
 



 

RESULTS AND DISCUSSION 

Figure 1 depicts the different ZIF-8-on-ZIF-67 particles gener-

ated by sequential deconstruction-reconstruction. This process 

starts with anisotropic etching of the ZIF-67 particles to C, H 

and T particles under our previously reported synthetic condi-

tions.27 The resulting etched particles are then dispersed in 

methanol (MeOH) and mixed with a solution of 2-methylimid-

azole (2-MiM) in MeOH at an optimized concentration. After-

wards, a solution of Zn(NO3)2·6H2O in MeOH at the same con-

centration is added, and the resulting mixture is left at room 

temperature for a certain time. Note that the required precursor 

concentration and the reaction time vary by the initial morphol-

ogy of the etched core particle and that, in all cases, we could 

optimize them to selectively generate tRD or RD particles. For 

instance, when the core was a cubic or tetrahedral ZIF-67 parti-

cle, tRDZIF-8-on-CZIF-67 and tRDZIF-8-on-TZIF-67 particles were 

formed at a concentration of 10 mM and a reaction time of 1 

day. In contrast, RDZIF-8-on-CZIF-67 and RDZIF-8-on-TZIF-67 parti-

cles were synthesized by increasing the concentration up to 25 

mM and maintaining the reaction time at 1 day (for full syn-

thetic procedures, see experimental section).  

For the hollow microboxes, RDZIF-8-on-HZIF-67 particles were 

formed at a concentration of 25 mM and a reaction time of 4 

days. With this core, controlled growth of an external tRDZIF-8 

layer was not possible, since in etched hollow microboxes all 

six (100) vertices are already fully grown. However, the RD 

shape was fully recovered. Indeed, we found that these particles 

grew mainly inside of the hollow core, thus fully reversing the 

etching process (Figure 2d).  

Comparison of Field-Emission Scanning Electron Micro-

scope (FE-SEM) images of the etched particles and the result-

ing ZIF-8-on-ZIF-67 particles confirmed their reconstruction 

into homogeneous tRD or RD particles (Figure 2 and S1). The 

internal composition of single particles was investigated by el-

emental mapping with energy dispersive X-ray spectrometry  

(EDX), which revealed a distribution of Co atoms following the 

shape of the initial etched ZIF-67 particles and a distribution of 

Zn atoms corresponding to the newly reconstructed layers (Fig-

ure 2). Moreover, PXRD patterns and BET surface areas (RDZIF-

8-on-CZIF-67, SBET = 1417 m2/g; RDZIF-8-on-TZIF-67, SBET = 1422 

m2/g; and RDZIF-8-on-HZIF-67, SBET = 1324 m2/g) confirmed that 

these ZIF-on-ZIF systems are pure ZIF-8/ZIF-67 (Figure S3 

and S4). Also note here that all RDZIF-8-on-(C/T)ZIF-67 particles 

could be generated from the tRDZIF-8-on-(C/T)ZIF-67 particles un-

der the conditions described in Figure 1.  

Altogether these experiments showed that, even for the hol-

low microboxes, all etched cores can be reconstructed to its 

original shape by controlled re-growing. The fact that all the 

final shapes are similarly {110} dominant is the consequence of 

the difference in the growing kinetics in the <100>, <110> and 

<111> directions, from which <110> is the slowest.  

Having demonstrated that stepwise reconstruction of our 

etched particles from C/T to tRD to RD was possible, we envi-

sioned using our strategy to make layered ZIF-8-on-INP-on-

ZIF-67 composites by simply attaching the INPs onto the crys-

tal surfaces of the etched ZIF-67 particles before their recon-

struction. To this end, we began by investigating attachment of 

Au NPs (~ 9 nm diameter) to the crystal surface of C particles 

of ZIF-67. The formed Au NPs were previously coated with 

polyvinylpyrrolidone (PVP; see Supporting Information), and 

then quantitatively attached to the ZIF-67 particles by simply 

adding them dropwise to a colloidal solution of ZIF-67 particles 

in MeOH (5 mg/mL) under vigorous stirring. After 1 min, 

Au(9nm)-on-CZIF-67 composites and a transparent supernatant 

were separated by centrifugation. Remarkably, the transparency 

of the supernatant indicated that it was deprived of Au NPs, and 

therefore, that the Au NPs had attached to the ZIF-67 particles 

massively. Indeed, FE-SEM images of the Au(9nm)-on-CZIF-67 

composites revealed homogeneous attachment of the Au NPs to 

the crystal surface of ZIF-67 and did not show any evidence of 

 
 

Figure 3. (a,b) FE-SEM images showing an individual (a) and a 

general view (b) of Au(9nm)-on-CZIF-67 composites. (c,d) 

HAADF-STEM images of single tRDZIF-8-on-Au(9nm)-on-CZIF-67 

(c) and RDZIF-8-on-Au(9nm)-on-CZIF-67 (d) composites.  
 

 
 

Figure 4. (a) FE-SEM image showing an individual Au-on-TZIF-

67 composite. (b) HAADF-STEM image of a single Au-on-HZIF-67 

composite. (c,d) HAADF-STEM images of single RDZIF-8-on-Au-

on-TZIF-67 (c) and RDZIF-8-on-Au-on-HZIF-67 (d) composites.  
 



 

significant Au-Au aggregation, neither presence of isolated Au 

NPs in the background (Figures 3a,b).  

We then attempted to grow a ZIF-8 layer on top of the 

Au(9nm)-on-CZIF-67 composites, seeking to control the recon-

struction into either tRD or RD shapes. Thus, we reproduced 

the same growing conditions as for CZIF-67 except that we used 

a dispersion of Au-on-CZIF-67 in MeOH (5 mg/mL). Figures 3c,d 

show that, when a solution of 2-MiM/Zn(NO3)2·6H2O was used 

at concentrations of 10 mM or 25 mM, tRDZIF-8-on-Au(9nm)-

on-CZIF-67 or RDZIF-8-on-Au(9nm)-on-CZIF-67 composites, re-

spectively, were formed. Remarkably, we could apply the same 

sequential process for the T and H particles, enabling us to gen-

erate the corresponding RDZIF-8-on-Au(9nm)-on-TZIF-67 and 

RDZIF-8-on-Au(9nm)-on-HZIF-67 particles (Figure 4). The homo-

geneity of the Au NP distribution observed in Figures 3 and 4 

witnesses the ordered formation of the growing ZIF-8 layer in 

the experimental conditions 

 Having shown that the layer of Au NPs does not preclude 

ZIF reconstruction and that reconstruction could be done step-

wise, we next sought to use our strategy to construct onion-like 

composites made of (multi)-layered INPs (Figure 5a). To do 

this, we divided the tRDZIF-8-on-Au(9nm)-on-CZIF-67 particles 

into three portions, to each of which we attached either PVP-

coated Au NPs (~22 nm in diameter), icosahedral Pd NPs (~13 

nm in diameter) or cubic Pd NPs (~18 nm in side length), using 

the same protocol. Then, similarly to in the first reconstruction 

process, we deposited a second ZIF-8 layer using a precursor 

concentration of 10 mM and a reaction time of 1 day. Figure 

5b-d and Figure S5 show High Angle Annular Dark Field Scan-

ning Transmission Electron Microscopy (HAADF-STEM) im-

ages of three resulting multi-composites, revealing RD as the 

final shape and two different layers of INPs: that is, an internal 

layer of Au NPs (9 nm) and an external layer of either Au NPs 

(22 nm), icosahedral Pd NPs (13 nm) or cubic Pd NPs (18 nm). 

These (multi)-layered composites were found to retain the crys-

tallinity and porosity of the starting ZIF particles (Figures S6 

and S7). Interestingly, the two different layers of INPs inside a 

single ZIF particle could be separated by a distance of 40-50 nm 

(Figure 5b-d, right column). 

MOF particles composed of separated layers of INPs should 

be useful for heterogeneous cascade catalysis because the in-

volved reactions can be chronologically catalyzed in a stepwise 

manner. As a proof-of-concept, we studied a cascade reaction 

comprising a first Sonogashira coupling from 1-(prop-2-yn-1-

yloxy)naphthalene (1) to 1-((3-phenylprop-2-yn-1-

yl)oxy)naphthalene (2) catalyzed by Cu/Pd NPs, followed by a 

second cyclization reaction from 2 to 4-phenyl-2H-

benzo[h]chromene (3) catalyzed by Au NPs (Figure 6a). We se-

lected this reaction because the cyclization of 1 to 2H-

benzo[h]chromene (4) can occur either under thermal condi-

tions,56 or can be catalyzed by Au NPs, thus highlighting the 

importance of the INP that starts catalyzing the reaction involv-

ing 1.  

Accordingly, we synthesized a composite composed of an in-

ternal layer of Au NPs (~4 nm in diameter) and an external layer 

of Cu/Pd NPs (~10 nm in diameter) (Figure 6b). In this compo-

site, both core and layer separating the INPs was ZIF-8 because 

it is more stable than ZIF-67. The thickness of the ZIF-8 layer 

was as small as 20 nm to facilitate the diffusion of the large 

reagents that occurs mainly through the framework and/or layer 

defects (Figure 6c).57 The catalytic cascade reactions were then 

conducted by mixing 1, K2CO3, iodobenzene (PhI) and 

Xantphos in toluene with a toluene dispersion of Cu/Pd-on-

tRDZIF-8-on-Au-on-tRDZIF-8 (Au: 2.2% w/w; Cu: 0.6% w/w; Pd: 

1.3% w/w; metal content was estimated by analyzing the di-

gested composite by ICP-OES), and reacted at 110 ºC for 6 days 

under continuous stirring. As control experiments, we also re-

produced the same reaction using tRDZIF-8 (without NPs), Au-

on-tRDZIF-8 (Au: 2.1% w/w), Cu/Pd-on-tRDZIF-8 (Cu: 0.6 % w/w; 

Pd: 1.2% w/w), Au-on-tRDZIF-8-on-Cu/Pd-on-tRDZIF-8 (Au: 

2.2% w/w; Cu: 0.5% w/w; Pd: 1.0% w/w) and Au/Cu/Pd-on-

tRDZIF-8 (Au: 2.1% w/w; Cu: 0.5% w/w; Pd: 1.2% w/w) as cat-

alysts (Table 1).  

 
 

Figure 5. (a) Schematic illustration of the ZIF-based composites 

composed of two different layers of INPs. (b-d) HAADF-STEM 

images of single RDZIF-8-on-Au(22 nm)-on-tRDZIF-8-on-

Au(9nm)-on-CZIF-67 (b), RDZIF-8-on-Pd(icosahedral)-on-tRDZIF-8-

on-Au(9nm)-on-CZIF-67 (c), and RDZIF-8-on-Pd(cubic)-on-tRDZIF-

8-on-Au(9nm)-on-CZIF-67 (d) composites. 
 



 

In the case of ZIF-8 and the composite containing only Au 

NPs, Au-on-tRDZIF-8, they produced the non-desired 4 (yield: 21 

and 31%, respectively) (see Figure 6a). The 21 % of 4 produced 

using only ZIF-8 was exclusively due to the thermal conditions 

of the reaction, as seen from blanks in Table 1 (entries 1 and 9). 

Note also here that a higher yield of 4 (65 %) was obtained when 

Au-on-tRDZIF-8 was used without K2CO3. This yield increase 

demonstrates that K2CO3, which is necessary for the So-

nogashira coupling, is detrimental for the cyclization reaction. 

For the composite containing only Cu/Pd NPs, Cu/Pd-on-

tRDZIF-8, a mixture of 2 (yield: 35 %) and 4 (yield: 8 %) was 

synthesized. For the (multi)-layered composite with the incor-

rect sequence of INPs (external: Au NPs; internal: Cu/Pd NPs), 

it also produced 4 (yield: 18%), and not 2 or 3, proving that the 

cyclization of 1 mainly takes place as it first encounters Au NPs 

and not Cu/Pd NPs, which were embedded further in the ZIF. 

For the composite that contains a mixture of both types of NPs 

on the external surface, Au/Cu/Pd-on-tRDZIF-8, 2 was mainly 

produced (yield: 28 %). In this reaction, small proportions of 3 

(yield: 4 %) resulting from the cascade reaction and 4 (yield: 

2%) were also formed. For the composite with the good se-

quence, Cu/Pd-on-RDZIF-8-on-Au-on-tRDZIF-8, we mainly ob-

tained 2 (yield: 53 %), a higher proportion of 3 (yield: 11 %) 

and a small proportion of 4 (1 %). The increase in the formation 

of 3 agrees with the occurrence of the cascade reaction, which 

is first catalyzed with Cu/Pd NPs and then with Au NPs. In ad-

dition, the yield of 3 also agrees with the expected value taking 

into account the independent performance of both reactions in-

volved in the cascade process (Figure 6a). Indeed, as seen be-

fore, reaction of 1 in the presence of Cu/Pd-on-tRDZIF-8 gave 2 

(yield: 35 %), whereas the reaction of 2 in the presence of Au-

on-tRDZIF-8 gave 3 (yield: 22 %). These values result in an ex-

pected yield for the cascade reaction of 8 %. Nevertheless, the 

fact that a higher yield of 3 could be obtained using Cu/Pd-on-

tRDZIF-8-on-Au-on-tRDZIF-8 in comparison to the other binary 

Au-on-tRDZIF-8-on-Cu/Pd-on-tRDZIF-8 and Au/Cu/Pd-on-

tRDZIF-8 composites is a first proof-of-concept that (multi)-lay-

ered MOF composites with a suitable sequence of INPs can po-

tentially catalyze cascade reactions.  

  

 

CONCLUSIONS 

 

In conclusion, we have reported that ZIF-8/ZIF-67 particles that 

have been etched can be fully reconstructed, and that this re-

versibility can be used as an alternative strategy to synthesize 

novel ZIF-on-ZIF and layered ZIF-on-INP-on-ZIF composites. 

The first step of our approach comprises anisotropic etching of 

ZIF-8/ZIF-67 particles, which yields unprecedented C, T and H 

morphologies. Secondly, exposing these etched particles to a 

ZIF precursor solution enables their reversible construction. 

Here, precursor concentration and regrowth time were critical 

variables for optimizing the final shape (tRD or RD) of the re-

constructed particles. Moreover, we have demonstrated that 

even hollow microboxes can be recovered to a final RD shape 

by filling the inner space of the box with ZIF-8. Remarkably, 

the reconstruction step may also be accompanied with a step for 

attaching PVP-capped INPs onto the ZIF particle surface. This 

attachment, coupled with the ZIF-on-ZIF growth, affords lay-

ered ZIF-on-INP-on-ZIF composites. Furthermore, this latter 

process can be repeated to construct (multi)-layered composites 

composed of several types of INPs. In these composites, the dif-

ferent INPs are well separated by a nanometric layer of ZIF-8 

that can be as small as 20 nm. These composites offer potential 

for diverse practical domains such as catalysis, among other ap-

plications. Preliminary results obtained for a model cascade re-

action paves the way to an improved design of new catalytic 

protocols for cascade reactions.  

Table 1. Summary of the catalytic reactions. 

 
Entry Catalyst 1 (%) 2 (%) 3 (%) 4 (%) 

1a ZIF‐8 58 - - 21 

2a Au-on‐tRDZIF‐8 40 - - 31 

3a,b,c Au‐on‐tRDZIF-8 (reac-

tion from 2 to 3) 

- 64 22 - 

4 Cu/Pd‐on‐tRDZIF‐8 20 35 - 8 

5 Cu/Pd-on-tRDZIF-8‐on-

Au-on‐tRDZIF‐8 

- 53 11 1 

6 Au‐on-tRDZIF‐8‐on‐
Cu/Pd-on-tRDZIF‐8 

45 - - 18 

7 Au/Cu/Pd‐on‐tRDZIF-8 - 28 4 2 

9a No ZIF-8 53 - - 18 

10b ZIF‐8 - 71 8 - 

11b No ZIF-8 - 71 11 - 

a Without PhI and Xantphos. 
b 2 as starting material. 
c 3 days. 

 

 

 

 
 

Figure 6. (a) Schematic illustration of the cascade reaction. (b-

c) HAADF-STEM images of Cu/Pd-on-tRDZIF-8-on-Au-on-

tRDZIF-8 composite.  
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