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Synthesis of robust MOFs@COFs porous hybrid materials via 

aza-Diels-Alder reaction: towards high performance 

supercapacitor materials  

Haijun Peng,[a] Jésus Raya,[b] Fanny Richard,[a] Walid Baaziz,[c] Ovidiu Ersen,[c] Artur Ciesielski*[a] and 
Paolo Samorì*[a]  

 

Abstract: Metal-organic frameworks (MOFs) and covalent organic 
frameworks (COFs) attracted enormous attention in recent years. 
Recently, MOF@COF are emerging as hybrid architectures 
combining the unique features of the individual components to enable 
the generation of materials displaying novel physicochemical 
properties. Herein we report an unprecedented use of aza-Diels-Alder 
cycloaddition reaction as postsynthetic modification of MOF@COF-
LZU1, to generate aza-MOFs@COFs hybrid porous materials with 
extended π-delocalization. A a proof-of-concept, the obtained aza-
MOFs@COFs is used as electrode in supercapacitors displaying 
specific capacitance of 20.35 µF cm-2 and high volumetric energy 
density of 1.16 F cm-3. Our approach of postsynthetic modification of 
MOFs@COFs hybrids implement rational design for the synthesis of 
functional porous materials and expands the plethora of promising 
application of MOFs@COFs hybrid porous materials in energy 
storage applications. 

Introduction 

Over the past decade, the colossal research effort devoted to 
porous materials has paved the way towards a vast number of 
applications, with a direct impact on our daily life. Functional 
porous materials including metal-organic frameworks (MOFs) and 
covalent organic frameworks (COFs) can be produced through 
large-scale industrial processes and display tailored-made 
properties. MOFs are typically formed by coordination of metal 
ions or clusters with organic ligands, which act as linkers.[1] 
Bivalent or trivalent aromatic carboxylic acids or N-containing 
aromatics are commonly used to form frameworks with zirconium, 
zinc, copper, aluminium, chromium, and other elements.[2] Owing 
to their tuneable structure and functional nature, high porosity and 

large internal surface area, MOFs has been widely used in gas 
storage and separation,[3] catalysis,[4] sensors,[5] drug delivery.[6] 
Noteworthy, the applications of MOFs in energy storage system 
have recently emerged.[7] Unfortunately, the widespread use of 
MOFs as energy storage materials, including their use as 
electrodes in supercapacitors, is hampered by their poor stability 
combined with their low specific capacitance as a result of their 
limited conductivity. Following the seminal work of Diaz et al. on 
MOF Co8-MOF-5 as electrodes in supercapacitors with a 
relatively low gravimetric capacitance of 2 F g-1,[8] numerous other 
MOF-based supercapacitors have been reported.[9] In order to 
enhance MOF capacitance as supercapacitors electrode, MOFs 
have been incorporated into conductive materials, such as 
graphene[10] and conductive polymers.[11] Yaghi et al. reported a 
series of different nanocrystal MOFs/graphene hybrids 
incorporated into solid-state supercapacitor devices, finding a 
zirconium MOF exceptional high areal capacitance of 5.09 mF cm-

2.[12] 
On the other hand, COFs exhibit much higher thermal and 

chemical stability due to the all-covalent nature of the architecture 
in which the small molecular units are held together by strong 
covalent bonds, such as B-O, C=N, B-N, C=C and B-O-Si [13]. The 
great variety and programmability of covalent bonds between the 
COF’s building units, which can be obtained by exploiting various 
synthetic organic reactions, enables chemical engineering of 
COFs’ surface areas, pore sizes and crystal structure forming 2D 
or 3D crystalline functional architectures.[14]  

More recently, MOFs@COFs hybrid structures have been 
developed as a new type of multifunctional porous materials by 
introducing the as-prepared MOF into the synthetic process of 
COF. Such materials contain the structural traits and combine the 
advantages of individual components thereby yielding highest 
performances in gas separation,[15] (photo-)catalysis,[16] 
aptasensors[17] and lithium storage[18]. Thus far, the growth of 
MOFs@COFs hybrid materials has primarily relied on the use of 
the imine bond (-C=N-) formation, through the condensation of 
unreacted -NH2 groups of MOFs with aldehydes used for the 
synthesis of Schiff-base COFs. For example, Fu et al. reported 
the first class of COF@MOF (COF-300@ZIF-8) composite 
membranes, which displayed higher separation selectivity of 
H2/CO2 gas mixtures compared to the individual COF and MOF 
membranes.[19] Moreover, hybrid core-shell MOFs@COFs 
composites, such as NH2-MIL-68-MOF@TPA-COF,[20] NH2-MIL-
125@COF-LZU1,[21] NH2-Uio-66/Tppa-1-COF[22] and Uio-66-
NH2@COF-TAPB-BTCA[23] have been synthesized and have 
been successfully used in (photo-)catalysis. However, except for 
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such Mn-MOF@COF hybrid reported by Wang et al.,[18] the use 
of MOFs @ COFs hybrid materials in energy storage applications 
remains largely unexplored.  

Supercapacitor energy storage devices gained 
considerable attention due to their cost-effectiveness, eco-friendly 
nature, high power density, moderate energy density and long-
term cycle stability. These qualities make supercapacitors key 
devices to power portable electronics.[24] Although a vast number 
of electrode materials have been reported to date, carbon 
nanomaterials attracted great attention due to their tuneable 
physicochemical and electrochemical properties. In particular, 
activated carbons and metal oxides were successfully employed 
to increase the overall performance of supercapacitors. However, 
their irregular morphologies, wide pore size distributions and low 
energy density cannot keep pace with increasingly higher energy 
storage requirements.[25] On the other hand, three-dimensional 
architectures have attracted notable attention for supercapacitor 
applications because of their low density, highly accessible 
surface area, structural interconnectivity (micro-, meso- and 
macro-interconnected pores). Therefore, the use of porous 
scaffolds such as MOFs and COFs can take advantage of the 
specific surface area, presence of the pores with controllable size 
and effective charge transport. Yet, the aforementioned 
drawbacks of those materials have to be solved. A key strategy 
for overcoming the problem of low energy density relies on the 
use of new synthetic paths or postsynthetic modification of 
MOFs@COFs hybrid porous materials towards improved 
electrochemical electrodes for supercapacitors.  

Here, we report the synthesis of MOF@COF followed by 
aza-Diels-Alder cycloaddition to form aza-MOF@COF hybrid 
electrode for supercapacitors with enhanced specific capacitance 
of 20.35 µF cm-2. The as-prepared electrode exhibited high 
durability and excellent capacitance retention 89.3 % after 2000 
cycles. Moreover, the use of molecular spacers provided high 
volumetric energy density of 1.16 F cm -3. The improvement of 
electrochemical performance, including the rate capacity and 

durability, is the result of our simple postsynthetic modification, 
highlighting the general relevance of our approach.   

Results and Discussion 

The synthesis of aza-MOF@COF is accomplished following 
the strategy illustrated in Figure 1 (see the Supporting Information 
for the experimental details). [Zr6O4(OH)4(ATA)12] (ATA:2-
aminoterephthalate), named MOF-Uio-66-NH2 hereafter was 
synthesised according to the previously reported protocol,[26] with 
slight modification being the use of polyvinylprrolidone (PVP) as 
a surfactant, to improve the dispersibility of MOF-Uio-66-NH2 and 
facilitate an effective heterogeneous nucleation of the coating 
imine-linked COF. An imine-linked COF-LZU1[27] was chosen to 
construct the core-shell material given its dynamic covalent 
nature arising from the presence of imine bonds inside the COF, 
that can be latter converted into ultrastable crystalline porous 
aromatic frameworks.[28] The aza-MOF@COF porous hybrid 
material was synthesised in three steps. The first step relies on-
surface condensation of the MOF-Uio-66-NH2 with 1,3,5-
benzenetricarboxaldehyde (BTCA) yielding MOF-Uio-66(CHO). 
In the second step the COF layer has been grown on MOF-Uio-
66 MOF by employing the condensation between the aldehydes 
present on the surface of the as-prepared MOF-Uio-66(CHO) and 
p-phenylenediamine. In the third and final step, the postsynthetic 
modification of MOF@COF-LZU1 has been accomplished by 
making use of aza-Diels-Alder reaction to obtain aza-MOF@COF 
hybrid structure. In particular, aza-Diels-Alder reaction between 
aryl imine of MOF@COF-LZU1 and phenylacetylene resulted in 
successful conversion of the MOF@COF-LZU1 imine bridges into 
corresponding quinoline-linked aza-MOF@COF.  

 

 

Figure 1. Schematic illustration of the synthetic route of aza-MOF@COF hybrid structure.  
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The structure of the MOF-Uio-66-NH2 was investigated by 
powder X-ray diffraction (PXRD) analysis and Fourier transform 
infrared (FT-IR) spectroscopy (Figure S1 and S2). The patterns of 
as-synthesised MOF-Uio-66-NH2 is in good accordance with 
previously reported results,[22] highlighting that the use of PVP 
does not influence the reaction itself, yet, it improves the 
dispersibility of MOF-Uio-66-NH2. The successful growth of COF-
LZU1 onto MOF-Uio-66-NH2 and corresponding conversion into 
quinoline-linked aza-MOF@COF upon addition of 
phenylacetylene into MOF@COF-LZU1 hybrid materials were 
characterized by several analytical methods. The comparison of 
FT-IR spectra of aza-MOF@COF with MOF-Uio-66-NH2 and 
MOF@COF-LZU1 (Figure S3) revealed a presence of new broad 
cluster of peaks at ~1600 cm-1. Within this cluster, characteristic 
peaks at 1541 and 1580 cm-1 can be identified and ascribed to the 
formation of quinolyl species.[29] Moreover, the blue shift of the C-
C=N-C stretch from 1232 to 1256 cm-1 provides unambiguous 
evidence for the formation of aromatic quinoline core after the 
reaction.[30] Aza-Diels-Alder reaction between aryl imines and 
arylalkynes allows the conversion of COF-LZU1 imine linkers in 
MOF@COF-LZU1 into corresponding quinoline-linked aza-
MOF@COF.  

Solid-state NMR structural analysis of such materials are 
usually obtained on the basis of classical mono-dimensional 1H to 
13C cross-polarization magic-angle spinning experiments 

(CP/MAS)[31] and discussions rely exclusively on isotropic 
chemical shifts measurements that provides structural information 
at nucleus level. Unlike in solution, and despite improved sample 
crystallinity, the 13C resonances are rather broad in the solid-state 
and easily overlap. Such features may render assignments of 
signals difficult, leading in turn to misinterpretation, in particular in 
the case of MOFs and COFs in which quaternary and CH 
chemical shifts are piled up in the same small crowded zone (ca 
110 to 160 ppm). In order to circumvent this potential problem, we 
performed more advanced experiments including 13C spectral 
edition, [32] 1H Ultra-Fast MAS Direct Polarisation (1H DP/MAS) 
and 1H/13C frequency shifted Lee-Goldburg HETCOR (1H/13C 
FSLG HETCOR).[33] The latter allows to detect spatial proximities 
between 1H and 13C and may be tuned to select short internuclear 
distances like CH to distant quaternaries. Moreover, in addition to 
its enhanced resolution with respect to mono-dimensional spectra, 
it may separate spin-systems belonging to different molecules 
and proves useful when residual reagents also overlap peaks of 
interest (Figure S4-7). On the basis of this bundle of information 
complete assignments of the investigated species were possible 
(Figure 2) on both proton and carbon sides providing a strong 
evidence for reactions completion (see SI for detailed 
assignments proceeding).  
  

 
An in-depth analysis of MOF-Uio-66-NH2 and COF-LZU1 
substructures of MOF@COF-LZU1 indicates that the 13C spectra 
of the latter should not differ significantly from individual ones of 
the neat MOF-Uio-66-NH2 and COF-LZU1. In fact, the chemical 
shifts are essentially due to electronic surrounding at nucleus 
level and only minor changes on carbon site from MOF@COF-
LZU1 relative to MOF-Uio-66-NH2 and COF-LZU1 can be 
expected, it is natural to observe no changes between spectra 
from MOF@COF-LZU1 versus the sum of MOF-Uio-66-NH2 and 
COF-LZU1 (Figure S8 and Table S1). On the other hand, 1H ultra-

fast MAS at speeds up to 60 kHz can provide the resolution 
needed to gain more details. In MOF-Uio-66-NH2 1H spectrum a 
broad and intense peak located at ca 5 ppm is ascribed to the 
overlapped NH2 of MOF-Uio-66-NH2 and water. Such peak is 
absent in the spectra of COF-LZU1, yet, a smaller signal can be 
observed in MOF@COF-LZU1 at 4.8 ppm (Figure 3). Given the 
fact that, unlike 13C CP/MAS, 1H DP/MAS spectra are quantitative, 
it was possible to deconvolute them in order to obtain relative 
intensities of each signal of interest, mainly the CHs and NH2/H2O. 
When in MOF-Uio-66-NH2 the NH2/H2O signal integrates to 7.8 

Figure 2. 13C solid-state NMR series of MOF-Uio-66-NH2 (a), MOF@COF-LZU1 (b) and aza-MOF@COF (c). Bottom (green) : Edited CP/MAS (only Cq and 

CH3 detected); Middle (blue) : short contact time (55µs) CP/MAS (selects CHs and CH2) ; top (black) : long contact time (5ms) regular CP/MAS spectrum (all 

carbons there). CSA fitting of Edited CP/MAS MOF-Uio-66-NH2 (dark blue and black) in Cq/CH3 spectrum to show overlapped components in carboxylic peaks, 

Omitted on the other traces for clarity. 
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for 3 CHs in MOF@COF-LZU1 it gives 5.8 for the same 3 CHs in 
its MOF-Uio-66-NH2 sub-spectrum. Within the experimental error, 
it can be seen that the NH2 of MOF-Uio-66-NH2 have nearly 
completely disappeared and thus been quite totally converted to 
C-N=C. Hence, the remaining peak at 4.8 ppm may be ascribed 
solely to water. Finally, the imine to quinoline conversion in aza-
MOF@COF is clearly evidenced in Figure 4, in which no evident 

signal is detected within the 150-160 ppm range in the CH-edited 
13C spectrum. Signals reappear in the Cq/CH3 edited spectrum, 
clearly showing efficient transformation of C=N imine (CH at 157 
ppm) into 2-quinolyl carbon (also 157 ppm). Noteworthy, some 
residual signal in the baseline of Cq/CH3 edited spectrum is 
indicative of very low amount of residual imine (-C=N).  

 

 
 
 
 
 

 

 
 
 
 

 
To gain more insights into the nature of nitrogen species in aza-
MOF@COF and the conversion from imine to quinoline, the 
electronic state of the N element was studied by the X-ray 
photoelectron spectroscope (XPS). The analysis of N1s spectra 
of MOF-Uio-66-NH2 revealed the presence of a peak at 399.5 eV 
corresponding to the primary amine species. As previously 
observed, a negligible peak at 401.6 eV can be assigned to -NH 
groups of the organic linkers in pure UiO-66-NH2 nanocrystals 
(Figure 5a).[16a, 34] When compared to pristine MOF-Uio-66-NH2, 
MOF@COF-LZU1 only shows a binding energy at 399.2 eV, 
indicating the formation of imine bonds(Figure 5b). Upon 
postsynthetic modification, a fraction of the N1s is shifted to 
higher binding energies ~399.7 eV, corresponding to the C=N in 
quinoline moieties (Figure 5c).[35] Interestingly, Figure S9 
displays the C1s XPS spectra of aza- MOF@COF compared to 
MOF-Uio-66-NH2 and MOF@COF-LZU1. It reveals an apparent 
π-π* satellite peak, which results from the extended delocalized 
π electrons induced by the phenylacetylene aromatic ring.[36]  

The morphologies of the as-synthesized MOF-Uio-66-NH2, 
MOF@COF-LZU1 and aza-MOF@COF were assessed by field-
emission scanning electron microscopy (FS-SEM) and high-
resolution transmission electron microscope (HR-TEM). MOF-
Uio-66-NH2 nanoparticles shown in Figure 6 exhibit octahedral 
shape with smooth surface and an average size of ~200 nm. After 
the surface modification with COF, the MOF@COF-LZU1 
nanoparticles maintain their general morphology with an 
increased averaged size up to ~220 nm as shown in Figure 6d. 
Noteworthy, after postsynthetic modification the surface of aza-
MOF@COF nanoparticles becomes more rough on their surface 
and a further slight increase in size has been monitored (~230 

nm, Figure 6g). The HR-TEM images of MOF@COF-LZU1 
nanoparticles illustrated in Figure 6f reveals the presence of a 
layer lattice for COF-LZU1 at the edge of pristine MOF-Uio-66-
NH2 which was estimated around 20 nm, being consistent with the 
increased nanoparticle average size. It is worth mentioning that 
after the surface postsynthetic modification with aza-Diels-Alder 

 
Figure 3. Ultra-Fast MAS 1H NMR of MOF-Uio-66-NH2 (left) and MOF@COF-LZU1 (right). For the sake of clarity only CHs and NH2/H2O components are 

shown. Black: experimental, dotted green: calculated spectrum, blue: sum of fitted CHs, red: H2O+NH2 or H2O. Difference in areas correspond to the loss of 2 

protons when passing from MOF-Uio-66-NH2 to MOF@COF-LZU1, indicating total conversion of NH2 in imine bridge. CH Chemical shifts were not fitted as they 

were got directly from 1H/13C 2D experiments (see SI). 

 

 
 
 

 
Figure 4.  Bottom (blue): CH/CH2 selected 13C CP/MAS NMR spectrum of 
MOF@COF-LZU1, with focus on imine CH located at 157 ppm (see fig. 2 for 
labelling). Middle (black): aza-MOF-COF CH/CH2 selective 13C CP/MAS spectrum, 
where no more imine CH is present. Top (green): aza-MOF-COF Cq/CH3 selective 
13C CP/MAS spectrum. 2-quinolyl carbon signal at 157 ppm is detected. 
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reaction, the aza-MOF@COF nanoparticles display apparent 
drawbacks in the COF-LZU1 lattice layer and a relative thin and 

granular thin film in Figure 6i, which can be ascribed to the 
introduced quinolyl moieties. 
Encouraged by the aforementioned results, we have exploited our 
MOF-Uio-66-NH2, MOF@COF-LZU1 and aza-MOF@COF 
porous materials as electrodes in symmetric solid-state 
supercapacitors (details provided in the Supporting Information). 
 
 
 
 
 
 

 

 

Figure 6. The SEM images (insert is particle size distribution), TEM and HR-TEM of a-c) MOF-Uio-66-NH2, d-f) MOF@COF-LZU1and g-i) aza-MOF@COF.   

MOF-Uio-66-NH2, MOF@COF-LZU1 and aza-MOF@COF based 
electrodes were constructed into a coin-shaped cell capacitor and 
soaked with 1 M solution of tetraethylammonium 

tetrafluoroborate((C2H5)4NBF4) in acetonitrile. After the coin-
shaped cell was sealed, cyclic voltammetry (CV) was measured 
in a relatively wide scan range from 10 to 1000 mv s-1 with the 

 Figure 5. The N1s XPS spectra of a) MOF-Uio-66-NH2, b) MOF@COF-
LZU1, c) aza-MOF@COF. 
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potential values swept in a range of the cut-off values (0≤ E ≤ 2.7 
V), which is typically used to calculate the capacitance 
performance (including the role played by a pair of active 
materials and substrate, and separator)[37] (Figure 7 a-c). 
The CV curves of aza-MOF@COF based electrode display a 
more rectangular shape and higher current values compared with 
MOF-Uio66-NH2 and MOF@COF-LZU1, confirming the improved 
electrochemical stability and capacitance.[38] Specific capacitance 
calculated from the CV curves at different scan rates and 
charge/discharge profiles in Figure S14-16 was used to evaluate 
the charge storage capacity of the supercapacitors. The areal 
capacitance of MOF-Uio-66-NH2, MOF@COF-LZU1 and aza-
MOF@COF were estimated as 7.89, 9.56 and 20.35 mF cmareal-2, 
respectively (Figure 7d). The corresponding stack capacitance 
were calculated as 0.45, 0.55 and 1.16 F cmstack-3, respectively. 
The measured capacitance of aza-MOF@COF is twice as high as 
that of pristine MOF-Uio66-NH2 and MOF@COF-LZU1 materials. 
Noteworthy, such capacitance is over 11 and 17 times higher than 
those of activated carbon (0.788 mF cmareal-2 and 0.100 F cmstack-

3) and graphene (0.515 mF cmareal-2 and 0.065 F cmstack-3), and 
much higher than some previously reported systems (Tables S2). 
Furthermore, the aza-MOF@COF cell exhibits good cycling 
stability with a capacitance retention of 89.3% compared with 
MOF-Uio-66-NH2 (69.5%) and MOF@COF-LZU1 (73.9%) after 
2000 cycles performed at a current density of 0.2 A cm-2 (Figure 
7e). The excellent supercapacitor performances of aza-

MOF@COF is attributed to the extended π-delocalization in the 
hybrid structure and decreased pore size (from ~1 nm to ~0.7 nm) 
which is closer to the electrolyte ions (the diameter of (C2H5)4+ and 
NBF4- ions in electrolyte is 0.68 and 0.33 nm, respectively[39]) and 
result anomalous increase in supercapacitor devices.[39-40] To get 
more insight into the anomalous capacitance increase, 
electrochemical impedance spectroscopy (EIS) was carried out 
between 10-1 and 106 Hz to evaluate the internal resistances for 
the charge transfer process of the samples. As show in Figure 7f, 
a relatively small semicircle in the high frequency region 
represents the dominant resistive nature of the supercapacitor 
system consisting of electrode/electrolyte/current-collector. The 
beginning of the semicircle line represents the resistance (Rs) of 
the electrolyte in contact with the current collector and electrode 
materials, the termination of the semicircle line represents the 
internal resistance (Rp) of the electrode materials. The diameter 
of the semicircle (Rp-Rs) is equal to the equivalent series 
resistance (ESR), the calculation results for MOF-Uio-66-NH2 , 
MOF@COF-LZU1 and aza-MOF@COF are 6.85, 6.39 and 4.84 
Ω cm-1, respectively. The ESR results confirm that the 
postsynthetic modification of MOF@COF-LZU1 results in 
increased electrical conductivity. Moreover, the second segment 
of the aza-MOF@COF EIS curves display a steeper slope which 
highlights increased ion permeation into the electrode material 
with respect to MOF-Uio-66-NH2, MOF@COF-LZU1.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  Figure 7. Cyclic voltammetry curve of a) MOF-Uio-66-NH2, b) MOF@COF-LZU1, c) aza-MOF@COF, d) areal capacitance, e) capacitance retention, f) Nyquist 
electrochemical impedance spectra.  

Conclusions 

In summary, we have synthesised a new functional porous 
materials aza-MOF@COF by introducing quinoline moieties via 

postsynthetic modification employing aza-Diels-Alder 
cycloaddition into imine-linked MOF@COF hybrid porous 
materials. The obtained aza-MOF@COF hybrid not only retains 
highly crystalline nature and porosity, but also displays superior 
capacitor performance in energy storage system thanks to its high 
robustness. As a proof-of-concept application in supercapacitor 
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devices, the aza-MOF@COF device exhibits a high specific 
capacitance of 20.35 µF cm-2 and an exceptional stack 
capacitance of 1.16 F cm-3, which exceeds most of the previously 
reported state-of-the-art MOFs@COFs hybrid materials. Our 
approach of postsynthetic modification of MOFs@COFs hybrids 
implement rational design for the synthesis of robust, functional 
porous materials and expands the plethora of promising 
application of MOFs@COFs hybrid porous materials in energy 
storage applications. 
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