
Articles
https://doi.org/10.1038/s41560-017-0044-5

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved. © 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

1Department of Chemical Engineering, Stanford University, Stanford, CA, USA. 2Berzelii Centre EXSELENT on Porous Materials, Department of Materials 
and Environmental Chemistry, Stockholm University, Stockholm, Sweden. 3X-ray Science Division, Advanced Photon Source, Argonne National Laboratory, 
Argonne, IL, USA. 4Department of Chemical Engineering, SUNCAT Center for Interface Science and Catalysis, Stanford University, Stanford, CA, USA. 
5Department of Materials Science and Engineering, Stanford University, Stanford, CA, USA. Dawei Feng, Ting Lei and Maria R. Lukatskaya contributed 
equally to this work. *e-mail: zbao@stanford.edu

Increasing demands for reliable and powerful energy sources 
continue to drive the development of new materials for energy-
storage devices1,2. Electrochemical capacitors (ECs), also known 

as supercapacitors, represent an important class of energy-storage 
systems because they offer attractive parameters, such as an energy 
density much higher than that of electrolytic capacitors, fast charge/
discharge capacities and excellent cycling lives that exceed tens 
of thousands of cycles3. However, further improvement in energy 
density is still needed to approach that of batteries to expand the 
usage of ECs to portable consumable electronics. Depending on 
the energy-storage mechanism, ECs can be classified into either 
electrical double-layer capacitors (EDLCs) or pseudocapacitors3. 
The capacitance of EDLCs stems from charge separation at the 
electrode/electrolyte interface and, therefore, is proportional to the 
surface area. Hence, high specific surface area (SSA) materials, for 
example, porous carbons, have been used4,5. Pseudocapacitive mate-
rials store charges via reversible redox reactions3. Transition metal 
oxides (TMOs) (for example, RuO2 (ref. 6), Nb2O5 (ref. 7) and MnO2 
(ref. 6)) and conducting polymers (for example, polyaniline)7 serve 
as typical examples. However, these materials are often high in cost 
and/or suffer from low cycling stability. Although new nanomateri-
als have been developed to address these issues, high capacitance 
can often only be achieved in submicrometre-thick thin films8,9. For 
practical applications, however, submillimetre-thick electrodes with 
high areal capacitance are desirable.

MOFs are porous materials with tunable structures and high surface 
areas10. Owing to the versatility in design and the accessibility of both 
inorganic and organic building blocks on the molecular level, MOFs 

have been identified as promising candidates for high-capacitance 
ECs11–14. However, the lack of electrical conductivity (σ) in most MOFs 
significantly limits the effective utilization of built-in redox centres, 
which results in a low capacitance and power density, and the weak 
chemical stability of these reported conductive MOFs has negative 
impacts on the long-term cycling performance11,12,15,16.

Conductive MOF design generally follows established rules 
reported for coordination polymers, for example, coordination poly-
mers with strong metal–ligand orbital hybridization can become 
semiconductors and conductors17–21. Compared with one-dimen-
sional (1D) polymers, 2D and 3D MOFs possess high porosities and 
are able to allow the accessibility of their redox-active sites. However, 
when large ligands are used to construct 2D and 3D MOFs, the low 
intrinsic density of the framework limits the theoretical density of 
the redox-active sites and achievable gravimetric and volumetric 
capacitances. Recently, an intrinsically conductive MOF demon-
strated a stable electrochemical performance13. The Ni3(HITP)2 
MOF was found to have large pore sizes and a high SSA and was 
therefore an excellent candidate for double-layer capacitive energy 
storage. Indeed, electrical double layer (EDL) storage mechanism 
was observed to dominate but resulted in only moderate gravimetric 
(~100 F g−1) and volumetric (~115 F cm−3) capacitances. These val-
ues are on a par with some porous carbons, but do not outperform 
the optimal materials13.

Herein we design a redox-active conductive MOF that benefits 
from the pseudocapacitive instead of the EDL charge-storage mech-
anism. To increase the density of redox active centres, we selected 
ultrasmall hexaaminobenzene (HAB) linker to construct conductive  
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MOFs. The HAB linker coordinates with d8 and d9 metal species 
that prefer square-planar coordination geometry, which leads to 
subnanometre pores. This ultimately yields highly dense frame-
works (Fig. 1a) and exceptionally high volumetric and areal capaci-
tance for submillimetre-thick ECs with our MOFs.

Preparation and structure determination
The HAB monomer was synthesized according to the literature22, 
which was used as a building block for the synthesis of a 2D gra-
phene-like structure23. After both systematic and extensive explo-
ration of the synthetic conditions, HAB MOFs were obtained as 
black crystalline powders on reaction of the HAB linker and Ni(ii) 
or Cu(ii) salts in water in the presence of a base and with expo-
sure to ambient air (Fig.  1b). X-ray photoelectron spectroscopy 
(XPS) and electron paramagnetic resonance (EPR) analyses of 
the Ni-HAB and Cu-HAB samples indicate that only N, C, and O 
peaks exist in addition to only one type of metal: Ni(II) and Cu(II) 
respectively (Supplementary Figs.  1–3). We observed that when 
the reaction was carried out without oxygen, no MOF was formed, 
which suggests the participation of O2 in the MOF formation. 
Meanwhile, without the addition of the base, an oxidized prod-
uct of HAB was obtained instead (Supplementary Fig. 4). In addi-
tion, we successfully isolated an intermediate product of Cu-HAB 
under anaerobic conditions in the absence of base. Ultraviolet–
visible spectroscopy (UV–vis), infrared spectroscopy and powder 
X-ray diffraction (PXRD) all indicate that the metal-coordinated 
intermediate can be transformed further into the final product 
on the addition of base and exposure to oxygen (Supplementary 
Figs.  5 and 6). Therefore, we hypothesized that the formation 
of the HAB MOFs proceeds in three successive steps: (1) metal 

coordination with the HAB ligand, (2) deprotonation of –NH2 
on HAB by the base and (3) oxidation of the deprotonated HAB 
(Supplementary Fig. 7).

As shown in Fig.  1a, a 2D honeycomb layered structure is 
expected for the HAB MOFs because of the topological combina-
tion between the tritopic (hexadentate) HAB and the square pla-
nar coordinated Ni(ii) and Cu(ii). To investigate this further, we 
first used a molecular fragment of Ni/Cu-HAB to generate the 
model structure using density functional theory (DFT) calcula-
tions. The Ni-HAB fragment showed a potential cell parameter of 
a =  b =  13.33 Å (Supplementary Fig. 8) and the Cu-HAB fragment 
showed a potential cell parameter of a =  b =  13.75 Å. Next, our 
obtained high-resolution synchrotron PXRD showed an expected 
hexagonal pattern with unit cell parameters of a =  b =  13.11 Å for 
Ni-HAB (13.15 Å for Cu-HAB) and an interlayer spacing of 3.22 Å 
for Ni-HAB (3.19 Å for Cu-HAB) (Fig. 1b, Supplementary Tables 1 
and 2). These experimental data are in good agreement with the 
fragment modelling results.

To ascertain the packing mode, three possible structural models 
were subsequently proposed: (1) an eclipsed model (space group 
P6/mmm), (2) a parallel-displaced model (space group Cmcm) 
and (3) a staggered model (space group P63/mmc) (Supplementary 
Figs. 9–15). DFT optimization was used for the eclipsed model to 
optimize the atom coordinates by confining the unit-cell parameters 
to the experimental values. The parallel-displaced and staggered 
models were then generated by translating the middle layer of the 
eclipsed model. These models were used for subsequent PXRD sim-
ulation and structure refinement (Supplementary Figs. 16 and 17).  
The electron-diffraction patterns of Cu-HAB agree well with the 
simulated diffraction pattern of the eclipsed model, and the other 
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Fig. 1 | Synthesis and structural characterization of HAB MOFs. a, Synthesis scheme of Cu-/Ni-HAB MOFs. b, Experimental and Powley fitted PXRD 
patterns of Cu-HAB. c, 2D GIXD pattern of a Cu-HAB thin film on a Si substrate. d, HR-TEM image of Cu-HAB along [001] that shows a hexagonal pore 
packing with d100= 1.15 nm (a= 1.33 nm). Scale bar, 10 nm. Inset: Fourier transform of the image. e, HR-TEM image of the region within the blue square in d.  
f, Symmetry-imposed and lattice-averaged image calculated from the HR-TEM image. Embedded is the eclipsed structure model of Cu-HAB. Scale bar, 
2 nm. g,h, Experimental (g) and simulated (h) electron-diffraction pattern (eclipsed model) of Cu-HAB viewed along [− 110]. Scale bar 5 nm–1. Inset (g): 
the crystal from which the electron-diffraction pattern was taken. Scale bar, 50 nm. i, A space-filling model of the Cu-HAB model. Blue, grey, green and 
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two models can be excluded because they should present extra  
rows of reflections, which are not observed from our electron-
diffraction results (Fig. 1g,h and Supplementary Fig. 11). The cal-
culated d spacings of d001 =  3.24 Å and d010 =  10.66 Å correspond 
well with the eclipsed model (d001 =  3.19 Å and d010 =  11.36 Å). To 
confirm the structure further, a high-resolution transition electron 
microscopy (HR-TEM) image of the Cu-HAB MOF was obtained. 
The HR-TEM images (Fig. 1d–f and Supplementary Fig. 15) showed 
clear pores smaller than 1 nm with a honeycomb arrangement along 
[001] with d100 =  1.15 nm. This observation strongly supports our 
proposed model because other structural models are either non-
porous or contain much smaller pores. The 2D eclipsed model was 
further confirmed by N2 adsorption isotherms. Both MOFs showed 
Brunauer–Emmett–Teller (BET) surface areas from ~180 m2 g−1 to 
350 m2 g−1 based on different synthetic conditions, and micropores 
of ~0.8 nm (Supplementary Figs.  18 and 19), which correspond 
well with the calculated pore size from the eclipsed model (0.8 nm) 
(Supplementary Fig. 20).

To confirm the 2D structure further, we attempted to grow thin 
films of HAB MOFs. Through the control of the O2 diffusion rate, 
highly reflective films were obtained on the water/air interface 
(Supplementary Figs. 21 and 22). Grazing-incidence X-ray diffrac-
tion (GIXD) of Cu-HAB films clearly revealed a predominantly 
face-on orientation of the 2D sheets. The (100) and (200) reflec-
tions primarily appeared in plane (qz ≈  0), whereas the (001) peak 
is strong near the meridian (qxy ≈  0), which indicates that the film 
consists mainly of 2D sheets oriented parallel to the substrate plane 
(Fig. 1c). Scanning electron microscopy (SEM) showed that HAB 
MOFs are aggregated small particles (Fig. 2a). Particle-size analysis 
of the obtained images indicated that the HAB MOFs have particle 
sizes in the range 5− 50 nm, probably because of the rapid growth 
process of the MOFs, which contain highly stable coordination 
bonds with less reversibility (Supplementary Fig.  23). HAB MOF 
pellets with a tunable thickness can be obtained through cold iso-
static pressing (Fig. 2b and Supplementary Fig. 24). They showed 
a high packing density of 1.77− 1.80 g cm−3, which is the highest 
among the reported MOFs with detectable porosity (Supplementary 
Table 3). The value is also close to the theoretical density of Ni-HAB 
as calculated from crystallographic data, possibly because of their 
small particle sizes as well as incomplete removal of the entrapped 
solvent molecules24.

Optical and electrical properties
The π orbitals on the radical anionic HAB interact strongly with 
the d orbitals of Ni(ii)/Cu(ii), which enables a fully conjugated 

system. As expected, both HAB MOFs show a broad absorption 
band extending to the near-infrared region (Fig. 2c). Compressed 
pellets exhibit different colours depending on the metal centre: 
Cu-HAB is golden yellow and Ni-HAB is metallic grey (inset in 
Fig.  2c). From the onset of the absorption spectra, the bandgap 
of Ni-HAB is estimated to be ~0.57 eV, a value smaller than that 
of Cu-HAB (~0.74 eV). To characterize their electrical properties, 
the temperature dependence of conductivity was measured for the 
MOF pellets and shows a decent conductivity at low temperature 
(< 100 K) (Fig. 2d). The Ni-HAB exhibited a higher conductivity of 
70 ±  15 S m−1 at room temperature, whereas the Cu-HAB showed 
a lower conductivity of 11 ±  3 S m−1. Furthermore, computational 
studies indicate that bulk Ni-HAB has a smaller band gap than 
bulk Cu-HAB, which is consistent with the absorption spectrum 
measurement (Supplementary Figs. 25–28). In addition, we found 
that the three-layer Ni-HAB is especially interesting as it showed 
Dirac cones, which implied a higher conductivity (Supplementary 
Fig. 26). Although a few MOFs have demonstrated high conduc-
tivities (for example, Cu[Ni(pdt)2], 10−2 S m−1 (pdt, 2,3-pyrazin-
editiolate); Cu-CAT-1, 20 S m−1(CAT, catecholate); Cu3(HITP)2, 
20 S m−1 (HITP, 2,3,6,7,10,11-hexaiminotriphenylen); Ni3(HITP)2, 
5,000 S m−1) (refs 13,20,25–27), conductivity values obtained for our 
MOFs are, nonetheless, high and sufficient for the realization of 
conductive additive-free electrode design. Moreover, as the con-
ductivity values were obtained for samples with an average par-
ticle size below 20 nm we envision that the conductivity of HAB 
MOFs can be improved further by optimizing the synthesis to 
yield larger crystallites15.

Stability test
As HAB exhibits a strong orbital interaction with Ni(ii)/Cu(ii), the 
coordination bonds are highly robust against other reactive chemi-
cal species (for example, water and bases). Additionally, the hexa-
dentate HAB, one of the smallest linkers, enables a significant 2D 
chelating effect to improve further both the thermodynamic and 
kinetic stabilities28. Consequently, these HAB MOFs demonstrated 
a good chemical stability in aqueous environments. For instance, 
the PXRD patterns and BET surface areas of MOFs treated in 
either saturated potassium hydroxide (KOH) (100 °C), saturated 
ammonium hydroxide (NH4OH) (100 °C) or 1 M HCl did not 
show noticeable changes (Supplementary Fig.  29). To the best of 
our knowledge, this represents the largest pH stable range and the 
most basic environment that MOFs can withstand28. The excellent 
chemical stability of HAB MOFs allows for their use in low-cost 
and non-flammable aqueous electrolytes, whereas many traditional 
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MOFs are restricted to only organic electrolytes for ECs because of 
their weak chemical stability13.

electrochemical performance
The initial evaluation of the electrochemical performance was 
conducted in a traditional aqueous electrolyte, 1 M KOH, for 
both HAB MOF composite electrodes, that is, the electrodes were 
prepared with binder (5% polytetrafluoroethylene (PTFE)) and 
conductive additive (5% carbon black). The testing was carried 
out using an asymmetric three-electrode set-up with Ag/AgCl 
as the reference electrode and overcapacitive activated carbon 
as a counter electrode. Cyclic voltammetry studies revealed that 
the electrochemical behaviour of HAB MOFs is highly depen-
dent on the metal centre, as distinctively different CV profiles 
were observed for Cu-HAB (Fig. 3a) and Ni-HAB (Fig. 3b). The 
Cu-HAB is characterized by CV profiles with a distinct peak  
at − 0.315 V (1 mV s−1 scan rate), whereas the Ni-HAB has a sub-
stantially broadened peak region in the potential range from − 
0.5 V to − 0.75 V. For both Ni-HAB and Cu-HAB at lower scan 
rates, the cyclic voltammetry profiles are characterized by an 
almost mirror image for the charge and discharge branches with 
a very small peak separation (at 1 mV s−1 the peak separation for 
Cu-HAB is 30 mV, whereas for Ni-HAB it is only 20 mV), which 
suggests a highly reversible electrochemical process, typical for 
classical pseudocapacitive materials29, for example, Nb2O5 (ref. 30),  
or the recently discovered 2D carbides, MXenes31. The presence 
of the clear redox peaks in the cyclic voltammograms for both 
HAB MOFs, along with the gravimetric capacitances of 420 F g−1 
for Ni-HAB and 215 F g−1 for Cu-HAB, indicate a pseudoca-
pacitance from reversible redox reactions being the dominant 

charge-storage mechanism in this highly conjugated system. The 
observed redox behaviour in HAB MOFs is most probably ligand 
based: (1) the HAB ligand shows a clear set of redox peaks as 
expected for the HAB-based family of molecules32; (2) the Ni and 
o-phenylenediamine (opda) coordination complex, Ni(opda)2, 
which can be considered as non-porous analogue for Ni-HAB 
MOF because of the same structural motif (previously it was 
demonstrated that its redox activity is ligand based) and (3) the 
XPS of Ni2p region before and after reduction showed no visible 
changes (Supplementary Discussion)33.

We also performed an estimation of the EDL contribution to 
capacitance, which is < 10% for Ni-HAB and < 20% for Cu-HAB 
because of the moderate SSA of the HAB MOFs of 150–200 m2 g−1 
(Supplementary Discussion). This is most probably because of the 
substantial contribution of the redox charge-storage mechanism. 
Gravimetric capacitances achieved in the HAB MOFs, for example, 
Ni-HAB, are more than double those in the best currently reported 
porous carbon materials and close to those in redox-active conduc-
tive polymers and TMOs3,34,35.

In regard to the rate-handling ability, the Cu-HAB retains 70% 
of its capacitance on increasing the scan rate from 1 to 100 mV s−1 
(Supplementary Fig.  30a). For Ni-HAB, 65 % of the gravimet-
ric capacitance of 420 F g−1 is maintained on a 100-fold scan rate 
increase from 1 mV s−1 (Supplementary Fig. 30b). Electrochemical 
impedance spectroscopy (EIS) for the HAB MOFs showed typi-
cal supercapacitor characteristics, that is, an almost vertical low- 
frequency region in the Nyquist plot with a low ionic resistance, 
which indicates an excellent accessibility of ions to active sites 
owing to the small HAB MOF particle size and intrinsic structural 
porosity (Fig. 3c).
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Notably, the above tests were performed for electrodes with 
areal densities as high as 4 mg cm−2, and therefore resulted in high 
areal capacitance values. For example, at 1 mV s−1, capacitances of 
0.86 F cm−2 and 1.6 F cm−2 can readily be achieved for Cu-HAB and 
the Ni-HAB composite electrodes, respectively. These values rival 
the best performing carbon/TMO electrodes (which have already 
been extensively optimized)8.

For portable and miniature devices, both volumetric and areal 
performances are even more important metrics than gravimetric 
capacitance4. Hence, we further optimized Ni-HAB for better vol-
umetric and areal performances. For that, we first prepared free-
standing additive-free Ni-HAB pellets of different thicknesses and 
mass loadings. One of the important advantages of our prepared pel-
lets is their high volumetric density of ~1.8 g cm−3, which makes the 
volumetric performance of the Ni-HAB MOFs as high as 760 F cm−3 
for a 50 µ m thick pellet (areal density of 9 mg cm−2, 427 F g−1 at 
0.2 mV s−1 (Fig. 3d,  Supplementary Fig.  31  and Supplementary 
Table 4)) and as high as 710 F cm−3 even for a 190 µ m thick pellet 
(35 mg cm−2; 400 F g−1 at 0.2 mV s−1) with an areal capacitance of 
13.7 F cm−2 (Fig.  3e and Supplementary Table  4). These obtained 
volumetric capacitance values are exceptionally high for electrodes 
of submillimetre thickness, and easily outperform the current best-
known reported carbon electrodes4,16,36,39, as well as thick electrodes 
of 2D carbides31 (Fig. 4). On further increasing the pellet thickness 
to 360 µ m, the volumetric capacitance at 1 mV s−1 was revealed as 
460 F cm−3 and the areal performance was further improved to 
23 F cm−2 (at 0.2 mV s−1) and 17 F cm−2 (at 1 mV s−1) (Fig.  3e and 
Supplementary Table 4). The areal capacitance is ~30 times higher 
than that of the recently reported conductive MOFs13. To the best of 
our knowledge, these recorded values are the highest in areal capac-
itance for additive-free electrodes (Fig. 4).

We hypothesized that our achieved high areal capacitance stems 
from two factors: (1) both the very small particle size of the Ni-HAB 
aggregates and the periodic porosity of the HAB MOFs enable easy 
access for the electrolyte and ions to the electrochemically active 
sites and (2) the intrinsic conductivity of the HAB MOFs proves to 

be sufficient to create conductive pathways for electrons within the 
pellet electrodes. Both these factors allow our usage of very thick 
electrodes without a plateauing of the areal capacitance. Moreover, 
our obtained capacitive performance of the Ni-HAB sample is 
well maintained with cycling, in which 90% of the capacitance 
was retained after 12,000 galvanostatic charge/discharge cycles 
performed at a current density of 10 A g−1 (Fig.  3f). The cycling 
stability correlates well with the absence of any substantial morpho-
logical changes in the MOF particles during the cycling processes, 
as observed by comparing the SEM images of pellet electrodes 
before and after 10,000 cycles (Supplementary Fig. 32).

Conclusions
We developed highly conductive 2D metal organic frameworks 
based on the HAB ligand and demonstrated that HAB-based MOFs 
have excellent chemical stability and therefore are compatible with 
aqueous electrolytes. We also highlight importance of the ligand 
selection in the conductive MOF design. In particular, the selection 
of the small HAB ligand not only allowed us to synthesize highly 
dense frameworks and tap into excellent capacitive volumetric 
performance, with exceptionally high volumetric capacitances up 
to 760 F cm−3, superior to those of most materials (Fig.  4), but it 
also enabled us to achieve stable redox behaviour and gravimetric 
capacitance over 400 F g−1. We established that, thanks to small HAB 
MOF particle size, even with an increase in electrode thickness up to 
360 µ m, the areal capacitance did not plateau and reached a value of 
over 20 F cm−2. Moreover, the HAB MOF electrodes exhibited good 
cycling stability with a capacitance retention of 90% even after 12,000 
cycles. We envision that the structure tunability and designability 
of MOFs will allow the further development of novel conductive  
MOFs with even higher capacitances for the next generation of 
energy-storage applications.

Methods
Ni-HAB powder synthesis. A solution of 80 mg (0.276 mmol) of nickel nitrate 
hexahydrate (Ni(NO3)2⋅ 6H2O) in 5 ml of water and 0.8 ml of concentrated aqueous 
NH4OH was added to a solution of 30 mg (0.109 mmol) of HAB⋅ 3HCl in 5 ml of 
water. This mixture was stirred in an open beaker for 2 h at room temperature.  
The resulting black powder was centrifuged, filtered and then washed with water 
and 6 M NH4OH at 100 °C. Finally, the solid was washed with acetone and dried 
under vacuum at 100 °C.

Cu-HAB powder synthesis. A solution of 70 mg (0.276 mmol) of copper 
nitrate hemi(pentahydrate) (Cu(NO3)2⋅ 2.5H2O) in 5 ml of water and 0.4 ml of 
concentrated aqueous NH4OH was added to a solution of 30 mg (0.109 mmol) of 
HAB⋅ 3HCl in 5 ml of water. This mixture was stirred in an open beaker for 2 h at 
room temperature. The resulting black powder was centrifuged, filtered and then 
washed with water and 6 M NH4OH at 100 °C. Finally, the solid was washed with 
acetone and dried under vacuum at 100 °C. Elemental analysis calculated for Cu-
HAB (CuC4N4H4): C, 27.99%; H, 2.35%; N, 37.02%; Cu, 32.64%; found: C, 22.77%; 
H, 2.24%; N, 23.85%; Cu, 32.92%.

Synthesis of the Ni-HAB film. A solution of 15 mg (0.052 mmol) of Ni(NO3)2⋅ 
6H2O in 8 ml of degassed water and 10 μ l of ethylenediamine was mixed and added 
to a solution of 5 mg (0.109 mmol) of HAB⋅ 3HCl in 8 ml of degassed water in 
an O2-free environment. The mixture was then transferred into a Petri dish and 
sealed with parafilm. The Petri dish was further sealed in a plastic container and 
transferred into the ambient environment. After 12 h, a silver thin film formed at 
the surface of the solution with a thickness of ~50 nm.

Synthesis of the Cu-HAB film. A solution of 15 mg (0.060 mmol) of Cu(NO3)2⋅ 
2.5H2O) in 8 ml of degassed water and 50 μ l of ethylenediamine was mixed and 
added to a solution of 5 mg (0.109 mmol) of HAB⋅ 3HCl in 8 ml of degassed water 
in an O2-free environment. The mixture was then transferred into a Petri dish and 
sealed with parafilm. The Petri dish was further sealed in a plastic container and 
transferred into the ambient environment. After 12 h, a golden thin film formed at 
the surface of the solution with a thickness from 50 to 100 nm.

Characterizations. Continuous wave EPR measurements at the X band 
(9.4 GHz) were carried out at 120 K using a Bruker ELEXSYS E580 EPR 
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spectrometer equipped with an Oxford Instruments helium cryostat (ESR900) 
and a MercuryiTC temperature controller. The spectral simulations were 
performed using MATLAB 9.0.0.341360 (R2016a) and the EasySpin 5.1.5 
toolbox. PXRD was carried out with a Bruker D8-Focus Bragg-Brentano X-ray 
Powder Diffractometer equipped with a Cu-sealed tube (λ =  1.54178 Å) at 40 kV 
and 40 mA. Synchrotron PXRD was carried out on 17-BM at the Advanced 
Photon Source (λ =  0.45336 Å) at the Argonne National Laboratory. GIXD 
was performed at the Stanford Synchrotron Radiation Lightsource (SSRL) at 
beamline 11-3 with a planar MAR CCD (charge-coupled device) detector. The 
incident angle was 0.20°, which probes the complete thickness of the film while 
avoiding multiple reflections that arise from the Si substrate with native oxide. 
The beam energy was 12.735 keV with a sample-to-detector distance of 300 mm. 
All the samples were kept in a helium environment to minimize air scattering, 
and the data were corrected to account for the planar detector. Absorption 
spectra were taken with a CARY 6000i UV–Vis–NIR spectrophotometer. Atomic 
force microscopy studies were performed with a Nanoscope VI Multimode 
microscope. All the experiments were carried out in tapping mode under 
ambient conditions. A silicon nitride cantilever with an Al coating was used 
with a resonant frequency around 300 kHz. Gas-adsorption measurements were 
made using a Micromeritics ASAP 2420 system at 77 K. Before the gas-sorption 
experiment, as-synthesized HAB MOF (~100 mg) samples were washed with 
NH4OH (6 M) three times and then with water and acetone. Afterwards, the 
mixture was centrifuged, and then the acetone was removed by decanting. The 
samples were activated by drying under vacuum and then dried again by using 
the ‘outgas’ function of the adsorption instrument for 5 h at 100 °C prior to the 
gas adsorption/desorption measurement. The computational calculation of the 
accessible surface area of Cu/Ni-HAB MOF was carried out using the a literature 
method40. SEM observation was performed with a field emission-scanning 
electron microscope (JEOL JSM-7401F or Magellan 400 XHR) at 10.0 kV.  
To observe the genuine external surface, the samples were examined without any 
metal coating. Low-dose transmission electron microscopy (TEM) imaging was 
performed on a JEOL JEM2100 microscope operated at 200 kV (Cs 1.0 mm, point 
resolution 0.23 nm). Samples for TEM were dispersed in acetone. A droplet of 
the suspension was transferred onto a carbon-coated copper grid. Images were 
recorded with a Gatan Orius 833 CCD camera (resolution 2,048 ×  2,048 pixels, 
pixel size 7.4 µ m) under low-dose conditions41. Electron-diffraction patterns were 
recorded with a Timepix pixel detector QTPX-262k (512 ×  512 pixels, pixel size 
55 µ m (Amsterdam Scientific Instruments).

Conductivity measurements. The pellets (20~40 um thick) for the conductivity 
measurement were prepared by cold isostatic pressing using commercial 
pressing equipment (MTI). The measurement was performed in a vacuum to 
avoid the influence of oxygen and moisture. Temperature-dependent in-plane 
resistivity measurements were performed in a four-arm Lakeshore probe 
station under vacuum (ca. 10−4 Pa). A linear four-contacts method was used to 
measure σ (ref. 21). Gold electrodes were evaporated for the contacts. Electrical 
measurement was carried out using a Keithley 4200 SCS parameter analyser. 
σ was calculated from the current (I) and voltage (V) data according to the 
equation σ =  (I/V) ×  (l/A), where A is the cross-sectional area of the conductor 
(A =  a ×  d). Parameters l, a and d are the voltage probe’s distance, and the sample 
width and thickness, respectively.

Chemical stability test. We took the stability test in NH4OH as an example. As-
synthesized samples (~100 mg) were suspended in 15 ml of a saturated NH4OH 
solution and then heated to 100 °C for 24 h. Afterwards, the sample was further 
washed with water and acetone. All the samples were subsequently treated  
by typical activation procedures mentioned previously. After being dried  
under vacuum for 6 h, the sample was degassed on the ASAP2420 adsorption 
system for 5 h at 100 °C. These samples were then measured for N2 sorption  
at 77 K. Afterwards, all the samples were characterized by PXRD. We also 
checked the stability of the HAB MOFs in 1 M HCl. The PXRD did not show  
a notable change.

To demonstrate that partial etching of the framework does not happen during 
the synthesis, we additionally measured the mass change before and after the 
stability test. For each condition, we started with ~50 mg of sample. After the 
stability test, the samples were fully washed with water and acetone to remove 
the entrapped chemical species. A centrifuge was used for the washing process 
to avoid mass loss during the sample transfer. During the washing, the processed 
the supernatant is colourless, which is evidence of framework intactness during 
stability test because both the ligand and metal species are soluble in water. 
The fully washed samples were finally dried in a vacuum oven. Eventually, the 
mass change for each sample was around 1.0–1.5 mg, which is the result of the 
inevitable mass loss during washing because of the extremely small particle size of 
our MOF product.

Preparation the Ni-HAB and Cu-HAB composite electrode film. To prepare 
composite free-standing electrodes, first we ground together in an agate mortar 
and in 2 ml of ethanol (200 proof, Sigma-Aldrich) 20 mg of HAB MOF powder, 
1.85 mg of PTFE binder solution (60 wt% in H2O (Aldrich)) and 1.1 mg of carbon 

black powder until a homogenous slurry was formed. Then, once the ethanol 
had evaporated at room temperature, the dried slurry was transferred onto a 
glass surface with a few ethanol drops added and then subjected to mechanical 
processing: repeated kneading with a stainless-steel spatula until the powder 
particles started to stick together before finally being rolled into a free-standing 
film. The resulting electrodes used for the initial evaluation of the materials’ 
electrochemical performances contained 90 wt% HAB MOF, 5 wt% PTFE and 
5 wt% carbon black.

Ni-HAB electrode pellet preparation. To prepare pellets, neat as-synthesized  
Ni-HAB powders were cold pressed isostatically using commercial pressing 
equipment (MTI Corporation).

Activated carbon counter electrodes. Activated carbon film electrodes 
were prepared following the same procedure as for the HAB MOF composite 
electrodes, but without any conductive additive. The resulting electrode 
composition was 95 wt% of YEC-200 activated carbon (Yihuan Carbon) 
and 5 wt% of the PTFE. The electrodes had a mass density per unit area of 
10–25 mg cm−2.

Electrochemical measurements. All electrochemical measurements (cyclic 
voltammetry, galvanostatic cycling and EIS) were performed using a VSP 
potentiostat (Biologic) in 1 M KOH solution (99.98% (Acros Organics)) in PFA 
three-electrode Swagelok cells. HAB MOF served as the working electrode, 
overcapacitive activated carbon film (mAC >  10 mHAB MOF) was used as the counter 
electrode and Ag/AgCl in 1 M KCl was used as a reference to control precisely the 
electrochemical potentials.

Cyclic voltammetry was performed using scan rates from 0.2 to 100 mV s−1.  
EIS was performed at an open-circuit potential with a 10 mV amplitude between  
50 and 200 kHz. Galvanostatic cycling was performed at 1 and 10 A g−1 with 
potential limits selected specifically for each HAB MOF: from − 0.75 to − 0.25 V vs 
Ag/AgCl for Ni-HAB and from − 0.55 to − 0.1 V vs Ag/AgCl for Ci-HIB.

The capacitance was calculated from cyclic voltammetry or galvanostatic 
cycling by integration of the current with respect to time: C =  ∫ |i|dtm−1V−1, where 
C is the gravimetric capacitance (F g−1), i is the current (A), m is the material 
weight (g) and V is the potential window (V). To obtain the volumetric and areal 
capacitances, the gravimetric capacitance was multiplied by the volumetric  
(g cm−3) or areal (g cm−2) density of electrode.

Data availability. The data that support the plots within this paper and  
other findings of this study are available from the corresponding author on 
reasonable request.
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