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A channel-type mesoporous In(III)–carboxylate coor-
dination framework with high physicochemical stabil-
ity for electrode material of supercapacitor 

Miao Du,*a Min Chen,b Xiao-Gang Yang,b Jiong Wen,b Xi Wang,a Shao-Ming 
Fangb and Chun-Sen Liu*b 

Stability is the most critical problem which will hinder the practical applications of metal–
organic frameworks (MOFs), which are normally destroyed upon heating or facing chemi-
cals to reduce or even lose their porous nature. Herein, we present a mesoporous 437-MOF 
material with perfect 1-D hexagonal channels of ca. 3 nm pore size, which shows high ther-
mal and chemical stability. The gas sorption capability of desolvated 437-MOF can be im-
proved by activating the material at higher temperatures. Remarkably, the optimal porosity 
will be achieved by using a combined approach via treating the sample in boiling water and 
further heating. This unexpected observation can be ascribed to the synergy effects of exter-
nal and internal surfaces of the porous crystalline material. Exploration of its possible appli-
cations in supercapacitor shows a great potential of activated 437-MOF as the electrode ma-
terial, in virtue of its higher surface area (ca. 2400 m2 g−1), hierarchical pore structures, and 
the contribution of pseudocapacitor provided by In-doping. 
 

 

Introduction 

Metal–organic frameworks (MOFs) represent a burgeoning type 
of porous crystalline materials with permanent porosity, higher 
surface areas, tunable pore sizes, and a wide range of possible 
applications,1 which can be considered as the bridge between 
traditional zeolites and mesoporous silica.2,3 Thus far, abundant 
MOFs with micropores (pore size < 2 nm) have been reported, 
while mesoporous MOFs (mesoMOFs, 2 nm < pore size < 50 
nm) are extremely unusual (Table S1 and Table S2). However, 
the applications of microporous MOFs will be largely restricted 
because their narrower pores cannot accommodate larger guest 
components and anchor molecular functions, which will also 
hinder fast molecular diffusion and mass transfer.4a In compari-
son, mesoMOFs materials can meet such requirements, which 
thus not only make great success in the application domains of 
microporous MOFs and traditional mesoporous materials, but 
also have significant superiority over them.4b,4c In fact, the de-
sign and preparation of mesoMOFs are quite difficult, because 
the coordination frameworks are apt to interpenetrate or even 
collapse when the pores are expanded.5 Further, the large pores 
that are mainly sustained by flexible coordination bonding also 
usually result in their poor physicochemical stability upon ex-
ternal stimuli such as heating or water, which represents one of 
the most great challenges at this stage.6 

Currently, most MOFs are constructed by divalent metal cat-
ions (e.g. Zn2+ and Cu2+)1 and those based on trivalent metals 

(such as Al3+, Cr3+, or In3+) are relatively rare,7,8 which however 
can improve the chemical stability (for example, towards hy-
drolysis) of the resulting coordination frameworks.2a,8 In this 
connection, In(III) will be a promising candidate for construct-
ing MOFs for its low toxicity and high water stability.9 On the 
other hand, ligand extension strategy is quite effective to design 
MOFs with large pores, as confirmed by the success in design-
ing and preparing two isoreticular series of MOF-5 and MOF-
74 porous materials.10,11 Also, the extended trigonal tectons (see 
Scheme S1) based on trimesic acid have been extensively ap-
plied to construct diverse MOFs, which can be finely regulated 
by changing the sizes and steric effect of such organic building 
blocks.12 In this work, we select 4,4',4''-(benzene-1,3,5-triyl-
tris(oxy))tribenzoic acid (H3BTTB) as the ligand due to its rigid 
backbone and flexible linkage of the ether oxygen groups. As a 
result, a new type of In(III) mesoMOF material with uniform 1-
D hexagonal channels can be obtained, which has high thermal 
and chemical stability. Moreover, it should be noted that a crys-
tallographically mesoscale pore does not often represent a real 
permanent mesopore observed in practice.4b Herein, this issue 
can be well solved by developing a unique combined approach 
to activate the mesoMOF material in boiling water plus heating. 
The results can be properly explained by considering the mor-
phology of crystalline material. Notably, this activated meso-
MOF is a promising candidate as electrode material for making 
high-performance supercapacitor that can be retained after cy-
cling at least 6000 times. 
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Experimental 

Synthesis of {[In(BTTB)2/3(OH)](NMF)5(H2O)4}n (437-MOF) 

A mixture including In(NO3)3 (3.61 g, 12 mmol), H3BTTB lig-
and (2.92 g, 6 mmol), and N-methylformamide (NMF) (30 mL) 
was stirred in a vial (50 mL) for 2 hours at room temperature. 
Then, the vial was sealed into a Teflon-lined stainless steel ves-
sel, which was heated at 120 °C for 5 days in an oven. After 
cooling to room temperature, colorless crystal products for 437-
MOF were obtained in ca. 70% yield (2.3 g, based on H3BTTB). 
Notably, most products were collected as the microcrystalline 
grains and only several pieces of single crystals can be selected 
for X-ray diffraction. Elemental analysis (percentage calculated 
/ experimental) for C28H44O16InN5: C, 40.94 / 40.69; H, 5.40 / 
5.23; and N: 8.53 / 8.50. FT-IR (cm–1): 3415vs (br), 1618s, 
1596vs, 1560w, 1541w, 1535w, 1501w, 1458w, 1406vs, 1228s, 
1164m, 1185w, 1009w, 854w, 785w, 618m, 472w. 

Activation of 437-MOF-80, 437-MOF-240, and 437-MOF-
360  

The as-synthesized 437-MOF sample (ca. 80 mg) was soaked in 
CH2Cl2 (20 mL) for 1 day, and the extract was discarded. Fresh 
CH2Cl2 was subsequently added, and the sample was allowed to 
soak for another 24 hours to eliminate any NMF and H2O. Such 
a refilling and removing recycle was repeated three times. After 
removal of CH2Cl2 by decanting, the sample was transferred to 
a pre-weighed 12-mm sample tube, evacuated (< 10–3 Torr) at 
room temperature overnight, then dried again using the ‘outgas’ 
function of the adsorption instrument for 10 hours at 80 °C (for 
437-MOF-80), 6 hours at 240 °C (for 437-MOF-240), and 6 
hours at 360 °C (for 437-MOF-360), respectively, prior to gas 
adsorption/desorption measurements. 

Activation of 437-MOF-boiling water and 437-MOF-boiling 
water-3h 

The as-synthesized 437-MOF sample (ca. 80 mg) was dispersed 
into water (30 mL) in a vial, sealed into a Teflon-lined stainless 
steel vessel, and then heated at 100 °C in an oven for 1 hour 
(437-MOF-boiling water) or 3 hours (437-MOF-boiling water-
3h). The resulting solid was cooled down and filtered. Then, the 
sample was soaked in CH2Cl2 for 24 hours, and the extract was 
discarded. Fresh CH2Cl2 was subsequently added, and the sam-
ple was allowed to soak for 24 hours to eliminate any NMF and 
H2O. Such a refilling and removing recycle was repeated three 
times. After CH2Cl2 was removed by decanting, the sample was 
transferred to a pre-weighed 12-mm sample tube, evacuated (< 
10–3 Torr) at room temperature overnight, then dried again by 
using the ‘outgas’ function of the adsorption instrument for 10 
hours at 120 ºC prior to adsorption/desorption measurements.  

Electrochemical tests 

Electrochemical tests of individual electrode were performed in 
a three-electrode system with KOH (6 mol L–1) electrolyte. The 
activated material 437-MOF on nickel mesh, a platinum rod, 
and a saturated calomel electrode (SCE) were used as the work-
ing, counter, and reference electrode, respectively. The working 
electrode is composed of activated 437-MOF (80 wt%), con-
ductive material (acetylene black, ATB, 10 wt%), and binder 
(polytetrafluoroethylene, PTFE, 10 wt%). The mixture was first 
coated onto the surface of a piece of nickel foam sheet (1 × 1 
cm2), dried at 100 °C for 12 hours, and finally pressed under 10 
MPa to give the working electrode. Cyclic voltammogram (CV) 
curves were recorded with a CHI 660D electrochemical work-
station. Galvanostatic charge/discharge cycles were measured 

on a CT2001A LAND Cell test system. Electrochemical im-
pedance spectroscopy (EIS) measurements were taken on a CHI 
660D electrochemical workstation by applying an AC signal of 
0.2 V. Herein, all electrochemical tests were carried out at room 
temperature. 

 
Results and discussion 

Crystal structure and topological analysis 

Solvothermal reaction of H3BTTB with In(NO3)3 produces the 
solvated complex {[In(BTTB)2/3(OH)](NMF)5(H2O)4}n (437-
MOF) in gram-scale with high yield. 437-MOF (space group 
P63/mcm) has a 3-D mesoporous coordination framework with 
regular 1-D hexagonal channels. The asymmetric coordination 
unit consists of one In(III) ion with 1/4 occupancy, 1/6 BTTB 
ligand, and one hydroxyl with 1/4 occupancy (see Fig. S2). The 
octahedral In(III) center is surrounded by four carboxylates and 
two μ-OH– anions (Fig. S3), in which the BTTB ligand is fully 
deprotonated to link six In(III) centers (Fig. S4). Two adjacent 
InO6 octahedra share the axial μ-OH– to construct an unusual 
[In(OH)]n rod-shaped inorganic chain (Fig. S5) as the second-
ary building units (SBUs). The intrinsic packing arrangement of 
such SBUs will effectively prevent the network interpenetration 
and further augment the channel sizes of MOFs.13 Notably, this 
strategy mostly succeeds in the design of microporous MOFs, 
instead of their mesoporous analogues.13,14 For known In(III)–
carboxylate coordination frameworks, the [In(O2CR)4] mono-
mer and [In3O(O2CR)6(H2O)3] trimer are very common, where-
as [In(OH)]n SBU is scarcely observed.7a 

  
(a)                                                            (b) 
        
 
 
 
 
 
             

 
(c) 

    
 

Fig. 1 Crystal structure of 437-MOF. (a) Top and schematic views of the 
concave triangular prism SBB. (b) Side and schematic views of the concave 
triangular prism SBB. (c) View of the 3-D framework and the space-filling 
model showing regular 1-D hexagonal channels. 
 

The flexible BTTB ligand has a unique conformation of high 
symmetry (Fig. S6 and Fig. S7), where three benzene arms and 
the attached carboxylates are perpendicular to the benzene core, 
and the center of benzene core is located at the centroid of the 
equilateral triangle comprising three carboxylate carbon atoms. 
This unique conformation has not been observed in all known 
MOFs with such extended trigonal ligands (Table S5). Obvious 
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π···π stacking interactions occur between the parallel benzene 
cores of BTTB ligands (centroid-to-centroid distance: 3.635 Å) 
to produce a 1-D organic supramolecular array along the c axis 
(Fig. S8 and Fig. S9). The combination of such organic arrays 
and rod-shaped inorganic SBUs affords a 1-D concave triangu-
lar prism that acts as a supermolecular building block (SBB,15 
an extension of SBU, see Fig. 1a and Fig. 1b). Notably, infinite 
SBB is unknown in MOFs chemistry, although various discrete 
SBUs or SBBs and infinite SBUs have been reported thus far. 
Such large and robust SBBs share the inorganic SBUs to form a 
3-D coordination network (see Fig. 1c), which will enlarge its 
channel size and also enhance the structural stability, from the 
viewpoint of architecture engineering design. 

The 3-D framework of 437-MOF consists of uniform hexag-
onal mesoporous channels of 32.3 Å (measured between In(III) 
atoms on opposite pore walls) or 28.4 Å (considering van der 
Waals radii of atoms) along the c axis, with the calculated free 
volume by PLATON16 of 4292.4 Å3 (65.3%, 1.8 Å probe radi-
us). Analysis of the known mesoMOFs (Table S1) reveals that 
the cage-type mesoMOFs (mesoporous cavities surrounded by 
microporous windows) are mostly common (53.5%) and those 
of 3-D channel-type are also familiar (32.4%). In contrast, mes-
oMOFs with uniform 1-D channels are quite scarce, where only 
JUC-4817 and an isoreticular series of MOF-7411 materials have 
been known, in addition to CYCU-3 with both microporous and 
mesoporous channels.18 In fact, 437-MOF represents the first 
mesoMOF with uniform 1-D hexagonal channels owing to its 
higher 6-fold symmetry. 

Herein, the connectivity of triangular prism nodes for BTTB 
ligands and hexagonal nodes for In(III) ions results in a 2-nodal 
6-connected 3-D (33.46.56)2(3

4.44.54.63)3 net (Fig. S10), which is 
unknown although 6-connected networks are quite familiar in 
MOFs.19 Alternatively, this structure can also be considered as 
a (3,4)-connected (42.63.8)3(6

3) topological network constructed 
by 1-D In–O SBUs and 3-connected BTTB ligands (Fig. S11). 
Notably, the hexagonal channel arrays for 437-MOF seem simi-
lar to carbon nanotubes with the hybridized 1-D In–O inorganic 
moiety (Fig. S12), in which the impenetrable aromatic walls of 
the tubular channels can readily avoid the network interpenetra-
tion to afford the resulting mesoporous framework. 

 
Physicochemical stability and porosity 

The main defect of MOFs is their poor stability, especially for 
mesoMOFs, which will directly hinder their applications. Nor-
mally, most MOFs materials will suffer in thermal stability, 
when the pores are extended from microporous to mesoporous 
region.4 Thermogravimetric analysis curve of 437-MOF reveals 
that the framework can keep stable to 400 °C (Fig. S1), which 
can even tolerate the prolonged heating in vacuum (see Ther-
mal stability in ESI†). Another trouble of MOFs materials is 
their lower chemical stability, and in this point, water stability 
will be always vital for its ubiquitous nature. However, instabil-
ity in water phase is usually observed for most MOFs, mainly 
caused by metal hydrolysis.20 Notably, 437-MOF remains high-
ly stable in cool water for weeks or even in boiling water in a 
short period. In addition, the structural resistance of 437-MOF 
against common organic solvents and acid or base solution can 
also be confirmed (see Chemical stability in ESI†). The unusual 
physicochemical stability (Fig. 2) of 437-MOF should be close-
ly related to its structural features, which may facilitate the po-
tential functional applications. Herein, some slight differences 
in peak intensity of powder X-ray diffraction (PXRD) patterns 
can be properly attributed to the preferred orientation of micro-
crystalline samples. 

5 10 15 20 25 30 35

 

Boiling water for 3 h + activated at 120 
o
C for 10 h under vacuum (~10

-3
 torr)

Simulated

As-synthesized

Solvent exchanged with CH
2
Cl

2

Activated at 80 
o
C for 10 h under vacuum (~10

-3
 torr)

Activated at 240 
o
C for 6 h under vacuum (~10

-3
 torr)

Activated at 360 
o
C for 6 h under vacuum (~10

-3
 torr)

Boiling water for 1 h + activated at 120 
o
C for 10 h under vacuum (~10

-3
 torr)

2 (deg)

R
el

at
iv

e 
In

te
n

s
it

y 
(a

.u
.)

 
 
Fig. 2 Powder X-ray diffraction (PXRD) patterns of 437-MOF samples. 
 

Considering the large 1-D channels and high physicochemi-
cal stability, the porosity of 437-MOF was evaluated by gas 
adsorption. The CH2Cl2-exchanged 437-MOF sample was acti-
vated at 80 °C to afford the desolvated material 437-MOF-80, 
and the N2 sorption result reveals that the framework is highly 
porous and displays an isotherm of mesoporosity (see Fig. 3a). 
The Brunauer-Emmett-Teller (BET) surface area of 1576 m2 g–

1 can be calculated from the first plateau in isotherm for surface 
adsorption within the channels,21 and the second steep rise with 
P/P0 ~ 0.2 reveals the filling of N2 in mesopores. Similar sorp-
tion behaviors have also been found in the typical mesoMOFs 
materials.6,11 The maximum pore volume (0.92 cm3 g–1) upon 
saturation (ca. 600 cm3 g−1) is consistent with the theoretical 
value (0.95 cm3 g–1) calculated from crystal structure. The pore 
size distribution derived from the N2 sorption isotherm (Fig. 3b) 
also agrees well with the structural analysis. Normally, higher 
activated temperature will promote the adsorption capacities of 
MOFs.22 For the sample activated at 240 °C (437-MOF-240), 
the N2 isotherm shows a similar adsorption behavior (see Fig. 
3a). However, the N2 uptake, BET surface area, and maximum 
pore volume are all increased (see Table S6). This result can be 
ascribed to a trace amount of solvents resided in the 1-D chan-
nels of 437-MOF-80 with an insufficient activation at 80 °C 
(Fig. S18).23 Of further significance, a symptom of hysteresis 
loop can be observed in this case, which is associated with the 
capillary condensation occurring in the mesopores.24 When the 
activated temperature is raised to 360 °C, the N2 isotherm of 
437-MOF-360 shows the typical hysteresis loop of mesoporous 
materials,24 although the maximum uptake is reduced (see Fig. 
3a). In comparison with that of 437-MOF-240, the lower sur-
face area of 437-MOF-360 sample (Table S6) may indicate the 
partial damage of material, which contains a trace amount of 
In2O3 as recognized from its PXRD pattern (Fig. S13). 

In this context, it can be concluded that increasing the acti-
vated temperature will facilitate higher gas uptake but can also 
be harmful to keep the integrality of MOFs materials. Thus, to 
achieve the optimal porosity, the development of new activated 
method will be significant. Here, 437-MOF shows considerable 
chemical stability toward boiling water, and the channel walls 
will be hydrophobic according to its crystal structure, which is 
also confirmed by vapor adsorption analysis (see ESI† for de-
tails). Thus, the 437-MOF sample was activated in boiling wa-
ter with subsequent heating. Remarkably, the activated sample 
437-MOF-boiling water displays a clear change in N2 isotherm 

Page 3 of 8 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



Paper  Journal of Materials Chemistry A 

4 | J.  Mater.  Chem. A, 2014, 2, 1‐7  This journal is © The Royal Society of Chemistry 2014 

(see Fig. 3a). The typical hysteresis loop definitely reveals the 
mesoporous nature of 437-MOF-boiling water, which signifi-
cantly exhibits the optimal porosity for N2 uptake (723 cm3 g–1), 
BET surface area (2379 m2 g–1), and pore volume (1.11 cm3 g–

1), in comparison with those of other samples. However, if 437-
MOF was treated in boiling water for 3 h, a significant decrease 
of N2 isotherm is observed (Fig. 3a). Notably, this adsorption 
isotherm shows a very sharp increase near the saturation pres-
sure region (P/P0 ~ 0.9−1.0), which can be properly attributed 
to sorption in coarse mesopores and macropores of the materi-
als (textural porosity).24 
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Fig. 3 (a) N2 sorption isotherms at 77 K for 437-MOFs activated at different 
conditions (filled/open circles: adsorption/desorption). (b) Pore size distribu-
tion plots of 437-MOF-80, 437-MOF-240, 437-MOF-360, 437-MOF-boiling 
water, and 437-MOF-boiling water-3h.  

 

For water stability which is important for any sorbent to be 
used practically,2a,20 almost all MOFs with water stability have 
only been validated by PXRD patterns. In fact, gas sorption will 
provide the most convictive evidence for permanent porosity of 
MOFs, while PXRD can only partially support their framework 
stability. In this regard, water stability of PCN-222 and MIL-
101 has been testified by N2 sorption isotherms, which are al-
most unchanged after treating with boiling water.6,8 While for 
437-MOF-boiling water sample, the hysteresis loop for meso-
pore is more clear, its N2 uptake and surface area increase, and 
moreover, the pore volume exceeds the calculated value. Fortu-

nately, a careful screening of 437-MOF-boiling water crystals 
(before heating in vacuum) allows us to further carry out the 
single crystal X-ray diffraction. The result shows that the struc-
ture is intact after this treatment, which thus, excludes the pos-
sible structural expansion (Table S3). This powerful crystallo-
graphic evidence seems to be in conflict with its overflow pore 
volume after full activation. To clarify the source of additional 
porosity, we attempt to find some clues from the morphological 
view. Scanning electron microscopy (SEM) images of freshly 
synthesized 437-MOF reveal its hexagonal prism morphology 
in micrometer range, which is a representation of its crystallo-
graphic symmetry. As expected, the crystalline sample is very 
smooth in both surface and interior (Fig. 4a−4c). The SEM im-
ages of 437-MOF-boiling water clearly demonstrate the sub-
stantial perturbation of crystal surface with the ordered channel-
like morphology (see Fig. 4d−4f), which should result from the 
attack of water molecules. Such channel-like grooves in surface 
could be defined as the internal surface of porous solids, which 
is composed of the walls of all cracks, pores, and cavities that 
are deeper than they are wide,24 and thus contributes to the ex-
cessive gas uptake and pore volume. The SEM images of 437-
MOF-boiling water-3h crystal shows a highly porous morphol-
ogy with honeycomb macropores (Fig. 4g−4i), which can also 
support its N2 sorption isotherm. 

 

 
 

Fig. 4 SEM images of (a) and (b) as-synthesized 437-MOF and (c) the same 
sample at higher magnification of the red pane; (d) and (e) 437-MOF-boiling 
water and (f) the same sample at higher magnification of the red pane; (g) 
and (h) 437-MOF-boiling water-3h and (i) the same sample at higher 
magnification of the red pane. 
 

The permanent porosity of 437-MOFs was also confirmed 
by Ar, O2, and CO2 adsorption, and all samples keep good crys-
tallinity after gas sorption (see Fig. S19−S23). In each case, the 
adsorption tendency for Ar or O2 is comparable to that of N2 
(Fig. S24 and Fig. S25). However, the CO2 sorption isotherms 
show two inflection and pronounced steps and then reach satu-
ration, which arise from the electrostatic interactions between 
CO2 molecules.25 The desorption isotherms also show two steps 
accordingly, but for that of 437-MOF-boiling water, it does not 
trace the sorption process, which reveals that the adsorbed CO2 
will not be immediately released by reducing the pressure (Fig. 
S26). In brief, the sorption quantity for all gases will increase in 
the sequence of 437-MOF-80 ~ 437-MOF-360 < 437-MOF-240 
< 437-MOF-boiling water (Table S7). Notably, the surface area 
of 437-MOF-boiling water is highest among all reported In(III)-
based MOFs,26 and its maximum storages for Ar, O2, and CO2 
also renew the records of such materials (Table S8). 
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Application of electrode material for supercapacitor  

The above results undoubtedly show that 437-MOF with broad 
gas adsorption capacity may act as a promising mesoMOF ma-
terial, in the light of its high physicochemical stability. Moreo-
ver, the crystal structure of 437-MOF also reveals its similarity 
to carbon nanotubes, which have been widely used as electrode 
materials for supercapacitor.27a Thus, considering the large sur-
face area, high stability, and nice corrosion resistance of 437-
MOF which are essential for electrode material of supercapaci-
tor,27b a supercapacitor with 437-MOF-boiling water as elec-
trode material was made. The galvanostatic discharge curves of 
437-MOF electrode (Fig. 5a) show the potential windows from 
–0.7 to 0.3 V. The specific capacitances calculated from the 
equation C(F/g) = iΔt / mΔV28 are 150.2, 92, 81, 72, 64, and 56 
F g–1 at a current density of 0.2, 0.5, 1, 2, 4, and 8 A g–1. The 
specific capacitance of 437-MOF electrode should benefit from 
its higher surface area, the hierarchical pore structure that will 
facilitate the free entry/exit of hydroxyl, and the pseudocapaci-
tance provided by the redox reaction of In(III), which will joint-
ly contribute to the substantial level of capacitive ability. 
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Fig. 5 (a) Galvanostatic discharge curves of 437-MOF electrode at different 
current densities. (b) CV curves of 437-MOF electrode with different scan 
rates. 
 

Cyclic voltammogram (CV) curves were recorded to further 
identify the charge storage mechanism of 437-MOF electrode. 

As shown in Fig. 5b, a pair of well-defined redox peaks is ob-
served in the CV curve, confirming that the pseudocapacitance 
originates from the Faradic redox reaction of In(III) ions.29 Also, 
the CV curves of 437-MOF electrode with different scan rates  
reveal that its electrochemical capacitance should mainly result 
from the pseudocapacitance. The average specific capacitances 
are calculated to be 98.3, 83.1, 62.1, and 55.5 F g–1 at the scan 
rates of 5, 10, 20, and 50 mV s–1.28a The decrease of capacitanc-
es along with the increase of scan rates may result from the 
circuitous diffusion of electrolyte ions into the pores of 437-
MOF and the electrode resistance.30 Similar to most of pseudo-
capacitance materials, the positive sweeps of CV curves of 437-
MOF are not symmetric to their corresponding negative sweeps, 
which may be caused by polarization and ohmic resistance dur-
ing the Faradaic process.31 

For practical applications of supercapacitors, the long term 
cycle ability is also critical. The galvanostatic charge/discharge 

curve (Fig. 6a inset) shows that the charge/discharge process of 

437-MOF electrode is highly reversible. Moreover, the cycling 
performance (see Fig. 6a) test indicates that the capacitance of 
this device will keep unchanged and maintain ca. 100% of its 
maximum value after cycling 6000 times, revealing the stability 
of this electrode.28a,28c,32 The results suggest that 437-MOF may 
act as a promising candidate for high-performance supercapaci-
tor. However, it must be noted that though the specific capaci-
tance of 437-MOF electrode far exceeds those of carbon-based 
materials, it may suffer from the relatively lower conductivity, 
as that observed in transition metal oxides and conducting pol-
ymers.33 To improve their electric conductivity, the composites 
have been developed in which the metal oxide and conducting 
polymers can be combined with the highly conductive materials 
such as carbon or metal nanoparticles.28a,28c,34 Further, the elec-
trochemical impedance spectroscopy (EIS) is used to evaluate 
the kinetic and mechanistic information of 437-MOF electrode. 
Fig. 6b shows a typical Nyquist plot for high conductivity elec-
trode,35a in which only a straight line at lower frequency region 
is observed, showing a Warburg impedance related to the diffu-
sion of electrolyte within the pores of electrode. No semicircle 
was found in the high-frequency region at the operating voltage 
of 0.2 V, which can be attributed to the minor effect of interfa-
cial impedance.35b The real-axis intercepted at higher frequency 
corresponds to the uncompensated resistance of electrolyte so-
lution, also known as equivalent series resistance (ESR). The 
magnitude of ESR gained from the x-intercept of impedance 
spectra for 437-MOF is 0.4 Ω, which is relatively lower.36 The 
curve at lower frequency has a higher angle than 45°, revealing 
that the electrochemical capacitive behavior is not controlled by 
diffusion process for 437-MOF electrode, which can facilitate 
ionic motion in solid electrode. 

Conclusions 

In summary, a unique mesoporous 437-MOF material has been 
designed and constructed, which possesses one of the largest 1-
D regular channels, permanent mesoporosity, and higher stabil-
ity, compared with known mesoMOFs and In(III)-based MOFs 
(Table S8). For such a stable mesoMOF, the activating method 
with boiling water can be highlighted to mostly demonstrate its 
mesoporous feature from gas adsorption isotherms. Remarkably, 
the stability is well recognized to be significant to the promis-
ing device applications for mesoMOFs, such as supercapacitor 
with higher specific capacitance and recycle capability, which 
may open up new opportunities for mesoMOFs materials as the 
platforms for clean energy sources. 
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Fig. 6 (a) Charge/discharge cycling test of 437-MOF electrode at 4 A g–1 
(inset: galvanostatic charge/discharge cyclic curves of the first and last 20 
cycles). (b) Nyquist plot of 437-MOF electrode. 
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A mesoporous metal–organic framework with perfect 1-D hexagonal channels and high physicochemical stability 

represents a promisiding candidate for electrode material of supercapacitor. 
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