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build up a parallel stacking of multi-identical MBBs. In line 
with this principle, several double-walled MOFs have been 
reported recently, the constituent double-layered building 
blocks of which are primarily constructed with two identical 
linear [ 25,26,30–33 ]  or trigonal [ 34,35 ]  rigid MBBs (e.g., Scheme  1 b). 
This strategy is in principle also applicable to design higher-
level multiwalled MOFs, but, to the best of our knowledge, only 
Rosi’s group reported two 3D porous MOFs exhibiting triple-
walled frameworks. [ 27,28 ]  Therein, a triplex linear rigid linker 
was adopted to form the triple-layered building block with a rare 
metal-biomolecule cluster of an apparently large size employed 
as vertex due to the stringent steric constraint. These examples 
have revealed two fundamental limitations of this multiwalled 
MOF design strategy. First, the size requirement of the metal-
cluster vertices would increase considerably with the number of 
walls (i.e., the thickness of framework wall), which may cause 
serious diffi culties in the target design and synthesis. Second, 
the resulting multiple framework walls are of the same size, 
shape, and even rigidity. This thus leads to some degree of loss 
of compositional diversity that may impact the functional versa-
tility of multiwalled MOFs. 

 Alternatively, the rational design of multilayered building 
block can be implemented in a different manner, by assigning 
the shape-matching MBBs of different sizes and rigidities as 
individual layers. In this way, the longer, fl exible organic ligands 
are exploited because of their considerable tunability in geom-
etry and tend to form the exterior layers of target composite 
building block, while the shorter, rigid linkers can be encapsu-
lated between them to serve as the interior layers for stabilizing 
the framework. It is worth mentioning that this strategy of inte-
grating individual fl exible and rigid MBBs into one composite 
building block, called the mixed MBB strategy, [ 36 ]  was proposed 
and applied to achieve two isostructural nested polyhedron 
MOFs (a representative form of double-walled MOFs with cage-
in-cage structure) in our recent study. [ 36 ]  Likewise, it is then 
anticipated to extend this strategy to fabricate the higher-level 
multiwalled architectures, whereby it can theoretically provide 
more diversity in terms of different combinations of MBBs, 
e.g., one of the possible confi gurations for a hetero-triple-lay-
ered building block is illustrated in Scheme  1 c. 

 Intrinsically, the mixed MBB strategy can easily address 
the two aforementioned limitations in developing multi-
walled MOFs with the strategy based on multi-identical 
rigid MBBs. First, the mixed MBB strategy promises a high 
degree of structural fl exibility due to the participation of fl ex-
ible organic ligands. The tunable geometries of these involved 
fl exible MBBs could not only facilitate the size-matching 

This is an open access article under the terms of the Creative Commons 
Attribution License, which permits use, distribution and reproduction in 
any medium, provided the original work is properly cited.

  Metal-organic frameworks (MOFs) are highly impressive for 
their remarkable diversity in terms of compositions and struc-
tures, [ 1–5 ]  which has been regarded as a driving source of their 
great potential in various applications, including gas storage, 
separation, catalysis, sensing, and recognition, and drug 
delivery, among others. [ 6–10 ]  Thus, novel and unique crystal-
line MOF structures have been vigorously pursued in the past 
decade, leading to widespread efforts by increasing the level of 
structural complexity to attain more fascinating architectures, 
such as cage-in-cage, [ 11,12 ]  polyhedron, [ 13,14 ]  high nuclearity, [ 15,16 ]  
and etc. [ 17,18 ]  Among them, a rather straightforward way of sys-
tematically increasing the structural complexity, that is, to fab-
ricate MOFs in a multiwalled organization has however been 
less explored. While an analogous concept has been extensively 
studied in the fi eld of carbon nanotubes, [ 19,20 ]  most existing 
3D MOFs are invariably constructed with molecular building 
blocks (MBBs) connected by single metal centers or clusters 
(e.g.,  Scheme    1  a), loosely defi ned here as the single-walled 
MOFs. [ 21–24 ]  Essentially, the multiwalled MOFs not only possess 
more aesthetic appeal, but also exhibit a high degree of struc-
tural robustness owing to the increased wall thickness, [ 25–29 ]  the 
latter signifi cantly improving the applicability of MOFs in many 
fi elds. Thus, a reliable and facile strategy to construct the prom-
ising multiwalled MOFs is highly desired, as well as the explo-
ration of their potential applications.    

  Conceptually, the multiwalled MOF frameworks can be 
built up from the assembly of multilayered building blocks 
with metal centers or clusters as vertices. In general, such 
multilayered confi guration usually requires both the shape- and 
size-matching between individual layers. Thus, the simplest 
way to simultaneously meet these two requirements is to 
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requirement by adapting their lengths and confi gurations upon 
conformational alternation, but could also effectively reduce 
the steric hindrance between adjacent MBBs, and thus the size 
penalty for metal-cluster vertices. This then makes it possible 
to employ a conventional metal-carboxylate cluster of relatively 
small size as vertex to gather and dispose multiple MBBs, thus 
enabling the commonly used carboxylate-linker approach in 
the design of multiwalled MOFs. Second, the rigidity of indi-
vidual framework wall is determined by its constituent MBB, 
which thus leads to a signifi cant diversity in the character of the 
resulting framework walls, i.e., those featuring different com-
positions and rigidities. This unique structural characteristic 
may engender new functions and/or signifi cantly improve the 
inherent properties of MOF materials. 

 By means of the afore-described mixed MBB strategy, 
we successfully synthesized, to our knowledge, the fi rst 3D 
hetero-triple-walled MOFs known to date, formulated as 
{[Co 6 L 4 (TPT) 2 ( µ  3 -OH) 2 ]·Co(H 2 O) 6 ·xG} n  ( 1 ) (TPT = 2,4,6-tris(4-
pyridyl)-1,3,5-triazine, H 3 L = 2,4,6-tris[1-(3-carboxylphenoxy)
ylmethyl]mesitylene, G = guest molecules). Here, two trigonal 
planar ligands of different sizes and rigidities were employed, 
namely TPT and H 3 L, bearing electron-defi cient triazine ring 
and electron-rich benzene ring, respectively. Evidently, such 
a shape complementarity between ligands involving mutu-
ally attractive species will largely facilitate the integration of 
multiple MBBs. Then, the well-known trigonal prismatic sec-
ondary building unit (SBU), [M 3 (μ 3 -O)(O 2 CR) 6 ], is selected so 
as to coincide with the  C  3 -symmetry of ligands, which consists 
of octahedrally coordinated metal ions and is more benefi cial 
to form the highly symmetrical structures. [ 37 ]  During a face-
directed self-assembly process, two fl exible H 3 L ligands and 
one rigid TPT ligand are “pinched together” at three trinuclear 
cobalt-carboxylate SBUs, Co 3 O(COO) 6 , with their central parts 
packed in parallel to form a “sandwich-like” hetero-triple-layered 
building block ( Figure    1  a), denoted hereafter as L 3− -TPT-L 3− , for 
clarity. While the geometry of SBUs determines the topology of 
the resulting framework, the mixed composition of MBBs with 

different sizes and rigidities in multilayered building blocks 
will likely infl uence some specifi c properties of  1 . 

  Complex  1  was obtained by the solvothermal reaction of H 3 L, 
TPT, and Co(NO 3 ) 2 ·6H 2 O in DMF/C 2 H 5 OH/H 2 O at 95 °C for 
72 h. Single-crystal structural analysis reveals that  1  crystallizes 
in the cubic space group  Pa- 3 and possesses a 3D coordina-
tion network consisting of the hetero-triple-layered building 
blocks interconnected via the trinuclear Co 3  SBUs. In  1 , there 
exist two crystallographically independent Co 2+  ions (Figure S1, 
Supporting Information), denoted as Co1 2+  and Co2 2+ , respec-
tively. Each Co1 2+  ion is surrounded by four carboxylate oxygen 
atoms in equatorial positions, as well as one µ 3 -O13 atom and 
one pyridine nitrogen atom in axial positions, thus exhibiting 
a slightly distorted octahedral geometry. Based on this coordi-
nation confi guration, three equivalent Co1 2+  ions (Co···Co: 
3.488 Å) are linked together by six carboxylate groups from six 
individual L 3−  ligands and one µ 3 -O13 atom to form a trinuclear 
Co 3 O(COO) 6  SBU, with all the Co O distances falling in the 
range of 1.98(3)–2.23(2) Å. On the other hand, each Co2 2+  ion 
is coordinated by six water molecules and lies right above the 
trinuclear Co 3  SBU with the distance of about 5.717 Å between 
Co2 and O13 (Figure S1a, Supporting Information). 

 Each hetero-triple-layered building block (L 3− -TPT-L 3− ; 
Figure  1 a) involves three neighboring Co 3 O(COO) 6  SBUs as 
vertices that are arranged in an equilateral triangle in accord-
ance with the trigonal symmetry of both L 3−  and TPT ligands 
(Figure  1 a). In this unit, each fl exible L 3−  ligand is coordinated 
by six Co1 2+  ions from three individual Co 3  SBUs, while each 
rigid TPT ligand coordinates only to the inner three Co1 2+  
ions and serves as the interior layer between the two exte-
rior L 3−  layers. For each L 3−  ligand, its central benzene ring 
and peripheral fl exible phenyl carboxyl groups are linked by 

CH 2 O  groups. Through the rotation of this single bond, 
the geometry of L 3−  can be tuned to adjust the distance between 
its end  meta  carboxyl groups to match with the size of TPT, in 
accompany with the distortion of the peripheral phenyl moie-
ties that are preferentially perpendicular to the central benzene 
ring (Figure S1b, Supporting Information). 

 Close examination of the formed L 3− -TPT-L 3−  composite 
structure reveals that the two involved L 3−  MBBs show the same 
 syn - syn - syn  confi guration (Figure S1b, Supporting Information) 
and are mirror located at the two sides of one TPT ligand with 
their central parts arranged in parallel, thus resembling a com-
pressed chamber with high symmetry (Figure S1c, Supporting 
Information). The spontaneously adopted parallel stacking 
of the “sandwich-like” triple layers indicates the presence of 
a weak π···π interaction (3.61–4.01 Å) between the central 
electron-defi cient triazine and electron-rich benzene ring, from 
adjacent TPT and L 3−  ligands, respectively (Figure S1d, Sup-
porting Information). 

 From another point of view, each Co 3  SBU connects with 
three L 3− -TPT-L 3−  pairs to form a left- or right-handed chiral 
propeller-type unit (Figure  1 b; and S2a, Supporting Informa-
tion). Upon this connectivity, the formed propellers can propa-
gate the chirality throughout the whole triple-walled network, 
including the inside 1D channels of ≈11 Å in diameter (without 
considering van der Waals radii; Figure  1 c). The 3D packing 
of the chiral propeller units by sharing the same Co 3  SBU 
tends to produce a chiral open framework (Figure  1 d and S2b, 
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 Scheme 1.    Schematic representation of the rational design of single-, 
double-, and triple-layered building blocks based on  C  3 -symmetric 
trigonal MBBs.
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Supporting Information), which can be topologically classifi ed 
as a srs network (Figure S3b, Supporting Information) with the 
Schläfl i symbol of (10 3 ) when considering both L 3− -TPT-L 3−  and 
Co 3 O(COO) 6  as 3-connected nodes (Figure S3a, Supporting 
Information). Moreover, each of the resulting chiral 3D net-
works, either left- or right-handed, involves two different types 
of helix chains (left- versus right-handed) with the same pitch 
length of ≈27 Å (Figure S4, Supporting Information). Through 

self-assembly of these 3D chiral nets, the fi rst 
hetero-triple-walled MOF ( 1 ) is then formed 
but found to be racemic due to the interpen-
etration of the chiral nets of opposite handed-
ness (Figure S5, Supporting Information). 

 It is worth noting that both the TPT and 
H 3 L ligands were used in our previous study 
to construct the cage-in-cage double-walled 
MOFs, [M 3 L 2 (TPT) 2 ·xG]  n   (M = Ni or Co), [ 36 ]  
constituting the inner and outer cages, 
respectively. Therein, each paddle-wheel 
SBU, Co 2 (CO 2 ) 4 , serves as the common vertex 
for two hetero-double-layered building blocks 
(L 3− -TPT), bearing in mind that in  1 , each 
trinuclear Co 3 O(COO) 6  SBU gathers three 
L 3− -TPT-L 3−  pairs. In comparison, it is 
observed that every two TPT ligands at 
the same SBU are non-coplanar, for either 
Co 2 (CO 2 ) 4  or Co 3 O(COO) 6 , but associated 
with different dihedral angles between the 
two central triazine rings (70.54° versus 
110.55°; Figure S6, Supporting Information). 
The signifi cant difference in dihedral angles 
consequently leads to two very distinct multi-
walled architectures: the L 3−  and TPT MBBs 
linked through Co 2 (CO 2 ) 4  SBUs adapt to form 
a closed polyhedral structure, while those at 
Co 3 O(COO) 6  SBUs tend to produce an open 
network structure ( Figure    2  ). These results 
thus indicate that the geometry of SBUs 
directs the assembly of MBBs and determines 
the topology of ordered networks. [ 38 ]  More 
signifi cantly, the methodological consistency 
in fabricating both the double-walled and 
triple-walled MOFs with similar composition 
can be regarded as a manifestation of the 
generality and the robustness of the mixed 
MBB strategy, which in a sense, also suggests 
a great potential in achieving an even greater 
level of multiwalled architectures, once the 
appropriate SBUs were identifi ed. 

  The aesthetically pleasing multiwalled 
architecture is a unique structural attribute 
that may result in a high degree of struc-
tural robustness. [ 29 ]  Remarkably, the powder 
X-ray diffraction (PXRD) patterns reveal that 
 1  retained its crystallinity after immersed 
in water for more than 7 d, even in boiling 
water for at least 48 h ( Figure    3  ), thus exhib-
iting an exceptional water-resistance ability 
that is of great concern in the fi eld of MOF 

materials. [ 39–41 ]  Further investigations indicate that the sample 
of  1  could also retain its crystallinity in aqueous solutions asso-
ciated with a broad pH value range of 2–9 (Figure  3 ), as well as 
in many common organic solvents, such as methanol, acetone, 
tetrahydrofuran, acetonitrile, dichloromethane, and trichlo-
romethane (Figure S8, Supporting Information). It is worth 
noting that the slight PXRD peak shifts in the low-angle region 
might be due to the solvent infl uence. [ 42–44 ]  All these results 
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 Figure 1.    a) Sandwich-like hetero-triple-layered building block assembled with three trinuclear 
Co 3  SBUs and three  C  3 -symmetric MBBs of different sizes and rigidities; Views of b) a propeller 
arrangement at Co 3  SBU; c) the 1D hexagonal channel; and d) the 3D framework along [111].
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strongly suggest good feasibility of  1  in a broad variety of appli-
cations, even under complex working conditions. In addition, 
the thermal stability of  1  was also investigated by conducting 
thermogravimetric analysis (TGA) and variable-temperature 
PXRD measurements. The TGA profi les reveal that the frame-
work of  1  is thermally stable below 350 °C (Figure S9, Sup-
porting Information), and that a weight loss corresponding to 
the removal of encapsulated solvents occurs in accompany with 
a interpenetrated net sliding phenomenon, which also results 
in the slight peak shifts in the low-angle region of the variable 
temperature PXRD patterns (Figure S10, Supporting Informa-
tion). [ 42–44 ]  Upon activation at 110 °C, the encapsulated sol-
vent molecules can be completely removed to yield the guest-
free sample of  1 , as confi rmed by the TGA profi les shown in 
Figure S11 (Supporting Information), thus 
indicating that the hetero-triple-walled frame-
work of  1  is structurally robust upon removal 
of encapsulated solvent molecules. In 
order to justify the infl uence of multiwalled 
organization on the framework stability, we 
also compared the chemical stability of the 
triple-walled MOF with its double-walled 
([Co 3 L 2 (TPT) 2 ·xG]  n  ) [ 36 ]  and single-walled 
[(Co(SCN) 2 ) 3 (TPT) 4 ·xG]  n   [ 45 ]  counterparts. The 
results indicate that both the double-walled 
and single-walled MOFs exhibit the structural 
change in water, evidenced by the prominent 
reduction in intensities (Figure S12, Sup-
porting Information) and considerable peak 
shifts of the PXRD patterns (Figure S13, 
Supporting Information). As known, there 
are also many other factors that affect the 
framework stability, such as interpenetration, 
porosity and other discrepancies in structure, 
we therefore coule not assign the remarkable 
chemical stability of the title MOF exclusively 
to its hetero-triple-walled framework. But in 

a sense, this comparison indeed implies con-
structing the multiwalled framework may be 
a promising way to improve the chemical 
stability of MOF materials and deserves to 
be further explored from both theoretical and 
experimental perspectives. 

  Recently, there has been growing interest 
in developing MOFs as a new class of 
electrode materials for Li-ion batteries 
(LIBs), [ 46–51 ]  in which case high degrees of 
structural fl exibility and chemical stability 
are favored. While feasible structural tun-
ability can assist in the breathing of electrode 
materials and thereby enhance the cyclability 
of LIBs, [ 47 ]  high structural stability at electro-
chemical conditions may prevent the irrevers-
ible destruction of the MOF framework. [ 48 ]  
Thus, we then proceeded with the exploration 
of the Li storage performance of  1  as anode 
material. Figure S14 (Supporting Informa-
tion) displays the representative charge–dis-
charge curves for various cycles at a current 

density of 50 mA g −1  in potential range between 0.01 and 3.00 V. 
During the initial cycle, moderate specifi c discharge and charge 
capacities of ≈1108 and 345 mAh g −1  were achieved. The large 
irreversible capacity observed here is probably due to inevitable 
formation of solid electrolyte interface (SEI) fi lm and extended 
electrolyte degradation, [ 52,53 ]  both of which are very common for 
most anode materials of LIBs. 

 Detailed analysis of the cyclic voltammograms (CVs) was 
also conducted to examine the electrochemical behavior of  1 . As 
seen from the inset of  Figure    4  , the initial cathodic scan reveals 
three main peaks at 1.42, 1.00, and 0.65 V, respectively. While 
the peaks at 1.42 and 1.00 V correspond to the amorphization 
and the reduction of Co ions, [ 47 ]  the intense cathodic peak at 
0.65 V and broad peak below 0.5 V are ascribed to the formation 
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 Figure 2.    The rational designs of double-layered and triple-layered composite building blocks.

 Figure 3.    PXRD profi les for simulated, as-synthesized  1 , and  1  soaked in water, boiling water 
and aqueous solutions with pH values of 2 and 9.
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of SEI fi lm and the electrolyte decomposition. [ 52,53 ]  Moreover, 
the initial anodic scan also exhibits two hump-like peaks at 
1.02 and 1.25 V, which are indicative of the oxidation and ref-
ormation of  1 . [ 47 ]  Evidently, the subsequent CV curves differ 
signifi cantly from the initial one and show very good repro-
ducibility in peak shape, thus demonstrating a good revers-
ibility in Li storage. Thus, the cyclic performance of  1  indicates 
that, despite a decline of reversible capacity in the initial sev-
eral cycles, a nearly invariable capacity of about 300 mAh g −1  
can be obtained in the following cycles (Figure  4 ), with the cou-
lombic effi ciency of >95% after 15 cycles. A similar situation 
also occurred at a current density of 100 mA g −1 , exhibiting 
a reversible capacity of about 160 mAh g −1  (Figure S15, Sup-
porting Information). 

  The results presented above reveal that  1  exhibits a supe-
rior or comparable Li storage performance, especially in cycla-
bility, as compared with many developed MOF electrodes, [ 49–51 ]  
and even inorganic TiO 2  material. [ 54–56 ]  More signifi cantly, in 
sharp contrast to the reversible Li storage dominated by the 
derived metal-oxides or metal nanoalloys as in many MOF-
based LIBs, the matrix involved in this test almost retained 
during the cycling as evidenced by the unchanged XRD pat-
terns (Figure S16, Supporting Information). Therein, the het-
ero-triple-walled framework of  1  not only helps to avoid the 
capacity decay and thus improve the cyclability owing to its 
high chemical stability, but also provides more redox-active sites 
from multiple ligands within a confi ned pore space, [ 57,58 ]  dis-
playing a selectivity to Li and thereby preventing the entering 
of other irrelevant materials for protection. Since to date, only 
a few of MOF electrodes can survive or regenerate during the 
cycles, [ 46–48 ]  we then suggest that manufacturing the multi-
walled MOF electrodes may be a promising way to improve the 
cyclic performance of LIBs. 

 In summary, we elaborate an alternative method, i.e., the 
mixed MBB strategy, for constructing the multiwalled MOFs 
of high structural complexity and aesthetic appeal, under 
which the shape-matching fl exible and rigid MBBs are inte-
grated into one composite building block as separate layers. 
Compared to the strategy based on multi-identical rigid 

MBBs, this new strategy not only enables more compositional 
diversity, especially in the character of framework walls, but 
also promises higher structural fl exibility that could effectively 
reduce the dependence of multilayered building block on the 
size of metal-cluster vertices. With the methodological devel-
opment in engineering of multiwalled MOFs, we obtained 
an unprecedented 3D hetero-triple-walled MOF with remark-
able structural fl exibility and chemical stability, which could 
signifi cantly improve the cyclability of MOF materials in the 
application of LIB electrodes. Therefore, we anticipate that the 
proposed mixed MBB strategy could not only offer a new plat-
form for developing novel MOF structures, but also provide 
new insights into the functionalization of this class of crystal-
line materials. 
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 Figure 4.    Cycling performance of  1  at a current density of 50 mA g −1 . 
(inset) CV curves of 1–3 cycles in the potential range of 0.01–3.00 V vs. 
Li/Li +  at a scan rate of 0.1 mV s −1 .
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