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Ternary MOF-on-MOF heterostructures with
controllable architectural and compositional
complexity via multiple selective assembly

Chao Liu', Qiang Sun?, Lina Lin3, Jing Wang'!, Chaogi Zhang', Chunhong Xia', Tong Bao', Jingjing Wan'®,
Rong Huang3, Jin Zou® 2%* & Chengzhong Yu® 1~

Assembly of different metal-organic framework (MOF) building blocks into hybrid MOF-on-
MOF heterostructures is promising in chemistry and materials science, however the devel-
opment of ternary MOF-on-MOF heterostructures with controllable architectural and com-
positional complexity is challenging. Here we report the synthesis of three types of ternary
MOF-on-MOF heterostructures via a multiple selective assembly strategy. This strategy
relies on the choice of one host MOF with more than one facet that can arrange the growth of
a guest MOF, where the arrangement is site-selective without homogenous growth of guest
MOF or homogenous coating of guest on host MOF. The growth of guest MOF on a selected
site of host MOF in each step provides the opportunity to further vary the combinations of
arrangements in multiple steps, leading to ternary MOF-on-MOF heterostructures with
tunable complexity. The developed strategy paves the way towards the rational design of
intricate and unprecedented MOF-based superstructures for various applications.
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complexity have attracted intensive attention due to their

elegant structures and elaborate functionalities!4. The
nanostructural complexity can be classified according to (1)
composition (e.g., conjugating different components)>°, (2)
architecture (e.g., manipulating geometric arrangements)’~%, and
(3) the integration of both compositional and architectural
diversity into one nanostructrure!?-12, As an important family of
porous crystalline materials, the composition and architecture of
metal-organic frameworks (MOFs) are both key factors for their
properties and applications!3-1°. To improve the complexity of
MOF-based composites with broadened functions, the assembly
of MOFs and other nanomaterials is a promising approach?0-23,
Meanwhile, conjugation of two or more different MOFs into one
MOF-on-MOF hybrid material presents another strategy for the
fabrication of complicated MOF hybrids with unprecedented
nanostructures?4-33,

To date, various architectures of MOF-on-MOF hybrids
including core-shell?427:36:37  yolk-shell?>, asymmetric struc-
ture?8:38.39 and film on film32-40 have been developed. However,
the present MOF-on-MOF systems are mainly focused on binary
compositions. Construction of ternary MOF-on-MOF hybrids
has limited success. Kitagawa and colleagues prepared a NH,-
UIO-66&MOF-76@NH,-MIL-125 MOF-on-MOF hybrid with
guest MOFs randomly adhered on host via a surfactant-assisted
route*!. A ternary MOF-on-MOF film by sequential epitaxial
growth of three different Cu-based MOFs on Cu(OH), modified
foil is demonstrated by Takashi and co-workers*2. Very recently,
a double shelled core-shell Fe-MIL-88B@Ga-MIL-88B@Fe-MIL-
88C ternary MOF-on-MOF heterostructure with similar com-
positions is reported by Oh and colleagues*3. To our knowledge,
there is no report on the synthesis of ternary MOF-on-MOF
materials with controllable architectural and compositional
complexity.

Herein, we report the synthesis of three types of ternary MOF-
on-MOF hybrids with adjustable architectural complexity and a
distinct compositional combination consisted of three different
MOFs as building blocks (Fig. 1). By using cake-like MIL-125 as
the host MOF, ternary MOF-on-MOF hybrids, including quin-
tuple sandwich-like (type A), cake@tetrapods with core-shell-
structured pod (type B) and cake@tetrapods with core-shell-
structured cake (type C) heterostructures, are obtained via a
multiple selective assembly strategy in three approaches. In
approaches I and II, the guest MOFs of ZIF-67 and ZIF-8 can be
selectively grown on the two top-bottom surfaces (I, 1) and four
corners (II, 1) of MIL-125 nanocakes in the first step, respectively,
forming type a and b binary MOF-on-MOF heterostructures as
seeds. The second-step site-selective growth of ZIF-8 (I, 2) and
ZIF-67 (II, 2), respectively, on the ZIF-67 and ZIF-8 blocks in
type a and b binary MOF-on-MOF seeds results in type A and
type B ternary MOF-on-MOF heterostructures. For type C
ternary MOF-on-MOF heterostructure, ZIF-8 pods are adhered
on the four corners of core-shell-structured cake, which is formed
by Zn, Co-ZIF shell coated on the two top-bottom and four side
surfaces of MIL-125 core in a one-step approach (III).

I berid materials especially nanostructures with high

Results

Host MOFs: cake-like MIL-125. First, a tetragonal structured Ti-
centered MOF (MIL-125, space group of [4/mmm with the lattice
parameters of a=18.65A and ¢ =18.14 A) was synthesized as
the host via a solvothermal method**. The field-emission scan-
ning electron microscopy (SEM) images (Supplementary Fig. 1a,
b) of MIL-125 show highly dispersed nanoparticles with a cake-
like morphology and smooth surface. The length and thickness
are estimated to be 500-640 and 125nm, respectively.
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Fig. 1 lllustration of the multiple selective synthesis approaches (I-lil)
and structures of ternary MOF-on-MOF heterostructures (types A-C). In
approach 1, ZIF-67 nanocrystals are selectively grown on top-bottom
surfaces of MIL-125 in the first step (I, 1), forming a type a binary
heterostructure. By further growth of ZIF-8 on ZIF-67 in a in the second
step (I, 2), type A is synthesized. In approach Il, a type b binary
heterostructure is synthesized by growing ZIF-8 nanocrystals on the four
corners of MIL-125 as an intermediate (ll, 1). By further growth of ZIF-67 on
ZIF-8 of b (ll, 2), type B is generated. In approach Ill, Type C is obtained in
one step by simultaneous growth of ZIF-8 on the four corners and Zn, Co-
ZIF on the two top-bottom surfaces as well as four side surfaces.

Transmission electron microscopy (TEM) images (Supplemen-
tary Fig. 1c, d) show the solid nature of MIL-125. The crystallinity
of MIL-125 is confirmed by X-ray diffraction (XRD) pattern
(Supplementary Fig. 2), which is in accordance with the simulated
result. By using MIL-125 nanocakes as host MOFs, three different
ternary MOF-on-MOF heterostructures are synthesized as
discussed below.

Type A ternary MOF-on-MOF heterostructure. By directly
immersing MIL-125 nanocakes into the 2-methylimidazole (2-
MeIM) and Co?t methanol solution, MIL-125@ZIF-67 type a
binary heterostructure was synthesized. The XRD pattern of type
a binary hybrid shows the co-existence of diffraction peaks of
both ZIF-67 and MIL-125 (Supplementary Fig. 3). SEM image
(Fig. 2a) shows a well-dispersed cake-like morphology with a
particle size of ~620-700 nm and rough surface. In the enlarged
SEM images (Fig. 2b, c), ZIF-67 nanocrystals with diameters of
~50-100 nm are observed and selectively adhered on the two top-
bottom surfaces of MIL-125 rather than on the corners or side
surfaces, generating a triple layered sandwich-like ZIF-67@MIL-
125@ZIF-67 superstructure. Some gaps between ZIF-67 nano-
crystals are also observed. The thickness of the sandwich-like
structure is measured to be ~250nm. TEM observations
(Fig. 2d-f) further demonstrate that the type a binary hetero-
structure has a sandwich-like structure, in agreement with the
SEM results. The high-angle annular dark field scanning TEM
(HAADF-STEM) and corresponding element mapping images
(Fig. 2g) viewed parallel to the nanocake top/bottom surface show
that the middle Ti-rich layer is sandwiched by two side Co-rich
layers, consistent with the energy dispersive X-ray spectroscopy
(EDX) line scanning results (Fig. 2h).

Using type a binary heterostructure as seeds for reaction with
2-MeIM and Zn2t, two extra ZIF-8 layers are selectively grown
on ZIF-67 surfaces, forming type A ternary MOF-on-MOF
heterostructure (Fig. 3a). The sandwich-like morphology is well
kept as evidenced by both SEM (Fig. 3b-d) and TEM
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Fig. 2 Type a binary heterostructures. a-c SEM images, d-f TEM images,
g STEM and corresponding element mapping images, (h) TEM image and
line scanning spectra of type a binary heterostructure. Scale bars are 500 nm
(a, d), 200 nm (b, ¢, e-g), and (h) 100 nm, respectively. Inset of a is the
structural illustration of type a.

!

Fig. 3 Type A ternary heterostructure. a Schematic illustration of the
synthesis of type A ternary MOF-on-MOF heterostructure. b-d SEM
images, e, f TEM images, g TEM image and corresponding line scanning
spectra, h STEM image and corresponding element mapping images of type
A ternary heterostructure. The scale bars are 500 nm (b, d) and 200 nm
(¢, d, f-h), respectively.
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Fig. 4 Type B ternary heterostructure. a Schematic illustration of the
synthesis of type B ternary MOF-on-MOF heterostructure. b, € SEM
images, d TEM images, e, f STEM images, line scanning spectra and
corresponding element mapping images of type B ternary heterostructure.
The scale bars are 500 nm (b) and 200 nm (c-f), respectively.

observations (Fig. 3e-g). The average diameters of nanocrystals
coated on top/bottom surfaces increase to 100-200 nm (Fig. 3c),
which are more densely packed compared to type a binary
heterostructure. The thickness is increased to ~400 nm (Fig. 3d).

The co-existence of Zn, Co and Ti elements in type A
heterostructure is demonstrated in the EDX spectrum (Supple-
mentary Fig. 4). The line scanning spectra of a “vertical
sandwich” (Fig. 3g) show the linear distribution of Zn, Co, and
Ti, indicating that the inner Ti-rich layer (MIL-125) is
sandwiched by two middle Co-rich layers (ZIF-67) and two
outmost Zn-rich layers (ZIF-8), consistent with STEM and
element mapping results showing a quintuple sandwich-like
structure (Fig. 3h). The XRD pattern of the type A ternary
heterostructure is shown in Supplementary Fig. 5. Although ZIF-
8 and ZIF-67 with similar crystalline parameters can not be
differentiated®, the relative intensity of the peaks assigned to ZIF
versus MIL-125 is enhanced than that observed in type a binnary
heterostructure, indicating the further growth of ZIF-8 on ZIF-67.

Type B ternary MOF-on-MOF heterostructure. Type b binary
heterostructure (MIL-125@ZIF-8) was synthesized according to
our recent publication®. The SEM and TEM images (Supple-
mentary Fig. 6a-e) display a unique MOF-on-MOF structure
with ZIF-8 nanocrystals adhered on the four corner surfaces of
MIL-125, generating a cake@tetrapods-like structure. The dia-
meter of ZIF-8 is determined to be ~280 nm. The STEM image,
line scanning profile and element mapping images (Supplemen-
tary Fig. 5f) show that the four Zn-rich faceted nanoparticles are
preferentially formed on the corners of Ti-rich MIL-125 host. The
detection of Zn in the middle region of MIL-125 may be due to
the adsorption of positive Zn>* by negatively charged MIL-125.
The XRD pattern (Supplementary Fig. 7) also confirms the gen-
eration of crystalline ZIF-8 on MIL-125, in accordance with lit-
erature results.

By further growth of ZIF-67 on type b binary heterostructure
as the seeds (Fig. 4a), type B ternary MOF-on-MOF hetero-
structure is generated. SEM results show a similar morphology to
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type b binary heterostructure (Fig. 4b). The diameter of corner
grown nanocrystals is measured to be ~500 nm in both SEM and
TEM images (Fig. 4c, d), larger than the particle size of ZIF-8 in
type b binary hybrid. The existence of Zn, Co and Ti elements in
type B binary heterostructure is observed in the EDX spectrum
(Supplementary Fig. 8). STEM image and line scanning spectra of
Ti, Zn and Co elements are shown in Fig. 4e, f (view direction
perpendicular and parallel to the top/bottom cake surface,
respectively). Strong signal of Co and Zn is detected in the outer
shell and inner core of pod part, respectively, while the cake body
is abundant in Ti element. The superimposed images clearly
display a cake@tetrapods-like structure with core-shell-structured
(ZIF-8@ZIF-67) pods on the four corners of MIL-125 cake. The
increased XRD peak intensity of ZIF further supports the growth
of ZIF-67 on ZIF-8 (Supplementary Fig. 9), in accordance with
SEM and TEM observations.

Type C ternary MOF-on-MOF heterostructure. Zn>t and Co**+
ions with a molar ratio of 7.5/2.5 together with 2-MeIM were
used as precursors for growing guest ZIF on MIL-125 host to
synthesize type C ternary heterostructure via a one-step reaction.
Typical SEM and TEM images (Fig. 5a, d) show a uniform
cake@tetrapods-like morphology with a rough surface in the cake
body. The magnified images (Fig. 5b, e) display that larger
nanocrystals (~150 nm) are attached on the four corners, while
relatively smaller particles (~30 nm) are anchored on the top-
bottom surface of MIL-125. Moreover, the small nanoparticles are
also observed on the side surfaces in the image of a “vertical cake”
(Fig. 5¢).

The elements of Zn, Co, and Ti are simultaneously detected in
the EDX spectrum of type C ternary heterostructure (Supple-
mentary Fig. 10). The distribution of these elements is presented
in the STEM image and corresponding line scanning spectra
(Fig. 5f). The results show the distribution of Zn throughout the
whole particle, while Co and Ti only distributed in the cake body,
but not in the corner pod region. Moreover, the spot scan profile
(Supplementary Fig. 11) also shows that only Zn is detected in the

Ti+Zn+Co

Fig. 5 Type C ternary heterostructure. a-c SEM images, d, e TEM images,
f STEM images, line scanning spectra and corresponding element mapping
images of type C ternary MOF-on-MOF heterostructure. The scale bars are
Tpm (@), 500 nm (d) and 200 nm (b, ¢, e, f), respectively. Inset of a is the
structural illustration of type C.

corner pod. The Zn/Co ratio detected in the cake body region was
measured to be ~9/1. The XRD pattern of type C also shows the
diffraction peaks of ZIF and MIL-125 (Supplementary Fig. 12).
Thus, type C heterostructure is formed by the selective adhesion
of ZIF-8 pods on the four corners of core-shell-structured cake,
which is formed by Zn/Co-ZIF shell coated on the two top-
bottom and four side surfaces of MIL-125 core.

Furthermore, bimetal precursor with Zn2+/Co?* ratio of 0.75/
0.25 was used to replace the single ones (Zn%t or Co?™) for the
secondary growth with type a and b as host, generating type A-1
and B-1 heterostructures. As evidenced by SEM and TEM images
as well as XRD patterns and EDX spectra (Supplementary
Figs. S13-18), type A-1 and B-1 heterostructures exhibit similar
structures with type A and B with Zn/Co ratio changing from 3.2/
1 and 1/2.1 to 2.8/1, and 6.3/1, respectively, suggesting the Zn/Co
ratios in type A and B hybrids are tunable. In addition, the SEM
and TEM images of three ternary MOF-on-MOF heterostructures
after ultrasound treatment were also presented (Supplementary
Figs. 19-21). No obvious changes were observed in type A, B, and
C heterostructures, indicating good structural stability.

Formation mechanism. To understand the formation mechan-
ism of type A, B and C ternary heterostructures, the growth
behavior of guest ZIFs on host MIL-125 was investigated. In the
absence of MIL-125, the homogeneous nucleation of different
ZIFs generates ZIF-67, ZIF-8, and Zn, Co-ZIF (Supplementary
Fig. 22), consistent with reported results*’. In the presence of
MIL-125, the heterogenous nucleation of ZIF-8 on MIL-125 is
driven by the interaction between exposed Ti-O cluster on four
{110} facets of MIL-125 (i.e., the four corners) and linkers on the
{001} facets of ZIF-8 according to our previous findings (Sup-
plementary Figs. 23-25, and 26b)#0. The exposed Ti-O clusters
could be fully utilized to connect with 2-MelM, leaving one Zn>*
not connected to the Ti-O node®. Further epitaxial growth of
ZIF-8 on the corner of MIL-125, due to the lattice match of
{110}pm1L-125/{001} 21k g, generates type b heterostructure with
slight lattice expansion of ZIF-8 (Supplementary Fig. 27).

It is also reported that ZIF-8 and ZIF-67 have isoreticular
structures with similar unit cell parameters (ZIF-8, a = 16.99 A;
ZIF-67, a=16.96 A)*. The selective growth of ZIF-67 on the
{001} facets of MIL-125, rather than ZIF-8 on the {110} facets, is
worth of further investigation. The enlarged XRD patterns
(Supplementary Fig. 28) of type a binary heterostructure show
no shift of diffraction peaks of ZIF-67 or MIL-125, indicating the
growth of ZIF-67 on MIL-125 is not epitaxial growth. When the
growth time of ZIF-67 on MIL-125 was 2 min, SEM observations
showed nucleates preferentially on the top-bottom surfaces of
MIL-125 (Supplementary Fig. 29a). The nucleate sizes of ZIF-67
are obviously larger than ZIF-8 obtained at similar conditions
(Supplementary Fig. 23), indicating faster nucleation of ZIF-67,
possibly because a higher 2MeIM:Co?t molar ratio (16:3) was
used than that in the growth of type b heterostructure (2MeIM:
Zn%t molar ratio of 3:5, see details in Methods). The faster
nucleation of ZIF-67 is further supported by the faster individual
growth of ZIF-67 than ZIF-8 (Supplementary Fig. 30). The XRD
pattern further demonstrates the occurrence of ZIF-67 nucleates
(Supplementary Fig. 29b). Different from ZIF-8 in type b
heterostructure, negligible peak shift is observed in the enlarged
XRD pattern (Supplementary Fig. 29¢), further suggesting the
growth of type a heterostructure is not through epitaxial growth.
By adding Co?* first and then 2-MeIM to react with MIL-125
(Supplementary Fig. 31) or adding MIL-125 after homogenous
nucleation of ZIF-67 clusters for 3 min (Supplementary Fig. 32),
the generated materials were similar to type a binary hetero-
structure. Collectively, it is inferred that the growth of ZIF-67
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goes through a homogenous nucleation stage in the first step
(Supplementary Fig. 26a) due to the relatively fast nucleation rate.

To further understand why the generated ZIF-67 nucleates are
selectively adhered on the {001} faces of MIL-125, the zeta
potential of MIL-125 was measured to be —13.9mV (Supple-
mentary Fig. 33). To distinguish the surface charge difference at
different facets of MIL-125, hexadecyl trimethyl ammonium
bromide (CTAB, one cationic surfactant) was added during the
growth of type a and b heterostructures. The zeta potential of
MIL-125 was slightly increased with the addition of CTAB
(Supplementary Fig. 33), indicating the adsorption of CTA™ onto
negatively charged MIL-125 surface. The introduction of CTAB
showed little influence on the formation of type a heterostructure,
but the growth of individual ZIF-8 particles was observed in the
synthesis system of type b heterostructure (Supplementary Figs. 34
and 35). The above results indicate that the positively charged
CTA" are preferentially absorbed on {110} rather than {001}
facets of MIL-125, thus the growth of ZIF-8 is hindered while
ZIF-67 can still grow on the top-down surfaces of MIL-125. These
observations further suggest that the {110} facets of MIL-125
exhibit a lower surface charge than {001} facets, in accordance
with literature reports that {110} facets of MIL-125 exposed a
higher density of Ti-O clusters than the {001} facets*$. In
addition, the negatively charged nature of ZIF-67 is also
confirmed by zeta potential analysis (Supplementary Fig. 36). It
is suggested that ZIF-67 nucleates preferentially adhere on {001}
rather than {110} facets of MIL-125 with relatively weaker
electrostatic repulsion to reduce the surface free energy.
Eventually type a binary heterostructure is formed.

As reported previously*2, different ZIFs {{M(2-MeIM),],,, M =
Zn, Co or bimetal Zn/Co} exhibit isoreticular structures and
almost the same unit cell parameters. Thus, epitaxial growth
between different ZIFs is easily achieved due to their high lattice
match degree of ~100%2!. However, the growth of ZIFs on MIL-
125 has a relatively lower degree of lattice match, e.g., ~97.6%
between (001)z1rs/(110)Myr 125 facets. It is suggested that the
better lattice match between ZIFs than ZIFs/MIL-125 results in
the selective growth of ZIFs (ZIF-8, ZIF-67 or Zn, Co-ZIF) on
ZIF-8 and ZIF-67 in type a and b, generating type A and B
ternary MOF-on-MOF heterostructures.

When adding Co?*, Zn?*, and 2-MeIM together to react with
MIL-125, the nucleation of ZIF-8 on the corner and Zn/Co-ZIF
on top-bottom as well as side surfaces of MIL-125 possibly
occurred simultaneously and could not be clearly differentiated
(Supplementary Fig. 37). Smaller shift of ZIFs peaks is found in
the enlarged XRD pattern of type C structure (Supplementary
Fig. 38) compared to type b, due to the relatively lower amount of
ZIF-8. When adding MIL-125 after reaction of Zn?*, Co®*, and
2-MeIM for 3 min, only small crystals were found on in some
MIL-125 particles, the formation of relatively large sized ZIF-8 on
the corner was not evident (Supplementary Fig. 39). It is
suggested that in this approach (Supplementary Fig. 26c), the
growth of ZIF-8 on corner of MIL-125 is through heterogeneous
nucleation of ZIF-8 clusters on {110} facets of MIL-125, similar to
type b hybrids. Simultaneously, the Zn/Co-ZIF clusters formed
through homogenous nucleation adhered on the side ({100}
facets) and top-bottom ({001} facets) surfaces of MIL-125.
Consequently, type C ternary MOF-on-MOF heterostructures
are formed.

It is noted that the growth of guest MOF on one specific facet
of host MOF has been reported to generate binary MOF-on-MOF
structures?®37-39:4346 However, utilizing one host MOF with
different facets that can individually regulate the growth of other
guest MOF building blocks is demonstrated in this work. The
successful synthesis of three types ternary MOF-on-MOF
heterostructures relies on the choice of suitable host and guest

MOF building blocks and understanding their interactions in the
assembly process. In our synthesis system, mainly three types of
MOF are used as building blocks. To enable the assembly of
ternary MOF-on-MOF heterostructures with multiple complex-
ity, three elements are important. (1) A host is chosen with more
than one facet that can arrange the growth of a guest MOF. (2)
The synthesis conditions should be adjusted to allow for a site-
selective arrangement of MOF-on-MOF in each step. It is noted
that homogenous growth of guest MOF (e.g., the formation of
ZIF-8 mixed with MIL-125, Supplementary Fig. 25) or homo-
genous coating of guest MOF on host MOF should be avoided,
because this would reduce the complexity of assembled structures.
The site-selective growth of guest-host MOF-on-MOF can be
driven by either heterogeneous nucleation of guest MOF on host
followed by epitaxial growth (e.g., in type b binary hybrid), or
homogeneous nucleation followed by electrostatic interaction
(e.g. in type a binary hybrid). Nevertheless, the isoreticular
growth is not recommended in the first step growth of MOF-on-
MOF, but applied only in the second step of approaches I and II
to grow guest MOF site-specifically on the binary hybrids. (3)
Finally, by varying the combinations of guest-host arrangements
in the multiple selective assembly strategy, ternary MOF-on-MOF
heterostructure with multiple complexity can be obtained. Even
approach III is a one-step synthesis, it is likely the growth of two
guest MOF blocks on their preferred sites can be controlled by
tuning the competition between two different guest-host MOF
interactions (through optimizing the Co** and Zn?* ratio,
Supplementary Figs. S40 and 41), so that type C ternary MOF-on-
MOF heterostructure can be successfully synthesized.

Catalytic performance. To demonstrate the advantage of ternary
MOF-on-MOF  heterostructures, a photo-assisted perox-
ymonosulfate (PMS) activation system was established for
degradation of methylene blue (MB, a typical dye pollutant) by
using type B heterostructure as a catalyst (Supplementary
Fig. S42a). For comparison, the catalytic performances of binary
heterostructure (type b) and single MOFs (ZIF-8, ZIF-67 and
MIL-125) were also tested. As shown in Supplementary Fig. 42b,
59.2% of MB was removed in 20 min by type B in the dark.
Notably, under visible light irradiation, MB was totally removed
within 5 min by type B heterostructure. For comparison, ZIF-8,
ZIF-67 MIL-125 and type b heterostructure exhibited lower
removal rates of 22.3, 75.0, 84.5, and 92.1% in 5min. The
enhanced performance type B ternary heterostructure over other
samples is also supported by the total organic carbon (TOC)
removal tests (Supplementary Fig. 43).

Furthermore, electron paramagnetic resonance (EPR) techni-
que was employed to characterize the active radicals in the
catalytic reaction systems. As illustrated in Supplementary
Fig. 44a, EPR signals corresponding to «OH and SO,"~ were
detected in all samples#. The intensity of these two radicals for
type B heterostructure under irradiation is higher than that of
type B in dark, ZIF-8, MIL-125, ZIF-67 and type b under
irradiation, indicating that the activation of PMS is enhanced by
the photocatalytic property of type B catalyst. Meanwhile,
characteristic signal of O,*~ was also detected in the systems of
type B, ZIF-8, MIL-125, ZIF-67 and type b under irradiation*449,
but not in type B in dark (Supplementary Fig. 44b).

The above results suggest that the improved activity of type B
heterostructure may be correlated to the synergies of different
building blocks (Supplementary Fig. 42a). Firstly, MIL-125 and
ZIF-67 containing transitional metal centers with variable
valences can activate PMS to generate «OH and SO~ 0.
Moreover, ZIF-8/MIL-125 heterojunction®*>! improves the
charge carrier separation as evidenced by the photocurrent
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characterization (Supplementary Fig. 45). The generated photo-
electrons accelerate the activation of PMS for the production
of «OH and SO, radicals, which can also simultaneously reduce
the O, to yield O,*~ radicals. The improved photocatalytic
performance of the ternary versus binary heterostructure is likely
attributed to the further hybridization of ZIF-67 with higher
activity for PMS activation than ZIF-8. Taking together, the
synergistic effects, including chemical activation by both ZIF-67
and MIL-125, and photocatalytic activation by ZIF-8/MIL-125
heterojunction, lead to the enhanced photocatalytic performance
of type B ternary heterostructure.

Discussion

In conclusion, we have demonstrated a multiple selective
assembly strategy for the synthesis of three distinctive types of
ternary MOF-on-MOF hybrids with controllable architectural
and compositional complexity. The choice of suitable host-guest
MOFs and controlling the host-guest interaction allow for
selective growth of MOF-on-MOF in each step, eventually ternary
MOF-on-MOF heterostructures with high complexity are pre-
pared in the multiple selective assembly process. Benefiting from
the structural and compositional complexity, the resultant ternary
heterostructures exhibit enhanced catalytic performance com-
pared to binary hybrids and single MOF blocks. Our contribu-
tions are expected to provide guidance for design of MOF-based
hybrid materials with sophisticated superstructures.

Methods

Chemicals. Titanium isopropoxide (TPOT, 97%, Aldrich), aminoterephthalate
(99%, Aldrich), both zinc nitrate hexahydrate (Zn(NO;),-6H,0, 98%) and cobalt
nitrate hexahydrate (Co(NO3),-6H,0) from Sinopharm Chemical Regent Co., Ltd,
2-methylimidazole (2-MeIM, Aldrich), N,N-dimethylformamide (DMF, 99%,
Greagent) and methanol (AR, 99%, Adamas-beta) used as received. Millipore water
was used in all experiments.

Synthesis of MIL-125. The cake-like MIL-125 nanoparticles were prepared as
follows. Typically, 0.6 mL of TPOT and 0.56 g of aminoterephthalate were dis-
solved into 40 mL mixture of DMF and CH3;OH (9:1, v/v). The mixture was stirred
for 5 min, then transferred to a 100 mL Teflon-line autoclave and heated at 150 °C
for 24 h. Afterwards, the yellow solid product was collected by washing with DMF
and methanol for three times. Finally, the as-synthesized MIL-125 was dispersed in
30 mL methanol to make a stock solution (~20 mg/mL) for further use.

Synthesis of type a: MIL-125@ZIF-67 heterostructure. To synthesize type a
heterostructure, 0.3 mL of MIL-125 stock solution (~ 6 mg of MIL-125), 5 mL of
80 mM 2-MeIM solution and 3 mL of 25 mM Co(NOs3),-6H,0 solution were
mixed under stirring. The mixture was allowed to react at room temperature for
4 h. The final product was collected by centrifugation, washed with methanol three
times, and dispersed in 0.5 mL methanol (~36 mg/mL) for further use.

Synthesis of type A: MIL-125@ZIF-67@ZIF-8 heterostructure. To synthesize
type A heterostructure, 0.2 mL of the obtained type a dispersion, 3 mL of 25 mM
2-MeIM solution and 5 mL of 25 mM Zn(NOs3),-6H,0 solution were mixed under
stirring and then allowed to react at room temperature for 4 h. The product is then
collected by centrifugation, washed with methanol for three times, and dried
overnight.

Synthesis of type b: MIL-125@ZIF-8 heterostructure. To synthesize MIL-
125@ZIF-8 heterostructure, 0.4 mL of MIL-125 suspension (~8 mg of MIL-125),
6 mL of 25 mM 2-MeIM solution and 10 mL of 25 mM Zn(NO3),-6H,O solution
were mixed and then allowed to react at room temperature for 4 h. The product
was collected by centrifugation, washed with methanol for three times, then dis-
persed in 0.4 mL methanol for further use.

Synthesis of type B: MIL-125@ZIF-8@ZIF-67 heterostructure. To synthesize
type B heterostructure, 0.4 mL of the obtained type b solution, 5 mL of 80 mM
2-MeIM solution and 3 mL of 25 mM Co(NO3),-6H,O solution were mixed and
then allowed to react at room temperature for 4 h. The product was then collected
by centrifugation, washed with methanol several times, and dried overnight.

Synthesis of type C: MIL-125@ZIF-8/Zn, Co-ZIF heterostructure. To synthe-
size type C heterostructure, 0.2 mL of MIL-125 suspension, 5 mL of 50 mM 2-
MeIM solution and 3 mL of 25 mM Zn(NOj3),-6H,0/Co(NO3),-6H,0 (Zn/Co
molar ratio of 7.5/2.5) solution were mixed and then allowed to react at room
temperature for 4 h. The product was then collected by centrifugation, washed with
methanol three times, and dried overnight.

Synthesis of type A-1 MIL-125@ZIF-67@Zn/Co-ZIF heterostructure. The
synthetic process is similar to that of type A, except using 5 mL of 50 mM 2-MeIM
solution and 3 mL of 25 mM Zn(NO3),-6H,0/Co(NO3),-6H,0 (Zn/Co molar ratio
of 7.5/2.5) as precursor.

Synthesis of type B-1 MIL-125@ZIF-8@Zn/Co-ZIF heterostructure. The syn-
thetic process is similar to that of type B, except using 5mL of 50 mM 2-MeIM
solution and 3 mL of 25 mM Zn(NO3),-6H,0/Co(NO3),-6H,0 (Zn/Co molar ratio
of 7.5/2.5) as precursor.

Material characterization. TEM images were obtained with Hitachi HT7700 at
120 KV. Chemical composition analyses were carried out using a JEM-2100F
(JEOL, Japan) operating at 200 kV equipped with an X-ray energy dispersive
spectrometer (EDS: X-Max 80 T, Oxford, UK). XRD patterns were recorded using a
Bruker D8 Advanced X-Ray Diffractometer with Cu Ka radiation (A =0.154 nm).
The surface charges of all the samples were measured by Zeta Potential Analyzer
(ZetaPALS, Brookhaven Instruments, USA). The photocatalysis degradation was
performed by using 300 W Xe lamp (PLS-SXE300D/300DUYV, Beijing perfect light
technology co. LTD) as the light source using a cut-off filter of 420 nm to remove
UV light.

Photocatalysis test. The photo-assisted catalytic degradation of methylene blue
(MB) was carried out in a 100 mL quartz reactor with 15 mg of as-synthesized
sample, 0.5 mM peroxymonosulfate (PMS) and 50 mL of MB solution (100 ppm,
pH = 7). The suspension was stirred in dark for 60 min to establish the adsorption
equilibrium before irradiation and addition of PMS. Then, 300 W Xe lamp was
used as the source of visible light using a cut-off filter of 420 nm to remove UV
light. The catalysis sample was collected from the reactor and filtered (0.22 pm) to
remove the particles with adding methanol to quench the radicals. The con-
centrations of MB were monitored by measuring the absorption intensity at
maximum absorbance wavelength (A = 660 nm) using a UV-vis spectro-
photometer. The photocatalytic performances of all samples were compared based
on the same dosages.

The photocurrents were measured using 0.1 M Na,SOj, as electrolyte on a CHI
760 E electrochemical workstation with a three-electrode cell system including a
Ag/AgCl electrode as reference electrode, MOF/ITO as working electrode and Pt
wire as counter electrode. 300 W Xe lamp was used as the source of visible light
using a cut-off filter of 420 nm to remove UV light.

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