
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 3

/1
6/

20
26

 3
:1

1:
54

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Biomineralization
aState Key Laboratory of Inorganic Synthes

Chemistry, Jilin University, Qianjin Street

E-mail: chenxiaoxin@jlu.edu.cn; guanbuyua
bInternational Center of Future Science,

Changchun 130012, P. R. China
cInstitute of Materials Research and En

Technology and Research (A*STAR), 2 Fusion
dAustralian Institute for Bioengineering and

Queensland, Brisbane, QLD 4072, Australia
eDepartment of Materials Process Enginee

Nagoya University, Furo-cho, Chikusa-ku, N
fDepartment of Chemical and Biomolecu

Yonseiro, Seodaemun-gu, Seoul 03722, Repu

Cite this: Chem. Sci., 2026, 17, 3605

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 2nd September 2025
Accepted 10th November 2025

DOI: 10.1039/d5sc06744h

rsc.li/chemical-science

© 2026 The Author(s). Published by
-mimicking cooperative assembly
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Anisotropic hierarchically porous metal–organic frameworks (MOFs) with asymmetric morphologies hold

great promise for improving the utilization efficiency of the MOF matrix, thereby expanding their

applicability. However, imparting MOFs with precisely controlled porous architectures and morphologies

remains challenging. Here, an ingenious soft/hard matter phase transition co-mediated assembly

strategy is developed to mimic the biomineralization process for synthesizing anisotropic UiO-66-NH2

mesoporous nanobowls (UiO-66-NH2 mesoNBs). This process relies on in situ generated amorphous

lamellar anionic surfactant/Zr-oxo cluster complexes as metal sources and templates. This is followed by

the slow decomposition of complexes and the co-assembly of ternary mixed micelles and MOF

precursors on their surfaces, creating crystalline UiO-66-NH2 mesoNBs with cylindrical mesochannels.

The phase transition from lamellar to cylindrical mesophases is co-driven by changes in the packing

parameters caused by the “soft” surfactant reorganization and variations in the charge density of the

“hard” framework during crystallization from amorphous Zr-oxo clusters to the crystalline MOF matrix.

By varying the surfactant ratios, UiO-66-NH2 can form diverse novel nanostructures and achieve well-

tailored pore sizes within the small mesoporous range. This work provides fundamental insights into the

transformation processes in amphiphilic molecule-directed MOF biomimetic mineralization and offers

a promising strategy for constructing anisotropic hierarchically porous MOFs with high structural tunability.
Introduction

Metal–organic frameworks (MOFs), an important class of
modular porous materials constructed from periodically linked
inorganic metal ions/clusters and organic linkers, have attrac-
ted considerable interest across diverse elds owing to their
highly tunable structures and compositions, large surface areas,
and ultrahigh porosities.1–6 However, their internal matrix is
underutilized owing to their inherent microporosities and
closed bulk structures. Over the past decade, substantial efforts
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have been devoted to optimizing their pore structures and
controlling their morphologies to fully exploit their
potential.7–11 In recent years, anisotropic hierarchically porous
materials, especially those with nanostructures that break cen-
trosymmetry, have resulted in widespread and cross-
disciplinary applications such as sensor devices, catalytic
conversion, energy storage, and drug delivery vehicles.12–16 This
is because their asymmetric nanoarchitectures, multimodal
pore structures, and high surface areas collectively increase the
accessible surface area and enhance the mass transport effi-
ciency, thereby improving the overall framework utilization
efficiency of functional materials. Therefore, the development
of new synthetic strategies to engineer MOFs with nely
controllable hierarchical pore structures and asymmetric
morphologies is expected to open new opportunities and
broaden their applicability in a wide array of critical elds, such
as catalysis, energy conversion, and biomedicine.

Bioinspired morphogenesis enables precise fabrication of
materials featuring controlled sizes, morphologies, and archi-
tectures for tailored properties.17–20 As a pivotal example,
mimicking biomineralization typically involves two stages: (i)
the “so” organic matrix initially serves as a exible template,
directing inorganic mineral deposition and facilitating the
Chem. Sci., 2026, 17, 3605–3617 | 3605
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formation of controlled porous structures;21,22 (ii) intermediate
metastable amorphous minerals undergoes further reactions
including dissolution–recrystallization, aggregation, and phase
transformation, which allows for controlling the morphogen-
esis of thermodynamically stable “hard” minerals.23 By
mimicking the biomineralization, diverse anisotropic hierar-
chically porous functional materials (e.g. porous laments,
porous nanosheets, three-dimensional lamellar porous struc-
tures, etc.) with controlled pore size and morphology have been
achieved.24–27 However, such strategies have scarcely been
leveraged to regulate the structural features of MOFs, particu-
larly their pore architecture and morphology. A primary chal-
lenge lies in the limited precision of pore size modulation
achieved with organic species, typically modulators or surfac-
tant porogens with limited functions, used for MOF
synthesis.28,29 Another signicant obstacle lies in the absence of
an in-depth understanding of the relevant formation mecha-
nisms, which in turn poses great difficulty in collaboratively
implementing precise control over two critical stages during the
reaction process: the formation of metastable amorphous
intermediates and the subsequent interfacial nucleation and
growth of MOFs on these amorphous precursors. The above
limitations severely hinder the ability to direct morphological
evolution of MOFs through precursor-mediated trans-
formations.30,31 Therefore, achieving exquisite fabrication of
anisotropic hierarchically porous MOFs with highly tunable
pore structures and nanoarchitectures in a biomineralization-
mimicking manner remains a signicant challenge.

Herein, we demonstrate a so/hard matter phase transition
co-mediated assembly strategy that mimics the bi-
omineralization process to synthesize anisotropic UiO-66-NH2

mesoporous nanobowls (denoted as UiO-66-NH2 mesoNBs)
with nely tunable small mesopores. The involved self-
assembly and phase transition processes are tracked using
time-dependent small-angle X-ray scattering (SAXS), wide-angle
X-ray diffraction (XRD), and transmission electron microscopy
(TEM). Furthermore, the in-depth formation mechanism is
comprehensively elucidated. This novel strategy hinges on the
design and construction of metastable amorphous sodium
dodecyl sulfate (SDS)/Zr-oxo cluster complexes with a lamellar
mesophase, driven by strong coordination between SDS and Zr-
oxo clusters. Subsequently, the in situ slow decomposition of
these complexes releases SDS surfactants and Zr-oxo clusters.
Concurrently, SDS, octadecyl dimethyl betaine (ODMB), and
block copolymer F127 form mixed micelles that co-assemble
with Zr-oxo clusters and organic ligands into cylindrical meso-
structured UiO-66-NH2 composites. These composites grow on
the decomposing SDS/Zr-oxo cluster complexes, leading to the
formation of crystalline anisotropic bowl-shaped MOFs with
cylindrical mesochannels (Fig. 1a). Changes in the packing
parameters caused by the formation of “so” micelles assem-
bled by three different surfactants, along with variations in the
charge density of “hard” frameworks during crystallization
from amorphous non-crosslinked Zr-oxo clusters to the crys-
talline MOF matrix, are crucial driving forces in altering the
micellar curvature and inducing mesophase transition. More-
over, by varying the surfactant ratios, several novel
3606 | Chem. Sci., 2026, 17, 3605–3617
nanostructures can be synthesized, such as hollow mesoporous
particles withmesoNBs as subunits andmesoporous bowls with
cracks near the opening, along with precise and continuous
modulation of small mesopore sizes ranging from 2.65 to
6.80 nm. To highlight the structural advantages of UiO-66-NH2

mesoNBs, they are further transformed into iron/nitrogen-
doped carbon mesoporous nanobowls (Fe–N–C mesoNBs)
through chemical vapor deposition (CVD) followed by chemical
etching and these Fe–N–C mesoNBs exhibit efficient oxygen
reduction reaction (ORR) performance with a half-wave poten-
tial of 0.89 V. Meanwhile, nite element simulations demon-
strate that the unique bowl-shaped mesoporous structure can
accelerate the mass transfer process, thereby signicantly
enhancing the three-phase interface reaction. The present work
provides fundamental insights into the MOF biomimetic
mineralization processes and offers a promising strategy for
controlling complex pathways to precisely fabricate anisotropic
hierarchically porous MOFs with high structural tunability.

Results and discussion
Structure of UiO-66-NH2 mesoNBs

An overview scanning electron microscopy (SEM) image of the
UiO-66-NH2 mesoNBs reveals their uniform anisotropic bowl-
shaped morphology with an average diameter of ∼120 nm
(Fig. 1b). Each bowl-shaped MOF nanoparticle is found to have
a groove. As shown in the TEM image, numerous uniform and
open pores can be observed within the bowl-shaped MOF
nanoparticles (Fig. 1c). Close observation of the anisotropic
bowl-like nanoparticle at higher magnication (Fig. 1d) reveals
radially oriented cylindrical mesopores with an average pore
size of ∼4 nm running throughout the entire bowl. This pore
structure could enhance the mass transport efficiency and
increase the accessible surface area, thereby improving the
overall utilization efficiency of the MOF's internal matrix. A
series of tomographic TEM images with different facing direc-
tions from −40° to 40° is further used to observe a single UiO-
66-NH2 mesoporous nanobowl (Fig. 1e and S1). The corre-
sponding elemental mapping images demonstrate a uniform
distribution of C, N, and Zr within the as-synthesized UiO-66-
NH2 mesoNBs (Fig. 1f). XRD analysis conrms the crystallo-
graphic structure and phase purity of the resultant UiO-66-NH2

mesoNBs. As shown in Fig. 1g, the diffraction peaks of UiO-66-
NH2 mesoNBs match well with those of UiO-66-NH2 micropo-
rous crystals (UiO-66-NH2 microCs, Fig. S2). Distinct from the
type I isotherms observed for conventional UiO-66-NH2 micro-
Cs, the N2 sorption isotherms for the UiO-66-NH2 mesoNBs
display type IV curves with a hysteresis loop (Fig. 1h), indicating
the presence of mesopores within the UiO-66-NH2 mesoNBs.
The Brunauer–Emmett–Teller (BET) surface areas of UiO-66-
NH2mesoNBs and UiO-66-NH2microCs are calculated to be 667
m2 g−1 and 818m2 g−1, respectively (Table S1). The reduced BET
surface area of UiO-66-NH2 mesoNBs compared to that of UiO-
66-NH2 microCs is attributable to the structural defects formed
following the removal of the so template in the MOFmatrix. As
anticipated, both samples exhibit similar micropore diameters
determined using non-local density functional theory (NLDFT,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Morphological and structural characterization of the UiO-66-NH2 mesoNBs. (a) Schematic illustration of the synthetic protocol of the
UiO-66-NH2 mesoNBs. (b) SEM image, (c and d) TEM images, (e) schematic models and their corresponding tomographic TEM images, and (f)
scanning transmission electron microscopy (STEM) image and elemental mapping images of UiO-66-NH2 mesoNBs. (g) XRD patterns, (h) N2

sorption isotherms, and (i) BJH pore size distributions of UiO-66-NH2 mesoNBs and UiO-66-NH2 microCs.
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Fig. S3). According to the Barrett–Joyner–Halenda (BJH) model,
the pore size distribution analysis of UiO-66-NH2 mesoNBs
reveals two distinct peaks centered at 3.7 and 45 nm (Fig. 1i),
which can be attributed to the uniform small mesopores and
the bowl opening in the anisotropic bowl-like MOF
nanoparticles.
So/hard matter phase transition during self-assembly

The formation of UiO-66-NH2 mesoNBs is mainly based on the
initial construction of metastable SDS/Zr-oxo cluster complexes
and precise control over the subsequent interface anisotropic
assembly of the mesostructured SDS/ODMB/F127–UiO-66-NH2

nanocrystals on the slowly decomposing SDS/Zr-oxo cluster
© 2026 The Author(s). Published by the Royal Society of Chemistry
templates. It is noteworthy that the strong coordination of the
surfactant template SDS with Zr-oxo clusters promotes the
formation of coral-like lamellar mesophase complexes. The
complex assembly dynamics of SDS/ODMB/F127 mixedmicelles
with Zr-based MOF precursors, composed of Zr-oxo clusters and
the organic ligand 2-aminoterephthalic acid (BDC-NH2),
subsequently drive the transformation of coral-like SDS/Zr-oxo
cluster complexes into bowl-shaped SDS/ODMB/F127–UiO-66-
NH2 nanostructures.

This process is accompanied by a “so” micelle structure
transition from a lamellar to a cylindrical mesophase and
a “hard” framework transformation from amorphous non-
crosslinked Zr-oxo clusters to a crystalline MOF matrix. To
Chem. Sci., 2026, 17, 3605–3617 | 3607
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elucidate the formation process of UiO-66-NH2 mesoNBs, time-
dependent SAXS, wide-angle XRD, and TEM measurements
were conducted by quenching the growth of the MOF reaction
mixture at different time intervals. Initially, the rapid formation
of complexes between SDS and Zr-oxo clusters occurs within
minutes. The SAXS pattern (Fig. 2a) of the SDS/Zr-oxo cluster
complexes exhibits two peaks at q = 1.7 and 2q, suggesting the
presence of an ordered lamellar structure (interlayer spacing 3.6
nm), as corroborated by the TEM image (Fig. 2c). Low magni-
cation TEM shows that SDS/Zr-oxo cluster complexes exhibit
a coralloidal morphology (Fig. S4). The wide-angle XRD pattern
(Fig. 2b) indicates the amorphous nature of SDS/Zr-oxo cluster
complexes. To analyze their composition, the complexes were
dissolved in a solution of acetic acid and methanol and sub-
jected to electrospray ionization-mass spectroscopy (ESI-MS).
The results conrm the presence of Zr6-oxo clusters and the
dodecyl sulfate anion, indicating that no crosslinking occurs
between the Zr6-oxo clusters to form zirconia (Fig. S5). When the
Fig. 2 Time-dependent characterization of the formation process of
patterns, and (c–f) TEM images, and representative 3Dmodels of product
UiO-66-NH2 mesoNBs.

3608 | Chem. Sci., 2026, 17, 3605–3617
reaction time is extended to 10 hours, the decrease in SAXS peak
intensity indicates the gradual decomposition of lamellar
mesostructured SDS/Zr-oxo cluster complexes, while the nar-
rowing and increased intensity of XRD peaks signies the
formation of UiO-66-NH2. The TEM image (Fig. 2d) reveals the
formation of mesostructured UiO-66-NH2 nanocrystals with
a diameter of about 90 nm on the surface of the SDS/Zr-oxo
cluster complexes. This conrms that the SDS/Zr-oxo cluster
complexes act as templates for the island nucleation and growth
of mesostructured UiO-66-NH2 particles. With a further
increase in reaction time to 12 h, the continued loss of the
lamellar mesostructure is evidenced by the further reduction of
the (001) peak and the disappearance of the (002) peak in SAXS
patterns, while a further increase in XRD peak intensity reects
the improved crystallinity of the Zr-based MOF. As shown in the
TEM image (Fig. 2e), the diameter of the mesostructured UiO-
66-NH2 increases to 120 nm with the formation of bowl-like
openings, while most of the lamellar mesophase SDS/Zr-oxo
UiO-66-NH2 mesoNBs. Time-dependent (a) SAXS patterns, (b) XRD
s obtained after 2 minutes, 10, 12, and 24 hours during the formation of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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cluster complexes disappear (Fig. S6), indicating that the SDS/
Zr-oxo cluster complexes decompose, thereby supplying
components for the growth of the mesostructured UiO-66-NH2.
Aer 24 hours of reaction, the lamellar mesophase SDS/Zr-oxo
cluster complexes completely disappear and well-dened UiO-
66-NH2 mesoNBs with cylindrical pores become visible (Fig. 2f),
reecting the so matter mesophase transition from the initial
lamellar mesophase to the cylindrical mesophase. A weak peak
at q = 0.4 nm−1 in SAXS represents the short-range ordering of
the mesopores in the UiO-66-NH2 mesoNBs. The complete
disappearance of the broad peak of amorphous SDS/Zr-oxo
cluster complexes in the 13–25° range conrms the successful
phase transition from non-crosslinked Zr-oxo clusters to crys-
talline UiO-66-NH2 via solid framework crystallization.

To investigate the effects of different surfactants on the
formation of asymmetric mesoporous MOF nanostructures,
a series of control experiments are conducted. The UiO-66-NH2

particles synthesized with only SDS surfactant (SDS-UiO-66-
NH2) possess a bowl-like morphology (Fig. S7a), further con-
rming the role of SDS/Zr-oxo cluster complexes as templates
for MOF island nucleation and growth. However, it is note-
worthy that the pore size of UiO-66-NH2 prepared with SDS
templates (Fig. S7b) is signicantly smaller than that of the UiO-
66-NH2 mesoNBs (Fig. 1d). This suggests that the micelles
involved in the formation of UiO-66-NH2 mesoNBs are not
composed solely of SDS surfactants. A possible explanation is
that SDS and the block copolymer F127 with much longer
hydrophobic chains than SDS and ODMB form larger mixed
micelles when cooperatively self-assembled with the UiO-66-
NH2 precursor. However, the UiO-66-NH2 nanoparticles (Fig. S8)
produced through the co-assembly of SDS and F127 with UiO-
66-NH2 precursors exhibit a signicantly smaller mesopore size
than that of UiO-66-NH2 mesoNBs (Fig. 1d), similar to the small
pore size of UiO-66-NH2 particles synthesized with SDS as a sole
so template (Fig. S7). This implies that SDS dominates the
cooperative self-assembly process when F127 and SDS are co-
assembled with UiO-66-NH2 precursors. The reason may be
that the interaction between F127 and Zr-oxo clusters is
signicantly weaker than that between SDS and Zr-oxo clusters,
which is further conrmed by turbidity measurements of the
reaction mixture upon directly mixing SDS and F127 with Zr-oxo
clusters, respectively (Fig. S9 and S10). The addition of ODMB is
crucial to enhance the interaction between SDS and F127 to
achieve larger mesopores in UiO-66-NH2. ODMB, when
protonated under acidic conditions in the reaction system,
could act as a cationic surfactant and form mixed micelles with
the anionic surfactant SDS through strong electrostatic inter-
actions.32,33 Moreover, the nonionic surfactant F127 can be
absorbed into the hydrophobic core of anionic–cationic mixed
micelles through their hydrophobic ends, thereby reducing the
bending elasticity of the mixed micelles.34 Thus, the ODMB
surfactant can be considered as a bridge, enhancing the inter-
actions between F127 and SDS to form mixed micelles. As
conrmed by Fourier transform infrared spectroscopy (FTIR)
analysis, ternary mixed micelles co-assemble with Zr-oxo clus-
ters and BDC-NH2 into mesostructured SDS/ODMB/F127–Zr-
based UiO-66-NH2 composites (Fig. S11).
© 2026 The Author(s). Published by the Royal Society of Chemistry
Based on the above results and analyses, we propose
a scheme to illustrate the evolution pathway of anisotropic UiO-
66-NH2 mesoNBs (Fig. 3). In our synthesis, the formation of
UiO-66-NH2 mesoNBs is governed by the assembly of multiple
amphiphilic surfactants and a MOF crystallization co-driven
transformation process. The reorganization of surfactants and
the crystallization of the MOF collectively account for the
mesophase transition of the “so” micelle from a lamellar to
a cylindrical structure, as well as the transformation of the
“hard” framework from amorphous non-crosslinked Zr-oxo
clusters to crystalline UiO-66-NH2. From the perspective of
surfactant reorganization, the micellar structure can be guided
by the surfactant packing parameter (g), which is dened in
eqn (1)

g ¼ v

a0lc
(1)

where v denotes the volume of the hydrophobic block, lc
signies the hydrophobic tail length, and a0 indicates the polar
head surface area. For the block copolymer surfactant, g is
mainly determined by the hydrophobic/hydrophilic ratio,
namely, the VH/VL value (where VH and VL are the hydrophobic
chain and hydrophilic chain volume fractions, respectively).
Generally, different g values can impart distinct surface mean
curvatures to the micelles, leading to the formation of diverse
micellar structures.35 Due to the g value of SDS being about 1
and its strong coordination with Zr-oxo clusters, the SDS
surfactants and Zr-oxo clusters rst co-assemble (ca. minutes)
into non-crosslinked amorphous SDS/Zr-oxo cluster meso-
phases with MCM-50-like lamellar mesostructures, which act as
metal sources and hard/so templates for nucleating and
growing mesoporous MOF nanobowls. As organic ligand BDC-
NH2 could coordinate strongly with the Zr-oxo clusters to form
stable Zr-based MOFs, SDS/Zr-oxo cluster complexes dissolve
slowly in the aqueous solution containing BDC-NH2. Under
acidic conditions, protonated ODMB and released SDS easily
mix through strong electrostatic interactions. Simultaneously,
F127 can be absorbed into the hydrophobic core of ODMB-SDS
mixed micelles via its poly(propylene oxide) (PPO) block, which
reduces the g value to between 1/3 and 1/2 due to the low VH/VL
value of F127, thereby facilitating the formation of cylindrical
SDS/ODMB/F127 mixed micelles. From the perspective of MOF
crystallization, the so matter phase transition of micellar
structures can be elucidated through the charge density
matching theory. According to charge density matching theory,
changes in the surfactant head-group area (A) can signicantly
inuence the micellar curvature and induce so matter meso-
phase transitions.36,37 Moreover, the charge density r3 of the
precursor within the mesopore wall is mutually shielded by the
charges on the surfactant head group, and its average surface
charge density is 1/A, which can be described by eqn (2)

r3 ¼
1

A
(2)

where r3 represents the charge density of the precursor within
the mesopore wall and A is the head-group area of surfactants.
As the charge density of the precursor varies during the
Chem. Sci., 2026, 17, 3605–3617 | 3609
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Fig. 3 Bioinspired mineralization mechanism for UiO-66-NH2 mesoNBs. The formation of amorphous metastable SDS/Zr-oxo cluster
complexes and their induced interface anisotropic assembly to crystalline UiO-66-NH2 mesoNBs.
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reaction, the corresponding A dynamically adjusts, leading to
a mesophase transformation. Specically, in the initial stage of
synthesis, the high charge density of Zr-oxo clusters promotes
a smaller A, favoring the formation of a lamellar surfactant
conguration. As negatively charged BDC-NH2 inserts between
positively charged Zr-oxo clusters and MOF polymerization
advances, the positive charge of the Zr-oxo clusters is partially
neutralized and the distance between them increases,
decreasing the density of Zr-oxo clusters. This causes A to
increase and reduces the number of surfactants interacting with
Zr-oxo clusters. Consequently, the micelle structure transitions
from a tightly packed lamellar phase with low interfacial
curvature to amore loosely packed cylindrical phase with higher
3610 | Chem. Sci., 2026, 17, 3605–3617
interfacial curvature as the density of Zr-oxo clusters decreases.
Under the synergistic effect of surfactant reorganization and
MOF crystallization, the assembly of SDS/ODMB/F127 mixed
micelles with UiO-66-NH2 precursors accelerates the decom-
position of SDS/Zr-oxo cluster complexes, ultimately directing
the formation of mesoporous UiO-66-NH2. Specically, a struc-
tural transition of so micelles occurs from a lamellar to
a cylindrical phase, while the hard framework transforms from
amorphous non-crosslinked Zr-oxo clusters to crystalline UiO-
66-NH2, simultaneously accompanied by a morphological
transformation from coral-like to bowl-shaped nanostructures.
This process closely resembles biomineralization, where ex-
ible organic templates direct mineral deposition and facilitate
© 2026 The Author(s). Published by the Royal Society of Chemistry
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the formation of controlled porous structures.21 Simulta-
neously, an amorphous metastable intermediate (calcium
phosphate, calcium carbonate, etc.) initially forms and subse-
quently undergoes decomposition and reorganization, gradu-
ally transforming into crystals with hierarchical structures, such
as those found in corals and bones.
Structure tailoring of the mesostructured UiO-66-NH2

Building upon the outlined growth mechanism, we investigated
the structural alterations of UiO-66-NH2 nanoparticles by
precisely tuning the assembly kinetics through adjusting the
mass ratio of the three surfactants in the reaction system. The
amount of SDS incorporated is expected to inuence the size of
the nucleated SDS/Zr-oxo cluster complexes. Adjusting the ratio
of the anionic surfactant SDS to the surfactant ODMB affects
their electrostatic interactions, which, in turn, impacts the
nanostructure of the SDS/Zr-oxo cluster complexes and ulti-
mately alters the nal nano- and pore structure of UiO-66-NH2.
The morphological evolution of the UiO-66-NH2 nanostructures
Fig. 4 Nanostructure and pore size regulations of mesostructured UiO
TEM images of (a–c) hollow UiO-66-NH2 mesoNB aggregates, (d–f) UiO
models of the (j) SDS micelles, (k) mixed micelles composed of SDS and
MOF matrix. (m) pore sizes of mesostructured UiO-66-NH2 prepared at

© 2026 The Author(s). Published by the Royal Society of Chemistry
is illustrated in Fig. 4. To understand this evolutionary process,
TEM and SEM characterization studies were performed to
analyze the mesoporous UiO-66-NH2 products fabricated under
different conditions. By simply adjusting the SDS/ODMB/F127
mass ratio in the reaction system from 0.11 : 0.18 : 0.71 to
0.24 : 0.38 : 0.38, and then to 0.25 : 0.60 : 0.15, the MOF particles
can be continuously tuned from hierarchical hollow particles
with mesoNBs as subunits (Fig. 4b and c) to bowl-like meso-
porous particles with radially oriented mesochannels (Fig. 4e
and f), and then to bowl-like mesoporous particles with a few
cracks located near the bowl opening (Fig. 4h and i). The change
in the mesoporous UiO-66-NH2 nanostructure depends strongly
on the shape of the generated SDS/Zr-oxo cluster complexes.
When small amounts of SDS and ODMB are introduced into the
reaction system (SDS/ODMB/F127 = 0.11 : 0.18 : 0.71), the SDS/
Zr-oxo cluster complexes nucleate nanospheres with a diam-
eter of approximately 100 nm (Fig. 4a, S12a and c). Meso-
structured UiO-66-NH2 nanocrystals agglomerate on the
spherical SDS/Zr-oxo cluster complexes to form hierarchical
-66-NH2. Schematic illustration of the formation processes, SEM, and
-66-NH2 mesoNBs, (g–i), and UiO-66-NH2 mesoNBs with cracks. 3D
F127, and (l) mixed micelles composed of SDS, ODMB, and F127 in the
different SDS/ODMB/F127 ratios.
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hollow particles with mesoNBs as subunits. Increasing the
amounts of SDS and ODMB in equal proportions (SDS/ODMB/
F127 = 0.24 : 0.38 : 0.38) results in larger SDS/Zr-oxo cluster
complexes, which aggregate to form coral-like nanostructures
(Fig. 4d and S4). Numerous coral-like SDS/Zr-oxo cluster
complexes enable the uniform dispersion of UiO-66-NH2

nucleation sites on their surfaces, resulting in well-dispersed
UiO-66-NH2 mesoNBs. Further increasing the amount of
ODMB adjusts the SDS/ODMB ratio from 1 : 1.6 to 1 : 2.4 (SDS/
ODMB/F127 = 0.25 : 0.60 : 0.15), promoting electrostatic
neutralization between the positively charged cationic ODMB
and the negatively charged anionic SDS. This reduction in
electrostatic repulsion facilitates the aggregation of the SDS/Zr-
oxo cluster complexes into wrinkled uneven sheet-like struc-
tures (Fig. 4g, S12b and d).38 The raised portions of the ake-like
SDS/Zr-oxo cluster complexes form the bowl opening, while the
wrinkled regions create cracks at the edge of the bowl opening,
resulting in some bowl-shaped mesoporous particles with a few
cracks near the opening. These regulations deepen our under-
standing of how biomimetic mineralization processes employ
amorphous precursors to control the nanostructures of crys-
talline materials. The XRD patterns in Fig. S13 exhibit charac-
teristic reections associated with the UiO-66-NH2 framework
across all nanostructures. Moreover, by precisely regulating the
ratio of surfactants, the pore size of mesoporous UiO-66-NH2

can be nely controlled. In the case of a reaction system that
employs SDS as a so template (Fig. 4j), the pore size of the
resulting bowl-shaped UiO-66-NH2 is 2.65 nm (Fig. S8 and S14).
The introduction of both SDS and F127 to form binary micelles
(Fig. 4k) facilitates an increase in pore size to 2.77 nm (Fig. S7
and S14). The incorporation of ODMB as a bridge connecting
SDS and F127 allows for the formation of ternary micelles
(Fig. 4l), which can achieve a pore size of 3.70 nm (Fig. 1d and
S15). Moreover, precise adjustment of the SDS concentration
can further nely tune the pore size of UiO-66-NH2 mesoNBs.
For instance, increasing the SDS concentration by 1.5 times
reduces the pore diameter to 3.03 nm, while doubling the
original SDS concentration decreases the pore diameter to
2.89 nm (Fig. 4m and S14). When UiO-66-NH2 is prepared with
only the F127 template, the mesopore size of the UiO-66-NH2

particles can be extended to ∼6.80 nm (Fig. S14 and S15). This
understanding facilitates the design and preparation of meso-
porous MOFs with precisely tailored small mesopore sizes,
which show signicant potential in applications such as catal-
ysis,39 drug delivery,40 and separation processes.41
Application of the UiO-66-NH2 mesoNB-derived
electrocatalysts for the ORR

The asymmetric nanostructures and highly open pore archi-
tectures may enable UiO-66-NH2 mesoNBs or their derived
materials to fully utilize their internal matrix for catalytic reac-
tions. To demonstrate the potential advantages of their derived
carbon-based materials in ORR electrocatalysis, Fe–N–C meso-
NBs are fabricated using a simple and efficient CVD method
(Fig. 5a). In this conversion process, FeCl3 molecules are
vaporized and trapped in the mesopores of UiO-66-NH2
3612 | Chem. Sci., 2026, 17, 3605–3617
mesoNBs, which are then pyrolyzed to form N-doped carbon
with Fe–N sites, along with Fe and ZrO2 nanoparticles, resulting
in ZrO2/Fe NPs & Fe–N–C mesoNBs (Fig. S16 and S17). Fe–N–C
mesoNBs are produced aer etching the Fe and inert ZrO2

nanoparticles using HF solution. The SEM image (Fig. 5b)
shows that the resultant Fe–N–C mesoNBs retain the bowl-like
morphology. TEM images (Fig. 5c and d) show that the bowl-
shaped carbon particles preserve the radially oriented pore
structure aer the pyrolysis treatment. Elemental mapping
images depict the homogeneous distribution of Fe, N, and C
elements in the bowl-like particles (Fig. 5e). Given their open
bowl-like architecture and the locally accessible mesochannels,
Fe–N–C mesoNBs with exposed active sites and enhanced
diffusion are expected to be an ideal ORR electrocatalytic
reactor. To investigate the structural and compositional
advantages of Fe–N–C mesoNBs for ORR activity, we employ
symmetric iron/nitrogen-doped carbon particles (Fe–N–C
particles) synthesized by pyrolysis of UiO-66-NH2 microCs, and
nitrogen-doped carbon mesoporous nanobowls (N–CmesoNBs)
prepared by direct pyrolysis of UiO-66-NH2 mesoNBs without
adding an Fe source as control samples. SEM images reveal that
both Fe–N–C particles (Fig. 5f and S18a) and N–C mesoNBs
(Fig. S19a and d) maintain their original morphology aer
pyrolysis and HF etching. TEM images (Fig. 5g and h) reveal
numerous mesopores in Fe–N–C particles. This is primarily
because the thermally unstable ligand (BDC-NH2) is easily
removed during the pyrolysis process.42 The highly symmetrical
morphology and closed micropores of UiO-66-NH2 microCs
make their internal structure more vulnerable to stress accu-
mulation from ligand decomposition, leading to the formation
of internal mesopores. In contrast, the asymmetric nano-
structure and open mesopores of UIO-66-NH2 mesoNBs
promote more efficient stress relief, which in turn reduces the
possibility of internal framework damage.43 Furthermore, the
elemental mapping images (Fig. 5i) show that Fe, N, and C
elements are homogeneously distributed within the whole
particle.

The XRD patterns of Fe–N–C mesoNBs, Fe–N–C particles,
and N–C mesoNBs exhibit a broad diffraction peak at 26°
(Fig. S20), corresponding to the (002) crystalline plane of
graphitic carbon. The Raman spectra of the three samples
exhibit distinct D bands and G bands (Fig. 5j and S21), corre-
sponding to defective carbon and graphite carbon, respectively.
Among them, Fe–N–C mesoNBs exhibit a relatively higher ID/IG
value of 0.93 compared to Fe–N–C particles and N–C mesoNBs,
indicating a greater abundance of defects, which could enhance
the adsorption of oxygen and other intermediates during the
ORR.44 X-ray photoelectron spectroscopy (XPS) is utilized to
verify the composition and surface chemical states of catalysts.
The full XPS survey spectra (Fig. S22 and S23) reveal the pres-
ence of C, N, Fe, O, and residual Zr in Fe–N–CmesoNBs and Fe–
N–C particles. The high-resolution N 1s XPS spectra of Fe–N–C
mesoNBs and Fe–N–C particles (Fig. 5k) can be deconvoluted
into ve peaks, corresponding to pyridinic N (398.7 eV), Fe–Nx

(399.7 eV), pyrrolic N (400.6 eV), graphitic N (401.5 eV), and
oxidized N (402.4 eV), while the spectrum of N–C mesoNBs
(Fig. S24) lacks the peak of Fe–Nx, which is commonly regarded
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Characterization of the UiO-66-NH2-derived Fe–N–CmesoNBs and Fe–N–C particles. (a) Schematic illustration of the synthesis of Fe–
N–C mesoNBs. SEM, TEM, and STEM images, and the corresponding EDS elemental mapping images of (b–e) Fe–N–C mesoNBs and (f–i) Fe–
N–C particles. (j) Raman spectra, (k) high-resolution N 1s XPS spectra, and (l) N2 sorption isotherms of Fe–N–CmesoNBs and Fe–N–C particles.
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as the most efficient active site for oxygen electrocatalysis and
has high selectivity for catalyzing the four-electron ORR
pathway. The nitrogen sorption isotherms of Fe–N–C mesoNBs
and Fe–N–C particles are shown in Fig. 5l. The H2 hysteresis
loop observed in the isotherms of Fe–N–C particles reects
a pore-blocking effect associated with ink-bottle pores featuring
narrow necks and limited pore network connectivity. The H3

hysteresis loop in the isotherms of Fe–N–C mesoNBs suggests
the presence of mesopores. In contrast, the relatively narrow
hysteresis loop throughout the pressure range indicates that
there is no signicant delay between the capillary evaporation
and condensation for nitrogen gas, conrming the relatively
open nature of the mesopores. Such an open mesoporous
structure of Fe–N–C mesoNBs is anticipated to enhance mass
© 2026 The Author(s). Published by the Royal Society of Chemistry
transport and boost the utilization of active sites during the
ORR. The comparable elemental compositions observed in the
two samples suggest a similar concentration of active sites,
which further substantiates that the improved catalytic perfor-
mance can be attributed to the signicantly promoted mass
transfer facilitated by the mesoporous bowl-shaped nano-
architecture of the Fe–N–C mesoNB catalysts (Table S2).
Subsequently, the surface chemical properties of the materials
were characterized. As illustrated in Fig. S25, the measured
contact angles for the Fe–N–C mesoNBs and Fe–N–C particles
are respectively 117° and 131°, demonstrating the hydropho-
bicity of the catalyst surface. These hydrophobic surfaces are
conducive to the ORR process because they could facilitate the
trap and diffusion of oxygen, thereby favoring the formation of
Chem. Sci., 2026, 17, 3605–3617 | 3613
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more triple-phase interfaces in alkaline electrolytes.45 Addi-
tionally, the Fe–N–C mesoNBs present a smaller zeta potential
compared with Fe–N–C particles (Fig. S26), suggesting a rela-
tively weaker electrostatic interaction between OH− anions and
Fe–N–C mesoNB catalysts, which is favorable for the dissocia-
tion of OH− from the three-phase reaction interface.46

Next, the ORR performances of the catalysts are assessed in
an O2-saturated 0.1 M KOH electrolyte utilizing a standard
three-electrode system. The ORR activity of Fe–N–C mesoNBs
synthesized by calcination at different temperatures ranging
from 800 to 1100 °C is rst assessed, among which Fe–N–C
mesoNBs produced at 900 °C exhibit the highest activity
(Fig. S27–S30). The linear sweep voltammetry (LSV) curves of
Fe–N–C mesoNBs demonstrate a half-wave potential (E1/2) of
0.89 V and a limiting current density (JL) of 5.44mA cm−2, which
are higher than those of the other control samples (Fig. 6a and
b) and surpass those of most Fe-based catalysts documented in
the literature (Table S3). Fe–N–C mesoNBs display a signi-
cantly smaller Tafel slope of 64.6 mV dec−1 compared to Fe–N–C
particles (96.8 mV dec−1), N–C mesoNBs (78.6 mV dec−1), and
Pt/C (77.4 mV dec−1), as shown in Fig. 6c, which indicates
Fig. 6 Electrochemical tests of the Fe–N–C mesoNBs in 0.1 M KOH. (a
electron transfer number and H2O2 yield of Fe–N–CmesoNBs, Fe–N–C
and Pt/C before and after 5000 CV cycles. (f) Methanol tolerance test of F
The simulated velocity field of (g) Fe–N–C mesoNBs and (h) Fe–N–C p
particles along the specified path marked by the red dashed lines in Fig.

3614 | Chem. Sci., 2026, 17, 3605–3617
a favorable ORR kinetic process for Fe–N–C mesoNBs. The
rotating ring disk electrode (RRDE) measurements reveal an
H2O2 yield below 9.3% with an average electron transfer
number (n) of 3.89 (Fig. 6d). This is consistent with the results
obtained from the Koutecky–Levich (K–L) plots (Fig. S31),
indicating that Fe–N–C mesoNBs have high selectivity for direct
four-electron transfer. The long-term stability of Fe–N–C
mesoNBs is further examined through a voltammetric test. The
LSV curve of Fe–N–CmesoNBs remains almost unchanged aer
over 5000 cycles (Fig. 6e). The TEM analysis (Fig. S32) of the Fe–
N–C mesoNBs aer the durability test reveals a well-retained
morphology, demonstrating the excellent structural stability
of Fe–N–C mesoNBs. Furthermore, Fe–N–C mesoNBs also
exhibit superior tolerance to methanol crossover compared to
Pt/C (Fig. 6f).

Finite element simulation for analyzing mass transfer
behavior

To further elucidate why Fe–N–C mesoNBs exhibit enhanced
electrocatalytic performance, a comparative nite element
analysis is conducted to investigate the mass transfer behaviors
) LSV curves, (b) E1/2 and JL, (c) the corresponding Tafel plots, and (d)
particles, N–CmesoNBs, and Pt/C. (e) LSV curves of Fe–N–CmesoNBs
e–N–CmesoNBs and Pt/C at 0.5 VRHE with a rotation rate of 1600 rpm.
articles. (i) Flow rate comparison of Fe–N–C mesoNBs and Fe–N–C
6g and h.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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of Fe–N–C mesoNBs and Fe–N–C particles. Two models are
constructed to represent the structural differences between Fe–
N–C mesoNBs and Fe–N–C particles, with the particles posi-
tioned at the upper boundary of the calculated domain to
represent their adhesion to the electrode. The simulated uid
velocity elds (Fig. 6g and h) and the associated ow rates along
specied paths (Fig. 6i) demonstrate that the models' structural
characteristics and pore sizes signicantly inuence the simu-
lated electrolyte ow rate. For Fe–N–C mesoNBs, velocity eld
simulation (Fig. 6g) reveals a large vortex forming within the
bowl and two small vortices forming in the gap between the Fe–
N–C mesoNBs and the upper boundary of the calculated
domain, likely induced by localized backow from uid
impacting the bowl surface.47 These vortices form a low-
pressure area in their central region because the rotational
motion of the uid consumes some of its kinetic energy, thereby
causing a drop in local pressure.48 This leads to a pressure
difference around the vortex and drives the electrolyte to ow
toward the center of the vortex. Given the larger pressure
difference across the large vortex compared to the small vortex
and the highly open mesoporous structure of Fe–N–CmesoNBs,
the electrocatalysts exhibit signicant uid acceleration within
the mesochannels. In comparison, only two vortices are gener-
ated in the gap between the Fe–N–C particles and the upper
boundary of the calculated domain (Fig. 6h). However, the
closed surface micropores of Fe–N–C particles restrict mass
transport, leading to a signicant reduction in the ow rate
within the channels. The ow velocity for the two models is
compared in Fig. 6i to examine the mass transport ability in
detail. Fe–N–C mesoNBs present a velocity of 188.885 mm s−1,
which is approximately 265 times faster than that of Fe–N–C
particles (0.713 mm s−1). This highlights the pivotal role of
carefully engineered bowl-shaped nanostructures and meso-
porous channels in optimizing electrocatalytic performance. A
mesoporous carbon bowl featuring abundant exposed active
sites and enhanced nanodiffusion properties could be an
optimal catalytic platform for the ORR, facilitating rapid O2

transport and timely expulsion of the generated H2O during the
electrochemical reaction.

Conclusions

In conclusion, based on a biomineralization approach, a novel
so/hard matter phase transition co-mediated assembly
strategy has been developed to fabricate anisotropic UiO-66-
NH2 mesoNBs with precisely tunable pore size. The key to this
strategy is that the strong coordination between SDS surfactants
and Zr-oxo clusters facilitates the precise construction of
metastable amorphous SDS/Zr-oxo cluster complexes with
a lamellar mesophase, followed by the dissolution–conversion
of the amorphous complexes and the heterogeneous nucleation
and anisotropic assembly of mesostructured SDS/ODMB/F127-
MOF nanounits on their surface to generate bowl-shaped hier-
archically porous MOF nanoarchitectures with cylindrical
mesochannels. Changes in the packing parameters caused by
the assembly of different surfactants into mixed “so” micelles
and variations in the charge density of “hard” frameworks
© 2026 The Author(s). Published by the Royal Society of Chemistry
during crystallization from amorphous non-crosslinked Zr-oxo
clusters to a crystalline MOF matrix are crucial driving forces
in changing the micellar curvature and inducing mesophase
transition. Moreover, by adjusting the feed ratio of the three
surfactants, the shapes of amorphous SDS/Zr-oxo cluster
complexes can be facilely manipulated to generate diverse
nanostructured UiO-66-NH2, such as hollow mesoporous
particles withmesoNBs as subunits andmesoporous bowls with
cracks near the opening, and enable the precise and continuous
modulation of pore sizes ranging from 2.65 to 6.80 nm. To
demonstrate their potential application, the UiO-66-NH2

mesoNBs undergo CVD followed by etching to transform into
Fe–N–C mesoNBs, which function as efficient ORR electro-
catalysts with a half-wave potential of 0.89 V. Finite element
simulation results show that this unique bowl-shaped meso-
porous structure greatly promotes the mass transfer process,
compared with catalysts derived from traditional microporous
MOFs with symmetrical morphologies. Our work not only
provides new insights into a potential mechanism of MOF
biomimetic mineralization but also offers a promising strategy
for controlling complex pathways to precisely fabricate aniso-
tropic hierarchically porous MOFs with high structural
tunability.
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