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The templating method holds great promise for fabricating surface nano-

patterns. To enhance the manufacturing capabilities of complex surface
nanopatterns, it is important to explore new modes of the templates beyond
their conventional masking and molding modes. Here, we employed the metal-
organic framework (MOF) microparticles assembled monolayer films as tem-
plates for metal electrodeposition and revealed a previously unidentified
guiding growth mode enabling the precise growth of metallic films exclusively
underneath the MOF microparticles. The guiding growth mode was induced
by the fast ion transportation within the nanochannels of the MOF templates.

M Check for updates

The MOF template could be repeatedly used, allowing for the creation of
identical metallic surface nanopatterns for multiple times on different sub-
strates. The MOF template-guided electrochemical growth mode provided a
robust route towards cost-effective fabrication of complex metallic surface
nanopatterns with promising applications in metamaterials, plasmonics, and
surface-enhanced Raman spectroscopy (SERS) sensing fields.

Metallic nanopatterns play essential roles in the fields of plasmonics,
sensing, metamaterials, and biology'>. Various methods have been
developed to fabricate metallic surface nanopatterns, including
electron-beam and photolithography*®, microcontact or printing®’,
and imprinting®. However, these methods often suffer from high cost,
require specialized equipment, involve multiple complex and time-
consuming steps, or rely on aggressive chemistry. In contrast, the self-
assembly of nanospheres allows for the rapid formation of large-area
ordered monolayer nanosphere films within seconds’’°. By utilizing
self-assembled monolayer nanosphere array templates, a cost-
effective technique called colloidal lithography has been developed
to synthesize metallic surface nanopatterns over large areas" . These
monolayer nanosphere templates can function as masks during
the thermal evaporation of metallic films, enabling the creation of bow-
tie antenna surface nanopatterns'. They can also act as molds during

the electrodeposition growth of metals, resulting in the formation of
nanobowl arrays™>*¢ (Fig. 1a). Notably, the masking and the molding
mode of the monolayer nanosphere templates limit the structural
diversity of the resulting surface nanopatterns®. Therefore, exploring
new functionalities of self-assembled templates is important to
enhance their capabilities of designing metallic surface nanopatterns.

Metal-organic frameworks are a kind of crystalline materials
composed of coordination bonds formed between metal ions and
multidentate organic linkers, forming interconnected nanochannels
that can be precisely tailored in size”” ™. Various simple and high-
throughput chemical processes have been developed to prepare well-
defined morphologies of MOF microparticles’® %, enabling them to
self-assemble into three-dimensionally or two-dimensionally ordered
structures® . As an analog, nanochannels within the cell membranes
play a vital role in the selective transportation of desired ions and,
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Fig. 1| Schematic of the masking and molding growth modes in conventional
colloidal lithography and the guiding growth mode in MOF lithography. a In
conventional colloidal lithography, two common modes are observed: masking
growth mode and molding growth mode. The colloidal templates screen the metal
clusters formed during thermal or electron beam lithography, resulting in the
formation of a honeycomb array of nanotriangles (the masking growth mode). The
colloidal templates occupy the space during the electrochemical growth of metals
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from the substrate, leading to the formation of a complementary array to the
colloidal templates (the molding growth mode). b In MOF template-guided litho-
graphy, electrodeposited metals grow precisely underneath the MOF micro-
particles, rendering the formation of metallic surface nanopatterns with a structure
the same as that of the interface of the MOF template and the underneath substrate
(the guiding growth mode).

most importantly, in turn, directly influence the biological processes
and disease developments®*. In contrast, current researches on MOFs
primarily focus on their separation of ions or gases based on their size
compatibility**=°. Worrall, et al. tried to reduce the metal ions within
the nanochannels of the MOF microparticles to prepare metal
nanoclusters™. We envision that immediate electrochemical reduction
of the metal ions selectively passing through the nanochannels within
the MOF microparticles can create new surface nanopatterns different
from those obtained by conventional colloidal lithographic methods.

Here, we discover a previously unidentified guiding growth
function of the MOF template capable of directing the electrochemical
growth of metals exclusively underneath the MOF template, giving rise
to the formation of metal surface nanopatterns exactly the same as the
MOF/substrate interface area (Fig. 1b). The MOF template can be
recycled for multiple times. We expect that the MOF template-guided
growth mode and the recyclability of the MOF template can greatly
strengthen the capability of the colloidal lithography method to
repeatedly design complex metallic surface nanopatterns with pro-
mising applications in plasmonics and SERS sensing fields, especially
after considering the ability to create fine nanopatterns of MOFs using
sophisticated electron beam lithographic methods**.

Results

Fabrication of monolayer MOF microparticle templates

UiO-66 is a kind of chemically stable MOF and can be easily prepared in
different morphologies and sizes. For example, the edge size of the
UiO-66 octahedra could be adjusted in the size range from <100 nm to
>100 pm according to previous publications®**. Therefore, we chose
to assemble the UiO-66 octahedra into a monolayer membrane to
show the MOF template-guided electrochemical growth of metallic
surface nanopatterns. We employed a solvothermal method to syn-
thesize well-defined UiO-66 octahedra using acetic acid (AA) as a
modulator®. The prepared UiO-66 octahedra were well-dispersed in
water (Fig. 2a). The X-ray diffraction (XRD) pattern confirmed the
octahedra were UiO-66 (Fig. 2b). As examples, the UiO-66 octahedra
with a mean edge size of 650 nm, 900 nm, and 1150 nm with a narrow

size distribution (relative standard deviation: <8%) were prepared
(Fig. 2c and Supplementary Fig. 1). The pore sizes within the UiO-66
octahedra were determined by a density functional theory method
based on nitrogen adsorption-desorption isotherm profiles (Supple-
mentary Fig. 2). The UiO-66 contained small cages with a diameter of
0.6 nm, large cages with a diameter of 0.9 nm**¥, and pores with a
wide size distribution centered at 1.5 nm caused by missing linkers and
clusters due to the substitution of AA by 1,4-benzene-dicarboxylate
(BDC)** (Fig. 2d). The interconnected cages formed a string-like
structure with the small cages and the triangular windows acting as the
choke points at regular intervals.

We employed an air/water interfacial self-assembly process to
prepare monolayer UiO-66 octahedron templates (Fig. 2e and f). In
brief, liquid droplets formed by UiO-66 octahedron aqueous disper-
sions and ethanol were dropped onto a hydrophilic glass slide placed
in the center of a petri dish filled with water. The water surface just
covered the glass slide. The UiO-66 octahedra were trapped at the
water surface and spread out to cover the whole water surface as the
droplets were continuously applied onto the glass slide (Supplemen-
tary Movie 1). The spreading process of the Ui0-66 octahedron was
driven by the surface tension gradient known as the Gibbs-Marangoni
effect®®. We lifted up the monolayer UiO-66 octahedra by adding water
into the petri dish. The monolayer UiO-66 octahedra floating at the
water surface exhibited vibrant iridescence, indicating their ordered
arrangement (Fig. 2g). The freestanding monolayer UiO-66 octahe-
dron film could be transferred onto any desired substrates by picking it
up from the bottom. All UiO-66 octahedra within the monolayer array
used their {111} triangular facets to contact with the substrate proven
by the prominent diffraction peak originating from the {111} facets and
the disappearance of the diffraction peak of the {002} facets in the XRD
pattern (Fig. 2b and h). Self-assembly of spherical polystyrene spheres
is easier compared to that of the UiO-66 octahedra because the
spheres can easily adjust their orientation to achieve a densely packed
monolayer film. In contrast, the octahedra interact with their neigh-
bors through their side faces in an antiparallel manner®, making the
orientation adjustment difficult. We discovered that introducing some
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Fig. 2 | Monolayer UiO-66 octahedron template-guided electrochemical litho-
graphy. a SEM image of the synthesized UiO-66 octahedra. b XRD of the UiO-66
octahedron powders and the monolayer UiO-66 octahedron template. ¢ Edge size
distribution of the UiO-66 octahedra prepared at different temperatures. d Pore
size distribution of the nanochannels within the UiO-66 octahedra. Inset: the
crystallographic model of UiO-66. e, f Schematics of the fabrication process of the
monolayer UiO-66 octahedron template. g The monolayer UiO-66 octahedron
template floating at the water surface. The UiO-66 octahedron monolayer template
can be transferred onto arbitrary substrates by picking it up from the bottom.

h SEM image of the monolayer UiO-66 octahedron template. i, j Side view of and
the element mapping of the 5-min electrodeposited Ag nanotriangle array
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underneath the monolayer UiO-66 octahedron template, respectively. k-m SEM
image of, element mapping of, and atomic force microscope image of the prepared
Ag nanotriangle array electrodeposited for 15 s, respectively. n Side view of the Ag
nanotriangle array. o The thickness of the Ag nanotriangles increased as the elec-
troposition proceeded. p Thickness increase of the Ag nanotriangles and the
nanofilms deposited on bare gold surface (Base) as a function of the electro-
deposition time. Error bars represent the standard deviation of ten measurements
at different places. The samples were prepared in the electrolyte composed of
300 mM AgNO;3 and 14 mM SDS under 1.2V at different times. Source data are
provided as a Source Data file.
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ethanol into the octahedron aqueous dispersions at a volume ratio of
4:6 could create an appropriate surface tension gradient and generate
a highly ordered monolayer octahedron template. Deviating from this
volume ratio resulted in the formation of an octahedron template with
multiple layers or large cracks during the assembly process (Supple-
mentary Fig. 3).

MOF template-guided electrochemical lithography

Ag electrodeposition was used as an example to demonstrate the MOF
template-guided electrochemical lithography concept using a two-
electrode system. A monolayer UiO-66 octahedron film was trans-
ferred onto a piece of gold-covered silicon wafer and used as the
working electrode. Surprisingly, the Ag was electrodeposited under-
neath the UiO-66 octahedra and the electrodeposited Ag lifted up the
octahedra, instead of the commonly expected growth within the
interstitials of the colloidal crystal template" ™ (Fig. 2i, j and Supple-
mentary Fig. 4). After removing the UiO-66 octahedra by ultrasonic
treatment in water, a hexagonally arranged Ag nanotriangle array was
observed with their tips pointing towards the middle of the edges of
adjacent nanotriangles (Fig. 2k, ). Tiny Ag nanoparticles appeared on
the Ag nanotriangles electrodeposited for 15 s, while the surface of the
Ag nanotriangles became smoother after electrodeposition for 300 s
(Fig. 2m and Supplementary Fig. 5). The structure of the Ag nano-
triangle array completely inherited the interface pattern between the
monolayer UiO-66 octahedron template and the underneath sub-
strate. The thickness of the Ag nanotriangles increased quickly at the
first 100 s electrodeposition and then slowly increased (Fig. 20, p). The
growth rate of the Ag nanotriangles was about 6.52 nms™ on average,
while the growth rate of Ag on the bare gold substrate was only ~
0.67 nms™ (Fig. 2p and Supplementary Fig. 6).

Growth mode diagram as a function of Cagnos and Csps

The Ag nanotriangle arrays could be prepared in a wide potential
range using either a two-electrode or a three-electrode system, or
under a constant current electrodeposition mode (Supplementary
Figs. 7-9). In contrast, the concentration of Ag" ions (Cagno3) and
sodium dodecyl sulfate (SDS) (Csps) within the electrolyte could
switch the function of the UiO-66 octahedron template (Fig. 3a, b
and Supplementary Fig. 10). When Cagnoz>150mM  and
Csps > 7 mM, the monolayer UiO-66 octahedron template played the
guiding growth function, resulting in the formation of Ag nano-
triangle arrays (Region I in Fig. 3a, b). In a sharp contrast, the
monolayer UiO-66 octahedron template switched to the molding
mode as Cagnoz <150 mM and Csps > 1.4 mM, resulting in the for-
mation of nanoframe arrays (i.e., complementary to the nano-
triangle pattern created under the guiding growth mode) (Region Il
in Fig. 3a, b). When Csps < 1.4 mM, large blocks with irregular shapes
were formed on the top of the monolayer UiO-66 octahedron tem-
plate (Region Ill in Fig. 3a, b). In short, the guiding growth mode of
the UiO-66 octahedron template needs high Csps and high Cagnos. At
the edge area of Region I, the nanotriangles were not flat with many
defects (Fig. 3a and Supplementary Fig. 10). At the edge area of
Region II, Ag were electrodeposited both underneath and sur-
rounding the UiO-66 octahedra. Without SDS in the electrolyte, the
electrodeposited Ag formed large blocks on the top of the mono-
layer UiO-66 octahedron template. Therefore, SDS played an
important roles in refining the electrodeposited Ag grains.

MOF template-guided growth mechanism

It is critical to figure out the mechanism behind the unique guiding
electrochemical growth mode of the monolayer UiO-66 octahedron
template. The opening size of the nanochannels (- 0.6 nm) within UiO-
66 is larger than the size of the Ag*ions (- 0.3 nm) but smaller than the
size of SDS ( - 0.6 nm in width and -1.8 nm in length)***°. Therefore, Ag"
ions can theoretically pass through the nanochannels within the UiO-

66 octahedra, while SDS cannot enter the nanochannels. The hydro-
phobic monolayer UiO-66 octahedron template exhibited a water
contact angle of 122.8° (Supplementary Fig. 11). Introducing SDS into
the electrolyte could greatly lower its surface tension, promoting the
electrolyte to wet the monolayer UiO-66 octahedron template and
facilitating the Ag" ions to enter the nanochannels of the UiO-66
octahedra. We measured the conductivity of the electrolyte before and
after adding SDS. SDS resulted in a conductivity reduction of
approximately 12% induced by the binding of Ag" ions with the dodecyl
sulfate micelles. In contrast, the conductivity of the pressed UiO-66
octahedron pellet filled with the electrolyte dramatically increased by
52% after introducing SDS into the electrolyte (Supplementary Figs. 12
and 13). The conductivity improvement of the UiO-66 octahedron
pellet was because of two aspects: 1) the increased wettability of the
electrolyte to the UiO-66 pellet and 2) the reduction of the electro-
static repulsion forces during the entering process of the Ag” ions into
the Ag" ions filled nanochannels* induced by the negatively charged
dodecyl sulfate ions weakly bound to the Ag" ions.

To prove that the Ag" ions prefer to enter the nanochannels of the
Ui0-66 octahedra, we immersed the UiO-66 octahedra into the elec-
trolyte composed of silver nitrate. The Ag" ions continuously entered
the UiO-66 octahedra and an absorption equilibrium was reached after
about 7 h (Supplementary Fig. 14). After adding additional silver nitrate
into the electrolyte, more Ag" ions moved into the UiO-66 octahedra
until saturation adsorption achieved or all of the nanochannels were
filled with Ag" ions (Fig. 3c).

The difference in chemical potentials (Au) determines the mass
transfer direction. Therefore, we calculated the Au of Ag* ions between
within UiO-66 nanochannels and in bulk electrolyte solutions theore-
tically (Fig. 3d). The chemical potential () of Ag" ions was decomposed
into the ideal term and the excess term (u®):

H=RTInAp +p*™ 6))

Where kj is the Boltzmann constant; A is the de Broglie thermal
wavelength of Ag; p is the number density of Ag" ions. Then, 4u could
be illustrated as:

Ap=kg Tlnp—lzo_% +Uiio-e6 — Mol 2

sol

We computed the p&f, .. to be -454.6 +2.3 k) mol™ and u&, to be
-429.7 + 0.1k) mol® via molecular dynamics (MD) simulations com-
bined with the Bennett acceptance ratio method (see Method section
for details). The difference of u¢%, ., and p&, was -24.9 kJmol™. The
negative value of the difference indicated that Ag" ions preferred to
enter the nanochannels of UiO-66 until ‘% approaching approxi-
mately 1.2 x 10* where Au equaled 0. However, we must also take into
account the capacity limit of the UiO-66 octahedra. Our MD simula-
tions showed that the population of Ag* ions was highly concentrated
at the eight tetrahedral cages and two octahedral cages in the unit cell
of UiO-66 with a volume of 9.3 nm?, corresponding to a number den-
sity of ~ 1.1nm?. Thus, when the UiO-66 was immersed into the elec-
trolyte, all of the cages within the UiO-66 octahedra were occupied by
the Ag' ions with a saturated number density p{% . of - 1.1nm?. The
saturated number density of Ag" ions was estimated to be -~ 1.3 nm?*
from the adsorption equilibrium (Fig. 3c), which was in good agree-
ment with the MD simulation predicted value. Therefore, both the
experimental and the simulation results suggested that all of the cages
within the UiO-66 octahedra were occupied by Ag" ions in the elec-
trolyte we used.

We proposed that the moving path of the Ag” ions determined
the function of the UiO-66 monolayer template. When the Ag" ions
prefer to pass through the UiO-66 octahedra via the inside nano-
channels, the Ag" ions will be immediately reduced into Ag atoms
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once they contact the underneath electrode surface and gradually
form the nanotriangles. In constrast, Ag tends to grow surrounding
the UiO-66 octahedra to form the nanoframe array if the Ag" ions
prefer to pass through the monolayer UiO-66 octahedron template
via the bulk electrolyte route existing at the defects (e.g., cracks) of
the octahedron template. Whether the Ag' ions choose the nano-
channels within the UiO-66 or the solution to pass through the UiO-
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66 octahedron monolayer should be influenced by Cagnos and Csps
according to the experimental results.

We further performed the MD simulations to investigate the
transportation behavior of the Ag" ions within the nanochannels in the
UiO-66 octahedra under an external electric field. We applied a power-
law form*° to describe the one-dimensional diffusion of Ag" ions in
the nanochannels. The growth of the mean squared displacement
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Fig. 3 | Mechanism of the MOF template-guided electrochemical lithography.
a Three kinds of typical nanostructures obtained in the electrolyte composed of
different concentrations of AgNO; and SDS. The numbers in the corner of each
image indicated the concentrations of AgNOs3 and SDS (Cagnos, Csps). b Three
different concentration regions corresponding to the creation of the nanotriangle
array, the nanoframe array, and the irregular blocks. ¢ The concentration of Ag*
ions remaining in the electrolyte after adsorption by the UiO-66 powder.

d Schematic of the chemical potential difference Ay pushed the Ag" ions to enter
the UiO-66 octahedra. e The diffusion exponent a as a function of Ag* ion numbers

per unit cell of UiO-66. Error bars represent the standard deviation computed from
three independent simulations with different initial configurations. f Trajectories of
asingle Ag" ion in 60 ps (the period of time for Ag” ions to complete a cycle) at high
and low concentrations. The snapshot interval was 10 ps. Water molecules and the
other ions were not shown. g Schematics of the monolayer UiO-66 octahedron
template without through pores and the interstitials formed within the monolayer
PS spheres. h Moving path of the Ag* ions at high and low concentrations corre-
sponding to the formation of the nanotriangle array and the nanoframe array,
respectively. Source data are provided as a Source Data file.

(MSD) of Ag' ions over time was described by Equation 3 (Supple-
mentary Fig. 15).

(IX(6) — X(0)*) =K, - t* 3)

Where x(t) denotes the x-coordinate of an individual Ag” ion at time ¢;
K, represents the generalized diffusion constant and a represents the
diffusive exponent. The x-axis is oriented perpendicularly to the Ag
nanotriangles. The variation of « in a wide range as a function of the
Ag' ion concentration indicates different transportation mechanisms
at different Ag’ ion concentrations within the UiO-66 octahedra
(Fig. 3e). At low Ag" ion concentrations (e.g., the number of Ag" ions in
each unit cell is less than five), a approaches zero, reflecting that the
Ag" ions show an oscillatory diffusion behavior. In this case, the low
electrostatic repulsion forces among Ag’ ions limit their hopping,
leading to negligible diffusion among nanocages (Fig. 3f and
Supplementary Movie 2)*. In contrast, at high Ag" ion concentrations,
the MSD exhibits a finite slope with & > 1. When a value is greater than 1,
the superdiffusion takes place, while an a value of 1 corresponds to the
Fickian diffusion****. At high Ag" ion concentrations, Coulomb
interactions between Ag" ions become prominent and the energy
barriers among neighboring nanocages decrease due to the accumula-
tion of positive Ag” ions confined within the narrow nanochannels. As a
result, Ag* ions rapidly hop from one nanocage to another (Fig. 3f and
Supplementary Movie 3). The reduction in the activation energy
barrier resulting from multi-ion concerted migration commonly
observed in nanopore transportation systems also contributed to the
fast Ag" ion transportation within the nanochannels of the UiO-66
octahedra®™’.

In addition to the Ag’ ions’ diffusion tendency into and fast
transportation within the UiO-66 octahedra, the structure of the
monolayer UiO-66 octahedron template also played an important role
in the MOF template-guided growth mode. Different from the con-
ventional colloidal crystal template formed by polystyrene (PS)
spheres with an interstitial within three adjacent PS spheres, no
through pores existed within the monolayer UiO-66 octahedron tem-
plate (Fig. 3g and Supplementary Fig. 16). The Ag" ions have to enter
the UiO-66 octahedra to reach the cathode electrode surface. At high
Cagnoas Ag' ions enter the UiO-66 octahedra driven by the chemical
potentials and move rapidly within the nanochannels. When the Ag*
ions reach the bottom of the UiO-66 octahedra, they are reduced to Ag
atoms and eventually form Ag nanotriangles (Fig. 3h). Whereas at low
Cagno3, the Ag” ions are trapped inside the nanochannels. In this case,
the Ag” ions prefer to pass through the thin sandglass-shaped area to
reach the electrolyte trapped by the monolayer UiO-66 octahedron
template and the substrate, giving rise to the formation of Ag nano-
frame arrays (Fig. 3h).

Plasmonic properties and SERS sensing applications of the Ag
nanotriangle arrays

We first simulated the plasmonic properties of the Ag nanotriangle
arrays using the finite-difference time-domain (FDTD) methods (Sup-
plementary Fig. 17). Four absorption peaks appeared at about 450 nm,
530 nm, 550 nm, and 750 nm. The 450 nm and the 550 nm localized
surface plasmon (LSPR) peak possibly originated from the
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Fig. 4 | SERS performance of the Ag nanotriangle arrays. a Schematic of the Ag
nanotriangle array. b FDTD simulated electromagnetic field distribution over the
Ag nanotriangle array excited by a 532 nm laser. ¢ SERS spectra of R6G molecules
at different concentrations on the Ag nanotriangle array. d The intensity of the
612 cm™ SERS peak at 36 randomly chosen sites on the Ag nanotriangle array.
Source data are provided as a Source Data file.

quadrupolar and the dipolar mode of individual Ag nanotriangles,
while the 530 nm and the 750 nm peak arose from the plasmonic
coupling between neighboring nanotriangles in the array***’. The
experimentally measured absorption spectra showed two broad peaks
at around 550 nm and 740 nm. The discrepancies between the FDTD
simulated and the experimentally measured plasmonic properties
were induced by structural deviation from the triangular shape and the
defects in the ordered array.

Strong electromagnetic fields are located at the edges and the tips
of the Ag nanotriangles according to the FDTD simulation results
(Fig. 4a, b). These regions with strong electromagnetic fields could
behave as SERS hot spots to significantly enhance the Raman signals of
chemicals®'. We used Rhodamine 6 G (R6G) as a model molecule to
evaluate the SERS sensing performance of the Ag nanotriangle arrays.
SERS signals of R6G molecules even at a concentration of 10 nM could
be clearly observed (Fig. 4c). The relative standard deviation (RSD) of
the 612 cm™ SERS peak intensity was estimated to be 6.37% (Fig. 4d),
reflecting a good signal reproducibility.

Extension to other MOFs and metals

The MOF template-guided growth mode was also observed using the
monolayer MIL-96 microparticle template (Fig. 5). Truncated hex-
agonal bipyramid (THB) shaped MIL-96 microparticles with an average
size of 4 um were synthesized (Fig. 5a—c). The MIL-96 microparticles
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Fig. 5 | MIL-96 THB-guided electrochemical lithography. a SEM image of the
synthesized MIL-96 THBs. b Size distribution of MIL-96 THBs. ¢ XRD pattern of the
MIL-96 powders. d SEM image of the self-assembled monolayer MIL-96 micro-
particle template. e-g Side view of and the element mapping of the Ag micropillar
array formed underneath the monolayer MIL-96 THB template after

electrodeposition in the electrolyte composed of 30 mM AgNO3 and 7 mM SDS for
5min, respectively. h A MIL-96 THB detached from the underneath Ag micropillar.
The dotted polygons indicates the same shape of the Ag micropillar and the MIL-96
facets. Source data are provided as a Source Data file.

consist nanopores with a diameter of 0.9 nm and estimated opening
sizes of 0.3 nm*2. The monolayer MIL-96 THB template was obtained
using the same assembling method used to assemble UiO-66 octahe-
dra (Fig. 5d and Supplementary Fig. 18). The electrodeposited Ag
micropillars lifted up the MIL-96 THBs by even several micrometers
(Fig. 5e). Element mapping of Ag and Al further verified the relative
positions of the Ag micropillars and the MIL-96 THBs (Fig. 5f, g). The Ag
nanopillars inherited the trapezoidal shape of the THB'’s side facets
(Fig. 5h). During the template removal process by the ultrasonic
treatment in water, the Ag micropillars were easily fractured (Supple-
mentary Fig. 19). To test the versatility of the MOF template-guided
electrochemical growth mode, we tried to prepare Cu nanotriangle
arrays as another example using the monolayer UiO-66 octahedron
template. As expected, Cu nanotriangles formed by nanoparticles were
prepared using the monolayer UiO-66 octahedron template (Supple-
mentary Fig. 20).

Recyclability of the MOF template

Different from the conventional colloidal lithography technique where
the colloidal templates are one-time use, the UiO-66 octahedron
monolayer template can be used for multiple times. As an example, we
used polybenzimidazole (PBI) to fix the “ZJU” letters formed by closely
packed UiO-66 octahedra on a piece of glass slide because of its che-
mical stability, high mechanical strength, and good ion
conductivity’>*® (Fig. 6a, b). The thickness of the UiO-66@PBI com-
posite film is important because too thick will make it difficult to
tightly attach to the substrate, while too thin will be easily broken
during the transferring process (Supplementary Fig. 21). The UiO-
66@PBI film was detached from the glass slide by soaking it in 90 °C
hot water for 24 h. Then, the UiO-66@PBI composite film was trans-
ferred onto a piece of gold-coated silicon wafer. After electrodeposi-
tion of Ag, “ZJU” letters formed by Ag nanotriangles were created
underneath the UiO-66 octahedra (Supplementary Fig. 22). The

adhesion force between the UiO-66@PBI film and the Ag nanotriangles
was significantly weaker than that on the glass slide, because of the
reduced interface area. Therefore, the UiO-66@PBI template could be
easily peeled off from the underneath Ag nanotriangle patterns simply
by immersing into ethanol and water in sequence. The detached UiO-
66@PBI film would float at the water surface, which could be trans-
ferred onto another substrate and used to electrodeposit Ag nano-
triangle patterns again (Fig. 6¢).

The UiO-66@PBI template can be used to electrochemically print
complex surface patterns. As an example, the UiO-66 octahedra were
patterned to form the complex logo of Zhejiang University using a
mask (Fig. 6d). Then, the pattern was fixed using the PBI film. The PBI
film enclosed the top part of the UiO-66 octahedra (Fig. 6e). The UiO-
66@PBI logo was translated into Ag nanotriangles formed one after Ag
electrodeposition (Fig. 6d, f). Similarly, the UiO-66@PBI film was
detached from the Ag nanotriangles by soaking it in ethanol and water
in sequence and ready for reuse (Fig. 6d and Supplementary Fig. 23).
MOFs could not only be fabricated into various faceted nanoparticles
but could be manufactured into fine nanopatterns using sophisticated
lithography methods®*%. We anticipate electrochemically print
metallic surface nanopatterns using these fine MOF nanopatterns
working under the guiding growth function. The recyclability of the
MOF nanopatterns can greatly reduce the fabrication time and cost of
the metallic surface nanopatterns.

In summary, we discovered the unrevealed guiding growth func-
tion of the MOF template capable of electrochemically growing
metallic surface nanopatterns exclusively underneath the MOF tem-
plate. The guiding growth mode was enabled by the fast ion trans-
portation within the nanochannels of the MOF template proven by
both the experimental measurements and the MD simulation results.
We could intentionally switch from the guiding to the molding growth
mode by adjusting the concentration of Ag* ions and SDS in the elec-
trolyte. The prepared Ag nanotriangle patterns show interesting
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Fig. 6 | Recyclability of the MOF template in electrodepositing complex Ag
surface nanopatterns. a Schematic of the fabrication and recyclability process of
the UiO-66@PBI template. b Photos of “Z”, “)”, and “U” letters patterned by
monolayer UiO-66 octahedra within the PBI film. ¢ Photo of the UiO-66@PBI
template after using twice. d Recycling process of the UiO-66@PBI template. Pat-
terning the UiO-66 octahedra into the logo of Zhejiang University on a piece of glass

Compositing

Elecdeposition & Peeling off :ﬁ

Reused

slide. Cementing the pattern using the PBI membrane. Performing Ag electro-
deposition using UiO-66@PBI template. Peeling off the UiO-66@PBI template from
the Ag nanotriangle array for recycling. Scale bar in all the photos: 5 mm. e SEM
image of the patterned UiO-66 octahedra within the PBI film. f SEM image of the
electrodeposited Ag nanotriangle pattern.

plasmonic properties and promising applications in SERS sensing
fields. The MOF template-guided electrochemical growth could be
extended into other MOFs and the preparation of other metallic sur-
face nanopatterns. More importantly, the MOF template could be
easily peeled off from the underneath metallic surface nanopatterns
and be used again to fabricate the same metallic surface nanopatterns.
The capability to manufacture MOF nanopatterns using sophisticated
lithographic methods and their recyclability endow the MOF template
with great potentials to create complex metallic surface nanopatterns
in a low cost, high throughput, and time-saving manner.

Methods

Materials

Zirconium (IV) chloride (ZrCly, 99.9%), 1,3,5-benzenetricarboxylic acid
(BTC, 98.0%) were purchased from Aladdin. Aluminum (Ill) nitrate
nonahydrate (AI(NO3)3-9H,0, 99.0%), Cupric (II) nitrate trihydrate
(Cu(NO3),-3H,0, 99.0%), terephthalic acid (99.0%), acetic acid (99.8%),

dimethylformamide (DMF, 99.5%), methanol (99.5%), ethanol (AR),
nitric acid (HNO3, 65%), and silver nitrate (AR) were purchased from
Sinopharm Chemical reagent. Sodium dodecyl sulfate (99.0%) was
purchased from Innochem. Polybenzimidazoles (98.0%) and
N-methylpyrrolidone (NMP, 99.5%) were purchased from Macklin
Biochemical.

Synthesis of the UiO-66 octahedra and MIL-96 THBs
Monodisperse UiO-66 octahedra were synthesized according to
previous reports with some modifications®. Typically, 350 mg of
ZrCl, and 249 mg of BDC were dissolved into 100 ml of DMF. The
solutions were divided into five glass vials with an equal volume.
After adding 2.73 ml of AA into each vial, they were placed in an oven
at 120 °C for 12 h. The products were centrifuged and washed twice
with DMF and methanol, respectively. The collected UiO-66 octa-
hedra were re-dispersed in deionized water at a concentration of
200 mg ml™,
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Monodisperse MIL-96 THBs were synthesized as follows. Typi-
cally, 3.75 g of AI(NO3);-9H,0 was dissolved into 34.3 ml of deionized
water before adding 5.7 ml of AA. 2.1 g of BTC was dissolved into 10 ml
of DMF. The salt solutions and the BTC solution were mixed at a
volume ratio of 4:1 in a Teflon-lined autoclave. The autoclave was
heated at 130 °C for 24 h. The MIL-96 microparticles were separated
from the reacting solution by centrifugation and re-dispersed in
deionized water at a concentration of 200 mg ml™.

Assembling the UiO-66 octahedra and the MIL-96 THBs into
monolayer films

A piece of glass slide (24 mm x 24 mm) and a petri dish (12cm in
diameter and 8 cm in depth) were treated with oxygen plasma (Harrick
Plasma, PDC-32G) for 10 min to make the surface super hydrophilic.
The UiO-66 octahedron aqueous suspensions at a concentration of
200 mg ml?, deionized water, and ethanol were mixed at a volume
ratio of 40:20:40 by ultrasonic treatment for 10 min. Then, the plasma-
treated glass slide was placed at the bottom of the petri dish. Deio-
nized water was slowly added into the petri dish until almost covered
the glass slide. Subsequently, 100 pl of the mixed solutions composed
of UiO-66 octahedra were dropped onto the glass slide. The UiO-66
octahedra were trapped at the water surface and a monolayer was
gradually formed at the water surface. Deionized water was slowly
filled into the petri dish via a plastic tube to lift up the monolayer UiO-
66 octahedron template floating at the water surface. The monolayer
UiO-66 octahedron template was transferred onto a 50 nm-thick gold-
covered silicon substrate (10 mm x 15 mm) by picking up the template
from the bottom. A stainless-steel mask was attached onto the gold-
covered silicon substrate before picking up the template to create UiO-
66 octahedron patterns. The same self-assembly process was used to
assemble MIL-96 THBs into a monolayer film.

Fabrication of the UiO-66@PBI templates

First, PBI powders were dissolved into NMP at a concentration of 0.2
wt.%. The solution was stirred at 70 °C for 0.5 h. 150 pl of the solutions
were dropped onto the glass slide with a patterned UiO-66 octahedron
monolayer. After drying in vacuum at 80 °C for 3 h, the glass slide was
stored in deionized water at 90 °C for 24 h. The UiO-66@PBI compo-
site film was detached from the glass slide and floated on the water
surface. The gold-covered silicon substrate was used to pick up the
floating UiO-66@PBI composite film. After the electrodeposition of
Ag, the UiO-66@PBI template was easy to be detached from the
electrodeposited Ag nanotriangles underneath the template. Simply
immersing the sample into deionized water and ethanol alternately for
several times, the UiO-66@PBI template was peeled off and floated at
the water surface for second-time usage.

Ag and Cu electrodeposition using the MOF templates

The electrodeposition of Ag was carried out in a two-electrode system
unless otherwise stated. In this system, the cathode electrode was the
monolayer MOF microparticle template-covered gold substrate and
the counter electrode was a carbon rod. Different amounts of AgGNO3
and SDS were dissolved into deionized water as the electrolyte. The
electrodeposition was performed at 45 °C under a deposition voltage
of 1.2V at different times. A three-electrode setup was also used to
prepare the Ag nanotriangle arrays. Hg/Hg,SO,4 was used as a reference
electrode.

The electrodeposition of Cu was carried out in a two-electrode
setup. The electrolyte was formed by 1200 mM of Cu(NO3),-3H,0 and
14 mM SDS. HNO; was added to adjust the pH to 1. The deposition was
carried out at 45 °C under a voltage of 1.8V for 180's.

Material characterizations
XRD patterns were performed to characterize the crystal structure of
the MOF microparticles and the monolayer MOF microparticle

template (GIXRD, Rigaku D/MAX 2550). The morphology of the MOF
microparticles and the electrodeposited metallic surface nanopatterns
was investigated using a field-emission scanning electron microscope
(SEM) (Hitachi, SU-8010) operating at 15.0 kV equipped with an X-ray
energy-dispersive spectrometer. The N, adsorption/desorption iso-
thermal curves of the UiO-66 octahedra were obtained from the
Micromeritics ASAP 2020 surface area analyzer with the pore size
analyzing capability operating in liquid argon. The pore size distribu-
tions of the nanochannels within the UiO-66 octahedra were simulated
by the density functional theory method. The surface tension of the
electrolyte and the contact angle of the monolayer UiO-66 octahedron
film were determined by the pendent drop method using an automatic
contact angle equipment and the contour analysis system, respectively
(DataPhysics Instruments, OCA 20). Inductively coupled plasma-mass
spectrometry (ICP-MS) was performed to determine the remaining
amount of the Ag element in the solution (PerknElmer, NexION 300).
The extinction spectra were measured using an UV-Vis-NIR absorp-
tion spectrometer (Lambda 950, PerkinElmer).

Adsorption experiments

We measured the concentration variation of the Ag” ions before and
after adding UiO-66 powders by ICP-MS. 0.1g UiO-66 powders were
added in 1 ml of the electrolyte composed of 300 mM AgNO; and
14 mM SDS. After 7 h, the concentration of Ag" ions in the electrolyte
remained almost unchanged, indicating the adsorption equilibrium
was achieved. Then, the same amount of AgNO; was introduced into
the electrolyte. The concentration of the Ag” ions in the electrolyte was
tested after 7 h when the adsorption equilibrium was reached for the
second time. The same procedure was performed for the third time to
determine the amount of Ag" ions that the UiO-66 powders could
adsorb.

Electrochemical measurements

We determined the ionic conductivity of the pressed UiO-66 octahe-
dron pellets and the electrolyte by electrochemical impedance spec-
troscopy (EIS). In detail, the UiO-66 octahedron powder was dried at
70 °C for 72 h to remove the solvents. Then, the powders were stored
in the electrolyte for 3 h before centrifuging and drying for another
72h at 70 °C. Finally, a certain amount of the collected UiO-66 octa-
hedron powder was pressed into a pellet under a pressure of 3 MPa for
30s. The UiO-66 pellet was placed between two stainless-steel elec-
trodes in a CR2016 coin cell. 30 pl of the electrolyte solutions were
introduced into the pellet and the redundant electrolyte was removed
before the EIS tests. The electrolyte was filled into a customized Swa-
gelok cell without the UiO-66 pellet to test its conductivity. An Autolab
PGSTAT302N was used for the EIS measurements at 45°C and the
frequency ranged from 10° to 0.1 Hz. The resistance of the samples was
calculated based on the EIS curves. The ionic conductivity was
obtained using Equation 4:>*

0= “4)

Where S and d represent the area and the thickness of the UiO-66
octahedron pellet, respectively. Ry, is the resistance and o is the ionic
conductivity.

Excess chemical potentials of Ag-+ ions in the Ui0-66 octahedra
and the bulk solutions

We performed MD simulations using the GROMACS 2020.6 package®.
The equations of motion were integrated with the leapfrog algorithm
using a time step of 2.0 fs. Non-bonded potentials (Lennard-Jones (L))
and Coulombic interactions) were truncated at 1.0 nm and were shif-
ted by a constant such that they were zero at the cut-off (“Potential-
shift” function in GROMACS). Long-range Coulombic interactions were
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evaluated using the particle mesh Ewald method. The LJ interactions
between unlike particles were represented by the Lorentz-Berthelot
combination rules. The periodic boundary conditions were applied to
all the directions. In the production runs, the temperature (7) and
pressure (p) were controlled using Nosé-Hoover thermostat and
Parrinello-Rahman barostat with a damping constant of 2 and 5 ps,
respectively. In the equilibrations, the Berendsen algorithm with a
damping constant of 1 ps for both T and p was used. The temperature
was set to 318 K in all the simulations, which is the same as the tem-
perature in our experiments. The unit cell structure of UiO-66 and the
force fields for the components (Zr, C, O, and H) were taken from
Yang’s paper*®, which can reasonably reproduce the conductivity of
anions in the UiO-66supercell®. Ag and nitrate ions were represented
by the force field developed by Mertz et al.”’. SDS and water molecules
were represented by the GAFF force field”® and the TIP3P model*’,
respectively. For each calculation below, the standard deviation was
estimated from three independent simulations started from different
initial configurations. We estimated the excess chemical potential of an
Ag' ion into UiO-66 octahedra and into the bulk SDS aqueous solu-
tions. The former system consisted the 4 x 1 x 1 supercell of UiO-66 and
340 water molecules. The water loading of 15 mmol g is close to the
experimental value of 16 mmol g* at 298K and 1bar®. The UiO-66
supercell was fixed in the space and the MD simulations were con-
ducted under the canonical (NVT) ensemble.

The latter system consisted of 22 SDS molecules and 8510 water
molecules in a cubic box. The concentration is the same as that used in
our experiments. A nitrate ion was also added as a counter-anion. The
MD simulations were conducted under the isothermal-isobaric (NpT)
ensemble at 1 bar.

The excess chemical potential (ug;) of Ag' ion was computed
through the Bennett acceptance ratio method® using 21 MD simula-
tions from the fully coupled state to the fully decoupled state. The
intermolecular interactions between the Ag" ion and the other mole-
cules were decoupled in stepwise. The Coulombic interactions were
turned off from the fully-coupled state (a factor of 1.0) to the fully-
decoupled state (0.0) with an increment of 0.1 with maintaining the LJ
interactions. Then, in the absence of Coulombic interactions, the LJ
interactions were decoupled from a factor of 0.9 to 0.0 with an
increment of 0.1. The LJ interactions were parameterized using a soft-
core potential® to prevent “end-point catastrophes”. At each condi-
tion, an initial configuration was first energy-minimized using the
steepest descent method. Then, a 1ns equilibration run was followed
by a 20 ns production run.

Diffusion behavior of Ag* ions within UiO-66 octahedra

We computed the diffusion behavior of Ag" ions in the UiO-66 fra-
mework under an electric field of 5.0 Vnm™ along the x-axis. The sys-
tem was prepared in the same manner as above, except the
concentration of Ag" ions was different. The number of Ag* ions were
varied from 10 to 80 with an interval of 10. At each condition, a 1ns
equilibration run was followed by a 100 ns production run. We used
the rigid water molecule because the polarization of water can be
neglected under this magnitude of the electric field*.

FDTD simulations

The commercial software Lumerical Solutions was used to perform the
FDTD simulations. For the periodic array, a plane wave was employed
at the normal incidence. The electromagnetic field distributions over
the Ag nanotriangle array were performed as follows. A 2D-simulation
region of 1.7 um x 1.6 pm was used to cover one unit on the surface of
the array. The model was imported from the SEM image (Fig. 2k). The
PML boundary condition was set for the z direction, while the anti-
symmetric and symmetric boundary conditions were used for the x
and y directions, respectively. In all simulations, the mesh size in all
directions (x, y, and z) was set as 2nm, and the mesh accuracy was

increased to 5. The simulation time was 1000 fs. The optical constants
of Ag were taken from Johnson and Christy at 532 nm, from 350
to 900 nm.

SERS measurement

For the detection of R6G molecules, the Ag nanotriangle arrays were
immersed in 1.5 ml of R6G solutions at different concentrations. The
substrates were taken out after 2 h and dried in the ambient condi-
tions. The SERS spectra were collected using a confocal microprobe
Raman system (Renishaw In-via Reflex). The excitation laser wave-
length was 532 nm with a power of ~ 0.2 mW. The laser beam was
focused on the samples through a 50 x objective. The limit of detection
of the R6G molecules using the Ag nanotriangle array was obtained
with 2 s integration time and 5 acquisitions.

Data availability

All experimental data within the article and its Supplementary Infor-
mation are available from the corresponding authors upon
request. Source data are provided with this paper.

References

1. Ayata, M. et al. High-speed plasmonic modulator in a single metal
layer. Science 358, 630-632 (2017).

2. Kim, S. et al. High-harmonic generation by resonant plasmon field
enhancement. Nature 453, 757-760 (2008).

3. Balaur, E. et al. Colorimetric histology using plasmonically active
microscope slides. Nature 598, 65-71 (2021).

4. Manfrinato, V. R. et al. Resolution limits of electron-beam litho-
graphy toward the atomic scale. Nano Lett. 13, 1555-1558
(2013).

5. Hahn, V. et al. Two-step absorption instead of two-photon absorp-
tion in 3D nanoprinting. Nat. Photonics 15, 932-938 (2021).

6. Gates, B. D. et al. New approaches to nanofabrication: molding,
printing, and other techniques. Chem. Rev. 105, 1171-1196
(2005).

7. Shim, W. et al. Hard-tip, soft-spring lithography. Nature 469,
516-520 (201M1).

8. Guo, L. J. Nanoimprint lithography: methods and material require-
ments. Adv. Mater. 19, 495-513 (2007).

9. Boles, M. A,, Engel, M. & Talapin, D. V. Self-assembly of colloidal
nanocrystals: from intricate structures to functional materials.
Chem. Rev. 116, 11220-11289 (2016).

10. Cai, Z. et al. From colloidal particles to photonic crystals: advances
in self-assembly and their emerging applications. Chem. Soc. Rev.
50, 5898-5951 (2021).

M. Zhang, J., Li, Y., Zhang, X. & Yang, B. Colloidal self-assembly meets
nanofabrication: from two-dimensional colloidal crystals to nanos-
tructure arrays. Adv. Mater. 22, 4249-4269 (2010).

12. Ye, X. & Qi, L. Two-dimensionally patterned nanostructures based
on monolayer colloidal crystals: Controllable fabrication, assembly,
and applications. Nano Today 6, 608-631 (2011).

13. Liu, Y., Goebl, J. & Yin, Y. Templated synthesis of nanostructured
materials. Chem. Soc. Rev. 42, 2610-2653 (2013).

14. McFarland, A. D., Young, M. A., Dieringer, J. A. & Van Duyne, R. P.
Wavelength-scanned surface-enhanced raman excitation spectro-
scopy. J. Phys. Chem. B 109, 11279-11285 (2005).

15. Li, Y., Duan, G, Liu, G. & Cai, W. Physical processes-aided periodic
micro/nanostructured arrays by colloidal template technique:
fabrication and applications. Chem. Soc. Rev. 42, 3614-3627
(2013).

16. Yang, S. et al. Ultra-antireflective synthetic brochosomes. Nat.
Commun. 8, 1285 (2017).

17. Furukawa, H., Cordova, K. E., O'Keeffe, M. & Yaghi, O. M. The
chemistry and applications of metal-organic frameworks. Science
341, 1230444 (2013).

Nature Communications | (2023)14:5860

10



Article

https://doi.org/10.1038/s41467-023-41563-5

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Deng, H. et al. Large-pore apertures in a series of metal-organic
frameworks. Science 336, 1018-1023 (2012).

Chakraborty, G., Park, I.-H., Medishetty, R. & Vittal, J. J. Two-
dimensional metal-organic framework materials: synthesis, struc-
tures, properties and applications. Chem. Rev. 121,

3751-3891 (2021).

Park, K. S. et al. Exceptional chemical and thermal stability of zeo-
litic imidazolate frameworks. PNAS 103, 10186-10191 (2006).
Troyano, J., Carné-Sanchez, A., Avci, C., Imaz, |. & Maspoch, D.
Colloidal metal-organic framework particles: the pioneering case
of ZIF-8. Chem. Soc. Rev. 48, 5534-5546 (2019).

Sindoro, M., Yanai, N., Jee, A.-Y. & Granick, S. Colloidal-sized
metal-organic frameworks: synthesis and applications. Acc. Chem.
Res. 47, 459-469 (2014).

Avci, C. et al. Self-assembly of polyhedral metal-organic framework
particles into three-dimensional ordered superstructures. Nat.
Chem. 10, 78-84 (2017).

Yanai, N. & Granick, S. Directional self-assembly of a colloidal
metal-organic framework. Angew. Chem. Int. Ed. 51, 5638-5641
(2012).

Cui, C. et al. Self-assembled metal-organic frameworks crystals for
chemical vapor sensing. Small 10, 3672-3676 (2014).

Wie, J. et al. A growth-factor-activated lysosomal K+ channel reg-
ulates Parkinson’s pathology. Nature 591, 431-437 (2021).

Thor, K. et al. The calcium-permeable channel OSCA1.3 regulates
plant stomatal immunity. Nature 585, 569-573 (2020).

Rodenas, T. et al. Metal-organic framework nanosheets in polymer
composite materials for gas separation. Nat. Mater. 14, 48-55
(2015).

Jian, M. et al. Ultrathin water-stable metal-organic framework
membranes for ion separation. Sci. Adv. 6, eaay3998 (2020).

Lu, J. et al. Ultrafast rectifying counter-directional transport of
proton and metal ions in metal-organic framework-based nano-
channels. Sci. Adv. 8, eabl5070 (2022).

Worrall, S. D. et al. Metal-organic framework templated electro-
deposition of functional gold nanostructures. Electrochim. Acta
222, 361-369 (2016).

Miao, Y. et al. Solvent-free bottom-up patterning of zeolitic imida-
zolate frameworks. Nat. Commun. 13, 420 (2022).

Tu, M. et al. Direct X-ray and electron-beam lithography of halo-
genated zeolitic imidazolate frameworks. Nat. Mater. 20, 93-99
(2021).

Trickett, C. A. et al. Definitive molecular level characterization of
defects in UiO-66 crystals. Angew. Chem. Int. Ed. 54, 11162-11167
(2015).

Schaate, A. et al. Modulated synthesis of Zr-based metal-organic
frameworks: from nano to single crystals. Chemistry 17, 6643-6651
(20m).

Qian, T. et al. Efficient gating of ion transport in three-dimensional
metal-organic framework sub-nanochannels with confined light-
responsive azobenzene molecules. Angew. Chem. Int. Ed. 59,
13051-13056 (2020).

Liu, L. et al. Imaging defects and their evolution in a metal-organic
framework at sub-unit-cell resolution. Nat. Chem. 11,

622-628 (2019).

Moon, G. D. et al. Assembled monolayers of hydrophilic particles on
water surfaces. ACS Nano 5, 8600-8612 (2011).

Henzie, J., Grunwald, M., Widmer-Cooper, A., Geissler, P. L. & Yang, P.
Self-assembly of uniform polyhedral silver nanocrystals into densest
packings and exotic superlattices. Nat. Mater. 11, 131-137 (2011).
Metzler, R. & Klafter, J. The random walk’s guide to anomalous
diffusion: a fractional dynamics approach. Phys. Rep. 339,

1-77 (2000).

Liu, Y. et al. Breaking the nanoparticle’s dispersible limit via rota-
table surface ligands. Nat. Commun. 13, 3581 (2022).

42. Zhang, H. et al. Ultrafast selective transport of alkali metal ions in
metal organic frameworks with subnanometer pores. Sci. Adv. 4,
eaag0066 (2018).

43. Striolo, A. The mechanism of water diffusion in narrow carbon
nanotubes. Nano Lett. 6, 633-639 (2006).

44, Farimani, A. B. & Aluru, N. R. Spatial diffusion of water in carbon
nanotubes: from fickian to ballistic motion. J. Phys. Chem. B 115,
12145-12149 (201M).

45. Feng, J. et al. Observation of ionic Coulomb blockade in nanopores.
Nat. Mater. 15, 850-855 (2016).

46. He, X., Zhu, Y. & Mo, Y. Origin of fast ion diffusion in super-ionic
conductors. Nat. Commun. 8, 15893 (2017).

47. Tunuguntla, R. H. et al. Enhanced water permeability and tunable
ion selectivity in subnanometer carbon nanotube porins. Science
357, 792-796 (2017).

48. Henry, A.-l. et al. Correlated structure and optical property studies
of plasmonic nanoparticles. J. Phys. Chem. C. 115, 9291-9305
(20m).

49. Awada, C. et al. Selective excitation of plasmon resonances of
single au triangles by polarization-dependent light excitation. J.
Phys. Chem. C. 116, 14591-14598 (2012).

50. Moskovits, M. Surface-enhanced spectroscopy. Rev. Mod. Phys. 57,
783-826 (1985).

51. Chen, X., Ding, Q., Bi, C., Ruan, J. & Yang, S. Lossless enrichment of
trace analytes in levitating droplets for multiphase and multiplex
detection. Nat. Commun. 13, 7807 (2022).

52. Loiseau, T. et al. MIL-96, a porous aluminum trimesate 3d structure
constructed from a hexagonal network of 18-membered rings and
u3-oxo-centered trinuclear units. J. Am. Chem. Soc. 128,
10223-10230 (2006).

53. Nightingale, E. R. Jr Phenomenological theory of ion solvation.
effective radii of hydrated ions. J. Phys. Chem. 63, 1381-1387 (1959).

54. Du, L. et al. Hierarchically self-assembled mof network enables
continuous ion transport and high mechanical strength. Adv.
Energy Mater. 12, 2200501 (2022).

55. Hess, B., Kutzner, C., van der Spoel, D. & Lindahl, E. GROMACS 4:
Algorithms for highly efficient, load-balanced, and scalable mole-
cular simulation. J. Chem. Theory Comput. 4, 435-447 (2008).

56. Yang, Q. et al. CH, storage and CO, capture in highly porous zir-
conium oxide based metal-organic frameworks. Chem. Commun.
48, 9831-9833 (2012).

57. Li, P., Song, L. F. & Merz, K. M., Jr. Systematic parameterization of
monovalent ions employing the nonbonded model. J. Chem. The-
ory Comput. 11, 1645-1657 (2015).

58. Sprenger, K. G., Jaeger, V. W. & Pfaendtner, J. The general AMBER
force field (GAFF) can accurately predict thermodynamic and
transport properties of many ionic liquids. J. Phys. Chem. B 119,
5882-5895 (2015).

59. Jorgensen, W. L., Chandrasekhar, J., Madura, J. D., Impey, R. W. &
Klein, M. L. Comparison of simple potential functions for simulating
liquid water. J. Chem. Phys. 79, 926-935 (1983).

60. Schoenecker, P. M., Carson, C. G., Jasuja, H., Flemming, C. J. J. &
Walton, K. S. Effect of water adsorption on retention of structure
and surface area of metal-organic frameworks. Ind. Eng. Chem. Res.
51, 6513-6519 (2012).

61. Bennett, C. H. Efficient estimation of free energy differences from
Monte Carlo data. J. Comput. Phys. 22, 245-268 (1976).

62. Beutler, T. C., Mark, A. E., van Schaik, R. C., Gerber, P. R. & van
Gunsteren, W. F. Avoiding singularities and numerical instabilities in
free energy calculations based on molecular simulations. Chem.
Phys. Lett. 222, 529-539 (1994).

Acknowledgements
This work was supported by Key R&D Program of Zhejiang Province
(2023C01088), National Natural Science Foundation of China

Nature Communications | (2023)14:5860



Article

https://doi.org/10.1038/s41467-023-41563-5

(52273233, 22250610195, and 22273083), Zhejiang Provincial Natural
Science Foundation of China (LR19E010001), the National Key Research
and Development Program of China (2018YFBO703803), and the Open
Research Program of Key Laboratory of 3D Micro/Nano Fabrication and
Characterization of Zhejiang Province, Westlake University. Part of the
work was conducted in the ZJU micro-nanofabrication centre. We would
like to thank Prof. Haobin Wu and Dr. Wei Zhao for their help in preparing
the UiO-66@PBI composite films.

Author contributions

S.Y.conceived theidea. S.Y., L.Z. and Y.L. designed the experiments. Y.L.
carried out the material synthesis and characterizations. Xu.Z., H.L. and
K.M. performed simulations. S.Y., Y.L., M.Y. and Xi. Z. analyzed the data
and draw the figures. All authors contributed to the writing of the
manuscript. All authors reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-41563-5.

Correspondence and requests for materials should be addressed to
Kenji Mochizuki or Shikuan Yang.

Peer review information Nature Communications thanks Limin Qi, and
the other, anonymous, reviewer(s) for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Nature Communications | (2023)14:5860

12


https://doi.org/10.1038/s41467-023-41563-5
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Metal-organic framework template-guided electrochemical lithography on substrates for SERS sensing applications
	Results
	Fabrication of monolayer MOF microparticle templates
	MOF template-guided electrochemical lithography
	Growth mode diagram as a function of CAgNO3 and CSDS
	MOF template-guided growth mechanism
	Plasmonic properties and SERS sensing applications of the Ag nanotriangle arrays
	Extension to other MOFs and metals
	Recyclability of the MOF template

	Methods
	Materials
	Synthesis of the UiO-66 octahedra and MIL-96 THBs
	Assembling the UiO-66 octahedra and the MIL-96 THBs into monolayer films
	Fabrication of the UiO-66@PBI templates
	Ag and Cu electrodeposition using the MOF templates
	Material characterizations
	Adsorption experiments
	Electrochemical measurements
	Excess chemical potentials of Ag+ ions in the UiO-66 octahedra and the bulk solutions
	Diffusion behavior of Ag+ ions within UiO-66 octahedra
	FDTD simulations
	SERS measurement

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




