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a b s t r a c t

Surface-confined metal-organic frameworks have emerged as versatile structures with a broad spectrum

of applications such as nanoelectronics, catalysis, sensing, and molecular storage, owing to their unique

structural and electronic properties. However, the exploration and optimization of molecular networks

typically involve resource-intensive trial-and-error experiments. The complexity comes from factors like

metal nodes, organic ligands, substrates, and the preparation conditions. To address this challenge, high-

throughput methodologies have been used in materials exploration. In this work, we explored a high-

throughput method for preparing sub-monolayer metals with continuous coverage spread on metal sur-

faces. By employing a physical mask during metal deposition under ultra-high vacuum conditions, we

achieved sample libraries with copper (Cu) and silver (Ag) adatoms on the metal substrates, and con-

structed surface-supported metal-organic frameworks with varying metal-to-molecule stoichiometric ra-

tios. This approach facilitates the exploration of surface-confined metal-organic frameworks, particularly

in terms of varying metal-to-ligand stoichiometric ratios, offering an efficient pathway to unlock the po-

tential of these intricate two-dimensional networks.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Surface-confined metal-organic frameworks are single-layer

structures that emerge from the self-assembly of metal atoms and

organic ligands supported on solid substrates [1-4]. These two-

dimensional structures have stirred immense interest owing to

their potential across various applications, such as nanoelectron-

ics [5,6], catalysis [7-9], sensing [10], and molecular storage [11],

driven by their unique structural and electronic properties [12,13].

Their properties and functionalities are multifaceted and de-

pend on a multitude of factors [14,15]. This complexity arises from

the intricate interplay of variables such as the choice of metal

nodes and organic ligands, the nature of the substrate, and the

conditions under which self-assembly occurs [16-19]. These vari-

ables collectively determine the structural configuration, stability,

and performance of molecular networks, thereby influencing their

suitability for various applications [20,21]. Owing to the inher-

ent complexity, the designs of molecular structures often neces-

sitate a series of trial-and-error experiments with precise control

of the optimal stoichiometry and deposition rates of the metal

and organic components, which can be particularly challenging and

resource-intensive. Consequently, there is a growing impetus for
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developing more efficient strategies to expedite the screening and

optimization of molecular nanostructures with varied compositions

and structures.

Over recent decades, the advancement of high-throughput

methodologies has profoundly revolutionized materials exploration

across various domains [22]. This revolution is not limited to, but

notably includes, the rapid synthesis of high-temperature super-

conductors (high-Tc) [23,24], the large-scale fabrication of mono-

layer transition metal dichalcogenides [25], and the development

of novel porous materials [26]. These developments represent sig-

nificant advances, underscoring the pivotal role of high-throughput

techniques in enabling rapid, efficient, and scalable exploration

and synthesis of materials [27]. We have recently developed a

high-throughput method in the preparation of spatially address-

able libraries of supramolecular self-assemblies on surfaces [28].

This is achieved by creating samples of continuous spreads of

molecular coverage through physical masking techniques beyond

the standard molecular deposition processes. However, in high-

throughput growth techniques for surface-supported metal-organic

frameworks, the systematic exploration of varying the concentra-

tion of another crucial component, namely, the metal nodes, re-

mains unexplored. This oversight represents a gap in our under-

standing and structure exploration, as the concentration of metal
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Fig. 1. The sample preparation. (a) Schematic illustration of the metal deposition

process employing a physical mask. Metal atoms (represented by orange dots) sub-

lime from a metal source and only those atoms traverse the slit of the mask can

accumulate on a substrate. The substrate-mask relative motion and time intervals

of the moving mask are controlled to modulate the metal atom distribution on the

substrate. (b) Correlation between the substrate position (Substrate Pos.) and the

quantity of the deposit metals. The shaded gradient indicates the progressive in-

crease in metal atom density across the substrate.

nodes is critically influencing the structural and functional proper-

ties.

In this work, we report the preparation of sub-monolayer met-

als with continuous coverage spread on metal surfaces. This is

achieved by a high-throughput preparation method (schematically

illustrated in Fig. 1) by introducing a physical mask into the typical

preparation chamber under ultra-high vacuum (UHV). By control-

ling the relative movement between the substrate and the mask

with a slit between the metal evaporator and substrate during

source sublimation, we obtained sample libraries with copper (Cu)

and silver (Ag) adatoms of continuous coverage spread across the

substrate, respectively. The resultant sample libraries allow for the

exploration of surface-confined metal-organic frameworks, particu-

larly in terms of varying metal-to-ligand stoichiometric ratios. Our

approach provides an efficient pathway to unlock the potential of

these intricate two-dimensional networks.

Given the constraints of limited substrate sizes (typically within

a few millimeters), achieving a delicate control of the beams of

metal atoms during evaporation is essential for efficient parallel

synthesis for our methodology. To address this issue, we have im-

plemented a physical mask with a narrow slit, strategically posi-

tioned between the substrate and the metal evaporators as indi-

cated in Fig. 1a. This configuration ensures that during the deposi-

tion phase, only those which successfully traverse the slit are de-

posited onto the specific regions of the substrate. This technique

not only enhances precision in the placement of deposited species

but also improves the uniformity and specificity of the deposition

process.

We employed scanning tunneling microscopy (STM) to observe

and verify both the spatial distribution of the deposited metal

atoms and the self-assembled behaviours of the molecular pre-

cursors. These observations were conducted under liquid-nitrogen

temperature conditions (∼77.8 K) and in an ultra-high vacuum

(UHV) environment to prevent contamination and maintain the in-

tegrity of the samples. The molecularly resolved STM imaging is

instrumental in understanding the subtle intricacies involved in

the formation of sub-monolayer metals and the self-assembly of

molecular precursors. More details of experiments can be found in

note S4 (Supporting information).

We first focused on the deposition of Cu atoms onto the Au

(111) substrate, with the objective of achieving a controlled gradi-

ent distribution. As displayed in Fig. 2, the deposition process re-

sulted in a gradient of Cu atom coverage across the substrate as

assessed using STM imaging at a series of regions. Fig. 2b indicates

the statistical analysis of the copper quantities at different macro-

scopic positions along the horizontal axis of the substrate.

In the intended Cu-free regions (Pos. 1), a typical clean Au (111)

surface is evident with only the characteristic herringbone recon-

struction (Fig. 2e). This is consistent with the expected morphol-

ogy of a clean Au (111) surface under UHV conditions, which typi-

cally exhibits herringbone patterns due to the surface stress caused

by the lattice deformation between the Au layers [29]. At the re-

gions around Pos. 2, we observed the initial stage of Cu decora-

tions, where the Cu atoms preferentially nucleate at Au step edges

before evolving into larger, more densely packed islands. In regions

of greater Cu atom coverage (Pos. 3-5 shown in Fig. 2e), the metal

atoms tend to grow both along the step edges and on the terraces.

This directed growth ultimately leads to the formation of recon-

structed Cu islands. In these islands, the Cu atoms present a mor-

phology reminiscent of the underlying Au (111) surface, yet they

display a more pronounced level of disorder (Fig. S2c in Support-

ing information) [30]. The height of the Cu islands relative to the

supporting Au terrace is approximately 170 pm as demonstrated

in Figs. 2c and d. The apparent height is slightly lower than that

of the Au (111) and Cu (111) monatomic steps, suggesting a partial

embedding of Cu atoms into the Au surface layer [31]. Such em-

bedding implies a degree of Cu incorporation or interdiffusion at

the interface, which may account for the observed disorder in the

corrugation patterns of the Cu islands [30]. The transition from Cu-

depleted to Cu-rich regions is revealed by the statistical analysis of

the Cu coverage, highlighting the high level of precision achieved

with this deposition process.

The successful fabrication of the Cu gradient samples allows

further exploration of the dependence of varying metal-ligand sto-

ichiometric ratios on the surface-supported metal-organic nanos-

tructures. Au atoms tend to coordinate with pyridyl groups, form-

ing motifs similar to those created by Cu coordination (note S2

in Supporting information). In contrast, on Ag (111), pyridyl func-

tionalized molecules do not coordinate with Ag adatoms, ensur-

ing that all the observed two-fold coordinating nanostructures are

formed with the deposited Cu atoms. We then prepared an Ag

(111) substrate with gradient distributions of Cu atoms, followed

by the deposition of 1,3,5-tris[4-(pyridin-4-yl)phenyl]benzene (ext-

TPyB) molecules and ∼423 K annealing as illustrated in Fig. 3. Such

preparation yields samples with varying metal-ligand stoichiomet-

ric ratios on the substrate. We utilized high-resolution STM imag-

ing to assess distinct macroscopic areas along the horizontal direc-

tions as schematically shown in Fig. 3a.

Fig. 3c displays typical STM images of four distinct areas, re-

vealing a clear progression from close-packed molecular struc-

tures (identified as phase I) to porous molecular networks (phase

II). Such a gradient molecular coverage on the substrate is more

evident from the statistically analyzed histogram shown in Fig.

3b. Phase I, formed in Cu-free regions, comprises solely ext-

TPyB molecules, which are stabilized through intermolecular hy-

drogen bonding since the Ag atoms on the Ag (111) substrate

do not participate in the coordination with pyridyl ligands [32].

Whereas in Cu-rich regions (Pos. 4), we find that the domi-

nant phase is phase II, where the 2-fold coordination with Cu

adatoms emerges as the prevalent driving force guiding the molec-

ular assembly, leading to the formation of porous honeycomb

networks.

At Pos. 2 and 3, the original hydrogen bonding nanostructures

(Phase I) are perturbed by the introduction of Cu coordination

(Phase II) [32,33]. The distinct contrast between the two phases,

evident in the large-scale STM images, underscores the delicate in-

terplay between the hydrogen bonding interaction and metal co-

ordination. The balance can be finely modulated by controlling the

local Cu adatom concentration. The proportion of Phase II increases

in correlation with the coverage of Cu atoms as clearly indicated by

the statistical analysis in Fig. 3b. Notably, the overall amount of Cu
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Fig. 2. Gradient distribution of Cu atoms on Au (111). (a) Schematic of the Au (111) substrate with numbers indicating different macroscopic locations. The darkness of the

purple color suggests the coverage of the deposited Cu atoms. (b) The quantity percentage of Cu atoms across different positions on the Au (111) substrate, calculated from

the coverage of Cu atomic islands, illustrating an increase in coverage from position (Pos.) 1 to 5. (c) Line-scan profile from the green arrow in (d) showing two Au terraces

and the monolayer Cu island adsorbing on the lower Au terrace. (d) 3D topographic image of the Cu layers deposited on the Au (111) substrate. Scale bar: 40 nm. Scanning

parameters: It =60 pA, Vb = -2.5 V. (e) Series of large-scale STM images from Pos. 1 to 5 on Au (111), displaying the increased coverage of Cu atoms (marked with purple

shading). Scale bars: 40 nm. Scanning parameters are It =60 pA, Vb = -2.5 V for Pos. 1 and Pos. 3-5; It =60 pA, Vb = -2.0 V for Pos. 2.

Fig. 3. Self-assembled nanostructures with gradient distribution of metals. (a)

Chemical structure of the ext-TPyB molecule and schematics of the Ag (111) surface

with indexed positions after the deposition of ext-TPyB. In Cu-deficient areas (left),

the nanostructures are primarily driven by intermolecular hydrogen bonding (Phase

I marked by green shading), whereas in Cu-rich regions, the metal-organic nanos-

tructures prevail (Phase II marked by purple shading). (b) Histograms indicating the

proportions of Phase I (green) and Phase II (purple) across different substrate posi-

tions indicated in (a). (c) Typical large-scale topographic images at Pos. 1-4, reveal-

ing the evolution in self-assemblies of ext-TPyB on the surface. Scale bars: 10 nm.

Scanning parameters are It =160 pA, Vb = -1.3 V for Pos. 1; It =100 pA, Vb = -2.0 V

for Pos. 2 and Pos. 3; It =70 pA, Vb = -2.0 V for Pos. 4.

is lower than that shown in Fig. 2 to avoid an excessive surplus of

Cu.

To further demonstrate the generality of this high-throughput

method, we have attempted to grow gradient coverage of Ag atoms

on the Au substrate (Fig. 4). Single-crystal Au and Ag both exhibit a

face-centered cubic (FCC) lattice structure. The similarity in lattice

parameters between Au and Ag (∼4.08 Å) facilitates the formation

of a solid solution in the solid state. Therefore, Au and Ag atoms

can interchangeably occupy positions in their lattices, resulting in

minimal lattice distortion [34]. After depositing Ag on the Au (111)

surface, we can identify two kinds of Ag adsorbates as reflected in

the 3D topographic image in Fig. 4c. One is located at the elbow

site of the herringbone reconstruction with an apparent height of

∼16.8 pm, and the other resides in-between or on the herring-

bone ridges with the apparent height at the same level of the top

layer of the surface [35,36]. This is in contrast to the Cu adsorbates

which nucleate to island structures.

We are able to deduce the quantity of Ag at different macro-

scopic positions by counting the Ag adsorbates from the high-

Fig. 4. Gradient distribution of Ag atoms on Au (111). (a) Schematic of the Au (111)

substrate with numbers suggesting different macroscopic locations. The darkness

of the cyan color suggests the coverage of Ag. (b) The quantity percentage of Ag

at different positions on the Au (111) substrate, calculated from the number of Ag

adsorbates visible in the STM images, with 100 adsorbates per 900 nm2 as the ref-

erence of 100%. (c) 3D topographic view of the Ag atoms on the Au (111) substrate.

The arrows indicate the adsorbing Ag atoms. Scale bar: 5 nm. Scanning parameters:

It =100 pA, Vb = -1.5 V. Ag atoms are indicated by cyan arrows. (d) Typical STM im-

ages at Pos. 1-4, showing the varying coverage of Ag (highlighted with cyan dashed

circles). Scale bars: 6 nm. Scanning parameters are It =100 pA, Vb = -1.5 V for Pos.

1-4.

resolution STM imaging capturing the characteristic features of Ag

atoms on Au (111) (Fig. 4d). The quantity of Ag is statistically ana-

lyzed (Fig. 4b), unfolding the expected gradient distribution. These

results further support our technique’s potential for designing and

screening molecular nanostructures of specific properties. Conse-

quently, the influence of Ag coverage on the self-assembled molec-

ular nanostructures is studied and the results can be found in note

S3 (Supporting information).

Finally, we attempt to create a gradient distribution of Cobalt

(Co) atoms on Au (111). Co is distinct from the Ag and Cu with

a much higher melting point and, correspondingly, a considerably

lower vapor pressure at equivalent temperatures. Consequently, to

evaporate Co atoms into the vacuum chamber, higher temperatures

or energies are necessary. This requirement of elevated tempera-

ture means that the Co atoms, once evaporated, possess higher ki-

netic energies compared to their Cu and Ag counterparts.

Our experiments indeed reflect a different scenario from the

cases of Cu and Ag. We applied the same deposition process with

the aim of producing compositionally varying samples on Au (111).
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Fig. 5. Attempt to produce gradient distribution of Co atoms. (a) Schematic rep-

resentation of the metal deposition process. For metals requiring high sublima-

tion temperatures, blue dots symbolize sublimed metal atoms, and red dashed ar-

rows indicate possible alternative pathway for atom deposition on the substrate.

(b) Schematic of the metal substrate with numbers indicating the macroscopic po-

sitions. (c) The quantity percentage of Co atoms across different macroscopic posi-

tions on the Au (111) substrate, calculated from the coverage of Co islands, clearly

indicating a relatively uniform distribution. (d) Typical large-scale STM images at

Pos. 1-4. The Co clusters on the substrate are marked by the blue shading. Scale

bars: 20 nm. Scanning parameters are It =40 pA, Vb = -1.5 V for Pos. 1, Pos. 3, and

Pos. 4; It =50 pA, Vb = -1.5 V for Pos. 2.

As depicted in the coverage analysis and STM images in Fig. 5,

there is no sign of gradient distribution of the Co adsorbates, and

we only obtained a uniform distribution of the Co clusters on the

substrate. The STM images in Fig. 5d reveal the formation of Co

clusters preferably at the elbow sites of the herringbone recon-

struction across the substrate [37]. Despite the implementation of

the masking technique, the high sublimation temperature of Co is

attributed to suppress the intended high-throughput growth of the

Co-adsorbing samples [38]. We hypothesize that during the metal

evaporation process, the high kinetic energies of the evaporated

atoms make them follow an alternative pathway to reach the sub-

strate, as depicted by the red arrows in Fig. 5a. This occurs irre-

spective of the obstruction posed by the mask.

In summary, we have successfully demonstrated a high-

throughput method for preparing sub-monolayer metals with con-

tinuous coverage on surfaces. This was achieved using a physical

masking technique for the deposition of metal adatoms on sub-

strates under UHV conditions. Our approach has facilitated the cre-

ation of gradient distributions in the coverage of Cu and Ag atoms

across metal substrates. This method offers a valuable and versa-

tile opportunity for the rapid discovery and screening of metal-

organic nanostructures. We also address the limitations of the

moving mask technique in our study, specifically when attempting

to grow a gradient coverage of Co, a metal with a high evapora-

tion temperature, on the Au substrate. The findings presented in

this report may pave the way for a systematic exploration of sur-

face nanostructure at varying metal-to-ligand sociometrical ratios

and the advancement of two-dimensional materials composed of

multiple components.
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