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Surface patterning of polyoxometalates (POMs) is an important step to gain functional materials
and devices. However, some special requirements such as complex operation steps or strict synthesis
environment greatly limit their further applications. Herein, we have employed a simple and universal
strategy for patterning POM-based microcrystal arrays on air-grid superwettable surfaces. The size and
distribution of POM crystals were precisely adjusted by varying the pillar parameter of superwettable
surface and concentration of POM mother liquid. We envision that this POM patterning method may
bring valuable insights for designing POM-based functional materials and devices.

. Polyoxometalates (POMs), as a class of discrete anionic metal oxides, attract increasing interest and concern
. because their diverse molecular structures and unique physicochemical properties make them ideal functional
: materials for a large domain of applications'~’ such as inhibiting Alzheimer’s disease®, removing multiple con-
. taminants’, refrigerating for ultra-low temperatures'® as well as splitting water through visible or UV light'~'5, In
© most cases, precisely patterned POMs on the surface are pre-requisites that could accomplish a high degree of spa-
. tial control leading to many unique applications. For example, through electrostatic forces, Preyssler-typed POM
o (ie., [Eu(H,0)PsW3,0,0]'27) were readily adsorbed to prepare electrochromic devices, which show sufficiently
© high optical contrast'®. Through the formation of amide bond, Anderson-typed POM clusters (i.e., MnMogO,,)
© can be covalently grafted to fabricate patterned surfaces, which show strong adhesive response between human
fibroblasts and POM areas'”. However, some special requirements for modifying POM components onto surfaces
such as complex operation steps (i.e., layer-by-layer methods), possibly limit their further applications. Therefore,
a question may rise whether we can find a simple and universal method for patterning POM materials on the
surfaces.
: As well known, one of the important aspects of POM clusters is their high solubility in a variety of solvents,
. which can be readily prepared into uniform mother liquids for patterning POM materials through solution pro-
. cessing methods. However, commonly used solution evaporation method often lead to the failure in controlling
- the nucleate position because the continuous solution liquid film would break into random liquid domains in
. evaporation process. To solve this problem, many methods such as dip coating'®, inkjet printing'® and superwet-
table pattern®’-2* have been developed to obtain patterned materials. More recently, the air-grid superwettable
surfaces (e.g., superhydrophobic surfaces)* are employed as templates in growing crystal arrays from aqueous
solutions because the trapped air act as separating barriers to reduce the defect and non-uniformity of micro-
crystal patterning®. For instance, McCarthy et al. fabricated controllable NaCl crystal arrays with the assistance
of superhydrophobic surface via a simple dip-coating process®. Simultaneously, Jiang and co-workers developed
. atechnology for microcrystal patterning involving “clinging microdroplets’, revealing that superhydrophobic
- pillar-structured surfaces with high liquid-solid adhesion can be used to form microarrays including NaCl crys-
. tals, protein, microsphere, and nanoparticle aggregates?’. Then, Hatton and Aizenberg also patterned CaCO;
crystals deposition using a superhydrophobic post-structured surface, which can be utilized for the heterogene-
ous nucleation and localized growth of CaCOj crystals from solution and avoiding nonspecific adsorption®. In
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Figure 1. The dewetting process of POM mother liquid on air-grid superwettable surface. The water contact
angles (left) and scheme view (right) of employed substrates for fabricating POM crystal arrays, including

(a) original flat substrate with hydrophilic property and (b) PFOS-modified pillar template with superhydrophobic
property. (c) Schematic illustration and (d) corresponding optical images of in situ dewetting process of POM
mother liquid on air-grid superwettable surface. Firstly, a thin POM liquid film can be observed between
hydrophilic flat substrate and superhydrophobic pillar-structured template. Then, individual POM microdroplet
can be observed on the top of each pillar (black circle) by splitting the continuous liquid film through air

pocket between pillars. With the further shrinkage of liquid, POM crystals could be concentrated from these
microdroplets. After gently removing pillar-structured template, the patterned POM crystal arrays could be
transferred onto the flat substrate. Scale bars, 40 um.

addition, some single-crystalline structures with excellent optoelectrical properties have recently been reported
such as microplates®’, wires*®! and belts*’. Therefore, we wonder whether this unique air-grid superwettable
surface can be employed for fabricating periodic POM microcrystal arrays?

Herein, we demonstrate that patterned POM microcrystal arrays can be prepared by precisely controlling the
dewetting process of POM mother liquid on superhydrophobic pillar-structured template. Through the unique
capillary force and adhesion force, the dewetting behavior of POM mother liquid can be precisely regulated,
thereby facilitating the formation of individual microdroplets on the top of each pillar with homogenous size and
specific location. Ultimately, these microdroplets can be transformed to pattern POM crystal arrays with uniform
size and precise location. Through tailoring the diameter of pillars or the concentration of POM mother liquid,
the size of the as-prepared POM microcrystals might be readily tunable. While the distribution and density of
POM crystals can be adjusted by simply tuning the spacing of pillars. Therefore, it is anticipated that we provide
a simple and universal strategy to fabricate patterned POM crystal arrays, which probably bring new insights in
designing POM-based function materials and devices for various applications.

Results and Discussion

The formation process of POM crystals upon the air-grid superwettable surface. To reveal the
whole dewetting process on this air-grid superwettable surface, we observed in situ evaporation performance
of POM mother liquid in an optical microscope. In detail, two kinds of silicon substrates, that is, original flat
substrate and PFOS-modified pillar-structured substrate were employed to prepare patterned POM micro-
crystal arrays. Original flat substrate was hydrophilic with a water contact angle (CA) of 7 £ 1° (Fig. 1a), while
PFOS-modified pillar-structured substrate was superhydrophobic with a CA of 162 £ 2° (Fig. 1b). A classical
Anderson-typed POM component, (NH,);[CoMosO,,H] (denoted as CoMo,), was selected as an example for
the preparation of POM mother liquid. The scheme and corresponding optical images clearly revealed the whole
dewetting process of POM mother liquid (Fig. 1¢c,d). In brief, a droplet of CoMog mother liquid (2mM, ca. 25pL)
is firstly dropped onto a hydrophilic flat glass substrate. To directly observe the dewetting process in an upright
microscope, a superhydrophobic pillar-structured template is covered by the hydrophilic substrate, forming a
sandwich-typed system. Then, with gradual evaporation of water in POM liquid, unique capillary force and adhe-
sion force precisely guide the dewetting behavior of POM mother liquid, thereby facilitating the formation of
regularly individual microdroplets on the top of each pillar. On one hand, a plenty of air pockets trapped in the
pillar gaps can split the liquid into regularly individual microdroplets owing to the hydrophobic nature of pillar
sidewalls. On the other hand, the liquid film pin upon the pillar tops, due to the high adhesion of the pillar tops.
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Figure 2. The influence of different factors including the concentration of POM mother liquid, the spacing
and diameter of pillar on patterning POM crystal arrays. (a) The optical images of superhydrophobic pillar-
structured template and (b) corresponding POM crystal arrays. (c) The random large crystals prepared on flat
substrate by employing conventional solution evaporation method. Insert represents the crystal structure of
Anderson-typed POM, (NH,);[CoMo,0,,H,] (denoted as CoMoy). (d) The crystal areas increased with the
enhancement of POM solution concentrations. (e) The crystal areas still kept regardless of the pillar spacings.
(f) With the same concentration of POM solution, the crystal areas increased with the enlargement of pillar
diameters. Scale bars, 40 pm.

Later, microcrystal arrays with homogenous size and restricted position can be patterned from these regularly
individual microdroplets with the further evaporation of water. Finally, the well-defined microcrystal arrays are
transferred onto the flat substrate after gently removing the pillared template. The chemical components of initial
powder and assembled microcrystals can be confirmed by their IR spectra in Fig. S1, which closely coincided with
typical peaks of POM components (e.g., CoMog)*. Therefore, the air-grid superwettable surface can be employed
to pattern POM microcrystal arrays, showing excellent controllability and easy accessibility.

Tailoring the size and distribution density of the patterning. When employing the above-mentioned
air-grid superwettable surface (Fig. 2a), regular POM microcrystal arrays can be fabricated in the crystallization
process (Fig. 2b). On the contrary, the dewetting process of POM mother liquid is often uncontrollable when
using conventional solution-processing methods. Figure 2¢c shows that large area of POM polycrystals can be
fabricated with uncontrollable sizes and random positions, suggesting that the continuous POM liquid film on
original flat substrate would break into random liquid domains. To realize the regulation of crystal arrays, we
firstly investigated the influence of concentrations of POM mother liquid. Taking Anderson-typed POM (i.e.,
CoMoy, insert in Fig. 2¢) as an example, the superhydrophobic silicon templates with pillar spacing of 30 um and
pillar diameter of 40 um were used to prepare CoMo, crystal arrays. Figure 2d showed that CoMo, crystal sizes
(e.g., crystal areas) changed from 26.8 +4.0 to 50.7 = 3.8 pm? when the concentrations of the CoMo, solution
increased from 5 to 20 mM, indicating the increased value of crystal area following the enlarged the concen-
trations of CoMog solution. Therefore, these results indicated that the concentration of POM solution could be
utilized to mediate the size of POM crystals.

Furthermore, we explore the influence of the spacing and diameter of pillars on patterning POM crystal
arrays. To understand the influence of pillar spacing, we designed three kinds of pillar-structured templates with
similar pillar diameter (i.e., 40 um) and pillar height (i.e., 20 um) but different pillar spacings (i.e., 10, 20 and
30 um) (Fig. S2a). Taking CoMog as an example, the optical images in Fig. 2e showed that the position of POM
crystals can be readily adjusted by tailoring the pillar spacings. However, the crystal sizes were not significantly
changed with the alteration of pillar spacings. As shown in Fig. S3a, the distribution density of crystal arrays
obviously decrease with the increase of pillar spacings. So we conclude that the pillar spacing can be used for the
change of the crystal distribution density rather than that of crystal size. To reveal the influence of pillar diameter,
we fabricated three types of pillar-structured silicon templates with the same pillar spacing of 30 um and pillar
height of 20 um, but different pillar diameters of 20, 40 and 60 um (Fig. S2b). Figures 2f and S3b both showed that
crystal sizes became larger with the enhancement of pillar diameters, suggesting that larger pillars can hold larger
droplets and thereby producing larger POM microcrystals. Therefore, these results demonstrate that pillar spac-
ing can be dominated for the distribution of POM crystals, while pillar diameter can be tailored for controlling
crystal sizes.
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Figure 3. Schematic illustration of different sandwich-typed systems (top), POM components assembled
on flat substrates (middle), and corresponding optical images (bottom). (a) For hydrophobic flat substrate
and superhydrophobic pillar-structured template, the solution is completely extruded from the interspace of
two substrates, revealed by no obvious crystals on the flat substrate; (b) For hydrophobic flat substrate and
superhydrophilic pillar-structured template, solution mainly fill in the spacing of superhydrophilic pillars
but rarely rest on the top of these pillars, which can be demonstrated by a few disordered crystals; (c) For
hydrophilic flat substrate and superhydrophilic pillar-structured template, POM solution fills in the top and
spacing of the pillars, verified by the rounded and disordered patterns; (d) For hydrophilic flat substrate and
superhydrophobic pillar-structured template, well-ordered POM crystal arrays can be observed because the
air pocket efficiently restricts the spreading of solution and is benefit for the generation of microdroplets and
subsequent POM crystals. Scale bars, 50 um; scale bars of insert images, 20 um.

The crystallization behaviors of POM on silicon substrates with different wettability. To deeply
explore the influence of surface wettability, we designed four kinds of sandwich-typed systems (Fig. 3) by employ-
ing silicon substrates with different wettabilities including hydrophilic and hydrophobic flat substrate, superhy-
drophobic and superhydrophilic pillar-structured template (Figs 1 and S4). For the combination of hydrophobic
flat substrate and superhydrophobic pillar-structured template (Fig. 3a), there was no obvious crystals on the
flat substrate, probably indicating that POM mother liquid was extruded by the air trapped in the interstices
of the micropillars. When we employed the combination of hydrophobic flat substrate and superhydrophilic
pillar-structured template (Fig. 3¢), a few disordered crystals indicated that POM mother liquid rarely rested
on the top of these pillars, but mainly fill in the spacing of superhydrophilic pillars for their adhesive proper-
ties. For the combination of hydrophilic flat substrate and superhydrophilic pillar-structured template (Fig. 3¢),
POM mother liquid could fully cover the top and interspaces of pillars owing to higher adhesive force between
superhydrophilic substrate and POM mother liquid. As a result, the morphology of crystals were controlled by
the top shape of superhydrophilic pillar, showing rounded POM crystals and few disordered particles on the
hydrophilic flat substrate. As shown in Fig. 3d, the POM solution was well confined between a hydrophilic flat
substrate and a superhydrophobic pillar-structured template. With the evaporation of water, interspaces between
micropillars served as wetting defects to control the rupture of POM mother liquid, thereby yielding individual
microdroplet on the top of each pillar. Subsequently, the microdroplet readily condense into POM microcrystal,
generating patterned microcrystal arrays on the flat substrate. Therefore, these results revealed that the combi-
nation of hydrophilic flat substrate and superhydrophobic pillar-structured template endowed the POM mother
liquid with well-organized rupture and controlled domains, thereby leading to the generation of patterned POM
microcrystal arrays.

Patterning arrays of various POMs on air-grid superwettable surfaces. To further apply this
air-grid superwettable surface, several typical POM mother liquid such as Keggin-typed Na;,PW,0,, (denoted as
PW ,)** and Wells-Dawson-typed K,P,W 50, (denoted as P,W 3)* were also employed to fabricate POM micro-
crystal arrays. As shown in the optical images of Fig. 4 and the IR spectra in Fig. S1, patterned P,W g and PW,,
crystal arrays could be well concentrated and arranged from POM mother liquid. Interestingly, we observed that
their morphologies of POM microcrystals were entirely different from each other such as rectangle-shaped P,W 5
and round-shaped PW,, crystals, which may originate from the crystal habits of these POM building blocks (the
insert in Fig. 4b,d). Therefore, these results suggested the universality of the POM patterning method based on
the air-grid superwettable surface.
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Figure 4. Two typical POM crystal arrays patterned on air-grid superwettable surfaces including (a,b) Wells-
Dawson-typed K¢P,W 304, (denoted as P,W 4) and (¢,d) Keggin-typed Na,PW,,0,, (denoted as PW ,). Insert
images in (b,d) show the corresponding crystal structures of P,W,3 and PW .

Conclutions

In conclusion, we have patterned POM-based microcrystal array on air-grid superwettable surface. The size of POM
crystal arrays was readily adjustable by tailoring the diameter of pillars or the concentration of POM mother liquid.
While the distribution of POM crystal arrays can be controlled by changing the pillar spacing. We envision that this
new air-grid surface patterning method based on superhydrophobic templates can be widely employed for pattern-
ing POM-based crystal arrays, bringing potential applications in POM-based function materials and devices.

Methods

Materials. (100) oriented smooth silicon wafers (n-type) were purchased from GRINM Semiconductor
Materials Co., LTD. Pillar-structured silicon substrates were prepared by standard photolithography tech-
niques™®. In our experiments, we fabricated pillar-structured silicon substrates with adjustable pillar diameters
(20, 40 and 60 um) and pillar periods (10, 20 and 30 um), constant pillar heights (20 um) and circular pillar-top
shape (Fig. S2). After resist-stripping (Microposit Remover 1165), the substrates were cleaned using ethanol and
acetone prior to the chemical modification process. According to previously published procedures, three kinds
of typical POMs such as Anderson-structured (NH,);[CoMo¢O,,H,] (denoted as CoMog), Keggin-structured
Na;PW,0, (denoted as PW,) and Wells-Dawson-structured K,P,W 3O, (denoted as P,W 5) were successfully
synthesized*-**. Doubly distilled water (>1.82 MQ cm, MilliQ system) was used. Sulfuric acid (H,SO,, 95%-98%,
AR), Hydrogen peroxide (H,0,, 30%, AR) were purchased from Beijing Chemical Works and used without fur-
ther purification. Trichloro-(1 H, 1 H, 2 H, 2H-perfluorooctyl) silane (PFOS) was purchased from Sigma- Aldrich.

Surface modification of silicon substrates. Firstly, the silicon substrates (i.e., flat substrate and
pillar-structured template) were heated in boiling Piranha solution of H,SO, and H,0, (v/v=70/30) for 2h. Then, the
substrates were rinsed several times with doubly distilled water and dried by N, flow. Later, these substrates were mod-
ified by silanizing with PFOS in a decompression environment at room temperature for 30 min and heated at 80 °C for
8h. Finally, hydrophobic flat substrate and superhydrophobic pillar-structured substrate could be produced.

The fabrication of patterned POM crystal arrays. To prepare patterned POM crystal arrays, we
employed a sandwich-typed system by the combination of a hydrophilic flat substrate (e.g., silicon), a small drop-
let of POM mother liquid, and a superhydrophobic pillar-structured silicon substrate as a template. Firstly, a
droplet of CoMo6 mother liquid (2 mM, ca. 25pL) is firstly dropped onto a hydrophilic flat silicon substrate. The
superhydrophobic pillar-structured template is covered by the hydrophilic substrate, forming a sandwich-typed
system. Then, with gradual evaporation of water in POM liquid at a temperature of 25°C, regularly individual
microdroplets are formatted on the top of each pillar. Later, microcrystal arrays with regular size and restricted
position can be patterned from these regularly individual microdroplets with the further evaporation of water.
Finally, after gently removing pillar-structured template, the patterned POM crystal arrays could be transferred
onto the flat substrate.
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